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Cutaneous leishmaniasis (CL) is a disfiguring disease caused by infection with
Leishmania parasites and is characterised by parasitism of the dermis and chronic
inflammation. Whilst T cell responses to Leishmania are essential for both parasite
clearance and disease resolution they also drive inflammation, and clinical presentation
reflects the balance of these opposing activities!. Pentavalent antimonials (e.g. sodium
stibogluconate; SSG) remain the first line drugs for CL, even though treatment may be
protracted and painful. Although evidence from animal models indicates that an
effective clinical response to antimonials requires immune-drug synergy?, little is known
about how this operates in human disease. Here, we studied formalin fixed paraffin
embedded (FFPE) skin biopsies from patients in Sri Lanka with CL, at presentation
and during intra-lesional SSG treatment. Immune-targeted transcriptomics in a test
patient cohort indicated heightened immune checkpoint pathway expression at
presentation. We confirmed reduced PD-L1 and IDO1 protein expression on treatment
in a second validation cohort, using digital spatial profiling and quantitative
immunohistochemistry. PD-L1 and IDO1 expression on CD68" monocytes /
macrophages was positively correlated with the degree of intracellular parasitism, as
determined by parasite-specific RNA FISH. Our data support a model whereby the
initial anti-leishmanial activity of antimonial drugs alleviates checkpoint inhibition of T
cell immunity, thus facilitating immune-drug synergism and clinical cure. We suggest a
need to evaluate shorter course SSG treatment and/or the use of checkpoint inhibition

as an adjunct host directed therapy (HDT) in CL.

One billion people are thought to be at risk of leishmaniasis, a group of diseases caused by
infection with protozoan parasites of the genus Leishmania and transmitted by phlebotomine

sand flies*>. Approximately 600,000 — 1 million new cases of CL occur, with a broad global
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distribution, often leading to stigma and reduced life chances and placing a burden on health
services®’. Treatment options for CL have changed little in over 70 years, since pentavalent
antimonial drugs were first introduced, and there are scant new treatments on the horizon®°,
Sri Lanka is endemic for CL !'° with the first autochthonous case being reported in 1992!!,
Sri Lankan CL is caused by Leishmania donovani zymodeme MON-37!214 ysually
associated with visceral leishmaniasis. Current treatment for CL in Sri Lanka involves
weekly intra-lesional or daily intra-muscular administration of SSG, with or without
cryotherapy, based on the site and size of the lesion and response to treatment. Cure often
takes many months, and some patients may fail to respond completely or withdraw from
treatment'>. It is widely proposed that immune-drug synergy is required for fully effective
treatment in leishmaniasis and that host directed therapy (HDT) may have an important future

role in patient management '617:18

, but few validated targets have emerged.

We reasoned that examination of the intra-lesional response early after the onset of therapy
might reveal potential mechanisms underpinning immune-drug synergy and / or targets for
HDT. We conducted a targeted transcriptomic analysis of the lesion site in a test cohort of 6
patients with typical homogeneous nodulo-ulcerative CL lesions (3 females, 3 males; mean
age + standard deviation, 34.00 + 11.05 years; (Extended Data Fig. 1-3 and Extended Data
Table 1). Patients had 1-3 lesions with a mean time of diagnosis of 6.75 + 5.8 months
(Extended Data Table 1) and received intra-lesional SSG weekly (0.5-2ml/cm?). At
presentation, the amastigote density grading, based on slit skin smears (SSS) ranged from 0-6
(median =3) and was 0-3 after two weekly doses of SSG (median =2.5; Extended Data
Table 1). Based on amastigote detection in H&E stained biopsy sections, 5/6 patients
(Extended Data Fig. 3) showed improvement in amastigote grade!” after two rounds of SSG.

One patient was lost to follow up (patient P1). 14.4 + 4.15 doses of SSG were required to
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reach clinical cure (defined as complete re-epithelialization and flattening of edges;

Extended Data Table 1) in the 5 patients followed to completion.

