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. ~2000: Hallmarks of Cancer

INTRODUCTION £che

: . . RN -
Tumors are characterized by a complex ecology of neoplastic and non-neoplastic cells | oz ag ™~ % ** “
A

contributing to cancer evolution®. Leukocytes are the major non-neoplastic cell population ..z:,‘ PMETL I B

in cancer and were identified as early as 1986 by Dvorak describing tumors to ber“x.' S
.. » 13 -

A ~2010: Hallmarks of Cancer -
reminiscent of ‘wounds that never heal’?. Since this observation, our knowledge of the ee.f , . * ",-.

., . Next Generation
interplay between cancer and immune cells has increased tremendously, culminating in LT . s

P e
the development and widespread implementation of cancer immunotherapy. Although ‘ot
a wide variety of cancer types are currently treated with immunotherapy, a majority ,:- . "~

&
of patients does not respond durably and inevitably develops disease recurrence®. The :

PR ] .
mechanisms underlying primary or acquired resistance in these patients are incompletely = A WP
understood, nor do we understand why some patients show exceptional responses or e

C

t ~2020: Hallmarks of Cancer -
Immune Integration

even complete disease resolution. This introductory chapter will highlight recent concepts
in tumor immunology that have emerged in the past decade that form the basis for future
investigations aiming to improve immunotherapy efficacy. Finally, an outline of the thesis
will be presented.

Hallmarks of cancer; the next generation.

Many years, cancer was considered a tumor-cell autonomous process resulting from a
step-wise acquisition of mutations driving uncontrolled cell division®. At the start of the
new millennium, Hanahan and Weinberg published their epitome entitled ‘the hallmarks
of cancer’, dissecting the tumor cell traits required to drive neoplastic transformation

Resisting
cell death
8Apeoydal
Bujgeul

Ajepowwy

and growth®. The work summarized in their review included the fundamental discoveries
of targeted therapies such as antibodies (e.g. anti-VEGF) and small molecule inhibitors
(e.g. EGFR-inhibitors) providing modes of precision medicine which were different
from the existing modes of cancer treatment (Fig. 1A). The biological underpinnings of
carcinogenesis proposed by Hanahan and Weinberg were updated a decade later, including
the ‘emerging’ hallmarks of avoiding immune destruction by tumors and deregulation of
cellular energetics fueling tumor growth® (Fig. 1B).

Figure 1. Immune escape and tumor-promoting inflammation as critical hallmarks of cancer formation and
progression. (A) Oncogenesis results from a stepwise accumulation genetic alterations in a tumor-promoting
environment, summarized by Hanahan & Weinberg, Cell in 2000. (B) In the following decades, more hallmarks were
identified and subsequently included establishing a complex tumor microenvironment consisting of tumor- and
non-tumor cells aiding cancer growth (Hanahan & Weinberg, Cell 2011). (C) In recent years, mechanisms underlying
immune-escape (purple) and pro-tumoral inflammatory responses (yellow) were found to result from the same
hallmarks inducing neoplastic growth.

o  Chapter1



Some of these traits had been identified nearly a century earlier, i.e. loss of antigen- L
presenting machinery in cancers during steady state and following immunotherapy’s, |
and aerobic glycolysis in the presence of sufficient oxygen®. However, their contribution .
to carcinogenesis has only been appreciated over the recent years. In addition, tumor-r
promoting inflammation was added as an ‘enabling’ characteristic, stemming from
observations from chronic viral (e.g. HBV-associated hepatitis) and bacterial (e.g. *
helicobacter pylori-mediated gastritis) infections that are known to fuel neoplasia. Besides
direct mutagenic properties of particular microorganisms, chronic production of pro-
inflammatory cytokines and reactive-oxygen species (ROS) by immune cells has been
found to promote cancer formation, revealing the paradoxical role of leukocytes in cancer v
(Fig 2)°%. )
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Figure 2. Leukocyte complexity in cancer. Leukocyte subtypes affect cancer differently, some promoting tumor
formation and associating with poor prognosis (right), and others having potent anti-tumor functions hence
correlating with improved disease outcome (left). Cells were plotted on the spectrum based on meta-analyses
summarizing the associations of different immune cells with clinical outcome in a wide variety of tumor types (Bruni
et al, Nature Reviews Cancer 2020, Fridman et al. Nature Reviews Clinical Oncology 2017).

Hallmarks of cancer revisited: towards immune integration.

Currently, our knowledge of the interplay between cancer and our immune system has
expanded immensely, culminating in the widespread application of immune checkpoint
blockade (ICB) immunotherapy for a wide variety of cancers (Box 1)**. But how do immune
cells and cancer cells interrelate? Fundamental to our understanding of cancer immunity

“ . » were experiments performed by the groups of Lloyd J. Old and Robert D. Schreiber,
:',,c L " e showing that mice deficient for critical lymphocyte effector molecules e.g. perforin and
- ;{a ,f.:'. ‘ interferon-gamma (IFN-y) were more susceptible to cancer induction'***, These findings
- b provided scientific evidence for the cancer immunoediting hypothesis, stating that the
. :_\' e * immune system continuously monitors the host for (pre-)cancerous cells and eliminates
.

them?®, Alternatively, if the immune response is thwarted by escape mechanisms, cancer
formation ensues and ultimately becomes clinically apparent.

Box 1: IMMUNE CHECKPOINT BLOCKADE (ICB) is a form of immunotherapy where
antagonistic antibodies aimed at immune checkpoints on lymphocytes are used
to promote anti-tumor immune responses. Immune checkpoints are generally co-
inhibitory receptors (e.g. CTLA-4, PD-1) expressed on antigen-experienced effector
T cells that restrain full-fledged T-cell activation after antigenic stimulation. When
inhibitory receptors are blocked, T-cell activation is induced resulting in tumor responses
in a subset of cancer patients. ICB antibodies are first- or second line treatment for a
wide variety of malignancies including metastatic melanoma, non-small cell lung cancer
(NSCLC) and renal cancer.

The underlying pathophysiology of these processes has been studied in pre-clinical
tumor models with each model carrying obvious limitations preventing full translation to
the human setting?’. However, recent findings suggest immunoediting to occur in humans.
One of the most robust observations extending to nearly all cancer types concerns the
association between a high tumor CD8* lymphocyte (TIL) infiltrate and improved disease
prognosis'!. Early work by Galon and colleagues established a CD8* T-cell signature in
human colorectal cancer (CRC) to be more predictive of patient outcome than current
gold-standard staging methods such as the TNM-criteria®. Although many of these T cells
could later be identified as bystander cells, a subset of T-cell clonotypes recognized tumor
neo-antigens that resulted from immunogenic mutations acquired during oncogenesis*>?,
These cells could then be harvested and expanded in vitro, followed by intravenous
administration yielding strong and durable clinical responses in a subset of metastatic
CRC patients??2, More descriptive studies of human cancer have utilized recent advances
in next-generation sequencing and bioinformatics to show extensive intratumoral
heterogeneity that correlated with immune infiltration, identifying signs of immunoediting

so  Chapter]



regressing in-situ lung carcinomas were found to harbor increased pro-inflammatory CD8* | ,‘ ~%

A )
T-cell frequencies compared to lesions progressing to overt cancer®. These observations ..z:, s ea’ye

substantiate the hypothesis that the immune system offers a barrier to tumor outgrowth
and that this safeguard mechanisms seems to be compromised in patients who develop
cancer. A major question that remains to be answered is what drives immune evasion in"
these patients, and how can their immune system be coerced to control cancer growth
instead of promoting it?

The yin and yang of cancer immune evasion and inflammation.

Recent discoveries have shed light on modes of immune evasion and inflammation in
cancer, identifying key hallmarks driving cancer-immune interactions. Integrating these
hallmarks rather than assessing their individual role in oncogenesis appears to be the
most important recent discovery in oncology, providing a platform for future research into
immunotherapy failure and combination treatments (Fig. 1C). One major cause of immune
evasion appears to be the total absence of TILs referred to as the ‘immune-deserted’ tumor
phenotype or in case of lack of sufficient infiltration of T cells in tumor nests, ‘immune-
exclusion’?. What drives these phenotypes that inherently prevent patients to respond to
current immunotherapies?

Essential to anti-tumor T-cell immunity is the presence of activated antigen-
presenting cells (APCs) and subsequent trafficking of T cells to the tumor site. Seminal
discoveries have identified conventional dendritic cells (cDCs), specifically type 1 cDCs
(cDC1s), to be well equipped for (cross-) presenting antigen to anti-tumor CD8* T cells,
and that a lack of these cells in the tumor microenvironment (TME) drives immune
desertification®32, The search for molecular drivers responsible for cDC1- and consequent
T-cell paucity from tumors lead back to the same oncogenic pathways critical for sustaining
tumor cell proliferation, one of the first hallmarks to be identified previously (Fig. 3). For
example, increased activity of key oncogenic pathways such as the Wnt/B-catenin-pathway
led to decreased chemokine (C-C motif) ligand 4 (CCL4)-production in tumors preventing
attraction of chemokine receptor 5 (CCR5)*cDC1s leading to T-cell exclusion in melanoma®.
These findings were later extended to numerous other tumor types, and several other
signaling pathways such as the Notch-, and Myc-pathways which were similarly found to
subvert TIL-presence, albeit through different mechanisms343¢. Alternatively, silencing of
tumor-suppressor genes giving way to unrestrained tumor cell proliferation could similarly
result in immune evasion as documented for phosphatase and tensin homolog (PTEN)-
mutated cancers®’. Taken together, these findings illustrate that driver mutations in
oncogenic pathways have multiple pleotropic roles in cancer formation which in part are
dependent on eliciting immune evasion.
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immunity through PD-1* macrophages (Gordon 2017)

Necrosis-associated K* suppresses T-cell effector function @

(El, 2016)

@ Tumor-derived PGE, prevents NK-cell mediated

cDC1 attraction to tumors (Bottcher 2018)

Glucose-deprivation and increased lactate support macrophages

and suppress T-cell function (Ho 2015, Chang 2015, Zhang 2017,

Colegio 2014, O'Neill 2013)
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Loss of antigen-presentation machinery and IFNyR-signalling L]
prevent immune recognition (McGranahan 2017, Sucker 2017)

drives T-cell ext

(Schietinger 2016, Scott 2019)

"

Chronic

Increased clonal diversity impairs T-cell mediated cytotoxicity @

and response to immunotherapy (Rosenthal 2019)

Tumor-derived factors skew myelopoiesis

i
myeloid cells (Cheng 2008, Marigo 2010, Wu 2014)

9

9

genomic instability generates high neo-antigen load

driving T-cell mediated immunity (Llosa 2015)

andi

TGF- facilitates

(Tauriello 2018)
y8-T cells co-opting with neutrophils promote tumor metastasis

(Weulek 2015, Coffelt 2015)
Tumor-derived CCL-2 recruits monocytes aiding in tumor-cell extravasation

(Qian 2011, Linde 2018)

Endothelial cell FAS-ligand prevents T-cell tumor infiltration (Motz 2014)

and Tregs in tumors suppressing T cells

i HIF1ai

macr

yp!

(Du, 2008, Facciabene 2011)

Myeloid cell-derived

VEGF promotes angiogensis and
T-cell dysfunction (Lin 2006, Voron 2015)

Figure 3. Hallmark mechanisms sculpting the immune contexture in cancer. The immune system integrated within the hallmarks of cancer derived from Fig. 1 including key

examples with references how immune escape (purple spheres) or tumor-promoting inflammation (yellow spheres) is achieved. Purple and yellow roadways project mechanisms

pertaining to a specific hallmark that also affect immune escape and tumor-promoting inflammation, respectively.




(TAMs, box 2), and T-regulatory cells (Tregs) entering the TME (Fig. 3)3%°. TAMs can directly - ©,4 &% »°
[ ]
» 13 -

nurture tumor growth by providing growth- and pro-angiogenic factors such as VEGF, but “..'., ) e
»

also silence T-cell activity through the production of immune-suppressive cytokines (e.g.
IL-10), co-inhibitory ligand expression (e.g. PD-L1) and the depletion of essential amino
acids such as tryptophan and arginine (through indoleamine 2 3-dioxygenase [IDO] and
arginase, respectively)*'. Polarization to this immune-suppressive ‘M2-phenotype’ TAM
again relies in part on tumor-cell derived factors such as macrophage-colony stimulating
factor (M-CSF), high lactate in the presence of hypoxia and non-tumor cell-derived factors
such as antibodies and Th2-cytokines*“3. More interconnections between the different
hallmarks were established when the same immune suppressive myeloid cells were
found to foster metastasis by facilitating tumor-cell extravasation and priming of the pre-
metastatic niche in breast cancer**’. This phenomenon similarly shared a genetic origin
through the inactivation of tumor suppressor gene p53 which besides sensing deleterious
DNA-damage, promoted the production of IL-1B in the TME driving neutrophil-mediated
distant metastasis*. In addition to creating a favorable (pre-) metastatic microenvironment,
neutrophils have been found to directly associate with circulating tumor cells (CTC) in
the circulation, acting as chaperones by inducing CTC-cell cycle progression increasing
metastatic potential®.

Box 2: TUMOR ASSOCIATED MACROPHAGES (TAM) are a subset of myeloid cells present
to varying degrees in the tumor microenvironment. TAMs originate from circulating
monocytes or from local tissue-resident precursor cells seeded during embryogenesis
and exhibit widely distinct profiles depending on environmental cues. A simplified
model has been proposed dividing TAMs in a pro-inflammatory anti-tumor ‘M1’
phenotype, and an alternatively activated/immune suppressive ‘M2’ phenotype.
Rather than the proposed M1/M2 dichotomy, a spectrum of phenotypes exists that can

be therapeutically targeted to improve anti-tumor immune responses.

These findings exemplify that hallmarks first described as stand-alone contributors
to cancer strongly associate with either immune evasion and/or tumor-promoting
inflammation (Fig. 3). Future research will likely strengthen these interactions, offering
valuable insights for the development of multi-purpose or combination targeted therapy.
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T-cell exhaustion and the tug-of-war between T cells and cancer.

In case tumors are successfully seeded by anti-tumor T cells, so-called ‘inflamed’
phenotype, tumor progression may be delayed but eventually ensues in the majority of
patients through external immune suppression (e.g. by TAMs, Tregs) and a T-cell intrinsic
process called T-cell exhaustion®. T-cell exhaustion was first characterized in chronic viral
infections and was subsequently found to exist in tumors as well, with TILs resembling
their antiviral counterparts on both the transcriptomic and phenotypic level*!. Greenberg
and colleagues identified in vivo chronic tumor-antigen stimulation through the T-cell
receptor (TCR) to be primarily responsible for driving the exhausted phenotype already
early during tumorigenesis®2. Since then, progress has been made to dissect the molecular
drivers of T-cell exhaustion, identifying multiple transcription factors which when abundant
foster the exhausted phenotype (e.g. high Eomes/T-bet and NFAT/AP-1 ratios)*>*3. Besides
transcriptional rewiring following persistent TCR-stimulation, many other factors have
been identified to attenuate T-cell exhaustion including persistent inhibitory receptor
(e.g. PD-1, TIM-3) and cytokine receptor (IL-10, TGF-B, IL-2) signaling and lack of CD4*
T-cell help during the priming phase®-***>, More recently, the transcription factor TOX was
identified to epigenetically imprint CD8* T cells for the exhausted T-cell fate, repressing
effector-modules but increasing T-cell persistence during continuous antigen challenge®*’.
Intriguingly, genetic ablation of TOX improved T-cell effector function (e.g. increased IFN-y
and TNF-a) but came at the expense of decreasing cell frequencies through enhanced cell
death by effector-like T cells*’. These findings illustrate the importance of the exhaustion
program in preventing immunopathology while providing some protective anti-tumor
efficacy, elucidating why the mere presence of CD8* TILs bears positive predictive value
in solid tumors. Reciprocally, depleting exhausted CD8* T cells in cancer and chronic viral
infection, accelerates tumor progression and increases viral load, respectively'>8,

In contrast to PD-1-high expressing exhausted T cells, an intermediate PD-1*
precursor-exhausted T-cell has been identified expressing TCF-1 and CXCR5, generating
PD-1, exhausted-T-cell progeny following chronic antigen stimulation®®. This population
was found to be responsible for the proliferative burst of T cells observed following
anti-PD-1 immunotherapy which controlled tumor growth®®2, While the exact origins
and developmental requirements of these precursor cells remain largely unclear, TCF-1*
precursor-exhausted T cells were recently detected in APC-rich intratumoral niches. The
presence of these precursor T cells correlated with increased TIL-infiltration and improved
progression-free survival (PFS) following surgery®. Although still immature, these findings
suggest that the presence of precursor-exhausted T cells in cancer could dictate (ICB-)
immunotherapy efficacy. Future immunotherapies aimed at enhancing TCF-1* PD-1*
precursor T cells while preventing subsequent TOX-driven terminal exhaustion, could
durably amplify anti-tumor immune responses.
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Targeting exhaustion to give T cells the upper hand.
The generation of ICB antibodies to known targets of exhaustion including PD-1 and CTLA-

b,
g
W

4 |ead to a revolution in the treatment of cancer and was honored with the Nobel Prize in ..z:,‘ MRS

Physiology or Medicine in 2018 for its discovery . The use of these blocking antibodies has

optimally impact survival®®’. As ICBs carry significant toxicities and costs, much effort has *

gone into biomarker discovery, identifying patients likely to respond to ICB-therapy from
those who may require other treatments®®. These studies identified high inhibitory ligand-
expression (e.g. PD-L1), high tumor mutational burden (TMB) and a T-cell inflamed tumor
phenotype to correlate with increased response to ICBs but could either not be confirmed
in later validation studies or lacked enough discriminatory power to deny treatment in
the clinic®7°, As the search for effective biomarkers continuous, numerous clinical trials
have set out to increase the number of durable responders to ICB-treatments sometimes
lacking clear pre-clinical rationales. What drives resistance to ICB-treatments, and how do
these mechanisms relate to the modes of immune evasion mentioned earlier?

Clinical observations during ICB-therapy have recognized two types of resistance:
primary resistance which ensues early after treatment and secondary resistance which
occurs following initial treatment response after which tumors progress (Fig. 4)3. As ICBs
aim to activate pre-existing immune responses, primary progression or lack of response
occurs when tumors lack sufficient TIL-infiltrates (e.g. due to low tumor immunogenicity
or obstruction of trafficking) or from any other mechanism described earlier (Fig. 3).
In contrast to tumor-intrinsic or extrinsic factors impeding T-cell immunity at baseline,
secondary progression involves a highly dynamic process where tumors respond initially
but selection pressure drives immune-resistant tumor clones (e.g. through loss of antigen-
presentation machinery, epigenetic repression of antigens and interferon resistance)?7%73,
Moreover, ICB-mediated T-cell reinvigoration does not seem infinite, and terminal T-cell
differentiation or upregulation of alternative checkpoints (e.g. TIM-3, LAG-3 or TIGIT)
could cease ICB-efficacy eventually’*’®. An improved understanding of the mechanisms
underlying the lack or loss of response to immunotherapy in individual patients could offer
a more personalized approach allocating the right treatment to the right patient improving
immunotherapy efficacy.

From micro- to tumor macroenvironment.

Most research has focused on the immune contexture of the tumor microenvironment,
uncovering novel targets forimmunotherapy or biomarkers predicting response’®. Although
these investigations have launched the field to where it is now, new breakthroughs in
solid tumors are still anticipated with ICB-combination efficacy being limited to some but
not all cancer types”’°. For example, whereas combination immunotherapy using PD-1-
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Figure 4. Immunotherapy extends time to disease progression but resistance ensues in a majority of patients.
Kaplan-meier curves illustrating time to disease progression in metastatic melanoma patients treated with anti-
PD-1 (blue) and anti-CTLA-4 (yellow) immune checkpoint blockade (ICB) therapy compared to conventional
chemotherapy (red). Resistance to ICB can be subdivided into primary resistance when no initial response is
achieved, and secondary resistance in case effective responses are non-durable. Figure derived from Dammeijer &
Lau et al., Cytokine and growth factors reviews 2017.

blocking antibodies and IDO-inhibition would be expected to synergize based on TME-
analysis, recent phase Ill trial results have been disappointing®. Until now, only tumoral
PD-L1 expression has been implemented in standard patient care for a limited number of
tumor types including squamous non-small cell lung cancer (NSCLC). Although many late
phase clinical trials are still underway and biomarkers are constantly being refined (e.g. by
correcting for tumor purity in TMB, or adding tumor load to the frequency of circulating
PD-1* proliferating T cells), novel insights into the mechanisms of immune exclusion and
successful anti-tumor immunity are warranted to optimally stratify patients%22,

Besides discovering modes of immune evasion or tumor-promoting inflammation
in the tumor microenvironment, recent studies have widened the scope to non-tumor
sites including lymphoid organs such as the spleen, bone marrow and tumor-draining
lymph nodes (TDLNs, box 3)%. By doing so a new paradigm emerged that extends beyond
the tumor microenvironment; coined the macroenvironment. Corrupting the tumor
macroenvironment through production of e.g. soluble mediators (cytokines, metabolites)

o Chapter]



tumors effectively silence systemic anti-tumor immune responses, preventing durable Sy"ge®
Fath - -
immunotherapy benefit (Fig. 5). This model aligns with observations showing that certain , ',‘ ag et vy

immune-evading mechanisms seem to affect the host systemically besides providing only ..z:,‘ PRSI ,‘:::‘ "
. >

local suppression in the tumor microenvironment. An important systemic effect evoked by ; ":‘7 .’. el
vy

-

. . . . . -
solid tumors is the premature release of immature neutrophils (also known as myeloid- 4e.2 3 ¢, * ' &
H

» .. .y -
derived suppressor cells; MDSC) from the bone marrow®*. Soluble components derived = * =#, . oot
from the tumor microenvironment co-opt a stress-induced myelopoiesis pathway which ot . Y " *

offers protection in acute infections, but is detrimental to anti-tumor immunity®. Several - _~ . "~
factors including damage-associated molecular patterns (DAMPs) and cytokines released
by tumors were found to expand and halt maturation of granulocytic and monocytic = A WP
precursors, at the expense of DC-progenitors®®8, This was shown to be dependent on
STAT3- and RORC-mediated expression of C/EBPB in myeloid cells which upon arrested
development seeded the tumor site to suppress T cells®®*°. Not only the bone marrow
is involved in this process, but the spleen has been similarly documented to serve as
an extramedullary hematopoietic site in solid cancers with myeloid progenitors seeding
the spleen providing a reservoir for immature neutrophils®»2, Myeloid progenitor- and
hematopoietic stem cells (HSC) accumulated in the spleen through angiotensin production
by NSCLC tumors inducing upregulation of a receptor called S1P1, which is involved in
cell-retention. This in turn spawned monocytes and eventually macrophages to halt anti-
tumor immunity®3. Intriguingly, the same S1P/S1P1-axis was responsible for trapping
circulating T cells in the bone marrow in case of intracranial tumors, thereby causing
immune-exclusion through still unresolved soluble mediators®. These findings illustrate
that tumors not only manipulate T-cell responses locally, but also systemically, warranting
multi-organ assessment during tumorigenesis and immunotherapy to uncover new modes
of immune-resistance®:.

Box 3: TUMOR-DRAINING LYMPH NODES (TDLNSs) are lymphoid organs draining the TME
through lymphatics transporting soluble molecules and immune cells including tumor
antigens and dendritic cells, respectively. In TDLNs, dendritic cells prime anti-tumor
T cells which then proliferate and traffic to the tumor site. Their direct exposure to
the TME, however, also poses a threat as TDLNs are the most frequent site of tumor
metastasis significantly impacting patient survival. For some malignancies TDLN location
can be accurately determined using perioperative administration of radioactive probes

and/or dyes at the tumor site (e.g. in melanoma and breast carcinoma).

Tumor
macro-environment

circulating
tumor cells

Tumor
micro-environment

) Q neutrophils/
monocytes

\ . immature
‘* myeloid cells

Figure 5. The concept of a tumor macroenvironment recapitulates the systemic immune response to cancer.
The tumor macroenvironment consists of multiple tissues in the human body that are connected to the tumor
(microenvironment; TME) through blood and lymphoid vessels. (1) Antigen-presenting cells (APCs) migrate from the
TME to the tumor-draining lymph node (TDLN) where they prime cognate anti-tumor T cells that in turn infiltrate
the TME and lyse tumor cells. (2) This process may be perturbed by soluble and cell-contact dependent factors
corrupting TDLNs and other secondary lymphoid organs (SLOs), resulting in a systemically immune suppressed state.
(3) Concurrently, immune cells facilitate further primary tumor progression but also promote and seed the pre-
metastatic niche leading to cancer cell dissemination.

so  Chapter]



to cancer antigens®. Recent data have shown that the immune contexture of the TDLN

[ ]

vy
is crucial for dictating the magnitude and the anti-tumor properties of primed T cells, se.f s o+

uncovering a major role for myeloid cells. As shown earlier, Batf3-dependent cDC1s are *

crucial for presenting tumor-antigens to CD8* T cells, although other DC-subsets have been
ascribed similar properties as well***°. Elegant experiments performed by the Krummel
group showed that cDC1s were quintessential for anti-cancer immunity by delivering and
sharing antigen among other DCs in the TDLN, followed by the subsequent priming of CD8*
T cells capable of invading tumors®%, Moreover, exogenous administration of the main
cDC1 growth factor FLT3-ligand increased intratumoral cDC1s and CD8* T cells and further
amplified anti-PD-L1 ICB-treatment in mice!®. These findings underline the importance
of initial DC-infiltration, tumor-cell phagocytosis and activation in tumors followed by
trafficking to and priming of T cells in the TDLN, but also exposes several critical steps in
which the immune response to cancer can be sabotaged.

Considering the plethora of myeloid cell subsets in TDLNs during steady state, a
division of labor likely exists with different cell types promoting or suppressing effective
T-cell responses. cDC2s are well known for their priming capacity of CD4* T-cells, which
display anti-tumor functions and are known to be critical for providing T-cell help during
CD8* T-cell priming©>1%, This process of ‘licensing’ was shown to be crucial for tissue
invasive capacity and effector function of CD8* T-cells and involved co-stimulation through
CD27-CD70, CD40-ligand (CD40L)-CD40 and the presence of IL-21%4141% |n addition, a
subset of CD11b* cells was found to be strategically localized amidst CD169* subcapsular
sinus macrophages (SSMs), sampling lymph-born particulate antigens and presenting
them before migratory cDCs arrived®. Reminiscent of the tumor microenvironment,
TDLNs may harbor immune suppressive cells such as neutrophils which suppress DC-
induced anti-tumor CD8* T cells in the TDLN?’. TDLN macrophages are highly versatile and
heterogeneous and have different roles in immune homeostasis based on their localization
and surface receptors®. CD169 (Siglec-1)-expressing SSMs are LN-resident cells lining the
subcapsular floor where their protrusions take up draining particles including apoptotic
tumor cells and present antigen to B- and T cells!®*'2, The Pittet group discovered an
ingenious mechanism how SSMs suppress melanoma formation by preventing tumor
exosomes from reaching SSM-neighboring B cells that would otherwise produce tumor-
specific antibodies in response to draining exosomes, potently polarizing suppressive (M2)
TAMSs!3, These findings only begin to uncover the importance of TDLN-biology in anti-
tumor immunity with still many processes (e.g. the interplay between immune cells and
TDLN-metastasis) remaining to be uncovered.
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DC-immunotherapy as a way to circumvent aberrant T-cell priming.

In contrast to promoting anti-tumor T-cell immunity, DCs may be actively ‘tolerized’ by
tumor-derived factors including TGF-B, VEGF, PGE, and Wnt-proteins to produce inhibitory
molecules such as IL-10 and IDO while decreasing IL-12, thereby preferentially inducing
Tregs over effector T cells!***Y7, This and a lack of T-cell priming altogether sparked the
development of DC-immunotherapy, whereby DCs are directly obtained or matured from
monocytes in blood, exposed to tumor-antigens and activated in vitro after which they are
injected in the patient?®'!#11%_ Upon administration, these cells then migrate to the lymph
node where they are able to generate vaccine-specific T-cells and clinical responses in a
subset of patients with different tumor types'**?3, Novel approaches applying different
DC-subsets (with different functional properties, as discussed earlier), changes in antigen
composition and combinations with other forms of treatment including ICB will likely
improve response rates in the future!!®119124125 Alternatively, cancer vaccines provide an
‘of the shelf’-approach consisting of tumor-peptide(s) or lysate combined with an adjuvant
which after injection requires endogenous DCs to process and present antigen!?®!?’,
Although large phase Ill trials with off-the-shelf peptide vaccines have failed to significantly
improve survival in metastatic cancer patients, treatment of premalignant lesions and the
development of personalized neo-epitope vaccines has showed potential*?®*3, Similar
to DC-therapy, combining vaccines with ICB or conventional modalities such as specific
chemotherapies may equally elicit stronger tumor responses*3233, These clinical studies
have shown that peptide- and DC-vaccination can safely circumvent ineffective antigen
presentation and T-cell priming in the TDLN. However, as immunological responses do
not necessarily evoke clinical responses, both systemic and local immunosuppressive

mechanisms in the tumor may inevitably curb effective anti-tumor immunity.

Other cancer therapies affecting the tumor macroenvironment.

Immunotherapies such as adoptive T-cell transfer, ICB and (DC-) vaccination aim to
induce or propagate anti-tumor immunity, each acting at different phases of the immune
response at varying locations in the tumor macroenvironment (Fig. 6). Conventional
cancer treatments such as chemotherapy and targeted therapy were principally designed
to target tumor cell proliferation but have been found to act much broader, also affecting
immune cells. Notably, several widely used chemotherapies such as cisplatin, gemcitabine
and doxorubicin lack complete clinical activity in T-cell deficient mice, underscoring the
importance of therapy-induced T-cell immunity and testing anticancer drugs in appropriate
preclinical models!3+1¢,
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Figure 6. Immunotherapies can act at different sites of the tumor macroenvironment. Different immunotherapies
including several immunogenic forms of chemo- and targeted therapies modulate existing or induce novel anti-
tumor immune responses to induce tumor regression. As these therapies impact specific components of the tumor
macroenvironment, effective immunotherapy may be achieved by rationally combining multiple modalities based
on macroenvironment composition.

Having established the contribution of the tumor macroenvironment to anti-tumor
immunity, we are challenged by an increasing complexity when studying drug
pharmacodynamics. One drug effect may amplify or counteract another, depending on
the phase of the immune response. This was illustrated by the use of mammalian targets
of rapamycin (mTOR)-inhibitors in cancer, which are aimed at targeting constitutive PI3-
kinase (P13K)-signaling in tumor cells. Administration of the drug before T-cell immune
response generation, however, promoted Treg-expansion which dampened the anti-
tumor response. Administering the drug after T-cells were primed, preferentially induced
anti-tumor effector cells®®’. Similarly, whereas intratumoral application of optimized IL-2
followed by systemic interferon-alpha (IFN-a) 48 hours later cured all tumor-bearing mice,
concurrent administration of the two drugs failed to do so**%. As IFN-a is a strong activator
of DCs, too early maturation resulted in DCs being unable to take up antigen and traffic to
the TDLN after IL-2-therapy induced local immune destruction in the tumor.

Besides timing of treatment, dosing has become increasingly important with
several small molecule inhibitors, cytokines and chemotherapies improving effector
T-cell phenotype when administered at low, but not higher doses. For example, low-dose
cyclophosphamide was shown to improve anti-tumor immunity in mice and patients
through selective depletion of Tregs, but when given at high doses also effector T cells
were decreased abrogating the immune-modulatory benefit3%°, |n addition to dosing,
drug specificity should be considered. Small molecules including tyrosine kinase inhibitors
may display previously unconsidered off-target effects with potentially detrimental effects
on tumor immunity**. E.g. imatinib mesylate (Gleevec) is a tyrosine kinase inhibitor
used in several malignancies including gastrointestinal stromal tumors (GIST) where it
inhibits oncogenic KIT-signaling!*2. Although tumor cells responded to imatinib, cDC1s and
therefore CD8* T cells were scarce in imatinib-treated tumors which was found to be due
to drug-induced GM-CSF deficiency preventing cDC1-accumulation®.

Finally, a rational design of combination therapies aimed at different non-redundant
pathways in the tumor macroenvironment may induce synergy and sensitize non-
responding patients to immunotherapy*4. Although PD-1 and CTLA-4 are regarded to act
at different phases of the immune response (i.e. at the effector site and the lymph node,
respectively), the receptors can be co-expressed on T cells causing combination ICB to
induce activation-induced cell death abrogating clinical benefit'*>. Paradoxically, targeting
the MEK-pathway in cancer using a MAPK-inhibitor did not hinder antigen-induced
T-cell activation and proliferation but rather prevented activation-induced cell death,
potentiating anti-PD-L1 immunotherapy*. These findings illustrate both the challenges
and opportunities of developing effective combination immunotherapy for solid cancers
and demand a better understanding of the tumor macroenvironment in order to improve
therapeutic strategies and eventually patient lives.
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Methods to study the tumor macroenvironment.

in vitro model systems (e.g. organoids) lacking the cellular and architectural complexityr“z. .
» 13

. . . -
of a solid tumor TME, let alone a macroenvironment, immune-competent animal models ~4e.f ,

. . . . L4
remain essential for studying cancer evolution and novel targets for therapy4:1%,

Transplantable tumor cell lines in syngeneic mice are most often used because they allow
for high-volume, easy to monitor and consistent tumor inoculation and follow-up. This is in
contrast to genetically-modified spontaneous tumor models (GEMM; e.g. KPC pancreatic-

or KP lung adenocarcinoma) which develop and metastasize in weeks/months, betterl

reflecting the patient setting as compared to the rapid growth kinetics of transplantable
models'*®. GEMMs, however, are often characterized by a ultra-low frequency of neo-
antigens as opposed to most human cancers and carcinogen-induced mouse models (e.g.
MCA sarcoma model)****1, These examples highlight that depending on the research
question and cancer type investigated, the appropriate set of models should be selected
to optimally reflect the patient setting. As site of tumor cell injection has been found to
determine TME composition, orthotopic rather than heterotopic (e.g. subcutaneous)
injection should be considered whenever possible!***%4, Also, in order to mimic inter-
patient heterogeneity, multiple tumor models of the same histology but in different mouse
strains (e.g. AB1 [BALB/c], AE17 [C57BL/6] and AC29 [CBA/J] in mesothelioma) may be
used to increase validity and translatability of findings.

Although tissues of the tumor macroenvironment from patients is limited,
tumor and (TD)LN are often available at early-disease stage post-surgery allowing for
comprehensive live cell phenotyping or imaging. With several immunotherapies now
being tested in the neo-adjuvant setting, explanted tissues are valuable in dissecting the
prerequisites of immunotherapy efficacy, e.g. in the setting of (combination) ICB*>>*7, In
the metastatic setting, peripheral blood or repeated tumor biopsies before, during and
after immunotherapy administration can shed light on both the systemic and local anti-
tumor immune response, respectively’*®. In the end, integrating and validating the findings
from translational preclinical mouse models with cancer patient tissues remains essential
for future immunotherapy development.

Aims and outline of this thesis.

In the previous paragraphs several concepts pertaining to the tumor macroenvironment
and anti-tumor immunity were introduced. Current anticancer therapies aim to improve
different aspects of defective anti-tumor immunity but only a minority of patients
respond durably. For many of these therapies depicted in figure 6 the exact modes of
action, however, remain largely unknown. Furthermore, it is unclear which treatment

.a..<‘ .
= -
4 . ol
M .. .y .:'
.
."o 0 v
LR
R A
AN T 1
& .o - ‘.'o
- ¥
H .
" [
T T e e
"

combinations provide maximum synergy and would therefore be most eligible for clinical
testing. By interrogating all available features of the tumor macroenvironment before, after
and during treatment, we aim to identify novel mechanisms and treatment combinations
that may aid in better immunotherapy design and allocation. Essential for this is to
investigate whether existing immunotherapies have effects beyond their perceived target
cell and location. To achieve this, a wide range of translational preclinical mouse models
are employed enabling the precise targeting of specific molecules, cells or sites, identifying
the prerequisites of effective anti-tumor immunity. Furthermore, we use patient-derived
tumor, blood and lymph node materials with coupled clinical data to extend the obtained
insights to the patient setting, potentially discovering novel biomarkers associating with
response.

ICB and chemotherapy are the most frequently used treatments in solid cancer
patients but responses are highly variable, ranging from durable partial or even complete
tumor responses in a small subset of patients with the majority of patients responding
temporarily or not at all. Much research has focused on how these treatments impact
the TME or vice versa, and whether response to treatment can be predicted from T-cell
phenotype in peripheral blood of patients. The exact modes of action, however, remain
largely unknown. Comprehensive studies of not only T cells but multiple leukocyte lineages
throughout the tumor macroenvironment could yield novel insights into the mechanism
of action of treatments, which is critical for future immunotherapy optimization. In Part
A of this thesis, novel modes of actions from two commonly systemically administered
drugs are described, the first being PD-L1-checkpoint blockade (Chapter 2) and secondly
gemcitabine chemotherapy (Chapter 3).

Anti-PD-1/PD-L1 immunotherapy is widely believed to re-invigorate PD-1* exhausted
tumor-infiltrating T cells but paradoxically, the degree of PD-L1 or PD-1 expression in the
TME has only limited predictive value. To study this contradiction and assess whether
other macroenvironmental sites such as TDLNs are involved, we assessed TDLNs of mice
and patients for PD-1/PD-L1-axis activity in Chapter 2. To establish whether PD-L1 in TDLNs
is involved in suppressing anti-tumor T-cell immunity, we specifically targeted TDLNs using
a specialized injection technique. Additionally, we blocked T-cell egress from the TDLN
using FTY720 to observe whether anti-PD-L1-derived responses were abrogated.

Besides directly targeting immune-inhibitory or stimulatory receptors on the T-cell
membrane, certain chemotherapeutic drugs have been found to modulate receptor
expression or enhance tumor cellimmunogenicity in vitro, which could promote anti-tumor
immunity**°. Whether these changes occur in vivo and correlate with treatment benefit
remains unknown. In Chapter 3, we analyzed whether the commonly administered drug
gemcitabine is capable of inducing or modulating circulating T- and NK-cells and whether
this relates to effects of the drug on myeloid cells in patient blood. To this end we made
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cells (PBMCs) from the NVALT19-study evaluating the efficacy of maintenance gemcitabine | ',‘ o;‘. e

treatment in mesothelioma patients'®®. Measured immune parameters were correlated ..z:,‘ s ea’ye ,‘:::‘ "
with clinical outcome yielding potential cues for biomarker-development. r:‘i‘.r .’. '._ .2 .
Chemotherapy and immune-checkpoint blockade therapy generally affect the “..'..' et '. ",-.
entire tumor macroenvironment, inducing a broad immune response at the expense of * e . .r. . ’- s
considerable toxicity. Cancer vaccines specifically act on (secondary) lymphoid organs, ‘ot ,:', ac ..’

inducing a tumor-specific response without off-target toxicity!”®. However, vaccine _= . "~
monotherapy is often insufficient to induce clinically meaningful responses in metastatic
cancer, limiting its applicability in the clinic. By studying how vaccines affect the tumor = A WP
macroenvironment, can we boost efficacy by rationally introducing partner drugs while
preserving safety? Part B of this thesis focusses on improving cancer vaccine efficacy by
rewiring immune suppressive cells in the tumor macroenvironment through combination
immunotherapy. Chapter 4 provides a systematically acquired overview and combined
analysis of existing cellular- and peptide vaccine approaches in NSCLC. Moreover,
meta-analyses was performed to assess efficacy of pooled peptide vaccine and cellular
immunotherapies prioritizing which approach should be preferred.

Macrophages are present at all sites of the tumor macroenvironment frequently
exhibiting potent immune suppressive phenotypes inhibiting T-cell functionality and
promoting cancer desmoplasia and angiogenesis®’. In Chapters 5 & 6, we attempted
to improve DC-vaccination efficacy in mesothelioma- and the poorly immunogenic
pancreatic cancer mouse model by targeting macrophages, either by depletion (via
M-CSFR-inhibition, Chapter 5) or repolarization (using a CD40-agonist, Chapter 6). Safety
and efficacy were monitored and we assessed immune responses in blood, tumor and
lymphoid organs to evaluate whether systemic immunity was improved in the setting of
combination immunotherapy.

T-cell exhaustion may be another obstacle in cancer vaccine efficacy, hampering
durable and effective anti-tumor immune responses. Cytokines and associated signaling
molecules may have opposing functions on T-cell phenotype depending on the timing
and context within the tumor macroenvironment. IL-2 is crucial for T-cell expansion
following priming and survival during the effector phase!®. However, excessive IL-2
could be deleterious for memory formation, or even induce exhaustion depending on
the composition of the IL-2-receptor (IL-2R) being expressed® %1% |n Chapter 7, we
temporally inhibited downstream IL-2R-expression by inhibiting Janus Kinase 3 (JAK3),
aiming to improve vaccine-induced memory T-cell responses in solid tumor mouse models.

Finally, Chapter 8 discusses the collected findings in the context of the currently
available literature and proposes novel avenues for future research.
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SUMMARY

mediated suppression in the tumor microenvironment but PD-L1 is also expressed on
non-tumor macrophages and conventional dendritic cells (cDCs). Here we show in mouse
tumor models that tumor-draining lymph nodes (TDLNs) are enriched for tumor-specific *
PD-1+ T cells which closely associate with PD-L1+ cDCs. TDLN-targeted PD-L1-blockade
induces enhanced anti-tumor T-cell immunity by seeding the tumor site with progenitor-
exhausted T cells, resulting in improved tumor control. Moreover, we show that abundant

1
.

PD-1/PD-L1-interactions in TDLNs of non-metastatic melanoma patients, but not those in =

corresponding tumors, associate with early distant disease recurrence. These findings point
at a critical role for PD-L1 expression in TDLNs in governing systemic anti-tumor immunity,
identifying high-risk patient groups amendable to adjuvant PD-1/PD-L1-blockade therapy.

Significance.

The majority of cancer patients do not or only temporarily respond to anti-PD-1/PD-L1
blocking antibodies with mechanisms of resistance being incompletely known. Tumor-
draining lymph nodes (TDLNs) have been found to be crucial for anti-tumor T-cell priming.
We identify PD-1/PD-L1 interactions to occur frequently in TDLNs of solid-tumor bearing
mice and with specific inhibition of PD-1/PD-L1 signaling in TDLNs induces effective anti-
tumor immune responses capable of reducing distant tumor growth in several tumor
models. In non-metastatic melanoma patients high frequency PD-1/PD-L1 interactions
in the TDLN associated with early distant disease recurrence independent of known
prognostic markers. These findings identify TDLNs as important sites mediating-PD-L1
immunotherapy efficacy, challenging the current dogma that the PD-1-checkpoint restricts
T-cell immunity primarily at the effector site.
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INTRODUCTION

Drugs targeting the PD-1/PD-L1 pathway have revolutionized the treatment of multiple
cancer types including non-small cell lung cancer, renal cancer and melanoma with a
subset of patients experiencing durable responses. However, still a majority of patients
and cancer types do not, or only temporarily respond to these immune checkpoint
blocking (ICB) drugs®2. PD-1/PD-L1 blocking antibodies are believed to act primarily in the
tumor microenvironment (TME), by re-invigorating exhausted T cells and thereby reviving
pre-existing anti-tumor immunity?. Based on this hypothesis, several theories have been
proposed to explain the lack of ICB-efficacy in patients, such as a lack of PD-L1 expression
or T-cell infiltration in the TME and upregulation of other co-inhibitory receptors or
suppressive molecules following ICB-therapy?*. However, the predictive value of these
proposed biomarkers remains poor in the majority of tumors, while the relevance of PD-
L1-expression at other sites remains unknown. Furthermore, results from recent trials
evaluating combination therapy with anti-PD-(L)1 and other co-inhibitory pathways in the
TME have been disappointing>®. Therefore, a more comprehensive interrogation of the
molecular and spatial mechanisms of anti-PD-1/PD-L1 therapy is needed to further boost
immunotherapy efficacy.

Several recent insights exploring the biology of the PD-1 receptor and its
corresponding ligand PD-L1 offer clues into what drives ICB-efficacy. Besides tumor cells,
myeloid cells expressing PD-L1 have been revealed to be essential for ICB-efficacy as anti-
PD-L1 antibodies remained effective in transplanted tumor cells lacking PD-L1 in a variety
of models®*2, Furthermore, these seminal discoveries offer an explanation for the rather
unexpected finding that PD-1 primarily acts by inhibiting signaling downstream of the
CD28 costimulatory receptor following B7-ligation, proposedly by myeloid cells***, Where
this interaction and therapeutic disruption in case of anti-PD-1/PD-L1 antibodies takes
place, however, is still unknown as current genetic and pharmacologic interventions (e.g.
with the S1PR-blocking agent FTY720) limit proper spatiotemporal analysis of ICB-induced
anti-tumor immune responses®!***, Additional insights into these dynamics may improve
ICB-response prediction and future immunotherapy development.

Recent investigations analyzing T-cell receptor (TCR) clonotypes in mouse and
patient tumors before and after anti-PD-1 therapy suggest the appearance of novel,
previously non-existing clonotypes in ICB-treated tumors, and a limited expansion capacity
of tumor-resident T cells following treatment®®'’. In contrast to terminally differentiated
tumor-resident T cells, T-cell factor 1 (TCF-1)-expressing progenitor-exhausted T cells have
recently been described to generate effector T-cell progeny, however their exact origins
remain unknown?®, These findings, together with an abundance of B7-expressing antigen-
presenting cells being exposed to draining tumor-antigens prompted us to investigate the
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tumor-specific PD-1* T cells co-localizing with PD-L1 expressing myeloid cells including ..z:,‘ s ea’ye

conventional dendritic cells (cDCs). Selective targeting of PD-L1 only in the TDLN, reveals
that TDLN-localized T-cells are capable of mounting effective anti-tumorimmune responses

thereby demonstrating that TDLN-resident T cells are able to generate ICB-mediated *

immunity. Finally, we show the role of this PD-1/PD-L1 interaction in the TDLN of stage Il
melanoma patients, independent of known prognostic parameters. TDLNs in patients with
early disease recurrence are enriched for PD-1/PD-L1 interactions which seem to primarily
occur between T cells and CD11c* DCs. In patients without disease recurrence there are
fewer PD-1/PD-L1 interactions in the TDLN. These results offer unexplored insights in
the role of TDLNs in generating effective anti-tumor immunity and challenge the current
dogma that PD-1/PD-L1-blockade occurs primarily at the tumor site.

METHODS

Mouse models.

Female 8-12-week-old CBA/J mice and C57BL/6 mice were purchased from Janvier and
Envigo, respectively, and housed under specific pathogen-free conditions in individually
ventilated cages at the animal care facility of the Erasmus MC, Rotterdam. All mouse
experiments were controlled by the animal welfare committee (lvD) of the Erasmus MC
and approved by the national central committee of animal experiments (CCD) under
the permit number AVD101002017867, in accordance with the Dutch Acton Animal
Experimentation and EU Directive 2010/63/EU.

Mouse tumor cell lines.

The AC29 mesothelioma cell line was derived from tumors induced by crocidolite asbestos
into CBA/J mice and was kindly provided by Prof. Bruce W.S. Robinson (Queen Elizabeth
Il Medical Centre, Nedlands, Australia). The OVA-transfected AE17 cell line was kindly
provided by Prof. Delia J. Nelson (Curtin University, Perth, Australia). All mesothelioma
cell lines were cultured in RPMI11640 medium containing 25 mmol/L HEPES, Glutamax,
50mg/mL gentamicin (all obtained from Gibco) and 5% fetal bovine serum (FBS) (Capricorn
Scientific) in a humidified atmosphere and at 5% CO2, in air. For culturing AE17-OVA cells,
the culture medium was supplemented with 50 mg/mL geneticin (Gibco). The MC38,
B16F10, KPC3 and lentivirally transduced KPC3-OVA tumor cell lines were cultured in
IMDM medium (Gibco) containing L-Glutamine, 25 mmol/L HEPES, 50mg/mL gentamicin
and 8% FBS. Authentication of the cell lines was performed by short tandem microsatellite
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repeat analysis or by antigen-specific T cell recognition. For culture, either culture flasks
or CellSTACKs (Corning Life Sciences) were used to reach the appropriate tumor cell
frequencies for injection.

Melanoma patient cohort.

For this study, cutaneous melanoma patients who underwent a sentinel lymph node biopsy
(SLNB) at the Erasmus Medical Center (MC) Cancer Institute between 2005 and 2016 and
had a negative SLN (i.e. no metastasis to the TDLN) were identified. From this cohort,
two extreme populations of patients were identified: 1) patients with a negative SLN with
early (< 48 months) distant recurrence (with or without prior locoregional/regional lymph
node recurrence); 2) patients with a negative SLN without recurrence (> 96 months). In
an attempt to avoid confounding influences of prior malignant disease on TDLNSs, patients
who developed (prior) metastatic disease within the regional lymph nodes (similar to the
SLN basin) within 9 months were excluded.

Histopathological information of the primary melanoma and SLN were retrieved
from the pathology reports. Patient characteristics and follow-up data were obtained from
the medical records. This study was approved by the Erasmus MC Ethics Committee (ref.
no. MEC-2017-375). Human tissues and patient data were used according to “The Code for
Proper Secondary Use of Human Tissue” and “The Code of Conduct for the Use of Data in
Health Research” as stated by the Federation of Dutch Medical Scientific Societies.

According to aforementioned criteria, 40 patients were eligible. A pathologist
from the Erasmus MC Cancer Institute a) assessed the presence of sufficient formalin-
fixed paraffin-embedded (FFPE) SLN specimen, b) revised a hematoxylin and eosin (H&E)
slide for each SLN confirming the absence of (micro)metastasis according to previously
published protocols (Van der Ploeg et al. European Journal of Cancer 2010%), c) selected
one (of the) SLN(s) per patient. Eventually, sufficient and representative SLN material
could be retrieved from 15 patients in group 1. Consequently, 15 cases from group 2 were
randomly identified as well.

The median patient age was 50 years (interquartile range [IQR] 41 — 59), with a male
predominance of 67% (20 males). Median duration to distant metastasis was 21.0 months
(9.0 — 36.0). Further clinicopathological features and follow-up of all patients, and per
subgroup, are summarized in table S1.

