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The B-Carboline Harmine Has a Protective
Immunomodulatory Role in Nonhealing
Cutaneous Leishmaniasis

Sanam Peyvandi', Qiang Lan’, Antoine Chabloz’, Florence Prével', Yazmin Hauyon La Torre',
Annette Ives’ and Fabienne Tacchini-Cottier'

Cutaneous leishmaniasis affects 1 million people worldwide annually. Although conventional treatments pri-
marily target the parasite, there is growing interest in host immune modulation. In this study, we investigated
the impact of synthetic B-carboline harmine (ACB1801), previously shown to be immunoregulatory in cancer,
on the pathology caused by a drug-resistant Leishmania major strain causing persistent cutaneous lesions.
Exposure to ACB1801 in vitro had a modest impact on parasite burden within host macrophages. Moreover, it
significantly increased major histocompatibility complex Il and costimulatory molecule expression on infected
dendritic cells, suggesting an enhanced immune response. In vivo, ACB1801 monotherapy led to a substantial
reduction in lesion development and parasite burden in infected C57BL/6 mice, comparable with efficacy of
amphotericin B. Transcriptomics analysis further supported ACB1801 immunomodulatory effects, revealing an
enrichment of TNF-a, IFN-y, and major histocompatibility complex Il antigen presentation signatures in the
draining lymph nodes of treated mice. Flow cytometry analysis confirmed an increased frequency (1.5x) of
protective CD4"IFN-Y"TNF-a" T cells and a decreased frequency (2x) in suppressive IL-10"FoxP3™ T cells at the
site of infection and in draining lymph nodes. In addition, ACB1801 downregulated the aryl hydrocarbon re-
ceptor signaling, known to enhance immunosuppressive cytokines. Thus, these results suggest a potential use

for ACB1801 alone or in combination therapy for cutaneous leishmaniasis.
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INTRODUCTION

Parasitic infections often use immune subversion to promote
disease evolution and parasite persistence within the host.
Leishmania are intracellular protozoan parasites causing
leishmaniases, a group of neglected diseases with a clinical
spectrum, including cutaneous, mucocutaneous, and the life-
threatening visceral form (Mann et al., 2021). Some Leish-
mania spp can prevent or dampen host immune response by
a multitude of immunosuppressive mechanisms, including
impaired IFN-y production by CD4" T cells and/or decreased
activation of antigen-presenting cells, abrogating parasite
control. Additional immunosuppression mechanisms include
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the secretion of the anti-inflammatory IL-10 cytokine by
CD4" T cells in visceral (Bunn et al., 2018; Caldas et al.,
2005) and in unhealing forms of cutaneous leishmaniasis
(Lee et al., 2018). Regulation of the expression of major
histocompatibility complex (MHC) molecules on antigen-
presenting cells also influences protective host immune
response in response to Leishmania infection. Immune
checkpoint molecules, including PD-1 and CTLA-4, 2 nega-
tive regulators of infection, have also been observed on
exhausted or anergic CD4" T cells in Leishmania-infected
humans and mice (Costa-Madeira et al., 2022; de Freitas e
Silva and von Stebut, 2021)

IFN-y and TNF-a. act synergistically to promote optimal
microbicidal activation of macrophages. TNF downregulates
ARGT1 and thereby enhances the enzymatic activity of
inducible nitric oxide synthase (iNOS) and nitric oxide pro-
duction by macrophages for parasite killing. The balance
between iNOS and arginase in macrophage activation is
crucial for controlling the disease (Bogdan, 2020). The aryl
hydrocarbon receptor (AhR) is a ubiquitously expressed
protein with a crucial role in immunomodulation
(Rothhammer and Quintana, 2019). AhR was shown to
regulate TNF-a. expression early after Leishmania infection
and to regulate INOS and arginase activity in macrophages,
suggesting an important role in parasite control (Climaco-
Arvizu et al., 2016; Elizondo et al.,, 2011; Minck et al.,
2019).

New leishmaniasis treatments are needed because most
treatments display toxic effects, and drug resistance is an
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ever-increasing challenge (eBioMedicine, 2023). Currently,
most available therapies against Leishmania focus on target-
ing the parasite rather than including host-directed immu-
notherapies. Immunotherapy could provide therapeutic
benefits for disease control as has been seen for cancer or
could be part of a combination regimen with a direct
antileishmanial.

The B-carbolines alkaloid harmine is a multikinase inhib-
itor that has shown inhibitory effects on monoamine oxidase
A and selected kinases, including different members of the
dual-specificity tyrosine-regulated kinases with the highest
affinity for DYRK1A and CLK1 and CLK4 (Ahmad et al., 2020;
Tarpley et al., 2021). It has broad anticancer activities, and
ACB1801, a synthetic derivative, was recently shown to
improve MHC-I—dependent antigen presentation in poorly
immunogenic cancer cells resistant to anti—PD-1 (Noman et
al., 2022). In this study, we tested the impact of ACB1801 on
the host immune response and pathology during cutaneous
leishmaniasis. After infection with the multidrug-resistant L
major Seidman (LmSd) strain (Neva et al., 1979), ACB1801
treatment significantly improved MHC-II and costimulatory
molecule expression in Leishmania-infected antigen-
presenting cells in vitro and in vivo. Furthermore, treatment
with ACB1801, once a lesion was apparent, led to a reduced
cutaneous lesion evolution with a lower parasite burden. We
show that ACB1801-dependent immune response improve-
ment correlates with an increase of TNF-a/IFN-y double-
producing CD4" T cells and reduced T-cell—derived IL-10,
a process mediated by the downregulation of AhR signaling.