To define CL-associated immune gene expression signatures, RNA was extracted from FFPE
lesion biopsies at baseline and after 2 weeks of treatment (Fig. 1a and Extended Data Table
1) and analysed using a Nanostring PanCancer Immunology Panel 770 gene code set. We
compared the transcriptomic profile pre- and on-treatment (Methods and Extended Data
Fig. 4) and identified 120 transcripts that were significantly differentially expressed (DE)
(adjusted p-value<0.01; 105 downregulated, 15 upregulated; Fig. 1a-d and Extended Data
Table 2). Amongst the top 20 down regulated DE transcripts STRING?? identified cell
migration (FDR= 6.33E-11; including interferon inducible chemokines like CXCL9,
CXCL10, CXCL11, CCL19, CCL8)) and regulators of immune response (FDR=8.55E-10;
including IDO1, LAG3 and CD274/PD-L1) as highly enriched pathways (Fig. 1¢).
Surprisingly, common effector and regulatory cytokines associated with human CL!,
including /IFN-y, IL-10, TNF, IL-7, IL-6, IL-4, TGFBI, were not significantly different at this
early time point after the start of treatment (Extended Data Table 3). Transcripts of
inflammatory mediators like CXCL10, GZMB, CCL2 and CCR7 (receptor for CCL19),
previously shown to be associated with other forms of murine?!-?} and/or human CL**2® were

also found to be downregulated with initiation of treatment.

We next conducted multiplexed antibody digital spatial profiling?’ for 59 immune targets,
selecting regions of interest (ROIs) based on CD3" and/or CD68" expression (Fig. 2). A total
of 33 ROIs were analysed from three patients (P4, P6 and P7) at presentation and on-
treatment (Extended Data Fig. 5 and Fig. 2a-f), confirming that IDO1 and PD-L1 were

selectively reduced in expression upon treatment (Fig. 2g-h, j). Other immune checkpoints
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100 (LAG3, CTLA4, OX40/TNFRSF4) and immune regulators (e.g. TGFB1, FOXP3) showed no
101 change on-treatment (Fig 2g, i).

102

103  Next, we sought to validate these findings by evaluating IDO1 and PD-L1 expression in an
104  independent validation cohort of 25 CL patients (5 females, 20 males; mean age + standard
105  deviation, 44.12 + 11.25 years; time to diagnosis 6.76 = 8.2 months; Extended Data Fig. 6
106  and 7 and Extended Data Table 4). Using an accepted cut-off of >5% of cells being

107  positive?3, 24/25 of the patients expressed IDO1 (Histochemical (H)-score 2 median = 97.5;
108  range 0.40 - 168) and 23/25 of patients had a reduction in the abundance of IDO1" cells on
109  treatment (H-score median = 17.8; range 0.05 — 181; p<0.001; Fig. 2k). All patients were
110  PD-LI positive at presentation (Fig. 21; H-score median = 133.6; range 53.6-196.8) and 20/25
111  patients exhibited a reduction in the number of PD-L1 expressing cells on treatment (Fig. 21;
112 H-score median = 78.1; range 3.5-145.3; p <0.0001). Collectively, these data indicate that
113 IDOI and PD-L1 are highly expressed in the lesions of Sri Lankan CL patients and that

114  reduction in expression of these two checkpoint pathways represents an early response to

115  SSG.

116

117  Although in vitro studies had indicated that intracellular parasitism by Leishmania parasites
118  could affect the expression of PD-L13° and IDO13!, this has not been validated in human

119  disease. To address this we combined IHC with RNA-FISH *? for Amastin transcripts (as a
120  surrogate for viable amastigotes) and developed a StrataQuest image analysis pipeline

121  (Extended Data Fig. 8a-f). IDO1 was extensively co-localised with CD68" cells (Fig. 3a),
122 though CD68 IDO1" cells were also observed (Fig. 3a and Extended Data Fig. 9a-b).

123 Intracellular amastigotes were detected in both IDO1°CD68" and IDO1"CD68" cells (Fig. 3a;

124  Extended Data Fig. 9a). We binned the Amastin® IDO1" and Amastin~ IDO1" cells based on
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IDO1 mean fluorescent intensity (Fig. 3b-d; for gating strategy, see Methods and Extended
Data Fig. 8a-f). In all three patients studied (that showed positive Amastin expression;
Methods; Extended Data Table 1), we found that cells with abundant Amastin transcripts
expressed more IDO1" than those with fewer or no Amastin transcripts (Fig. 3b-f and

Extended Data Fig. 8g-1).