In vivo experiments in mouse tumor models.

For tumor inoculation, mice were i.p. injected with AC29 (107), AE17-OVA (10°) or MC38:
(2.5x10°) tumor cells in 300 uL PBS. KPC3 (10%), KPC3-OVA (10%) or B16F10 (10%) tumor
cells were injected s.c. in 200 pL PBS in the flanks of mice that were briefly anesthetized
using isoflurane. In case of non-TDLN and TDLN characterization, mice with established
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(measured by 0.52 x length x width x height). For B16F10 and KPC3 tumor models, this

KPC3-OVA model. Mice were randomly assigned to experimental groups.

anti-PD-L1 treatment.

Dependent on treatment arm, mice with established peritoneal mesothelioma (AC29 or
AE17-OVA) or peritoneal carcinomatosis (colon-carcinoma derived; MC38) were treated -

with either 200 pg isotype (clone 2A3, BioXCell), 2.5 pg anti-PD-L1 antibody (clone MIH5,
provided by L. Boon Bioceros) or 200 pg anti-PD-L1 antibody in 50 pL PBS when injected
intravenously or, in case of intrapleural injection, in 200 pL PBS via injection in the pleural
cavity of mice that were under short-term anesthesia.

FTY720 administration.

To block lymphocyte trafficking, AC29 tumor-bearing mice received either vehicle or
FTY720 (Sigma-Aldrich) from day 9 onwards via drinking water (2.5 pg/mL) and via daily
oral gavage (2 pg/g body weight). Retention of lymphocytes in lymphoid organs was
assessed on day 14 in peripheral blood by flow cytometry.

CEL treatment. In LN-macrophage depletion experiments, mice bearing AC29
mesothelioma tumors received 10 uL CEL (Clodrosome) dissolved in 190 uL PBS (5%) or
200 pL PBS i.pl., serving as a negative control.

Dendritic-cell therapy. For BMDC-transfer AC29 tumor lysate was produced and DCs
were cultured as previously described (Dammeijer et al. Cancer Immunology Research
2017). Briefly, tumor lysate was produced by disrupting frozen tumor cells by four
cycles of freeze-thaw cycles with liquid nitrogen followed by sonication. BMDCs were
generated as reported previously (Dammeijer et al. Cancer Immunology Research 2017),
using recombinant murine GM-CSF (provided by B. Lambrecht VIB, Ghent) in DC-culture
medium followed by loading with tumor lysate and activation with CpG (Invitrogen) on day
9 and injection at day 10 following CFSE-labeling according to manufacturer’s instructions
(Thermo Fisher). Cells were checked for surface expression of CD11c and MHC-II to confirm
the DC-phenotype prior to administration (data not shown).

Adoptive-cell transfer of OT-1 and OT-1I cells.

For adoptive cell transfer of OT-1 and OT-Il cells, OT-1 and OT-1I CD45.1 (Ly5.1) were generated
as reported previously (Hope, Front Immunol, 2019). LNs and spleens were harvested from
9-11 week-old female OT-1 and OT-Il CD45.1 transgenic mice after which OT-I and OT-II
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cells were isolated by negative selection, using EasySep magnetic nanoparticles (StemCell
Technologies), according to manufacturer’s protocol. Subsequently, CD45.1 OT-land OT-lI cells
were labeled with Far Red Proliferation Dye (Thermo Fisher) according to the manufacturer’s
instructions, and injected i.v. (2.5x10°-3.0x10° cells/mouse) into recipient mice.

Blood was collected at defined time points by tail vein incision to evaluate immune
responses in peripheral blood. Mice were examined every 1-2 days for evidence of illness
caused by overt tumor growth and euthanized at predefined endpoints or when mice
were profoundly ill in case of survival analysis.

Preparation of single cell suspensions.

Single-cell suspensions were generated from isolated interim blood, non-TDLN, TDLN and
tumor tissue of mice from each group as previously reported 20. Briefly, blood was collected
in EDTA tubes (Microvette CB300, Sarstedt) after which the volume was determined.
Subsequently, collected blood was lysed by erythrocyte lysis using osmotic lysis buffer
(8.3% NHA4CI, 1% KHCO3, and 0.04% Na2EDTA in Milli-Q). Single-cell suspensions of non-
TDLNs, TDLNs and spleens were generated by mechanically dispersing the lymph nodes
through a 100-uM nylon mesh cell strainer (BD Biosciences) followed by osmotic lysis of
erythrocytes in case of spleens. Tumors were collected, weighed in a microbalance and
dissociated using a validated tumor dissociation system (Miltenyi Biotec) according to
protocol. After dissociation, cell suspensions were filtered through a 100-uM nylon mesh
cell strainer.

Flow cytometry.
In order to measure cytokine production in lymphoid cells by flow cytometry, cells were
restimulated for 4 hours at 37 °C using PMA and ionomycin (Sigma-Aldrich) supplemented
with GolgiPlug (BD Biosciences). For cell surface staining, single cells were stained with
antibodies together with anti-mouse 2.4G2 (anti-CD16/CD32) antibody (Provided by
L. Boon, Bioceros; 1:300) for 30 minutes at 49C. After this incubation period, cells were
washed with FACS buffer (0.05% NaN3, 2% BSA in PBS), followed by a PBS wash and stained
for viability using fixable LIVE/DEAD aqua cell stain (Thermo Fisher, 1:200) at 42C for 15
minutes. After two washing steps with FACS buffer, cells were either directly measured
or, in case of intracellular staining, fixated and permeabilized with Foxp3 / Transcription
Factor Staining Buffer Set (Thermo Fisher) to stain nuclear factors. Intranuclear antibodies
were incubated for 60 minutes at 42C. A fixed number of counting beads (Polysciences
Inc.) was added to the samples derived from blood prior to acquisition of the data to
determine the absolute amount of cells.

In order to detect OVA specific CD8" T cells in the AE17-OVA and KPC3-OVA

(257-264)
models, PE-labeled tetramers of H-2K® major histocompatibility complex class | loaded
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with OVA(ZSHM) peptide were obtained?’. Tetramer-binding to CD4* T cells was used to

.‘ *
determine the level of background signal and to set cutoff limits. To assess the binding , ',‘
of in vivo administered anti-PD-L1, single cell suspensions of processed tissues were ..z:,‘.n'.-

washed with FACS buffer and incubated with 5% normal donkey serum for 30 minutes

1gG2A antibody labeled with either a Cy5-fluorochrome or a Alexa Fluor 488 fluorochrome *

(Jackson Immunoresearch) for 30 minutes on 42C. Subsequently, cells were incubated for
10 minutes at 42C with 5% rat serum in FACS buffer after washing with FACS buffer. Data
were acquired using a LSR Il flow cytometer equipped with three lasers and FACSDiva

software (v.8.0.2) after compensation with UltraComp Compensation beads (Thermol

Fisher). Acquired data were analyzed by using a licensed version of Flowjo (v.10.4.2).

Immune cell subsets were characterized using the following set of markers following
single cell, alive and CD45* cell selection: CD8* T cells (CD3*/CD4/CD8*), CD4* T-helper
cells (CD3*/CD8/CD4*/FoxP3’), Tregs (CD3*/CD8/CD4*/FoxP3*/CD25"e"). In the myeloid-
cell panels, a lineage mix (CD3/CD19/CD335) was included. Subsets were characterized as:
subcapsular sinus macrophages (Lineage/Ly6C*"/Ly6G™ /CD169*/F4807), medullary sinus
macrophages (Lineage/CD11b*/Ly6C"°"/Ly6G~ /CD169*/F480*), granulocytes (Lineage/
CD11b/Ly6G*), conventional type 1 dendritic cells (cDC1: lineage/CD11c’/MHC-II*/
CD11b’), cDC2 (lineage/CD11c*/MHC-II*/CD11b*). In the experiments performed in
figure S3, CD172a and XCR1 were additionally included to characterize ¢cDC2 and cDC1,
respectively.

Multicolor confocal microscopy.

TDLNs were embed in Tissue-TEK Il optimum cutting temperature medium (Sakura), snap-
frozen, and stored at -802C. Tissue sections were cut at 16um on a cryostat (Cryostar NX70,
Thermo Fisher Scientific) and rehydrated in in 0.1 M Tris buffer for 30 minutes and blocked
with blocking buffer (0.1 M Tris buffer, 0.02% Triton X-100, 1% normal mouse serum,
1%BSA and 5% normal donkey serum) for 1 hour. After washing with 0,1 M Tris buffer,
sections were stained with a donkey anti-rat antibody that would bind to the therapeutic
antibody in blocking buffer for 6 hours at 4°C followed by an incubation with 5% normal rat
serum in blocking buffer for 10 minutes. Subsequently, sections were stained with directly
labeled primary antibodies in Tris blocking buffer for 16 hours at 4°C and subsequently
stained with streptavidin for 2 hours. After extensive washing with Tris buffer, nuclei were
counterstained with JOJO-1 lodide (Thermo Fisher) and tissue sections were mounted in
Fluoromount-G (Thermo Fischer). Acquisition of whole cross-sections was performed on
a Leica TCS SP8 confocal microscope with tunable white-light laser, 405 nm violet laser,
and Leica PMT and HyD hybrid detectors. Acquisition was performed in 3 individual
sequential acquisition steps, optimized tunable excitation and emission settings were
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on 49C. After washing with FACS buffer, cells were counterstained using a donkey anti-rat ¢e.f , o+

defined experimentally using single stains, timed gating with the pulsed white light laser
in combination with the HyD detector was applied with AF488, AF555, AF555, AF594 and
AF647 dyes. Following acquisition, the tiled images were merged and compensated using
the LAS X Merge and Channel Dye Separation module (using single stains under identical
acquisition settings), respectively, after which the images were further analyzed using
Imaris 9.2 (Bitplane). Following the histocytometry work flow as previously described,
cellular identities were created to investigate co-localization. The channel for CD8* and
CD4* cells was obtained by first creating a mask channel by selecting for CD8* CD11c and
CD4* CD11c voxels, respectively. Next, a CD8 “T cell” and CD4 “T cell” expression channel
was created by combining the CD8* or CD4* voxels on the CD8" CD11c mask and CD4*
CD11c mask, respectively, to exclude CD8* CD11c* DCs and CD4* CD11c* DCs from this
channel. In addition, channels for CD169* macrophages and CD11c* DCs that were bound
by anti-PD-L1 were created by selecting CD169* anti-PD-L1* voxels or CD11c* anti-PD-L1*
voxels, respectively. These channels, together with the CD8* CD11c channel, were used
to create surfaces with Imaris Surface Module (Bitplane) for figure representation. For
publication and clarity purposes, we applied a gamma correction of 0.7 to the images,
except for the surfaces.

TIL re-stimulation culture.

Frozen single-cell suspensions generated from end-stage AE17-OVA tumors were thawed
and stained with the CellTrace Far Red Cell Proliferation dye according to manufacturer’s
protocol. After labeling with the proliferation dye, cells were counted in trypane blue with
a hemocytometer using the Biirker-Tirk method. Subsequently, cells were resuspended in
2.0x10° cells/mL culture medium consisting of IMDM containing L-Glutamine, Glutamax, 25
mmol/L HEPES, 50 mg/mL gentamicin, 50 mmol/L mercaptoethanol (Sigma-Aldrich),10%
FBS, 4ng/mLIL-2, 4 ng/mL IL-7 4 ng/ml, 4 ng/mL IL-15 that was supplemented either with
either 10 ug/mL isotype, 1 ug/mL OVA .5, PePtide (provided by Anaspec) and 10 pg/mL

isotype or with 1 ug/mL OVA peptide and 10 pg/mL anti-PD-L1. Cells were incubated

(257-264)
for three days in a humidified atmosphere and at 5% CO,, in air, after which the cells were

harvested and stained for extracellular and intracellular markers.

PLA and multiplex staining (cmIHC).

PLA and cmIHC was performed with an automated, validated and accredited staining
system (Ventana Benchmark Discovery ULTRA, Ventana Medical Systems, Tucsen, AZ,
USA). PLA was performed on 43 (34 TDLNs and 9 matched tumor samples) samples, in
brief following deparaffinization and heat-induced antigen retrieval with CC1 (#950-500,
Ventana Medical Systems) at 95°C for 64 minutes the tissue samples were co-incubated
with anti-PD-L1 SP263 (#790-4905, Ventana Medical Systems) and anti-PD-1 NT105
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and #253-6037, Ventana Medical Systems) was performed for 16 minutes followed by
pH buffer (#253-5083, Ventana Medical Systems) and proximity activator (#253-5082, -
Ventana Medical Systems) at 47°C for 12 minutes. Conjugating enzyme NP-HRP (#760-
6038, Ventana Medical Systems) was added for 12 minutes followed by a DISC, amplified

using TSA-HQ (#760-4519, Ventana Medical Systems) for 12 minutes and detected by *

using anti-HQ-HRP (#760-4820, Ventana Medical Systems) for 12 minutes. Visualization
was performed using DAB (#760-159, Ventana Medical Systems) followed by hematoxylin
Il counter stain for 12 minutes and then a blue coloring reagent for 8 minutes according to
the manufactures instructions (Ventana Medical Systems, Tucsen, AZ, USA).

PLA with cmIHC was performed on 6 additional slides, followed after PLA staining
(see above) a CC2 (#950-123, Ventana Medical Systems) 100°C for 8 minutes stripping
step was performed. CD68 KP1 (#790-2931, (#253-5083, Ventana Medical Systems) was
incubated at 37°C for 32 minutes followed by secondary antibody, mouse omnimap
HRP (#760-4310, Ventana Medical Systems) at 37°C for 24 minutes and visualized with
purple (#760-229, Ventana Medical Systems) for 32 minutes. CC2 100°C for 8 minutes
stripping step was performed and anti-CD8 (#790-4460, Ventana Medical Systems) was
incubated at 37°C for 32 minutes followed by secondary antibody, rabbit omnimap HRP
(#760-4311, Ventana Medical Systems) at 37°C for 24 minutes and visualized with Teal
(#760-247, Ventana Medical Systems) for 32 minutes. CC2 100°C for 8 minutes stripping
step was performed and anti-CD11c 5D11 (#111M-17, Cell Marque) was incubated at 37°C
for 32 minutes followed by secondary antibody mouse-NP (#760-4816, Ventana Medical
Systems) at 37°C for 32 minutes, enzyme conjugation was needed with NP-AP (#760-4827,
Ventana Medical Systems) enzyme 37°C for 32 minutes visualized with Disc Yellow (#760-
239, Ventana Medical Systems) for 44 minutes. Hematoxylin Il counter stain for 8 minutes
and then a blue coloring reagent for 4 minutes according to the manufactures instructions
(Ventana Medical Systems).

Quantification of PLA and multiplex stainings.

Scanned slides were viewed using NDP-viewing software (Hamamatsu) at 40x
magnification and regions of interest were randomly selected from cortical regions,
excluding germinal centers and captured and imported into ImageJ software (NIH). For
enumeration of contacts, the number of contacts were manually counted per 40x high-
power field (hpf) and the average of a total of 8 hpfs was included into analysis. A similar
approach was taken to identify cells of origin in the multiplex staining assay where PD-1/
PD-L1-positivity was assessed on CD8*/CD8 and CD11c*/CD68*/CD11¢c*CD68*/CD11c'CD68
-expressing cells, respectively. As a more objective and representative measure of total
contacts, acquired 40x images were automatically quantified using a developed macro
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which includes 2 basic steps; the first step assessing total cell-surface area per hpf with
the final step determining the percentage of PLA-positivity following color-dissection and
thresholding (supplementary data S1). The percentage of PLA-assay positivity was then
taken as a percentage of total cell-surface area and the average of 15 hpfs was included
for analysis.

Statistical analysis.
Data are expressed as means with the standard error of the mean (SEM). Comparisons
between groups with independent samples were performed using the Mann-Whitney U
test or independent t-test whereas the Wilcoxon-signed rank test or paired t-test were
used to compare paired samples (see figure legends). In case of correlations, the Pearson
correlation was used to test statistical significance. Survival data were plotted as Kaplan-
Meier survival curves, using the log-rank test to determine statistical significance. P-value
of 0.05 and below was considered significant

(*), p < 0.01(**) and p < 0.001 (***) as highly significant. Data were analyzed using
GraphPad Prism software (Graphpad, V5.01 and V8.0).

RESULTS

TDLNs are enriched for PD-1* tumor-specific T cells.

To gain insight into the activity of the PD-1/PD-L1-axis in LNs, we analyzed the frequencies
and phenotype of tumor antigen-specific CD8* T cells in LNs of ovalbumin (OVA)-expressing
AE17 mesothelioma tumors. AE17-OVA tumor cells were injected intraperitoneally and at
late stage disease mediastinal LNs that drain tumors in the peritoneal cavity (TDLNs) and
inguinal control LNs (non-TDLNs) were analyzed. We found higher frequencies of OVA,_,
Lea-Specific CD8" T cells in the TDLN, compared with a near absence of these cells in a
non-TDLN (Fig. 1A, S1A). Tumor-specific CD8* T cells in the TDLN were highly proliferative,
expressed PD-1 with higher frequencies and to higher levels than those in non-TDLNs (Fig.
1B). In the TDLN, the proportions of PD-1-expressing CD8* T cells strongly correlated with
the frequency of tumor-specific CD8* T cells and could therefore serve as a marker for
tumor-specificity (Fig. 1C, S1A). Therefore, we enumerated PD-1* CD4* and CD8* T cells in
several solid tumor models and consistently found higher frequencies of PD-1* T cells in
TDLNs compared to non-TDLNSs, irrespective of cancer type, mouse genetic background,
tumor localization or T-cell subset, except for the KPC3 pancreatic cancer model (Fig.
1D). This difference in PD-1 expression did not appear to result from tumor metastasis to
the TDLN, as the frequency of CD45 cells was equally low in both TDLNs and non-TDLNs
(Fig. S1B). The poorly immunogenic KPC3 pancreatic cancer cell line did not induce PD-
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Figure 1. Tumor-draining lymph node harbor PD-1* tumor-specific T cells. (A) Dot plots and quantification of CD8*
. ; G0 g T cells in non-TDLNs and TDLNs showing percentages of OVA(257-264)-tetramer* T cells. (B) Proliferation (Ki-67)
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the tumor. In line with this hypothesis, introduction of the immunogenic OVA-antigen in g 0 e “,'.' S and PD-1-positivity were determined on ovalbumin (OVA)(257-264)-tetramer* CD8* T-cells in non-TDLNs, TDLNs
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KPC3 recapitulated the results of the other tumor models (Fig. 1D). In addition to high ¢4, * *+"w* ,':::.‘ " and tumor. Furthermore, PD-1-expression (MFI) was assessed on (PD-1*) OVA(257-264)-tetramer* CD8* T-cells. (C)
. LY - . . . . . . .
. . o . T d ¢ Tetramer-positivity of PD1+and PD1 CD8* T cells in the TDLN. In addition, proportions of PD-1* CD8* T cells were
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PD-1 dlsplay, tumor antigen SpECIﬁC CD8" T cells in TDLNs EXpressed other co mhlbltory r,.l:. - * - plotted against proportions of OVA(257-264)-tetramer* CD8* T cells in the TDLN and a Pearson correlation coefficient
receptors like TIM-3 and TIGIT, resembling T cells from the tumor site (Fig. 1E). In contrast se.2 s 4+, * , = was calculated (r?). (D) Comparison of frequencies of PD-1* CD8" (left panel) and CD4* Foxp3- T-helper (Th) cells
L) . . . . . .
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TE s o+ e : . tee standard error of the mean (SEMs) are shown, paired t-tests were performed to determine statistical significance.
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TDLNs contain abundant PD-L1"&"- expressing myeloid cells including migratory cDC2s.
Next, we set out to quantify and characterize the ligands of PD-1 on LN myeloid cells.
LNs harbor a complex architecture of myeloid cells including CD11b* dendritic cells (DCs)
and macrophages lining the subcapsular (CD169* SSM) and medullary sinuses (F4/80*
MSM), type 1 and 2 conventional DCs (cDC1 and c¢DC2) and granulocytes interspersed
between T cells in the paracortex®2°. TDLN-residing myeloid cells including SSMs and cDCs
but not granulocytes expressed high levels of PD-L1, approaching levels found on their ‘
intratumoral counterparts (Fig. 3A). Interestingly, TDLN myeloid cells lacked or displayed
low surface expression of PD-L2, whereas PD-L2 was strongly present on all investigated
cells in the TME. PD-L1 expression and myeloid cell numbers were consistently higher in
TDLNs compared to non-TDLNs in the investigated solid tumor models, paralleling PD-1
positivity on T cells (Fig. 3B-C). To evaluate which myeloid cells particularly expressed PD-
L1 and therefore could be involved in suppressing PD-1 expressing T cells, we quantified
PD-L1 on the aforementioned cell types and found especially high levels on cDC2s and
both types of macrophages (SSM and MSM) in all tested tumor models (Fig. 3D). These
findings were corroborated by multicolor confocal microscopy of TDLN tissue, where
F4/80* MSM s in the medulla and CD11c* DCs in the LN cortex expressed the highest levels
of PD-L1, whereas expression levels were negligible in granulocytes (Fig. 3E).
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significance. * = p < 0.05, ** p < 0.01, *** p < 0.1. TDLN = tumor-draining lymph node, i.v. = intravenous, SEM =
standard error of the mean, IL-2 = interleukin 2, IFNy = interferon-gamma. B16F10 MC3Bso. KPCA.OVA BI6F10  MC38s.c. KPC3-OVA BIGF10 MC3Bsc. KPC3-OVA BI6F10  MCBsc. KPC3-OVA

>>

o  Chapter 2



>>

cDhC2
SSM
MSM
cDC1

Granu-
locyte . o

D E

9000 CD11c+ CD169+

B c0C2 @ ssM
8000 0O ssm W cDC1

7000+

PD-L1 MFI

A

6000
5000
4000

Cortex

PD-L1 MFI

I 1 TT
3000 T T, i T TTT
il

AC29 AE17-  B16F10 MC38 KPC3-
OVA (s.c) QOVA

Medullary Sinus

Figure 3. TDLN-myeloid cells express high levels of

PD-L1 compared to non-TDLNs. (A) Expression of
PD-L1 and PD-L2 (KPC3-OVA) on myeloid cells in the
tumor, TDLN and non-TDLN at late-stage disease.
(B) PD-L1 expression on subcapsular sinus macrophages (SSMs)
was compared between TDLNs and non-TDLNs, with PD-L1
expression (MFI) on TDLN-macrophages divided over non-
TDLN MFI multiplied x100 to indicate percentage increase of
expression. (C) Absolute myeloid cell numbers in subcutaneous
tumor models. Means and SEMs are shown and paired t-tests
were performed. (D) PD-L1 expression on CD169* SSMs, F4/80*
medullary sinus macrophages (MSM), type 1 (cDC1) and 2 conventional dendritic cells (cDC2) and Ly6G* granulocytes
from TDLNs. (E) Multicolor confocal microscopy of a representative TDLN section from an untreated mouse bearing
AC29 tumor. Slides were stained for PD-L1, CD11c (DCs), CD169 (SSM and MSM), Ly6G (granulocytes) and F4/80
(MSM and medullary cord macrophages; MCM). A 3-dimensional composite image was created after spectral
unmixing using single stains (lower left image). * = p < 0.05, ** p < 0.01, *** p <0.001. TDLN = tumor-draining lymph
node, SEM = standard error of the mean. paired t-tests were performed to determine statistical significance

Medulla

DCs can be subdivided into migratory and resident subsets based on differential
expression of CD11c and MHC-II (Fig. S3A)%. Based on this distinction, we detected a
particularly strong increase in migratory cDC2s, especially in TDLNs (Fig. S3B). These cells
expressed high levels of PD-L1 in addition to CD80 compared to ¢cDC1s (Fig. S3C-D), which
is in line with recent findings identifying migratory PD-L1* DCs to predominantly present
tumor-derived antigens in the TDLN?. These data indicate increased frequencies of PD-L1*
cells in TDLNs compared to non-TDLNs, especially for macrophages and cDC2s.

Low-dose intrapleural PD-L1 antibody administration selectively targets TDLNs.

In order to study the effect of selectively targeting the PD-1/PD-L1 axis in the TDLN
on tumor progression we set up a system by which we selectively target TDLNs with
therapeutic PD-L1 antibodies prohibited antibody availability in the tumor environment
itself. We examined the option to administer ICB antibody via the intrapleural route.
This location drains directly to mediastinal LNs which are the TDLNs of intraperitoneal
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tumors from where excess antibody continues to enter the blood via the thoracic duct?.
Therapeutic anti-PD-L1 blocking antibodies were administered via intravenous (i.v.) or
intrapleural (i.pl.) routes and dispersed tissues were counterstained with a fluorescently
labeled anti-rat IgG2a antibody, thereby obviating the need to alter the therapeutic
antibody itself potentially influencing drug pharmacokinetics (Fig. 4A). Irrespective of the
route of administration, we could readily detect in vivo binding of the therapeutic PD-L1
antibody on tumor cells and TAMs by flow cytometry within 24 hours post-injection (Fig.
4B). The mediastinal TDLN SSMs, MSMs and cDC2s were similarly reached by i.v. as well
as i.pl. administration and staining patterns paralleled those of direct ex vivo staining with
PD-L1 antibodies (Fig. 4C). As expected from the previous findings showing decreased PD-
L1 expression in non-TDLNs, binding of the PD-L1-antibody to myeloid cells was decreased
in the absence of tumor (Fig. 4D). Interestingly, i.pl. injection appeared to especially reach
TDLN subcapsular cells (SSMs & CD11b* cDC2s) more efficiently than the i.v. route in
tumor-free animals in contrast to tumor-bearing mice in which antibody binding on these
cells was largely similar between injection routes (Fig. 4D). This was not due to differences
in PD-L1 expression on cells between treatment arms as PD-L1 expression (assessed in
isotype treated animals, Fig. S4A) mirrored PD-L1 antibody binding in all the leukocyte
subsets interrogated irrespective of injection route (Fig. 4E). These data suggest that
antibody deposition in TDLNs is enhanced in the presence of tumor, possibly via secondary
drainage of antibody from permeable tumor vasculature to afferent lymphatics, in addition
to direct TDLN targeting (Fig. 4F).
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quantified on intratumoral cell types, and (C) on cells in the TDLN. Histograms showing PD-L1 expression patterns
are displayed. (D) Quantification of antibody-binding on cells in mediastinal LNs in the absence of tumor (open
squares and circles). (E) Mean PD-L1 expression on TDLN cells subsets derived from isotype treated animals (stained
with the BV711-antibody) was correlated to anti-PD-L1 antibody binding (detected using the secondary anti-rat
FITC-labeled antibody) for both i.pl. (left) and i.v. (right) injection routes. A Pearson correlation coefficient (Rho)
was determined. (F) A graphical depiction of the proposed model showing that anti-PD-L1 antibodies reach TDLNs
via intravascular and afferent lymphatics in the presence of tumor. Means and SEMs are shown and Mann-Whitney
tests were performed indicating statistical significance. ns = not significant (p > 0.05), * = p <0.05, ** p < 0.01. i.p.
= intraperitoneal, i.v. = intravenous, TDLN = tumor-draining lymph node, Ab = antibody, SSM = subcapsular sinus
macrophages, MSM = medullary sinus macrophages, cDC = conventional dendritic cell, SEM = standard error of the
mean.

As we could now successfully target TDLNs via i.pl. injections we next examined
the extent to which the efficacy of ICB depends on TDLNs and therefore titrated the
i.pl.-administered anti-PD-L1-antibody dose to a level that allowed selective blockade in
the mediastinal TDLN, with no antibody drainage to the intraperitoneal tumor nor the
circulation (Fig. S4B-C). At a near 100-fold lower anti-PD-L1-dosage of 2.5 g, macrophages
and cDCs in the TDLN still bound the antibody, albeit not completely, whereas the antibody
did not reach non-TDLN nor tumor cells, TAMs or circulating monocytes and DCs (Fig.
S4B-C).

TDLN-specific PD-L1 antibody elicits anti-tumor T-cell immunity and tumor control.
Using these established doses for local (2.5 pg i.pl.) TDLN targeting and for systemic (200
pg i.pl.) overall targeting of PD-L1, we examined the therapeutic effect of this ICB in two
syngeneic tumor models, AC29 mesothelioma and MC38 colon carcinoma (Fig. 5A, S5A).
Systemic targeting of PD-L1 as well as local TDLN targeting resulted in decreased tumor
burden and increased survival (Fig. 5B, S5B). These therapeutic effects were quite strong,
considering that not all PD-L1 molecules were blocked in TDLN at these low doses (Fig.
S4B). CD8* tumor-infiltrating T cells (TILs) simultaneously expressing multiple co-inhibitory
receptors were increased in MC38 tumor tissue, indicating a more exhausted phenotype
which is in line with recent findings in the same tumor model®. Systemically administered
anti-PD-L1 increased T-cell proliferation in blood, whereas both TDLN targeted and systemic
treatment caused elevated frequencies of CD69* cells (Fig. 5C). Whereas increased tumor
infiltration of T cells was markedly induced by systemic anti-PD-L1 treatment, TDLN-
targeted anti-PD-L1 specifically induced KLRG-1* effector T-cell infiltration in the AC29
tumor model (Fig. 5C). In addition, while nearly all TILs were TOX-positive, TOX-MFI
was significantly decreased in both treatment groups. Recent research has shown that
tumors may harbor TCF1* CD8* T cells with a stem-like phenotype, giving rise to distinct
populations, including terminally-differentiated exhausted T cells®®. Similarly, we could
identify a subset of TILs with a stem-like phenotype termed T prog, characterized by the
surface marker SLAMF6* (Ly108), being a surrogate marker for TCF-1, displaying low Ki-
67, TIM-3 and CD39. (Fig. 5D-E, Fig. S5D-F)®. Intratumoral CD8* and CD4* T_prog cells
were increased by TDLN-targeted and systemic PD-L1 blockade with decreased levels of
proliferation indicating preserved stemness following treatment (Fig. 5F).
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Figure 5. Specific targeting of PD-L1 in the TDLN by low-dose intrapleural injection of anti-PD-L1 enhances clinical
BX - WM responses in the AC29 tumor model and is abrogated by FTY720 treatment. (A) Experimental setup (n = 8-15/group)
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potential and phenotype of TILs following anti-PD-L1 therapy, we developed an ex vivo ..z:,‘ s ea’ye ,‘:::‘ "
[y . (.
T-cell stimulation assay in which CD8* TILs were stimulated with cognate antigen in r“i‘ M. .
‘. 13 -
the presence of their original TME with or without blocking PD-L1 antibodies (Fig. 6D). “...,' s e, ! ",-.
- .y -

Stimulation with SIINFEKL-peptide led to increased CD8* T-cell activation in this assay, with ' . L, -
profound upregulation of PD-1 following the addition of anti-PD-L1 in vitro (Fig. 6D). This ‘ot ,'. S
induced activation system selectively triggered CD8* TILs and not CD4* TILs due to the lack ,:- ‘. "~
of MHC-II binding OVA peptide. PD-L1 blockade in tumor cell cultures of mice treated with W
LN-targeted therapeutic ICB induced TIL activity to much higher extent than non-treated = - ety e *
mice, as measured by increased cell frequencies, proliferation and decrease in PD-1 t .
levels (Fig. 6E). These findings demonstrate that PD-L1 blockade in the TDLN alleviates

the suppressive impact on intranodal tumor-specific T cells, resulting in trafficking to the

.

tumor site where they display a much improved responsiveness to OVA tumor antigen.
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Figure 6. Specific targeting of PD-L1 in the TDLN elicits durable anti-tumor immune responses capable of re-
invigoration in vitro. (A) Experimental design (n=7-9 mice per group). (B) Tumor weights of the different treatment
groups. (C) Frequencies of total CD8* T cells and OVA(257-264)-specific CD8* T cells in tumors as percentages of total
alive CD45* leukocytes or CD8'T cells, respectively. (D) Design and validation of the in vitro culture system mimicking
the tumor-microenvironment. Means and SEMs are depicted with paired t-tests used for statistical analysis. (E)
Tumor single cell suspensions from isotype (gray), anti-PD-L1 LN-specifically (pink) and anti-PD-L1 systemically
(purple) treated mice were cultured as described in D. Means and SEMs are shown, Mann-Whitney tests were used
to evaluate statistical significance For E, treatment arms were normalized to isotype treated animals and baseline
and post-3 day culture values for the several conditions are shown.
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Response to PD-L1-blockade occurs independent from TDLN macrophages.

In order to investigate which PD-L1l-expressing cells in the TDLN were most likely
responsible for inhibiting T-cell responses we made use of low dose i.pl. administrated
clodronate encapsulated liposomes (CEL), which specifically deplete LN macrophages
upon phagocytosis®2. SSMs and MSMs, but not cDC2, were effectively depleted from the
TDLN within 48 hours at a dose of 5% CEL, whereas macrophages in non-TDLNs and in the
intraperitoneal tumor remained essentially unaltered (Fig. 7A-B). Importantly, repeated
TDLN-localized CEL administration failed to abrogate anti-PD-L1 efficacy (Fig. 7C-D),
demonstrating a negligible contribution of macrophages to anti-PD-L1 therapy in this
model, which is in line with recently published data in genetically-modified models®. We
then examined TDLNs using multicolor confocal microscopy to visualize co-localization of
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and MSMs in TDLNs, but we frequently found clusters of PD-L1 positive DCs and CD8+ T ,‘ ~%

cells (Fig. 7E). Together our data indicate an active role for TDLN in reinvigoration of tumor- . .\" METLIS

specific T cells by ICB, most likely via PD-L1 expressing cDC(2)s, but not macrophages.
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Figure 7. TDLN-local anti-PD-L1 treatment efficacy occurs independent of macrophages. (A-B) CBA/J (non-
tumor bearing; A, and tumor-bearing; B) mice were treated with a range of clodronate-encapsulated liposomes
(CEL) concentrations in PBS and myeloid cell subsets were analyzed 48 hours later. In red is the dose established
for subsequent experiments (n=3-4 mice per group). (C) Experimental setup (n = 7-8 per group). (D) KM-curve
of the survival of the experiment described in C. As isotype/5%CEL and anti-PD-L1/combination treatment
showed significant overlap, these groups were pooled and Log-rank tests were performed. (E) TDLN tissue
24 hours following systemic (200 pg) anti-PD-L1 antibody treatment allowing for visualizing of antibody
binding to different myeloid cell subsets in the TDLN was assessed using 6-color confocal microscopy. I.pl.
= intrapleural, anti-PD-L1 = anti-PD-L1 antibody. Ns = not significant (p 20.05), * = p < 0.05,** p < 0.01. i.p.=
intraperitoneal, i.pl.= intrapleural, i.v.= intravenous, SSM = subcapsular sinus macrophages, MSM = medullary
sinus macrophage, cDC = conventional dendritic cell, Mac = macrophage, TAM = tumor-associated macrophage,
TDLN = tumor-draining lymph node, CEL = clodronate encapsulated liposome, SEM = standard error of the mean.
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PD-1/PD-L1 interactions in TDLN but not in tumor TME correlate with prognosis in
melanoma patients.

As all the aforementioned data were derived from pre-clinical solid tumor models,
it remained unclear whether PD-1/PD-L1 interaction takes place in patient TDLNs.
Melanoma is a disease with a highly variable prognosis depending on the presence of
distant and LN metastasis (stage Ill-1V), and in case of absence of distant metastasis
(stage I-Il); tumor characteristics including thickness (Breslow’s-depth), tumor histology
and presence of ulceration®3, The melanoma setting is particularly suited for TDLN-
characterization as these tissues are generally extracted for staging purposes with the aim
of identifying patients that may benefit from adjuvant systemic (immuno-)therapy*. To
identify whether melanoma TDLNs feature PD-1/PD-L1-axis activity in the absence of LN-
metastasis, we stained for PD-1/PD-L1-interactions in TDLNs of systemic treatment-naive
stage Il melanoma using a proximity ligation assay (PLA, Fig 8A). We studied PD-1/PD-L1-
positivity in TDLNs of stage Il patients remaining disease free following surgery (n = 19)
and patients with early distant disease recurrence (n = 15) (Table S1). As expected, known
prognostic factors from the primary tumor such as Breslow’s-depth, presence of ulceration
and nodular histology were overrepresented in the short-RFS cohort compared to patients
remaining long-term free of disease®**, We detected a significantly higher PD-1/PD-L1-
interaction density in patients with a short recurrence-free survival (RFS; < 48 months)
compared to patients remaining disease free for more than 96 months (Fig. 8B), reflecting
possible ineffective anti-tumor immune surveillance. Similar results were obtained when
contacts were numerically quantified or alternatively calculated as percentage of total cell-
surface area using automated software analysis (Methods S1). Interestingly, short RFS was
associated with increased PD-1/PD-L1-contact density irrespective of the aforementioned
prognostic factors, indicating that this process of PD-L1-mediated immune suppression
arises independently of these primary tumor characteristics (Fig 8C).To gain insight into
which cells were involved in PD-1/PD-L1-interaction, we combined the PLA with multicolor
immunofluorescence staining for CD8, CD11c and CD68. Using this method, we observed
high PD-1/PD-L1-signalling in germinal centers largely devoid of CD8* T cells which is in line
with previous data (containing primarily B cells and follicular T helper cells, excluded from
analysis in 8A-C*’). Also numerous interactions elsewhere in the LN-cortex were present
(Fig. 8D). Similar to the murine data, these contacts were particularly established by CD8*
(and to a lesser degree CD8) T cells and CD11c* DCs whereas CD68* macrophages barely
associated with T cells (Fig. 8E). To investigate whether PD-1/PD-L1-interactions occur in
melanoma tumors to a similar extend as in TDLNs, we performed PLA on matched primary
tumor tissue of a subset of patients from whom material was available. Intriguingly, PD-1/
PD-L1 interactions in tumor tissue of melanoma patients (n=9) were scarce compared to
the TDLN with the extent of the remainder of interactions not correlating with RFS (Fig.
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Figure 8. Stage Il melanoma TDLNs harbor frequent PD-1/PD-L1 interactions which associates with early distant
recurrence following surgery, and not in primary tumor tissue. (A) 40X magnified exemplary image of a stage Il
melanoma TDLN (sentinel node) displaying several PD-1/PD-L1-contacts stained using PLA. (B) Quantification of
the average number of contacts, in patients with an early (< 48 months) recurrence of disease following surgery
(n = 15) and no recurrence after 96 months (n = 19) either via manual (left) and automated (right) quantification
analysis. Statistical significance was determined using Mann-Whitney tests and means plus SEMs ware depicted.
(C) Using the outcome measure project in right panel B, patient tumors were divided according to Breslow’s-depth
(tumor-thickness), presence of tumor ulceration and histological subtype. (D-E) Multiplexed images from 6 patient
TDLNs high in PD-1/PD-L1 contacts (5 short, 1 long RFS) were constructed combining the PLA with CD8 (green),
CD11c (yellow) and CD68 (red), followed by counterstaining with hematoxylin (blue). 40X magnification images
were acquired from cortical LN-regions showing germinal centers (1.) and surrounding area (2.) rich in PD-1/PD-L1-
positivity. The latter images were used to identify the cells of origin establishing the contacts in E. (F) PD-1/PD-L1
interactions in primary tissue of stage Il melanoma patients were stained using PLA (n = 9). The average number of
contacts was enumerated from patients with an early recurrence (n = 5) and no recurrence after 96 months (n =
4). (G) A 20X magnified exemplary image of primary tumor tissue of stage Il melanoma patients displaying PD-L1
expression (clone SP263; left) and PD-1/PD-L1 interactions using PLA (right). Means and SEMs are shown, Mann-
Whitney tests were used to calculate statistical significance. TDLN = tumor-draining lymph node, RFS = recurrence-
free survival, PLA = Proximity Ligation Assay, SupSM = Superficial spreading melanoma, NM = nodular melanoma,
SEM = standard error of the mean.

DISCUSSION

Our data formally establish a role for TDLNs in generating primary anti-tumor immune
responses following anti-PD-L1 ICBs, a checkpoint that is generally regarded to act primarily
at the TME2. These data could offer an explanation for the apparent clinical incongruences
in which tumor PD-L1 negative tumors may still respond to anti-PD-1 blockade which
has resulted in (chemo-)immunotherapy being first-line treatment in several metastatic
cancers irrespective of PD-L1-positivity>>*%3°. Although multiple mechanisms will likely
define response to ICB-therapy, alleviating immune suppression in the TDLN could propel
systemic anti-tumor T-cell immunity to effectively control distant tumor sites. Our data
reveal a critical role of PD-L1 on cDCs in the TDLN, without negating the involvement of
this inhibitory ligand in the TME.
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a minor dependency on T cells from the TDLN*. Tumor-mutational burden has been ..z:,‘ MRS

identified as a predictive marker for ICB-efficacy in patients and our data strengthen the
role of TDLNs as possible mediators of ICB-responses as these potentially immunogenic

tumor-antigens are likely to drain or be transported to TDLNs for further T-cell induction®*. *

Others have previously hinted towards a role for LNs in generating anti-tumor immunity
following PD-1/PD-L1 ICB in patients by describing several dysfunctional T-cell subsets
arising following treatment'’*2. Our data formally establish these notions and directly
complement recent findings on TIL-clonality in patients treated with anti-PD-1 therapy, in
which an extratumoral source of immunotherapy-elicited T cells was suggested?®.

TDLNs could therefore be pivotal in generating effective anti-tumor T-cell responses
following liberation by anti-PD-1/PD-L1 antibodies, as has been previously shown to be
the case for other cancer immunotherapies®. Surgical removal of the TDLN in mouse
tumor models revealed a contribution of TDLNs to ICB efficacy but as LNs are known to
amplify direct anti-tumor effects of immunotherapy, formal assessment of their role in
ICB therapy is lacking*>**44, The role of TDLNs as main hubs in providing anti-tumor T-cell
immunity following ICB furthermore fits with recent insights into PD-1/PD-L1 biology
showing that PD-1 inhibits CD28-B7 mediated T-cell co-stimulation, a process that takes
place in a B7-rich environment such as LNs, and is less likely in the immune-suppressive
tumor-microenvironment***, Furthermore, anti-tumor T cells in TDLN are less exhausted
compared to TIL and thus may have a proliferative advantage with ICB*.

Our tumor models evaluate the role of TDLN in a relatively early stage, at a time that
T cell priming following tumor cell inoculation might still be occurring. The aggressiveness
of the model prohibits treatment in later phases. TILs were not significantly decreased
following FTY720-treatment on day 9, which suggests that initial priming has largely
occurred in the preceding time window (Fig. 5H). Importantly, we do not exclude a role for
PD-L1 blockade in the TME, but have technically not been able to selectively administer
antibody to the i.pl. or s.c. located tumors in order to directly compare the importance of
TDLN and TME to PD-L1 treatment efficacy. The exact contribution of TDLN versus TME
during PD-1/PD-L1 checkpoint blockade therapy remains to be elucidated, however our
data clearly unraveled the involvement of lymph nodes.

We identify PD-L1* cDCs, most likely cDC2s, as main targets of anti-PD-L1 antibodies
in the TDLN, and not macrophages. Recently, Oh et al. showed that DC-specific genetic
PD-L1-ablation phenocopied the effects of complete PD-L1-knock-out mice in bearing
MC38 tumors, whereas macrophage-direct PD-L1-elimination did not*. However, as PD-
L1 was ablated systemically via the CD11c promotor, analyses into the site and preferred
mechanism of PD-L1-PD-1-blockade mediated anti-tumor rejection remained elusive.
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Classically, a division of labor has been proposed with cDC2s predominantly inducing
CD4* T-cell activation and cDC1s priming CD8* T-cells*®. We show however that cDC2s
are significantly more PD-L1-positive and frequent in TDLNs compared to cDC1s and co-
localize with CD8* T cells in the TDLN cortex, challenging the current dogma. In agreement
with our findings are recent publications by different groups showing cDC2s to be efficient
CD8" T-cell stimulators in the context of solid cancer and viral infection, in addition to their
well-described role in activating CD4* T cells**,, Moreover, comprehensive analysis of
tumor- and TDLN-DCs by Maier et al. shows that both cDC1s and cDC2s adopt a regulatory
phenotype upon apoptotic tumor-cell ingestion and upregulate PD-L1 thereby preventing
proper T-cell induction?. These combined findings provide a rationale for manipulating
cDC2s for the benefit of cancer immunotherapy.

Our analysis of PD-1/PD-L1-axis activity in non-metastatic TDLNs of melanoma
patients complements our findings in murine solid tumor models by identifying a subset
of patients with high PD-1/PD-L1 interaction density which was associated with early
disease relapse following surgery. Although these early stage (1) patients generally have
a favorable prognosis following primary resection, a minor subset eventually presents
with distant recurrences bearing a poor prognosis®*#. It is tentative to speculate that PD-
L1-mediated suppression of anti-tumor T-cell responses in the TDLNs of these patients is
involved in the development or progression of distant metastasis, and future research will
likely shed more light on the validity of this hypothesis. An ancillary observation supporting
this hypothesis is the fact that the two patients who received primary anti-PD-1 antibodies
at disease recurrence resulting in durable complete responses were the second and third-
highest expressers of PD-1/PD-L1 in the TDLN (Fig. S8). Although the TDLNs bearing these
high-density contacts were excised at primary disease presentation, it is likely that distant
micrometastases bearing a similar genetic and TME-makeup would be susceptible to later
anti-PD1 ICB therapy.

Perhaps unexpectedly, we found PD-1/PD-L1-interactions to occur sporadically
in primary melanoma tumors compared to corresponding TDLNs. Moreover, PD-L1
expression in melanoma tumors has been variably linked to favorable prognosis while
its predictive value is limited***2, Our data suggest that PD-1/PD-L1-axis activity in TDLNs
rather than the tumor itself could be a primary target for PD-1/PD-L1 checkpoint blocking
antibodies, thereby amplifying anti-tumor T-cell induction. As PD-1 ICB is currently being
administered adjuvant to surgery in stage IlIB-C disease, it will be of interest to assess
the validity of PD-1/PD-L1 expression in the TDLN of these patients. A different approach
currently being investigated is the neo-adjuvant administration of anti-PD-1 which shows
early encouraging results®*®*. This is in line with our hypothesis claiming that targeting
the PD-1/PD-L1 checkpoint when the TDLN is still in situ could harness effective anti-
tumor immunity. Further evidence supporting this notion comes from neo-adjuvant and

o  Chapter 2




eeoec®
eoo o

metastatic PD-1-blockade studies showing increased proliferation of activated CD8* PD-1*/ %" i o W REFERENCES
. . : i SRR . e 4
HLA-D.R _T cells I!’\ per|phera| blood early after start of ICB treatment, followed by increased '." ‘:“ .’ ‘.° "‘:—'.:: 1 Dammeijer, F.,, Lau, S. P., van Eijck, C. H.J., van der Burg, S. H. & Aerts, J. Rationally combining immunotherapies
T-cell infiltrates in the tumor>**, -.Z:, PSR .:::_‘.‘ ! to improve efficacy of immune checkpoint blockade in solid tumors. Cytokine & growth factor reviews,
In summary, our findings implicate TDLNs as key orchestrators of anti-tumor T-cell I A . doi:10.1016/j.cytogfr.2017.06.011 (2017).
. . . . . '..’.o - - 2 Ribas, A. & Wolchok, J. D. Cancer immunotherapy using checkpoint blockade. Science 359, 1350-1355
immune responses which can be induced following blockade of PD-L1 in the TDLN. These e4.f s 4+ . '“ . a (2018).
H
data chaIIenge the current dogma that PD—1/PD—L1—checkpoint act primarily at the effector * e . ) 3 Nishino, M., Ramaiya, N. H., Hatabu, H. & Hodi, F. S. Monitoring immune-checkpoint blockade: response
. . . . . . n @ :' L evaluation and biomarker development. Nature reviews. Clinical oncology 14, 655-668, doi:10.1038/
(tumor) site and offers additional avenues for biomarker and combination-immunotherapy .: et dH nrclinonc.2017.88 (2017).
discovery. ':- . 4 ;,_’° .‘:’.' ’ 4 Koyama, S. et al. Adaptive resistance to therapeutic PD-1 blockade is associated with upregulation of
LI : - ’ alternative immune checkpoints. Nature communications 7, 10501, doi:10.1038/ncomms10501 (2016).
ooe i ot ‘ 5 Havel, J. J., Chowell, D. & Chan, T. A. The evolving landscape of biomarkers for checkpoint inhibitor
= -~ et L immunotherapy. Nature reviews. Cancer 19, 133-150, doi:10.1038/s41568-019-0116-x (2019).
¥ . ot ' 6 Ready, N. et al. First-Line Nivolumab Plus Ipilimumab in Advanced Non-Small-Cell Lung Cancer (CheckMate
.t L 568): Outcomes by Programmed Death Ligand 1 and Tumor Mutational Burden as Biomarkers. Journal of
N . clinical oncology : official journal of the American Society of Clinical Oncology 37, 992-1000, doi:10.1200/
N JC0.18.01042 (2019).
7 Long, G. V. et al. Epacadostat plus pembrolizumab versus placebo plus pembrolizumab in patients with

unresectable or metastatic melanoma (ECHO-301/KEYNOTE-252): a phase 3, randomised, double-blind
study. The Lancet. Oncology 20, 1083-1097, doi:10.1016/51470-2045(19)30274-8 (2019).

8 Hellmann, M. D. et al. Nivolumab plus Ipilimumab in Advanced Non-Small-Cell Lung Cancer. The New England
journal of medicine, doi:10.1056/NEJMo0a1910231 (2019).
9 Lau, J. et al. Tumour and host cell PD-L1 is required to mediate suppression of anti-tumour immunity in mice.

Nature communications 8, 14572, doi:10.1038/ncomms14572 (2017).

10 Tang, H. et al. PD-L1 on host cells is essential for PD-L1 blockade-mediated tumor regression. The Journal of
clinical investigation 128, 580-588 (2018).

11 Lin, H. et al. Host expression of PD-L1 determines efficacy of PD-L1 pathway blockade-mediated tumor
regression. The Journal of clinical investigation 128, 1708 (2018).

