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ABSTRACT

Rationale

Immune-modulating drugs that target myeloid-derived suppressor cells or stimulate
Natural Killer T-cells have been shown to reduce mycobacterial loads in tuberculosis.
We aimed to determine if a combination of these drugs as adjunct immunotherapy
to conventional antibiotic treatment could also increase therapeutic efficacy against
tuberculosis.

Methods

In our model of pulmonary tuberculosis in mice, we applied treatment with isoniazid,
rifampicin and pyrazinamide for 13 weeks alone or combined with immunotherapy
consisting of all-trans-retinoic acid, 1,25(0OH)2-vitamin D3 and a-galactosylceramide.
Outcome parameters were mycobacterial load during treatment (therapeutic activity)
and 13 weeks after termination of treatment (therapeutic efficacy). Moreover, cellular
changes were analyzed using flow cytometry and cytokine expression was assessed at
MRNA and protein level.

Results

Addition ofimmunotherapy was associated with lower mycobacterial loads after 5 weeks
of treatment and significantly reduced relapse of disease after a shortened 13-weeks
treatment course compared to antibiotic treatment alone. This was accompanied by
reduced accumulation of immature myeloid cells in the lungs at the end of treatment
and increased TNF-a protein levels throughout the treatment period.

Conclusion

We demonstrate in a mouse model of pulmonary tuberculosis that immunotherapy
consisting of three clinically approved drugs can improve the therapeutic efficacy of
standard antibiotic treatment.

Published in the American Journal of Respiratory Cell and Molecular Biology
2017 Feb;56(2):233-241. doi: 10.1165/rcmb.2016-01850C.
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INTRODUCTION

Annually, an estimated 9 million people worldwide develop active tuberculosis (TB) and
rates of multidrug-resistant and extensively drug-resistant TB continue to rise (1). In the
search for improved and shortened treatment regimens to counter the TB pandemic,
immunotherapy as an adjunct to antibiotic treatment is gaining interest (2).

Several strategies in this regard are currently being explored, including the use of
immunoglobulins, statins and metformin (3). Another option that may contribute to
anti-TB treatment is targeted inhibition of myeloid-derived suppressor cells (MDSC) (4).
MDSC are immature myeloid cells that accumulate during pathological inflammatory
conditions and have the functional ability to suppress T-cell proliferation and to inhibit
IFN-g production (5). In mice, MDSC are broadly defined as CD11b* Gr1* cells. However,
as they phenotypically resemble their non-suppressive counterparts developing under
steady state conditions, MDSC can only be identified unequivocally based on functional
testing (5, 6).

The detrimental function of MDSC in TB has been demonstrated in both mouse models
(4,7-9) and in patient populations (10, 11). Moreover, in mouse TB, MDSC that infiltrated
the lungs phagocytosed Mycobacterium tuberculosis, thereby creating a potential
niche for pathogen survival.

The inhibitory function of MDSC can be targeted with all-trans-retinoic acid (ATRA)
(12). This vitamin A-derivative was shown to induce maturation and thereby functional
depletion of MDSC (13). In experimental TB in mice and rats, ATRA therapy reduced
the number of MDSC (4), lowered mycobacterial loads in the lungs in vivo (4, 14), and
stimulated antimicrobial activity against Mycobacterium tuberculosis (Mtb) in vitro (15,
16). The maturation effect of ATRA on MDSC could be enhanced by adding 1,25(0OH),-
vitamin D3 (DiOH-VD3) (17), which in itself also stimulated antimicrobial activity against
Mtb that is mechanistically distinct from ATRA’s mode of action (15).