Similarly, in 7 patients studied from a validation cohort that were Amastin* at presentation
(Methods, Extended Data Table 5), PD-L1 expression co-localised with CD68*
macrophages (Fig. 4a, Extended Data Fig. 9¢) and parasitized cells were both PD-L1" and
PD-L1" (Fig. 4a). Using a similar gating strategy (Extended Data Fig. 10a-f), we found that
cells containing abundant Amastin transcripts expressed more PD-L1 than cells with less or
no Amastin transcripts (Fig. 4b-f, Extended Data Fig. 10g-1 and Extended Data Fig. 11).
These data show that, although a notable population of uninfected CD68" cells contributes to
PD-L1 and IDO-1 expression within the CL lesion, intracellular parasitism leads to

heightened expression of checkpoint molecules by lesional monocytes and macrophages.

Both IDO1 and PD-L1 are important determinants of T cell activation and tolerance *, with
well-defined mechanisms of action 3* 3 and both IDO1 3¢ 3%and PD-L1 28 37.38.39.4041 haye
well-established therapeutic pipelines. Furthermore, there is already strong pre-clinical
evidence supporting both an inhibitory role of these checkpoint pathways in various forms of
leishmaniasis and that checkpoint inhibition leads to accelerated cure 4243 4445 | The
elevated expression of negative immune regulators on infected macrophages, as shown here,
extends our understanding of how Leishmania parasites influence the function of their host

cell*®, with clear parallels to tumour associated macrophages*’. More importantly, our

demonstration that a rapid reduction of expression of IDO1 and PD-L1 occurs early after the
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onset of SSG treatment in human CL, has important clinical implications. First, it suggests a
model for drug-immune synergy, whereby early rounds of SSG treatment reduce intracellular
parasite burden and as a consequence there is reduced expression of the checkpoint molecules
IDO1 and PD-L1 and re-engagement of T cell effector function (Extended Data Fig. 12).
Importantly, this model suggests that continuation of SSG treatment until clinical cure is
achieved may be unnecessary. Second, adjunct HDT targeting these checkpoint pathways
may accelerate such changes in the lesional microenvironment and help minimise drug
dosage and treatment duration. With patients facing up to several months of intralesional
SSG treatment, there appears a compelling case to evaluate these hypotheses in future clinical

trials.

Methods

Patients and patient derived samples:

Ethics statement

The study was conducted in accords with the principles of the Declaration of Helsinki and
was approved by the Ethical Review Committee of the Faculty of Medical Sciences,
University of Jayewardenepura (Ref: 780/13 & 52/17) and the Department of Biology,
University of York. Two study groups were included in the study consisting of 6 patients
(pilot study) and 25 patients (validation study) aged 18 to 62 years who were willing and had
given written informed consent, and who had fulfilled the entry criteria. Patients were
enrolled from the Dermatology Unit, Teaching Hospital, Anuradhapura (THA) (Pilot study),
and District Base Hospital Embilipitiya (validation study), Sri Lanka. Exclusion criteria were
patients with travel history to a leishmaniasis endemic country, immunosuppression, diabetes
mellitus, HIV, chronic fever with hepatosplenomegaly, infected CL lesions, iatrogenic

infections following sample collection or chemotherapy and children below the age of 18. All
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patients were physically examined by a dermatologist at every visit to exclude or treat

infected CL lesions, iatrogenic infections following sample collection or drug therapy.

Test cohort

All participants except one (P1; not contactable) completed the treatment course. All patients
were assessed on basis of SSS/ histopathology and/or clinical evaluation. In case of poor
correlation between SSS and histopathology, judgement was based on clinical assessment, as
it has been previously shown to be >90% accurate for diagnosis*®. P4 was included as it fit
the clinical criteria for CL despite having no discernible amastigotes present®.

All patients received weekly (0.5-2ml/cm?2) intra-lesional SSG (including at the time of

sample collection), while 3/6 of patients also received adjunct cryotherapy at a later stage of

treatment when they were not responding sufficiently to intralesional SSG.

Validation cohort

Lesions were either papular (n=2), nodular (n=3), plaque (n=6) or ulcerated (dry n=12; wet
n=2) with mean ulcerated area of 51.13 mm? (+ SD, 81.1) and area of induration ranging up
to 8000 mm? (mean £ SD, 1430.2 £ 1966.9). In addition to clinical assessment, CL was
diagnosed by slit skin smears (SSS) (18/25) and PCR (25/25). Punch biopsies were taken
from these patients at baseline and after 4 weeks of treatment with weekly dose of 1 ml/cm?

intralesional SSG. 24/25 patients cured within 6 months of the start of treatment.

