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Abstract 

Visceral leishmaniasis (VL; Leishmania donovani) cases produce interferon- and tumour 

necrosis factor in response to soluble leishmanial antigen (SLA) in whole blood assays.  

Using transcriptional profiling, we demonstrate the impact of interleukin-10 (IL10), a 

cytokine implicated in VL, on this response. SLA stimulation identified 28 differentially 

expressed genes (DEGs), 17/28 in a single network with TNF as hub.  SLA plus anti-IL10 

produced 454 DEGs, 292 in a single network with TNF, IFNG, NFKBIA, IL6 and IL1B as 

hubs in concert with a remarkable chemokine/cytokine storm.  Our data demonstrate the 

singular effect of IL10 as a potent immune modulator in VL.   

(100 words; 100 words allowed) 

 Key words: Visceral leishmaniasis, RNA expression, whole blood assays, anti-interleukin-

10, soluble leishmania antigen, cytokine storm  
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INTRODUCTION 

Visceral leishmaniasis (VL) is a potentially fatal disease caused by parasites of the 

Leishmania donovani complex.  The number of new cases of VL caused by L. donovani 

sensu strictu was 93,660 between 2014 and 2018, occurring principally in India, Sudan, 

South Sudan, Ethiopia and Somalia [1].   

A Leishmania-specific cellular immune response is a correlate of infection control in 

asymptomatic individuals, measured traditionally as a positive lymphocyte proliferative 

response following antigen stimulation of peripheral blood mononuclear cells (PBMC) [2].  

PBMC from active VL cases are unresponsive to Leishmania antigen in these assays [2].  

However, in whole blood assays active VL cases are able to make antigen-specific interferon-

 (IFN) and tumour necrosis factor (TNF) cytokine responses produced by CD4+ T cells [3,

4].  These pro-inflammatory cytokines are crucial for activation of macrophages to kill L. 

donovani parasites [5, 6].  Detailed immunological studies comparing active with cured 

patients suggest that a balance exists between the pro-inflammatory cytokines TNF and IFN, 

and anti-inflammatory interleukin-10 (IL10), with significantly elevated circulating levels of 

IL10 in active compared to cured cases [7].  Our interest was to obtain a global understanding 

of the response to soluble Leishmania antigen (SLA) in whole blood from active VL cases, 

and to determine what effect neutralising anti-IL10 would have on this response.  

Transcriptional profiles following SLA stimulation of whole blood from VL patients showed 

very few differentially expressed genes (DEGs) compared to unstimulated blood, the majority 

belonging to a single network with TNF at the hub.  In contrast, when anti-IL10 was added 

with SLA, hundreds of DEGs were observed, 65% belonging to a single network with TNF, 

IFNG, NFKBIA, IL6 and IL1B as hub genes in concert with a remarkable chemokine/cytokine 
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storm.  Our data demonstrate the singular impact of IL10 as a potent immune modulator in 

VL.  

METHODS 

Samples were collected at the Kala-azar Medical Research Center, Muzaffarpur, Bihar, India.  

Ethical approval (reference: Dean/2012-2013/89) was obtained from the institutional review 

board of Banaras Hindu University, Varanasi, India.  Informed written consent was obtained 

from each participant, or from their legal guardian if under 18 years old.  Active VL cases 

(N=10) were diagnosed by experienced clinicians based on clinical signs, including fever (>2 

weeks), splenomegaly, positive serology for recombinant antigen rK39 and by microscopic 

demonstration of Leishmania amastigotes in splenic aspirate smears.  Blood (5 mL) was 

collected by venipuncture pre-treatment and at day 30 post-treatment with 10 mg/kg of 

Ambisome (liposome-encapsulated Amphotericin B) as a single dose by infusion.  The VL 

cases comprised 6 males aged 28 to 45 years (mean SD 347) and 4 females aged 6 to 50 

years (mean SD 3021).  Whole blood was stimulated with SLA [3] (10μg /mL) 

with/without isotype control antibody (10μg /ml IgG2B clone #20116; R&D Systems, 

Minneapolis, India) or neutralising anti-IL10 (10μg /mL IgG2B clone #25209; R&D 

Systems).  Wells were harvested for RNA extraction following 4 hours stimulation at 37°C 

95% CO2. 

Stimulated whole blood was collected into PAXgene Blood RNA tubes (QIAGEN GmbH, 

Germany) and stored at -80°C.  RNA was extracted using PAXgene Blood RNA kits 

(QIAGEN GmbH, Germany) according to manufacturer’s instructions.  RNA integrity (RIN; 

meanSD 6.600.78; range 5.2-9.5) was checked using Tape Station 4200 (Agilent 

Technologies, USA).  Globin mRNA was depleted using GLOBINclear™-Human kits 
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(ThermoFischer Scientific, USA).  RNA was reverse transcribed and biotin-labelled using the 

Illumina TotalPrep™ RNA Amplification kit (ThermoFischer Scientific, USA), and 

hybridised to Illumina HumanHT-12_V4_0_R2_15002873_B BeadChips containing 47,323 

genome-wide gene probes and 887 control probes.  RNA preparation and beadchips 

processing was carried out at Sandor Lifesciences Pvt. Ltd. (Hyderabad, India).   