12 Kleinovink, J. W. et al. PD-L1 expression on malignant cells is no prerequisite for checkpoint therapy.
Oncoimmunology 6, €1294299, doi:10.1080/2162402x.2017.1294299 (2017).

13 Hui, E. et al. T cell costimulatory receptor CD28 is a primary target for PD-1-mediated inhibition. Science 355,
1428-1433 (2017).

14 Kamphorst, A. O. et al. Rescue of exhausted CD8 T cells by PD-1-targeted therapies is CD28-dependent.
Science 355, 1423-1427 (2017).

15 Chamoto, K. et al. Mitochondrial activation chemicals synergize with surface receptor PD-1 blockade for T
cell-dependent antitumor activity. Proceedings of the National Academy of Sciences of the United States of
America 114, E761-E770 (2017).

16 Yost, K. E. et al. Clonal replacement of tumor-specific T cells following PD-1 blockade. Nature medicine 25,
1251-1259, doi:10.1038/s41591-019-0522-3 (2019).

17 Sade-Feldman, M. et al. Defining T Cell States Associated with Response to Checkpoint Immunotherapy in
Melanoma. Cell 175, 998-1013.e1020, doi:https://doi.org/10.1016/j.cell.2018.10.038 (2018).

18 Jansen, C.S. et al. An intra-tumoral niche maintains and differentiates stem-like CD8 T cells. Nature 576, 465-
470 (2019).

19 van der Ploeg, A. P. et al. EORTC Melanoma Group sentinel node protocol identifies high rate of
submicrometastases according to Rotterdam Criteria. European journal of cancer 46, 2414-2421,
doi:10.1016/j.ejca.2010.06.003 (2010).

20 Dammeijer, F. et al. Depletion of Tumor-Associated Macrophages with a CSF-1R Kinase Inhibitor Enhances
Antitumor Immunity and Survival Induced by DC Immunotherapy. Cancer immunology research 5, 535-546,
doi:2326-6066.CIR-16-0309 [pii]
10.1158/2326-6066.CIR-16-0309 (2017).

21 Zhao, M. et al. Rapid in vitro generation of bona fide exhausted CD8+ T cells is accompanied by Tcf7 promotor
methylation. PLOS Pathogens 16, e1008555 (2020).

22 Kurtulus, S. et al. Checkpoint Blockade Immunotherapy Induces Dynamic Changes in PD-1(-)CD8(+) Tumor-
Infiltrating T Cells. Immunity 50, 181-194 e186 (2019).

o  Chapter 2




eeoec®
eoo o

23 Gray, E. E. & Cyster, J. G. Lymph node macrophages. Journal of innate immunity 4, 424-436, K 48 Bosteels, C. et al. Inflammatory Type 2 c¢DCs Acquire Features of cDC1s and Macrophages to Orchestrate

doi:10.1159/000337007 (2012). . s, .‘:"& Immunity to Respiratory Virus Infection. Immunity 52, 1039-1056 e1039 (2020).
- -
24 Eisenbarth, S. C. Dendritic cell subsets in T cell programming: location dictates function. Nature reviews. -‘" e P D “,'.' ‘.‘ 49 von Schuckmann, L. A. et al. Risk of Melanoma Recurrence After Diagnosis of a High-Risk Primary Tumor.
Immunology 19, 89-103, doi:10.1038/s41577-018-0088-1 (2019). ..”,‘ PSR "::: *h JAMA dermatology 155, 688-693, doi:10.1001/jamadermatol.2019.0440 (2019).
25 Glodde, N. et al. Reactive Neutrophil Responses Dependent on the Receptor Tyrosine Kinase c-MET Limit :, LA : - . 50 Morrison, C. et al. Predicting response to checkpoint inhibitors in melanoma beyond PD-L1 and mutational
Cancer Immunotherapy. Immunity 47, 789-802.e789, doi:10.1016/j.immuni.2017.09.012 (2017). r“i:. St " burden. Journal for immunotherapy of cancer 6, 32, doi:10.1186/s40425-018-0344-8 (2018).
26 Ohl, L. et al. CCR7 governs skin dendritic cell migration under inflammatory and steady-state conditions. .'.: s er, PP 51 Hodi, F. S. et al. Nivolumab plus ipilimumab or nivolumab alone versus ipilimumab alone in advanced
.
Immunity 21, 279-288 (2004). * .o, . M ’_ ':. melanoma (CheckMate 067): 4-year outcomes of a multicentre, randomised, phase 3 trial. The Lancet.
27 Maier, B. et al. A conserved dendritic-cell regulatory program limits antitumour immunity. Nature 580, 257- - ,":' '_- . Oncology 19, 1480-1492, doi:10.1016/s1470-2045(18)30700-9 (2018).
262, doi:10.1038/s41586-020-2134-y (2020). ‘ot FIET L) . e 52 Daud, A. I. et al. Programmed Death-Ligand 1 Expression and Response to the Anti-Programmed Death 1
28 Kool, M. et al. Alum adjuvant boosts adaptive immunity by inducing uric acid and activating inflammatory =~ 2 ‘_ h .',?’ f:' ’ Antibody Pembrolizumab in Melanoma. Journal of clinical oncology : official journal of the American Society
dendritic cells. The Journal of experimental medicine 205, 869-882, doi:10.1084/jem.20071087 (2008). R : - tee of Clinical Oncology 34, 4102-4109, doi:10.1200/jc0.2016.67.2477 (2016).
29 Oh, W., Cheung, Navarro, Xiong, Cubas,Totpal, Chiu, Wu, Comps-Agrar, Leader, Merad, Roose-Germa, N i .Y 53 Huang, A. C. et al. A single dose of neoadjuvant PD-1 blockade predicts clinical outcomes in resectable
Warming, Yan, Kim, Rutz, Mellman PD-L1 expression by dendritic cells is a key regulator of T-cell immunity in = -~ »* \' . melanoma. 25, 454-461, doi:10.1038/s41591-019-0357-y (2019).
e
cancer. Nature Cancer (2020). ¥ . T ] 54 Ross, M. I. et al.
30 Beltra, J. C. et al. Developmental Relationships of Four Exhausted CD8(+) T Cell Subsets Reveals Underlying 4 # . 55 Herbst, R. S. et al. Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in cancer
Transcriptional and Epigenetic Landscape Control Mechanisms. Immunity 52, 825-841 €828 (2020). T patients. Nature 515, 563-567, doi:10.1038/nature14011 (2014).
31 Yanagawa, Y. et al. FTY720, a novel immunosuppressant, induces sequestration of circulating mature f e

lymphocytes by acceleration of lymphocyte homing in rats. Il. FTY720 prolongs skin allograft survival
by decreasing T cell infiltration into grafts but not cytokine production in vivo. Journal of immunology
(Baltimore, Md. : 1950) 160, 5493-5499 (1998).

32 van Rooijen, N. & Hendrikx, E. Liposomes for specific depletion of macrophages from organs and tissues.
Methods Mol Biol 605, 189-203 (2010).

33 Schadendorf, D. et al. Melanoma. Nature reviews. Disease primers 1, 15003, doi:10.1038/nrdp.2015.3
(2015).

34 Verver, D. et al. Risk stratification of sentinel node-positive melanoma patients defines surgical management
and adjuvant therapy treatment considerations. European journal of cancer 96, 25-33, doi:10.1016/j.
ejca.2018.02.022 (2018).

35 Eggermont, A. M. M., Robert, C. & Ribas, A. The new era of adjuvant therapies for melanoma. Nature
reviews. Clinical oncology 15, 535-536, doi:10.1038/s41571-018-0048-5 (2018).

36 Verver, D. et al. Development and validation of a nomogram to predict recurrence and melanoma-specific
mortality in patients with negative sentinel lymph nodes. The British journal of surgery 106, 217-225,
doi:10.1002/bjs.10995 (2019).

37 Shi, J. et al. PD-1 Controls Follicular T Helper Cell Positioning and Function. Immunity 49, 264-274.e264,
doi:10.1016/j.immuni.2018.06.012 (2018).

38 Gandhi, L. et al. Pembrolizumab plus Chemotherapy in Metastatic Non-Small-Cell Lung Cancer. The New
England journal of medicine 378, 2078-2092, doi:10.1056/NEJM0a1801005 (2018).

39 Paz-Ares, L. et al. Pembrolizumab plus Chemotherapy for Squamous Non-Small-Cell Lung Cancer. The New
England journal of medicine 379, 2040-2051, doi:10.1056/NEJM0a1810865 (2018).

40 Siddiqui, I. et al. Intratumoral Tcf1(+)PD-1(+)CD8(+) T Cells with Stem-like Properties Promote Tumor Control
in Response to Vaccination and Checkpoint Blockade Immunotherapy. Immunity 50, 195-211 €110 (2019).

41 Samstein, R. M. et al. Tumor mutational load predicts survival after immunotherapy across multiple cancer
types. Nature Genetics 51, 202-206, doi:10.1038/s41588-018-0312-8 (2019).

42 Li, H. et al. Dysfunctional CD8 T Cells Form a Proliferative, Dynamically Regulated Compartment within
Human Melanoma. Cell 176, 775-789 €718 (2019).

43 Spitzer, M. H. et al. Systemic Immunity Is Required for Effective Cancer Immunotherapy. Cell 168, 487-502.
€415, doi:10.1016/j.cell.2016.12.022 (2017).

44 Fransen, M. F. et al. Tumor-draining lymph nodes are pivotal in PD-1/PD-L1 checkpoint therapy. JCI insight 3
(2018).

45 Hope, J. L. et al. Microenvironment-Dependent Gradient of CTL Exhaustion in the AE17sOVA Murine
Mesothelioma Tumor Model. Frontiers in immunology 10, 3074 (2019).

46 Weulek, S. K. et al. Dendritic cells in cancer immunology and immunotherapy. Nature reviews. Immunology
20, 7-24 (2020).

47 Ruhland, M. K. et al. Visualizing Synaptic Transfer of Tumor Antigens among Dendritic Cells. Cancer cell 37,
786-799 €785 (2020).

o  Chapter 2




Counts

%Ki-67*

SUPPLEMENTARY DATA

* * 15
2 8 . p<0.0001 *
g - r=0.765
2 6 . s
I - o
= g 3]
54 < =
I B
< g
o 2 ES
®
0 N 0 T T T T
& & & 0 2 4 6 8%
\;0« éo("
OVA(257-264)-reactive CD8* T-cells
4
Lymph Node Ki-67* CD8* T cells s Lymph Node Ki-67* CD4* Th cells
307 * 25+
n-TDLN
*k o 20 p=0.09 s *
204 * < 15 p=023
[Je ok de Kk ~ - p=0.06 -
o011 =085 p=0.07 ‘E 2023
ps0t >4
= 104
104 =g
5A
O T T T T T 0 T T T T T
AC29 AE17-OVA B16F10 MC38s.c. MC38i.p. KPC3 KPC3-OVA AC29 AE17-OVA B16F10 MC38s.c. MC38i.p. KPC3 KPC3-OVA
CD8" T cells CD4* Th cells B cells

Counts

B16F10 MC38s.c. KPC3-OVA

B16F10 MC38sc. KPC3-OVA

B16F10 MC38s.c.

KPC3-OVA

B16F10

KPC3-OVA

MC38s.c.

Figure S1. (A) Similar to Fig.1A, TDLNs and non-TDLNs from end-stage disease KPC3-OVA-bearing mice were
harvested and stained for PD-1-positivity and OVA(257-264)-reactive CD8+ T cells using tetramers. Medians and
SEM are shown and a Wilcoxon matched-pairs signed rank test was used to calculate statistical significance. In
addition, total PD-1+ CD8+ T cells were plotted against OVA(257-264)-tetramer+ CD8+ T cells in the TDLN and a
correlation was made and a Pearson correlation coefficient was calculated (r?). (B) Graphs showing CD45- cell
frequencies in TDLN and non-TDLN. (C) CD8+ and CD4+ Th-cell proliferation was assessed in TDLNs (squares) versus
non-TDLNs (circles) by intra-nuclear Ki-67-staining using flow cytometry. (D) Absolute lymphocyte cell numbers were
quantified in subcutaneous tumor models allowing for ipsi- (tumor draining) and contralateral (non-tumor draining)
LN extraction and evaluation. Means and SEMs are shown and paired t-tests were performed. Means and SEMs
are shown, including p-values determined by ratio paired t-tests. * = p < 0.05, ** p < 0.01. *** p < 0.001. SSM =
subcapsular sinus macrophages, Treg = Regulatory T cell, SEM = standard error of the mean

% of CD8*

% of CD4*

IL-2* IFN-y* GzmB* CD45.1* TIM-3* CD28* CD44* CD69* SLAMF6*
** -
8y * 15 ** 154 * 304 * 8y oex 154 * 604 15+ 50
40
o] ]
104 10 20 104 40+ 10 309
+] o
— e
54 5+ 10 54 20 5
] 2 / I
— — — — — — — — T T
SO N Ao rox N ro N SN N
& A & o & & & @ & @ & &
ek - - - - . - *x ok
104 10 404 6 2.5 80 80 6 80
84 8 30 2.0 60 60 60
+] 4+
X 6] 159
209 0] 40] 40]
4] 43 2] 1.0 2] N
2 PE| 109 05 204 20
T T T T T T U T 0. T T T T T T T T ’l T
ro S i~ S N S NN NN & N
& & @ & & o A & o & & & @

Figure S2. Levels of IL-2, IFNy, granzyme B, CD45.1, TIM-3, CD28, CD44, CD69 and SLAMF6 were determined for
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Figure S5. (A) C57/BI6 mice were inoculated with 2.5x106 MC38 tumor cells i.p. and treated with either isotype, 2.5
ug of anti-PD-L1 (local) or 200 ug of anti-PD-L1 (systemic) i.pl. at day 8, 11 and 15. Mice were euthanized 19 days
following tumor injection (4 days after the last treatment) and (B) tumors weights were quantified. (C) Tumors were
enzymatically digested and stained for flow cytometry to assess CD4+ and CD8+ TIL-phenotype. In addition to sole
expression of individual co-inhibitory checkpoints on CD8+ T cells, mean co-expression of receptors was evaluated
with SP indicating receptor single positivity. DP = double positive, TP = triple positive and QP = quadruple positive
for the investigated checkpoints. Inside the circle, statistical significance is indicated for QP-cells between the
different treatment groups. (D) Phenotype of SLAMF6+CD8+ T cells was compared to SLAMF6-CD8+T cells and CD3-
lymphocytes in tumor tissue of AC29 tumor-bearing mice isolated 20 days after tumor inoculation. (E) Expression
level of TCF-1 was determined in SLAMF6+CD8+ T cells versus SLAMF6-CD8+T cells. (F) Representative dotplots
showing expression of TCF1 and SLAMF6 (left plot) and TCF1 and CD39 (right plot) in CD8+ TILs. Means and SEMs
are shown and Mann-Whitney tests were performed in case of tumor analysis, whereas unpaired t-tests were used
for interim blood analyses. Ns = not significant (p 2 0.05), * = p < 0.05, ** p < 0.01. *** p < 0.001. **** p < 0.0001.
anti-PD-L1 = anti-PD-L1 antibody, i.p. = intraperitoneal, i.pl.= intrapleural, i.v.= intravenous, TDLN = tumor-draining
lymph node, Th cells = T-helper cells.

Figure S6. (A) Comparison of frequencies of CD8+ T cells, CD4+ Th- cells and NK cells in peripheral blood of AC29
tumor-bearing mice isolated at day 14 (4 days after first anti-PD-L1 treatment (200ug i.p.) and 5 days after start
FTY720). (B) AC29 tumor-bearing mice received S1P receptor agonist FTY720 via drinking water and oral gavage
at day 9-20 and isotype or TDLN-local anti-PD-L1 treatment (2.5 pg) i.p. at day 10, 13 and 17. Mice were sacrificed
at day 20 followed by tumor isolation, enzymatic digestion and staining of tumor tissue for flow cytometry. Tumor
weight was determined after isolation. Frequency of CD4+ and CD8+ TEXprog cells was determined for total CD4/8+
TILs. Means and SEMs are shown. Mann-Whitney tests were performed. ns = not significant (p = 0.05), * = p <0.05,
**p<0.01, *** p<0.001, i.pl. = intrapleural, SEM = standard error of the mean
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corresponding macros. PLA = proximity ligation assay. p ,.‘:‘ o V1
RS XS SR
Methods reghs PN "‘f-, %
The following macro scripts were designed and used to quantify PD-1/PD-L1 interaction density at TDLN slides of :_ R :"" e .
at 40X magnification. A total of 15 images per TDLN were randomly selected from the LN cortex, excluding r‘_!:. S -
images containing germinal centers. These images were then loaded into ImagelJ software (ImageJ, V1.52, Fuji s _:’ y e, T .
platform) and the macros below were run, with the results from 2, being taken as a percentage of 1, establishing  ® . A . -:.
the percentage of cell surface area positive for PD-1/PD-L1. - " N i
L Y .’
Macro 1 Macro 2 PRI 23]
run(“Color Threshold...”); rename(“test.jpg”); e
// Color Thresholder 2.0.0-rc-69/1.52s run(“split Channels”); e, v .
// Autogenerated macro, single images only! selectWindow(“test.jpg (blue)”); . — \' e
min=newArray(3); setAutoThreshold(“Default”); ¥ e et "o
max=newArray(3); //run(“Threshold...”); . P

filter=newArray(3);

a=getTitle();

run(“HSB Stack”);

run(“Convert Stack to Images”);
selectWindow(“Hue”);
rename(“0”);
selectWindow(“Saturation”);
rename(“1”);
selectWindow(“Brightness”);
rename(“2”);

min[0]=0;

max[0]=255;

filter[0]="pass”;

min[1]=0;

max[1]=255;

filter[1]="pass”;

min[2]=205;

max[2]=255;

filter[2]="stop”;

for (i=0;i<3;i++){
selectWindow(“”+i);
setThreshold(min[i], max[i]);
run(“Convert to Mask”);

if (filter[i]=="stop”) run(“Invert”);
}

imageCalculator(“AND create”, “0”,"1");
imageCalculator(“AND create”, “Result of 07,72”);
for (i=0;i<3;i++){
selectWindow(“”+i);

close();

}

selectWindow(“Result of 0”);
close();

selectWindow(“Result of Result of 0”);
rename(a);

// Colour Thresholding-------------
run(“Measure”);

setThreshold(0, 195);
setThreshold(0, 108);
run(“Measure”);
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SUMMARY

Gemcitabine is a frequently used chemotherapeutic agent but its effects on the immune ..z:,‘ MER Y

system are incompletely understood. Recently, the randomized NVALT19-trial revealed r.‘i‘r 2.
.. .. 13 -
that maintenance gemcitabine after first-line chemotherapy significantly prolonged 4+.% , -

progression-free survival (PFS) compared to best supportive care (BSC) in malignant.

mesothelioma. Whether these effects are paralleled by changes in circulating immune
cell subsets is currently unknown. These analyses could offer improved mechanistic
insights into the effects of gemcitabine on the host and guide development of effective

L]
combination therapies in mesothelioma. We stained peripheral blood mononuclear cells

(PBMCs) and myeloid-derived suppressor cells (MDSCs) at baseline and 3 weeks following
start of gemcitabine or BSC treatment in a subgroup of mesothelioma patients included
in the NVALT19-trial. In total, 24 paired samples including both MDSCs and PBMCs
were included. We performed multicolour flow-cytometry to assess co-inhibitory and-
stimulatory receptor- and cytokine expression and matched these parameters with PFS
and OS. Gemcitabine treatment was significantly associated with an increased NK-cell-
and decreased T-regulatory cell proliferation whereas the opposite occurred in control
patients. Furthermore, myeloid-derived suppressor cells (MDSCs) frequencies were lower
in gemcitabine-treated patients and this correlated with increased T-cell proliferation
following treatment. Whereas gemcitabine variably altered co-inhibitory receptor
expression, co-stimulatory molecules including ICOS, CD28 and HLA-DR were uniformly
increased across CD4* T-helper, CD8* T- and NK-cells. Although preliminary in nature,
the increase in NK-cell proliferation and PD-1 expression in T cells following gemcitabine
treatment was associated with improved PFS and OS. Gemcitabine treatment was
associated with widespread effects on circulating immune cells of mesothelioma patients
with responding patients displaying increased NK-cell and PD-1* T-cell proliferation. These
exploratory data provide a platform for future on treatment-biomarker development and
novel combination treatment strategies.
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INTRODUCTION

Advances in the field of mesothelioma treatment have been limited with recent trials
involving anti-PD-1 or anti-CTLA-4 monotherapy yielding no significant improvements
in clinical outcomes?. Therefore, the mainstay of treatment for mesothelioma remains
platinum-pemetrexed doublet chemotherapy with a median overall survival ranging
from 13-16 months with a persisting demand for novel effective treatments®. Recently,
we reported results from the NVALT19-study, a randomized phase Il open-label trial
investigating the benefit of maintenance gemcitabine in mesothelioma patients who
did not progress following first-line chemotherapy*. Gemcitabine significantly improved
progression-free survival (PFS) compared to best-supportive care (BSC)-treated
mesothelioma patients and was associated with a manageable toxicity. Overall survival,
however, was only improved in a small group of patients warranting mechanistic analysis
of why some benefitted and others did not.

The last decade has witnessed a surge in studies reporting immune-modifying
functions of chemotherapy relying partially, or completely on elicited immune-mediated
tumour destruction®. Chemotherapy-induced immune activation can be successively
monitored in peripheral blood, with clinically responding patients exhibiting marked
increases in immune-effector cell frequencies and phenotype depending on the type
of agent investigated®’. Gemcitabine has previously been reported to decrease the
frequencies of myeloid-derived suppressor cells (MDSCs) and T-regulatory (Treg) cells
in humans and preclinical tumour models®*°. Furthermore, Albelda and colleagues
found that the anti-tumour efficacy of gemcitabine was lost in nude mice lacking T cells
underscoring their role in dictating tumour outcome!!. The effects of gemcitabine on T-
and NK-cell phenotype and proliferation in patients are currently unknown and could yield
novel insights into the immunological mechanisms underlying the efficacy of gemcitabine.

We hypothesised that gemcitabine could improve antitumor immune responses by
positively modulating cytotoxic T cells, regulatory T cells, and myeloid-derived suppressor
cells and that these immunomodulatory effects could be detected in peripheral blood
during treatment. This exploratory study paves the way for further in depth investigations
of the mechanism of action of gemcitabine and its association with clinical response in
mesothelioma, and potentially in other solid cancer types.

METHODS

Trial design and study population.
Blood samples obtained during the NVALT19-study were used to assess the effect of
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gemcitabine on PBMCs. The NVALT19-study was a multicentre, investigator-initiated o

’ by
open-label, randomized, phase 2 trial, conducted in The Netherlands between 2014 and , ',; o;‘. e
2019, investigating the efficacy of switch maintenance gemcitabine in 130 malignant .‘..z:,‘n-'.-
mesothelioma patients. Patients without progressive disease were included 21-42 r:::. .’."_ .
days after having obtained 4-6 cycles of first-line platinum-pemetrexed chemotherapy. ¢¢.f 5 o~

4

Gemcitabine was administered at day one and eight of every 21-day cycle at a dose of Y rea, .

1250mg/m? until disease progression (according to modified RECIST-criteria in pleural

malignant mesothelioma®?, unacceptable toxicity or death. ':- .‘_. :I}W .f.':f' ’
The NVALT19 study was conducted in agreement with the Declaration of Helsinki W "'

and according to the ICH Harmonized Tripartite Guideline on Good Clinical Practice. = A W

The NVALT19 study-protocol was approved by the central ethical committee and local t . * . .” '

institutional review boards (Reference number: METC19.0668, e-supplement). All patients
provided written informed consent (Netherlands Trial Registry: NTR4132/NL3847) for
the NVALT19 study and the current subgroup analyses. Further trial details have been
published elsewhere®.

The current study is a predefined exploratory analysis of a subgroup of patients
included in the NVALT19 trial (see supplemental study protocol). Paired baseline and week
three blood samples were collected from 46 malignant pleural mesothelioma patients of
which 27 received gemcitabine and 19 BSC. For 12 patients, only PBMC data were available
and in 10 patients only MDSCs were measured for varying reasons including insufficient
sample quality and acquisition of samples beyond the predefined time range. Both PBMCs
and MDSCs were available for 24 cases. A flowchart of how samples were selected for
analysis is shown in figure S8. Patient groups had similar characteristics at baseline (Table
S1).

To assess the T- and NK-cell phenotype, we constructed several comprehensive
immune cell flow-cytometry panels including markers of proliferation, memory
differentiation, co-stimulatory/-inhibitory receptors and cytokine production capacity
(Table S2A). Also, myeloid cell subsets were investigated focusing on MDSCs with monocyte
and dendritic cell (DC-)subsets being characterized in a subgroup of patients (Table S2B).

Peripheral blood processing.

Peripheral blood samples were acquired at day one of cycle one (before the start of therapy;
baseline) and at day one of cycle two (median 21 days in gemcitabine group (range: 19-42
days), median 22 days in the BSC group (range: 18-49 days)). Approximately 20 millilitres
of blood were collected in EDTA tubes and transported to the laboratory facility within 4
hours for immediate processing in order to preserve the MDSC-phenotype. PBMCs were
isolated by density-gradient centrifugation using Ficoll-hypaque (GE Healthcare). A total
of 1 x 10° cells were used for fresh flow cytometry staining of myeloid-derived suppressor
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cells (MDSC). The remaining cells were cryopreserved in 10% dimethylsulfoxide (Sigma-
Aldrich), 40% FCS (Gibco) and RPMI (Invitrogen, Molecular Probes) for later reconstitution
and analysis.

Flow cytometry.

T- and NK-cell lymphocyte characterization was performed on PBMCs stored in liquid
nitrogen following thawing and reconstitution in medium with FCS and FACS-staining
buffer. For cytokine analysis, cells were first stimulated for 4 hours in vitro at 37°C using
phorbol 12-myristate 13-acetate (PMA) and ionomycin (Sigma-Aldrich), supplemented
with GolgiStop (BD Biosciences). In both instances, cells were first stained for membrane
markers (Figure S2) allowing for immune-cell subset identification, for 30 minutes at 4°C,
followed by fixation and permeabilization using the FoxP3 transcription factor-kit according
to the manufacturer’s instructions (Thermofisher Scientific). Subsequently, intracellular
proteins were stained for 60 minutes at 4°C after which cells were suspended in staining
buffer and acquired on a LSR Il flow cytometer (BD Biosciences). Flow cytometric analysis
were performed using FlowJo software (v10, Tree Star Inc.).

Statistical Analysis.

All statistical analyses other than Kaplan-Meier curves (produced in R, statistical
significance determined using a Log-Rank test and Cox proportional hazard regression
analyses to estimate hazard ratios) were executed using Graphpad Prism software (version
8). For survival analyses within each subgroup, the unadjusted 95% Cls were reported®.
Using the same software, heatmaps were constructed depicting mean changes in cell
parameters, which were derived from the ratio of individual patient data from day 21 post
start of treatment divided by baseline values. Paired non-parametric (Wilcoxon matched-
pairs signed rank) tests were performed in order to calculate statistical significance of
changes compared to baseline values. When continuous variables (e.g. magnitude of
increase/decrease in MDSCs during therapy) were compared, non-parametric Spearman
correlations were established yielding a Spearman Rho and corresponding p-value. In case
of a Gaussian distribution of the data, a Pearson correlation coefficient was computed
generating an r-squared (r?)- and p-value indicating statistical significance. Only, in case
a paired sample was available, the samples were included in the analyses. Sensitivity
analyses were performed demonstrating comparable clinical efficacy of gemcitabine in
the immunomonitoring compared to the complete NVALT19 cohort (Hazard ratio (HR) of
0.62, 95% Cl -1.487-0.137) similar to that observed in the entire NVALT19 cohort (HR 0-48;
95% Cl, 0-33 to 0-71 Figure S9).
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RESULTS

Gemcitabine differentially modulates proliferation of circulating lymphocyte subsets. ...z:,‘ MR

NK-cell proliferation significantly increased during gemcitabine treatment, whereas

-®

'.
untreated patients exhibited a decrease in both CD8* T-cells and natural killer (NK)-cell 44.%

proliferation through time, (Figure 1). Additionally, FoxP3* CD4* T regulatory-cell (Treg) *

proliferation was strongly decreased in gemcitabine-treated patients compared to
untreated patients. As FoxP3-expression marks a heterogeneous group of activated and
regulatory T-cells, we further subdivided FoxP3* cells based on the markers CD45RA

and the magnitude of FoxP3-expression as described by Miyara et al**. (Figure S1A). Eh

Using this distinction, we found that the proliferation of activated FoxP3-high Tregs
(aTregs), previously described to be highly immune-suppressive, was decreased following
gemcitabine. Similarly, FoxP3-expressing T-helper (Th) cell-proliferation was diminished
following treatment (Figure S1B). No statistically significant changes in T-cell frequencies
(of total leukocytes) or T-cell memory subset distribution were noted in either patient
group (Figure S2). These findings illustrate that regulatory and non-regulatory lymphocyte
subsets may be differentially affected by gemcitabine chemotherapy.
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Figure 1. Gemcitabine differentially modulates proliferation in circulating lymphocyte subsets. T-cell percentages
subtypes of total (CD45*) leukocytes and proliferation determined by intracellular Ki-67-staining in peripheral blood
of mesothelioma patients treated with or without gemcitabine at baseline, and after 3 weeks. A heatmap shows the
mean changes per parameter compared to baseline values in both patient groups. Wilcoxon matched-pairs signed
rank tests were performed to calculate statistical significance. A total of 35 patients were included in the analysis
(n=22 GEM; n=13 BSC). Th = T-helper, Treg = regulatory T cell, NK = natural killer, BSC = best supportive care, ns = not
significant, * = p<0.05, ** = p<0.01, *** = p<0.001.
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Gemcitabine depletes MDSCs in mesothelioma correlating with improved T-cell
proliferation.

Gemcitabine has previously been reported to deplete MDSCs but whether this occurs in
mesothelioma or affects T-cell proliferation in vivo remains largely unknown. We assessed
CD11b* CD33* HLA-DR® MDSC frequencies by direct ex vivo measurement following
ficoll-density gradient centrifugation and could confirm significant MDSC-reduction
by gemcitabine in patients (Figure 2A). The magnitude of MDSC-reduction significantly
correlated with CD4* T-helper and CD8* T-cell but not NK-cell proliferation, strengthening
results by others showing T-cell suppressive capacities of MDSCs in vitro (Figure 2B)%.
Other myeloid cell subsets available in a subset of patients showed less interference of
gemcitabine, with only plasmacytoid dendritic cells (pDC) being significantly increased
following treatment, which is in line with earlier data in pancreatic cancer patients (Figure
S3)%. These data show that the decreased MDSCs in peripheral blood of mesothelioma
patients during gemcitabine therapy were paralleled by an increased T-cell proliferation.
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Figure 2. The gemcitabine-associated decrease in MDSCs correlates with increased T-cell proliferation. (A) changes
in percentages of myeloid derived suppressor cells (MDSCs) following gemcitabine or best-supportive care (BSC).
(B) correlations of CD8*, CD4* FoxP3 (Th)- and NK-lymphocyte proliferation (Ki67*) dynamics with changes in MDSC-
frequencies in peripheral blood following gemcitabine (GEM) treatment. Wilcoxon matched-pairs signed rank tests
were performed to calculate statistical significance. MDSCs were available for 35 patients (n=21 GEM; n=14 BSC).
Spearman correlation coefficients were calculated and a Rho was generated for 17 gemcitabine-treated patients of
whom matched T-cells and MDSCs were available. NK = natural killer, ns = not significant, ** = p<0.01.
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Gemcitabine promotes an activated T-cell and NK-cell phenotype.

co-inhibitory and —stimulatory receptors on peripheral blood lymphocytes in our patient

P
r:‘.n’

-

cohort (Figure 3A). Percentages of receptor-positive cells mirrored median fluorescent e, ¢ ,

intensity (MFI) values enabling MFI for further analysis (Figure S4). Besides PD-1, which *

was significantly increased on CD8" T cells in gemcitabine-treated patients only, the
majority of inhibitory receptors changed with similar dynamics in both patients groups,
albeit more markedly following gemcitabine (Figure 3B). In patients with a malignancy,
NK cells have been reported to express several co-inhibitory receptors including TIM-3
which has been associated with increased NK-cell maturation but diminished functionality
upon TIM-3-ligation?”. NK cells expressed CTLA-4, LAG-3, TIM-3 and CD39, of which the
latter two were significantly increased in the gemcitabine group but not in the control
group (Figure 3B). As the upregulation of co-inhibitory receptors is associated with both
exhaustion and activation of lymphocytes, we assessed co-stimulatory receptor expression
on T- and NK-cells to attempt to differentiate between these cellular states. As opposed
to co-inhibitory receptors whose expression was heterogeneously altered following
gemcitabine, co-stimulatory markers including ICOS, CD28 and HLA-DR were uniformly
increased on both T- and NK cells in treated patients (Figure 3C). Interestingly, these
changes did not correlate with decreasing MDSC-frequencies nor were they related to the
magnitude of Treg-proliferation which we found to be decreased following gemcitabine
treatment earlier (Figure S5).

These findings suggest that, whereas T-cell proliferation relates to MDSCs, the
activation phenotype does not. T-cell activation in turn may result from direct gemcitabine-
mediated modulation or indirectly via effects on tumour cells®. T-cell activation due to
increased (tumour-derived) antigen recognition was deemed unlikely as gemcitabine
did not affect or induce activation of effector-memory T cells specifically. Gemcitabine
treatment rather increased activation marker expression across all memory subsets
investigated, including naive T-cells (Figure 4).

Gemcitabine does not alter cytokine expression by T cells.

In addition to co-inhibitory and —stimulatory receptor expression on circulating T cells, we
assessed cytokine- and granzyme-production capacity by stimulating PBMCs in vitro with
PMA/ionomycin followed by intracellular staining. In contrast to aforementioned surface-
markers, cytokine production did not statistically differ in treated and untreated patients
although a trend towards increased expression was appreciated in gemcitabine-treated
patients (Figure S6A). Cytokine and granzyme-expression was found to be strongly coupled

® Baseline

B CD8*T cells " 3w NK cells
200% PD-1 CTLA4 cD39 ™3
PD-1 |* 2500~ . 2000 kil 6000 * 4000 =
. 2 E o 40% 3000-
HLADR | 7| A 0 2000 1500 2000 .
' PD-1 e | LAG3 T T 4000 2000
| . s 15001 = T T
s enu TIM-3 20% 1000- = S 1500
= - - | 1000-]
4-1BB oL CTA4 o CD39 8 500 2000 1000-]
PD-1|* * 500 \ s00d
°
cD28 l\'l g m-3 3 | cTiae RER o
/ r109% Gemcitabine itabi
= LAG-3
icos /& W ncs E
. ¥ TIM-3 2500~ e 2000 6000 4000
cD39 9 e 3000
© CD39 E o 20% 20004 =
1500 2000
L | craa < 1500 :>l - 4000 2000
@ LAG-3 = —2 = 1000 z Z 1500 =
2| T | -40% 10007 é “ 20004 1000-
CD39 500 500
Gem BSC

CD8' T cells

CD4* Th cells

NK cells

]
@
o

C CD8'T cells ® Baseline NK cells
| +3w
_ Icos cD28 HLA-DR cD28 HLA-DR
icos | ¥k 40% *kdk 4000 200 800 e 500 il *
o o 600+ a 7 7 3000
cozs N I I =
HLADR g8 [ 20% H = 2000 | = 400 =
4-1BB *;e* 200 % - % 200 1000-
1000~ ol o=
icos | %¥ Fq0% o m
CD28 Gemcitabine Gemcitabine Gemcitabine b
HLADR [BE x| [ ]720% L e 40007 < et “ /' 32331
cp2s | 3000 600 300 2000
-40% _ 400 _ '/' - - - 1500 ns
HLA-DR L B Z 2000 = 400 S 200 I
Gem BSC 2009 g 200 100 T
— 1000 500- ‘é I
BSC BSC BSC BSC BSC
Figure 3. Gemcitabine-treated patients display an activated lymphocyte phenotype in peripheral blood. (A)
co-stimulatory (green) and co-inhibitory (red) receptors assessed on lymphocyte surface in peripheral blood.
(B) heatmaps displaying mean percentage of change and paired analyses of co-inhibitory receptors (C) and co-
stimulatory receptor expression in response to gemcitabine or best-supportive care (BSC). Wilcoxon matched-pairs
signed rank tests were performed to calculate statistical significance. A total of 35 patients were included in the
analysis (n=22 GEM; n=13 BSC). Th = T-helper, Treg = regulatory T cell, NK = natural killer, BSC = best supportive
care, PD-1 = programmed cell death protein 1, CTLA-4 = cytotoxic T-lymphocyte-associated protein 4, TIM-3 = T-cell
immunoglobulin and mucin-domain containing-3, ICOS = inducible co-stimulatory molecule, HLA-DR = human-
leukocyte antigen DR, MFI = mean fluorescent intensity, ns = not significant, * = p<0.05, ** = p<0.01, *** = p<0.001,
%% = 0<0.0001.
to specific memory T-cell subsets (Figure S6B). Specifying cytokine expression (e.g. IFNy)
to memory subsets yielded increased expression for high cytokine-producing subsets
after gemcitabine although this did not reach statistical significance (Figure S6C, data not
shown).
%
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Immune monitoring identifies lymphocyte parameters associated with response to
gemcitabine.

Although we detected increased markers of T- and NK-cell activation in gemcitabine-
treated patients, the biological and clinical relevance of these findings remains unknown.
Relating the investigated parameters to patient outcomes may also further define
whether gemcitabine-mediated immune effects could potentially drive disease outcome.
Furthermore, as OS was not significantly improved by gemcitabine in the intention to
treat-population, biomarkers for patient stratification are warranted. We correlated the
expression of key parameters, which were significantly altered by gemcitabine, to patient
0OS and PFS in both the gemcitabine-treated patients and the BSC-cohort, to detect which
parameters indicated potential clinical benefit. We found that patients, showing an
increase in NK-cell proliferation following gemcitabine, had a significantly better PFS and
OS (HR for 0S: 0-45, p=0-01, HR PFS: 0-48, p=0-01, Figure 5). In addition, an increase in PD-1-
expression on proliferating (but not total) CD8* T cells was associated with improved clinical
outcome (HR OS: 0:43, p<0-01, HR PFS: 0-56, p=0-04). These parameters did not correlate
with improved clinical outcome in BSC-treated patients, suggesting a gemcitabine-specific
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response (Figure S7A). ICOS-expression in CD8* T cells was near uniformly increased
following gemcitabine except in one patient who coincidentally experienced progressive
disease and death soon after treatment with gemcitabine (HR for increased vs. decreased
ICOS-expression OS: 0-22, p=0-03, HR PFS: 0-:22, p=0-03, Figure S7B). The magnitude of
ICOS-induction by gemcitabine further correlated with improved response to therapy
albeit not significantly (Figure S7C). These findings derived from a small exploratory cohort
analysis suggest that key gemcitabine-induced immune effects might be associated with a
survival benefit. This might help to better understand the interaction between and predict
the efficacy of chemotherapy and immunotherapy.

Proliferating (Ki-67*) NK-cells
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Figure 5. Increases in NK- and PD-1*'T-cell proliferation following gemcitabine correlate with clinical outcome.
Kaplan-Meier (KM-) curves showing differences in progression free- (PFS) and overall survival (OS) between patients
exhibiting an increase (green) or decrease (red) of selected immune parameters following gemcitabine (GEM). 22
gemcitabine-treated patients were included in the analysis. Log-rank tests were applied. NK = natural killer, PD-1 =
programmed cell death protein 1, HR = hazard ratio, Cl = confidence interval.
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DISCUSSION

modulation that might associate with treatment response. The alterations in T- and NK-

cell proliferation and activation that were detected have not been previously reported *

for this kind of chemotherapy and tumour type. The increased PD-1 and ICOS-expression
on lymphocytes following gemcitabine furthermore suggests that the combination of
gemcitabine with immunotherapy using antagonistic and agonistic antibodies to PD-1 and
ICOS, respectively, might be efficacious. These findings are of particularimportance, as anti-
PD-1 monotherapy was recently found to be ineffective in the majority of mesothelioma
patients, emphasizing the demand for novel drug combinations to sensitize mesothelioma
to immune-checkpoint inhibitors®. In line with our suggestions are recent data by De Lara
et al., showing increased efficacy of gemcitabine-anti-PD-1 treatment in a preclinical
mesothelioma model and radiographic responses in two mesothelioma patients following
combination therapy®. Further randomized studies are needed to confirm whether these
combinations are effective in larger patient cohorts. As gemcitabine is widely used for a
variety of cancer including pancreatic cancer, breast cancer and non-small cell lung cancer
(NSCLC), these findings could potentially be extrapolated to other tumour types as well.
The pleiotropic functions of gemcitabine on a wide variety of immune cells in vivo
without functional in vitro data, preclude us from pinpointing which cellular mechanisms
are mainly responsible for therapeutic benefit. Furthermore, we documented a significantly
increased proliferation of NK-cells and decreased Treg-proliferation in gemcitabine-treated
patients, while cell frequencies remained largely unaltered in peripheral blood. Although
our method of cell isolation precludes proper enumeration of cells, several explanations
could account for this discrepancy. First, as we assessed cellular states following the first
cycle of chemotherapy, a change in proliferation would likely precede consequent changes
in cell frequencies, which may become apparent at later time points. Secondly, whereas
cellular state characterized by markers such as Ki-67, PD-1 and ICOS may offer a snapshot
of underlying T-cell biology, circulating cell frequencies may not adequately reflect what
happens in tumours. Although we did not have pre- and post-treatment tumour tissues,
pre-clinical findings by others confirm increased NK-cell infiltration and decreased MDSC-
frequencies into gemcitabine-treated tumours®. The fact that the investigated patients
were only recently pre-treated with first-line chemotherapy could further influence
circulating leukocyte frequencies. Whether this also accounts for the observed decrease
in CD8* T-cell proliferation in BSC-patients, or whether this is due to differences in time to
disease progression, remains unknown. Furthermore, factors like concurrent infection or
other comorbidities could have influenced the effects observed in our analysis. However,

clinical and laboratory assessments were captured at baseline and after three weeks (at
start of the second treatment cycle) and these did not reveal clear confounding factors.

e * Moreover, by including a non-gemcitabine (BSC)-treated patient cohort first-line treatment
. induced alterations and confounding factors independent of treatment should have been
o . . . . . N
L comparable between both patients groups, increasing the likelihood that a real difference
fes,, U s between the two groups was detected. Further investigations e.g. in pre-clinical disease
., M Y " e models and functional in vitro studies in larger patients cohorts will be needed to formally
. X -p, . . . . S .
o e .f.'" ‘ establish causality of the observed immunological alteration in gemcitabine-treated
s + @~ -
¢ . mesothelioma patients.
. . e
- A W As opposed to T-cell proliferation, which was tightly correlated to MDSC-frequencies,
) bt . . ) - .
. v ! NK-cell proliferation and increased lymphocyte activation were not, suggesting that other
. [}
T mechanisms could be responsible for these shifts in phenotypes. Gemcitabine has recently
*

been reported to increase tumour NKG2D-ligand expression in vitro®, which could explain
the increases in NK-cell proliferation and activation. In addition, gemcitabine has been
found to increase tumour-antigenicity in mesothelioma mouse models by increasing
antigen-presenting cell (APC) MHC-expression and promoting cross-presentation of
tumour-antigens leading to increased tumour control?*?. Although we did not assess
tumour-specific immune responses, we observed increased expression of activation
markers in both naive- and memory T-cell subsets, unlikely reflecting novel effector-T-cell
clone induction. Whether this global change in T- and NK-cell activation resulted from
direct effects of gemcitabine on lymphocytes, or from increased tumour adjuvanticity (e.g.
by release of inflammatory mediators from dying tumour cells, as has been reported for
gemcitabine) remains to be investigated®.

Although gemcitabine did not uniformly or significantly increase circulating PD-1*/
Ki-67* CD8* T cells (data not shown), an increase was associated with improved clinical
outcome (Fig. 5) similar to recent reports identifying a similar population to associate with
anti-PD-1 therapy response in NSCLC and melanoma?*%°, Although the exact nature of this
phenotype remains to be identified, these cells showed significant overlap with tumour-
infiltrating T cells in previous analyses, which, irrespective of the type of treatment,
inferred durable tumour control®.

Our exploratory study design bears some important limitations. Although our sample
size was limited with regard to the total NVALT19 population, we could show that our
cohort was representative of the total study population with comparable clinical outcomes
and patients characteristics (Table S1, Fig. S9). It is tempting to speculate whether the
observed outliers also correlate with alternative clinical outcomes, as is shown for ICOS-
expression which increased in all but one patient in response to gemcitabine, with that
patient performing poorest (Fig. S7). The limited cohort size and absence of a validation
group precludes formal conclusions to be made on the effects of gemcitabine on circulating
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Figure S1. Proliferation is decreased in activated Treg and Foxp3-expressing Th-cells following gemcitabine
treatment. (A) Representative flow cytometry plot of regulatory T cells (Tregs) gated according to Miyara et al.
using CD45RA and FoxP3. Activated Tregs (aTregs) are the highest expressers of Ki-67, CD39 and ICOS on baseline as
compared to resting Tregs (rTregs) or FoxP3-positive T-helper cells (bar graphs showing means with SEM). Wilcoxon
matched-pairs signed rank tests were performed to calculate statistical significance. A total of 22 gemcitabine-
treated patients was included in the analysis. (B) Proliferation as determined by Ki-67 expression between the
different FoxP3-expressing CD4* T-cell subsets. hi = high, int = intermediate, MFI = mean fluorescent intensity, ns =
not significant, *** = p<0.001, **** = p<0.0001.
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Figure S3. Plasmacytoid DCs are increased in peripheral blood following gemcitabine. Changes in monocyte- and
dendritic cell (DC)-subsets following gemcitabine or best-supportive care (BSC) in a subset of patients from figure
2. Wilcoxon matched-pairs signed rank tests were performed to calculate statistical significance. (n=11 GEM- and
n=12 BSC-treated patients included). cDC = conventional dendritic cell, pDC = plasmacytoid dendritic cell, ns = not
significant, ** = p<0.01.
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Figure S6. Gemcitabine is not associated with increased cytokine or granzyme expression in lymphocytes. (A)
heatmap showing mean changes in cytokine/granzyme-B expression before and after gemcitabine (GEM) or best-
supportive care (BSC) in different lymphocyte subsets. (B) expression of intracellular effector molecules in different
CD8" T-cell memory subsets on baseline. (C) expression of IFNy by different CD8* T-cell memory subsets following
gemcitabine. Wilcoxon matched-pairs signed rank tests were performed to calculate statistical significance. All
included patients were used to compute b, whereas 22 gemcitabine-treated patients were included in c. GzmB =
granzyme B, IFNy = interferon-gamma, IL-2 = interleukin 2, TNF-a = tumour-necrosis factor alpha, IL-10 = interleukin
10, NK = natural killer, Th = T-helper, Tn = naive T cell, Tcm = central memory T cell, Tem = effector memory T cell,
Temra = terminally differentiated T cell, ns = not significant.
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Figure S7. Parameters associated with clinical outcome in gemcitabine-treated patients are not detected in
control patients. (A-B) Kaplan-Meier (KM-) curves showing differences in progression free- (PFS) and overall survival
(0S) between patients exhibiting an increase (green) or decrease (red) of selected immune parameters compared
to baseline. Log-rank tests were used determine statistical significance. (C) the median change in ICOS-expression
in the total group (GEM + BSC) compared to baseline (+20%) is shown. NK = natural killer, PD-1 = programmed cell
death protein 1, ICOS = inducible co-stimulatory molecule, HR = hazard ratio, Cl = confidence interval.

130 mesothelioma patients included in NVALT19

» no blood sample obtained (n=55) '

75 samples available for immunomonitoring

Excluded:
- incomplete sample pair (n=27)

» - insufficient sample quality (n=12)

- different processing method (n=4)
- not measured for cytometry (all BSC, n=8)

24 paired patient samples including both MDSC- and T-cells

+ 11 patients with only T-cell data available (total n=35)
+ 11 patients with only MDSC data avalaible (total n=35)

Figure S8. Flowchart illustrating inclusion of study samples for immunomonitoring. MDSC = myeloid-derived

suppressor cell, BSC = best-supportive care.
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Figure S9. No differences in progression-free survival between immunomonitored patients and the complete
NVALT19 cohort. Individual progression-free survival (PFS) KM-curves of all BSC- (blue) and gemcitabine (red)
treated patients in the NVALT19-study (dotted line) those included in the immunomonitoring cohort (closed line)
and not included (dashed line). The hazard ratio (HR) of the subgroup (0.62, 95% CI -1.487-0.137) is similar to that
observed in the entire NVALT19 cohort (HR 0-48; 95% Cl, 0-33 to 0-71; p =0-0002).

Table S1. Patient and tumour characteristics of the included, and total NVALT19 cohort.

Immune monitoring subgroup

Total cohort NVALT19 study

Gemcitabine BSC Total Gemcitabine BSC
(n=27) (n=19) (n=46) (n=65) (n=65)
Number, % Number, % Number, % Number, % Number, %
Sex
Female 3(11) 4(21) 39 7(11) 11(17)
Male 24 (89) 15 (79) 7 58 (89) 54 (83)
Age
Median (years) 68 70 68 69 69
Range 43-79 57-80 43-80 43-84 35-82
WHO performance score
0 16 (59) 10 (53) 26 (57) 37 (57 38 (58)
1 11 (41) 8(42) 19 (41) 27 (42) 25(38)
2 0 1(5) 1 0 2(3)
Histological subtype
Epithelial 24 (89) 17 (89) 41 (89) 57 (88) 57 (88)*
Biphasic 3(11) 2(11) 5(11) 5(8) 6(9)
Sarcomatoid 0 0 0 3(4) 2 (3)
Best response to first-line treatment
Complete response 2(7) 0 2(4) 2(3) 1(2)
Partial response 6(22) 7 (37) 13 (28) 25 (38) 26 (40)
Stable disease 19 (70) 12 (63) 31(67) 38 (58) 38 (58)
Tumor stage
Stages I-Il 14 (52) 11 (58) 25 (54) 31 (48) 30 (46)
Stages IlI-IV 9(33) 27 (42%) 12 (26) 25 (39) 27 (42)
Unknown 4 (15) 5(26) 9 (20) 9(14) 8(12)

WHO; World Health Organization. *While on study, the diagnosis of one patient was changed into another

malignancy.

o  Chapter 3




Co-inhibitory panel

GzmB
1L.-10

LAG-3
CTLA-4
+ TIM-3
cD3 / CD39
CcD8
CD4
CD56 +
PD-1
CD45RA
CCR7
Ki-67
FoxP3 +
\ D28 |
CD137 (4-1BB
1COS
HLA-DR
Myeloid panel
Lineage*
CD14
CD15 *
CD16 cD3
CD11b CD19
CD33 CD56
CD11c
CD123
PD-L1
HLA-DR
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SUMMARY

%%
PD-1 checkpoint-blockers have recently been approved as second-line treatment ..z:,‘.n'.-

)

for advanced non-small cell lung cancer (NSCLC). Unfortunately, only a subgroup ofr“z.' M.
-l !