Lastly, ATRA increased the expression of CD1d on antigen presenting cells, which is re-
quired for activation of Natural Killer T-cells (NKT cells) (18). CD1d-dependent activation
of NKT cells with the CD1d ligand a-GalactosylCeramide (a-GalCer) reduced mycobacte-
rial loads and improved survival in mice with TB (19). Since the combination of ATRA and
a-GalCer has been found to convert MDSC into immunogenic antigen-presenting cells
(20), we added a-GalCer to our treatment so as to combine differentiation therapy with
activation of CD1d-restricted NKT cells.
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The contributions ATRA and a-GalCer to therapy in TB are limited to therapeutic activ-
ity studies, determining reduction in mycobacterial load (4, 19). However, therapeutic
activity was shown to be a poor predictor of therapeutic efficacy in TB, which can be
determined by survival or relapse studies (21, 22). Therefore, to test the above-men-
tioned therapeutics in a setting more similar to clinical conditions, we determined if a
combination of ATRA, DiOH-VD3 and a-GalCer could increase the therapeutic efficacy of
antibiotic treatment, allowing shortening of TB treatment duration from 26 weeks to 13
weeks. We performed these studies in our model of pulmonary TB in mice, optimized to
simulate the full course of TB treatment in humans according to WHO recommendations
(23, 24).

MATERIALS AND METHODS

Mice, bacteria and infection

Female specific pathogen-free BALB/c mice aged 10-11 weeks and weighing 22-24
grams (Charles River, Les Oncins, FR) were infected with the H37Rv Mtb strain (ATCC
27294) by intra-tracheal instillation of 1.0-2.9x10° mycobacteria under general anesthe-
sia as described previously (25). Inoculum sizes were confirmed by plating. All protocols
were approved by the institutional animal ethics committee and adhered to the rules
laid down in the Dutch Animal Experimentation Act and the EU Animal Directive 201/63/
EU, DEC number 117-12-07, EMC-number 2737.

Treatment regimens

Choice of antibiotic drugs and dosage schedules were in accordance with the WHO
guidelines for treatment of TB as described previously (25). In short, treatment started
4 weeks post infection (p.i.) and consisted of isoniazid (H, 25 mg/kg), rifampicin (R, 10
mg/kg) and pyrazinamide (Z, 150 mg/kg) administered subcutaneously in the neck once
daily for five days a week (Mo-Fri). The DiOH-VD3 (Sigma Chemical Co, St. Louis, MO,
USA) was frozen as 10% stock solution in 100% ethanol and was diluted in sterile 0.9%
NaCl prior to administration. DiOH-VD3 was injected intraperitoneally in a volume of
500 pL containing 0.05 pg DiOH-VD3 three days per week (Mo-We-Fri). Dose and route
of administration resulted in human pharmacokinetic equivalent dosage (26). a-GalCer
(Tebu-bio, Le Perray-en-Yvelines, France) was dissolved as described previously (27)
and was injected intraperitoneally at 500 pg/kg in a total volume of 300 pL at day 1 of
treatment and subsequently once every 30 days conform to treatment of TB in an earlier
study (19). ATRA was administered using slow release drug pellets (4 or 10 mg, 90-days
sustained release pellets; Innovative Research of America, Sarasota, FL, USA). Pellets
were implanted subcutaneously in the flank under general anesthesia.
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Real-time quantitative PCR

RNA from mouse lung homogenate was purified and processed as described previously
(28). Sequences for primers and reference numbers for probes (Universal Probe Library;
Roche Applied Science) are listed in Table E1 in the supplementary data. RNA levels
were calculated relative to RNA levels of household gene Gapdh.

Flow cytometry

The flow cytometry protocol is explained in detail in the online data supplement. To
eliminate live mycobacteria prior to flow cytometry analysis, cell suspensions were fixed
for 30 min in fix/perm solution (Ebioscience, Vienna, AT). Cells were stained with differ-
ent mAb mixes as described in Table E2 in the supplementary data and measured on a
FACS Canto Il flow cytometer (BD Biosciences, Breda, NL).

Data analysis and statistics

Flow cytometry data were analyzed using Flowjo 7.6.5. Analyses were done and graphs
were made using PRISM Graphpad 6. All data are expressed as mean + SEM. Student’s
t-test, followed by Bonferroni correction where applicable, was used to calculate sig-
nificance unless stated otherwise. P-values less than 0.05 were considered statistically
significant.

Supplemental data

Tissue handling, mycobacterial load determination, ATRA and Ca** serum level quantifi-
cation and lung supernatant cytokine level quantification are described in detail in the
online data supplement.