Slit skin smears (SSS). Tissue scrapings from a 3mm superficial nick from the active edge of
the lesions were used to prepare smears on slides, stained with Giemsa and examined under
oil immersion microscopy for the presence of amastigotes. Parasite density was graded from

0 to 6+ according to WHO guidelines for VL!?: 0—no parasites per 1000 high power fields
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(HPF: x 1000 magnification); 1+: 1-10 parasites per 1000 HPFs; 2+: 1-10 parasites per 100
HPFs; 3+: 1-10 parasites per 10 HPFs; 4+: 1-10 parasites per HPF; 5+: 10-100 parasites per

HPF; and 6+: > 100 parasites per HPF.

Punch Biopsy: A 3mm diameter full thickness punch biopsy was taken from the edge of the
lesion under local anaesthesia, transported in formol saline and then fixed in paraffin blocks
and used for H&E and IF studies.

PCR:

From each lesion, another 2 mm diameter full thickness punch biopsy sample was taken from
the active edge, stored in RNA later at -20°C and was subjected to DNA extraction using
QIAGEN DNeasy Blood & Tissue Kit. A volume of 2l of this extracted DNA was
amplified with 100 pmols of previously described® set of primers LITSR/L5.8S that
amplifies a 320 bp fragment of ITS1 region of Leishmania genus-specific DNA in the
presence of 1.5 mM MgCl2, 25 mM Tris-HCL (pH 9.0), 25 mM NaCl, 200 uM each
deoxynucleotide triphosphate, 50 units/ml Taq DNA polymerase (Promega) in a final volume
of 10 pL. The PCR amplification cycles consisted of an initial denaturation at 95°C for 2
min, followed by 34 cycles of denaturation at 95°C for 20 s, annealing at 53°C for 30 s, and
extension at 72°C for 1 min, with a final extension of 72°C for 6 min’*>!. Extracted DNA
from a pure culture was the positive control and no DNA sample was the negative control. A
volume of 5 pL from the PCR product was run at 100 V for 45 min on a 1.75% (w/v) wide
range agarose gel stained with 0.2 pg/mL ethidium bromide (EtBr) in 1X tris-acetate-EDTA
buffer. The image was visualised under UV light and captured by a computerised gel
documentation unit (Quantum ST5; Vilber Lourmat, Germany).

LITSR (forward): 5’-CTGGATCATTTTCCGATG-3’ L 5.8S (reverse): 5°-

TGATACCACTTATCGCACTT-3’
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225

226 RNA isolation

227  The total RNA was extracted from formalin-fixed paraffin-embedded (FFPE) patient samples
228  using RNeasy FFPE Kit (Qiagen) as per manufacturer’s protocol. Briefly, 2 10um sections
229  were cut from each block and put into deparaffinization buffer (Qiagen). Sample lysis was
230  done with Proteinase K digestion for 15 minutes. After lysis, samples were incubated at 80°C
231  for 15 minutes followed by 15 minutes of DNase treatment. Finally, concentrated RNA was
232 purified using RNeasy MinElute spin columns, and eluted in a volume of 14-30 pl.

233

234  NanoString nCounter assay

235  RNA quality and size of RNA fragments for nanostring assay was assessed using the Agilent
236 2100 Bioanalyser at Technology Facility, University of York. One-hundred nanograms of
237  RNA was used for the analysis using the nCounter PanCancer Immune Profiling Panel (XT-
238  CSOMIP1-12, NanoString Technologies?). Processing of samples and data collection were
239  done at Centre for Genomic Research, University of Liverpool. Data analysis was performed
240  using the nSolver Advanced Analysis Software (NanoString Technologies) v2.0. Filtering of
241  samples using quality control criteria was performed and data was normalized by scaling with
242 the geometric mean of the built-in control gene probes for each sample according to the

243  manufacturer’s recommendations.

244

245  Bioinformatics analysis of the NanoString nCounter assay

246 Log2-transformed normalised data was used to plot volcano plot of differentially expressed
247  genes in R using graphics package. Volcano Plot filtering (fold change >1.3, P<0.05) was
248  used to identify differentially expressed genes with statistical significance between the two

249  groups. Pair-wise correlation was calculated using Pearson’s coefficients in R using stats

10
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package to compare log2-transformed normalised data sets acquired from nsolver software
and then plotted in GraphPad. Student’s t test was applied to compare normalized expression
values between groups. Physical and functional interactions between proteins were

determined using the STRING platform at a medium confidence score of 0.4.