. . . . L
patients responds and shows long term survival to these therapies. Tumor vaccines and q4.J »

cellular immunotherapies could synergize with checkpoint blockade, but which of these *
treatments is most efficacious is unknown. In this meta-analysis we assessed the efficacy
of tumor vaccination and cellular immunotherapy in NSCLC. We searched for randomized
controlled trials investigating cellular immunotherapy or vaccines in NSCLC. We used

L
random effects models to analyze overall survival (OS) and progression free survival (PFS) =

expressed as hazard ratios (HR) and differences in months. The effect of immunotherapy
type, disease stage, tumor histology, and concurrent chemotherapy was assessed using
subgroup analysis and meta-regression. All procedures were performed according to the
PRISMA guidelines.

We identified 18 RCTs that matched our selection criteria, including 6756 patients.
Immunotherapy extended NSCLC survival and PFS, expressed as HR (OS: HR=0.81,
95%Cl=0.70-0.94, p=0.01, PFS: HR=0.83, 95%CI=0.72-0.95, p=0.006) and month difference
(OS: difference=5.43 months, 95%Cl|=3.20-7.65, p<0.005, PFS: difference=3.24 months,
95%Cl=1.61-4.88, p<0.005). Cellular therapies outperformed tumor vaccines (OS as HR:
p=0.005, month difference: p<0.001, PFS as HR: p=0.001, month difference: p=0.004).
There was a benefit of immunotherapy in low stage over high stage NSCLC and concurrent
administration of chemotherapy only in one of four outcome measures evaluated (PFS
in months: p=0.01 and PFS as HR: p=0.031, respectively) There was no significant effect
of tumor histology on survival nor PFS. Tumor vaccines and cellular immunotherapies
enhance overall survival and PFS in NSCLC. Cellular immunotherapy was found to be
more effective than tumor vaccination. These findings have implications for future studies
investigating combination immunotherapy in NSCLC.
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INTRODUCTION

Lung cancer is the leading cause of cancer related mortality worldwide!. Non-small cell
lung cancer (NSCLC) comprises 85% of all lung cancers and has a 5-year survival rate of
4% in case of metastatic disease?®. Current treatment options for advanced NSCLC include
chemotherapy and radiotherapy, but these treatments only modestly improve survival.
Recent advances made include the targeting of several driver-mutations responsible for
tumor progression. Targeting the mutant EGF-receptor and the EML4-ALK fusion protein
has been found effective, however, resistance to these therapies inevitably ensues®°.
Therefore, novel treatment strategies to improve NSCLC survival are warranted.

Immunotherapy aims to establish or enhance an effective immune response towards
the tumor. This can be accomplished via different strategies including tumor vaccination,
adoptive transfer of immune cells and modification of the immune system to boost an
established immune response®. The latter category of drugs includes the checkpoint
inhibitors anti-PD-(L)1 and anti-CTLA-4 that have recently been tested for efficacy in
NSCLC”®. The beneficial role for blocking CTLA-4 in NSCLC remains inconclusive®?, but
PD-1 blockade has proven to be effective in treating NSCLC"!*. Nevertheless, the majority
of patients does not respond to checkpoint inhibition therapy”*>%,

There are several ways in which an immune response towards a tumor can be
induced as has been described in some recent reviews on this topic®****, Tumor vaccines
elicit an in vivo immune response specifically towards a tumor associated antigen
formulated in the vaccine. This form of therapy has proven to be safe and effective in
eliciting tumor-specific immune responses in different cancers including NSCLC***8. It is
also possible to circumvent endogenous antigen presentation by directly administering
antigen stimulated T cells or dendritic cells (DCs)**?°. Tumor vaccines and cellular therapies
are aimed specifically towards tumor antigens and therefore have a limited toxicity profile
as opposed to established chemotherapy and checkpoint blockade?*%,

Eliciting potent T-cell response via vaccines or cellular therapies and simultaneously
‘releasing the brakes’ on these T cells with checkpoint inhibitors may unleash the full
potential of immunotherapy and improve the proportion of patients responding to
therapy. Synergies between checkpoint inhibitor therapy and tumor or cellular vaccines
are currently being investigated in several clinical trials?*. Which form of immunotherapy;
vaccine or cellular therapy, is most promising to combine with checkpoint inhibitors such
as PD-1 blockers is currently unknown. In this meta-analysis we show that vaccination
and cellular immunotherapies improved the overall survival (OS) and progression free
survival (PFS) in NSCLC patients. Cellular therapies outperformed tumor vaccines for all
the outcomes assessed. Other factors such as tumor histology or the preconditioning of
patients with low dose cyclophosphamide had no effect on survival or PFS.
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METHODS

Database search.
On the 17th of June 2015, we searched for relevant studies in the following databases: ;

Embase, Medline (Ovid SP), Web of Science, Cochrane Central Register for Controlled “..'.,' e
Trials, Pubmed Publisher and Google Scholar. There were no limitations on the year of *

publication for all the databases interrogated. Search entries were constructed for each
individual database (Supplementary data). The search initially involved other thoracic
malignancies including SCLC and mesothelioma. No language restrictions were applied.
We also searched manually through conference abstracts and checked references from
relevant publications and review articles. All procedures were performed according to the
PRISMA guidelines®.

Eligibility.

Articles were included based on title and abstract if they concerned clinical evaluation of
a tumor vaccine or cellular immunotherapy in NSCLC. Articles were excluded when they
involved less than 5 NSCLC patients, or did not report well-defined clinical endpoints for
survival or time to progression of disease. All articles on checkpoint blockade therapy
or biological response modifiers (e.g. interferons, interleukins) were excluded. When
we obtained all records on vaccine and cellular therapies in NSCLC, we selected the
randomized controlled trials to study the efficacy of treatment. Studies that were not
randomized or lacked complete outcome data were excluded for this particular research
question. If multiple articles covered the same study population, the study with the
most recent and complete survival data was used. Remaining studies that investigated
the predictive value of immune factors in blood were later used for systematic review.
Authors of the individual studies were contacted in case of missing data. Two investigators
(F.D. and L.L.) independently screened abstracts and reviewed full texts for eligibility. Data
extraction was performed (F.D. and G.V.) according to a predefined data extraction form.
Any discrepancies were resolved by consensus with a third reviewer (J.A.).

Data collection and outcomes.

Treatment characteristics (type and timing of treatment, dose) patient demographics,
tumor histology, disease stage (low stage disease ranging from stage I-lI/llIA and high
stage disease being IlI(B)-1V), and relevant outcome measures were collected according to
a predefined data extraction form. The outcome measures overall OS and progression free
survival PFS were assessed, and when PFS was not available, time to progression (TTP) and
relapse free survival (RFS) were included to increase the comparability and power of our
analysis. These outcome measures were inconsistently reported as either hazard ratios
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(HR) or as median months survival or time to disease progression or both, and all were
included for further analysis. Tumor response rates were not evaluated because they were
inconsistently reported and have been found to correlate poorly with immunotherapy
efficacy?®. The risk of bias was determined using the Cochrane Collaboration Risk of Bias
Assessment Tool?".

Statistical Methods.

Random effects models were used to compute summary effect sizes for all the outcome
measures investigated, thereby taking heterogeneity across studies into account?®?,
When available, HR from different studies were pooled to calculate the overall survival
benefit of vaccine and cellular immunotherapy in NSCLC. Additionally, median differences
were generated and combined when median survival times or median months PFS were
reported. We addressed several possible sources of heterogeneity (expressed as I?)
including type of immunotherapy (tumor vaccine vs. cellular therapy), limited or advanced
disease (I-II/IIA vs. 11I(B)-1V), histology (% adenocarcinoma), preconditioning therapy
with low dose cyclophosphamide (in case of vaccines) and concurrent administration of
chemotherapy, using subgroup analysis and meta-regression (in case of the proportion
adenocarcinoma). Funnel plots were generated to assess the presence of publication bias.
In order to define the extent of publication bias, Duval and Tweedie’s trim and fill test and
the classic fail-safe N test were used*°. The Begg and Mazumdar rank correlation test and
the Egger test were applied in case of suspected publication bias to quantify the level of
bias®*32, All analyses were performed by a biostatistician (L.A.), using a registered copy of
Comprehensive Meta-Analysis statistical software (version 2.2.064; Biostat, Englewood,
NJ).

RESULTS

Search strategy result and study characteristics of included trials
Our database and manual searches yielded a total of 7832 records of which 5992
records remained following removal of duplicate articles (Figure 1). 4 additional records
were manually selected from conference abstracts and reference lists. All records were
screened based on title and abstract to identify trials investigating the benefit of tumor
vaccination or cellular immunotherapy in the context of NSCLC. After screening, a total of
114 potential records remained that were eligible for full-text assessment. Of these, 18
individual randomized controlled trials (RCT) were eligible for subsequent meta-analysis.
The 18 RCTs included in our analysis comprised a total of 6756 patients treated with
immunotherapy for NSCLC distributed over different outcome measures. A summary of the
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main study characteristics is listed in table 1. Most studies focused on late stage disease %;"£e® ‘-; Immunotherapy significantly prolongs NSCLC survival and delays tumor progression.

ey 1] s . ) ) ) ) .
(15/18 trials stage I11(B)-1V). The type of treatment was evenly distributed, with 10 studies | ',‘ sy et 2P Studies reported different outcome measures with some reporting hazard ratios of disease

. . . . . . . . A ] »e . . . . . .
investigating tumor vaccines and the other 8 treating patients with either DC-therapy, a ..z:, MRS ‘.:::: ! progression or survival while others reported only median overall survival and/or time to
. . L . ) » B Jhihd . . . . . .
form of T-cell therapy (AKT; autologous activated killer T cells or CIK; cytokine induced killer ; Ty .’. N * disease progression in months. We therefore analyzed HR and the differences in medians
L . . . . i - - . . . .
cells) or a combination of the two. The proportion of adenocarcinoma histology varied ee.J s +¢, * . & for survival and PFS separately. Cancer immunotherapy was found to be effective in
» - .y ‘I
extensively between studies ranging from 28-88% of total cancers. Immunotherapy was * =#, . U E extending NSCLC overall survival and PFS, both expressed as HR (cumulative OS: HR=0.81,
.. . . . e ? » o . .
administered as monotherapy with or without low dose cyclophosphamide preconditioning ot 4 Y . 95%Cl=0.70-0.94, p=0.01, PFS: HR=0.83, 95%CI=0.72-0.95, p=0.006, Figure 2) and median
. « %K. s . . .
or concurrently with chemotherapy. The control treatment arm was heterogeneously - - . e .f.'." month difference (cumulative OS: difference=5.43 months, 95%ClI=3.20-7.65, p<0.005,
s + &~
composed of control groups receiving only the placebo or best supportive care (BSC) and ¢ * Y. PFS: difference=3.24 months, 95%Cl=1.61-4.88, p<0.005, Figure 3).
. X . . e % e
others receiving chemotherapy (when immunotherapy was combined with chemotherapy = A W
. . . . . X . T '
in the experimental arm). There were no studies that investigated the efficacy of tumor
4
vaccines or cellular therapies alone versus chemotherapy treatment. T
* Y A
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Study name Statistics for each study Hazard ratio and 95% CI
- y tatistics for each stud lazard ratio and 95% C
,g Records identified through database Additional records identified through T rp—— Upper
() searching other sources ratio limit limit p-Value
e (n=7828) (n=4) Alfonso et al. 2014 0,63 0,46 0,87 0,00 b——
§ Butts et al. 2015 0,89 0,77 1,03 0,11 ——
= Butts et al. 2005 0,75 0,53 1,04 0,09 . e
l l Giaccone et al. 2015 0,94 0,73 121 0,63 —
p— Kimura et al. 2015 0,23 0,09 0,56 0,00 —
Records after duplicates removed Nokihara et al . 2015 0,95 0,61 1,48 0,82 —_—
w0 (n=5992) Quoix et al. 2011 0,90 0,61 1,33 0,60 —_—
£ Quoix et al. 2015 0,75 0,54 1,05 0,09 .
= l Vansteenkiste et al. 2013 0,99 0,60 1,64 0,97 T
(4
5 Records excluded Pooled effect 0,81 0,70 0,94 0,01 ’
wv = . i
Records screened (title/abstract) (n.-5878). No:tharacic 05 1 2
(n=5992) malignancy, no cellular or B Favours Immunotheraoy  Favours Control treatment
— tumor-vaccine therapy, no
clinical patient data Study name Statistics for each study Hazard ratio and 95% Cl
w available, no original data, Hazard Lower Upper
2z <5 patients ratio limit limit p-Value
= Records on ‘active and passive Al tal. 2014 073 053 1.00 0.05
:go immunization strategies (tumor vaccination and SnSg.elE . , . ¥
= adoptive cell transfer) in thoracic malignancies Butts et al. 2015 0,87 0,75 1,00 0,06
Giaccone et al.2015 0,99 0,82 1,20 0,92
Full-text articles assessed for eligibility: Records excluded: (n=92) Kimura et al. 2015 0,42 0,24 0,74 0,00 ———
__J (n=114) Khranovska et al. 2013 0,38 0,17 0,85 0,02
) || -~ SesNaRCE Nokihara et al . 2015 0,95 0,66 1,37 078
> - 23h 4 d‘:‘: . Quoix et al. 2011 0,70 0,49 0,99 0,04
= ::I;.ZZ:’“ fEErnede Quoix et al. 2015 0,74 055 099 0,04
2 Effecti of herapy - 13: Insufficient data Vansteenkiste et al. 2013 0,89 0,57 1,38 0,60
% % ’ - o Vansteenkiste et al. 2014 1,02 0,89 1,18 0,74
= recor slma‘l:lc 1|:ng |r;; usion crllterla Pooled effect 0,83 0,72 0,95 0,01 ‘
18 RCTs eligible for efficacy analysis
01 02 05 1 2 5 10
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Figure 1. Prisma Flow Chart displaying the search and selection process performed. Figure 2. (A) Overall survival and (B) progression free survival when hazard ratios (HR) were reported.
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Study name Statistics for each study Difference in medians and 95% CI
Difference Lower Upper
in medians limit limit p-Value
Alfonso et al. 2014 1,43 -1,38 4,24 0,32
Butts et al. 2015 3,40 -1,54 834 0,18
Butts et al. 2005 420 2,15 10,55 0,20
Giaccone et al. 2015 3,90 -1,48 9,28 0,16
Jin etal 2014 12,00 9,11 14,89 0,00 =
Khranovska et al. 2013 34,22 27,44 41,00 0,00
Li et al. Stage I1IB-1V 2012 14,00 729 20,71 0,00 ——
Quoix et al. 2011 0,40 -4,66 5,46 0,88
Quoix et al. 2015 3,80 41,48 9,08 0,16
Shi et al. 2012 0,64 0,31 0,97 0,00
Shi et al. 2014 0,60 -0,57 1,77 0,31
Wu etal. 2008 4,00 -1,02 9,02 0,12
Zhao et al. 2014 6,00 -0,79 12,79 0,08
Vinageras et al./Garcia et al. 2008 1,14 -0,19 2,47 0,09
Pooled effect 543 3,20 7,65 0,00 ’
-42,00 -21,00 0,00 21,00 42,00
Favours Control treatment  Favours Immunotherapy

B
Study name Statistics for each study Difference in medians and 95% CI

Difference Lower Upper

in medians limit limit p-Value
Alfonso et al. 2014 143 -0,44 3,30 0,13
Butts et al. 2015 1,60 -0,52 372 0,14
Giaccone et al. 2015 0,30 -1,04 1,64 0,66
Jin etal. 2014 10,00 7,78 12,22 0,00 =
Khranovska et al. 2013 20,18 12,92 27,44 0,00 ———
Li et al. Stage 1lIB-IV 2012 7,00 417 9,83 0,00 R
Nokihara et al . 2015 3,60 213 9,33 0,22
Quoix et al. 2011 0,70 -0,37 1,77 0,20
Quoix et al. 2015 0,80 -0,37 1,97 0,18
Shi et al. 2014 1,04 024 1,84 0,01
Wu etal. 2008 1,98 0,33 363 0,02
Pooled effect 324 1,61 4,88 0,00 '3

-30,00 -15,00 0,00 15,00 30,00

Favours Control treatment  Favours Immunotherapy

Figure 3. (A) Overall survival and (B) progression free survival expressed as mean differences in months when
median overall survival data were reported.

Cellular immunotherapeutic strategies perform significantly better than tumor vacci-
nation therapies.

There was a moderate level of heterogeneity between sample estimates for both overall
survival and PFS expressed as HR (OS: 12=43.9%, PFS: 12=57.7%) and significant heterogeneity
for outcome measures expressed in months (0S: 1=86.5%, PFS: 1?=85.8%). To test whether
this heterogeneity could be attributed to differences in type of immunotherapy (vaccine or
cellular therapies), disease stage (low vs. high), concurrent chemotherapy, NSCLC histology
(% adenocarcinoma) or preconditioning with low dose cyclophosphamide, subgroup
analysis and meta-regression were performed. Significant heterogeneity existed between
studies evaluating tumor vaccination and cellular immunotherapy treatments, with

cellular therapies being more effective than tumor vaccines for all outcome parameters
evaluated (OS as HR: p=0.005 and median month difference: p=0.001, PFS as HR: p=0.001
and as median month difference: p=0.004, Table 2). There were no significant differences
in survival or disease progression between studies investigating immunotherapy in high
versus low stage NSCLC disease, except for the difference in median months progression
free survival, being more favorable for studies involving low stage NSCLC compared to
high stage disease (p=0.010). Studies that evaluated immunotherapy with concurrent
chemotherapy performed better than studies investigating immunotherapy alone, only
for time to disease progression as HR (p=0.030) There was no correlation between the
proportion of patients with adenocarcinoma histology and the standardized mean
difference for survival (p=0.448) or PFS (p=0.426, Supplementary figure 1) nor could we
detect a benefit of pre-conditioning with cyclophosphamide in case of the tumor vaccines
(HR OS: p=0.577, HR PFS: p=0.928).

Bias assessment.

The level of bias per study was assessed using the Cochrane Collaboration Risk of Bias
assessment tool”. The level of bias varied extensively between studies, with several
studies being deficient in thorough methodological reporting, which was in most cases
due to an abstract that was available®-%¢ The studies that properly reported randomization
procedures, blinding and all outcome measures were generally low in bias?*%"%, but
selection bias and detection bias could be detected in some trials, or were not reported*-
(Figure 4). With the exception of 3 studies with an unclear risk of bias®*3>3¢, all studies
lacked reporting bias, attrition bias and other sources of bias not specifically addressed by
the Cochrane Collaboration risk of bias tool.

Funnel plots were constructed to investigate the presence of publication bias. There
was no or minimal publication bias for overall survival expressed as HR and median months
difference (Supplementary figure 2A and 2C). Adjusted values after Duval and Tweedie’s
trim and fill test revealed no significant alteration of the observed point estimate (data
not shown). There was no publication bias for the outcome PFS expressed as median
month difference (Supplementary figure 2D). There was, however, possible publication
bias for PFS expressed as HR (Supplementary figure 2B), as indicated by a potential loss of
significance from the Duval and Tweedie’s trim and fill test (data not shown). Additional
tests to quantify publication bias were inconclusive (the Egger test being significant for
publication bias but two tailed Begg and Mazumdar’s test not). Also, the classic fail-
safe N indicated that 40 additional studies would be required to reach a p-value greater
than alpha (p=0.05, data not shown). Therefore, the presence of publication bias for PFS
expressed as HR remains uncertain.
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Alfonso 2014 CICIC IR I ) DISCUSSION
SRR . . . . . . . ._z:,‘ PPN ,‘:::‘ "% Targeting the immune system to combat cancer is an effective way to enhance survival
Buits 2005 ? . ? . ‘ . . r:‘i'r .’. . : * and prolong time until progression in NSCLC. In contrast to disease modifying drugs such
Giaccone 2015 . ? . . . ' . “.::.' ) -., . " ",-. as cytokines (IL-2, interferons) and the recently investigated checkpoint inhibitors, tumor
Jin 2014 . . DO @S E o . ;r. . ~-_':‘ vaccines and cellular therapies induce formation of specific tumor directed cytotoxic T
« L " . . . ipe s

T . ? . . ‘ . ‘ . -: ,; .;.t;: f"." cells c.apable of destroying c.ancer ce.lls. Because of the|r high specn"lc.|ty, based on t.he
Khranoveka 2013 NI r A 1.‘ o, selection F)fonly t.um(‘)r 'f:ssoa.ated antigens, tumor va.1ccme5 and cellular |m.muno.therap|es
P v wviwvwv .- e are associated with limited side effects, but the efficacy of these therapies, with tumor
L2012 @777 00 e vaccines in particular, has been controversial*2%, In this meta-analysis, combining the data
Nokihara 2015 tMRAC I IRAT I ) from all published tumor vaccine trials resulted in a significantly improved survival and
Quoix 2011 ‘ . ’ . . . ‘ prolonged time to disease progression. These results were even more pronounced for the
. > @ . . 2 . . cellular therapies. The distinction between these two immunotherapeutic strategies was
the only factor that was consistently different for all outcome measures analyzed. Other
Sh2012 P . . ‘ Key factors such as disease stage and combination chemotherapy also significantly differed
Shi 2014 . D OO € ' . regarding clinical efficacy albeit not for all outcome measures. Tumor histology was not

Varshesiidats 5018 @0 @ @® @® Lowriskofbias significantly associated with changes in survival or time to disease progression.
T A ‘ 2|2 . 2 . High risk of bias Large. phase I!I .s.tudles such. as the I.VI.AGRIT trial and the Belagenpumatucel-L
F— . . (@ . . ‘ T —— :)has.e Il trial were |n|t|ate(.i ToIIOW|.ng pzzoml.smg phase Il results but were premat.ure.ly
erminated due to lack of clinical efficacy*?. Discordant results of phase Il and Il studies in
Wi 2008 22|17 @ OO NSCLC research have been reported by others in the past and are thought to arise from
Zhao 2014 D@ O O e . ‘ differences in phase Il and Il study population characteristics, size and the (intermediate)
'%% 4/,00 6},/.)0’. %’o« 6% %{Q O”’o outcome measures and the target effect size aimed for*. Most of the phase Ill studies
0% Goé/) ”@Of’o&of%@ %%ﬁ”%& included in our analysis concerned tumor vaccination trials, and these studies attributed
S%% ‘\,)QQ 0@,{} %, Q%C %% the majority of patients to our analysis. Given the disappointing results of these trials it is
%19@ %,@/)%@KO%G %@ /’io@ remarkable that in our meta-analysis tumor vaccination therapies significantly enhanced
0“’»% "(%/ “r%o, \&Q%o)oé@(y%o?/ survival and time to disease progression, suggesting insufficient power in previous phase

ﬂ%/& /ooé‘?@o%“’o,@’fo%o”@% . Il trials. N - N

%o YA %Q. 6% Even though there was no or limited publication bias for the majority of parameters
%y @’%%/%é_ investigated, overrepresentation of phase Il studies in the cellular therapies included could
‘9’?%;9 have attributed to the differences in efficacy compared to tumor vaccination therapy. On
£ the other hand, it may be ascribed to the activation of the immune system with cellular

Figure 4. The assessment of bias of included studies using the Cochrane Collaboration Risk of Bias Assessment Tool.

therapies such as DC- and T-cell therapy. First, cellular therapies partially or totally
circumvent potential immune suppression induced by vaccination and therefore directly
activate anti-tumor T cells capable of targeting the tumor®*. Secondly, whereas vaccines
target one predominant tumor antigen, DC (and to a lesser extent T cells) activated in vitro
could potentially induce a polyclonal antitumor response®*’, This might prevent immune
escape by the tumor and induce immune responses to a multitude of tumor antigens.
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association between treatment efficacy and adenocarcinoma histology or preconditioning
low dose cyclophosphamide. These findings are useful for the design of future studies
investigating immunotherapies in NSCLC and possible synergistic combination strategies

. . ape e . A ]
vaccines*®*, Several studies have correlated a specific immune response to the vaccine ..z:, s ea’ye
L]
. . . . L 2 » <
with increased survival and tumor responses following therapy*’~%*’. Identifying these r“i‘ .’. .

SN ]
patients before or after the first vaccination as a way of personalized therapy could ee.f , . *

that could improve patient survival.

. N
b . 8
I L

specifically benefit those that are most likely to respond and favor the use of combination *
treatment in non-responding patients. ‘ot

We found a statistically significant effect of chemotherapy combined with :- ‘. "~
immunotherapy for the hazard ratio of disease progression, but not for other outcome L
measures. Chemotherapy could synergize with immunotherapies by causing immunogenic . - ety
cell death of cancer cells and by disrupting immune evasion pathways but timing of
combination therapies is crucial’®. We found no additive effect on tumor vaccine efficacy
of low dose cyclophosphamide in our analysis (table 2), but this could be due to the limited
amount of studies available for analysis. Also, few studies reported antibody responses
towards the vaccine making it difficult to assess the effect of prior immune modulation.
Importantly, to further target immune evasion pathways in patients, enhancing anti-
tumor T-cell functionality with checkpoint inhibitors acting via PD-L1/PD-1 blockade
could further improve therapeutic efficacy*®. The PD-1 blocking antibodies Nivolumab
and Pembrolizumab have been recently approved for NSCLC treatment following positive
phase Ill results”,

There are several limitations relevant to this meta-analysis. First, there was a limited
amount of studies available for some outcome measures investigated with subgroup
analysis (e.g. OS HR for type of therapy and disease stage). Secondly, variability in control
treatments with cellular therapies (BSC) and vaccine studies (mostly placebo) could have
biased our results in favor of cellularimmunotherapy. Because of incomplete reporting and
heterogeneity in methodology we did not further investigate potential immune markers
(e.g. antibody responses following vaccination) that could be predictive for therapeutic
efficacy. More studies will have to be awaited to properly address this issue. Finally, bias
could not be assessed in several of the studies included. Therefore, we did not perform
sensitivity analysis after exclusion of studies with a high or unspecified degree of bias.
Several larger phase 3 studies on tumor vaccines and cellular therapies are still awaited and
it is inevitable in meta-analysis that studies will be missed. However, this meta-analysis is
the first analysis to give a comprehensive overview of specificimmunotherapies in NSCLC,
assessing both tumor vaccines and cellular therapies.

In conclusion, specificimmunotherapies significantly prolong NSCLC survival and PFS.
Cellularimmunotherapies are more effective than tumor vaccines for all outcome measures
evaluated. Low stage disease and the concurrent use of chemotherapy improved efficacy
but only for disease progression in months, and as hazard ratio, respectively. There was no
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TABLES

Table 1. List of Study Characteristics.

% Adeno-

Reference Type Article Stage No.of patients | carcinoma Previous Treatments
Alfonso et al. 2014% Peer-reviewed | IlIB-IV 176 29% First line chemotherapy
Butts et al. 20152%6* Peer-reviewed | IIIA-IIIB | 1239 35% Chemo-radiotherapy
Butts et al. 2005263 Peer-reviewed | IIIB-IV 171 not reported | First line chemotherapy
first line chemotherapy
Giaccone et al.2015%* Peer-reviewed | IIIA-IV 532 60% +/- radiotherapy
Jin et al. 2014 Peer-reviewed | I-IlIA 943 28% Surgery
Surgery +/- induction
Kimura et al. 2015% Peer-reviewed | II-IV 101 76% chemotherapy (Il1A)
Khranovska et al.
20133365 Peer-reviewed | IIB-IlIA 120 not reported | Surgery
Li et al. Stage IlIB-IV
2012% Peer-reviewed | IIIB-IV 74 62% No previous treatment
Nokihara et al. 2015 Abstract mn 172 67% Chemo-radiotherapy
Quoix et al. 2011°% Peer-reviewed | IlIB-IV 148 64% No previous treatment
Quoix et al. 2015% Abstract v 222 88% No previous treatment
Shi et al. 20124 Peer-reviewed | IlIB-IV 60 47% First line chemotherapy
Shi et al. 20147 Peer-reviewed | IlIB-IV 54 82% First line chemotherapy
Vansteenkiste et al.
2013% Peer-reviewed | IB-II 182 34% Surgery
Vansteenkiste et al.
2014% Abstract IB-llla 2272 not reported | Surgery
Vinageras et al. /Garcia
et al. 2008772 Peer-reviewed | IlIB-IV 74 33% First line chemotherapy
Wu et al. 2008* Peer-reviewed | IlIA-IV | 59 41% No previous treatment
Zhao et al. 20143 Peer-reviewed | Il 157 56% Surgery
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Treatment type

Intervention Treatment

Control Treatment

Tumor Vaccine

Racotumomab (anti-idiotype NeuGcGM3 antibody)

Placebo

Tumor Vaccine

low-dose cyclophosphamide I.V. (300mg/m2) + Tecemotide
(L-BLP25= MUC1 Ag)

Saline + Placebo

low-dose cyclophosphamide V. (300mg/m2) + Tecemotide

Tumor Vaccine (L-BLP25= MUC1 Ag) BSC
Belagenpumatucel-L ( 4 transforming growth factor (TGF)-R2
Tumor Vaccine antisense gene-modified, irradiated, allogeneic NSCLC cell lines) | Placebo
Cellular Therapy | CIK-therapy BSC
AKT (autologous activated killer T cells) + DC-therapy +
Cellular Therapy | Chemotherapy Chemotherapy
Cellular Therapy | DC-therapy BSC
CIK + Chemotherapy (Cisplatin + gemcitabine/paclitaxel/
Cellular Therapy | navelbine) Chemotherapy

Tumor Vaccine

Cyclophosphamide + Tecemotide (L-BLP25= MUC1 Ag)

Saline + Placebo

Tumor Vaccine

TG4010 (MVA coding for MUC1+IL-2) + Chemotherapy

Chemotherapy

Tumor Vaccine Chemotherapy + TG4010 Chemotherapy + placebo

Cellular Therapy | DC-therapy + CIK-therapy BSC

Cellular Therapy | Erlotinib + CIK-therapy + DC-therapy Erlotinib

Tumor Vaccine MAGE-A3-vaccine Placebo

Tumor Vaccine MAGE-A3-vaccine Placebo

Tumor Vaccine Cyclophosphamide + EGF-Vaccine BSC

Cellular Therapy | Chemotherapy (docetaxel + cisplatin + CIK-therapy Chemotherapy
Chemotherapy (Gemcitabine+Cisplatin) + DC-therapy+ CIK-

Cellular Therapy | therapy Chemotherapy

Abbreviations: NSCLC=Non-Small Cell Lung Cancer, MUC1=Mucin 1, Ag= Antigen, BSC= Best Supportive Care,
TGF- R2= Transforming Growth Factor - 82, CIK= Cytokine Induced Killer Cells, AKT=Autologous Killer T-cells, DC=
Dendritic Cell, MVA= Modified Vaccinia Ankera, IL-2= Interleukin 2, EGF=Epithelial Growth Factor.
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SUPPLEMENTARY DATA

Search strategy:

Cyclophosphamide.

Embase.com

(‘lung cancer’/de OR ‘lung tumor’/de OR ‘lung carcinoma’/exp OR ‘pleura cancer’/de OR
‘pleura mesothelioma’/de OR mesothelioma/de OR ‘malignant mesothelioma’/de OR
(((lung OR pulmonar* OR thora* OR pleura* OR mesothel*) NEAR/6 (cancer* OR tumo*
OR neoplas* OR malign* OR carcinom* OR adenocarcinom*)) OR mesotheliom*):ab,ti)
AND (((immunization/de OR immunotherapy/de OR (immun*):ab,ti) AND (‘dendritic cell’/
de OR ‘natural killer cell’/de OR ‘T lymphocyte’/exp OR ‘immunological adjuvant’/de OR
(dendrit* OR (killer NEAR/3 cell*) OR ((T OR thym*) NEXT/3 (lymphocyte* OR cell*)) OR
(immun* NEXT/1 adjuvant*) OR immunoadjuvant*):ab,ti)) OR ‘active immunization’/de

Chemotherapy, Cyclophos

OR ‘cancer immunization’/de OR ‘lymphocyte transfer’/de OR ‘adoptive transfer’/de OR
‘adoptive immunotherapy’/de OR ‘immune response’/exp OR ‘cancer immunotherapy’/
de OR ‘cancer immunization’/de OR ‘passive immunization’/de OR vaccination/de OR
(((immun* OR vaccin*) NEAR/3 (active* OR passive* OR cancer* OR anticancer* OR ‘cell
based’ OR respons*)) OR ((lymphocyte* OR adoptive*) NEAR/3 transfer*)):ab,ti) AND
((random* OR factorial* OR crossover* OR (cross NEXT/1 over*) OR placebo* OR ((doubl*
OR singl*) NEXT/1 blind*) OR assign* OR allocat* OR volunteer* OR trial*):ab,ti OR
‘crossover procedure’/de OR ‘double-blind procedure’/de OR ‘clinical trial’/exp OR ‘single-
blind procedure’/de) NOT ([animals]/lim NOT [humans]/lim)

Non-Small Cell Lung Cancer, Chemotx

Medline (OvidSP)

(“Lung Neoplasms”/ OR “Small Cell Lung Carcinoma”/ OR “Carcinoma, Non-Small-
Cell Lung”/ OR “Pleural Neoplasms”/ OR mesothelioma/ OR (((lung OR pulmonar* OR
thora* OR pleura* OR mesothel*) ADJ6 (cancer* OR tumo* OR neoplas* OR malign*
OR carcinom* OR adenocarcinom*)) OR mesotheliom*).ab,ti.) AND (((immunization/
OR immunotherapy/ OR (immun*).ab,ti.) AND (“dendritic cells”/ OR exp “Killer Cells,
Natural”/ OR exp “T-Lymphocytes”/ OR “Adjuvants, Immunologic”/ OR (dendrit* OR (killer
ADJ3 cell*) OR ((T OR thym*) ADJ3 (lymphocyte* OR cell*)) OR (immun* ADJ adjuvant*)
OR immunoadjuvant*).ab,ti.)) OR exp “Immunotherapy, Active”/ OR exp “Immunization,

Hazard Ratio, NSCLC

Difference, HR=

Passive”/ OR (((immun* OR vaccin*) ADJ3 (active* OR passive* OR cancer* OR anticancer*
OR “cell based” OR respons*)) OR ((lymphocyte* OR adoptive*) ADJ3 transfer*)).ab,ti.)
AND (Clinical Trial.pt. OR randomized.ab,ti. OR placebo.ab,ti. OR dt.fs. OR randomly.ab,ti.
OR trial.ab,ti. OR groups.ab,ti. NOT (Animals/ NOT Humans/ ))

= Overall Survival, Diff.

Abbreviations: OS
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(((immun*[tiab] OR vaccin*[tiab]) AND (active*[tiab] OR passive*[tiab] OR cancer*[tiab] 400 |
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OR adoptive*[tiab]) AND transfer*[tiab]))) AND (randomized[tiab] OR placebo[tiab] OR =2
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0,00 |

Difference in Medians
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Google Scholar
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Figure S1. Meta-regression analysis showing the correlation between Non-Small Cell Lung Cancer (NSCLC) histology
(% adenocarcinoma) and (A) difference in median overall survival in months, and (B) difference in median months
progression free survival.
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Figure S2. Duval and Tweedie’s trim and fill analysis. Funnel plots depicting potential presence of publication
bias when analyzing (A) survival and (B) progression free survival as hazard ratios (HR) and as (C) median month
difference of survival and (D) progression free survival.
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SUMMARY

New immunotherapeutic strategies are needed to induce effective anti-tumor immunity ..z:,‘ MRS

in all cancer patients. Malignant mesothelioma is characterized by a poor prognosis and ;

SN ]
resistance to conventional therapies. Infiltration of tumor associated macrophages (TAM)  44.8 4 -

»
is prominent in mesothelioma and is linked to immune suppression, angiogenesis and

tumor aggressiveness. Therefore, TAM depletion could potentially reactivate anti-tumor
immunity. We show that M-CSFR-inhibition using PLX3397 effectively reduced TAMs,
circulating non-classical monocytes, neo-angiogenesis and ascites in mesothelioma
mouse models, but did not improve survival. Importantly, when combined with dendritic '
cell vaccination, survival was synergistically enhanced with a concomitant decrease in
TAMs and an increase in CD8* T-cell numbers and functionality. Total as well as tumor
antigen-specific CD8* T cells in tumor tissue of combination therapy treated mice showed
strongly reduced surface expression of the key inhibitory molecule PD-1, associated
with exhaustion. Finally, combination therapy treated mice were protected from tumor
rechallenge and displayed superior T-cell memory responses. We report that decreasing
local TAM-mediated immune suppression without proper immune activation does not
improve survival but when combined with dendritic cell immunotherapy generates
robust and durable antitumor immunity. These findings provide new insights into the
interaction between immunotherapy induced anti-tumor T cells and TAMs and offers a
new therapeutic strategy for mesothelioma treatment.

-
"c s & *
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INTRODUCTION

With the implementation of checkpoint inhibition therapy for several malignancies,
immunotherapy has evolved to become an effective strategy in the treatment of
advanced cancer®. Although a subgroup of advanced disease stage patients benefits
and shows prolonged overall survival to these therapies, the majority of patients do not
respond or eventually relapse. Efforts have been made to characterize the mechanisms
behind immunotherapy efficacy, leading to the distinction between inflamed, immune-
sensitive tumors, and non-inflamed tumors associated with immunological exclusion or
ignorance®*. Blocking antibodies to the programmed cell death protein-1 (PD-1) appear to
be most effective in patients with a pre-existing immune cell infiltrate in the tumor, which
can be functionally enhanced by this form of immunotherapy®. The next breakthrough
in cancer immunotherapy will be finding ways to sensitize non-inflamed and resistant
inflamed tumors to therapy, thereby increasing response rates and survival in advanced
stage cancer patients??.

Malignant mesothelioma (MM) is a cancer with a dismal prognosis that has not
improved significantly in the last decades with the broad implementation of conventional
cancer treatment modalities®. MM is often characterized by a prominent stromal
component, dominated by the presence of macrophages’. These tumor associated
macrophages (TAMs) often display an ‘alternatively activated’ (‘M2’) immune inhibitory
phenotype characterized by the production of interleukin 10 (IL-10) and surface expression
of CD206 and inhibitory molecules such as PD-L18. Furthermore, TAMs have been shown to
be critical regulators of angiogenesis and they are closely linked to local tumor outgrowth
and pleural fluid mediated immune suppression in MM patients®!t. Furthermore, a high
M2-TAM to CD8* T-cell ratio has been shown to correlate with a poor prognosis in MM
patients®2,

TAMs are known to be highly dependent on macrophage-colony stimulating factor
(M-CSF) for their survival, proliferation, and recruitment towards tumors®*3. In addition,
M-CSF promotes an M2 phenotype' and its levels in the tumor and circulation are
correlated with poor survival in several solid tumor types®. For these reasons different
approaches to inhibit the M-CSF/M-CSFR pathway have been designed in order to deplete
TAMs?!Y7, Broadly, these molecules can be subdivided into antibodies targeting M-CSF, the
M-CSFR, and small molecule tyrosine kinase (TK) inhibitors with variable specificities for
related kinases downstream from the receptors c-kit and FLT3*. The advantages of TK-
inhibitors over antibody-mediated therapies include: (i) their capability of targeting both
murine and human M-CSFR-signaling improving translatability across species, ii) inhibition
of autocrine M-CSF/M-CSFR-signaling, and (iii) the absence of rebound monocytopoeiesis
after cessation of therapy due to intact receptor-mediated internalization of M-CSF
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mesothelioma, and possibly capable of restoring anti-tumor immunity in these tumors in r:I.‘. l: L ‘e ;
currently unknown. R &

Dendritic cell (DC)- and T-cell based therapies circumvent aberrant antigen o ., .r. . e
presentation and the formation of ineffective immune responses in cancer, possibly .: ,:'..u’: "'.
explaining their efficacy over conventional tumor vaccines'®. We have previously ,:- L :'-1?°.‘3.'. ‘
demonstrated that vaccination is a safe and effective way to generate functional anti- . ¢ "'
tumor immunity and clinical responses in MM patients?®?!. We hypothesize that TAM- = - ety e *
mediated immune suppression could limit DC-vaccination efficacy and that depletion of t . * . .” '
TAMs would improve response rates and response durability in MM models. T

AIEY

Here, we show that PLX3397 is effective in depleting TAMs but that monotherapy does
not improve survival in murine mesothelioma models. Combining M-CSFR-inhibition with
DC vaccination (DC-therapy) to induce effective anti-tumor immune responses improved
survival, whereby mice were protected from disease following tumor rechallenge. This
therapeutic synergy may prove to be an alternative strategy to improve response rates and
survival with immunotherapy.

METHODS

Mesothelioma Mouse Models.

Female 8-12 week old BALB/c (H-2d) mice (Envigo, Zeist, The Netherlands) and CBA/J mice
(Janvier, Hannover, Germany) were housed under specific pathogen-free conditions at the
animal care facility of the Erasmus MC, Rotterdam. Experiments were approved by the
local Ethical Committee for Animal Welfare and complied to the Guidelines for the Welfare
of Animals in Experimental Neoplasia by the United Kingdom Coordinating Committee on
Cancer Research (UKCCCR) and by the Code of Practice of the Dutch Veterinarian Inspection.
The AB1 cell and AC29 mesothelioma cell lines were kindly provided by Professor Bruce
W.S. Robinson of the Queen Elizabeth Il Medical Centre, Nedlands, Australia. These cell
lines were derived from tumors induced by crocidolite asbestos injected i.p. into CBA/J
and BALB/c mice??. Both cell lines were obtained in the years 2003-2005, aliquoted and
stored at -190°C. Tumor cells were cultured from early passages (max. 5 passages following
cell line acquisition) in RPMI 1640 medium containing 25 mM HEPES, Glutamax, 50 g/ml
gentamicin, and 5% (v/v) fetal bovine serum (FBS) (all obtained from Gibco) in a humidified
atmosphere and at 5% CO,, in air. For culture, either culture flasks or CellSTACKs (Corning
Life Sciences) were used to reach appropriate tumor cell frequencies for injection. AB1 and

AC29 cells were passaged once or twice a week to a new flask by treatment with 0.05%
trypsin, 0.53 mM EDTA in phosphate buffered saline (PBS, all Gibco). Every 8-10 passages,
cell lines were tested for mycoplasma contamination by PCR and remained negative. At
the start of the experiment, CBA/J or BALB/c mice were i.p. injected with either 20x10°
AC29 cells or 0.5x10° AB1 cells respectively, dissolved in PBS, or with PBS as control as
was described previously?®. Mice were scored using the body condition score, killed if
profoundly ill and scored as a death in survival analysis.

Tumor Lysate Production.

AB1 cell line-derived tumor lysate was prepared as previously described®. Briefly, cells
were suspended in PBS and frozen in liquid nitrogen and disrupted by four cycles of freeze-
thawing followed by sonication for 3x 10 seconds with an amplitude of 10 microns, using
a Soniprep 150 ultrasonic disintegrator equipped with a microtip (Sanyo Gallenkamp BV,
Breda, The Netherlands) on ice. Cell lysate was aliquoted and stored at -80°C.

Culture Conditions of Bone Marrow-Derived DC Used for Vaccination.

DCs were generated following an adapted protocol (Lutz et al. 1999) as previously
described®. Bone-marrow derived cells seeded in 100-mm Petri dishes (day 0) and
cultured in 10ml DC Culture Medium [DC-CM]: RPMI 1640 containing glutamax-1 (Gibco)
supplemented with 5% (v/v) FBS, 50 uM B-mercaptoethanol (Sigma-Aldrich), 50 pg/ml
gentamicin (Invitrogen), and 20 pg/mL recombinant murine granulocyte macrophage-
colony-stimulating factor [GM-CSF, kindly provided by Prof. B. Lambrecht, VIB Ghent,
Belgium]. Cells were cultured in a humidified atmosphere at 5% CO,, in air. At day 3,
10ml of fresh DC-CM was added. On day 6, 10 ml of each plate was replaced with 10ml
of fresh DC-CM. After 9 days of culture, AB1 cell lysate was added to the DC cultures, to
the equivalent of three AB1 cell-equivalents per DC. After 8 hours, 10 g/ml CpG (ISS-ODN
1668, Invitrogen) was added to the culture to allow complete maturation while incubated
overnight. The next day, DCs were harvested by and purified by Lympholyte-Mammal
(Cedarlane) density gradient centrifugation, the interphase washed three times in PBS
and resuspended at a concentration of viable cells. The quality of the DC preparation was
determined by cell-counting, morphologic analysis and cell surface marker expression by
flow cytometry, as previously described?,

DC-culture with PLX3397.

Mature, lysate pulsed-DCs were generated as demonstrated above and cultured for 48
hours in GM-CSF DC-TCM and varying concentrations of PLX3397" (provided by Plexxikon
inc. as part of a material transfer agreement) or the vehicle (Dimethyl sulfoxide, DMSO,
Sigma-Aldrich) in 6-well plates. PLX3397 was reconstituted in DMSO to reach a stock
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concentration of 20mM, which was then diluted to a concentration range of 0.1 to 10uM .K v
in DC-TCM. After 48 hours, cells were harvested from the 6-well plates and analyzed for | ',‘

viability and surface expression of immune markers using multi-color flow-cytometry. ..z:, PRSI

Treatment with Tumor Lysate-Pulsed DCs and/or PLX3397. POIR

On day 0, BALB/c or CBA/J mice were inoculated intraperitoneally with AB1 or AC29 tumor *
cells, respectively. On day 10, mice were treated with either 2-3x10° DCs dissolved in
200ul PBS, or PBS alone. This time point was determined to be most optimal in previous
experiments?, In specified cases, treatment with either DC-therapy alone or in combination
with PLX3397 commenced at day 15 to allow for enough tumor to be collected several days =
later and prepare a window to detect possible changes between mono- and combination
treated tumors. Also, depending on the treatment arm, mice were fed ad libitum PLX3397-
containing chow or control chow of equal nutritional value and consistency until the end of
the experiment or prior to rechallenge. The optimal dose to effectively deplete TAMs was
determined by Plexxikon and has been further corroborated in different tumor models to
be 290 mg PLX3397/kg chow (delivering daily doses of approximately 45 mg/kg)**. On day
15 post-tumor cell injection, prior and after rechallenge, blood was obtained via tail vein
extraction. During the remainder of the follow-up period, mice were examined daily for
evidence of illness caused by overt tumor growth.

Immunohistochemistry (IHC) on Tumor Material.

Tumor biopsies were embedded in Tissue-Tek Il optimum cutting temperature medium
(Miles, Naperville, IL, USA), snap-frozen, and stored at at -80°C . Tissue sections (6 um) were
cut on a cryostat (Cryostar NX70, Thermo-Fisher Scientific). Frozen sections were warmed
to RT, fixed with acetone for 10 minutes and rinsed in PBS. Sections were incubated in
peroxidase blocking solution (0.1% H202 and 0.1% sodium azide in PBS) for 30 minutes
and rinsed with PBS. Slides were placed in a semi-automatic stainer (Sequenza) and
incubated in 1:10 diluted normal Goat serum (CLB, Amsterdam, Netherlands) for 10 min
and subsequently for 60 min with the diluted primary Abs, followed by rinsing in PBS for
5 min and incubation for 30 min with diluted secondary Abs. Double-immunostaining was
carried out using antibodies supplied in table S1. Binding of antibody was detected using
alkaline phosphatase- (AP-) or peroxidase- conjugated goat anti-rat (Sigma-Aldrich) and
Naphtol-AS-MX-phosphate (0.30 mg-mL-*; Sigma-Aldrich) + new fuchsine (160 mg-mL-*
in 2MHCI; Chroma-Gesellschaft, Kdngen, Germany) or AEC (0.1M NaAc + 1% AEC stock
[100mg AEC in 10mI DMF], Vectorlabs), respectively, were used as substrate. The specificity
was checked using a protein concentration-matched non-relevant rat antibody and PBS.
Finally, the sections were rinsed in distilled water and mounted in vecta mount (Vector).
Slides were scanned using a Nanozoomer 2.0 HT (Hamamatsu).

Quantification of IHC Images.

Scanned IHC-slides were viewed using NDP-viewing software (Hamamatsu) at 20x and 40x
magnification and regions of interest were captured and imported into ImageJ software
(NIH). Colors were separated, thresholds were installed to select for positive cells and these
were depicted as percentage of total area. For each sample, 5 random areas (including
tumor rim and center) at 20x magnification were selected, analyzed and averaged. CD8-
positive cells were well demarcated and counted (average of 5 random tumor areas per
sample) to be expressed as cells/mm?2.

Preparation of Single Cell Suspensions from Tissues.

Single cell suspensions were generated from the spleens, blood and tumors of mice from
each group. All tissues were either weighed in a microbalance in case of tumors and
spleens, or volume determined for blood. Briefly, spleens were aseptically removed and
mechanically dispersed over 100 um nylon mesh cell strainer (BD Biosciences) followed by
erythrocyte lysis using osmotic lysis buffer (8.3% NH,CI, 1% KHCO,, and 0.04% Na,EDTA in
Milli-Q). Blood was collected in EDTA tubes (Microvette CB300, Sarstedt) and subsequently
lysed. Tumors were collected, and dissociated using a validated tumor dissociation system
(Miltenyi Biotec). Cells suspensions were filtered through a 100um nylon mesh cell
strainer (BD Biosciences) and counted in trypane blue with a hemocytometer using the
Burker-Turk method.