RESULTS

TB leads to increased ATRA serum concentration during treatment

Since ATRA has a narrow therapeutic window (29), we first performed dose finding in
uninfected mice with ATRA as single adjunct to treatment with isoniazid, rifampicin and
pyrazinamide (HRZ) before starting combination therapy. Based on loss of bodyweight
and supported by animal wellbeing scores, ATRA therapy in a dose of 5 mg/kg/day
(10 mg pellets) was well tolerated and addition of HRZ did not influence ATRA serum
concentrations in uninfected mice (Fig. 1A). However, in Mtb-infected mice we found
ATRA serum concentrations 2-3-fold higher compared to uninfected ATRA-treated mice,
which was associated with excessive weight loss (Fig. 1B). A lower ATRA dose of 2 mg/
kg/day (4 mg pellets) was well tolerated by Mtb-infected mice and was still associated
with a 10-fold increase of physiological ATRA serum concentrations to 11.9 + 0.2 pmol/
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Figure 1. ATRA serum concentrations increase upon ATRA-treatment during Mtb infection and are
associated with excessive body weight loss.

A) After 25 days of treatment, ATRA serum concentrations were measured in uninfected and Mtb-infected
mice treated with ATRA, eventually supplemented with antibiotics (HRZ). ATRA was applied as 10 mg, 90-
days release pellets. ATRA serum concentrations were not affected by addition of HRZ, but were signifi-
cantly increased when treatment was started 4 weeks after infection with Mtb (***p < 0.001). B) Pooled data
from different experiments for ATRA serum concentrations versus body weight loss in Mtb-infected mice
after 21 to 35 days of treatment with ATRA+HRZ using 10 mg 90-days sustained release pellets. ATRA serum
concentration was strongly correlated with body weight loss (R% 0.88).

ml (Fig. E1 in the supplementary data). Therefore, ATRA was applied in this lower dose
in our experiments.

Adjunct immunotherapy is well tolerated and marginally increases therapeutic
activity

Next, we determined the therapeutic activity of immunotherapy consisting of ATRA,
DiOH-VD3 and a-GalCer (ADG) adjunct to antibiotic treatment with isoniazid, rifampicin
and pyrazinamide (HRZ). To this aim, we used the BALB/c mouse model of Mtb infection.
In this model, mice reach the peak of infection at 4 weeks post infection with Mtb loads
of 10°%-10% in the lungs and of 10*10° in spleen and liver. Mycobacterial loads subse-
quently stabilize and untreated mice become moribund between 22 and 38 weeks after
infection (25).

At the peak of infection treatment was initiated with HRZ or HRZ+ADG for a period of
5 weeks. After termination of treatment, HRZ+ADG-treated mice had three-fold lower
mycobacterial loads in the spleen (p<0.05) and showed a trend towards lower mycobac-
terial loads in the lungs (2.7-fold lower, p=0.08) compared to HRZ-treated mice (Fig. 2A).
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Figure 2. Addition of ADG to HRZ therapy is well tolerated and enhances mycobacterial killing dur-
ing active disease.

A) Mycobacterial loads in the lungs and spleen after 5 weeks of treatment (9 weeks p.i.) with HRZ (grey
triangles) or HRZ+ADG (black dots), n=5 mice per group. B) Bodyweight in grams during infection and
treatment. C) Serum concentrations of Ca>* in Mtb-infected mice treated with HRZ or HRZ+ADG after 5
weeks of treatment (9 weeks p.i.) compared to healthy controls. In untreated mice mycobacterial loads in
the lungs and spleen at 9 weeks p.i. are 10” and 10° respectively (published earlier in (25).Data are derived
from a single experiment and shown as mean + SEM. Mycobacterial loads in antibiotic-treated mice are
in agreement with previous historic controls (25). *** p < 0.001, **p < 0.01, *p < 0.05. HC=healthy control,
HRZ= isoniazid, rifampicin and pyrazinamide, ADG= ATRA, DiOH-VD3 and a-GalCer.

Regarding tolerability, HRZ+ADG-treated mice weighing >20 grams at start of treatment
transiently lost weight compared to HRZ-treated mice (Fig. 2B). However, mice weighing
<20 gram 4 weeks p.i. showed excessive weight loss in the first week of treatment and
had to be euthanized as they had reached humane endpoints. Therefore, mice weighing
<20 gram at start of treatment were excluded in both treatment groups (2 mice from
each group).