RESULTS

Microbicidal effect of B-carboline derivative compounds on
Leishmania promastigotes

To analyze a potential direct effect of B-carboline derivative
compounds on Leishmania parasites, promastigote’s susceptibil-
ity to ACB1801 and ACB1804, 2 B-carboline derivatives, was
assessed, testing different concentrations (0.2—150 pM) against 2
strains of Leishmania major causing cutaneous leishmaniasis, L
major LV39 and LmSd, and 1 species causing visceral leish-
maniasis, L donovani. Exposure to ACB1801 displayed a para-
siticidal effect with a half-maximal inhibitory concentration
between 5 and 14 pM and had better killing activity than exposure
to ACB1804 for the 3 Leishmania spp tested. However, the values
of miltefosine, a currently used drug, were significantly better,
displaying values at a half-maximal inhibitory concentration <6
UM (Figure Ta and Supplementary Figure Sla). Bone
marrow—derived macrophages (BMDMs) were then tested after
exposure to different concentrations of the 3 indicated com-
pounds to define their half-maximal cytotoxicity concentration
for uninfected macrophages. All showed similar half-maximal
cytotoxicity concentration values (Supplementary Figure S1b).
Onthebasis of these results, the selectivity index was determined.
A better selectivity index for ACB1801 than for ACB1804 was
confirmed, with lower values than those observed in the presence
of miltefosine (Figure 1 and Supplementary Figure STc). ACB1801
was then selected for further experiments.

ACB1801 mildly impacts intracellular amastigotes burden in
BMDMs

We then investigated the role of ACB1801 in internalized
Leishmania. To this end, BMDMs were infected with
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fluorescent Leishmania parasites at a multiplicity of infection
of 10 for 24 hours. The cells were then treated with
ACB1801, miltefosine, or their vehicle. Nonexposed infected
cells were used as controls. Forty-eight hours later, infection
rate and number of amastigotes per infected macrophage
were determined using high-content microscopy (Figure 1b
and ¢). On the basis of these results, the half-maximal
inhibitory concentration of macrophage amastigotes for 3
strains was calculated (between 11 and 16 uM).

Thus, ACB1801 showed a leishmanicidal effect on both
promastigotes and intracellular amastigotes for the 3 Leish-
mania tested, with a selectivity index varying between 4.5
and 15. However, the parasiticidal effects were significantly
lower than those observed for miltefosine (Figure 1d).

ACB1801 increases MHC-II and costimulatory molecule
expression on Leishmania-infected dendritic cells

Given the previous report on the effect of ACB1801 on antigen
presentation improvement (Noman et al., 2022) and the
crucial role of dendritic cells (DCs) as antigen-presenting cells
also observed in Leishmania infection, we investigated the
impact of ACB1801 on DCs after infection. Bone
marrow—derived DCs (BMDCs) were infected with L major
LV39, LmSd, or L donovani and treated with ACB1801 or its
vehicle 3 hours after infection. The surface expression of MHC-
Il and costimulatory molecules was analyzed by flow cytom-
etry 24 hours after infection. Treatment with ACB1801 signif-
icantly increased the surface expression of MHC-II, CD86, and
CD40 compared with that in nontreated infected DCs
(Figure 2a and b). Concurrently, ACB1801 treatment of Leish-
mania-infected DCs significantly decreased the immune
checkpoint molecule PD-L1, a well-known immunosup-
pressor (Figure 2aandb). Leishmaniainfection alone increased
the expression of CD40 and CD86 but only modulated weakly
MHC-II and PD-L1 surface expression on BMDCs
(Supplementary Figure S2a). Together, these results support the
significant role of ACB1801 in enhancing the antigen-
presenting capacity of Leishmania-infected DCs while
concomitantly dampening the immune checkpoint—mediated
negative regulation of T-cell responses.

ACB1801 monotherapy controls lesion development and
parasite load in vivo

To evaluate the therapeutic effect of ACB1801 on Leishmania
pathology in vivo, mice were infected with LmSd, a L major
strain that developed a nonhealing, progressive, and severe
cutaneous pathology despite early and sustained T helper (Th)
1 response and minimal Th2 and Th17 response (Anderson et
al., 2005).

C57BL/6 mice were infected intradermally with LmSd
metacyclic promastigotes, and 12 days after infection, when
the lesion was established, they received 3 mg/kg of
ACB1801 or vehicle solvent intraperitoneally (i.p.) for 16
consecutive days (Figure 3a). Ten days after treatment, a
tendency to a decreased lesion size was observed in mice
receiving ACB1801 compared with that in control mice,
which became statistically significant at the end of treatment
(Figure 3b and c). The parasite burden in the infected ears
was significantly reduced upon ACB1801 treatment, but no
difference was observed in draining lymph nodes (dLNs)
(Figure 3d). We then increased the treatment regimen,
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Figure 1. ACB1801 affects mildly intracellular amastigotes survival in BMDM:s. (a) Metacyclic promastigotes were cultured for 48 h with ACB1801, ACB1804,
and miltefosine at the indicated concentrations, and the IC50 was assessed. The figure is representative of 1 of 3 experiments (n = 3 per group). (b) BMDMs
infected with LmSd at MOI of 10 were exposed to ACB1801 or diluent 24 h p.i. and analyzed 48 h later (72 h p.i.). Representative pictures of HCM showing
uninfected macrophages (upper panel), LmSd-RFP—infected macrophages (middle panel), and LmSd-RFP—infected macrophages exposed to 30 pM of

ACB1801 (lower panel). Nuclei are in green (DAPI), and fluorescent parasites are in red. (c) Frequency of infection and number of amastigotes per macrophage
in the presence of the indicated doses of ACB1801. Data are represented as mean values + SEM. The data are representative of 1 of 2 experiments (n = 8 per
group). (d) Summary table giving the CC50, IC50, and Sl for the tested Leishmania. LmLV39 denotes Leishmania major LV39. BMDM, bone marrow—derived
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injecting ACB1801 twice a day (6 mg/kg 2 twice daily, i.p.),
and compared the lesion size and parasite burden with those
of mice treated for 16 days with vehicle and amphotericin B
(10 mg/kg, twice weekly, i.p.), a potent conventional anti-
leishmanial drug with serious side effects in human
(Figure 3e). Both ACB1801 and amphotericin B treatment
efficiently reduced lesion development compared with
vehicle controls, with significant differences observed from
10 days after treatment until the end. ACB1801 efficiency
was comparable with that of amphotericin B (Figure 3f—g).
The parasite load in the infected ears of ACB1801- and
amphotericin B—treated mice was significantly lower than
that of control mice (Figure 3h).