Flow Cytometry.

For measurements of cytokine production in lymphoid cells by flow cytometry, cells were
re-stimulated for 4 h at 37°C using PMA and ionomycin supplemented with GolgiStop (BD
Biosciences). For assessing cytokine production by myeloid cells, cells were subjected to 4
hours incubation with Golgistop. For cell surface marker staining, cells were washed with
FACS-wash (0.05% NaN,, 2% BSA in PBS) and Fc II/Ill receptor blocking was performed
using anti-mouse 2.4G2 antibody (1:300; kindly provided by L. Boon, Bioceros, Utrecht,
The Netherlands). After the blocking procedure, antibodies (supplementary table 1) for
cell surface staining were added into each sample and placed on ice for 30 minutes. Cells
were washed in FACS-wash followed by a PBS wash, and then stained for viability using
fixable LIVE/DEAD aqua cell stain (Thermo-Fisher Scientific, 1:200). After two additional
washes with FACS-wash, cells were either measured or in case of intracellular staining;
fixated, permeabilized and stained using Fix/Perm buffer (in case of nuclear protein
staining, eBioscience) or 4% PFA and 0.5% saponin (in case of cytokine stainings, Sigma-
Aldrich). Antibodies were stained for 30 minutes in case of the PFA/Saponin protocol and
60 minutes for the intranuclear staining protocol, on ice in the dark. A fixed number of
counting beads (Polysciences Inc.) was added prior to data acquisition to determine the
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absolute amount of cells. Data were acquired using an LSR Il flow cytometer (BD) equipped *

with three lasers and FACSDiva software (BD) and analyzed by FlowJo (Tree Star Inc.,'.',;

v,

USA) software V10.1. In order to detect tumor-antigen specific CD8" T cells in the CBA/J ..z:,‘ METLIN

model, dextramers specific for potentially dominant WT1 and Mesothelin epitopes were ;

tools (IEDB Analysis Resource) predicting likelihood of processing, MHC-I (H2-Kk) binding *

affinity and immunogenicity of the chosen peptides. The peptide sequences for WT1 and
Mesothelin selected were SENHTAPIL, and QEATLLHAV, respectively. Dextramers were
labeled to APC or PE fluorochromes and ordered from Immudex (Copenhagen, Denmark).
Dextramers were stained independently from one another following company instructions
on cells pre-treated in RPMI containing 50nM Dasatinib for 30 minutes at 37°C to limit
TCR internalization. FMO and dextramer binding-CD4* T cells was used to determine
background signal and set cut-off limits.

Microarray Analysis of AB1 and AC29.

Biotin-labeled cRNA derived from AB1 and AC29 (n=3 samples) was hybridized to the
Mouse Genome 430 2.0 Array according to the manufacturer’s instructions (Affymetrix);
data were analyzed with BRB-ArrayTools (version3.7.0, National Cancer Institute) using
Affymetrix CEL files obtained from GCOS (Affymetrix To examine the quality of the various
arrays, the R package affyQCreport for generating QC reports was run starting from the CEL
files. All created plots indicated a high quality of samples and an overall comparability. Raw
intensity values of all samples were normalized by RMA normalization (Robust Multichip
Analysis) (background correction and quantile normalization) using Partek version 6.4
(Partek Inc., St. Louis,MO). Genes involved in myeloid cell chemotaxis and survival, and
expression of clinically relevant tumor antigens were manually selected and plotted for
both AB1 and AC29 cell lines. The GEO accession number for this microarray is GSE97150.

Statistical Analysis.

Data are expressed as medians with interquartile range. Comparisons between groups
were made using the Mann-Whitney U-test for independent samples, or the Wilcoxon
signed rank test in case of paired samples. When correlations were depicted, Spearman’s
rank correlation test was performed to test for statistical significance. A two-tailed value
of p<0.05 was considered statistically significant. Survival data were plotted as Kaplan-
Meier survival curves, using the log-rank test to determine statistical significance. Data
was analyzed using Graphpad Prism software (Graphpad, V5.01)

-
"c s & *

3
v 0
constructed. Peptides for WT1 and Mesothelin were selected based on freely available 4¢.f ), o+

RESULTS

DC-therapy synergizes with M-CSFR-inhibition in orthotopic mesothelioma mouse
models.

In the past we have shown that applying DC-therapy in syngeneic and orthotopic
mesothelioma mouse models is an effective and translational system for assessing
anti-tumor T-cell responses and evaluating treatment efficacy?®*. The AB1 and AC29
mesothelioma cell lines are injected intraperitoneally (i.p.) in BALB/c and CBA/J mice,
respectively. Compared with the BALB/c model, the CBA/J model has a more pronounced
TAM-dependent phenotype (Fig S1A), which may be explained by the increased expression
of M-CSF and CCL-2, being key TAM-homing and survival factors as determined by
microarray (accession number: GSE97150, Fig S1B). In line with this M2-TAM-dominant
phenotype, CBA/J mice injected with AC29 mesothelioma cells develop ascites, paralleling
disease heterogeneity also seen in mesothelioma patients?>26:27,

Here we used the M-CSFR-inhibitor PLX3397 to target TAMs in vivo. To ensure that
there was no direct effect of PLX3397 on the murine mesothelioma cell lines, expression
of M-CSFR and c-kit was determined using flow cytometry and tissue microarray analysis,
which showed negligible levels of both molecules (Fig. S1B). Furthermore, to exclude any
direct effects of PLX3397 on maturated tumor-lysate pulsed DCs to be administered in the
DC-therapy protocol, these cells were cultured in vitro with increasing levels of PLX3397
or vehicle alone and cell viability and membrane expression of relevant surface markers
was assessed by flow cytometry (Fig. S2). As previously reported, GM-CSF-cultured cells
are comprised of heterogeneous populations of DCs and macrophages, which we also
identified in our system (Fig. S2)%. Effects of PLX3397 on DC viability or surface expression
of MHC-II, CD86, PD-L1, M-CSFR, and c-kit were negligible (Fig. S2A). This resistance of DCs
to PLX3397 could be explained by the rapid down-regulation of M-CSFR surface expression
following maturation using unmethylated CpG (Fig. S2B-C).

Mice were left untreated or were treated at day 10, when solid tumors had established
using three different regimens: (i) either PLX3397 was administered in chow and continued
for the duration of the experiment, (ii) DCs were injected i.p. as monotherapy or (iii) mice
were subjected to double therapy (Fig. 1A-B). PLX3397 monotherapy did not improve
survival in both mesothelioma tumor models (Fig. 1C-D). DC-therapy prolonged survival
only in the AC29 tumor model. Combination therapy, however, significantly enhanced
survival in both tumor models, indicating therapeutic synergy (Fig. 1C-D).
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Figure 1. Efficacy of DC-therapy is synergistically enhanced by combination therapy with TAM-depletion in
mesothelioma mouse models. (A-B) Wildtype, female BALB/c (n=6/arm) and CBA/J (n=8/arm) mice were i.p.
injected with either 0.5x1076 AB1 or 20x10”6 AC29 syngeneic tumor cells, respectively. Mice were then treated
once on day 10 with either i.p. administration of PBS or mature, autologous tumor lysate loaded dendritic cells.
Concurrently, mice were started on control or PLX3397-containing chow until the end of the experiment or until
rechallenge. Blood was extracted on t=15 days and before and after rechallenge in case of CBA/J mice. Animals were
monitored daily for the duration of 160 days and euthanized in case of severe illness.

(C-D) Kaplan-Meier curves of the survival experiments in CBA/J (AC29) and BALB/c (AB1) mesothelioma tumor
models. Statistical significance was determined using the Log-rank test with p<0.05 being statistically significant.
*=p<0.05, **=p<0.01, ***=p<0.001, ns=not significant

M-CSFR inhibition causes a decrease in CD206* F4/80* TAM numbers, blood vessel
density and ascites.
To assess whether PLX3397 was effective in depleting TAMs, we focused on the CBA/J
mesothelioma model, because this is more TAM-dependent. Immunohistochemical (IHC)
analysis showed an evident decrease in F4/80* TAMs, CD31* endothelial cells and CD206*
(M2) cells in PLX3397-treated mice compared with control mice (Fig. 2A-G). It has recently
been shown that TAMs are crucial for tumor angiogenesis and concomitant ascites
production in metastatic ovarian carcinoma?®. Accordingly, we found a strong correlation
between CD31* endothelial and TAM areas in these tumors and a decrease in ascites
volume in the PLX3397-treated mice (Fig. 2D-E). Tumors of untreated mice contained a
CD8* T-cell infiltrate which was not further enhanced following TAM-depletion (Fig. 2H).
Taken together, these findings show that M-CSFR-inhibition effectively reduced
TAMs, neo-angiogenesis and ascites in mesothelioma mouse models, but did not improve
local CD8+ T cell infiltration.
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Figure 2. TAM depletion causes a decrease in ascites
production in CBA/j mice accompanied by a decrease
in CD206+ F4/80+ macrophages and blood vessel
density. (A) Tumors of untreated and PLX3397 only
treated mice were extracted and tissue sections were
double stained for tumor associated macrophages
(TAM), (F4/80, red) and endothelial cells (CD31, blue)
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were quantified in both groups using ImageJ software on 5 independent tumor sections (including tumor center -," ht R et - -~
and rim) at 20X magnification and averaged to be expressed as percentage of total area. (D) When mice were «, 4%, * ey "-a '

.
sacrificed at end stage disease, ascites was aspirated and the volume was measured and expressed as milliliters. :. S <:%‘ .
(E) TAM- and endothelial cell density was correlated in untreated (circles) and PLX3397-treated (squares) mice. (F) r,.I:. St -
Tissue sections were double stained for CD206-positivity (M2-TAM marker, red) and CD8 (cytotoxic T cells, blue) s+ e e, T, P
using IHC. (G) CD206+ positive cells were quantified similar to (B-C) and expressed as percentage of total area. (H) * + e, e R ‘:.
CD8+ T cells were counted (5 individual areas per tumor and averaged) and expressed as cells per cubic millimeter - " ,::' '_- .
of tumor area (mm2). et LA g R '

All data is displayed as dot plots including the median and error bars indicating interquartile range. Statistical M ‘_ i 2 l::' ’
significance was determined using the Mann-Whitney U test with p<0.05 being statistically significant. The s e e tee

Spearman’s Rank Correlation coefficient (rho) was determined in case of Fig. 2E. *¥=p<0.05, **=p<0.01, ***=p<0.001,
ns=not significant, DC-Tx= DC-therapy, TAM= tumor associated macrophage. - L

DC-therapy improves CD8* T-cell phenotype whereas M-CSFR-inhibition specifically
depletes non-classical monocytes in blood.

We next sought to investigate the potential mechanisms that lead to enhanced survival in
DC-therapy only and combination immunotherapy arms in the CBA/J model. To this end,
we extracted blood 5 days after start of treatment and analyzed the circulating immune
compartment using flow cytometry (Fig. S3). DC-therapy produced a significant increase
in CD8* T cell numbers with CD4* Foxp3* T-helper cell numbers remaining unchanged,
whereas proliferation, as determined by Ki-67 expression, was increased in both T-cell
subsets (Fig. 3A-D, S4A). T-regulatory cells (Tregs) were decreased following DC-therapy
and this was further amplified by the addition of PLX3397 treatment, resulting in an
improved CD8* T-cell/Treg-ratio (Fig. 3C, Fig. S4B). In addition to proliferation, CD8" T cells
from DC-therapy treated mice were predominantly of an effector phenotype, illustrated
by the expression of Killer-cell lectin like receptor G1 (KLRG1) and CD4 co-expression (Fig.
3D-F)**3, These CD4/CD8 double positive cells were also highest in proliferation in all
treatment arms as demonstrated by higher fractions Ki-67-positive cells (Fig. S4C-D).
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Figure 3. CD8+ T-cell proliferation and effector phenotype are further enhanced when combining TAM-depletion
with DC-therapy whereas Tregs decrease in blood during therapy. (A-C) Blood was extracted 5 days after start of
treatment (day 15 after tumor cell injection) from all CBA/J mice (n=8/group) and was analyzed by multicolor flow
cytometry. Immune cell-subsets were characterized as displayed in supplementary figure S2A. (D-F) CD8+ T cells
were further analyzed for percentage of proliferating (Ki67+, in D), and effector (KLRG1+, in E or CD4+, in F) cells.
These data are indicative of two independent experiments. All data is displayed as dot plots with including the
median and error bars indicating interquartile range. Statistical significance was determined using the Mann-
Whitney U test with p<0.05 being statistically significant. Healthy controls were measured to depict cell frequencies
and phenotypes in the non-tumor bearing host, but were not included in further statistical testing. *=p<0.05,
**=p<0.01, ***=p<0.001, ns=not significant, DC-Tx= DC-therapy, Th cells= T-helper cells, Tregs= T regulatory cells.

Whereas DC-therapy primarily influenced lymphocyte dynamics and phenotype,
PLX3397 therapy predominantly affected myeloid subsets (Fig. 4). Granulocyte and total
monocyte numbers were increased by DC-therapy but only granulocytes were expanded
by PLX3397 as mono- or combination therapy (Fig. 4A-B). Monocytes can be subdivided
into classical Ly6C"" and non-classical Ly6C"°" monocytes with each subset having different
functions and migration patterns in blood3?3. Dissecting monocyte subsets in our model
revealed nearly complete depletion of non-classical (Ly6C°") monocytes in the PLX3397
treated arms, whereas classical (ly6C") monocytes numbers were increased (Fig. 4C-
D). Interestingly, non-classical monocytes expressed high levels of PD-L1, which was
significantly decreased by M-CSFR-inhibition (Fig.4F). Classical monocytes manifested low

PD-L1 expression, which was similar in DC-therapy and combination therapy treated mice
(Fig. 4E).
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Figure 4. Non-classical monocytes are specifically depleted following M-CSFR-inhibition and these cells are
highest in PD-L1 expression in blood of mice during therapy. (A-B) Total monocytes (A) and granulocytes (B) in
treated tumor bearing CBA/) mice were measured in parallel with the lymphoid cell subsets depicted in Fig. 3. (C-D)
Monocytes were further classified into classical (Ly6Chigh) and non-classical (Ly6Clow/-) monocytes and expressed
as number of cells per pl blood. (E-F) PD-L1 positivity was determined on both monocyte subsets and expressed as
percentage of PD-L1-positive cells in each subset.

These data are indicative of two independent experiments. All data is displayed as dot plots with including the
median and error bars indicating interquartile range. Statistical significance was determined using the Mann-
Whitney U test with p<0.05 being statistically significant. Healthy controls were measured to depict cell frequencies
and phenotypes in the non-tumor bearing host, but were not included in further statistical testing.

*=p<0.05, **=p<0.01, ***=p<0.001, ns=not significant, DC-Tx= DC-therapy, PD-L1= programmed death- ligand 1,
CMo= classical monocytes; NCMo= non-classical monocytes.

Overall, the observed synergy between therapies was illustrated in the CBA/J model
by an improved CD8" T-cell phenotype which was primarily DC-therapy mediated, and
a decrease in PD-L1* non-classical monocytes due PLX3397-treatment. Similar patterns
in blood immune cell dynamics could be discerned in the AB1 tumor model, however
numbers of mice were limited at day 5 after start of treatment (Fig. S5).

Tumors of combination therapy treated mice exhibit a favorable tumor microenvironment
characterized by low IL-10* TAMs and an increased fraction of non-exhausted CD8*
T-cells during therapy.

To examine the tumor microenvironment (TME) for the effects of treatment and to relate
these to changes in immune cell composition observed in spleen and blood, we sacrificed
mice at day 15 in our CBA/J model. Five days after commencing therapy there was
already a considerable tumor burden which was at that point still comparable between
the different treatment groups (Fig. 5A). TME immune composition at day 15, however,
markedly differed between treatment groups in line with interim analyses in blood and
findings in end stage disease tumors of diseased mice (Fig. S6A). Both IL-10* (M2) and
IL-10° (M1) TAMs were diminished by PLX3397 as monotherapy or in combination with DC-
therapy (Fig. 5B). We also further characterized peripheral blood non-classical monocytes
as being higher in IL-10 and PD-L1 expression and surface MHC-II"¥, further establishing
their immune suppressive phenotype (Fig. S6B).

Confirming earlier results, the numbers of CD8* tumor infiltrating lymphocytes (TILs)
were not altered following PLX3397 monotherapy, and these TILs displayed an exhausted
phenotype*, defined as PD-1 positive, lymphocyte-activation gene 3 (LAG-3) positive, and
interferon-gamma (IFNy) negative (Fig. 5C). DC-therapy in contrast, enhanced the number
of non-exhausted CD8* T-cells in the tumor. This did not differ between DC-therapy only
and combination therapy-treated mice (Fig. 5C) To investigate whether this was a kinetics-
related phenomenon, we treated tumor-bearing mice on day 15 and analyzed the tumor
8 days later to allow for proper T-cell infiltration. In addition, we sought to identify T-cell
clones specific for the clinically meaningful tumor antigens Mesothelin and Wilms Tumor 1
(WT1) to assess whether CD8* T cells with these tumor-specificities were enhanced by DC-
therapy and possibly enriched or improved in phenotype by co-administration of PLX3397.
Both tumor antigens were highly expressed by the AC29 mesothelioma cell line (Fig. S1B)
and T-cells specific for these antigens were present in tumors from mice in all treatment
groups, with an increase in WT1-specific but not Mesothelin-specific CD8* T cells in DC-
therapy-treated mice (Fig. 5D). Importantly, there were prominent differences in CD8*
T-cell phenotype in combination therapy-treated mice compared to those receiving DC-
therapy only, as determined by a higher proportion of PD1-negative and —intermediate
expressing cells (Fig S7). These cells are known to be capable of eliciting potent anti-
tumor functions®*?¥. In line with this less-exhausted phenotype is the lower expression
of co-inhibitory molecules TIM3 and LAG3, and lower expression of CD8 indicative of
enhanced activation (Fig. S7B,%*). Similar shifts in PD1-expression were detected in both
the Mesothelin- and WT1-specific T cells (Fig. 5E, Fig. S7D).
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Figure 5. M-CSFR-inhibition decreases tumor associated macrophages in mesothelioma and improves the DC-
therapy induced CD8+ T-cell phenotype. Identical to previous experiments, CBA/J mice were intraperitoneally
inoculated with tumor cells and treated on day 10 with either DC-therapy or control PBS, and/or continuous PLX3397-
or control treatment. Only now, mice were sacrificed on t=15 days to examine the tumor microenvironment, blood
and spleen in the different treatment groups. For D-E, mice were treated at day 15 with either PLX3397 and/or
DC-therapy and sacrificed 8 days later when tumors were harvested and analyzed. (A) Tumors were extracted
from the peritoneal cavity and weighed. (B) Tumors were dissociated and single cell suspensions that were stained
and analyzed by flow cytometry. TAMs were divided into IL-10 positive and negative and denoted as percentage
of non-lymphoid cells, to correct for changes in lymphoid cells due to treatment. (C) Similar to (B), CD8+ tumor
infiltrating lymphocytes (TILs) were identified. The distinction was made between ‘exhausted’ (Program Death 1+
[PD-1], Lymphocyte-activating-gene 3+, [LAG3+] & Interferon-gamma-[IFNy]) and ‘non-exhausted’ (PD-1-, LAG3-,
IFNy+) CD8+ TiLs. Cells were depicted as percentage of total lymphoid cells, to correct for changes in the myeloid
compartment due to treatment. (D) The frequencies of WT-1 and Mesothelin-specific T cells were determined in the
tumors of mice treated with or without PLX3397 and/or DC-therapy using dextramers. (E) Pie charts depicting the
distribution of PD1-expression on Mesothelin-specific CD8+ T-cells in the tumors of mice untreated or treated with
the different immunotherapies as monotherapy, or in combination.

All data is displayed as dot plots or bar graphs including the median and error bars indicating interquartile range. Pie
charts are used to display distribution of PD-1 expression on CD8+ T cells in the different treatment arms. Statistical
significance was determined using the Mann-Whitney U test with p<0.05 being statistically significant.

*=p<0.05, **=p<0.01, ***=p<0.001, ns=not significant, DC-Tx= DC-therapy, TAM= tumor associated macrophage,
IL10= Interleukin 10, WT1= Wilms Tumor 1, PD1= Programmed cell death protein 1, PD1hi= PD1-high, PDlint= PD1-
intermediate, PD1neg= PD1-negative

In summary, we observed a PLX3397-dependent reduction in TAM frequency with
a concurrent DC-therapy dependent increase in tumor infiltrating CD8* T cells whose
phenotype was significantly improved upon TAM-depletion as shown by a decrease in
proportion of PD1-high CD8* T cells associated with T-cell exhaustion.

Mice treated with DC-therapy are protected following tumor-rechallenge and
combination therapy treated mice display superior recall responses.

To investigate whether the pro-inflammatory phenotype present at day 5 following
therapy persisted in treated mice, blood was extracted 3 months later (day 107) from
surviving mice (treated with DC-therapy, either as a monotherapy or in combination with
PLX3397). At this time point, non-classical monocyte frequencies were low but this was

.: ,; .-,v’& . less pronounced as on day 15 (Fig. 6A). The percentage of PD-L1-positive non-classical
L W ' ,f.:'. ‘ monocytes, however, was decreased and was negligible on classical monocytes (Fig. 6B).
¢ - b Prior to rechallenge, CD8" T-cell numbers were increased in treated mice compared to
- ety e * untreated tumor naive mice, but proliferation and effector phenotype had returned to a
* ' .” ' resting state (Fig. 6C-D).
AIEY

CDB8+ T-cells

CD4+ Thecells.

Prechallenge PD-L1+ Monocytes
o

Prechallenge Monocytes

p=005

7y -

ns

3 388
#cells/ul
'

E=‘
#cells/pl
s 8 8

o Conol  0CTX  poTxe.
PLa%T oy by

1 E
3 g 40
i 5 Kio7+ of CDB+ Cparcosr K7+ of CD4+
£ 2 2 St " otcos ™
o S w < s a0,
3 oo 8 e 3 e
5 8 8 3
5 5 & s
o 2 20 HE " 220
Control DC-Tx DC-Tx + Control DC-Tx DC-Tx + s g, 5
only PLX3397 only PLX3397 5 ns g D g0 ns
H Gos —— 2s
Non-Classcal Classcal 3 250 5,
O3 vonote I onocyte Control DCTx DCTx+ ‘Control DCTx DCTxe ‘Control DC-Tx DC-Tx+
oy P oy Pk v
E F Rechallenge

AC29 Blood
ip.injection extraction

AC29ip. injection survivors/
naive age-matched controls
804

0 10 20 100 110 120 160 60
[ | | _J.__ J | J __J + = Eg;;r;l‘\;e(:amm\
—_— =~ DC-Tx+PLX3397

204

<
Percent survival
8
ﬁ )

i A A A

pre
lood

20 40 60 80 100 120 140 160

days
G Post-Rechallenge H Post-Rechallenge
CDg+ T-cells CDa+ Thecells KI6T+ of CDB* CDascDB+ KI67+ of CD4+
o e of CD3+ o
> T 100 s 1T
g s g g
s g rl Y 20
8 T 8 == 8
300 N S s
3 3 5 5% == 5"
2 00 < 2 2 2
ol 5 2 2 10
2 Ed 5w H H
ia 3 H
s g g
& a a

Control  DC-Tx  DC-Tx+ Control  DC-Tx  DCTx+ o oy s

only PLX3397 only PLX3397

Control DCTx DCTx + Control DCTx DT+

Figure 6. Mice treated with DC-therapy and/or M-CSFR-inhibition were protected from tumor-rechallenge with
combination therapy treated mice displaying superior recall responses. (A-B) Monocyte subsets and related PD-L1
expression was assessed by flow cytometry in blood prior to rechallenge. (C-D) CD8+ and CD4+ T-cell frequencies
and proliferation status as determined by Ki-67 were evaluated using flow cytometry. (E) Surviving mice from
the experiment described in Figure 1 and age-matched tumor naive mice were rechallenged and subsequently
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monitored for signs of illness. Three days prior to rechallenge, PLX3397-treatment in the combination therapy

treated mice was terminated and mice were put on control chow for the further duration of the experiment. Also, . "' ..‘:‘ ?
blood was extracted at that time point, and again eight days after rechallenge. (F) Kaplan-Meier curve of survival s, " " LY S “,'.' :.‘
following rechallenge. For DC-only (red) and combination therapy treated mice (blue), curves were identical to the . _”‘ PSR "’-a "
KM-curve in figure 1 but on day t=110, mice were rechallenged. Tumor naive littermates (grey) were injected with [ :"" b .
tumor cells in parallel to ensure tumor pathogenicity and correct for age. (G-H) T-cell features as in (C-D) were r“i ., St "
analyzed in DC-only, DC+PLX3397 combination and untreated mice before and after rechallenge. .' .. y e, T .
All data is displayed as bar graph or line graphs including the median and error bars indicating interquartile range. ® « .o " . ':.
Statistical significance was determined using the Mann-Whitney U test with p<0.05 being statistically significant. - e ::' i
*=p<0.05, **=p<0.01, ***=p<0.001, ns=not significant, DC-Tx= DC-therapy, PD-L1= programmed death-ligand 1. ‘ot PR L) . e
PRI 23]
=, . - ot ,
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PR ] e
To test whether surviving CBA/J mice (Fig. 1D) were free of tumor and protected = - ~:_\ e *
-
against a second tumor encounter, they were re-challenged with mesothelioma in parallel | '
with age-matched tumor-naive mice (Fig. 6E). Three days prior to rechallenge, PLX3397 T .
L)

treatment was terminated and blood was again extracted eight days after rechallenge
and recall responses were evaluated. After rechallenge, all tumor naive mice reached
their humane endpoint due to high tumor burden whereas DC-therapy treated and
combination therapy treated mice remained disease free (Fig. 6F). CD8* T-cell levels were
higher in protected mice after challenge compared to control mice but similar in both
treatment groups, whereas CD4* T-helper cells were lower in the combination therapy
treated mice (Fig. 6G). Strikingly, CD8* and CD4"* T-cell proliferation was significantly higher
in DC+PLX3397-treated mice compared to DC-only mice, indicating superior memory
responses after dual immunotherapy (Fig. 6H).

Taken together, these findings demonstrate that targeting the TME and
simultaneously directing the immune system to combat cancer can lead to durable
responses in mesothelioma bearing mice and improved recall responses.

DISCUSSION

We have shown that combination therapy using two safe anti-cancer treatment strategies
being DC-therapy and M-CSFR-inhibition through the small molecule inhibitor PLX3397,
results in improved overall survival and superior anti-tumor immune reactivity in
mesothelioma mouse models. Whereas TAM-depletion in itself was insufficient to increase
and improve anti-tumor T-cell responses, DC-monotherapy improved survival in mice but
still most mice progressed after treatment, paralleling findings in patients who develop
resistance to immunotherapy?>?%®. Only when PLX3397 treatment was combined with
dendritic cell vaccination, we observed that the decrease in TAMs was associated with an
increase in CD8* T-cell numbers and functionality, both in the TME and in the circulation.
In particular, our data show that CD8* T cells. including WT1- and Mesothelin-specific

CD8* T cells, in the TME of combination therapy-treated mice expressed lower levels of
key inhibitory molecules PD-1, LAG3 and TIM3, associated with exhaustion, on their cell
surface. Our findings are in line with previous reports in MM patients where a high CD8* T
cell to M2 TAM ratio was related to better survival®*?. Combining DC-therapy with M-CSFR-
blockade may be a safe and effective strategy to increase this clinically relevant ratio and
improve disease prognosis.

To identify mechanisms of therapeutic resistance, we analyzed tumors in mice
that received DC-monotherapy and found dense CD206* F4/80* TAM infiltrates similar
to untreated mice (unpublished observations). TAMs are a major leukocyte subset in
the stroma of mesothelioma and other cancers and capable of potently suppressing
endogenous or treatment-induced anti-tumor T-cell responses®**. Depletion of thisimmune
suppressive cell type may thus render previously immune resistant or escaped tumors
sensitive to checkpoint inhibition*®, chemo- and radiotherapy**?, and cellular therapies
such as adoptive T-cell transfer** and now also DC-therapy. Therapies such as chemo(radio)
therapy and PD-1 checkpoint inhibitors, however, either come with significant side effects
or appear to be most effective in boosting a pre-existing anti-tumor T cell response®*.
DC-therapy effectively induces novel anti-tumor immune responses which can be further
sustained and improved by targeting the generally immune suppressive TME2344,

M-CSFR-inhibition has been shown to effectively deplete TAMs in multiple tumor
models but its effects on survival as monotherapy or combined with other therapies differ
considerably between experimental systems!®184145 For example, when M-CSFR-inhibition
was combined with a tumor vaccine or with certain chemotherapeutic drugs, efficacy of
the these therapies was abrogated, questioning the role of TAMs in tumor behavior and
response to these therapies'®*“¢. On the other hand, Pyonteck et al. showed significant
improvement of survival in glioblastoma (GBM) bearing mice using the M-CSFR-inhibitor
BLZ945 as monotherapy®®. Although resistance to monotherapy ensued in the majority of
mice, tumors regressed due to skewing of M2 to M1 TAMs rather than TAM depletion. In
our models, M-CSFR-inhibitor monotherapy was insufficient in prolonging survival on its
own despite gross changes in stromal composition. These differences in drug efficacy may
be explained by TAM-dependency of certain therapies, mechanism of M-CSFR-inhibition,
timing of therapy and tumor stage and type*. In the GBM model for example, TAM skewing
was dependent on glioblastoma cell-derived factors including granulocyte-macrophage
colony stimulating factor (GM-CSF)'®. GM-CSF is often used to culture pro-inflammatory
M1 macrophages and DCs whereas M-CSF cultured macrophages display a pronounced
M2 phenotype'*#47. Other tumor types such as mesothelioma, both in patient and in mice
produce considerable amounts of M-CSF, but only sparsely produce GM-CSF*¢ (unpublished
observations) providing a likely explanation for the depletion, rather than skewing of TAMs
in our models.
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Figure S1. The AC29 mesothelioma tumor model has a more dominant TAM phenotype compared to the AB1
tumor model. (A) The proportion of CD11b, Ly6G-, Ly6C-, F4/80+ TAMs was determined in end-stage AB1 and AC29
mesothelioma tumors by flow cytometry and expressed as percentage of total alive CD45+ leukocytes. (B) The
expression of key TAM-homing and survival factors was determined by microarray gene expression of AB1 and AC29
mesothelioma cell lines. IL34=interleukin 34, M-CSF= Macrophage colony stimulating factor, GM-CSF= granulocyte
macrophage colony stimulating factor, G-CSF= granulocyte colony stimulating factor, CCL2= Ccl2 chemokine (C-C
motif) ligand 2, WT1= Wilms Tumor 1. *=p<0.05, **=p<0.01, ***=p<0.001, ns=not significant
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Figure S2. GM-CSF cultured dendritic cells are minimally affected by PLX3397. Mature, lysate loaded DCs were
cultured for 48 hours with varying concentrations (no adds, 0.1uM, 0.33 pM, 1.0 uM, 3.33 pM, 10.0 pM) of
PLX3397 or the vehicle DMSO to assess effects of the inhibitor on DC-survival and phenotype. (A) DC-viability was
assessed using a live/dead marker and measured by flow cytometry. For all conditions, 1x1076 cells were added to
each well and viability was expressed as percentage from baseline (being DC with no adds after 48 hours). In the
upper middle panel, the populations derived from the GM-CSF-based culture are depicted based on differential
expression of CD11c and F4/80, with DCs being CD11c high-F4/80 low-intermediate (blue), macrophages being
CD11c intermediate — F4/80 high (red), and precursor cells (orange) being double negative for both markers. In the
upper right panel: differential expression of CD86, PD-L1 and MHC-II on the different cell populations after 48 hours
of culture without adds. (B) expression of CD115 (M-CSF-receptor) and CD117 (c-kit) on the cell populations in (A)
after 48 hours of culture without adds. (C) Dynamics in CD115 and CD117 expression in (unstimulated) DCs (blue)
or macrophages (red) either unstimulated and immature (clear) or after six hours of stimulation with unmethylated
CpG motifs (filled).
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Figure S3. Gating of immune cell subsets in the blood of mice during therapy. (A) Immune cell subsets were defined
based on markers derived from literature and measured by multicolor flow cytometry. (B) Cells were derived from
lysed blood, tumor and spleen derived single cell suspensions. Counting beads, doublets and dead cells were gated
out leaving viable single cells for subsequent immunophenotyping. For the analysis of myeloid cells, gating was
preceded by removal of lymphocytes and NK-cells using a lineage mix (CD3+, CD19+ CD49b+).
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Figure S4. CD4/CD8 Double positive T cells are most abundant after DC- TAM-depletion combination therapy and
highest in proliferation marker Ki-67 compared to single positive CD8+ T cells. (A) Similar to Figure 3D, proliferation
was assessed in circulating CD4+ T helper cells on day 5 following treatment using the intracellular marker Ki-
67. Proliferating cells are depicted as percentage of total CD4+ cells. (B) The ratio of absolute CD8+ T cells and T
regulatory cells in blood on day 5 following start of treatment was calculated and depicted on a log axis. (C-D) CD4+
CD8+ double positive cells were assessed in all treatment groups but were especially evident in the combination
therapy treated group. In the right panel, Ki-67-positivity in the parent population is depicted in CD4+ CD8+ double
positive (grey) and CD8+ single positive cells (white).

Data is displayed as dot plot or bar graph including the median and error bars indicating interquartile range.
Statistical significance was determined using the Mann-Whitney U test with p<0.05 being statistically significant.
*=p<0.05, **=p<0.01, ***=p<0.001, ns=not significant, DC-Tx= DC-therapy, Treg = T-regulatory cell.
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Figure S5. Similar patterns in myeloid and lymphoid cell dynamics in response to treatment were made in the
BALB/c (AB1) tumor model compared to the CBA/j (AC29) model. Blood was extracted from BALB/c mice (n=4-5 at
t=15, at start of experiment n=6) five days after start of therapy (t=15 post-tumor cell injection) and measured using
flow cytometry. The same populations were identified and quantified as in Figure 3 and 4. All data is displayed as
bar graph including the median and error bars indicating interquartile range. Statistical significance was determined
using the Mann-Whitney U test with p<0.05 being statistically significant. *=p<0.05, **=p<0.01, ***=p<0.001,
ns=not significant, DC-Tx= DC-therapy, PD-L1= programmed death-ligand 1, CMo= classical monocytes; NCMo= Non-
classical monocytes.

Control
+PBS

]
3
g
£
g
s
H

I
°

o

CD8+ Cytotoxic T cells
Il CD4+T helper cells

I NK cells

/ / s

PLX3397 Control PLX3397
+PBS +DC-Tx +DC-Tx

. TAM
I Classical monocytes

Non-classical monocytes
N Granulocytes
[ CD11b- cells

B Myeloid cells
Lymphoid cells

B
MHC-II on Circulating Monocytes PD-L1 on Circulating Monocytes IL-10 on Circulating Monocytes
50 30
40 2
e E éZO ok N e
. 2% o H e
e x| £
ns 3 . B ns
t204 — §
ns § * 2
ns £ 5104 -
$ z
10
No Control  PLX3397 Control PLX3397 No Control  PLX3397 Control PLX3397 No Control  PLX3397 Control ~PLX3397
Tumor +PBS  +PBS +DC-TX +DC-Tx Tumor  +PBS  +PBS +DC-Tx +DC-Tx Tumor +PBS  +PBS +DC-Tx +DC-Tx

I Classical Monocytes (CD11b+ Ly6Chi)
I3 Non-Classical Monocytes (CD11b+ Ly6Clow)

Figure S6. The TME immune contexture at day 15 post tumor injection is differentially modulated by PLX3397 and
DC-therapy. (A) Tumor bearing CBA/J mice were sacrificed on t=15 days to examine the tumor microenvironment,
blood and spleen in the different treatment groups. The TME of all mice in the 4 treatment groups was dissected
by flow cytometry into lymphoid cells and myeloid cells, with further subset characterization per cell type. Cells
are depicted as percentage of alive leukocytes (CD45+), followed by subset characterization that was depicted as
percentage of lymphoid (CD3+/CD19+/CD335+) or myeloid (CD11b+) cells. (B) Circulating classical- and non-classical
monocytes were further characterized by assessing surface expression of PD-L1, MHC-Il and IL-10 by flow cytometry.
All data is displayed as dot plots or bar graphs including the median and error bars indicating interquartile range.
Statistical significance was determined using the Mann-Whitney U test,

DC-Tx= DC-therapy, TAM= tumor associated macrophage, NK-cell = Natural Killer cell, MHC-ll= major
histocompatibility complex-Il, IL-10= interleukin 10, CMo= classical monocytes; NCMo= non-classical monocytes.
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SUMMARY

Pancreatic ductal adenocarcinoma (PDAC) is notoriously resistant to treatment including ..z:,‘ s ey
checkpoint-blockade immunotherapy. We hypothesized that a bimodal treatment ;

approach consisting of dendritic cell (DC) vaccination to prime tumor-specific T cells, and a  ee. ¢ ,

strategy to reprogram the desmoplastic tumor microenvironment (TME) would be needed *

to break tolerance to these pancreatic cancers. As a proof of concept, we investigated
the efficacy of combined DC vaccination with CD40-agonistic antibodies in a poorly
immunogenic murine model of PDAC. Based on the rationale that mesothelioma and

pancreatic cancer share a number of tumor associated antigens, the DCs were loaded with

either pancreatic or mesothelioma tumor lysates.

Immune-competent mice with subcutaneously or orthotopically growing
KrasG12D/+;Trp53R172H/+;Pdx-1-Cre (KPC) PDAC tumors were vaccinated with syngeneic
bone-marrow derived DCs loaded with either pancreatic cancer (KPC) or mesothelioma
(AE17) lysate and consequently treated with FGK45 (CD40 agonist). Tumor progression
was monitored and immune responses in TME and lymphoid organs were analyzed using
multicolor flow cytometry and Nanostring analyses.

Mesothelioma-lysate loaded DCs generated cross-reactive tumor-antigen specific
T-cell responses to pancreatic cancer and induced delayed tumor outgrowth when
provided as prophylactic vaccine. In established disease, combination with stimulating
CD40 antibody was necessary to improve survival, while anti-CD40 alone was ineffective.
Extensive analysis of the TME showed that anti-CD40 monotherapy did improve CD8*
T-cell infiltration, but these essential effector cells displayed hallmarks of exhaustion,
including PD-1, TIM-3 and NKG2A. Combination therapy induced a strong change in tumor
transcriptome and mitigated the expression of inhibitory markers on CD8* T cells.

These results demonstrate the potency of DC therapy in combination with CD40-
stimulation for the treatment of pancreatic cancer and provide directions for near future
clinical trials.
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INTRODUCTION

Pancreatic adenocarcinoma is currently the fourth leading cause of cancer-related death
in the United States and the third in Europe.*? The incidence is rising and it is expected
that pancreatic cancer will be the second leading cause of cancer-related death by 2030.2
The current prognosis of a newly diagnosed pancreatic cancer patient is poor with a 5-year
survival of 8.5%.! To date, surgical resection is the mainstay of curative treatment. However,
this is usually not an option due to local vascular invasion or metastasis at diagnosis. Only
10-20% of all pancreatic cancer patients are eligible for surgical resection and relapse rates
are high.** Adjuvant chemotherapy following surgical resection improves median overall
survival, but even with new chemotherapy regimens cure is exceedingly rare.® Therefore,
new treatment modalities are desperately needed in order to achieve durable disease
control in pancreatic cancer patients.

Although immunotherapy yields striking results in numerous malignancies,
clinical responses in pancreatic cancer have been disappointing.”® Reasons for this
poor clinical response are likely multifactorial. Pancreatic cancer has been considered
an immunologically ‘cold’ tumor with rare infiltration of cytotoxic T cells, explaining the
low response rates to immune checkpoint antibodies.'®*? A highly immunosuppressive
tumor microenvironment (TME) consisting of a plethora of cells including myeloid-derived
suppressor cells, tumor associated macrophages (TAMs) and regulatory T cells (Tregs) in
conjunction with a characteristic dense desmoplastic stroma has been reported to be
responsible for the observed T-cell exclusion and dysfunction in established tumors.*®
Several therapeutic agents targeting the pancreatic TME have shown promising results.****
Seminal studies have investigated the potency of CD40-agonistic antibodies in modulating
the TME and desmoplastic stroma of pancreatic cancers, thereby allowing T-cell infiltration
and anti-tumor efficacy.’® This was later shown to be dependent on stromalysis by TAM-
precursors which, following upregulation of matrix metallo-proteases, degrade fibrosis
and support the influx and anti-tumor efficacy of T cells.”*® Although some clinical
responses to CD40-agonistic antibodies have been reported, durable responses are
limited. A lack of successfully presented and high-quality tumor-antigens has also been
proposed to be involved in the lack of immune-reactivity to pancreatic cancers.>?° Akin
to this, observational patient studies have shown rare long-term post-resection pancreatic
cancer survivors to have increased levels of tumor-reactive T cells in their peripheral blood
and tumors.?>?! Dendritic cells (DCs) are the most potent T-cell activators of the immune
system, and DC vaccination can successfully induce immune responses and clinical
responses in various less-immunogenic malignancies when loaded with the appropriate
tumor antigens.? Ideally, these antigens should be derived from the patient’s own tumor.
However, at this point in time, implementation of these personalized vaccines poses a
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logistical hurdle. An allogeneic ‘off-the-shelf’ strategy for tumor lysate could circumvent .K v and CBA/J mice and kindly provided by Professor Bruce W.S. Robinson (Queen Elizabeth

-‘ s - - . . . e .
this issue and standardize treatment across patients. We have previously shown that , ',‘ ag et e, Il Medical Centre, Nedlands, Australia) and Professor Peter D. Katsikis (Erasmus Medical

treating mesothelioma patients with autologous DCs loaded with a allogeneic tumor...z:,‘n-'.- .:‘::_a‘ % Center, Rotterdam, The Netherlands), respectively. KPC3, AE17 and AC29 tumor cell
lysate is feasible and induces immune responses and tumor regressions in a subset of r:I.‘. .’.“_ .l ; lines were cultured in RPMI 1640 containing glutamax-I (Gibco), 50 pug/mL gentamicin
patients.?? As several tumor-associated antigens (TAAs), such as cancer-testis antigens ee.f , 4¢. " o (Invitrogen), and 8% fetal bovine serum (FBS) (Gibco) at 37°C in a humidified atmosphere
and tumor differentiation antigens, are shared across different tumor types, this vaccine ' A T e containing 5% CO,. Cell lines were assured to be free of rodent viruses and Mycoplasma

could be effective in other tumors as well, including pancreatic cancer, which co-expresses

-
. e LT,
ef LR
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by regular PCR analysis. Low passage number cultures from stock vials were used for

several TAAs with mesothelioma tumors (e.g. mesothelin, WT-1, MUC1). ':- .‘_. :n'.g” .f.'." ‘ all experiments. Transcriptomes of KPC3, AE17 and B16F10 cells from stock vials were

Here, we investigated the efficacy of DC vaccination in a representative murine W "' analyzed by Macrogen NGS Services (Macrogen Inc., Seoul, Republic of Korea). Illumina
model of human PDAC. We show that vaccination with mesothelioma lysate-loaded DCs = A W platform was used with TruSeq Stranded Total RNA LT Sample Prep Kit (Human Mouse
yields tumor-specific immune responses against pancreatic cancer and decreases tumor | - ' Rat) Library. MC38 transcriptome data was previously published*” and downloaded from
progression. In established tumors, significant prolonged survival was only achieved T . Sequence Read Archive (SRA) SRX6812144.

when DC vaccination was combined with an agonistic CD40 antibody. Extensive analysis
of the TME showed that whereas CD40-agonistic antibodies as monotherapy improved
intratumoral T-cell infiltration, these cells displayed hallmarks of exhaustion. In the
combination treatment, an improved T-cell phenotype lacking the high expression of
various inhibitory receptors was observed. Therefore, CD40-agonistic antibody treatment
may sensitize pancreatic tumors to tumor-specific immune responses induced by DC
vaccination. These translational studies pave the way for future clinical trials investigating
DC vaccination in occult disease or as part of combination immunotherapy in inoperable
pancreatic cancer patients, some of which have already been initiated (REACtiVe Trial).

Generation of DC vaccination.

Bone-marrow derived cells seeded in 100mm Petri dishes (day 0) and cultured in 10 mL
DC culture medium: RPMI 1640 containing glutamax-l (Gibco), 50 pg/mL gentamicin
(Invitrogen), 5% FBS (Gibco), 50uM B-mercaptoethanol (Sigma-Aldrich) and 20 ng/mL
recombinant murine granulocyte macrophage-colony-stimulating factor (GM-CSF, kindly
provided by Prof. B. Lambrecht, VIB Ghent, Belgium). Cells were cultured at 37°C in a
humidified atmosphere containing 5% CO,. At day 3 and 6 fresh DC culture medium was
added. Tumor cell lysate was prepared by freeze-thawing and subsequent sonication for
3x10 seconds with an amplitude of 10mm, using a Soniprep 150 ultrasonic disintegrator
equipped with a microtip (Sanyo Gallenkamp). After 9 days of culture, tumor cell lysate was

METHODS added to the DC cultures, to the equivalent of three tumor cells per DC. After 8 hours, 10 g/
mL CpG (ISS-ODN 1668, Invitrogen) was added to the culture to allow complete maturation
Mice. while incubated overnight. The next day, DCs were harvested and washed three times in

C57BL/6 and CBA/J mice were purchased from Charles River Laboratories and Janvier
respectively. All mice were housed in individually ventilated cages, maintained under
specific pathogen-free conditions and used at 8-10 weeks of age. All mouse experiments
were controlled by the animal welfare committee (IvD) of the Leiden University Medical
Center (Leiden) or Erasmus University Medical Center (Rotterdam) and approved by
the national central committee of animal experiments (CCD) under the permit numbers
AVD116002015271 and AVD101002017867, in accordance with the Dutch Act on Animal
Experimentation and EU Directive 2010/63/EU.

Mouse tumor cell lines.
The pancreatic cancer KPC3 cell line is derived from a primary tumor of a female KPC
mouse.3! AE17 and AC29 cell lines are derived from mesothelioma tumors in C57BL/6

PBS. The quality of the DC preparation was determined by cell counting, morphology and
cell surface marker expression by flow cytometry, as previously described?®.

In vivo experiments.

Cultured tumor cells were harvested at 70% confluency. The pancreatic cancer model was
generated by injecting 100,000 KPC3 cells in 100ul PBS/0.1% BSA subcutaneously in the
flank of the mice or by injecting 10,000 KPC3 cells in 20pl PBS/0.1% BSA orthotopically in
the pancreas. The mesothelioma model was generated by injecting 20x10° AC29 cells in
200ul PBS intraperitoneally. Subcutaneous tumors were measured 3-7 times a week in
three dimensions using a caliper. Mice were treated with DC immunotherapy at day -7
(seven days before tumor injection) or day 5. Repeated DC vaccination occurred at day 10,
14 and 18 in mice with subcutaneous pancreatic tumors and at day 3, 7 and 11 in mice
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depletion, mice were injected i.p. two days before treatment and every 6 days onward with

interim analysis were collected 4 days after DC vaccination and were immediately stained
(see Flow cytometry). Mice were sacrificed at the pre-defined experimental endpoint (Fig.
1, 2 and 3h-j) or when tumors reached a volume of 1000 or 1500mm?3.

Cell preparation and flow cytometry.

Whole blood or single-cell suspensions of spleen and tumor were prepared for flow
cytometry. Spleens were passed through a 100pum mesh with RPMI 1640 containing
glutamax-I (Gibco) and collected through centrifugation. Lymph nodes were excluded
during tumor collection and tumors were dissociated using a validated tumor dissociation
system (Miltenyi Biotec). To assess cytokine production, lymphoid cells were stimulated for
4 hours at 37°C using PMA and ionomycin supplemented with GolgiStop (BD Biosciences).
Intracellular cytokine and transcription factor staining was performed using PFA/Saponin
protocol and Foxp3 Transcription Factor Staining Buffer Kit (eBioscience) respectively. Cell
surface staining was performed after blocking Fc 11/l receptor using anti-mouse 2.4G2
antibody (kindly provided by L. Boon, Bioceros, Utrecht, the Netherlands) by incubating
cells with fluorescently conjugated mAbs directed against murine CD3e (145-2C11), CD4
(GK1.5), CD8a (53-67), CD11b (M1/70), CD11c (N418), CD19 (1D3), CD25 (PC61), CD40
(1C10), CD44 (IM7), CD45 (30-F11), CD62L (MEL-14), CD69 (H1.2F3), CDSO (16-20A2),
CD86 (GL1), CD103 (2E7), CD107a (1D4B), CD335 (29A1.4), F4/80 (BM8), FoxP3 (FIK-16s),
Granzyme B (NGZB), IFNy (XMG1.2), IL-2 (JES6-5H4), IL-10 (JES5-16E3), Ki-67 (SolA15),
LAG-3 (eBioC9B7W), Ly6C (AL-21), Ly6G (RB6.8C5), MHCII (M5/114.15.2), NKG2A (16a11),
PD1 (J43) PDL1 (MIH5), TIM3 (8B.2C12), TNFa (MP6-XT22), VISTA (MH5A). Cells were
in addition stained for viability using fixable LIVE/DEAD aqua cell stain (Thermo Fisher
Scientific). Data were acquired using an LSR-Il flow cytometer (BD Biosciences) and
analyzed by FlowJo v10.0.7 (Treestar).

In vitro experiments.

Tumor antigen specific T-cell detection assay: Dissected subcutaneous tumors from treated
mice and lungs from wild-type C57BL/6 mice were beads homogenized in 150ul Milli-Q for
four cycles of 1 minute. A Bradford assay was performed in order to assess the protein
concentration. Bone-marrow derived DCs were generated as described above, and loaded
with 70ug tumor lysate or 200ug lung lysate/mL DC suspension. Tumor cell line lysate
loaded DCs were prepared as described above. Tumor loaded DCs were in in vitro co-
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cultured with paired splenocytes at a ratio of 1:10 for 4 hours at 37°C supplemented with
GolgiStop (BD Biosciences). After 4 hours, intra-cellular cytokine expression was assessed
by flow cytometry as described above.