Treatment with ATRA- or DiOH-VD3, but also TB itself, can all cause hypercalcaemia.
Therefore, serum Ca** was determined at end of treatment. The Ca*" levels in both HRZ
or HRZ+ADG treatment groups were significantly higher than in uninfected mice, but
did not differ between the two treatment groups (Fig. 2C).

Adjunct immunotherapy reduces relapse of disease

In order to determine the effect of ADG adjunct therapy on therapeutic efficacy, our
next step was to measure relapse of TB. In previous experiments in our mouse TB
model, mycobacterial loads in infected tissues became undetectable after 13 weeks of
HRZ treatment (25). However, when treatment was terminated at this point instead of
completing the WHO-recommended 26 weeks period, relapse of disease still occurred
leading to mycobacterial loads of circa 10> CFU in the lungs (25). To determine the ef-
fect of ADG therapy against these persistent Mtb populations responsible for relapse of
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disease, we treated Mtb-infected mice for 13 weeks with HRZ or HRZ+ADG. Next, at 13
weeks after termination of treatment, i.e. at 30 weeks p.i.,, we measured mycobacterial
loads in lungs and spleen (Fig. 3A). We validated our data with regard to infection kinet-
ics by comparing it to earlier findings in this model. In line with previous findings, mice
from both groups had low or undetectable mycobacterial loads in the lungs after 13
weeks of treatment (25). At 30 weeks p.i., relapse of disease with mycobacterial loads of
10 in the lungs was observed in only 1 out of 8 HRZ+ADG-treated mice versus 6 out of 8
HRZ-treated mice (p < 0.05). In addition, one HRZ-treated mouse had Mtb in the spleen
(10** CFU, data not shown) versus none of the HRZ+ADG-treated mice. In 3 mice from
the HRZ+ADG-treated group, minimal mycobacterial loads were still detectable at 30
weeks p.i., but none exceeded those found 17 weeks p.i. (Fig. 3B). Interestingly, serum
Ca”" levels in the HRZ+ADG-treated group were significantly lower than in HRZ-treated
mice at the end of the post-treatment period, but still higher than in healthy control
mice (Fig. 3C).
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Figure 3. Addition of ADG to HRZ therapy significantly reduces relapse of disease.

A) Outline of the experimental design. B) Mice were treated with HRZ (grey triangles) or HRZ+ADG (black
dots) starting 4 weeks p.i. (open diamonds). Lung mycobacterial loads were determined by plating. At 17
weeks p.i. both treatment groups still had 1T mouse with a detectable mycobacterial load in the lungs (HRZ
only: 10" HRZ+ADG: 10™). At 30 weeks p.i. 3 mice from the HRZ+ADG treated group had detectable my-
cobacterial loads (all: 10™). Fisher’s exact test was used to calculate significance between relapse vs. no re-
lapse at 30 weeks p.i. Of note: in untreated mice mycobacterial loads in the lungs remain constant between
10°10® from week 4 up to week 30 (25) C) Serum concentrations of Ca>* at each time point as shown in Bin
both treatment groups compared to healthy controls (open circles). Data are derived from a single experi-
ment and shown as mean + SEM, n=5 mice per group at 4 and 17 wk p.i., n=8 mice per group at 30 wk p.i.
***p < 0.001, **p < 0.01, *p < 0.05, HRZ= isoniazid, rifampicin and pyrazinamide, ADG= ATRA, DiOH-VD3
and a-GalCer.
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To verify adequate release of ATRA throughout the treatment period the remaining
amount of ATRA in the pellets of sacrificed mice 17 weeks p.i. was measured. These
still contained 100 + 18 ug of ATRA (2.5% of original content). Serum concentrations of
ATRA at 17 weeks p.i. were elevated compared to concentrations earlier found in healthy
control mice, but were no longer elevated at 30 weeks p.i. (Fig. E1 in the supplementary
data). The small amounts of ATRA found in the pellets at 17 weeks p.i. as well as serum
levels over time suggest an adequate release of the 4 mg ATRA content over the treat-
ment period.