Nanostring DSP

4um thick sections were used for DSP analysis of 59 immune parameters (Fig. 2g) through
Nanostring Technology Access Program (TAP) on FFPE skin biopsies. Slides were stained
with CD3 and CD68 as morphological markers and with 62 oligo-nucleotide conjugated
antibodies on three patients P4, P6, P7 at presentation and on treatment. Amongst 12 ROIs
per sample, 11 ROIs were created and distributed uniformly on CD68+ macrophage and CD3
rich T cell areas and one was created outside the tissue on glass. Data were normalised to
geomean of area of all ROIs and to spike in controls. Glass values were deducted and data
distribution was normalised by taking log2 of the counts. Data was plotted from all 33 ROIs
on pre- and on-treatment sections and two-tailed unpaired Student’s t test was performed to

calculate significance score.

IF and FISH

4 um sections from FFPE blocks of skin biopsies were used for all analyses. Skin sections
were stained with H&E (Sigma Aldrich) and were imaged using Zeiss AxioScan.Z1 slide
scanner. For immunofluorescence and RNAScope FISH assay, paraffin was removed from
the formalin-fixed sections using Histo-clear followed by washes in alcohol and water.
Antigens were unmasked by mild boiling in RNAscope® Target Retrieval Reagent (15
minutes), peroxidase treatment followed by treatment with RNAscope® Protease Plus

Reagent for 30 minutes at 40°C. Parasites were detected by FISH using a 13ZZ probe against

11
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L.Infantum-amastin targeting 2-635 of LinJ.34.1010 (having 85% sequence homology with
Lm;jF.34.0500) for 2 hours at 40°C and developed using manufacturer’s protocol. For IF-

FISH dual staining, FISH was done first, followed by IF.

For IF, following a few washes with TBST (0.05% TBS Tween20), blocking was done with
5% (v/v) normal donkey serum, 5% (v/v) normal goat serum and 5% BSA (w/v) for 1 hr at
RT. Sections were then probed with, mouse anti-human CD3 (1:10, Abcam USA, ab17143),
rabbit anti-IDO1 (1:80, Cell Signaling Tech., D5J4E); rabbit anti-PD-L1 (1:150, Cell
Signaling Tech., E1L3N), rabbit anti-human CD68 (1:800, Abcam USA, ab213363), mouse
anti-human CD68 (1:100, Abcam USA, ab955), rabbit IgG isotype control (concentration
same as the primary, Abcam USA, ab172730, mouse IgG1 isotype control (BioLegend USA,
401401) overnight at 4°C. Primary antibodies were detected by goat anti-mouse IgG (H+L)
cross-adsorbed secondary antibody, Alexa Fluor 488 (Thermo Fisher Scientific, USA, and
A11001) and goat anti-rabbit IgG (H+L) highly cross-adsorbed secondary antibody, Alexa
Fluor 555 (Thermo Fisher Scientific, USA, A21429). Sections were counterstained with

DAPI and mounted in Fluoroshield™ histology mounting medium.

Image acquisition and analysis.

Images were acquired using Zeiss AxioScan.Z1 slide scanner, Zeiss LSM 880 with Airyscan
on an Axio Observer.Z1 invert and Zeiss LSM 710 on an Axiolmager. M2. Identical
exposure times and threshold settings were used for each channel on all sections of similar
experiments.

Quantification of IDO1, PD-L1, CD3 Amastin, and CD68 was performed using StrataQuest
Analysis Software (TissueGnostics). In brief, for IDO1, CD68 and PD-L1 cells, the software

segmented nuclei on the basis of the signal from the DAPI channel, then built and expanded a

12
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300 mask over staining of IDO-1/ PD-L1. A cut off was applied on IDO-1/PDL-1 mean

301 intensities based on visual inspection of the tissue to delineate IDO1/ PD-L1 */- cells. On the
302 IDO1 generated mask, algorithm searched for colocalization of a similar mask for CD68

303  signal for IDO1 CD68 double positive cells as well as IDO17CD68 cells.