IL-12p40 detection: Bone-marrow derived DCs were cultured as described above.
At day 9, FGK45 (BioXCell, 30ug/mL) or isotype IgG2b (BioXCell, 30ug/mL) was added to
the DC culture. After 24 hours, supernatant was collected and a sandwich ELISA assay was
performed as previously described.?”

(Immuno)histochemistry.

Immunohistochemistry was performed with an automated, validated and accredited
staining system (Ventana Benchmark Discovery ULTRA, Ventana Medical Systems, USA)
using Omnimap anti-rabbit or mouse and the universal DAB detection Kit. In brief,
following deparaffinization and heat-induced antigen retrieval the tissue samples were
incubated according to their optimized time with CD31 (Abcam; polyclonal). Incubation
was followed by hematoxylin Il counter stain for 8 minutes and then a blue coloring
reagent for 8 minutes according to the manufactures instructions. Tonsil tissue was used
as positive control. Thrichome blue was stained using optimized protocol provided in
the fully automated Ventana Benchmark Special staines system. Sirius Red was stained
by hand, in brief, following deparaffinization slides were rehydrated by passage through
decreasing ethanol series, 5 minutes predifferentation step using 0,2% fosformolybdeen-
acid followed by 45 minutes incubation with 0,1% Sirius Red solution. Slides were analyzed
using polarization method.

mRNA expression analysis.
NanoString nCounter Technologies was applied on 120um of Tissue-Tek(Sakura)-
embedded fresh frozen tumor samples using the PanCancer 10 360™ Panel. To identify
the differentially expressed genes, raw data was normalized using the values of the most
stable 15 housekeeping genes selected by applying the geNorm algorithm. Unsupervised
clustering of normalized gene expression values (row Z-scores) was performed using
the complete linkage method with Euclidean distance measure or standard PCA/t-SNE
functions in R (through RStudio v 1.1.463). For the volcano plots, Mann-Whitney U test
was conducted to compare the normalized count values in two groups (i.e. monotherapy
vs. combination therapy) for each of the 750 markers. The original p-values were adjusted
for multiple testing using Benjamini-Hochberg procedure. All calculation and the volcano
plots were done in program R.

Gene set enrichment analysis was performed by ranking all genes based on
difference of means scaled by the standard deviation (signal-to-noise).* Previously
reported gene sets M9480 and M5937 were used for exhausted phenotype and glycolysis
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enrichment analysis®, respectively. The false-discovery rate adjusted p-values (g-value)

was considered significant when <0.05.

Statistical analysis.

Mann-Whitney U test. Data are displayed as means with the standard error of the mean *

and analyzed using GraphPad Prism software (Graphpad, v7.0a). Survival data were plot-
ted as Kaplan—Meier survival curves. The non-parametric log-rank test (Mantel-Cox test)
was used to compare the survival distribution of groups of mice. In all cases a p-value of

0.05 and below was considered significant (*), p<0.01(**) and p<0.001 (***) as highlyl

significant.

RESULTS

DC vaccination with mesothelioma lysate induces T-cell immunity and efficacy against
pancreatic cancer.

We hypothesized that vaccination with DCs loaded with mesothelioma TAAs can generate
a cross-reactive immune response against pancreatic cancer. We, therefore, evaluated
whether pancreatic cancer (KPC3) lysate loaded-DCs or mesothelioma (AE17) lysate loaded-
DCs induced protective immunity in mice challenged with KPC3 (Fig. 1a). Comparison of
RNA-seq transcriptome profiles of KPC3 and AE17, based on a predefined list of validated
TAAs, revealed that 63% of the TAAs were expressed by both AE17 and KPC3 (Fig. 1b,
Table S1).2 This supports the notion of shared antigens between the two cancer types.
For a more unbiased approach, we also investigated the overlap in transcriptome profiles
of KPC3, AE17 and two unrelated cell lines (B16F10, MC38) (Fig. S1). Shared transcripts
could be found in all four tumor cell lines. Exposure of DCs to tumor lysates and CpG led
to rapid upregulation of activation markers (e.g. CD40, CD80/86) (Fig. S2). Importantly,
prophylactic vaccination of mice with DCs loaded with pancreatic or mesothelioma lysate
was equally effective in delaying tumor growth and both had significant smaller tumor
volumes compared to untreated mice at day 20 (Fig. 1c-d).

To elucidate the mechanisms underlying DC therapy efficacy, we analyzed immune
parameters in peripheral blood, spleen and tumors in both pancreatic cancer and
mesothelioma lysate-loaded DC therapy treated mice. In vaccinated mice, increased
frequencies of circulating CD3*, CD4* and CD8* T cells could be detected as early as four
days after DC treatment (day -3 before tumor inoculation). These immune responses were
durable and persisted over time until day of sacrifice (Fig. 1e). A more in-depth phenotypic
analysis demonstrated that vaccinated mice had higher frequencies of activated (CD69*),
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Figure 1. Mesothelioma lysate-DC vaccination is able to delay pancreatic tumor growth and induce strong T-cell
immunity. (A) Dendritic cell vaccination study setup. (B) Expression of immunogenic tumor antigens as described
by Cheever et al. in the tumor cell line KPC3 and AE17. Percentages indicate amount of overlapping and non-
overlapping genes. (C) Tumor volumes (with SEM) measured over time of untreated and treated mice. (D) Tumor
size at the time of sacrifice (day 20 after tumor injection). (E) Circulating CD4+ and CD8+ T-cell frequencies at day -3,
4 and 20. (F) Percentage of CD69+, Ki67+ and CD44+CD62L- subsets of CD4+ and CD8+ circulating T cells four days
after DC vaccination. (G) CD3+, CD4+, CD8+ and CD4+CD25+FoxP3+ TILs as a percentage of alive CD45+ cells at day
20 after tumor injection. (H) Expression of CD44 and Ki67 on CD4+ and CD8+ T cells at day 20 in blood, spleen and
tumor. N=8 per group. Significance was determined using the non-parametric Mann-Whitney U test. Data presented
as the meants.e.m. *P<0.05,**P<0.01,***P<0.001.




T-cell frequencies, the expression of CD69*, Ki-67* and CD44*CD62L on circulating T cells ;

of vaccinated mice waned over time (Fig. S3). Higher frequencies of intratumoral CD4+ and ~ 4e.f ,

CD8* T cells were noted, paralleling the delayed tumor growth observed after vaccination *

(Fig. 1g). CD8* tumor infiltrating lymphocytes (TILs) of treated mice more often expressed
the memory marker CD44 and the proliferation marker Ki-67, which was not observed
in the spleen and peripheral blood at the time of sacrifice (Fig. 1h). This was also not
observed for CD4* TiLs. Importantly, the frequencies of regulatory CD4*CD25*FoxP3*
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TILs remained comparable between treated and untreated mice (Fig. 1g). Therefore, DC
vaccination is able to induce the infiltration of PDAC tumors with activated, proliferating
CD4* and CD8* T cells without concomitant Treg-induction.

DC vaccination depends on tumor antigens and tumor-specific T cells.

We then assessed whether T-cell responses induced by mesothelioma lysate-loaded
DCs were reactive to tumor antigens present on pancreas carcinoma cells. Mice treated
with mesothelioma lysate-loaded DCs had significantly smaller tumors compared to
untreated mice or those treated with non-loaded DCs, suggesting that the delay in tumor
outgrowth was due to a TAA-reactive immune response (Fig. 2a). Indeed, CD8* T cells
isolated from vaccinated mice responded in vitro specifically to autologous pancreatic
cancer lysate-loaded DCs, while T cells from untreated mice or those from non-loaded
DC vaccinated mice did not (Fig. 2b). Upon stimulation, higher frequencies of CD8* T cells
from mesothelioma lysate-loaded DC treated mice expressed CD107a (being a marker
of cytotoxic degranulation), Granzyme B, IFNy and TNFa compared to CD8* T cells from
untreated mice or mice treated with non-loaded DCs. This effect was not observed when
CD8* T cells were stimulated with DCs loaded with a control wild type tissue lysate (Fig.
2b), demonstrating that mesothelioma lysate-loaded DCs can generate tumor-antigen
specific T cells reactive to antigens also expressed by pancreatic cancer cells. In these in
vitro assays, CD8* T cells from vaccinated mice also responded better than those from
untreated mice to DCs loaded with B16F10 melanoma lysate (Fig. S4), suggesting induction
of immunity to shared tumor antigens across KPC3, AE17 and B16F10 as listed in Table S1.

CDA40-agonistic antibody treatment sensitizes established pancreatic tumors to DC
vaccination and improves efficacy.

As DC therapy generated systemic anti-tumor immune responses capable of stalling tumor
growth when given prophylactically, we set out to test its capacity to control established
KPC3 tumors. Although our pilot study demonstrated that tumor lysate-loaded DCs are
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Figure 2. Tumor lysate DCs outperforms non-loaded DCs. (A) Tumor volume measured over time as Individual
tumor outgrowth curves and per group, and tumor size at day of sacrifice (day 21) of treated and untreated animals.
(B) In vitro efficacy assay; Relative production of CD107a, Granzyme B, IFNy and TNFa by CD8+ splenocytes of three
treatment groups after stimulation with DCs loaded with autologous tumor lysate, or control lung lysate, normalized
for untreated mice. N=8 per group. Significance was determined using the non-parametric Mann-Whitney U test.
Data presented as the meants.e.m. *¥P<0.05,**P<0.01.

capable of inducing systemic changes in T-cell subsets, as a single therapy it was unable to
increase intratumoral T cells or delay tumor growth (Fig. S5). The lack of increased T-cell
infiltration found in established tumors in the presence of a systemic immune response
suggested that the PDAC TME might physically obstruct T cells from infiltrating the tumor.
CD40-agonistic antibodies have previously been found to allow T-cell infiltration due to
TME-reorganization in pancreatic cancer, offering a treatment rationale for combination
therapy with DC vaccination.16 As CD40 is also highly expressed on the tumor lysate-
loaded DCs (Fig. S2), administering the antibody early following DC transfer might offer
additional synergy between these treatments (Fig. S6a). Interestingly, aCD40 combined
with DC vaccination resulted in significant tumor growth control when compared to
untreated mice while monotherapy DC or aCD40 did not (Fig. S6b). aCD40 monotherapy
was able to induce systemic and intratumoral responses (Fig. S6c-f). To show that the
efficacy of this combination therapy was not limited to pancreatic cancer or the C57BL/6
mouse strain, we performed a comparable experiment in an mesothelioma tumor model
(CBA/J background) yielding similar results (Fig. S7).

As treatment at day 5 after tumor cell injection still reflects minimal disease burden,
we aimed at treating larger tumors (day 10) using anintensified treatment schedule (Fig. 3a).
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Figure 3. DC vaccination-aCD40 combination therapy improves survival of tumor-bearing mice. (A) Subcutaneous
tumor model study setup. Mice were treated with AE17-lysate DCs and FGK45. (B) Tumor volumes measured over
time. (C) Tumor size at day 21. (D) Kaplan-Meier analysis of treated and untreated animals. (E) Tumor volumes
measured over time. (F) Tumor size at day 22. (G) Kaplan-Meier analysis of treated and untreated animals. (H)
Orthotopic tumor model study setup. (I) Percentage of tumor bearing mice. (J) Tumor weight on day 17. N=8-10 per
group. Significance was determined using the non-parametric Mann-Whitney U test or log-rank test. Data presented
as the meants.e.m. *P<0.05,**P<0.01,***P<0.001.

In this experimental setup, tumor growth and survival of mice treated with monotherapy
DCvaccination or aCD40 also did not significantly differ from untreated tumor-bearing mice
(Fig. 3b-d, S8). The combination therapy, however, significantly delayed tumor growth (Fig.
3b), led to significantly smaller tumor volumes and improved survival (Fig. 3c-d). In order
to elucidate the immunological prerequisites of therapeutic efficacy and to demonstrate
if the observed anti-tumoral response is T-cell dependent, mice were depleted of CD4*
and CD8* T cells before receiving treatment (Fig. S9). Anti-tumoral efficacy was retained in
aCD4 and isotype-treated mice receiving DC vaccination and aCD40 (Fig. 3e-g). However,
therapeutic responses were mitigated in mice depleted for CD8* T cells. Importantly, we
assessed the efficacy of combination therapy in an orthotropic mouse model, in order to
examine if our results could be replicated in a more translational model mimicking the
anatomical location and phenotypic features of PDAC (Fig. 3h). Strikingly, 56% (5/9) of
all combination therapy-treated mice were macroscopically free of tumor at the day of
analysis (Fig. 31, S10). In contrast, all untreated or monotherapy-treated mice bore tumors
and tumor sizes were significantly larger compared to the remaining combination therapy-
treated mice with tumor (Fig. 3J).

Interim peripheral blood analysis demonstrated that both monotherapy DC
vaccination and aCD40 treatment induced higher frequencies of CD69*, Ki-67* and PD-1* T
cells. However, this effect was more confined to CD4* T cells when mice were only treated
with DC vaccination, and to CD8* T cells for monotherapy aCD40 (Fig. 4a). Combination
therapy induced higher frequencies of CD69*, Ki-67* and PD-1* for both CD4* and CD8* T
cells. Enrichment over time of Ki-67* and PD-1* T cells was detected in mice treated with
either combination therapy or aCD40 monotherapy. Furthermore, CD44*CD62L" effector
memory T cells were significantly increased after both monotherapies and combination
therapy (Fig. 4b). Over time, mice treated with combination therapy yielded the highest
frequencies of effector memory T cells compared to mice treated with monotherapy or
untreated mice. This was observed for both CD4* and CD8* T cells. The enrichment of
effector memory T-cell frequencies was less prominent after single DC vaccination and
subsequent aCD40 treatment (Fig. S6d), promoting the role of multiple vaccinations.

Combining DC vaccination and aCD40 remodels the tumor microenvironment, including
T-cell exhaustion markers.

To further assess the mechanistic underpinnings of combination immunotherapy,
we performed extensive analysis on the tumor and intratumoral immune cells, both
numerically and phenotypically, using gene expression analysis and multicolor flow
cytometry. Intratumoral analysis revealed increased T-cell numbers in treated mice
(Fig. 5a). No distinct changes in myeloid subsets could be found (Fig. S11). However,
DC therapy did induced a PD-L1 rich tumor microenvironment (Fig. 5b). To get a more
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mice (Fig. 6a). Remarkably, both monotherapies induced higher expression of various
effector molecules like Prfl (perforin), Gzma & Gzmb (Granzymes) and IFNy (Interferon-a).
Differential gene expression analysis between monotherapy groups and the combination
tumors of untreated or monotherapy-treated mice displayed a distinct gene expression r:i.‘. I . therapy confirmed significantly higher transcript levels of both inhibitory receptors and

profile as compared to mice treated with the combination therapy (Fig. 5c-d, S12), ee.f s ¢, * ",-. effector molecules in tumors of monotherapy treated mice (Fig. S13).
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(Fig. S14a). This was not observed for DC therapy treated mice. As increased levels of .K L™
co-inhibitory receptors and effector molecules may be linked to a more exhausted T-cell , ',‘ o; .o

phenotype, we interrogated markers associated with this state. High expression of..z:,‘.n'.-
L] .‘

Thx21 (T-Bet) and Klrgl was found in both monotherapies while high expression of the r“i‘r PR
as 8 . -

transcription factor Eomes was only found in aCD40 treated mice (Fig. 6a). Interestingly, essf s o+
combination therapy induced higher expression of Sell (L-selectin) and the chemokine * ret

-

receptor Cxcr5 in the tumor compared to other groups. Furthermore, we also found L A

lower expression of genes related to various collagen markers and “M2” phenotype - = . "~

macrophages after aCD40 therapy indicating TME remodeling. In order to confirm aCD40- ! . '

induced stromalysis, histochemical staining were performed. Tumors of both aCD40 . - ety
¥ - T

monotherapy as combination therapy-treated mice showed decreased collagen content e

(Fig. S15). Strikingly, high mRNA expression of genes related to glycolysis were detected
in tumors after combination therapy as compared to aCD40 monotherapy (Fig. 6a). A
glycolysis gene set enrichment analysis indeed revealed higher activity in the combination
therapy treated mice compared to aCD40 treated mice (Fig. S14b). Combination therapy
was also able to significantly upregulate expression of Vegfa, adm and Flt1 compared to
aCD40 treated mice (Fig. S13). This is indicative for angiogenesis and vascular formation
and may promote immune cell infiltration into the tumor. When immunohistochemically
stained for the endothelial marker CD31, tumors of combination therapy-treated mice did
express more CD31 compared to untreated or monotherapy-treated mice (Fig. S16).

As gene expression analysis was performed on whole tumor material, inhibitory
markers and effector molecules were further validated and quantified at the protein
level on both CD4* and CD8* TILs (Fig. 6b-c, S17). Untreated and aCD40 treated mice
had the highest frequencies of CD8* TILs expressing various inhibitory receptors (i.e.
PD-1, Tim-3, VISTA, CD39, NKG2A) (Fig. 6b). However, only aCD40 treated mice had the
highest number of CD8+ TlLs expressing co-inhibitory receptors. DC therapy was able
to reduce the frequencies of PD-1*, Tim-3*, VISTA*, CD39* TiLs. A similar trend was also
observed when co-expression of multiple inhibitory receptors was assessed (Fig. S17c-d).
In addition, DC vaccinated and combination therapy treated mice had the highest
frequencies of PD-1/Tim-3 double negative TIL, which have been described to exhibit the
highest effector potential, whereas PD-1/TIM-3 double positive T cells are known to be
severely dysfunctional.?® aCD40 mediated induction of IFNy* and granzyme B* TILs came
at the expense of increased numbers of cells producing IL-10 (Fig. 6¢). Both the mRNA and
protein-expression data point to a preferential induction of effector T-cells expressing less
multiple co-inhibitory receptors in the combination immunotherapy treated, as compared
to CD40-agonistic monotherapy treated mice.

Recently, targeting NKG2A on T cells has been described as a novel approach to
promote anti-tumor immunity and has been linked to T-cell dysfunction.?>3° Interestingly,
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aCD40induced the highest numbers of NKG2A* CD8* TILs compared to combination therapy
arm (Fig. 6b). Moreover, although aCD40 therapy increased TIL numbers, the frequencies
of proliferating TILs were lower compared to untreated mice suggesting that this is not
explained by local expansion, but enhanced infiltration (Fig. 6¢). Altogether, these findings
offer an explanation for the observed efficacy of DC-CD40-agonist combination therapy
where an influx of T cells exhibiting low levels of co-inhibitory checkpoints is associated
with restricted tumor growth.
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Figure 6. DC vaccination is able to reduce hallmarks of T-cell exhaustion. (A) Heatmap illustrating the average
transcript expression of the indicated genes, grouped by function. Rows represent averaged z-scores. (B) Number
and percentage of PD-1+, Tim-3+, VISTA+, CD39+ and NKG2A+ subsets of CD8+ TILs. (C) Number and percentage of
IFNy+, Granzyme B+, IL-10+ and Ki67+ subsets of CD8+ TILs. N=7-8 per group. Significance was determined using the
non-parametric Mann-Whitney U test. Data presented as the meants.e.m. ¥*P<0.05,**P<0.01,***P<0.001.
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DISCUSSION

NG T
Our data highlight that rationally combining immunotherapies in pancreatic cancer can ..z:,‘ s ea’ye
) »

lead to synergistic improvements in anti-tumor T-cell immunity and clinical responses. r:I.‘. l,' L ‘e ;
For these studies, we used immune-competent mice bearing PDAC tumors obtained ee.f , 4¢. '. o
from Kras®2%/+;Trp53R172#/+pdx-1-Cre (KPC) mice. This model mimics (immune) phenotypic o . .r. . T
features and the aggressiveness of human pancreatic adenocarcinoma.’*3* We mainly '.: ,:',,:& "..’
focused on DC-based therapy to strengthen the tumor-specific effector T-cell response. ,:- A :n'.g” .f.'.'. P
Previous trials in pancreatic cancer patients utilized single peptide or autologous W b
tumor as a lysate source for DC therapy. We assessed the possibility of loading DCs = - ety e *
with mesothelioma lysate based on the rationale that cross-reactive T cells would be t . . .” '
generated due to expression of a number of shared TAAs by both mesothelioma and T
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pancreatic cancer. The use of an allogeneic-tumor lysate offers an off-the-shelf approach
which is not dependent on the identification of immunodominant epitopes and can be
used irrespective of the patient’s HLA type and exploits a broad spectrum of TAAs.3? We
found that mesothelioma-lysate DC therapy was able to delay pancreatic tumor growth,
generate KPC-reactive T cells and induce TIL influx, confirming cross-reactivity. Although
some efficacy was observed with non-loaded DCs, possibly by an unspecific inflammatory
response that activates bystander T cells or during culture phagocytosed bovine serum
proteins, the use of tumor lysate-loaded DCs had significant higher efficacy against the
tumor in vivo and in vitro (Fig. 2). Interestingly, cross-reactivity could also be found in vitro
when B16F10 lysate was used to load DCs but not to non-loaded DCs (Fig. S4), indicating
the involvement of shared antigens (Table S1).

We also investigated if targeting CD40 is able to control tumor growth in established
disease. CD40 can be found on B cells, DCs and macrophages and ligation leads to
activation.®® aCD40 therapy may therefore also activate endogenous DCs that present
tumor antigens and contribute to a monotherapy effect. Also, Schoenberger and Bennett
et al. demonstrated that CD40-activated APCs might replace the requirement for CD4* T
helper-mediated licensing, thereby lowering the threshold for CD8* effector T-cell priming.
This could explain why CD4* T-cell depletion prior combination immunotherapy did not
affect efficacy.3*3> Alternatively, CD40 ligation may also license delivered DCs, thereby
enhancing their capacity to prime CD8* T cells.3*3” Indeed, when bone marrow-derived
DCs were treated with aCD40, increased IL-12 production could be detected (Fig. S18).
Furthermore, aCD40 therapy can also directly modulate the TME: targeting CD40 on
macrophages can lead to phenotypic polarization from immunosuppressive “M2” into
inflammatory “M1” macrophages, the latter being tumoricidal and capable of ablating
tumor stroma.*** |n line with this thought, our mRNA expression data and histochemical
staining on tumors confirmed decreased collagen content after aCD40 mono and

combination therapy (Fig. 6a). Also, lower expression of mRNA levels related to M2
macrophages was found in tumors of mice treated with aCD40 (Fig. 6a). Furthermore, it
was shown that M2 macrophage-derived granulin contributes to CD8* T cell exclusion and
that this process is driven by colony-stimulating factor-1 (CSF-1). It has been found that CSF-
1 inhibition leads to desmoplasia depletion and sensitizes pancreatic cancer to immune
checkpoint blockade therapy.>®* We were able to show lower Csf1 mRNA levels in tumors
after aCD40 therapy and combination therapy (Fig. 6a). A recently reported combination
therapy involving aCD40 and aPD-1 therapy showed promising results in preclinical PDAC
models, and demonstrated that therapy reprograms the TME resulting in the increase
of DCs and decrease of granulocytic-myeloid derived suppressor cells (MDSCs).*° As we
now focused on the T-cell phenotype responsible for slowing tumor progression following
combination treatment, further in-depth studies immediately following aCD40 therapy
are likely required to formally dissect its spatiotemporal roles on macrophages and DCs in
promoting anti-tumor immune responses.

Interestingly, despite the absence of clinical responses in monotherapy-treated
animals in the established tumor model, both monotherapy and combination therapy-
treated mice were able toincrease total CD3* TILnumbers. The effect of DCtherapy was most
pronounced on CD4* T cells and less on CD8* T cells whereas aCD40 treatment displayed an
inverse pattern. DC and aCD40 treated mice showed improved survival and increased both
CD4* and CD8* intratumoral T-cell numbers. However, we demonstrated that the clinical
response was primarily driven by CD8* T cells (Fig. 3e-g). The sensitizing role of DCvaccination
may be mainly priming of MHC class I-restricted cytotoxic T lymphocytes. Even though
CDA40 agonistic antibodies significantly increased T-cell infiltration in established pancreatic
tumors, clinical efficacy was lacking, prompting further phenotypic analysis of these cells.
We observed high expression of various inhibitory receptors and effector molecules on
TILs of aCD40 monotherapy treated mice when compared to the other treatment groups.
Studies only recently published have associated this phenotype with that of terminally
exhausted T cells in both solid cancer and chronic viral infection settings.>** Although our
mRNA expression data also demonstrated the expression of various inhibitory receptors
in DC monotherapy treated mice, mRNA analysis was performed on whole tumor tissue,
challenging the interpretation of our data as we were not able to assign specific markers to
individual immune cell subsets. However, lower amounts of mMRNA of various stimulatory
receptors (i.e. CD28, ICOS, GITR, CD137, OX-40) and high expression of Thx21 (T-Bet) and
Eomes found in aCD40 monotherapy treated mice suggest that this phenotype is primarily
restricted to these tumors. In addition, KLRG1"IL7r® CD8* T cells have previously been
described as dysfunctional.*> We found that monotherapy with aCD40 induced higher
expression of KIrg1 but not I/7r, whereas DC vaccination increased the levels of both Kirg1
and //7r. In accordance with the aforementioned phenotype, Sell (L-selectin), a marker
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associated with naive-like memory T-cells and T-cell homing, was particularly induced in *

.‘ AR - - "
mice treated with combination therapy.?*?>?8 Finally, the chemokine receptor CXCR5 has .",‘ g et T ,,A_'_." ‘

v,

been recently found to mark a specific T-cell population capable of responding to PD-1 ...z:,‘ MER Y ‘::::‘ "
checkpoint blocking antibodies, which expresses lower levels of co-inhibitory receptors r.‘i.‘.r - '._ .. ;
and effector molecules as compared to their CXCR5-negative counterparts.?>2** We found se.f , ¢, '. oh
that combination DC and aCD40 therapy indeed induced higher Cxcr5 expression in the o ML .r. . T
tumor compared to other groups. ot 4 : e R .‘ ..’

Flow cytometry analysis confirmed the reduced expression of various inhibitory :- L :‘-g” .f.:'. ‘
markers on CD8" TILs derived from combination therapy-treated mice compared to W b
aCD40-treated mice. In addition, the lower proliferation rate as evidenced by ex vivo = - et \' T e
measurements of Ki-67 in combination therapy treated animals also matches with an | - !
improved T-cell phenotype, as others have previously found these cells to persist in T
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culture longer compared to their Ki-67-high counterparts.® As human cancers grow at a
considerably slower pace than most murine tumor models, it is conceivable that longer
T-cell persistence is crucial for durable tumor control.

The presence of low amounts of glycolysis-related gene transcripts following
aCD40 monotherapy fits with a more exhausted, terminally differentiated memory T-cell
state, as has been proposed by others.*** Glut-1 (Slc2al) was found to be essential for
T-cell activation and Slc2al was highly expressed in combination therapy treated mice.*
However, as gene expression was performed on whole tumor material, it’s unclear
whether glycolysis-related transcripts originated from tumor cells or immune infiltrates.
Further functional studies on our combination treated T-cell phenotype are needed to
truly assess which factors determine their superior anti-tumor efficacy.

DCs loaded with allogeneic mesothelioma-tumor cell lysate have already proven to
be feasible, with clinical efficacy in the absence of toxicity in patients with mesothelioma.??
Following this, a phase Il clinical trial examining whether this holds true for macroscopically
disease-free, post-resection PDAC patients is currently being conducted (REACtiVe Trial;
Netherlands Trial Register NL7432). However, as the majority of pancreatic patients
presents with irresectable or metastatic disease, rational and safe treatment combinations
are needed to offer perspective for this group of patients too. Currently, several studies
with combination strategies incorporating CD40 agonists in PDAC patients are ongoing
and recruiting (NCT03214250; NCT02588443; NCT03329950). We have shown that DC-
therapy pretreatment allows for proper CD40-agonist efficacy by precluding the formation
of T-cells associated with an exhaustion phenotype when administered alone. The lack of
DC-therapy toxicity in patients is of particular importance since CD40-agonistic antibodies
are associated with serious adverse events leading to premature termination of treatment
in some patients.** To assess the feasibility and safety of our combinatory approach we
are currently in the process of initiating a trial involving DC-CD40-agonist combination

therapy in metastatic disease. Since DC vaccination also induced a PD-L1 rich tumor
microenvironment, future combination strategies with immune checkpoint blockers are
warranted.

In conclusion, we have found pancreatic cancer and mesothelioma lysate-loaded DCs
to be effective in restraining immunologically cold pancreatic tumors when administered
prophylactically. In established tumors, effective intratumoral immunity was achieved
when DC vaccination was combined with CD40-agonistic antibodies, generating non-
redundant immunological effects capable of restraining tumor progression.
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SUPPLEMENTARY DATA
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Figure S1. Venn diagram illustrating overlapping and non-overlapping genes of the tumor cell lines KPC3 (pancreatic
cancer), AE17 (mesothelioma), B16F10 (melanoma) and MC38 (colon adenocarcinoma).
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Figure S5. Lysate-DC is not effective as monotherapy in tumor-bearing mice. (A) CD3+, CD4+ and CD8+ circulating T Figure S6. (A) Study setup (B) Tumor volume measured over time, and tumor size at day of sacrifice (day 18). (C)
cells as a percentage of alive CD45+ cells, four days after DC vaccination. (B) Percentage of CD44+CD62L- and Ki67+ Percentage of CD69+, Ki67+, PD-1+ and CD44+CD62L- subsets of CD4+ and CD8+ circulating T cells, four days after
subsets of CD4+ and CD8+ circulating T cells, four days after DC vaccination. (C) Tumor volume measured over time, treatment initiation. (D) Memory status of CD4+ and CD8+ circulating T cells at day 9 and day 16. (E) Number of
and tumor size at the day of sacrifice (day 22). (D) CD3+, CD4+ and CD8+ TILs as a percentage of alive CD45+ cells. CD3+, CD4+, CD8+, CD4+CD25+FoxP3+ TlLs per mg tumor. (F) MFI of PD-1 and Lag-3 of CD4+ and CD8+ TlLs. N=7-8
N=5-9 per group. Significance was determined using the non-parametric Mann-Whitney U test. Data presented as per group. Significance was determined using the non-parametric Mann-Whitney U test. Data presented as the
the mean + s.e.m. *P<0.05, ¥**P<0.01, ***P<0.001. mean t+ s.e.m. ¥P<0.05, **P<0.01, ***P<0.001.
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SUMMARY

immunotherapy efficacy with current drugs aimed at reversing exhaustion being limited. ;

identification of chronic IL-2 receptor (IL-2R) — STATS pathway signaling in mediating T-cell *

exhaustion. We targeted the key downstream IL-2R-intermediate Janus kinase (JAK) 3 using
a clinically relevant highly specific JAK3-inhibitor (JAK3i; PF-06651600) which potently
inhibited STAT5-phosphorylation in vitro. Whereas pulsed high-dose JAK3i administration
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Terminal T-cell exhaustion poses a significant barrier to effective anti-cancer ..z:, s ea’ye
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Recent investigations into the molecular drivers of T-cell exhaustion have led to the ee.f, -
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inhibited anti-tumor T-cell immunity, low-dose chronic JAK3i significantly improved T-cell .

responses and decreased tumor load in mouse models of solid cancer. Low-dose JAK3i
combined with cellular and peptide vaccine strategies further decreased tumor load
compared to both monotherapies alone. Collectively, these results identify JAK3 as a novel
and promising target for combination immunotherapy.
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INTRODUCTION

Cancer immunotherapy induces durable anti-tumor immune and clinical responses but
only in a minority of patients and tumor types for reasons still incompletely understood*=.
T-cell exhaustion is a major mechanism underlying cancer immunotherapy resistance
and current treatment strategies aimed at the prevention or reversal of exhaustion are
lacking®. T-cell exhaustion arises through chronic antigen stimulation of the T-cell receptor
(TCR) in a suppressive tumor microenvironment (TME), decreasing T-cell functionality and
persistence®®. Attempts have been made to prevent T-cell exhaustion by inhibiting key
downstream TCR-signaling pathways (e.g. MAPK/ERK, mTOR), yielding varying clinical and
preclinical results”*. Possible redundancy between different signaling pathways and the
existence of exhaustion mechanisms other than chronic TCR-activation could be involved in
T-cell exhaustion and immunotherapy resistance.

Besides excessive TCR-stimulation, continuous interleukin 2-receptor (IL-2R)-induced
signal transducer and activator of transcription 5 (STAT5)-phosphorylation in T cells has
recently been linked to exhaustion in chronic viral infection and cancer, with IL-2" cancers
exhibiting poor prognosis'**3. Despite that IL-2 is required for initial T-cell expansion and
survival, excess IL-2 during T-cell priming skews towards a short-lived T-cell effector fate at
the expense of memory precursor T cells'**>, Whether temporal downstream IL-2R-inhibition
improves antitumorimmunity is currently unknown. The IL-2R may be a particularly attractive
target as activation of the receptor culminates in MAPK- mTOR- as well as STAT5-signaling,
thereby allowing for concomitant targeting of multiple exhaustion-related pathways.

Binding of IL-2 to the high affinity IL-2Raf chains CD25 and CD122 activates a
downstream cascade initiated by Janus-kinase (JAK) family members JAK1 and JAK3 which
in turn phosphorylate STATS leading to dimerization and target gene transcription®’. In
contrast to JAK1 associating with various type | and Il cytokine receptors, JAK3 is located
downstream of the common-gamma chain cytokine receptor family including IL-2R, IL-4R,
IL-7R and IL-15R. With the recent development of specific JAK-inhibitors, interrogation of
these downstream cytokine-receptors pathways has become feasible with minimal off-
target activity®®. This allowed us to investigate JAK3 as novel immunotherapeutic target
downstream of the IL-2R using the highly specific JAK3-inhibitor (JAK3i) PF-06651600
(further referred to as PF-06) which was initially developed for treatment of auto-immune
disease'®?, In this report, we demonstrate that this JAK3i effectively inhibits IL-2-mediated
STATS5-phosporylation in T cells and when administered at high dose diminishes anti-tumor
T-cell immunity. In contrast, at low-dose, PF-06 improves T-cell responses and decreases
tumor load in solid tumor mouse models. Moreover, JAK3i potentiated cellular- and peptide
vaccine immunotherapies, improving therapeutic efficacy and reducing the exhausted T-cell
phenotype. These important potential improvements of current immunotherapy warrant
further investigation into the clinical use of low-dose JAK3i in solid tumor patients.
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METHODS

Phosphoflow analysis.

Wildtype C57BL/6 mice were euthanized by cervical dislocation and the spleens were r:i.‘.r I . ;
isolated and mashed over a 100um filter establishing a cell suspension in RPMI 1640 ee.f , 4. '“ o
containingZ%FCS.2*10"Splenocyteswereincubatedfor3hoursat37°CwithvehicIe(same. ! TS .r. L, -
amount of DMSO as highest concentration of inhibitor as negative control) or Acalabrutinib .: ¢ M ty 0': " ..’

(10uM, 1uM and O, 1uM in DMSO) or Ibrutinib (10uM, 1uM and 0,1uM in DMSO) or PF-- = ., :-? ne e
06651600 (10uM, 1pM and 0,1uM in MilliQ, all obtained from Sigma-Aldrich). The cells W "'

were stimulated with anti-CD3/CD28 biotin in case of the stimulated samples or RPM11640 " - :‘”\ e *

2%FCS for unstimulated samples. Afterwards, the cells were washed with RPMI1640 2%
FCS and stained with streptavidin PerCP Cy5.5 to establish receptor cross-linking. After
washing, the samples were stimulated at 37°C for 1 minute for pZAP70,, , (pZAP70) and
pSLP76,,, (pSLP76), 5 minutes for pITK . (pITK . ) and pERKl/szoyvm(pERK)l 120 minutes
for IkB and pS6,,, .., (PS6). Ten minutes before the end of the stimulation a live/death
marker was added. At the end of the stimulation, Fix/Perm was added and incubated at
37°C for ten minutes followed by transfer on ice and wash with permeabilization buffer.
After permeabilization, the samples were stained for 30 minutes with extracellular surface
markers using a monoclonal antibody (mAb) staining mix including Fc-receptor blocking
antibodies (aCD16/32; Bioceros). After wash, the samples were stained for one of each of
the following phosphoflow targets; pZAP70, pSLP76, pITK180, pERK, and pS6. In case of
the unlabeled anti-pS6 antibody, a third staining step containing a PE-labeled anti-Rabbit
antibody was necessary. For plkB a different staining protocol was used by which cells were
fixed with paraformaldehyde incubated for 10 minutes at room temperature followed by
permeabilization using 0,5% saponin in FACS. Cells were then stained with surface markers
and anti-plkB followed by acquisition for flow cytometry.

IL-2 stimulation and pSTAT5 phosphoflow.

24*10° Splenocytes were divided over 12 wells of a 24 wells plate and aCD3/CD28
Dynabeads (Thermofisher) were added in a 1:1 ratio for 72 hours in TCM to induce IL-2R
expression as assessed by upregulation of CD25. Dynabeads were extracted by magnet
retrieval and 2*10° cells were incubated for 3 hours at 37°C with vehicle (same amount of
DMSO as highest concentration of inhibitor as negative control) or Acalabrutinib (10uM,
1uM and 0,1uM in DMSO) or Ibrutinib (10uM, 1uM and 0,1uM in DMSO) or PF-06651600
(10puM, 1uM and 0,1uM in MilliQ). After 3 hours, a 500.000/50uL cell suspension was
activated for 15 minutes with 10ng/mL IL-2 (R&D Systems) at 37°C. 10 Minutes before
the re-stimulation end time, a live/death marker was added (eBioscience) followed by cell
fixation using BD Cytofix and incubated for 10 minutes at 37°C. After the cells were fixed,

the cells were washed with MACS buffer (PBS containing 5mM EDTA and 1% BSA) and
permeabilized with 150uL permbuffer Il (BD) and the cells were incubated for 30 minutes
at -20°C. After 30 minutes the cells were washed with MACS buffer and stained with
surface markers containing CD25, CD8, CD4, PD-1, CD44, B220 and CD3 and Fc-block for
30 minutes at 4°C followed by wash with MACS buffer and pSTAT5 staining for 30 minutes
at room temperature.

Bone marrow derived macrophage (BMDM) cultures.

Bone marrow cells were isolated from the femurs and tibias of naive CBA/J (Janvier,
Hannover, Germany), or C56BL/6 mice (Envigo, Zeist, The Netherlands) mice under sterile
conditions. In short, all muscle tissues are removed with gauze from the bones and placed
in a 60-mm dish with 70% alcohol for 1 min, washed twice with PBS and transferred into a
fresh dish with RPMI 1640. Bones were crushed using a pestle and mortar and subsequently
passed through nylon mesh to remove small pieces of bone and debris followed by
erythrocyte lysis using ammonium chloride. Bone marrow cells were resuspended in
RPMI supplemented with 10% fetal calf serum, 2.5ml gentamicin (10mg/ml) (Gibco,
Breda, the Netherlands), 50uM B-mercaptoethanol (SigmaAldrich) and 10ng/ml M-CSF
(R&D systems, Oxon, UK) to establish macrophage-TCM. 2x10° cells were plated per well
in a 24-well Nunc plate with Upcell surface coating, allowing for harvest of cells at low
temperatures following a 7-day culture period. Fresh TCM was added on day 3 of culture,
and polarizing cytokines with or without a range drug concentrations on day 6 for the final
24 hour remainder of the culture period. M1 macrophages were generated by adding LPS
(50ng/ml) and IFNy (50ng/ml), or IL-4 (10ng/ml) with or without IL-10 (10ng/ml) or IL-13
(10ng/ml) in case of M2 macrophages. Besides the inhibition of JAK3 using the specific
JAK3-inhibitor (PF06651600, Sigma Aldrich), cells were alternatively treated with trimeric
CD4O0L (Immunex, 1ug/ml), with a JAK1/JAK3 dual inhibitor (Tofacitinib, Sigma-Aldrich) or
associated diluents as negative controls. At the end of the culture, the plates were put on
ice and cell suspensions were harvested and prepared for flow-cytometric analysis.

Monocyte derived macrophage cultures.

Monocytes from healthy donors were extracted with magnetic-activated cell sorting
(MACS) using anti-CD14 antibody coated microbeads (Milteny Biotec) according to the
manufacturer’s protocol. Following the MACS-procedure, cells were stained for flow
cytometry to guarantee sufficient purity (>98%). Monocytes were then suspended in
TCM consisting of RPMI 1640 + Glutamax, 10% normal healthy AB serum and human
macrophage colony-stimulating factor (20ng/mL, R&D Systems). Cells were cultured
similarly to murine macrophages, with the exception of being an 8-day culture with
macrophage polarization occurring in the final 48 hours of culture. Polarization to the M1
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(20ng/mL, R&D Systems) for M1 or IL-4 (20ng/mL, R&D Systems) with or without IL-13 (20
ng/mL, R&D Systems) for M2 for 2 days.

T-cell cultures.

Venous blood from adult healthy individuals was collected in EDTA tubes and peripheral *

blood mononuclear cells (PBMCs) were isolated using a Ficoll-Hypaque gradient according
to standard protocol (Axis-Shield Diagnostics, Dundee, UK). PBMCs were labelled with
CellTrace Violet (ThermoFisher Scientific) and were stimulated with anti-CD3/CD28

Dynabeads at 0.5 bead per mononuclear cell with or without recombinant human 2"

(1, 10 or 100 IU/ml, R&D Systems) for the indicated time-points. In some conditions,
Tofacitinib (200uM or 1000uM) or PF-06651600 (200uM or 1000uM) was added to the
culture. Cells were cultured in Iscove’s modified Dulbecco’s medium (ThermoFisher
Scientific) supplemented with heat inactivated fetal calf serum, Glutamax (ThermoFisher
Scientific), 2-mercaptoethanol, penicillin and streptomycin. Cytokine concentrations in
cell supernatants were analyzed using an enzyme-linked immunosorbent assay set for
IFNy (eBioscience) according to the manufacturer’s instructions. In case of murine T-cell
cultures, proliferation-dye pre-stained wild-type C57BL/6 T-cells were stimulated with anti-
CD3/CD28 Dynabeads at 1:1 ratio with various concentrations of PF06651600 (negative
control=H?0) or Tofacitinib (negative control=DMSO) and assessed for proliferation,
activation (CD69, CD25) and cytokine (TNF-alpha, Interferon-gamma) production 24 hours
later using (intracellular) flow cytometry.

In vivo murine tumor models and experiments.

Female 8-10 week old C57BL/6 mice (Envigo, Zeist, The Netherlands) and CBA/J mice
(Janvier, Hannover, Germany) were housed under specific pathogen-free conditions
at the animal care facility of the Erasmus MC, Rotterdam. Experiments were approved
by the local and central Ethical Committee for Animal Welfare and complied to the
Guidelines for the Welfare of Animals in Experimental Neoplasia by the United Kingdom
Coordinating Committee on Cancer Research (UKCCCR) and by the Code of Practice of
the Dutch Veterinarian Inspection. The AE17 cell and AC29 mesothelioma cell lines were
kindly provided by Professor Bruce W.S. Robinson of the Queen Elizabeth Il Medical
Centre, Nedlands, Australia. Tumor cells were cultured in RPMI 1640 medium containing
25mM HEPES, Glutamax, 50g/ml gentamicin, and 5% (v/v) fetal bovine serum (FBS) (all
obtained from Gibco) in a humidified atmosphere and at 5% CO2, in air. For culture, either
culture flasks or CellSTACKs (Corning Life Sciences) were used to reach appropriate tumor
cell frequencies for injection. AE17 and AC29 cells were passaged once or twice a week
to a new flask by treatment with 0.05% trypsin, 0.53mM EDTA in phosphate buffered

g [}
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saline (PBS, all Gibco). The cell lines were regularly tested and remained negative for
mycoplasma contamination. At the start of the experiment, CBA/J or C57BL/6 mice were
i.p or s.c. injected with either 107 AC29 cells or 0.5x10° AE17 cells respectively, dissolved
in PBS, or with PBS as control. Mice were scored using the body condition score, killed
if profoundly ill and scored as a death in survival analysis. For DC-therapy experiments,
BMDC were generated from wild-type CBA/J mice and loaded with AC29 tumor cell lysate
in vitro as described previously. On day 10 following i.p. tumor inoculation, 2-3x10° DC
were injected i.p. For SLP-vaccination studies in the TC-1 tumor model, TC-1 cells were
cultured in 500 ml IMDM medium, 8% FBS (40 ml) and pen/strep plus L-glutamin and
following cell harvest were injected in the flank of wild-type C57BL/6 mice. When
tumors were established on day 8, mice received s.c. PBS or the SLP HPV16 E743-77
(GQAEPDRAHYNIVTFCCKCDSTLRLCVQSTHVDIR) emulsified at a 1:1 ratio with Incomplete
Freunds Adjuvant (IFA; Difco) in the contralateral flank. In case of subcutaneous tumor
models, tumors were measured twice weekly using an electronic micro-caliper and mice
were euthanized when tumors grew beyond 100mm? or became ulcerated.

In vivo treatment with PF-06651600.

Mice were treated with a range of PF-06651600 concentrations dissolved in pre-warmed
deionized water (Milli-Q) with all tested concentrations ranging within the solubility
spectrum (5mg/ml). Mice were treated with the JAK3-inhibitor or the diluent (MQ) via
oral gavage, twice daily with intervals of 12 hours, as reported by the manufacturer for
a maximum of 14 days. Alternatively, PF-06651600 was administered in drinking water
ad libitum, assuming that 8-week old female mice with an average weight of 20g drink
approximately 5ml of water per 24 hours (meaning that for the 5mg/kg dose in drinking
water, 10mg of PF-06651600 was dissolved in 1L of MQ, amounting to a ~25uM). Drinking
water was refreshed every week and bottles were covered with aluminum foil.

Preparation of Single Cell Suspensions from Tissues.

Single cell suspensions were generated from the spleens, blood and tumors of mice from
each group. All tissues were either weighed in a microbalance in case of tumors and
spleens, or volume determined for blood. Briefly, spleens were aseptically removed and
mechanically dispersed over a 100um nylon mesh cell strainer (BD Biosciences) followed by
erythrocyte lysis using osmotic lysis buffer (8.3% NH4CI, 1% KHCO3, and 0.04% Na2EDTA in
Milli-Q). Blood was collected in EDTA tubes (Microvette CB300, Sarstedt) and subsequently
lysed. Tumors were collected, and dissociated using a validated tumor dissociation system
(Miltenyi Biotec). Cells suspensions were filtered through a 100um nylon mesh cell strainer
(BD Biosciences) and counted in trypane blue with a hemocytometer using the Burker-
Turk method.
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Immunomonitoring using Flow Cytometry

Biosciences). For assessing cytokine production by myeloid cells, cells were subjected to 4
hours incubation with Golgistop. For cell surface marker staining, cells were washed W|th

FACS-wash (0.05% NaN3, 2% BSA in PBS) and Fc /Il receptor blocking was performed using *

anti-mouse 2.4G2 antibody (1:300; kindly provided by L. Boon, Bioceros, Utrecht, The
Netherlands). After the blocking procedure, antibodies (all derived from BD Biosciences,
Biolegend or Thermofisher Scientific, titrated to optimal dilutions and used according to

the manufacturer’s protocol) for cell surface staining were added into each sample and

placed on ice for 30 minutes. Cells were washed in FACS-wash followed by a PBS wash, and
then stained for viability using fixable LIVE/DEAD aqua cell stain (Thermo-Fisher Scientific,
1:200). After two additional washes with FACS-wash, cells were either measured or in case
of intracellular staining; fixed, permeabilized and stained using Fix/Perm buffer (in case of
nuclear protein staining, eBioscience) or 4% PFA and 0.5% saponin (in case of cytokine/
granzymeB stainings, Sigma-Aldrich). Antibodies were stained for 30 minutes in case of
the PFA/Saponin protocol and 60 minutes for the intranuclear staining protocol, on ice
in the dark. A fixed number of counting beads (Polysciences Inc.) was added prior to data
acquisition to determine the absolute amount of cells. Data were acquired using an LSR Il
flow cytometer (BD) equipped with three lasers and FACSDiva software (BD) and analyzed
by FlowJo (Tree Star Inc., USA) software V10.1.

Tumor cell apoptosis assay.

0.2x10° cells from various murine and human cancer-derived cell lines were cultured
in aforementioned appropriate culture conditions in 6-wells plates for 48 hours in the
presence of absence of different JAK3i (PF-06651600) concentrations. Following culture,
cells were harvested and stained for cell death and apoptosis using the 7-AAD/Annexin V
staining kit, according to the manufacturer’s protocol (Biolegend).

Statistical Analysis.

Data are expressed as means with SEM. Comparisons between groups were made using
the Mann-Whitney U-test for independent samples, or the Wilcoxon signed rank test in
case of paired samples. When correlations were depicted, Spearman’s rank correlation
test was performed to test for statistical significance. A two-tailed value of p<0.05 was
considered statistically significant. Survival data were plotted as Kaplan-Meier survival
curves, using the log-rank test to determine statistical significance. Data was analyzed
using Graphpad Prism software (Graphpad, V5.01)
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RESULTS

PF-06 is a potent inhibitor of IL-2 mediated STAT5-phosphorylation in T cells.