These results indicate that ACB1801 treatment efficiently
controls lesion development and parasite load after LmSd
infection in vivo. Furthermore, considering the significant
impact on DC activation observed in vitro and the mild
parasiticidal effect of this compound, our data suggest an
important role of ACB1801 in redirecting the immune
response to infection.

ACB13801-treated dLNs reveal an enriched transcriptomic
signature for IFN-y and TNF-o

To unravel the mechanisms responsible for ACB1801-
mediated effects on the immune response to LmSd infec-
tion in vivo, we performed RNA-sequencing analysis of dLNs
isolated from LmSd-infected C57BL/6 mice treated with 6
mg/kg of ACB1801 twice daily (group 1) or vehicle (group 2)
i.p. 10 days after treatment, when a significant effect of the
treatment on lesion size was first observed (Figure 3f). The
contralateral dLNs of the same mice were used as nonin-
fected controls (groups 3 and 4) (Figure 4a). Altogether, 4
biological replicates per condition were sequenced.

Principal component analysis suggested that the 4 groups
of samples are distinct, with LmSd infection accounting for
over 50% variations (principal control 1 in Figure 4b). We
focused on the infected samples to investigate the tran-
scriptomic alterations induced by ACB1801 treatment upon
LmSd infection. Sample LN2 was identified as an outlier
owing to its distinct clustering pattern compared with the
other samples within the same group and thus was removed
for further analysis. Gene set enrichment analysis revealed
that IFN-y response and TNF-a signaling through NF-kb are
among the top enriched Hallmark signatures (Figure 4c and
d), with significantly positive correlations (Figure 4e). In line
with our previously described in vitro data (Figure 2),
ACB1801-induced gene expression also positively correlated
to MHC-II antigen presentation signature (Figure 4e).

Taken together, the transcriptomic profiling supports our
in vitro analysis and further highlights the potential roles of
TNF-o— and IFN-y—signaling pathways downstream of
ACB1801 treatment.

ACB1801 reduces the frequency of CD4*IFN-y* IL-10™ T
cells and enhances that of proinflammatory macrophages

To validate the transcriptomics data at the protein level, the
innate and adaptive immune responses in the dLNs and
infected ears were analyzed following the same protocol,

<

where mice were sacrificed 10 days after treatment. Flow
cytometry analysis showed a 1.5-fold increase in the fre-
quency of CD4*IFN-y™ cells producing TNF-a. in ACB1801-
treated mice both in the dLNs (Figure 5a and Supplementary
Figure S3a) and at the site of infection (Figure 5b). We
confirmed a higher TNF-a production by dLNs cells after
LmSd restimulation in vitro, as analyzed by ELISA
(Supplementary Figure S3b). Double producer T cells have
been shown to provide optimal effector function and pro-
tection against L major (Darrah et al., 2007). In addition, a
subset of Th1 cells producing IFN-y and IL-10 simultaneously
was reported to contribute to the nonhealing phenotype
observed in LmSd-infected C57BL/6 mice (Anderson et al.,
2005). In this study, we show that upon B-carboline deriva-
tive treatment, the frequency of these CD4*IFN-y*IL-10"
double producers was significantly reduced, and a lower
frequency of CD4™IL-10"FoxP3™~ cells, which are the main
source of IL-10 production (Anderson et al., 2007), was
observed (Figure 5a and b).

TNF-a produced by T cells induces a proinflammatory
phenotype in macrophages and DCs (Schleicher et al., 2016).
The macrophage and DC phenotypes of ear cells isolated
from uninfected mice or infected mice treated or not with
ACB1801 were analyzed by flow cytometry. Enhanced
expression of MHC-Il and CD86 was observed upon infec-
tion. Moreover, a significantly higher expression of these
molecules was observed in ACB1801-treated mice than in
vehicle-treated mice, suggesting improved antigen presenta-
tion and recognition (Figure 5c). Concurrently, they displayed
a more proinflammatory and parasite-killing phenotype with
higher expression of iNOS and TNF-a. and moderately less
arginase expression (Figure 5d).

Collectively, these results suggest that ACB1801 treatment
decreases lesion development by shifting the balance toward
a more antileishmanial healing phenotype with more IFN-
Y TNF-o."-producing T cells, which affects the macrophage
phenotype, and less IL-10 production.