304 A separate layer was created to extract the information of Amastin positive dots in all

305 patients. Amastin® dots were detected in 3/6 (test cohort) and 7/25 (validation cohort) of

306  patients (within the limits of detection in thin sections; 4p1). Number of Amastin dots in

307 IDO1" and PD-L1" cells were computed and plotted in histograms (Extended data Fig. 8f
308 and Extended Data Fig. 10f). A cut-off of one was applied to number of Amastin dots to
309 look at IDO1*Amastin*/ PD-L1"Amastin™ nuclei. More histograms were plotted for PD-L1
310 and IDOI mean intensity but gated onto the right and left quadrant of histograms for Amastin
311  dots to get information of parasite positive and negative cells, respectively (Fig. 3c-d, 4c-d,
312  Extended Data Fig. 8f g-1, Extended Data Fig. 11). Gates were then generated on

313  histograms of IDO1 and PD-L1 mean intensities to look at low, medium and highly labelled
314  cells and were coloured as cyan, red and orange/green, respectively in separate scattergrams
315  for Amastin*/Amastin” PD-L1 and Amastin*/Amastin” IDO1 cells.

316  Histochemical score (H-score?®) was used to assay expression levels of IDO1 and PD-L1. H-
317  score was calculated on the basis of the formula = 0 x (% of IDO1/PD-L1") + 1 X (% of
318  weakly labelled IDO1/PD-L1%)+ 2 X (% of moderately labelled IDO1/PD-L1%)+ 3 X (% of
319  strongly labelled cells). Positive expression of PD-L1 and IDO1 was defined by positive

320  staining in >5% of cells®.

321

322 Statistics
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Statistical analysis was performed in GraphPad Prism (version 8) using paired and unpaired
2-tailed Student’s t test, as indicated in the legends. A P value less than 0.05 (*) was
considered significant.
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Figure legends

Fig. 1. Differential expression and network analysis of genes regulated by drug

treatment a, Volcano plot of differential expressed genes in patients on SSG treatment. A

fold change (FC) of 1.3 and a p<0.05 threshold were applied. Black dots indicate no

significance, red points indicate significant genes (p< 0.05), and blue points indicate

significantly altered genes that have a log2 (fold change) >1.3 b, List of top 14 genes that

changed expression in SSG treated patients. ¢-d, STRING protein-protein interaction

network?’(https://string-db.org) analysis was performed on genes listed in Extended Data

Table 2 that changed as a consequence of two rounds of SSG treatment. Pathway analysis of
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503  genes downregulated on treatment (¢). Top 20 genes are shown (Log2fold change >1.25) for
504  clarity. Genes upregulated upon treatment are shown in (d)

505

506  Fig. 2. Digital Spatial Profiling of CL lesions

507  a-f, Regions of selection on sections from pre and on-treatment biopsies from patients P4, P6
508 and P7 (green: CD68 and red: CD3). ROIs were created on CD3 and/or CD68" rich areas. g,
509  List of all proteins used in the DSP panel and their significance scores when comparing

510  33ROIs at presentation and on treatment. Cells are highlighted in green to show decreasing
511  significance score from 0.055. Unpaired Students two-tailed t-test was applied to calculate
512  significance scores h-j, on-treatment ROIs have lower counts of IDO1 and PD-L1 but not
513  LAGS3. Unpaired two-tailed Students t-test was applied to calculate significance scores. P-
514  values as indicated on graphs (n=33). k-1, Patients in validation cohort have lower IDO1 (k)
515 and PD-L1 (I) protein expression on treatment (n=25). Paired two-tailed Students t-test was
516  applied to calculate significance scores. p-values as indicated on graphs. Error bars represent
517 SD.

518

519  Fig. 3 Immunofluorescence analyses of IDOL1 in infected and uninfected cells

520 a, Confocal image showing expression of IDO1 (red), CD68 (blue) proteins and Amastin

521  RNA probe. Both IDO17CD68" (arrow) and IDO1-CD68" (arrowhead) cells are infected.

522 Scale bar, 10u. b, Representative scattergram (from patient P7 at presentation) colour coded
523  to show low, medium and high labelled IDO1 cells in cyan, red and green with respect to
524  Amastin dots. More Amastin dots containing cells correspond to medium and highly labelled
525 IDOL1 cells. Each dot represents a single cell. ¢-d, Histograms showing fluorescence intensity
526  distributions of infected (¢) and uninfected IDO1* cells (d). e, Representative violin plot

527  (from patient P7) showing significant reduction of mean fluorescent intensity of IDO1
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labelled cells in Amastin- cells when compared to Amastin™ cells. Dotted lines show median,
upper and lower quantile for each group. N=791 and 3872 for parasite positive and negative
cells, respectively. Significance score was generated using Students two tailed unpaired t-test.
P-value as indicated on the graph. f, Mean intensity of Amastin'IDO1" cells is significantly
higher than Amastin IDO1" cells in all patients of test cohort, in which we could detect
parasites. Significance score was generated using Students two tailed paired t-test. P-value as

indicated on the graph.