Chronic phosphorylation of STAT5 by JAK1/3 in T cells has been recently found to underlie
ineffective anti-tumor immunity providing a rational for JAK3i in solid tumors'?. Because
JAKs are involved in many pro- and anti-tumor cytokine receptor pathways, off-target
specificity of early generation JAK3i could potentially antagonize beneficial outcomes of
JAK3-specific inhibition at the expense of increased toxicity*®. In order to evaluate whether
the novel compound PF-06 specifically inhibits STAT5-phosphorylation and to which
degree, wildtype naive and pre-activated CD25* murine T cells were simulated in vitro
using anti-CD3/CD28 or IL-2, respectively, and analyzed using Phosphoflow?!. The broad
kinase inhibitor Ibrutinib was applied as a positive control since kinomescan data identified
multiple kinases, including JAK3 as targets??. The selective BTK-inhibitor Acalabrutinib was
used as a negative control in our studies as BTK is not expressed by T cells?*?3, Only PF-06
specifically inhibited IL-2-mediated pSTAT5 in both CD8* and CD4* T cells (Fig. 1)
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Figure 1. The JAK3-inhibitor PF-06651600 potently inhibits STAT5-phosphorylation in response to IL-2 in T
cells. Pre-activated IL-2Ra (CD25) expressing murine T cells were stimulated with IL-2 after pre-incubation alone
(orange), with the specific JAK3i; PF-06651600 (purple), aspecific JAK3i; Ibrutinib (turquoise) or negative control;
Acalabrutinib (red) using Phosphoflow. Histograms are shown displaying the effects of the different inhibitors on
pSTAT5-expression at 10puM (left panel) and quantified expression of pSTATS in CD8+and CD4+ T cells stimulated
or unstimulated with IL-2 (right panels). MFI=median fluorescence intensity, *= p<0.05, **=p<0.01, ***=p<0.001.
Means and SEM are shown, n=5/condition.
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while leaving other quintessential T-cell signaling pathways (e.g. downstream TCR,

NF-kB, MAPK/ERK) unaltered (Fig. 2, S1). As CD25-expression among CD25* T cells varied, |
we compared pSTATS levels at baseline and in response to JAK3iin CD25-high, intermediate -

and low-expressing T cells. CD25-high expressing cells displayed increased STAT5-
phosphorylation at baseline but also in response to low-dose JAK3i in vitro suggesting

increased sensitivity to IL-2 in CD25-high expressing cells (Fig. S2A). Regulatory T cells *

(Tregs) constitutively express CD25 as a means to scavenge IL-2 thereby inhibiting effector
T-cell proliferation?. To investigate how Tregs respond to IL-2 and JAK3i we assessed
pSTATS-phosphorylation status in CD44* CD25" CD4* T cells, a population enriched for
Tregs in the naive spleen (Fig. S2B). As expected, pSTAT5-expression was nearly twice as
high in Tregs compared to non-Tregs, with pSTATS being completely inhibited only at higher
micromolar levels of PF-06 in vitro (Fig. S2B). We concluded that the specific JAK3i PF-06
efficiently prevented STAT5 phosphorylation in mouse T cells in a low micromolar range.

PF-06 inhibits T-cell proliferation and effector function at high concentrations in vitro.
To investigate how decreased IL-2-mediated STAT5-phosphorylation translates to T-cell
proliferation over time, we stimulated dye-labeled T cells in vitro using anti-CD3/CD28
Dynabeads alone or in the context of JAK3i. Head-to-head comparison between PF-06
and the less specific JAK1/3i Tofacitinib showed both drugs to inhibit T-cell proliferation,
activation and effector cytokine production but only at high (>1.0 uM) drug concentrations
in mouse (Fig. S3) and human (Fig. S4A-C) T cells. Interestingly, whereas Tofacitinib more
potently inhibited T-cell proliferation and cytokine expression in humans compared to PF-
06, the opposite was true for mice (Fig. S3-4). In contrast to Tofacitinib, however, PF-06
only modestly inhibited cellular activation and interferon-y production in healthy-control
derived T cells at the micromolar range (Fig. S4C). These findings show PF-06 to be a
potent inhibitor of IL-2-mediated pSTATS in T cells, with T-cell functions being inhibited
only at higher drug concentrations providing a window for STAT5 modulation.

JAK3i decreases tumor progression depending on the dose and mode of administration.
In order to assess the effects of PF-06 in vivo and its anti-tumor efficacy we treated AE17
and AC29 immune competent mesothelioma tumor-bearing mice with PF-06 administered
by oral gavage twice-daily as described by others®®. Using this treatment scheme, tumor
progression was unaltered in these tumor models compared to vehicle treatment (Fig. 3A).
The lack of response was accompanied by a reduction in T-cell proliferation monitored in
peripheral blood, and decreased activation, proliferation and effector function at the tumor
site (Fig. 3B), indicative of suppressed anti-tumor immunity. We postulated that peak PF-
06 concentrations following oral administration would approach immune suppressive
drug concentrations reminiscent of aforementioned in vitro studies (Fig. S3), and that low-
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Figure 2. PF-06651600 does not inhibit other T-cell signaling pathways. In order to determine off-target efficacy of
PF-06 on other crucial T-cell signaling pathways we assessed phosphorylation of proteins downstream of the T-cell
receptor (TCR) (pZAP70, pSLP76, pITK180), PI3K-Akt (pS6), NF- kB (IKB) or MAPK-ERK (pERK) pathways following anti-
CD3/CD28 stimulation with or without inhibitors using Phosphoflow. Results for both CD8* (upper panels) and CD4* T
cells (lower panels) are shown as histograms (10uM drug concentration) and line graphs. MFl=median fluorescence
intensity, means and SEM are shown, n=5/condition.
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A JAKSi via Oral Gavage grade and stable dosing of JAK3i in drinking water would ameliorate this issue. Therefore,

we repeated the in vivo experiment dissolving PF-06 in drinking water aiming for tonic
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Figure 3. Twice-daily high-dose JAK3i via oral gavage does not impact tumor growth and inhibits T-cell immunity. 0- 0 0-
(A) AE17 subcutaneous and AC29 intraperitoneal tumor-bearing mice were treated with the JAK3i; PF-06651600 via < A\(}e'oﬁ@ §6$6:§ @Q’Q@ § § §
twice-daily oral gavage starting on day 10 and tumor burden was assessed on day 21. (B) CD8+ T cells in peripheral \\"F Aé’c v ‘09 KU \\é\ ’LO'D ‘fa9 .{L(p P

blood on day 15 or in the tumor at end-stage (C) were assessed for proliferation (Ki-67) and activation status using
multicolor flow cytometry. Means and SEM are shown with n=6 mice/condition. JAK3i=JAK3-inhibitor, Ns=non-
significant, *=p<0.05, **=p<0.01, GrzB=granzyme B.
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Figure 4. Continuous low-dose JAK3i at 5.0mg/kg significantly decreases tumor weight in AC29-bearing mice and
improves anti-tumor T-cell immunity. (A) AC29 intraperitoneal tumor-bearing mice were treated with the JAK3i;
PF-06651600 dissolved in drinking water at various pre-specified doses and tumor weight was monitored. (B) CD8*
T cells in peripheral blood on day 15 or in the tumor at end-stage (C) were assessed for proliferation (Ki67) and
activation status using multicolor flow cytometry. Means and SEM are shown with n=6 mice/condition. JAK3i=JAK3-
inhibitor, ns=non-significant, *=p<0.05.

In contrast to in vitro, macrophage polarization is not altered by JAK3i in vivo.

As JAK3 associates with cytokine receptors on other immune cells, treatment efficacy
could potentially be explained by inhibition of alternative pathways including IL-4/IL-4R
signaling. Indeed, bone-marrow derived macrophages (BMDM) stimulated in vitro with
IL-4 upregulated the M2 markers CD206, arginase and PD-L1 which could be antagonized
by JAK3i (Fig. S5A). This effect could not be rescued by addition of excess IL-13, another M2-

inducing cytokine sharing the IL-4R-alpha subunit, or IL-10 (Fig. S5B, data not shown)?2®. In
contrast to the JAK1/3i Tofacitinib, PF-06 did not alter pro-inflammatory (M1) macrophage
differentiation as evaluated by iNOS and MHCII expression (Fig. S5C). Similar findings

were obtained using human monocyte-derived macrophages (MoDM) (Fig. S6). Tumor-
associated macrophage (TAM) and conventional DC (cDC) frequency and phenotype,
however, were largely unaltered by JAK3i in all our investigated models, indicating that
IL-4 plays an inferior or redundant role in in vivo myeloid cell polarization (Fig. S5D-E). On
the same line, JAK3i did not directly affect solid tumor-cell apoptosis in vitro (Fig. S7A) or
in vivo (Fig. S7B), except in case of the JAK3-mutated T-cell lymphoma cell line Hu-78 (Fig.
S7A). We concluded that T cells are the most likely direct targets of JAK3i.
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Figure 5. JAK3i increases cellular and peptide vaccine efficacy. (A-B) intraperitoneal (i.p.) AC29 and subcutaneous
(s.c.) TC-1 bearing mice (C) were treated with dendritic cell (DC) therapy or a synthetic-long peptide (SLP) vaccine,
respectively, alone or in combination with JAK3i (PF-06651600) at indicated time points. Tumor weight was
monitored at end-stage in case of AC29 tumors, and individual tumor-size was monitored 3/week in case of TC-1
(D). (E) tumor responses were graded as complete response (CR) defined as a complete eradication of tumor (being
non-palpable), partial response (PR) being >30% decrease in tumor volume compared to maximum initial tumor size
and progressive disease less than 30% regression and eventual tumor progression. Means and SEM are shown with
n=6-10 mice/condition. JAK3i=JAK3-inhibitor, Vac=SLP-vaccine, ns=non-significant, *=p<0.05, **=p<0.01
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Cellular and peptide cancer vaccines are safe and efficacious in inducing anti-tumor T-cell ..z:, MES AN
-

responses in solid advanced cancer, but durable responses are obtained in a small minority ; ":‘7 I .
- -
of patients possibly due to the eventual exhaustion of vaccine-elicited T-cell responses?’=2,
»
In order to improve vaccine-induced T cells and treatment efficacy we treated AC29-bearing

mice, at late stage, with tumor-lysate loaded BM-derived dendritic cells (BMDC) in the
presence or absence of JAK3i (Fig. 5A). We found JAK3i-DC-combination immunotherapy to
effectively reduce tumor load compared to both monotherapies alone (Fig. 5B). Similarly,

we combined JAK3i with a synthetic long peptide (SLP) vaccine in the aggressive TC-1 solid '

tumor model showing similar combination immunotherapy efficacy, improving response
rates and reducing heterogeneity in tumor responses observed (Fig. 5C-E).

Further investigations into the immunological mechanisms underlying combination
immunotherapy efficacy in end-stage tumors revealed JAK3i to spare CD8" T-cell
proliferation and boost TIL activation as indicated by increased CD25 and PD-1- but not
CTLA-4 expression (Fig. 6A). In line with an activated rather than exhausted TIL phenotype
was a specific increase in single PD-1-expressing TILs (PD-1* CTLA4") rather than inhibitory
receptor double-positive TILs known to be exhausted®34, Recently, the surface molecule
CD39 was reported to mark tumor-specific CD8* and CD4* T cells in the TME and this marker
was significantly upregulated in combination immunotherapy-treated TILs compared to
TILs derived from untreated- or JAK3i-only treated mice3>3¢. Besides surface molecules,
combination immunotherapy-treated TlLs displayed highest levels of interferon-y and
granzyme-B (Fig. 6A). These findings were not limited to CD8* T cells, as CD4* T-helper cells
were similarly altered in the TME (Fig. 6B). These findings provide a preclinical rationale
for JAK3i-combination immunotherapy and inclusion of anti-PD-1 ICI to further increase
anti-tumor responses.
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Figure 6. JAK3i improves peptide-vaccine induced CD8*and CD4* T-cell immunity in the tumor microenvironment.
CD8* (A) and CD4* T-helper cell (B) proliferation (Ki67), and surface expression of co-inhibitory checkpoints or
activation markers was assessed in end-stage tumors of the experiment described in Fig. 4C. Means and SEM are
shown with n=9-10 mice/condition JAK3i=JAK3-inhibitor.

Vac=SLP-vaccine, GrzmB=granzyme B, IFNy=interferon-gamma, ns=non-significant, *=p<0.05, **=p<0.01,
***=p<0.001, ****=p<0.0001.
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DISCUSSION pSTAT5 mediated tryptophan metabolism and subsequent AhR-stimulation remains to be

T e T, investigated.

NG T
We are the first to identify JAK3 as a target for cancer immunotherapy in vivo. We found ...z:,‘ MER YOI

JAK3 is located downstream of several (common y-chain) cytokine receptors

low dose JAK3i to decrease pSTATS expression while preserving T-cell proliferation in vitro r:I.‘. .’. ‘__ .l ; besides the IL-2R which may in part explain our in vivo efficacy. Although we found a strong
and to dose-dependently improve T-cell phenotype and tumor load in solid tumor models 4¢.f , ¢, '. oh effect of JAK3i on IL-4 mediated alternative macrophage polarization in vitro, we could
as monotherapy, and in combination with cellular and peptide-vaccine approaches. JAK3i- o . .r. . T not detect this in vivo questioning the role of this Th2-related cytokine in the TME. IL-
cancer vaccine combination immunotherapy could be a particularly potent anti-cancer ‘ot ,:',,:& : ..’ 4-mediated M2-polarization and T-cell suppression can be induced, however, following

strategy with cellular and peptide vaccines inducing novel polyfunctional T-cell clones that - _= . "~ radiotherapy limiting its immunogenic effect on CD8"* T cells as documented in a mammary

are preserved and further boosted by JAK3i. This approach differs from current treatments tumor model*?. IL-15 and IL-7 are two other important cytokines signaling through JAK3-

primarily aimed at amplifying existing and often dysfunctional anti-tumor T-cell responses
which are only short-term effective in a proportion of cancer patients**’. Of note, in a
recently described screening assay for T-cell exhaustion reversing compounds, two JAK3i
were identified to effectively counter T-cell exhaustion in vitro, further solidifying a role for
JAK3 in mediating T-cell dysfunction®.

With the discovery of more specific JAK3i (e.g. PF-06 and decernotinib®), JAK3 can
be specifically targeted limiting unwanted action and toxicity as described for more broad
kinase inhibitors such as Tofacitinib and Ibrutinib®3°, Specific, small molecule inhibitors
hold significant advantages compared to antibody-mediated therapies including route of
administration (oral vs. i.v.), lack of anti-drug antibody formation and the possibility of
timely and graded target inhibition which may be key in case of pleiotropic targets such
as the IL-2R*. IL-2-IL-2R interaction may be essential or deleterious for T-cell effector
function and pool size, depending on the strength, duration and moment of interaction
in the anti-tumor immune response'?¢. Especially in the setting of vaccination, too early
or strong blockade of IL-2R signaling following T-cell priming could suppress proper
T-cell expansion thereby limiting therapy efficacy. Although we did not assess early T-cell
expansion in peripheral blood (PB) of mice following DC- or SLP-vaccination, the effects
of JAK3i monotherapy in PB and the effects on tumor progression indicate that graded
JAK3iimproves, rather than hampers T-cell activity. Further exploration of JAK3i timing and
dosing could further inform about optimal treatment conditions in solid tumor treatment.

Recently, Liu et al demonstrated that chronic IL-2-mediated JAK1/3-pSTATS
signaling in the TME induced T-cell exhaustion via generation of tryptophan metabolites
triggering the aryl hydrocarbon receptor (AhR) in T cells*2, As the authors did not
therapeutically target this pathway in vivo, our findings with JAK3i complement their
findings as JAK3i using PF-06 potently and specifically inhibited STAT5-phosphorylationin T
cells and improved T-cell phenotype in vivo. Interestingly, Liu et al found that an IL-2" gene
signature in multiple solid cancer types but also AML was associated with poor patient
survival, indicating that IL-2R targeting compounds may act on a wide variety of tumor
types including solid- and non-solid cancer types!?. Whether our JAK3i acts by limiting

associated receptors whose downstream inhibition could play a role in our tumor models.
In contrast to IL-2 which is dynamically upregulated following TCR-stimulation by cognate
antigen, IL-7/IL-15 are involved in maintaining survival of naive and memory T cells during
homeostatic conditions®. Liu et al. found IL-15 to be unable to exert the same exhausted
profile in CD8* T cells, even though both IL-2 and IL-15 signal through STAT5'2. Besides
their known effects on CD8* T cells, common y-chain cytokines including IL-2 can skew
Th-phenotypes, particularly IL-2 mediated Thi1-induction®®. Although we could not detect
changes in IFNy production by Th-cells following JAK3i in vivo (data not shown) modulation
through Th-subclass differentiation remains a possibility. The same accounts for Treg
which constitutively express high levels of the IL-2R and rely on IL-2 for their expansion,
survival but not for their suppressive function?***#  |nterestingly, although effector
T-cell phenotype was altered by JAK3i, we did not observe changes in Treg-frequencies
of proliferation at the applied JAK3i dose, possibly due to high intrinsic IL-2R expression
compensating for decreased downstream signaling in the context of JAK3i (data not
shown, Fig S2B).

We have shown JAK3 to be a novel and effective target for cancer immunotherapy,
improving T-cell phenotype and anti-tumor function depending on the mode of
targeting. Our findings lay the groundwork for further efficacy testing in human cancer as
monotherapy but more promising in combination with existing immunotherapies.
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Figure S2. CD25° CD4* T cells were subdivided into CD25 high/intermediate and low-expressing cells and pSTAT5

A / \ expression was assessed for the different subsets (A). Alternatively, as FoxP3 could not be included in the
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Figure S1. The effects of the different inhibitors used in Figs 1-2 on phosphotargets in different T-cell signaling
pathways in the unstimulated setting, for both CD8* (upper panels) and CD4* T cells (lower panels) at the 10uM
concentration.
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absence or presence of ascending concentrations of either PF-06651600 (PF) or Tofacitinib (Tofa) and proliferation
(A), activation (B) and cytokine production (C) were assessed by multicolor flow cytometry. Means and SEM are
shown with n=5 mice/condition IFNy=interferongamma, TNFa=tumor-necrosis factor alpha.
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Figure S5. M-CSF generated murine bone-marrow derived macrophages were skewed to the M2 phenotype using
IL-4 (A) or IL-4+IL-13 (B), or to a pro-inflammatory M1 phenotype using LPS and IFN-gamma (C) in the presence
of PF-06651600 (PF) or Tofacitinib (Tofa) and surface markers were assessed using flow cytometry. a trimeric
CD40-agonist (aCD40) was used as a prototypic M1-skewing compound serving as a positive control. (D-E) tumor-
associated macrophages (TAM) and conventional dendritic cells (cDC) in end-stage tumors from the experiment in
Fig. 2 were analyzed for frequency and phenotype. MFI=median fluorescence intensity. Means and SEM are shown.
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Figure S7. (A) various murine and human tumor cell lines were cultured in the absence or presence of increasing
concentrations of JAK3i (PF-06651600) followed by flow-cytometric apoptosis and cell death detection. The T-cell
lymphoma cell line Hu78 was used as a positive control as JAK3 is constitutively active and hence responsive to JAK3i.
(B) CD45" (tumor) cells from the experiment in Fig. 2 were assessed for proliferation (Ki-67) at various doses of PF-
06651600 in vivo. Ns= non-significant.
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Cancer immunotherapy has the potential to durably improve clinical outcome, however, .K o ’
this only occurs in a subgroup of patients and tumor types. Novel insights into what ':';‘ o;‘. 1o Y ,,A_'_." «
constitutes an effective anti-tumor immune response and how conventional anticancer ‘..Z:,‘ PMETL I
and immunotherapies can be applied to induce or enhance these responses will be r:::. .’."_ .
essential for the next generation of cancer immunotherapies. The main goal of this se.8, ¢, *
thesis was to investigate whether existing immunotherapies (e.g. ICB and DC-vaccination) Y. . s
have effects beyond their perceived target cell and location, modulating a more broad- ‘ot
acting tumor macroenvironment. Specifically, in Part A of this thesis, we hypothesized
that anti-PD-L1 immune checkpoint blockade (ICB) and gemcitabine chemotherapy not
only affected T cells in the tumor microenvironment (TME), but other cell types at distant
sites as well associating with therapy efficacy. In Chapter 2 we found that in case of anti-
PD-L1 immunotherapy, tumor-draining lymph nodes (TDLNs) were critical for treatment
efficacy and the degree of PD-1/PD-L1 interaction at this site correlated with survival in
melanoma patients. In Chapter 3, we discovered that gemcitabine not only decreased
myeloid-derived suppressor cells (MDSC) in peripheral blood as was previously known,
but significantly altered T- and NK-cell activation correlating with response to treatment in
mesothelioma patients. Part B focused on cancer vaccines and whether characterization
of the tumor macroenvironment in preclinical models could identify novel and synergistic
targets for combination immunotherapy. In short, we found cancer vaccines (cellular
vaccines in particular) to be moderately effective as monotherapy in non-small cell
lung cancer (NSCLC) patients (Chapter 4). However, when combined with macrophage-
depleting (Chapter 5) or repolarizing compounds (Chapter 6) as adjuvants, vaccine efficacy
was significantly improved. Alternatively, by fine-tuning interleukin 2 receptor (IL-2R)-
janus kinase 3 (JAK3) signaling in T cells (Chapter 7), T-cell phenotype was systemically
enhanced further increasing vaccine efficacy. These findings illustrate the potency of
sculpting elements of the tumor macroenvironment improving systemic anti-tumor
immunity. How do these findings from this thesis fit in the current tumor immunology and
immunotherapy landscape?

Previous research on TME composition has provided us with important knowledge
on tumor-infiltrating T-cell (TIL) biology and immune resistance mechanisms but has failed
to capture the complete picture of how cancers thwart the immune system. The ‘cancer-
immunity cycle’ model proposed by Chen and Mellman in 2013 provides an idealistic,
stepwise approach to anti-tumor T-cell induction and its self-propagation following effective
cancer cell lysis in the TME®. In this model, recently APC-primed tumor-specific T cells
migrate through peripheral blood (PB) and infiltrate the TME, where they recognize their
cognate tumor antigen and lyse the target cell leading to antigen release, further amplifying
the cancer-immunity cycle. Although this model remains valid to date, both preclinical
and patient studies point to a more broad-acting, systemic immune response in those
experiencing durable clinical benefit from immunotherapy?®. Contributing to this systemic

anti-tumor immune responses are not only primary tumor, TDLN, peripheral blood but
also bone-marrow, spleen and the (gut) microbiome, whose roles in modulating systemic
immunity have only recently being uncovered*’. Reciprocally, tumors have been shown
to employ a wide variety of local- and distant acting immune-suppressive mechanisms
impacting not only TILs, but also myeloid cells and lymphocytes present at extratumoral
sites mentioned earlier®!t. Therefore, the concept of a tumor macroenvironment seems
to better delineate the complex inter-organ interactions that constitute effective anti-
tumor immunity. This thesis provides a basis for further research into key constituents of
the tumor macroenvironment (e.g. TDLNs) and support the development of clinical trials
investigating combination immunotherapy efficacy (e.g. CD40-agonism and DC-therapy) in
patients using tumor macroenvironment principles (Figure 1). Below, the context of these
findings and their implications are individually discussed, including potential pitfalls and
future areas of discovery to further propel the field of immune-oncology.
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¥
+Chapter 5 & 6

Chapter 7

Figure 1. Schematic overview of the tumor macroenvironment and its cell types and locations discussed in this
thesis. TAM= tumor-associated macrophage, SSM= subcapsular sinus macrophage, TDLN= tumor-draining lymph
node
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The TDLN as an effector organ for cancer immunotherapy.

The PD-1/PD-L1-axis as a TDLN-target
Anti-tumor immune responses originate from an APC presenting tumor-antigen to a
tumor-specific T cell bearing a cognate TCR in the context of appropriate co-stimulation.

This process of priming generally occurs in the TDLN, preferably by tumor-derived *

(conventional) DCs inducing tumor-antigen specific CD8* T cells that subsequently traffic
to the TME exerting their effects*2. Unfortunately, endogenous anti-tumor responses are
often dysfunctional or insufficient to effectively halt cancer progression. In part, this could
be due to TDLN corruption by tumors through drainage of immune suppressive molecules
or by preventing cDC-maturation or egress completely®>4, We questioned whether these
processes could be targeted, as this could possibly help to reinstate effective anti-tumor
immunity in a larger number of patients. Peptide and cellular (DC-) vaccines are well-known
methods to circumvent insufficient T-cell priming in TDLNSs. Similar to vaccine approaches,
recent clinical data from ICB-treated patients point to novel T-cell clonotypes arising in
tumors of patients responding to treatment®**'’. Based on these data, we hypothesized
that ICB-therapy would also act via TDLNs and not merely by targeting T-cell checkpoints
in the TME.

In Chapter 2, we formally demonstrated that PD-L1-blocking antibodies act, at
least in part, by inhibiting PD-L1 on cDCs in TDLNs thereby promoting anti-tumor T-cell
responses. How does this finding relate to our current understanding of PD-1/PD-L1- and
checkpoint blockade biology? Until recently, the immune-checkpoints CTLA-4 and PD-(L)1
were believed to act largely through separate, non-redundant mechanisms at different
sites in the tumor micro or macro-environment*®. Whereas CTLA-4 induced an ‘anergic-
like” state in T cells through competition for B7-costimulatory molecules in lymphoid
organs, PD-1 intercepted down-stream TCR-signaling primarily by PD-L1-expressing tumor
cells at the effector site’®?. This latter mechanism was recently challenged showing
that PD-1 potently inhibits downstream CD28-signalling upon ligation by PD-L1, thereby
demonstrating that similar to CTLA-4, decreasing co-stimulatory input is a key mechanism
of inducing T-cell tolerance?*?2. This further implied that for PD-1/PD-L1-blocking
antibodies to be effective, PD-1* T cells would have to be in the vicinity of B7-expressing
myeloid cells, preferably co-expressing PD-L1. More recent seminal work indicated that
PD-L1 on host, non-tumor cells is essential for suppressing PD-1* T cells, with PD-L1 on DCs
being particularly important?*%, Where these interactions predominantly occur, however,
was largely unknown. Our data complement these findings, showing that cDCs in TDLNs
express the highest levels of PD-L1 and B7 molecules in close proximity to PD-1* tumor-
specific T cells in the paracortex. More importantly, PD-L1 inhibition specifically in the
TDLN restrained tumor-progression and increased TIL frequencies, especially of the TCF-

1'/SLAMF6-expressing progenitor-exhausted T-cell population (T_Prog). This is particularly
interesting as a this T_Prog population was recently described to mediate anti-PD-1
immunotherapy-efficacy®*3%.
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r:i.‘.r RC A ; Although the data in Chapter 2 formally demonstrate that PD-L1-blocking antibodies
wrap s ar. '“ o a0 act, at least in part, by inhibiting PD-L1 on cDCs in TDLNs and thereby promote anti-tumor

! . .r. . .."' T-cell responses, there are several questions that remain to be answered regarding the

. '-: ,E '.-.t L " e role of TDLNs in PD-1/PD-L1 ICB-therapy. First of all, our TDLN-targeted PD-L1 blockade
A '_’a .f.:'. ‘ approach was specific but incomplete, with ~30-40% of PD-L1*cDCs binding the antibody
W "' compared to 100% binding efficacy of the antibody with the systemic anti-PD-L1 dose.
- A W As a result, it is currently unclear whether the superior therapeutic efficacy of systemic
t R * ' - ' anti-PD-L1 derives from better TDLN-inhibition, or from combined PD-L1 blockade in the
T . tumor. We and others have detected extensive heterogeneity of T cells in the TME, with

some populations responding to anti-PD-1 in vitro whereas others were too terminally
differentiated/exhausted®®. Based on these observations, it is tempting to speculate
that tumor-infiltrating TDLN-derived T_Progs are the preferential targets for tumoral
PD-1/PD-L1 inhibition, further expanding the anti-tumor T-cell pool, but this has to be
further investigated. Unfortunately, we have not been able to study the selective effect
of anti-PD-L1 on the tumor in vivo, which would be crucial to assess its contribution to
immunotherapy efficacy. Implanting recently anti-PD-L1-treated tumors in congenic mice
could determine whether sole PD-L1-binding in the TME is sufficient to decrease tumor
size, with the obvious limitations of surgery and treating only once. An anti-PD-L1/tumor-
antigen bispecific antibody would be an alternative approach to tackle this issue, however,
only PD-L1 expressing tumor cells but not PD-L1 expressing APCs will be targeted*?. These
and other approaches will likely aid in our understanding of how and where effective anti-
tumor immunity is generated in response to ICB. This knowledge is pivotal in order to
develop novel immunotherapeutic strategies aimed to increase response rates to ICB.

Secondly, itis unclear whether our results can be extrapolated to anti-PD-1-treatment.
As we only blocked PD-L1, PD-L2 would still be able bind the PD-1 receptor thereby
silencing proper T-cell activation®3. Interestingly, we could not detect PD-L2 expression by
cells in the TDLN, whereas this ligand was abundantly expressed in the TME. Our finding
that PD-L1-blockade specifically in the TDLN was sufficient to induce anti-tumor immunity
could further underline the relevance of PD-1/PD-L1-axis inhibition in TDLNs compared to
the TME. Finally, we could detect frequent PD-1/PD-L1 interactions in melanoma TDLNSs, in
contrast to the primary tumor, which was associated with early distant disease recurrence
following surgery. Current research is aimed at identifying whether the PD-1 expressed
by T_ Prog is involved in these PD-1/PD-L1 contacts in patient TDLNs, and whether T_Prog
presence correlates with response to ICB at time of disease relapse.

With PD-1* T_Prog at the receiving end, which cells provide the PD-L1 signal in the
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TDLN?Both TDLN-macrophagesaswellascDCswere foundtobe most numerousand express .K v

the highest levels of PD-L1 in TDLN. We could deplete TDLN macrophages with a titrated | ',; g et T

concentration of clodronate-encapsulated liposomes (CEL), showing that macrophages ..z:,‘ T eatas A
were dispensable for anti-PD-L1 efficacy, a finding that was recently confirmed by others?’. ; ":‘7 M.
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cDC2s, alternatively, were found to co-localize with CD8*T cells in the TDLN whereas cDC1s “.:..' y e, !
where scarce and expressed low levels of PD-L1. cDC1s, however, are generally regarded Yt
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as most optimal CD8* T-cell inducers whereas cDC2s preferably prime CD4* T cells3*3,

CD8* T-cells to a similar extend as resident- and migratory cDC1s*. Furthermore, Maier ! .
it s .
and colleagues found that cDCs acquire a subtype-independent regulatory program upon = - ety
‘ -
apoptotic tumor cell phagocytosis, which caused PD-L1 expression and attenuation of e * . *

anti-tumor T-cell responses in TDLNs?. These findings challenge the proposed dichotomy
in cDC-functionality and suggest that cDC2s are potentially new target for modulation of
anti-tumor immune responses.

Targeting other TDLN-constituents to improve anti-tumor immunity

CD8" T-cell priming by DCs takes place amidst a wide variety of LN resident- and migratory
cell types that promote, suppress or skew the resultant T-cell phenotype depending
on environmental cues. The precise roles of many of these cells in establishing tumor
immunity are just now being unraveled and could spark the development of a new wave
of immune-stimulatory drugs. As macrophages (TAMs) are among the most numerous
cells in the TME displaying high immunosuppressive potential, skewing or depletion of
TAMs has gained considerable momentum in the development of effective combination
immunotherapy*>®. In Chapter 5, we used a clinically applied M-CSFR-inhibitor to deplete
TAMs either as monotherapy, or in combination with DC-therapy in TAM-rich mesothelioma
tumor models. TAM-depletion significantly improved DC-therapy-induced anti-tumor
T-cell responses as indicated by increased T-cell proliferation in PB and improved T-cell
phenotype in the TME associating with improved survival. Whether this was mediated
by TAM-depletion specifically, or if macrophages at other sites were responsible for the
combination therapy efficacy is unknown, but preliminary data indicate that LN subcapsular
sinus macrophages (SSMs) were also depleted by M-CSFRi. Crucially, The proportions of
proliferating T cells were increased by M-CSFR-inhibition occurring already early following
DC-transfer, indicating improved T-cell priming in LNs. Early exploratory analysis using CFSE-
labeled DCs showed improved DC-trafficking in the absence of TDLN macrophages which
were depleted using TDLN-targeted clodronate encapsulated liposomes (CEL) prior to DC-
transfer. Based on these observations, it is interesting to speculate that SSMs could act
as a physical barrier to migratory DCs. This idea is reminiscent of other research showing
SSMs to shield off tumor-derived exosomes from B cells, thereby preventing the induction
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Interestingly, the Krummel lab recently showed that migratory cDC2s proficiently induce - = . o s

of antibodies that would otherwise deposit in the TME and induce TAM-mediated immune
suppression*?. These early findings show that by dissecting the modes and sites of action
of commonly applied immune modulatory drugs, novel inhibitory mechanisms can be
uncovered providing rationales for combination immunotherapy.

In contrast to depleting macrophages systemically, altering their phenotype to
support rather than suppress immune responses could be more beneficial. In Chapter 6
we repolarized immune suppressive (‘M2’) macrophages with a CD40-agonist, thereby
improving DC-therapy efficacy in mesothelioma and pancreatic ductal adenocarcinoma
(PDAC) mouse models. This coincided with enhanced CD40-driven stromal degradation
and increased TIL-frequencies with efficacy being dependent on CD8*but not CD4* T cells.
Although it has to be noted that both effector- and regulatory T cells are depleted by anti-
CD4-antibodies, this could indicate that CD4* T-cell help may be redundant in case of CD40-
agonistic antibodies. Also, it is unclear whether combination therapy efficacy manifests by
enhanced DC-priming capacity in the context of CD40-stimulation (e.g. as demonstrated
by increased T-cell proliferation and effector-memory generation in PB) or by effects in
the TME. Experiments in which CD40 knock-out or inversely in vitro anti-CD40 antibody-
stimulated DCs are injected could shed light on the mechanisms underlying the efficacy of
combination immunotherapy. The aforementioned results provide a preclinical rationale
for a current clinical trial investigating the efficacy of CD40-agonist/DC-combination
immunotherapy in metastatic PDAC patients from which safety and early efficacy data are
eagerly anticipated.

CD4*T cells as effectors and suppressors in the tumor macroenvironment.

Depletion of CD4* T cells during CD40-agonist/DC-combination immunotherapy did
not abrogate therapy efficacy in PDAC-bearing mice as mentioned above. How do CD4*
T cells contribute to anti-tumor immunity? CD8* T cells are believed to be the primary
anti-tumor effector cells, but the relevance of CD4*T cells in tumor immunity is becoming
more apparent. Recent data from the Schreiber group showed that CD4* T cells were
critical mediators of ICB-efficacy, as CD4-depleting antibodies and genetic loss of MHCII-
antigens abrogated treatment benefit in topical carcinogen-induced (MCA) tumors*44,
Additionally, baseline CD4* effector T-cell frequencies in PB have been found to correlate
with ICB-response in patients**, Besides their previously unappreciated direct cytotoxic
functions®’, CD4* T-helper cells are critical in providing T-cell help to DCs in the TDLN in
a process called DC-licensing®. Through a set of bidirectional co-stimulatory signaling
pathways including CD40-CD40L and CD27-CD70, CD4* T cells increase the capacity of
DCs to induce potent effector T-cell responses*=2. ‘Helped’ CD8*T cells, in turn, displayed
enhanced memory-potential, decreased expression of co-inhibitory checkpoints and
increased tumor invasiveness*t. Despite the predicted role of CD4* T cells in ICB-efficacy,
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it remains to be investigated whether insufficient T-cell help contributes to CD8" T-cell of these drugs and associated clinical responses in patients, however, are incompletely

dysfunction in ICB non-responding patients. understood. To obtain insight in the effect of chemotherapeutics on the immune system,

in Chapter 3, we analyzed circulating immune cells of malignant mesothelioma patients

anti-tumor immunity through a wide variety of mechanisms including the scavengingr“z. Sl treated with the commonly used chemotherapeutic drug gemcitabine. Although second-
» 13

of B7-signals and IL-2 by CTLA-4 and constitutive CD25-expression, respectively®®. The “..'.,' e, T ",-. line maintenance gemcitabine significantly increased time to disease progression in

role of Tregs has been especially described in the TME where they inhibit CD8* effector ' ML T RN s mesothelioma patients, survival was only prolonged in a subset of patients, warranting
T-cell responses and correlate with worse prognosis and decreased ICB-efficacy and LN- ‘ot ,:',,vdt Ty improved mechanistic insight and biomarkers that predict clinical benefit®. We found

metastasis®**®. In addition to affecting anti-tumor CD8* T-cell responses locally in the TME, - = . "~ gemcitabine to decrease frequencies of known immune suppressive cell types including

tumor-resident Tregs may indirectly alter CD4* effector T-cell priming in TDLNs. It has MDSCs and to halt proliferation of Tregs while concurrently stimulating NK- and effector

been shown that Tregs in the TME induce a tolerogenic cDC2 subset which resultantly . A WP T cells in PB, as evidenced by increased proliferation and expression of co-stimulatory

failed to induce effective anti-tumor immunity*3. As tolerogenic TDLN DCs were found to
preferentially induce anergic and regulatory CD4*T cells in the TDLN of a spontaneous lung
adenocarcinoma model, this could point to a vicious cycle fueling tumor progression®’.
Blocking CTLA-4 on Tregs using anti-CTLA-4 ICB effectively abrogated Treg-induced CD8*
effector T-cell suppression and prevented DC phenotype alteration in mice®. As anti-
CTLA-4 depletes Tregs in mice but not in humans, this contribution of anti-CTLA-4 ICB in
patients remains to be investigated®®. Although Tregs have been found to suppress anti-
PD-(L)1 induced anti-tumor immune responses in mice, their relative contribution to ICB in
the patient setting was unknown®%%. Future research will have to focus on the role of Tregs
in antagonizing ICB-induced anti-tumor immunity and treatments aimed at the skewing or
depletion of Tregs in the tumor macroenvironment.

Discovering novel modes of action of existing anticancer drugs for combination
immunotherapy.

Utilizing off-target effects of chemotherapy and small-molecule inhibitors

Novel and rational combination-treatment approaches including both conventional- and
immune-based therapies will be needed to increase response rates to immunotherapy.
Chemo- and targeted therapies are particularly suited treatments for combination
immunotherapy because of the extensive clinical experience and availability of these
drugs. The majority of current anticancer drugs including chemo-, targeted- (e.g. small
molecule inhibitors) and immunotherapies were initially developed to induce cell
death by targeting tumor cell vulnerabilities (e.g. increased cell division, oncogene-
addiction or PD-L1 expression). In the last two decades researchers have begun to
dissect the precise cellular and molecular underpinnings of how these drugs constitute
their effect. For example, experiments in mice have shown chemotherapeutic agents
including doxorubicin, oxaliplatin and gemcitabine to depend on the presence of a
functional immune system in order to be effective®®2. The immune-stimulatory capacity

receptors. The majority of these immunomodulatory effects only occurred in gemcitabine-
treated patients and not in the untreated control arm. Moreover, parameters such
as increased NK-cell proliferation correlated with improved overall survival following
chemotherapy identifying a potential on-treatment biomarker which should be further
validated. Tumor samples pre- and post-treatment are needed to investigate whether the
alterations in circulating immune cell composition are associated with an enhanced anti-
tumor effect and impact patient survival through this mechanism. Unfortunately, we could
not answer this question, because tumor samples pre- and post-treatment were lacking
in this trial. The observed gemcitabine-associated increases in inhibitory (e.g. PD-1) and
stimulatory receptors (e.g. ICOS) do provide a treatment rationale to combine gemcitabine
with antagonistic- or agonistic antibodies to these receptors, respectively. In accordance
with these findings, preclinical data in mice and two chemotherapy- and ICB-refractory
mesothelioma patients treated with gemcitabine + anti-PD-1 showed potential synergy
between the two therapies®. These findings highlight the opportunities of performing
comprehensive immunomonitoring in PB in order to rationally design combination
immunotherapy in solid tumor patients.

Instead of promoting anti-tumor immunity directly (e.g. increasing immunogenicity)
or indirectly (e.g. MDSC depletion), off-target effects of anticancer drugs can also
potentially negate beneficial anti-tumor efficacy. E.g., in addition to the immune-
stimulatory effects observed with gemcitabine in PB, gemcitabine has been reported to
increase IL-1B secretion by MDSCs, leading to IL-17 secretion by CD4* T cells curtailing
anti-tumor efficacy®. Whether this mechanism plays a role in resistance to gemcitabine in
patients remains to be investigated, but could be assessed by measuring IL-1B and IL-17
cytokine levels in patient serum®. Another example of a drug with pleiotropic properties
is the focal-adhesion kinase (FAK) inhibitor Defactinib which was developed to target FAK-
dependent cellular invasion and pro-survival signaling in cancer (stem) cells®®. Especially
NF2-mutated cancers such as malignant mesothelioma were found to be particularly
sensitive to FAK-inhibition both in vitro and in immunodeficient xenograft models®’.
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Unexpectedly, a randomized controlled trial in malignant mesothelioma failed to show $;"£e® ’
Fath - -
any survival benefit of Defactinib, independent of NF2-mutation status®. Besides limiting , ',‘ ag et Yy

tumor-cell migration, FAK-mediated cytoskeletal rearrangement could be essential in -.z:,‘-o-'.- o,
pia] »

DCs for their migratory and antigen-presentation capacity (Fig. 2A). Exploratory analyses r“i‘ S e . DC-T-cell co-culture (1:10)
» 13
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revealed that concurrent administration of a FAK-inhibitor together with tumor-lysate ..'.I voers PMAVionomycin t=48h t=72h t=96h

loaded DCs completely abrogated DC-efficacy in mesothelioma-bearing mice (Fig. 2B-D). * e MAA TR IS s

This coincided with decreased T-cell proliferation in PB and in the TME. DC-T-cell cultures ‘ot
further showed decreased proliferation in vitro, illustrating that FAK-inhibition negatively - _= . "~

Control

Count

impacts DC-T-cell interaction thereby potentially negating effective anti-tumor immunity.
Interestingly, when others combined FAK-inhibition with PD-1 checkpoint blockade . -
therapy in PDAC models, synergy was noted showing that dependency of FAK might rely
on the model and the context and kinetics of the immune response®. These data further
emphasize the importance of using multiple translational immune-competent models in
order to fully understand the net result of both target and off-target drug effects on the
tumor macroenvironment.

Drug dose, specificity and partner dictate combination immunotherapy efficacy

and toxicity

In addition to the identification of novel immunotherapeutic targets, appropriate drug
selection, specificity, dose, timing and type of combined immunotherapy modality are
crucial to achieve effective combination immunotherapy. Although anti-CTLA-4 and anti-
PD-1 ICB are often combined because of their perceived non-redundancy, synergism is
only established in some cancer types, whereas in others efficacy is limited at the expense
of significant toxicity’®’2. Recently, anti-PD-1/CTLA-4 combination ICB was shown to inflict
activation-induced cell death (AICD) in tumor-specific T cells, suggesting that approaches
other than combination ICB are needed to safely and effectively improve cancer
immunotherapy’®. One of these methods includes the use of low-dose immunosuppressive
drugs such as mTOR- and MAPK-pathway inhibitors in order to improve immunotherapy
efficacy. Opposite to merely amplifying T-cell driven responses through combination ICB,
modulation of downstream signaling pathways could fine-tune anti-tumor T-cell responses
and increase response durability. For instance, Sahin and colleagues have shown that
combining an RNA-vaccine with the mTOR-inhibitor rapamycin skewed vaccine-elicited
T-cells to a long-lived memory-precursor IL-7R" phenotype at the expense of short-lived (IL-
7R"° KLRG1") effector T-cells, thereby improving vaccine efficacy’. Similarly, MEK-inhibition
(MEKi) was found to decrease T-cell exhaustion and induce a memory-precursor/TexProg-
like phenotype through increased fatty-acid oxidation, improving adoptive T-cell transfer
and PD-L1-ICB efficacy in melanoma mouse models’™. Timing and dosing of these
immunomodulatory drugs is essential, as early administration of MEKi and rapamycin
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Figure 2. Inhibition of focal-adhesion kinase (FAK) abrogates dendritic cell (DC-) immunotherapy efficacy in mice.
(A) Wild type OT-I T cells were either stimulated with PMA-ionomycin (left) or with bone-marrow derived dendritic
cells (BMDCs) loaded with cognate peptide in the absence or presence of different doses of FAK-inhibitor (FAKi).
T-cell apoptosis was not affected by FAKi as assessed by 7-AAD/Annexin V staining (not shown) (B) BALB/c mice
were injected with AB-1 tumor cells and either treated with AB-1-lysate loaded BMDCs (DC-therapy) and/or FAKi
administered twice daily via oral gavage. (C) Peripheral blood was analyzed on day 15 following tumor implantation
and CD8+ T cell proliferation (Ki-67) and effector-cell differentiation (KLRG-1) was assessed using flow cytometry
(D) Kaplan-Meier curve showing survival of the individual treatment groups. NS= non-significant, *= p<0.05, CFSE=
Carboxyfluoresceine succinimidyl ester, PMA= phorbol myristate acetate.
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dose via twice-daily oral gavage (Chapter 7). Also, TAM phenotype was unaltered in vivo
suggesting that IL-4/IL4R-signaling may not be involved or may be functionally redundant D
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during in vivo TAM polarization. At low dose continuous JAK3i administration in drinking
water, however, T-cell activation was enhanced, as shown by increased TIL proliferation
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combination immunotherapy. How does JAK3i modulate anti-tumor T-cell immunity
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and responses? JAK3 associates with the common-gamma chain family of cytokine
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receptors including the IL-2R, which is indispensable for early T-cell proliferation and 0 2 0 00

survival following priming®. However, recent findings by Liu et al. indicate that chronic
IL-2R-JAK1/3-STATS signaling induces TlL-exhaustion through tryptophan metabolites o
activating the aryI hyd rocarbon receptorin T cells®”28, Moreover, excess IL-2 during priming Figure 3. Inhibition or lack of Bruton’s tyrosine kinase (BTK) does not impact survival or macrophage phenotype
in mesothelioma murine tumors. (A) CBA/J and BALB/c mice were injected with AC-29 or AB-1 tumor cells,
respectively, and either treated with AB-1-lysate loaded BMDCs (DC-therapy) and/or ACP-196, a highly specific BTK-
aforementioned finding that inhibition of the mTOR and MAPK-pathways prevents SLEC inhibitor (BTKi) in drinking water. Survival was monitored and plotted in Kaplan-Meier curves and in case of CBA/J

89,90 e . . } mice, abdominal circumference was measured as a proxy for ascites volume. (B) BTK wild-type (CBA/J) or knock-
dEVEIOpment -In addition to STATS, mTOR and MAPK pathways are also activated by IL out (K.O.; CBA/N) mice were injected with AC29 tumor cells followed by DC-therapy at day 10 and survival was

2R-JAK1/3-signaling, suggesting that JAK3i could have widespread effects on intracellular monitored. (C) In end-stage tumor tissue, tumor-associated macrophages (TAM) phenotype was assessed using M2
(arginase, CD206) and M1 (iNOS) markers. (D) Alternatively, AC29-bearing CBA/J mice were treated with Ibrutinib
and/or DC-therapy and survival and abdominal circumference was noted. NS= non-significant, *= p<0.05
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signaling culminating in an improved T-cell phenotype®. Whether these mechanisms o ; o and proliferation in PB following treatment. This effect was derived in part from blockade
account for the beneficial effects of chronic low-dose JAK3i or Ibrutinib in vivo remains to , ',‘ o;‘. of PD-L1 in the DC- and tumor-DLN, because LN-targeted PD-L1 blockade was nearly as

be investigated. These findings illustrate the potency but also complexity of using small ...z:,‘ MER Y effective as systemic anti-PD-L1 administration. As both endogenous and exogenous in
molecule TKI as immunomodulatory agents in cancer immunotherapy. vitro stimulated DCs express high levels of PD-L1, ICB could promote DC-therapy efficacy by
improving both T-cell priming and TIL-effector function in the TME. This illustrates that by
Concluding remarks and prospects for future investigation comprehensive characterization of not only the TME, but the tumor macroenvironment,
This thesis provides novel insights into the role of the tumor macroenvironment in tumor novel interactions between immune, stromal and tumor cells can be uncovered and
immunology and cancer immunotherapy, however, much remains to be explored in order redirected to mount effective anti-tumor immunity in patients.
to optimally treat solid tumor patients. Part A of this thesis encompasses novel insights Essential to the development of novel combination immunotherapies are innovative

into the mechanisms underlying conventional- and immunotherapy efficacy, with the trial designs with comprehensive multi-tissue immunomonitoring allowing for the study

identification of TDLNs as key actors in the tumor macroenvironment. Current and future of anti-tumor immune responses directly in vivo. As timing of chemo- or radiation therapy

.
research will be aimed at the further characterization of the TDLN-environment in solid - in combination with immunotherapy may elicit widely different responses®®®’, early-
tumor patients, focusing on APC-T-cell interactions, the development of T_Prog and the " phase clinical trials including multiple smaller-armed patient cohorts could reveal potent
contribution of checkpoints other than PD-1/PD-L1 in TDLN-homeostasis. Although T-cell synergies which could be then confirmed on a larger scale®. Translating these findings
immunosurveillance of primary tumors is frequently studied, the role of T cells in curtailing back to appropriate pre-clinical models rather than vice-versa will aid in an improved
LN metastasis is largely unknown and could offer novel targets for immunotherapy. To understanding of the molecular mechanisms underlying treatment efficacy and provide
these ends, novel tools will be employed allowing spatial discrimination of cells in the rationales for novel immunotherapies®. As current forms of immunotherapy (including
architecturally complex TDLN including imaging mass-cytometry, multicolor chromogenic immunogenic forms of chemo- and radiotherapy) act at different steps of the anti-tumor
multiplex staining and Nanostring digital spatial profiling (DSP). Several tumor types such immune response (Figure 1), rational combination immunotherapy efficacy at the offset of
as PDAC, NSCLC and melanoma will be included in order to assess the role of TDLNs in treatment (e.g. ICB + cellular therapies, rather than combination ICB) may be most effective
tumors differing in immunogenicity and ICB-responsiveness. Concerning melanoma, the in rendering durable treatment responses. Careful pre- but also on-treatment biomarkers
increased abundance of PD-1/PD-L1 interactions in the TLDN associating with poor clinical should be used to optimally stratify patients for individual treatment combinations and
outcome deserves further validation and improved (automated) quantification in larger adjust treatment when secondary/acquired immune resistance ensues, respectively. For
cohorts. As non-metastatic stage Il-1ll melanoma patients are increasingly being treated example, patients exhibiting a lack of a pre-existing anti-tumor immune response could
with (neo-)adjuvant ICB in clinical studies and daily practice, a biomarker predicting benefit from a cellular or peptide vaccine, combined with (anti-PD-1/PD-L1) ICB to amplify
benefit to ICB treatment is anticipated®2. These studies will further improve insight into immune priming in lymphoid organs. If disease relapse occurs, tissue or liquid biomarkers
the dynamic interaction between our immune system and (metastatic) cancer, yielding could inform on the mode of resistance. In case of a defect in tumor cell antigen-processing
novel biomarkers and targets for immunotherapy. machinery an approach could be an individualized T-cell therapy approach (e.g. chimeric

In Part B, characterization of the mesothelioma and PDAC microenvironment allowed antigen receptor [CAR] T-cells), vaccination with alternative antigens (e.g. T cell epitopes
for rational design of cellular (DC) and peptide vaccine combination immunotherapy, associated with impaired peptide processing; TEIPP) or a different conventional anticancer
primarily by targeting immunosuppressive macrophages in the tumor macroenvironment. agent!?®192 Sych a dynamic and personalized application of cancer immunotherapy guided
These studies form the preclinical basis for current phase I-ll clinical trials in PDAC in which by biomarkers informing about tumor macroenvironment status will improve cancer
DC-therapy is investigated as monotherapy following surgical resection or in combination immunotherapy allocation and efficacy in the future.

with a CD40-agonistic antibody in the metastatic setting. By increasing T-cell infiltration of
PDAC and mesothelioma tumors, DC-therapy (+/- anti-CD40) could subsequently sensitize
these tumors to anti-PD-(L)1 ICB to which they are inherently resistant®*°, Exploratory
analysis (not included in this thesis) point to potential synergy between concurrent anti-
PD-L1 and DC-therapy administration in mice, significantly increasing T-cell activation
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countries. When cancer is diagnosed at an advanced disease stage, conventional treatment ;

options often include radio-, chemo or molecular therapy to extend patient survival and ~ee.f ,

improve cancer-related symptoms. In the last decade, immunotherapy has entered the *

stage as a promising treatment for a wide variety of cancers including melanoma, lung
cancer and leukemia. Whereas radio-, chemo and molecular therapies work by exploiting
enhanced cell division or growth in tumor cells, immunotherapy works differently. Cells of

our immune system called T cells patrol our body for potential threats including harmful '

bacteria or viruses, but also tumor cells which differ slightly from healthy non-malignant
cells. However, when T cells reach the tumor, they encounter a complex and often highly
immune suppressive ‘microenvironment’ containing not only cancer cells, but blood
vessels and other immune cells that prevent T cells from destroying the tumor. Most if
not all immunotherapies convalesce at an improved capacity of T cells to recognize and
lyse tumor cells. Of the many different immunotherapeutic approaches that are currently
being employed, immune-checkpoint blockade (ICB) is most frequently used in the clinic.
In short, ICB regimens consist of blocking antibodies to key ‘checkpoint’ proteins on the
T cell surface that function as molecular brakes to keep these cells in check. Blocking
the checkpoints causes T cells to become increasingly activated and destroy tumor cells.
Alternatively, anti-tumor T cells can be generated by cancer vaccines (similar to e.g.
a vaccine directed against COVID-19) or modified and cultured in the laboratory to be
infused in patients. Although a proportion of patients display significant reduction or even
complete eradication of disease following immunotherapy, the majority become resistant
and relapse. An improved mechanistic insight into how and where immunotherapies act,
and how efficacy may be increased by combining different treatment modalities (e.g. ICB
and specific chemotherapy) will likely improve survival of cancer patients. In this thesis, we
have attempted to elucidate the working mechanisms of several immunotherapies which
are summarized below.