AhR signaling is involved in ACB1801 mechanism of action

B-Carbolines, including harmine, can downregulate AhR
signaling (El Gendy and El-Kadi, 2013). The immunomodu-
latory role of AhR was previously reported in inflammatory
response by promoting IL-10 production and regulatory T
cells (Apetoh et al., 2010; Mondanelli et al., 2019). We
therefore checked the mRNA expression level of the main
target genes of AhR in our RNA-sequencing datasets. We
found in ACB1801-treated dLNs a significant downregulation
of Cyp1b1, a well-established target gene for AhR activation.
Further analysis also confirmed the downregulation of MaoA,
Maob, and [l4il genes in ACB1801-treated dLNs (Figure 6a).
MAOA and MAOB are both regulated by AhR, and the former
is an enzymatic target of harmine (Herraiz, 2007; Myburg et
al., 2022). IL4i1 is an immunosuppressive regulator of im-
mune synapses and T-cell responses that is both a target gene
and an indirect activator of AhR mediated through the gen-
eration of indole metabolites and kynurenic acid (Sadik et al.,
2020). Given the clear role of AhR and indoleamine 2,3-

-
macrophage; CC50, half-maximal cytotoxicity concentration; Conc., concentration; h, hour; HCM, high content microscopy; IC50, half-maximal inhibitory
concentration; LmSd, Leishmania major Seidman; MOI, multiplicity of infection; p.i., postinfection; SI, selectivity index.
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Figure 2. ACB1801 increases the expression of costimulatory molecules on dendritic cells. (a, b) A total of 4 x 10°> BMDCs were infected with LmSd, L major
LV39, and L donovani metacyclic promastigotes at a MOI of 10. After 3 h of infection, ACB1801 was added at 30 pM, and the expression of costimulatory
molecules was analyzed by flow cytometry 24 h p.i. (@) Representative histograms showing the expression of the indicated costimulatory molecules in LmSd-
infected DC (gray) and infected and ACB1801-treated DCs (purple). (b) The MFI of MHC-II, CD86, CD40, and PD-L1 on DC in the presence or absence of
ACB1801 is shown. Data are a pool of 2 independent experiments (technical replicates = 3). Data are presented as mean values + SEM. BMDC, bone
marrow—derived dendritic cell; DC, dendritic cell; h, hour; LmSd, Leishmania major Seidman; MFI, mean fluorescence intensity; MHC-II, major
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measured up to 28 days p.i. The arrow indicates the onset of drug treatment. (c) Representative pictures of the infected ear at the end of treatment. (d) Parasite
load at the site of infection and dLNs 28 days after infection, analyzed by LDA. (e) Schematic experimental design: 6 mg/kg ACB1801 b.i.d. or AmB b.i.w. for 16
days. (f) Lesion size was measured up to 28 days p.i. (g) Representative pictures of the infected ear. (h) Parasite load at the site of infection and dLN 28 days p.i.
Data are the mean + SEM, representative of 2 independent experiments (n = 5 per experiment). DO, D12, and D28 denote day 0, day 12, and day 28,

respectively. AmB, amphotericin B; b.i.d., twice daily; b.d.w., twice weekly; dLN, draining lymph node; i.d., intradermally; LDA, limiting dilution assay; LmSd,

Leishmania major Seidman; p.i., postinfection.

dioxygenase (IDO) in immune responses, we focused on the
effects of AhR and IDO at the protein level in vivo. The
expression of AhR and IDO1 on dLN CD4" T cells was
similar between uninfected and infected but significantly
decreased in the presence of ACB1801 (Figure 6b, upper
panel). In addition, very low expression of AhR and IDO1
was detected in uninfected DCs, but infection induced their
expression, a process that was significantly decreased upon
ACB1801 treatment (Figure 6b, lower panel).

To investigate the direct role of AhR inhibition on Leish-
mania-infected DC function, we exposed LmSd-infected
BMDCs to antagonists for AhR (GNF351) or IDO (GNF-
PF3777 and PF06840003). After 24 hours of infection, both
AhR and IDO antagonists improved MHC-II and CD86 sur-
face expression similar to what was observed after ACB1801
exposure (Figure 6¢). To confirm the ACB1801 immunosti-
mulatory role through AhR downregulation, we evaluated the
expression level of MHC-II and CD86 on infected DCs in the
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presence of ACB1801 or a combination of ACB1801 and
increasing doses of the AhR activator, FICZ. Upregulation of
MHC-II and CD86 by ACB1801 was partially inhibited in the
presence of FICZ, suggesting competition between the 2
drugs (Figure 6d and Supplementary Figure S4).

Taken together, these results suggest that the mechanism of
action of ACB1801 in vivo could act through the down-
regulation of AhR signaling.