Fig. 4 Immunofluorescence analyses of PD-L1 in infected and uninfected cells

a, A representative zoomed in confocal image showing protein expression of CD68, PD-L1
and Amastin RNA probe. Both PD-L1"CD68" (arrow) and PD-L1-CD68" (arrowhead) cells
are infected. Scale bar, 50 pixels b, Representative scattergram (from patient P24 at
presentation) showing Amastin™ low (cyan), medium (red) and high (green) PD-L1
expressers with respect to Amastin dots. More Amastin dots containing cells correspond to
medium and highly labelled PD-L1 cells. ¢-d, Histograms showing fluorescence intensity
distributions of infected (¢) and uninfected (d) PD-L1 cells. e, Representative violin plot
(from patient P24) showing significant reduction of mean fluorescent intensity of PD-L1
labelled cells in Amastin™ cells when compared to Amastin® cells. Dotted lines show median,
upper and lower quantile for each group. N=9159 for parasite positive cells and 41520 for
parasite negative cells. Significance score was generated using Students two tailed unpaired t-
test. P-value as indicated on the graph. f, Mean intensity of Amastin'PD-L1" cells is
significantly higher than AmastinPD-L1" cells in all patients (n=7). Significance score was

generated using Students two tailed paired t-test. P-value as indicated on the graph.
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Supplementary Figure Legends and Tables

Extended Data Fig. 1 CONSORT flow diagram Flow chart shows number of patients who
were screened, treated, followed up in early assessment, completed the study and included in
the final analysis. For more details on the patients refer to Extended Data Table 1. PBMCs:
Peripheral Blood Mononuclear Cells; SSG: Sodium Stibogluconate; Cryo: Liquid nitrogen

cryotherapy.

Extended Data Fig. 2 CL lesions from test cohort patients Lesions in patients were
photographed at presentation and 3mm tissue biopsy were taken from the border of the
lesion. a-l, Lesion photographs from patients P1 (a), P4 (b), P5 (¢), P6 (d), P7 (e) and -P8 (f)

at presentation) and during treatment (g-1).

Extended Data Fig. 3. Histopathology of test cohort
a-1, Hematoxylin and eosin stains on whole 4u tissue sections and magnified areas from
patients P1 (a), P4 (b), P5 (¢), P6 (d), P7 (e) and P8 (f) at presentation and on treatment (g-1).

Scale bar is 100u in whole sections and 20u in zoomed in areas.

Extended Data Fig. 4 Heterogeneity of patient response to treatment

a, For each patient, Pearsons correlation (r) was computed using R studio from 770 genes in
the nCounter PanCancer Immunology Panel codeset at presentation and on-treatment and
plotted as a heat map. While pre-treatment shows positive linear correlations, pre- and on-
treatment samples do not, indicating that despite a limited sample size, the data sets are

robust enough to reveal differences between matched pre- and on-treatment samples. On-
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577  treatment samples are not as highly correlated amongst themselves as the pre-treatment

578  cohort suggesting a degree of heterogeneity in patient response to treatment.

579

580 Extended Data Fig. 5: ROI strategy for DSP

581 12 ROIs were generated in each pre-treatment and on-treatment section from each patient. a,
582  Representative images from patient P4 of each ROI selected from at presentation showing
583 ROl strategy. ROIs were created on both CD3" and/or CD68" immune infiltrates. b-c, Bar
584  graphs show housekeeping (HK) normalised CD68 (b) and CD3 (c¢) counts in each ROL. d,
585  Representative images from patient P4 of each ROI selected on-treatment. e-f, Bar graphs
586  show housekeeping (HK) normalised CD68 (e) and CD3 (f) counts in each ROL.

587

588 Extended Data Fig. 6 Consort diagram of validation cohort patients

589  Flow chart shows number of patients who were screened, treated, followed up in early

590 assessment, completed the study and included in the final analyses SSG: Sodium

591  Stibogluconate; Cryo: Liquid nitrogen cryotherapy

592

593  Extended Data Fig. 7 Pateint photographs and histology of validation cohort

594  a-c, Representative patient photograph at baseline (a) and showing improvement after 4
595  weeks (b) and 3 month (c¢). d-e, H & E staining on tissue biopsy sections taken at

596  presentation (d) and after 4 weeks of treatment (e).