Addition of ADG to HRZ therapy modulates the cellularimmune response in TB.

To assess the immune-modulating effects associated with ADG we measured the
composition of immune cell populations in the lungs during infection and treatment.
Since the components of ADG primarily target myelomonocytic cells, we focused on the
myeloid populations in the lungs, identified primarily by high level CD11b expression.

First we identified the different CD11b* cell populations in the lungs during steady
state and infection (Fig. 4A). These consisted of alveolar macrophages, inflammatory
macrophages/dendritic cells, PMN-like cells, monocyte (Mo)-like cells and eosinophils
(see: Table 1). A small CD11b*CD68Ly6G population, earlier shown to consist mainly of
NK-cells and CD11b+ T-cells, was also identified (30). For the non-myeloid cell popula-
tions gating strategies can be found in Fig. E2 in the supplementary data.

Table 1. Identified cell populations in the lung

Cell type Identification

CD4+ T-cells CD3*/CD4*

T-reg cells CD3*/CD4"/FoxP3*/CD25*

CD8+ T-cells CD3*/CD8*

B-cells CD45R*/MHC-II*/Ly6C

Alv. Mo CD11b™/Siglec-F*/CD11c™"
iM/DC CD11b*/MHC-II"/CD11c™/Ly6C™
Mo-like cells CD11b*/MHC-II/CD11c/Ly6Co"
PMN-like cells CD11b*/Ly6G"/Ly6C™
Eosinophils CD11b"/ Siglec-F*

In the acute phase of infection until the start of treatment at week 4 p.i. almost all
myeloid and non-myeloid cell populations increased in the lungs of infected mice
(Fig. 4B). Focusing on immature myelomonocytic cells as potential MDSC we found a
strongly diminished expression of Ly6G in our PMN-like population (pop. IV) at 4 weeks
p.i. compared to healthy controls (Fig. 4C), similar to earlier described MDSC identified
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as CD11b* Ly6G°"m cells (7, 8). Upon treatment, Ly6G expression on the PMN-like cells
increased in both groups, but more rapidly in the HRZ+ADG-treated group than in the
group receiving only HRZ.

Upon 5 weeks of treatment (9 weeks p.i.) all myeloid cell populations rapidly decreased
to below their steady state, with the exception of PMN-like cells (Fig. 5A). The latter
returned to steady state level in the HRZ+ADG-treated group, while being markedly
reduced in the HRZ-treated group. At the end of treatment (17 weeks p.i.), PMN-like cell
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Figure 4. Addition of ADG to HRZ therapy is associated with faster recovery of Ly6G expression on
PMN-like cells

A) Separation of the different CD11b+ cell populations in whole lung single cell suspension in steady state
and in Mtb-infected mice at 4 weeks p.i. We first separated the AM (1) based on their reduced expression
of CD11b and high expression of macrosialin (CD68), followed by eosinophils (Il) based on their high auto
fluorescence in the APC channel (CD117), but also based on their expression of Siglec-F (see Fig. E2B in the
supplementary data). Next, based on their lack of expression of both Ly6G and CD68, a population known
earlier to exist of T-cells and NK-cells (lll) was identified. The PMN-like cells (IV) were separated based on
Ly6G expression and lack of CD68 expression. Finally the CD68+ population was divided into Mo-like cells
(V) and iM/DC (VI) based on their differential expression of Ly6C and CD11c. B) Quantitative comparison
of the different cell populations as shown in Table 1 in whole lung single cell suspension between steady
state (HC, open bars) and 4 weeks p.i. (striped bars) shows a sharp increase of all inflammatory myeloid
cells, a reduction in AM and an increase of mainly CD8+ cells and B-cells in the lymphoid cell compart-
ment. C) Ly6G expression on PMN-like cells during infection and under treatment with HRZ (grey bars)
or HRZ+ADG (Black bars). Cell populations are shown as mean + SEM, ***p < 0.001, **p < 0.01, *p < 0.05,
n=>5 per group at 9 weeks p.i. and 17 weeks p.i., n=8 per group 30 weeks p.i. Data are from the same mice
used for experiments shown in Fig. 2-3. HC= healthy controls, AM=alveolar macrophages, Mo= monocytic,
PMN= polymorphonuclear, iM/DC= inflammatory macrophage/dendritic cells, HRZ= isoniazid, rifampicin
& pyrazinamide, ADG= ATRA, DiOH-D3 and a-GalCer.
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numbers were similar in both groups. However, at this point the iM/DC and their precur-
sor population of Mo-like cells were reduced in the HRZ+ADG-treated group (Fig. 5B). At
the end of the post-treatment and potential relapse period (30 weeks p.i.) there were no
differences in myeloid cell populations between the two treatment groups and healthy