DISCUSSION

The progression and maintenance of cutaneous diseases due
to skin infections, such as those observed in cutaneous
leishmaniasis, are partly dependent on the immune subver-
sion of the host immune response by the parasites. Yet, most
antileishmanial therapies target parasite survival within the
host rather than the observed host immune impairment
generated by infection. In this study, we report that ACB1801,
a synthetic derivative of B-carboline harmine, has a major
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Figure 4. Transcriptomic profile of ACB-treated dLNs shows enrichment of IFN-y and TNF-o. signatures. (a) Illustrative scheme of experimental procedure to
obtain samples for RNA sequencing. (b) Principal component analysis of the dLNs from mice treated with ACB1801 (group1) or vehicle (group2) and
contralateral LNs as noninfected controls (groups 3 and 4). The distance along each axis represents the amount of variance in gene expression explained by the
corresponding factor. (c) Scatter plot showing the significantly altered Hallmark signatures by GSEA. (d) Heatmap showing the expression of genes within the
IFN-y response and TNF-g. signaling through NF-kB signature using the z-score of log,-transformed normalized expression value. (e) Positive correlation
enrichment of IFN-y response, TNF-a. signaling, and MHC-II antigen presentation signatures in the ACB-treated LmSd-infected LNs. Non inf-LN denotes
noninfected lymph node, and veh denotes vehicle. ACB, B-carboline derivative; dLN, draining lymph node; GSEA, gene set enrichment analysis; i.p.,
intraperitoneal; LmSd, Leishmania major Seidman; LN, lymph node; MHC-II, major histocompatibility complex class 1I; NES, normalized enrichment score.
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Figure 5. ACB1801 reduces the frequency of CD4*IFN-y* IL-10—producing T cells and enhances the polarization of proinflammatory macrophages. C57BL/
6 mice were infected with 2 x 10° LmSd and 12 days p.i., treated for 10 days with ACB1801 or vehicle b.i.d. Mice were killed, and (a) dLNs and (b) ears were
processed. Cells were stimulated in vitro with PMA and ionomycin for 4 h and analyzed by flow cytometry for intracellular cytokine production. Representative
contour plots and histograms show the frequency of TNF-a and IL-10 in CD4 IFN-y* cells and FoxP37IL-10" in CD4 " cells in ACB1801-treated versus vehicle
mice. Data are a pool of 2 independent experiments (n = 12). (c, d) Expression of the indicated costimulatory molecules and proinflammatory markers on (c)
DCs and (d) macrophages in uninfected, ACB-treated, or vehicle-treated infected ears. Data are presented as mean values + SEM and are from 1 representative
of 2 experiments (n = 8). ACB, B-carboline derivative; arg, arginine; b.i.d., twice daily; DC, dendritic cell; dLN, draining lymph node; FSC-H, forward scatter
height; h, hour; iNOS, inducible nitric oxide synthase; LmSd, Leishmania major Seidman; p.i., postinfection; PMA, phorbol myristate acetate.
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Figure 6. AhR signaling is downregulated in ACB1801-treated cells. (@) mRNA expression of Cyp1b1, Hsp90b1, 114i1, Maob, and Maoa analyzed from RNAseq
dataset. Each dot represents 1 biological replicate. Data presented as normalized expression values (mean + SD). (b) Frequency of intracellular AhR and IDO
expression in CD4" T cells and DCs in dLNs from LmSd-infected and -uninfected mice treated for 10 days with ACB1801 (6 mg/kg) or vehicle b.i.d. The data are
from 1 representative of 2 experiments (n = 8 for infected, n = 5 for uninfected). (c, d) BMDCs were infected with LmSd at MOI of 10; 3 h later, cells were
exposed to (c) 30 pM ACB1801, 1 uM GNF351, 0.5 uM GNF-PF3777, or 3 uM PF06840003 for 24 h after infection. (d) A total of 30 puM ACB1801 in the
presence or absence of AhR activator FICZ. Representative histogram showing MHC-II and CD86 expression with the corresponding MFI. The data are a pool of
2 independent experiments (technical n = 3). AhR, aryl hydrocarbon receptor; b.i.d., twice daily; BMDC, bone marrow—derived dendritic cell; DC, dendritic
cell; IDO, indoleamine 2,3-dioxygenase; h, hour; LmSd, Leishmania major Seidman; MFI, mean fluorescence intensity; MHC-II, major histocompatibility
complex class 1Il; MOI, multiplicity of infection; RNAseq, RNA sequencing.
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impact on host immune response and the pathology during
cutaneous leishmaniasis.

Intracellular protozoan parasites, including Leishmania or
Trypanosoma, disturb T-cell activation by impairing the
MHC-II and costimulatory molecules expression on DCs
(Chakraborty et al., 2005; Sibley, 2011; von Stebut and
Tenzer, 2018). ACB1801 has been shown recently to
improve immune response in poorly immunogenic B16-F10
melanoma mouse tumors by increasing their MHC-1 expres-
sion (Noman et al., 2022). We first showed that ACB1801
had a mild parasiticidal effect on free and macrophage-
internalized parasites. The major outcome of exposure to
the drug was increased activation of Leishmania-exposed
DCs, including higher expression of the CD40 and CD86
costimulatory molecules and MHC-II, all essential in antigen
presentation to elicit antileishmanial adaptive response (de
Freitas e Silva and von Stebut, 2021).

Host immune responses against Leishmania depend in part
on IFN-y—producing CD4* Th1 cells, which activate
macrophage leishmanicidal activity. The immunologic
mechanisms underlying nonhealing forms of leishmaniasis in
mice were initially studied in the context of Th2-polarized
response in BALB/C mice, with high levels of IL-4 driving
permissive M2-like macrophages. However, Th dichotomy
does not always correlate with resistance or susceptibility to
infection (Tacchini-Cottier et al., 2012), and the processes
involved in nonhealing forms of cutaneous leishmaniasis
observed in humans were shown to include an enriched
environment of proinflammatory cytokines, and high levels of
IL-10 can be observed (Louzir et al., 1998; Melby et al.,
1994; Nylén and Sacks, 2007).

Infection with LmSd results in the development of non-
healing exacerbated lesions in C57BL/6 mice in the presence
of a strong CD4"Th1, a process correlated with elevated
levels of CD4"IL107FoxP3~ cells (Anderson et al., 2007,
2005). Our in vivo data show an important impact on pa-
thology and parasite burden after ACB1801 treatment. RNA-
sequencing data from infected and ACB1801-treated dLNs
revealed enrichment of TNF-o. and IFN-y pathways. Optimal
Th1 effector function relies not only on IFN-y production but
also on TNF-a. production as shown for Leishmania (Darrah
et al., 2007). The increased frequency of IFN-y and TNF-a
producing CD4 T cells in parallel to decreased T-
cell—derived IL-10 production was confirmed at the protein
level, which shifts the balance toward a more protective
response.