In Chapter 1, key concepts in basic oncology and immunology are introduced. For cancers
to occur, several demands need to be met, including unperturbed cell growth, increased
survival, and sufficient blood vessel formation. These ‘hallmarks’ of cancer biology also
include evasion from the immune system and chronic inflammation which further fuels
tumor growth. Research from the last decade has shown that instead of contributing
to one process individually, one hallmark can influence several others at the same time
(e.g. one mutation causing relentless growth of tumor cells may also prevent T cells from
properly infiltrating the tumor). These insights have improved our understanding of how
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cancers thwart the immune system and how we can manipulate these processes to our
advantage (e.g. by combining immunotherapy with drugs preventing excessive cell growth
or blood vessel formation). The second concept crucial to our understanding of cancer
evolves around the notion of cancer being a systemic disease affecting the entire body
rather than a tumor within a particular organ. In this model of a tumor macro-, rather than
microenvironment, tumors influence not only the immune cells within the tumor itself but
more extensively corrupt connected lymph nodes, bone marrow and even prime immune
cells in distant organs for future metastasis. Therefore, in order to combat cancer, an
effective and systemic immune response is needed to ensure durable cancer remissions.
An improved insight into the role of the tumor macroenvironment in regulating systemic
antitumor immunity will be essential to understand resistance and design novel therapies
for cancer patients.

In the following chapters, novel insights and approaches aimed at promoting effective
systemic immunity are discussed in two parts. In Part A, new mechanisms of action of
two frequently used anticancer therapies are elucidated, namely anti-PD-L1 ICB (Chapter
2) and gemcitabine chemotherapy (Chapter 3). As mentioned above, ICB antibodies have
long been thought to activate T cells in the tumor microenvironment, thereby leading
to tumor destruction in patients. The majority of patients, however, do not respond
or respond only temporarily to these drugs. Lymph nodes are key organs in the tumor
macroenvironment by facilitating an environment where T cells can be primed and expand
before they infiltrate the tumor. In Chapter 2 we assessed lymph nodes most proximal
to the tumor (tumor-draining lymph nodes; TDLNs) and investigated whether they could
be involved in ICB-efficacy. We found anti-tumor T cells in TDLNs to express high levels of
inhibitory checkpoint proteins on the cell surface acting as molecular brakes preventing
them from reaching the tumor and having effect. To assess whether these cells are
responsive to ICB immunotherapy we developed a method to specifically target T cells
in the TDLN with ICB antibodies. Using this approach, we could show that ICB antibodies
work, in part, by activating T cells in TDLNs that in turn migrate to tumors where they
have their effect. Blocking T-cell egress from TDLNs, abrogated immunotherapy responses,
showing TDLNs are essential targets for ICB immunotherapy. Lastly, we discovered that
melanoma patients harboring high levels of immune checkpoints on T cells in their TDLNs
were more likely to have metastatic disease in the future, indicating that these patients
might benefit from ICB therapy after surgery.

Chemotherapies are thought to act primarily by inhibiting tumor cell growth leading to cell
death. How chemotherapies affect the immune system of cancer patients is largely unclear.
In Chapter 3 we studied the effects of gemcitabine chemotherapy on the circulating

o  Ippendices




cells, regulatory T cells) were found to be decreased in frequency or proliferation rate ..z:,‘ METLIN
PR

r“:.‘. l’
L1 Y]

following gemcitabine. On the other hand, anti-tumor immune cells including T cells and
natural killer (NK) cells showed increased cell division compared to non-gemcitabine-

treated patients. Furthermore, activation status of T and NK cells was increased following *

gemcitabine treatment as was indicated by elevated expression of co-stimulatory
molecules on the cell surface. Concurrently, expression of the PD-1 checkpoint was also
increased suggesting potential combination treatment efficacy with gemcitabine and ICB

antibodies. Lastly, some of the aforementioned dynamics in T- and NK-cell phenotypel

correlated with improved response to gemcitabine treatment, suggesting that gemcitabine-
related immune alterations could directly affect patient outcome. This study shows that
in addition to targeting tumor cell directly, gemcitabine is highly immunomodulatory
which is important for future studies assessing the effect of gemcitabine-immunotherapy
combination treatment in patients.

Besides ICB antibodies and immunogenic chemotherapy, cancer vaccination is another
potent strategy to induce immune responses to cancer with the aim of decreasing tumor
burden. In contrast to previously highlighted cancer therapies, vaccines are often highly
specific to faulty or overly abundant proteins on the tumor cell surface (so called ‘tumor-
antigens’), resulting in few off-target side effects. Cancer vaccines can be subdivided
into peptide vaccines or cellular vaccines including dendritic cell (DC) therapy. DCs are
potent antigen presenting cells meaning that they pick up antigen (e.g. foreign particles)
and present these to T cells in lymph nodes thereby activating them to neutralize
existing threats. In the case of DC-therapy, DCs are cultured or extracted from patient
blood, followed by a loading step with peptide or tumor material in the culture medium,
activation with an adjuvant and infusion into the patient. The response to cancer vaccines
can be highly variable depending on the design, target and adjuvant included in the
vaccine but often patients respond only temporarily. In Part B of this thesis, new cancer
vaccine strategies were investigated by targeting key modes of resistance in the tumor
macroenvironment that could hamper clinical vaccine efficacy. First, to assess which
vaccines hold promise in cancer treatment, Part B commences with a systematic analysis
of the efficacy of cancer vaccines in the treatment of lung cancer (Chapter 4). By collecting
and combining a multiple vaccine trials, improved efficacy over best supportive care of
placebo could be demonstrated. By comparing cellular and peptide vaccine approaches,
we demonstrated improved efficacy of cellular vaccines over peptide vaccines.

L

Vaccine efficacy may be compromised at several steps in the formation of a systemic
immune response. T cells induced by vaccines need to migrate from lymph nodes into the
tumor where they have the capacity to kill unless perturbed by immune suppressive cells.
One major and potent immune suppressive immune cell is the macrophage. In Chapter
5, we tested whether depletion of macrophages using a specific drug could render DC-
therapy more effective in mouse models of cancer. To this end we studied the effect of
macrophage depletion and DC-therapy in mesothelioma tumor models, as these tumors
are notoriously rich in macrophages, also in patients. Similar to the patient setting, DC-
therapy prolonged survival in tumor mice but eventually nearly all mice died from their
mesotheliomas. Depletion of macrophages had no effect by itself, but when combined
with DC-therapy, survival was significantly improved with a majority of mice being cured.
Macrophages have the ability to change from immune suppressive to immune stimulatory
(or vice versa) depending on signals from their environment. Switching macrophages to an
immune stimulatory phenotype rather than depleting them could be even more potent
in improving cancer vaccine efficacy. We tested this hypothesis in Chapter 6, by using
an antibody to activate a stimulatory molecule called CD40 which is expressed on both
macrophages and DCs. We found that activation of this molecule was capable of skewing
previously immune-suppressive macrophages to immune-stimulatory ones, thereby
improving mesothelioma survival in mice. Also, treatment with activating antibodies to
CDA40 sensitized mice with aggressive immunotherapy-resistant pancreatic cancer to the
effects of DC-therapy. This finding uncovered a novel potent treatment strategy, which is
currently tested in patients. In Chapter 7 we investigated a novel target potentially involved
in macrophage skewing called Janus Kinase 3 (JAK3), which is a critical signal transducer
downstream from various cytokine receptors. Besides being expressed in macrophages,
JAK3 is expressed by many other immune cells including T cells. Whereas JAK3 was capable
of altering macrophages in culture plates, treatment in mice did not result in macrophage
skewing. Because JAK3-inhibition at the correct dosing regimen did decrease tumor size,
we further investigated its mode of action. We found that T cells were positively affected
by JAK3-inhibition in tumors, with T cells displaying a more activated profile. Although
monotherapy with JAK3-inhibition was modestly effective, combination therapy with a
peptide or DC-vaccine further improved responses in mouse tumor models. Where in
the tumor macroenvironment and how JAK3-inhibition specifically stimulates T cells and
whether cancer patients will benefit remains to be further investigated.

This thesis concludes with a discussion in Chapter 8, where the findings are put into
context. In addition, novel research aims and perspectives are put forward to further
increase our understanding of effective anti-tumor immunity and immunotherapy. These
include a comprehensive analysis of key hubs in the tumor macroenvironment (focusing
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de huidige conventionele behandelingen meestal uit chemotherapie, bestraling en 4¢.f ,
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middeninkomen landen. Indien kanker zich in een gevorderd stadium bevindt, bestaanr

moleculaire therapieén om zo overleving en kanker-gerelateerde klachten te verbeteren.
In de laatste jaren is immuuntherapie erbij gekomen als een veelbelovende behandeling
voor een groot aantal type kankers waaronder longkanker, melanoom en leukemie. De
eerder genoemde conventionele therapieén werken door in te grijpen op de celdeling
van kankercellen. Immuuntherapie grijpt niet direct op de celdeling aan, maar heeft
als doel het afweersysteem te ‘ontketenen’ en te richten tegen de tumor zelf. Een
specifieke cel van ons afweersysteem genaamd de ‘T cel’ is cruciaal in dit proces en
vrijwel alle immuuntherapieén hebben als gedeelde noemer het activeren van T cellen
die zich vervolgens tot de tumor richten. Een veelgebruikte methode is immuun-
checkpointblokkade (ICB) waarbij blokkerende antistoffen gericht tegen zogenaamde
‘checkpoints’ op de T cel zorgen voor verhoogde T-celactiviteit en dus tumorafbraak. Een
alternatieve methode is het induceren van anti-tumor T cellen door vaccins te geven die
een afweerrespons gericht tegen eiwitten op de kankercel aanwakkeren. Dit kan zowel
via een vaccin dat tumoreiwitten en immuun-activerende stoffen bevat (lijkend op bijv.
het COVID-19 vaccin) of via gekweekte afweercellen uit het laboratorium die T cellen
instrueren de kanker aan te vallen (dendritische-cel therapie). Ondanks dat een deel van
de patiénten reageert of zelfs geneest dankzij immuuntherapie, treedt vaak resistentie op
en groeit de tumor door of komt deze terug ondanks therapie. Een beter inzicht in hoe
verschillende immuuntherapieén werken, en hoe effectiviteit versterkt kan worden door
therapieén met elkaar te combineren (bijv. immuuntherapie en chemotherapie) kan de
overleving van patiénten met kanker verbeteren.

In hoofdstuk 1 worden sleutelbegrippen uit de oncologie en immunologie geintroduceerd.
Voordat kanker ontstaat moet een tumor aan enkele basisbehoeften voldoen zoals
ongelimiteerde celgroei, verbeterde overleving en voldoende bloedvoorziening. Inzichten
aan het begin van deze eeuw hebben aangetoond dat naast deze reeds bekende
basisbehoeften, het ontwijken van ons immuunsysteem ook essentieel is om kanker te
ontwikkelen. De laatste jarenis steeds meer duidelijk geworden hoe tumoren hiertoe in staat
zijn. Het blijkt dat dezelfde genetische afwijkingen die zorgen voor ongestoorde celgroei,
tegelijkertijd kunnen zorgen dat bijvoorbeeld T cellen minder goed de tumor kunnen
bereiken. Dit betekent dat het wellicht wenselijk is om middels combinatiebehandelingen
te interveniéren in meerdere processen die leiden tot tumorprogressie om zo de kans
op genezing te verbeteren. Het tweede concept cruciaal voor ons begrip van de relatie

tussen kanker en het immuunsysteem centreert zich om de bevinding dat kanker (zelfs in
niet-uitgezaaide vorm) een systemische ziekte is in plaats van een orgaan specifieke ziekte.
In dit model van een macro- in plaats van micro-omgeving (‘environment’) beinvloed de
tumor niet enkel cellen in zijn directe omgeving (micro) maar organen in de buurt (bijv.
lymfeklieren) en op afstand (bijv. de milt of de longen, zelfs voordat er uitzaaiingen zijn).
Daarom zal een effectieve systemische immuunrespons tegen de kanker onontbeerlijk
zijn om langdurige controle van ziekte te bereiken. Een verbeterd inzicht in de betrokken
elementen van de tumor macro-omgeving en hoe zij bijdragen aan de systemische anti-
tumorrespons kan hier verder aan bijdragen.

In de volgende hoofdstukken zullen nieuwe inzichten en aangrijpingspunten voor een
effectieve immuunrespons tegen kanker besproken worden in twee delen. In deel Aworden
nieuwe werkingsmechanismen van twee veelgebruikte anti-tumor therapieén besproken,
zijnde (anti-PD-L1) ICB (hoofdstuk 2) en chemotherapie middels gemcitabine (hoofdstuk
3). Zoals eerder benoemd werken ICB antistoffen door het remmen van checkpoints op T
cellen waarbij de T cel zich vervolgens tegen de tumor richt. Voor lange tijd werd gedacht
dat dit met name T cellen in de tumor micro-omgeving betrof. Uit voorgaande studies
blijkt dat de aanwezigheid van checkpoints in de tumor echter maar matig voorspelt of
iemand baat gaat hebben bij ICB of niet. In hoofdstuk 2 hebben we ons daarom gericht
op lymfeklieren dicht gelegen bij de tumor (tumor-drainerende lymfeklieren) gezien deze
klieren belangrijk zijn voor het initieel activeren van anti-tumor T cellen. Hiervoor werd
gebruik gemaakt van meerdere muismodellen voor kanker. We vonden dat T cellen in
tumor-drainerende lymfeklieren onder controle stonden van checkpoints, in tegenstelling
tot T cellen in klieren op afstand. Door het specifiek blokkeren van deze checkpoints in
tumor-drainerende lymfeklieren met ICB antistoffen konden we aantonen dat deze T
cellen vervolgens meer effectief werden en meer aanwezig waren in de tumor. Wanneer
T cellen de lymfeklier niet konden verlaten, doordat we het vertrek uit de lymfeklier
blokkeerden, zagen we dat het anti-tumor effect van ICB antistoffen verloren ging. Deze
en andere proeven tonen dat tumor-drainerende lymfeklieren essentiéle organen zijn in
de systemische anti-tumor respons na ICB-immunotherapie. Dat dit mogelijk ook relevant
voor patiénten is blijkt uit analyses van tumor-drainerende lymfeklieren in de buurt van
melanomen. Patiénten die na een operatie alsnog uitzaaiingen ontwikkelden hadden T
cellen in de lymfeklier die sterk onder controle stonden van checkpoints. Patiénten die
geen uitzaaiingen kregen hadden dit niet of in mindere mate. Deze eerste groep patiénten
zou potentieel baat kunnen hebben bij ICB na de operatie om zo een later recidief van het
melanoom te voorkomen.

o  Ippendices




Naast immuuntherapie wordt chemotherapie nog steeds veelvuldig toegepast. Hoe
verschillende chemotherapieén het immuunsysteem van patiénten met kanker
beinvloeden is nog grotendeels onbekend. In hoofdstuk 3 hebben we immuuncellen

in het bloed van mesothelioom (asbestkanker) patiénten bestudeerd die behandeldr

werden met gemcitabine chemotherapie. Hierbij vonden we dat patiénten behandeld

. . . . . L4
met gemcitabine een daling van afweerremmende cellen in het bloed toonden in

tegenstelling tot onbehandelde patiénten. Tegelijkertijd waren cellen betrokken bij een
afweerreactie tegen de tumor (T-cellen en natuurlijke killer [NK] cellen) juist meer aan het
delen en geactiveerd. Daarnaast was dezelfde checkpoint die op T cellen werd bestudeerd
in hoofdstuk 2 sterker aanwezig op T cellen na gemcitabine behandeling wat mogelijk
impliceert dat ICB samen met gemcitabine een potentiele combinatiebehandeling zou
kunnen zijn. Tevens konden we aantonen dat meerdere veranderingen op immuuncellen
correleerden met de overlevingsduur van patiénten na gemcitabine wat zou kunnen wijzen
op directe betrokkenheid van deze cellen in de anti-tumor respons. Toekomstige studies
zijn nodig om bovenstaande associaties te bevestigen en de effectiviteit van gemcitabine-
ICB antistof combinatietherapie te onderzoeken.

Een andere potente strategie om anti-tumor immuniteit te induceren is het gebruik van
tumor vaccins. Anders dan voorgaande therapieén, wekken vaccins een afweerrespons
op die uitermate specifiek is voor hetgeen waartegen ze gericht zijn (bijv. een eiwit dat
op de tumor maar niet elders aanwezig is) met hierdoor weinig bijwerkingen. Vaccins
zijn onder te verdelen in peptide vaccins en cellulaire vaccins waaronder dendritische
celtherapie (DC-therapie). DCs zijn in staat om vreemd materiaal (bijvoorbeeld eiwitten uit
de tumor) op te nemen en te presenteren aan T cellen waarna deze zich vermenigvuldigen
om vervolgens het doel te elimineren. Met DC-therapie worden DCs direct gewonnen of
gekweekt uit bloed van patiénten, in een kweekplaat blootgesteld aan tumoreiwitten en
na activatie met een adjuvans weer terug gegeven aan de patiént. De effectiviteit van
kankervaccins is wisselend en is waarschijnlijk afhankelijk van het ontwerp, de target
en het type adjuvans dat is toegevoegd aan het vaccin. Toch reageert maar een deel
van de patiénten op kankervaccins voor nog onduidelijke redenen. In deel B van dit
proefschrift hebben we kankervaccins verder bestudeerd in de context van de tumor
macro-omgeving en vervolgens rationele combinatiestrategieén onderzocht om de
werking van kankervaccins te verhogen. Deel B begint met een systematische analyse
van de effectiviteit van verschillende kankervaccins bij longkanker patiénten (hoofdstuk
4). Door meerdere studies met elkaar te combineren konden we een klinisch voordeel
van kankervaccins aantonen boven placebobehandeling. Tevens vonden we verhoogde
effectiviteit van cellulaire vaccins vergeleken met peptide vaccins.
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Uit voorgaande studie bleek dat cellulaire vaccins effectief konden zijn in patiénten met
longkanker, maar dat een deel van de patiénten niet of onvoldoende lijkt te reageren. In de
volgende hoofdstukken is getracht om effectieve combinatiebehandelingen te ontdekken
om zo kankervaccinatie voor een bredere groep patiénten effectief te maken. Het
induceren van een anti-tumor T cel reactie middels vaccinatie kan op meerdere momenten
en plekken in de tumor-macro omgeving verstoord worden. Een belangrijk en frequent
aanwezig celtype in de tumor en daarbuiten is de macrofaag. Macrofagen zijn betrokken
bij meerdere processen in het lichaam, zoals het opruimen van dood celmateriaal en het
in gang zetten van een ontstekingsreactie. Ook zijn ze potentieel afweerremmend waarbij
eerder onderzoek heeft aangetoond dat dit een rol kan spelen in het teniet doen van
een effectieve anti-tumor respons in patiénten. In hoofdstuk 5 hebben we onderzocht of
het verwijderen (depleteren) van macrofagen voor een sterkere immuunreactie zorgt in
combinatie met DC-therapie in muizen. Net als in patiénten was DC-therapie effectiefin een
deel van de muizen, maar trad uiteindelijk toch tumorgroei op. Macrofaagdepletie leidde
tot een duidelijk verbeterde vaccinatierespons waarbij vrijwel alle muizen genezen waren
van hun tumoren. Zoals eerder genoemd kunnen macrofagen ook een ontstekingsreactie
in gang zetten. In hoofdstuk 6 hebben we onderzocht of we in plaats van het verwijderen
van macrofagen, ze kunnen aanzetten tot ondersteuning van de anti-tumor T cel respons.
Hiervoor werd gebruik gemaakt van een activerend antistof tegen het molecuul CD40,
wat zowel op macrofagen als DCs aanwezig is. We vonden dat deze aanpak evenals het
verwijderen van macrofagen uiterst effectief in muismodellen van kanker was. Tevens
was het in staat om de overleving van muizen met een moeilijk te behandelen vorm van
alvleesklierkanker te verbeteren; dit in tegenstelling tot alleen anti-CD40 behandeling of
DC-therapie. Deze vorm van behandeling zal binnenkort in patiénten onderzocht worden.
Ten slotte werd er in hoofdstuk 7 een nieuwe target onderzocht in macrofagen; Janus-
kinase 3 ofwel JAK3. Waarbij macrofagen in kweekplaten goed reageerden op JAK3-
remming en verminderd afweerremmend leken kon dit effect in muismodellen niet
aangetoond worden. Toch leefden muizen bij de juiste dosering en toedieningswijze
langer met JAK3-remming dan zonder. Uiteindelijk bleek directe modulering van T cellen
bij te dragen aan het therapeutische effect van dit nieuwe middel. Tevens kon zowel de
werkzaamheid van peptide- als DC-vaccinatie verbeterd worden in muizen. Aanvullende
studies in muizen gevolgd door patiéntstudies zullen de werkzaamheid van dit middel
verder moeten bevestigen.

Dit proefschrift sluit af met een samenvatting van de bevindingen en het plaatsen van deze
in de huidige literaire context in hoofdstuk 8. Daarnaast worden nieuwe onderzoeksvragen
uitgezet die onze kennis van anti-tumor immuniteit en immuuntherapie verder kunnen
verbeteren. Belangrijk hiervoor is het gebruik van nieuwe technieken die men in staat stelt
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T cellen, macrofagen en DCs in tumoren en tumor-drainerende lymfeklieren in patiénten ..z:,‘ s ea’ye

met verschillende kankersoorten. Daarnaast zullen opgedane inzichten uit muismodellen rj‘!‘.r l_- '__ L
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starten, ook omdat met haar ontmoeting mijn wetenschappelijke avontuur begon. Lieve
Linda, toen wij elkaar ontmoetten tijdens de Infection & Immunity Research Master 8 jaar
geleden vond je me maar een eigenwijze knurft. Toch sloeg de vonk over. Snel werd duidelijk . A WP
dat we tegen elkaar waren opgewassen, maar nog belangrijker dat we echt synergistisch
waren en nog steeds zijn. Samen jonge ambitieuze dokters en promovendi in het lab zijn
vroeg geregeld om ‘gecondenseerd genieten’ waarin we onze passies voor cultuur (lang
weekend impressionisten in Parijs), haute cuisine (voor Hisa Franko naar Slovenié) en
ontspanning (Bounty-eiland Mauritius) samen deelden. Trots was ik op je toen je in 2019
cum laude promoveerde en aangenomen werd als internist in opleiding maar nog trotser
was ik hoe je met het verlies van Felix om ging in datzelfde najaar. De kruisbestuivingen
tussen onze werelden werpen nog dagelijks zijn vruchten af en met jouw toekomst als
internist-oncoloog kunnen we als dreamteam kankerzorg en onderzoek verder verbeteren.
Kruisbestuiving anderszins leidde in 2020 tot de geboorte van ons grootste meesterwerk;
Caspar. Lieve Caspar, de compensatiedagen waarin ik mijn discussie zat te schrijven met
jou en Dora the Explorer tegenover mij waren magisch. Menig typo in dit boekje is het
gevolg van onze tussentijdse knuffelpartijen waarvoor excuses aan de lezer.

Ik wil graag mijn promotoren bedanken voor hun bijdrage aan dit boekje en mijn
ontwikkeling als wetenschapper. Prof. Aerts, beste Joachim, al vroeg keek ik bij je af wat
de uitdagingen zijn van een bestaan als medisch specialist en wetenschapper. Toch liet
jij me inzien wat de mogelijkheden zijn, en het feit dat ik mijn coschappen ben gaan
doen en uiteindelijk voor longgeneeskunde heb gekozen is jou dan ook ten dele aan te
rekenen. Ik heb geen minuut spijt gehad van deze keuze, waar ik dagelijks de voordelen
zie van een dokter met een poot in de kliniek, en de ander in het lab om zo niet alleen
op micro- maar ook op macroniveau het verschil te kunnen maken voor de patiént. Niet
geheel toevallig is dan ook dat de term tumor macroenvironment jouw vinding was in een
van onze vele brainstormsessies. Jij hebt me altijd het volle vertrouwen en de financiéle
ruimte gegeven om onze ideeén tot uitvoering te kunnen brengen, met de artikelen in dit
boekje als resultaat. Ik hoop onze samenwerking nog vele jaren te kunnen continueren als
postdoc aan je afdeling. Prof. Hendriks, beste Rudi. Jij hebt mij onder je vleugels genomen
tijdens de turbulente tijden in het lab en de ‘tricks of the trade’ als wetenschapper

bijgebracht. Jouw integriteit, betrouwbaarheid, maar boven alles brede immunologische
basiskennis hebben mij gevormd tot de immunoloog die ik nu ben. Jouw ondersteuning
en kennisoverdracht bij methodologische vraagstukken en het presenteren en opschrijven
van data zullen mij immer bijblijven waarvoor dank. Prof. Van Hall, beste Thorbald. Alle
goede dingen bestaan in drieén, zo ook mijn promotieteam. Ik herinner me nog onze
eerste ontmoeting in Leiden, waarin ik met jou mocht stoeien over macrofagen en hun
bijdrage in tumoren en daarbuiten. In plaats van argwaan, scepsis of verveling ontving
je mij en mijn ideeén met open armen en nam je vaak uitgebreid de tijd onder het genot
van een kopje bonenkoffie (hint: Erasmus MC). Jouw ervaring en internationale erkenning
als tumor-immunoloog heeft diepgang gebracht in onze artikelen en ik ben trots op onze
samenwerking. Tevens wil ik graag de leden van mijn kleine commissie bedanken voor
het kritisch bestuderen en becommentariéren van mijn thesis, my sincere gratitude to
Prof. Tanja de Gruijl, Prof. Reno Debets en Dr. Prasad Adusumilli. Ik wil graag de leden
van de promotiecommissie bedanken voor het kritisch lezen van mijn proefschrift en de
bereidwilligheid om deel te nemen aan mijn verdediging. Ik hoop op een uitdagende
discussie en een mooie verdediging van mijn proefschrift.

Het laboratorium Longgeneeskunde is voor vele jaren mijn thuishaven geweest, mede
dankzij de vele charmante collega’s. Per enig toeval belandde ik in 2015 op de afdeling op
zoek naar tumor-immunologisch onderzoek. Dr. Joost Hegmans stond aan de wieg van de
Thoracic Oncology Rotterdam Research Group (THORR) met zijn baanbrekende onderzoek
naar dendritische cel (DC) therapie bij asbestkanker. Beste Joost, dank voor je vrijgevigheid
en je ondersteuning in mijn vroege fase als onderzoeker in opleiding. Beste Sanne, ik had uit
geen beter nest kunnen komen. Dank voor de begeleiding en de gezelligheid, ik hoop dat
we elkaar nog veel tegen gaan komen in ons mooie vakgebied. Zonder het analistenteam
op de afdeling was dit boekje niet tot stand gekomen. Beste Menno, al snel waren wij
twee handen op een (harige) buik met onze gedeelde interesses voor schilderkunst, film,
en zo nu en dan een potje golf. Jij als geen ander begreep dat werken op het lab als een
harmonica was; ten tijden van drukte en deadlines gingen we tot het gaatje maar konden
we in incubatietijd ook prima naar musea, het terras en als stilistisch duo bureaulampen
maken. Je hebt vele mensen op het lab zien komen en gaan, ik hoop dat onze vriendschap
blijft. Dank dat je mijn paranimf wilt zijn. Dank ook aan de overige leden van het illustere
Bon Vivants, Peter en Thomas, bedankt voor de mooie momenten die zijn geweest en nog
gaan komen. Koen, bedankt voor mij op sleeptouw nemen als jong broekie en je geduld
tijdens het orde scheppen in de chaos die heette mijn labjournaal. Margaretha, Cynthia,
Melanie en Larissa, dank voor jullie onuitputbare hulp met de experimenten en passie
voor gedegen en hoogkwalitatief proefdieronderzoek. Dank Ralph en Anneloes voor jullie
input en waardevolle bijdragen op het gebied van bio-informatica. Dank aan alle andere
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analisten, PhD-studenten en Postdocs die zijn gekomen, weer gegaan en nog bezig zijn! .K L™ voor uw betrokkenheid bij ons als arts-assistenten en in het bijzonder bij mij in Linda in

) . RMX - g ] S
Tevens dank aan alle mensen buiten afdeling longgeneeskunde en het Erasmus MC met , ',‘ sy et :‘-. ,,A_'_," . moeilijke tijden.
wie ik met veel plezier heb samengewerkt en nog steeds doe; Prof. Peter Katsikis en Dr. ..z:,‘ METLIS ‘.‘:::‘ " Er is ook een leven naast het lab, de kliniek en mijn gezin wat verder kleur krijgt door
" . »
Yvonne Mueller (Immunologie), Dr. Thierry van den Bosch en Dr. Jan von der Thissen : ¥, A N een trouwe groep vrienden met wie menig etentje, terrasje of stapavondje voor een
( gie) y SRS ; e groep ‘ ‘ nig j j tap j
(Pathologie), Evalyn Mulder, Dr. Dirk Griinhagen en Prof. Kees Verhoef (Oncologische 4e.2 s 4+, * ' = goede afleiding zorgde tijdens dit promotieonderzoek. Bedankt Sai Ping voor de trouwe
- .y -
chirurgie), Dr. Sjaak Burgers en Dianne de Gooijer (Longgeneeskunde NKI-AVL), Dr. Sjoerd Y e, .8 vriendschap de afgelopen jaren. Ik had nooit kunnen bedenken dat ons begin met I1&I ons

Schetters (VIB Gent) en Prof. Lidia Arends (Statistiek, Erasmus Universiteit Rotterdam). ‘ot ,'. L T
Beste Prof. Arends, dank voor uw durf en welwillendheid om samen te werken bij mijn

hier zou brengen, samen onderzoek doen en publiceren, niet te vergeten jouw gouden
tijd in New York waar we elkaar meermaals ontmoet hebben. De vrienden van thuis, met

eerste artikel. * Y.

Tijdens mijn promotieonderzoek heb ik een aantal super gemotiveerde en veelbelovende
studenten mogen begeleiden, die op hun beurt een essentiéle bijdrage hebben geleverd
aan dit proefschrift. Te beginnen met Mandy. Beste Mandy, als een geschenk van boven
mailde je mij via-via of je een afstudeerstage aan onze afdeling kon komen doen gericht
op DC-therapie. Wat begon met intensief samenwerken en zo nu en dan schermutselingen
groeide uit tot een duurzame, waardevolle en fijne samenwerking die hopelijk nog lang
zal voortbestaan. |k geniet van je humor, je arbeidsethos en de groei die we samen
hebben doorgemaakt. Op naar het volgende hoofdstuk! Rachid, bedankt voor je harde
werk en je gezelligheid tijdens onze reisjes, met als hoogtepunt Keystone in Whistler
Canada waar jij je snowboardtalent demonstreerde. Vivian, jouw talent en zelfstandigheid
voorspellen nog veel goeds voor de toekomst, ik hoop dat we dit samen verder kunnen
gaan ontwikkelen en exploreren! Dank ook aan de mensen van Infection & Immunity die
de nieuwe generatie immunologen van het Erasmus MC mede mogelijk maken; dank Jan
en Astrid. Bedankt Frank voor je heerlijke can-do mentaliteit en je pragmatisme. Je hebt
mij en Linda altijd ondersteund tijdens I&| en daarbuiten, met 0.a. een prachtige cursus die
we nu verder door ontwikkelen.

Naast wetenschap ligt mijn hart in de kliniek, waar ik geniet van een prachtige opleiding tot
longarts. Dank aan Leon van den Toorn voor het vertrouwen door mij aan te nemen voor de
opleiding tot longarts. Bedankt Prewesh Chandoesing voor het aanwakkeren van het vuur
in mij dat me drijft een goede (generalistische) dokter te worden. Op diezelfde noot, dank
aan alle dokters die mij tijdens mij coschappen de kunsten van het vak hebben geleerd,
en altijd vol interesse naar mijn onderzoek vroegen en dit faciliteerden. Dank aan alle
stafleden en assistenten maar ook verpleegkundigen die de afdeling Longgeneeskunde in
het EMC tot de mooiste van Nederland maken. Ook wil ik het warme bad lkazia bedanken,
met name Dr. Felix de Jongh en Dr. Marieke Wabbijn als opleiders die me meteen thuis
lieten voelen. Beste Dr. de Jongh, uw kennis en betrokkenheid bij uw patiénten zijn een
inspiratiebron voor mij, ik hoop nog veel van u te mogen leren. Beste Dr. Wabbijn, bedankt

name Bas, Daniele en Jeroen, dank voor jullie onvoorwaardelijke steun in dit proces. Lieve
Elke, samen geneeskunde doorlopen en een promotieonderzoek was een genot, succes
met je opleiding tot anesthesioloog! Lieve Sanne, soms lijkt mijn leven een blauwdruk
van het jouwe. Jouw wetenschappelijke ambitie en verdiensten zijn bewonderingswaardig
maar daarnaast ben en blijf je dezelfde vriendin van 15 jaar geleden. Heren van wijnclub
Vin du Roffa en JC Taurus, bedankt voor de mooie avonden!

Van waar mijn promotie eindigt tot waar het ooit allemaal begon; bij mijn familie.
Ten eerste mijn schoonfamilie, Cees, Marlies, Kevin en Mark. lk kan me geen fijnere
schoonfamilie wensen, van B&B tijdens mijn coschappen in Zeeland, tot weekendjes
op de Waddeneilanden of een afzakkertje bij Schele Lau; bij jullie is het altijd feest en
vertrouwd. Dank voor de mooie momenten en voor de velen die nog komen gaan. Voor
mijn grootouders in Goirle en oma in Venlo, dank voor de interesse in mijn onderzoek en
jullie steun. Beste Olaf, wat bof ik met jou als zwager! Lieve Maud, in goede of slechte tijden
ben jij er altijd voor ons geweest. Wat een genot is het geweest om jou te zien groeien tot
de succesvolle powervrouw die je nu geworden bent; ik ben trots op jou als paranimf.
Lieve Joost, al vanaf jongs af aan trokken we samen op en dat is tijdens mijn promotie niet
anders geweest. Het duurde even voor je je draai gevonden had in Rotterdam, maar oh wat
ben ik jaloers op je nieuwe baan! Daarnaast ben je de beste vriend van Caspar en kan ik me
zelf geen betere wensen. Lieve mam, de rol van powervrouw heeft Maud bij je afgekeken.
Jij bent de lijm die ons gezin bij elkaar houdt en degene die een warm nest biedt voor
de hele familie en iedereen daarbuiten. Jouw kracht en maatschappelijke engagement
maken mij een trotse zoon. Ten slotte lieve pap, ik kan me jouw promotieonderzoek nog
goed herinneren. De vakantie in Frankrijk waarbij jij in een aftands internetcafé een artikel
moest indienen deed opvallend denken aan mijn laatste vakantie in Frankrijk waar ik bij 30
graden op een parkeerplaatsje zat te skypen in de auto met mijn promotoren. Je had me
kunnen waarschuwen voor wat we me stond te wachten, maar je steunde me all the way.
Je bent een voorbeeld voor mij als de hardwerkende betrokken medisch specialist die je
bent, die toch nieuwsgierig en breed georiénteerd blijft. Samen zijn wij team Dammeijer
op Pubmed, en dat maakt me trots!
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Comments on ‘High-intensity statins are associated with improved clinical activity of %%

g
programmed cell death protein 1 inhibitors in malignant pleural mesothelioma and .',‘
advanced non-small cell lung cancer patients’.

Cantini L, Pecci F, Dammeijer F, Aerts JGJV, Berardi R. European Journal of Cancer. 2021 Jun r“i‘r e N
D. =
18:50959-8049(21)00325-7. doi: 10.1016/j.ejca.2021.05.016. “.'..' e, ! ,’,—.
v e * Q- ‘:‘
N . . . pe . -t . -l
Immune monitoring in mesothelioma patients identifies novel immune-modulatory PR Al
FREE T Sy
functions of gemcitabine associating with clinical response. o g .f." ‘
s+ @~ .
Dammeijer F, De Gooijer CJ, van Gulijk M, Lukkes M, Klaase L, Lievense LA, Waasdorp ¢ "'
C, Jebbink M, Bootsma GP, Stigt JA, Biesma B, Kaijen-Lambers MEH, Mankor J, Vroman . - et \' e *

H, Cornelissen R, Baas P, Van der Noort V, Burgers JA, Aerts JG. EBioMedicine. 2021
Feb;64:103160. doi: 10.1016/j.ebiom.2020.103160.

Switch-maintenance gemcitabine after first-line chemotherapy in patients with
malignant mesothelioma (NVALT19): an investigator-initiated, randomised, open-label,
phase 2 trial.

de Gooijer CJ, van der Noort V, Stigt JA, Baas P, Biesma B, Cornelissen R, van Walree N, van
Heemst RC, Soud MY, Groen HIM, den Brekel AJS, Buikhuisen WA, Bootsma GP, Dammeijer
F, van Tinteren H, Lalezari F, Aerts JG, Burgers JA; NVALT19 study group. Lancet Respiratory
Medicine. 2021 Jun;9(6):585-592. doi: 10.1016/52213-2600(20)30362-3

The PD-1/PD-L1-Checkpoint Restrains T cell Immunity in Tumor-Draining Lymph Nodes.
Dammeijer F, van Gulijk M, Mulder EE, Lukkes M, Klaase L, van den Bosch T, van Nimwegen
M, Lau SP, Latupeirissa K, Schetters S, van Kooyk Y, Boon L, Moyaart A, Mueller YM, Katsikis
PD, Eggermont AM, Vroman H, Stadhouders R, Hendriks RW, Thiisen JV, Griinhagen DJ,
Verhoef C, van Hall T, Aerts JG. Cancer Cell. 2020 Nov 9;38(5):685-700.e8. doi: 10.1016/j.
ccell.2020.09.001.

Dendritic cell vaccination and CD40-agonist combination therapy licenses T cell-
dependent antitumor immunity in a pancreatic carcinoma murine model.

Lau SP, van Montfoort N, Kinderman P, Lukkes M, Klaase L, van Nimwegen M, van Gulijk M,
Dumas J, Mustafa DAM, Lievense SLA, Groeneveldt C, Stadhouders R, Li Y, Stubbs A, Marijt
KA, Vroman H, van der Burg SH, Aerts J, van Hall T, van Eijck CHJ, Dammeijer F. Journal of
Immunotherapy of Cancer. 2020 Jul;8(2):e000772. doi: 10.1136/jitc-2020-000772.

Het pancreascarcinoom: toch niet immuun voor therapie? Ontwikkelingen in de
immuuntherapie voor ductaal adenocarcinoom van het pancreas.
Lau SP, Dammeijer F, van Eijck CHJ. Nederlands Tijdschrift voor Oncologie 2019;16:309-16

Combination Strategies to Optimize Efficacy of Dendritic Cell-Based Immunotherapy.
van Gulijk M, Dammeijer F, Aerts JGJV, Vroman H. Frontiers in Immunology. 2018 Dec
5;9:2759. doi: 10.3389/fimmu.2018.02759.

Current State of Dendritic Cell-Based Immunotherapy: Opportunities for in vitro Antigen
Loading of Different DC Subsets?
Huber A, Dammeijer F, Aerts JGJV, Vroman H. Frontiers in Immunology. 2018 Dec 3;9:2804.
doi: 10.3389/fimmu.2018.02804.

Role of Bruton’s tyrosine kinase in B cells and malignancies.
Pal Singh S, Dammeijer F, Hendriks RW. Molecular Cancer. 2018 Feb 19;17(1):57. doi:
10.1186/s12943-018-0779-z.

Rationally combining immunotherapies to improve efficacy of immune checkpoint
blockade in solid tumors.

Dammeijer F, Lau SP, van Eijck CHJ, van der Burg SH, Aerts JGJV. Cytokine Growth Factor
Reviews. 2017 Aug;36:5-15. doi: 10.1016/j.cytogfr.2017.06.011.

Depletion of Tumor-Associated Macrophages with a CSF-1R Kinase Inhibitor Enhances
Antitumor Immunity and Survival Induced by DC Immunotherapy.

Dammeijer F, Lievense LA, Kaijen-Lambers ME, van Nimwegen M, Bezemer K, Hegmans
JP, van Hall T, Hendriks RW, Aerts JG. Cancer Immunology Research. 2017 Jul;5(7):535-546.
doi: 10.1158/2326-6066.CIR-16-0309

Immunotherapeutic strategies in non-small-cell lung cancer: the present and the future.
Steendam CM, Dammeijer F, Aerts JGJV, Cornelissen R.
May;9(6):507-520. doi: 10.2217/imt-2016-0151.

Immunotherapy. 2017

Efficacy of Tumor Vaccines and Cellular Imnmunotherapies in Non-Small-Cell Lung Cancer:
A Systematic Review and Meta-Analysis.

Dammeijer F, Lievense LA, Veerman GD, Hoogsteden HC, Hegmans JP, Arends LR, Aerts JG.
Journal of Clinical Oncology. 2016 Sep 10;34(26):3204-12. doi: 10.1200/JC0.2015.66.3955.
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Floris Dammeijer was born on the 7th of September
1992 in Maastricht, the Netherlands. In 1995 he
moved with his parents to the city of Venlo where
he spent a happy childhood with hobbies such as
playing the piano and playing hockey. He completed
his bilingual secondary school education (Athenaeum,
International Baccalaureate English Higher Level, cum
laude) at College Den Hulster Venlo in 2010. In the
same year he moved to Rotterdam to start his medical
training at the medical faculty of the Erasmus Medical

Center in Rotterdam. He received his Bachelor of
Science in Medicine in 2013. He postponed his further

medical training as he first enrolled in the Master of
Science program Infection and Immunity (Molecular
Medicine Postgraduate School, Erasmus University Rotterdam). He graduated in 2015
(cum laude) with his thesis on ‘Targeting macrophages in malignant mesothelioma to
improve cancer immunotherapy’ for which he received the Nijbakker-Morra prize (best
master thesis in oncology) in 2015.

In 2015 he commenced with the Master of Science program in Medicine from which he
graduated and obtained his Dutch medical degree in August 2019 (cum laude). In 2015 he
also started with a PhD project at the Department of Pulmonary Medicine Erasmus MC
Rotterdam, Thoracic Oncology Research Group (group leader Prof. Dr. Joachim Aerts) of
which the results are presented in this thesis.

In 2019 he started his residency training in pulmonary medicine whilst keeping a
position as researcher at the Thoracic Oncology Research Group. He strives to become a
pulmonologist being able to combine clinical work with conducting research in the field
of immuno-oncology. Floris presently lives in Rotterdam, together with his wife Linda and
their son Caspar.
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PhD PORTFOLIO

Summary of PhD training, teaching activities and awards/funding

Name: F.H.W.P. Dammeijer

Department: Dept. of Pulmonary Medicine, Erasmus Medical Center Rotterdam
Research School: Molecular Medicine Postgraduate School

PhD-period: 2015-2021

Promotors: Prof. J.G. Aerts, Prof. R.W. Hendriks, Prof. T. van Hall

N J
1. PhD training Year Workload M ‘_ h .',?’ f: rt s 3. Awards and funding Year Amount
™ o, e A~ %
I - van Herk Fellowship, The fellowships are awarded in a very competitive 2016 €180.000
Courses e 8 . v selection to highly motivated professionals who are in a position to introduce
Animal Article 9 Course on Animal Experimentation 2015 3.5 N '. wt ot . the newly-acquired skills and knowledge into their research and PhD program)
. of . -
ZUETJF !ntTngy:i:ou(r;;om ;81; gz . * . Young Investigator Award at the IMIG 13th International Conference of 2016 £ 500
00d Llinical Fractice . T the International Mesothelioma Interest Group (iMig 2016) 1-4th of May,
Presentations & Conferences f e Birmingham UK.
Annual Cancer Immunology & Immunotherapy Conference CICON . 2019 10 Nijbakker-Morra Thesis award: Enhancing Dendritic Cell Immunotherapy by 2015 €1600
(AACR/CIMT/CRI/EATI), September 25-27, Paris France (Poster presentations) R K K i .
Annual Cancer Immunology & Immunotherapy Conference (AACR/CIMT/CRI/ 2018 1.2 Modulating the Tumor Microenvironment in a Mesothelioma Mouse Model;
R : best thesis in oncology (NL)
EATI), October 30- November 3, NYC,USA (poster presentation)
Keystone Meeting Cancer immunology & Immunotherapy, March 20-23, 2017 1.2
Whistler, Canada. (poster presentation)
European Asbestos Forum 2016, September 30, Amsterdam NL (invited speaker) 2017 0.6
IMIG 13th International Conference of the International Mesothelioma Interest 2016 2.0
Group (iMig) May 1-4, Birmingham UK (oral presentation)
NVVI-BSI Joint Meeting, Liverpool, UK, December 6-9 (poster presentation) 2016 1.2
NVVI: Winter meeting 2015, December 16-17 (poster presentation) 2015 0.6
Annual MolMed day, Rotterdam 2015-2019 1.2
2. Teaching
Supervisor of I1&I Research Master Student: 9-month internship R. Bouzid, 2016-2017 5.0

project entitled: Enhancing immunotherapeutic responses by targeting the
tumor microenvironment: To BTK or not to BTK

Supervisor Biomedical Sciences Research Student: 9-month internship M. van  2017-2018 5.0
Gulijk, project entitled: Investigating the Role of Myeloid Cells in Modulating
Anti-Tumor T-cell Immunity

Supervisor &I Research Master Student: 9-month internship K. Latupeirissa, 2019-2020 5.0
project entitled: Identifying exhausted-T-cell precursor cells in tumor-draining
lymph nodes

Supervisor I&I Research Master Student: 9-month internship V. Gerretsen, 2020-2021 5.0
project entitled: Automatic quantification and prognostic relevance of
exhausted-T-cell precursor cells in tumor-draining lymph nodes

Co-promotor PhD-student M. van Gulijk, on the subject of dissecting novel 2018- 5.0
modes of anti-PD-1/PD-L1 checkpoint immunotherapy

Teacher at Skillslab. Course: ‘Anatomy, Physiology and Immunology of the Skin’”  2014-2016 1.0

Guest teacher Secondary School (Goes): the origins of cancer 2015-2018 1.2
Co-founder USMLE S.0.S., teacher and organizer USMLE Step 1 preparation 2016-2020 3.0
course

Total ECTS 44.5
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For long, tumor immunology was considered a niche with
only a few determined scientists pioneering a field that would

L]
later turn out to become the next frontier in cancer research.

immune cells in cancer came drugs targeting surface molecules
on T cells, thereby ‘unchaining’ them from their encaged
existence. Both scientists and physicians try and direct these
unchained T cells towards the cancer, while at the same time
preventing collateral damage as toxicity. Still, only a minority
of patients benefit durably from these efforts. Currently, a Wild
West of clinical trials in patients has emerged where various
treatments are combined in multiple cancer types with often
little scientific rationale. By studying not only the cancer but
its entire macroenvironment, novel and safe combination
treatments can be designed with the aim of improving patient
outcome.
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