control mice (Fig. 5C).
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Figure 5. Addition of ADG to HRZ therapy is associated with fewer iM/DC at end of treatment and
more CD8" T-cells at 30 weeks p.i.

A) Quantitative comparison of the different cell populations as shown in Table 1 in whole lung single cell
suspension between the two treatment groups at 9 weeks p.i. The PMN-like cells in the HRZ-treated group
(grey bars) are markedly suppressed compared to HRZ+ADG-treated mice (black bars) and uninfected mice
(open bars). B) At 17 weeks p.i. iM/DC are reduced in HRZ+ADG-treated mice compared to HRZ-treated
mice C) At 30 weeks p.i. CD8" cells are increased in the HRZ+ADG-treated mice compared to HRZ-treated
mice. Cell populations are shown as mean + SEM, ***p < 0.001, **p < 0.01, *p < 0.05 after Bonferroni cor-
rection, n=5 per group at 9 weeks p.i. and 17 weeks p.i., n=8 per group at 30 weeks p.i. Data are from the
same mice used for experiments shown in Fig. 2-3. HC= healthy controls, AM=alveolar macrophages, Mo=
monocytic, PMN= polymorphonuclear, iM/DC= inflammatory macrophage/dendritic cells, HRZ= isoniazid,
rifampicin & pyrazinamide, ADG= ATRA, DiOH-D3 and a-GalCer.
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Concerning non-myeloid cells there were no significant differences between the two
treatment groups during treatment at 9 weeks p.i. (Fig. 5A). At the end of treatment
T-cells were significantly suppressed in both groups compared to steady state (Fig. 5B).
At 30 weeks p.i. the HRZ+ADG-treated group had significantly higher percentages of
CD8* T-cells compared to the HRZ-treated group (Fig. 5C).

Addition of ADG to HRZ therapy increases TNF-a protein levels.

To identify the cytokine response associated with ADG adjunct therapy we measured
cytokine expression at mRNA and protein level during infection and treatment. At the
peak of infection, 4 weeks p.i., mRNA expression of IFN-g, IL-6 and IL-17a was increased,
but expression of TNF-a was reduced compared to steady state (Fig. 6A). Protein levels
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Figure 6. Addition of ADG to HRZ treatment is associated with increased TNF-a protein levels during
treatment

A) Gene expression analysis of key cytokines in whole lung homogenate normalized to the expression of
Gapdh. 4 weeks p.i. (black diamonds) compared to steady state (open circles). B) Cytokine protein concen-
tration analysis in whole lung homogenate supernatant 4 weeks p.i., C) TNF-a protein concentrations after
5 weeks of treatment (9 wks p.i.), 13 weeks of treatment (17 wks p.i.) and 13 weeks after termination of
treatment (30 wks p.i.) with HRZ (grey triangles) or HRZ+ADG (black dots). Significance for TNF-a was cor-
rected for 1 outlier at 9 wks p.i. (with outlier included: p= 0.03, NS after Bonferroni correction, with outlier
excluded: p=0.004, * after Bonferroni correction) *** p < 0.001, **p < 0.01, *p < 0.05 after Bonferroni correc-
tion, n=>5 per group at 9 weeks p.i. and 17 weeks p.i.,, n=8 per group 30 weeks p.i. Data are from the same
mice used for experiments shown in Fig. 2-3.
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correlated with mRNA expression for IFN-g, IL-6 and IL-17a, but TNF-a protein levels
were substantially increased (Fig. 6B) despite reduced mRNA expression.