[FN-y and TNF-o. activate macrophages and DCs by
switching arginine metabolism toward the production of ni-
tric oxide through iNOS (Cogoi et al., 2016; Schleicher et al.,
2016). In LmSd ACB1801—treated mice, we also observed an
increased frequency of iINOS expression in both macro-
phages and DCs at the site of infection, which could be
responsible for the decreased parasite burden. Arginine and
tryptophan metabolism are linked through the activities of
ARG1 and IDOT1 (Crowther and Qualls, 2021; Mondanelli et
al., 2019), and both can affect macrophage polarization.
Harmine was previously shown to inhibit the induction of
CYP1AT1, a carcinogen activator enzyme, by inhibiting AhR
signaling (El Gendy and El-Kadi, 2013). Only a few studies
investigated the role of AhR in cutaneous leishmaniasis,
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reporting mostly increased inflammatory cytokines produc-
tion (Climaco-Arvizu et al.,, 2016; Minck et al., 2019;
Oljuskin et al., 2023). In addition, several studies demon-
strate nongenomic and post-transcriptional roles for AhR
(GroBBkopf et al., 2021; Luecke-Johansson et al., 2017), and
nongenomic AhR signaling was shown to play immuno-
modulatory roles through signal transducer and activator of
transcription 3 phosphorylation and IL-10 production (Zhu et
al., 2018).

To investigate the mechanism behind the observed immu-
nomodulatory effect of ACB1801 treatment, we checked our
RNA-sequencing data AhR signaling partners expression. Our
transcriptomics data did not correlate significantly with pre-
viously published AhR signatures (Castellano et al., 2021;
Franchini et al., 2019; Sadik et al., 2020). Yet, prototypical
selected AhR target genes were downregulated during
ACB1801 treatment, notably, Cyplal, Cyp1bi, IL4il, Maoa,
and Maob. In correlation with these data, our in vivo results
revealed a decrease in AhR frequency in both CD4™ T cells and
DCs in ACB1801-treated dLNs. To establish a direct
correlation between AhR and ACB1801, Leishmania-infected
BMDCs were treated with ACB1801 in the presence orabsence
of AhR activator. Competition between these 2 drugs was
demonstrated.

In summary, our data reveal, to our knowledge, a potential
previously unreported drug against nonhealing form of
cutaneous leishmaniasis. ACB1801 used as monotherapy had
a significant impact on the pathology by promoting a pro-
tective immune response and dampening immunosuppres-
sive IL-10—producing CD4™ T cells. A potential use of this
drug as monotherapy or in combination with conventional
therapies could be envisaged to decrease current regimen or
duration of treatment.

MATERIALS AND METHODS

Mice and ethics

C57BL/6 mice (Charles River Laboratories) were bred under specific
pathogen-free conditions at the animal facility of the University of
Lausanne (Epalinges, Switzerland). Mice aged 6—8 weeks were used
for the experiments. Animal experimentation protocols were
approved by the veterinary office of the Canton of Vaud (Authori-
zation VD3616A to FTC). They were performed per cantonal and
federal laws and the ethics principles of the Declaration of Basel.

Parasite culture and infections

LmSd (MHOM/SN/74/S.D.), L major LV39 (MRHO/Sv/59/P), and L
donovani (LV9) and parasites expressing RFPs (L major LV39
mcherry [Ronet et al., 2019] and L major Sd-RFP [Peters et al.,
2008]) were cultured in rabbit agar blood in 10 ml of supplemented
M199 10% heat-inactivated fetal bovine serum, 4% 4-(2-
hydroxyethyl)piperazine-1-ethane-sulfonic acid (Amimed), and 100
U/ml penicillin and 100 pg/ml streptomycin (Invitrogen) at 26 °C.
Fluorescent were also used. Metacyclic promastigotes were isolated
by density gradient as previously described (Spéth GF, Beverley, 2001).

BMDM and BMDC generation

Isolated femurs and tibia were flushed, and cells were cultured with
complete RPMI as with 20 ng/ml GM-CSF (12343127, Immuno-
Tools) for BMDC differentiation and 25 ng/ml macrophage colony-
stimulating factor (12343117, ImmunoTools) for BMDM s for 7 days.
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Drugs and treatments

For in vivo treatments, ACB1801 and ACB1804 were prepared by
AC Bioscience SA. B-Carboline derivative was diluted in PBS (10%
DMSO), and mice were injected with 100 ul ACB1801 3 mg/kg in a
single daily dose (3 mg/kg) or twice per day (6 mg daily/kg) i.p.
Miltefosine (hexadecy! phosphocholine [58066-85-6]) from Cayman
Chemicals and amphotericin B (HY-V0221) from MedChemExpress
were used as reference drugs. For in vitro experiments, cells were
cultured in RPMI 0.1% DMSO including or not (vehicle) ACB1801
at 30 pM.

Half-maximal effective concentration determination using
high content microscopy

BMDMs were infected with L major mCherry or L major Sd-RFP, and
the half-maximal effective concentration was measured by high-
content microscopy as detailed in Supplementary Materials and
Methods. The image acquisition was performed using the ImageX-
press Micro C (confocal) high-content imaging system (Eren et al.,
2018), which takes 25 images for each replicate. The fluorescence
background observed in uninfected macrophages (3—5%) was sub-
tracted for parasite counting.

Mice infection and treatment protocol in vivo

C57BL/6 mice were needle inoculated with 2 x 10° LmSd meta-
cyclic promastigotes into the ear dermis (intradermally). The lesion
size was analyzed as previously described (Schuster et al., 2014).
The treatments were started once the lesion reached a score of 2
(visible lesion) on day 12 after infection. Ears and lymph nodes were
recovered and processed into a single-cell suspension as previously
described (Passelli et al., 2022).

RNA sequencing

dLNs and contralateral lymph nodes were collected in RLT plus
buffer and homogenized using tissue lyzer. mRNA was extracted
using Qiagen RNAeasy mini kit. cDNA libraries were prepared, and
RNA sequencing was performed as detailed in the Supplementary
Materials and Methods.

Flow cytometry analysis

Stained dLNs and ear cells were isolated, stained, and analyzed
using LSR-Fortessa (BD Bioscience) as previously described (Passelli
et al., 2022) and analyzed with FlowJo software (version 10). The
antibodies used are provided in the Supplementary Materials and
Methods.