597

598 Extended Data Fig. 8 Gating strategy for low, medium and highly labelled IDO1 cells
599  a, Grey image of zoomed in heterogenous IDO1 expression in skin tissue biopsy. b, IDO1*
600 cells as detected using Strataquest image analysis software. c-e, Cells were binned based on

601  mean fluorescence intensities of each cell into high (¢), moderate (d) and low (e) expression,

22


https://doi.org/10.1101/2020.02.21.959528

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.21.959528; this version posted February 24, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

602  respectively. f, Representative histogram showing distribution of Amastin dots in IDO1*

603  cells. Amastin® and Amastin~ are defined by an Amastin count of 1, as shown by vertical bar.
604  Some data points are off scale g-i, Histograms (g-h) and violin plot (i) showing fluorescence
605 intensity distribution of Amastin'TIDO1" cells (g, i) and Amastin" IDO1" cells (h, i) in patient
606 PS5 at presentation. N=7404 and 16610 for parasite positive and negative cells, respectively.
607  j-1, Histograms (j-k) and violin plot (I) showing fluorescence intensity distribution of

608  Amastin TDO1" cells (j) and Amastin” IDO1" cells (K) in patient P8. N=672 and 2758 for

609  parasite positive and negative cells, respectively Significance score was generated using

610  Students two-tailed, unpaired t-test. P-value as indicated on the graph.

611

612 Extended Data Fig 9. Co-expression of IDO1/PD-L1 and CD68

613  a-b, Representative confocal image of a pre-treatment section showing infection in

614  (Amastin®, green) IDO1" (red) CD68" (blue) cells. Scale bar, 50 pixels b, Trend line graph
615  from patients P4-P8 showing changes in number of IDO1°CD68 cells with treatment. Each
616  dot represents average of 2 biological replicates for each patient. *p = 0.0481, Two tailed,
617  Paired Student’s t test. (¢) Representative zoomed in confocal image of a pre-treatment

618  section showing co-expression of PD-L1 and CD68. Amastin” parasites are shown in green.
619  Scale bar, 50 pixels.

620

621  Extended Data Fig 10 Gating strategy for low, medium and high PD-L1 expressing cells
622  a, Grey image of zoomed in heterogenous PD-L1 expression in skin tissue biopsy. b, PD-L1*
623  cells as detected using Strataquest image analysis software c-e, Cells were binned based on
624  mean fluorescence intensities of each cell into high (¢), moderate (d) and low (e) expression,
625  respectively. f, Representative histogram showing distribution of Amastin dots in PD-L1*

626  cells. Axis scale was adjusted to demonstrate the cut off (1 Amastin dot) used for PD-L1*
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cells containing Amastin dots. Some data points are off scale. g-1, Scattergram from Amastin*
at presentation sections from P9 (g), P13 (h), P16 (i), P17 (j), P23 (k) and P29 (1)
respectively, showing higher number of Amastin dots in medium (red) and high (dark yellow)

PD-L1 expressers than those cells showing low expression of PD-L1 (cyan).

Extended Data Fig 11 Infected PD-L1* cells have greater fluorescence intensity than
uninfected PD-L1" cells

a-f, Histograms and violin plots showing fluorescence intensity distributions of all infected
and uninfected PDLI cells of P9 (a), P13 (b), P16 (¢), P17 (d), P23 (e) and P29 (f) at
presentation respectively. Dotted lines show median, upper and lower quantile for each
group. N>240 and >9000 were analysed for parasite positive and negative cells respectively

from each patient.

Extended Data Fig 12 Model for SSG-T cell synergy during CL treatment

Lesions in patients with readily detectable numbers of viable parasites have higher expression
of PD-L1 and IDO1 at presentation contributing to T cell exhaustion (Tex; top most panel).
Within 2-4 weeks of treatment, SSG-dependent reduction in amastigote load facilitates
decreased expression of PD-L1 and IDO1 by intralesional CD68" cells, helping to restore
effector T cell (Teff) function and synergy with SSG. Whether restored T cell function alone
would be sufficient to clear residual parasite burden and accomplish re-epithelialization

remains to be tested.

Extended Data Table 1 Demographics of patients in test cohort

Extended Data Table 2 Details of total DE genes on treatment
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652

653  Extended Data Table 3 Log2 (fold change) and adjusted p-value of DE transcripts of
654 common regulators/effectors of human leishmaniasis analysed in this study.

655

656  Extended Data Table 4 Demographics of patients in validation cohort

657

658
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