During and after treatment, TNF-a mRNA expression did not differ significantly between
both groups (Fig. E3 in the supplementary data). However, protein levels of TNF-a in
HRZ+ADG-treated mice were significantly increased compared to HRZ-treated mice at 9
weeks p.i. and 17 weeks p.i. (Fig. 6C).

Messenger RNA (mRNA) expression of IFN-g, IL-17a and IL-6 remained increased in both
treatment groups at 9, 17 and 30 weeks p.i., but these increases were not observed at
protein level and no significant differences were found between the two treatment
groups (Fig. E3-4 in the supplementary data). IL-4 protein levels were increased 4 weeks
p.i. (Fig 6B) and persisted at this level throughout the examination period (Fig E4 in the
supplementary data). Lastly, IL-10 mRNA expression and IL-10 protein levels were both
below our limit of detection (data not shown).

DISCUSSION

We determined if adjunct immunotherapy with drugs known to reduce mycobacterial
loads in the lungs could increase long term therapeutic efficacy of the WHO-recom-
mended antibiotic treatment. In our mouse TB model we have found that a combination
of ATRA, DiOH-D3 and a-GalCer was tolerated at the given dosage, increased antibiotic-
mediated reduction of mycobacterial loads in infected organs after 5 weeks of treatment,
reduced the levels of immature myeloid cells in the lungs at the end of treatment, and
was associated with 10-fold increased levels of TNF-a protein in the lungs throughout
the treatment period. Even more, addition of ADG significantly reduced relapse of dis-
ease and was associated with nearly twice the levels of CD8" T-cells, compared to HRZ
alone 13 weeks after termination of treatment.

To our knowledge, this is the first study in which serum concentrations of ATRA were
determined when added as a supplement to therapy in TB and we found an important
association between fulminant TB and pathologically elevated ATRA serum concentra-
tions. This can probably be ascribed to altered ATRA pharmacokinetics during infection.
In our in vivo TB model, Mtb have already spread from the lungs to the liver 4 weeks p.i.
(23). Local inflammation and bacterial infection are known to impair CYP450-mediated
drug metabolism in the liver, resulting in increased ATRA levels (38). The use of ATRA as a
single therapeutic agent for TB has been tested earlier (4, 14). In those two studies ATRA
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treatment was started earlier in the course of infection, i.e. before bacterial dissemina-
tion to the liver occurred, and ATRA-associated weight loss was not reported.

Other studies have demonstrated that functionally suppressive MDSC accumulate dur-
ing acute TB in the lungs of mouse strains that are either less or more susceptible than
the currently used BALB/c mice (4, 7, 9) and that these MDSC could be targeted suc-
cessfully with ATRA (4). These findings inspired us to evaluate the therapeutic efficacy
of ATRA in TB in combination with two synergistic immune-modulating drugs (17, 20).
Both ATRA and a-Galcer as single drug therapy earlier lowered mycobacterial loads in
the lungs with a range between log 0.5 and log 2 after different treatment regimens and
durations (4, 14, 19). For a-GalCer it has been shown that its effect is CD1d-dependent,
but ATRA also has a direct bacteriostatic effect that could contribute to the reduced
mycobacterial loads observed in both the reported (4) and the present study. However,
this direct bacteriostatic effect was only demonstrated in vitro with ATRA concentra-
tions well above serum concentrations found in our study (16). For a-GalCer it has been
shown that reductions in CFU persist when isoniazid is concomitantly administered (19).
We demonstrate that when tested as adjuvant to the full HRZ regimen, a combination
of ATRA, a-GalCer and DiOH-VD3 marginally improves therapeutic activity. We do not
consider it likely that this could be of major clinical significance. Elaborating on this,
clinical studies indicate that anti-mycobacterial activity, as measured in early bacteri-
cidal activity assays (EBA), is a poor predictor of therapeutic efficacy (21, 22).