Limiting dilution assay

To estimate the number of living parasites, single-cell suspensions
from infected mice were serially diluted in supplemented M199
media. The number of parasites was determined using the ESTIMFRE
software as previously described (Titus et al., 1985).

Statistics

For comparison between 2 sample groups with a normal distribu-
tion, statistics were assessed by a nonparametric unpaired t-test
(Mann—Whitney U test). Comparisons of more than 2 groups were
made by 1-way ANOVA and Bonferroni posthoc test. *P < .05, **P
< .005, ***P < .0002, and ****P < .0001; ns denotes no
significance.

Data availability statement

The RNA-sequencing data produced in this study have been
deposited in the Gene Expression Omnibus with access code
GSE236962.
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SUPPLEMENTARY MATERIALS AND METHODS

Parasite growth and half-maximal inhibitory concentration
determination

The half-maximal inhibitory concentration (IC50) and half-
maximal effective concentration (CC50) were determined
as previously described (Martinez-Salazar et al., 2020). The
IC50 is defined as the drug concentration causing 50% in-
hibition of proliferation compared with that of untreated
parasites. A serial dilution of the drugs ranging from 0.2 to
150 pM was added subsequently. After 48 hours of incuba-
tion at 26 °C, Alamar blue was added to the samples at a 1x
final concentration and incubated for 18 hours following the
manufacturer’s instructions. Then, viability was measured by
fluorescence in the Spectra Max 13 multimode microplate
reader and reported as relative fluorescence units. The IC50
values were determined by nonlinear regression using Prism
GraphPad 10.

Half-maximal cytotoxicity concentration determination and
selectivity index calculation

Bone marrow—derived macrophages were differentiated
in vitro and cultured for 48 hours with drugs between 0.2 and
150 uM. Alamar blue was added, and viability was assessed
for 18 hours following the manufacturer’s instructions to
define half-maximal cytotoxicity concentration. The selec-
tivity index was calculated as follows:

IC50 of macrophages
IC50 of metacyclic parasites

Half-maximal effective concentration determination using
high-content microscopy

The half-maximal effective concentration, 50% of the effec-
tive concentration to induce maximal killing of the parasites
in infected cells, was measured by high-content microscopy.
A total of 7 x 10° bone marrow—derived macrophages were
infected with Leishmania major mCherry or L major Sd-RFP
at multiplicity of infection of 10 in complete RPMI. After 3
hours, nonphagocytosed parasites were washed away at
room temperature. Twenty-four hours after infection, the
drugs were added at a concentration of 3.7, 7.5, 15, and 30
UM in supplemented RPMI, and a group without drugs was
kept as a control. After 48 hours of treatment, cells were fixed
with 4% paraformaldehyde; permeabilized with 0.1% PBS-
Tween for 10 minutes; washed with PBS; and then blocked
with 3% milk, 0.01% sodium azide, and 0.5% triton x-100
for 30 minutes. To amplify the fluorescent signal intensity of
parasites, cells were stained for 1 hour with primary antibody
Rabbit Anti-RFP, followed by secondary Donkey anti-Rabbit
Alexa 555—coupled (Invitrogen) antibody. Nuclei were
stained with DAPI for 1 hour. Cells were washed and pro-
cessed with ImageXpress Micro C (confocal) high-content
Imaging system XLS from Molecular Device LLC. Cell and
parasite numbers were counted using an automated software
program (MetaExpress) (Eren et al, 2018).

Bone marrow—derived dendritic cell in vitro experiment

Bone marrow—derived dendritic cells were cultured in
complete RPMI in 12 well plates (4 x 10°/ml). Three hours
after culture, metacyclic Leishmania species were added at
multiplicity of infection of 10, and 30 pM ACB1801 were

added. To analyze aryl hydrocarbon receptor signaling,
Leishmania-infected dendritic cells were treated with 1T pM of
GNF351 (aryl hydrocarbon receptor antagonist, HY-102023),
0.5 uM of GNF-PF3777 (IDO2 antagonist, HY-100687), and
3 uM of PF06840003 (IDO1 antagonist, HY-101111), all from
MedChemExpress. For aryl hydrocarbon receptor activation,
bone marrow—derived dendritic cells were infected with L
major Seidman at multiplicity of infection of 10 and 3 hours
after infection. A total of 30 pM of ACB1801 and FICZ (HY-
12451), from MedChmExpress, was added at different con-
centrations (0.4, 2, and 10 nM). The costimulatory molecule
expression was further analyzed by flow cytometry 24 hours
after infection and analyzed using Flowjo, version 10.

RNA sequencing

The MERCURIUS BRB-seq libraries were prepared for
sequencing at Alithea Genomics Laboratory (Epalinges,
Switzerland). In brief, RNA samples were shipped on dry ice
and underwent quality control assessment. The reverse tran-
scription was performed using barcoded oligo-dT primers. The
resulting cDNA from each sample was pooled into a single
tube before proceeding to cDNA second strand synthesis.

To generate Illumina-compatible libraries, the Unique
dual-indexed library preparation method was employed
following the previously described protocol (Alpern et al.,
2019). Subsequently, the libraries were sequenced on the
[llumina NovaSeq instrument at the average depth of 12 M
reads per sample.

The resulting FASTQ files were sample demultiplexed and
aligned to the reference genome using STARsolo, version
2.7.9a. The resulting count matrices were further utilized for
downstream gene expression analysis.

Differentially expressed gene analysis was performed using
DESeq2, version 3.15 (Love et al., 2014). Log, fold change
ranked gene list by comparing ACB1801-treated samples to
vehicle-treated samples was used for gene set enrichment
analysis, which was conducted using clusterProfiler, version
3.17, with the default settings (Yu et al., 2012). The gene set
database (version msigdb.v2023.1.Hs.entrez) was down-
loaded from www.gsea-msigdb.org (Subramanian et al.,
2005) The conversion of murine gene Ensemble identifica-
tions to human Entrez identifications was performed with the
biomaRt package, version 2.46.3 (Durinck et al., 2009, 2005)
using reference mart https://dec2021.archive.ensembl.org.

The plots were produced using R packages clusterProfiler
and ComplexHeatmap, version 2.12.1 (Gu et al., 2016).

Flow cytometry analysis

Stained cells were analyzed using LSR-Fortessa (BD Biosci-
ence) and analyzed with FloJo software (version 10). The
following antibodies were used to detect cell surface expres-
sion: anti—CD45-BUV737 (clone 30_F11, eBioscience),
anti—CD11b-BV605 (clone M1/70, eBioscience), anti—Ly6G-
allophycocyanin (APC)-cy7 (clone 1A8, Biolegend), anti-
—Ly6C-FITC (AL-21, eBioscience), anti—CD11c-AF700
(N418, eBioscience), anti—F480-APC (BM8, BioLegend), ma-
jor histocompatibility complex class [I-AF700 (M5/114.15.2,
eBioscience), anti—CD40-FITC (1C10, eBioscience),
anti—CD86-BV605 (GL1, eBioscience), anti—PDL1-BV786
(B7-H1, eBioscience), arginase-AF700 (A1exF5, eBioscience),
nitric oxide synthase-APC (CXNFT, eBioscience), anti—CD4-
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AF700 (RM4-5, Biolegend), and anti—CD8-APC (53-6.7,
Biolegend). For intracellular staining, cells were stimulated for
4 hours at 37 °C with 50 pg/ml phorbol myristate acetate, 500
pg/ml ionomycin, and 1 pg/ml GolgiPlug (BD Bioscience).
Cells were stained first for extracellular markers and live/dead
dye and fixed with 2% paraformaldehyde. FoxP3 per-
meabilization kit (eBioscience) was used to permeabilize the
cells. Then, cells were stained for 45 minutes with intracellular
cytokines. The following intracellular markers have been used:

Anti—IFN-y-PeCy7 (XMG1.2, Biolegend), anti—IL4-FITC
(eBioscience), anti—IL10-phycoerythrin (eBioscience), anti-
—FoxP3-Percep Cy5.5 (BioLegend), and anti—TNF-0-APC Cy7
(eBioscience).

SUPPLEMENTARY REFERENCE

Eren RO, Kopelyanskiy D, Moreau D, Chapalay JB, Chambon M, Turcatti G,
et al. Development of a semi-automated image-based high-throughput
drug screening system. Front Biosci (Elite Ed) 2018;10:242—53.
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Supplementary Figure S1. Direct effect of ACB drugs on Leishmania and macrophages. (a) Summary of IC50 of 3 strains of Leishmania treated with ACB1801,
ACB1804, and miltefosine using Alamar blue. (b) CC50 in macrophages. BMDMs incubated for 48 h with a serial dilution of ACB1801, ACB1804, and
miltefosine and CC50 were determined by Alamar blue. (c) Selectivity index was calculated by dividing CC50 by 1C50. ACB, B-carboline derivative; BMDM,
bone marrow—derived macrophage; CC50, half-maximal cytotoxicity concentration; h, hour; IC50, half-maximum inhibitory concentration.
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Supplementary Figure S2. MHC-II and costimulatory molecules expression on noninfected and Leishmania-infected DCs. (a) A total of 4 x 105 BMDCs were
infected with LmSd, L major LV39, and L donovani metacyclic promastigotes at a MOI of 10. MHC-II and costimulatory molecule expressions were analyzed by
flow cytometry 24 h later. Results are presented as MFI. Results are 1 representative experiment of 3. Data are presented as mean values + SEM. P-values were
calculated using 2-way ANOVA compared with vehicle-treated mice. N.i. denotes not infected DCs, and Lm LV39 denotes L major LV39. BMDC, bone
marrow—derived dendritic cell; DC, dendritic cell; h, hour; LmSd, Leishmania major Seidman; MFI, mean fluorescence intensity; MHC-II, major

histocompatibility complex class Il; MOI, multiplicity of infection.
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Supplementary Figure S3. Gating strategy to analyze adaptative immune response in ACB1801-treated mice. (@) LmSd-infected mice were treated from day 12
p.i. and killed after 10 days of treatment. Gating strategy for identification of CD4+ cells producing TNF-o. or IL-10 in dLNs. (b) Quantification of TNF-a. after
restimulation of dLN cells in the presence of UV-killed LmSd (72 h) by ELISA. The data are from a pool of 2 independent experiments. Mann—Whitney test was
used. *P < .05 and ****P < .0001. dLN, draining lymph node; h, hour; LmSd, Leishmania major Seidman; p.i., postinfection.
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Supplementary Figure S4. Dose-dependent effect of AhR activator on immunomodulatory effects of ACB1801. A total of 4 x 105 BMDCs were infected with
LmSd metacyclic promastigotes at a MOI of 10. Three hours after infection, ACB1801 was added in the presence or not of the indicated increasing doses of the
FICZ AhR activator. MHC-Il and CD86 cell surface expression was analyzed by flow cytometry 24 h after infection. Data are from 1 representative experiment of
3 independent experiments with 4 technical replicates per condition. K denotes thousand. AhR, aryl hydrocarbon receptor; BMDC, bone marrow—derived
dendritic cell; h, hour; LmSd, Leishmania major Seidman; MHC-II, major histocompatibility complex class Il; MOI, multiplicity of infection.
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