With regard to therapeutic efficacy, it has been demonstrated previously that a-GalCer
prolongs survival of Mtb-infected mice (19). However no data are available in the
context of the most clinically relevant scenario, which is concomitant administration
adjunct to the current antibiotic anti-TB regimen. Using the BALB/c mouse model as a
well-recognized experimental approach for efficacy studies (31, 32), our relapse data
demonstrate that adjunct ADG therapy improved the therapeutic efficacy of HRZ treat-
ment, but was not sufficient to eliminate all Mtb during a 13 week treatment course. This
is supported by the observation that at 30 weeks p.i., Ca** levels, which correlate with
disease activity in TB (33), were significantly higher in the HRZ-treated group, but also
remained elevated in the HRZ+ADG-treated group compared to healthy controls. In ad-
dition, both treatment groups showed elevated IFN-g mRNA expression and increased
IL-4 and TNF-a protein levels compared to steady state 30 weeks p.i. Lastly, mycobacteria
were still detectable in the lungs of some mice from the HRZ+ADG group that did not
relapse. Taken together, these observations suggest that HRZ+ADG-treatment was not
able to clear infection completely in this TB model but did significantly improve contain-
ment of infection compared to treatment with antibiotics only.
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Based on published results of single-drug experiments and synergy reported between
the individual components (17, 20), we chose ADG to potentiate host immunity, in
particular targeting MDSC activity. However, we did not prove the latter to be the main
mechanism of action by performing functional MDSC testing. Hence, we only describe
correlations between treatment modality and changes in immune parameters. At the
peak of infection the CD11b*Ly6G*™ PMN-like cells from our model phenotypically re-
sembled the CD11 b*Ly6Gdim MDSC population found earlier (7). However, during treat-
ment these immature cells with reduced Ly6G expression could no longer be found.
Given the sharp reduction of PMN-like cells in the lungs during antibiotic treatment and
their rapid change in phenotype towards more mature, conventional PMN, we consider
it likely that functional MDSC activity by the PMN-like cell population is concomitantly
reduced. In line with this, increased numbers of MDSC have been found in patients after
recent TB infection and active disease, but successful anti-TB treatment significantly
reduced MDSC numbers and coincided with increased MDSC maturation (10). On the
other hand, overall adaptive immune cells are increased at 30 weeks p.i. in mice from
the HRZ+ADG-treated group with significantly more CD8" cells in the lungs, but without
differences in the myeloid compartment or cytokine profile between the two treatment
groups.. This suggests reduced functional MDSC-activity in the HRZ+ADG-treated
group, which is supported by studies showing that MDSC inhibit CD8" T-cells primarily
in a contact-dependent way and reduce CD8" T-cell infiltration (5, 34). However, in the
context of the current study this remains speculative.

Apart from the potential role of MDSC, we observed increased levels of TNF-a protein
in the HRZ+ADG-treated group during treatment, which could have contributed to the
improved therapeutic efficacy. TNF-a is a critical immune mediator in TB and holds a
central protective position in the balance between an adequate anti-TB response,
excessive inflammation-induced pathology, and reactivation of latent disease (35).. We
observed discrepancies between TNF-a mRNA expression and protein levels that were
not found for other cytokines tested. This is likely due to post-transcriptional regulation
to which TNF-a is exceptionally prone (36), as is also observed in TB (37). If enhancing
TNF-a production is indeed a key factor mediated by ADG adjunct therapy, treatment
initiation should be timed carefully, since increased TNF-a levels during the active phase
of disease might also explain the initial bodyweight loss in the HRZ+ADG-treated group
in the first 3 weeks of treatment. In support of this ambiguous role of TNF-q, a recent in
vivo study showed increased therapeutic efficacy of TNF-a inhibition (38), further dem-
onstrating the complexity of the interplay between TB and immune modulation strate-
gies. These data together suggest that it might be more beneficial to treat TB initially
with antibiotics only and add ADG later in order to increase sterilizing immune activity.
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In conclusion, we have shown that a combination of three clinically approved drugs as
an adjunct to current HRZ treatment can modulate the immune response and improve
therapeutic efficacy in TB. This adds to the possibility of adjunct immunotherapy as vi-
able treatment modality in TB. In the current study we demonstrate a proof of principle
with clinical potential. However, based on the experimental design and data obtained,
the therapeutic mechanism of ADG on a cellular and molecular level and the role of
MDSC were not identified unequivocally, which should be addressed in forthcoming
studies.
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