Data analysis was performed in R Version 3.4.3 (Smooth Sidewalk - https://www.r-

project.org/) and RStudio (version 1.1.383).  Details are provided in the supplementary 

information.  Briefly, background correction, quantile normalisation of data, and differential 

expression analysis of paired samples was performed using the Bioconductor package 

Limma. DEGs (adjusted p-value (Padj) 0.05) were taken forward using the gene set 

enrichment tool Enrichr and Ingenuity Pathway Analysis (IPA) (Ingenuity® Systems, 

www.ingenuity.com) to identify canonical pathways, upstream regulators, and gene 

networks. 

RESULTS 

Post-QC, there were 9 patients with 7-8 samples per treatment group, namely SLA stimulated 

(=SLA), SLA plus anti-IL-10 (=SLA_aIL10), SLA plus isotype control (=SLA_iso), and no 

antigen control (=nil), contributing to pairwise comparisons (Table S1). Table S2 provides 

details of DEGs for all treatment comparisons.  There were no DEGs when comparing SLA 

with SLA_iso.  Few DEGs (N=28; Padj<0.05) were observed 4 hours after SLA stimulation 

(SLA vs nil; Fig. 1A).  Similarly, only N=23 DEGs (Padj<0.05; N=16 in common with SLA 

vs nil) were observed for SLA_iso vs nil.  When anti-IL10 was added with SLA (Fig. 1A 

SLA_aIL10 vs nil), 454 DEGs represented by 486 probes were observed, indicating that 

endogenous IL10 has a strong modulating influence on differential gene expression.  The 

http://www.ingenuity.com/
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majority of DEGs for SLA vs nil (N=23/28) and SLA_iso vs nil (N=22/23) overlapped with 

the SLA_aIL10 vs nil gene set.  Amongst these, ACOD1(=IRG1), CXCL10 and CCL8 were 

in the top 4 DEGs across the 3 SLA treatments (Fig. 1D).   

One interesting observation was that only a small number of DEGs were observed when 

comparing SLA_aIL10 with SLA_iso (N=4; Fig. 1A) or with SLA alone (N=27; Fig. 1A).  

This seemed counterintuitive.  However, when we compare expression levels for the 454 

DEGs across all stimulation groups (Fig. 1B), we observe a gradation in expression across the 

4 groups both for DEGs showing higher levels of expression compared to nil and for those 

showing lower expression.  This is further evidenced by plotting (Fig. 1C) the log2-fold 

change for SLA alone vs nil against that for SLA_aIL10 vs nil for the 454 DEGs.  All DEGs 

show the same direction of regulation (up- or down-) in both comparisons but the log2-fold 

change is greater for the SLA_aIL10 treatment than for SLA alone.  This was true both for 

genes where a significant increase in expression was observed for SLA vs nil, as well as for 

significant DEGs in the comparison of SLA_aIL10 vs nil (Fig. 1D).  From this we infer that 

endogenous IL10 is modulating, but not completely suppressing, all the SLA-induced 

differential gene expression.  Hence, while the comparison between SLA_aIL10 vs nil is 

significant, comparisons with the intermediate SLA treatment groups may not be.  Amongst 

the top DEGs only observed for SLA_aIL10 vs nil were CCL2, IL6 and IL1RN at higher, and 

CARD9 and TLR5 at lower, expression (Fig. 1D).  The levels of many of the 454 DEGs 

returned towards baseline at day 30 post-treatment (Fig. S1).  However, comparison of Day 

30 nil with Day 0 nil shows 990 DEGs (padj<0.05) and associated pathways (Table S3) that 

essentially mimic those we reported when comparing whole blood between active and 

Amphotericin B-treated cases [8]. 

To gain a more global picture of genes and pathways affected by endogenous IL10 during 

SLA stimulation, IPA network analysis was performed with DEGs as input.  For the DEGs 
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identified for SLA vs nil, 17/28 DEGs belong to a single network with TNF as the hub gene 

(Fig. S2A).  Top upstream regulators included IFNG (Padj=1.80x10-10; activation z-score 

2.10) and TREM1 (Padj=2.14x10-9; activation z-score 1.90).  Similarly, 12/23 SLA_iso vs nil 

DEGs belonged to a single network with TNF at the hub (Fig. S2B) and IFNG (Padj=7.00x10-

9; activation z-score 1.59) and TREM1 (Padj=3.50x10-8; activation z-score 0.79) as upstream 

regulators.  For SLA_aIL10, 292/454 (65%) DEGs belonged to a single network, with TNF, 

IFNG, NFKBIA, IL6 and IL1B as major hub genes in concert with a remarkable 

chemokine/cytokine storm (Fig. 2).  Notable amongst second tier hub genes is AHR (Fig. 2).  

For SLA_aIL10 vs nil, TREM1 signalling (Padj=1.95x10-6) was the top canonical pathway, 

with TNF (Padj=5.65x10-35; activation z-score 8.24) and IFNG (Padj=8.25x10-31; activation z-

score 6.22) as top upstream regulators.  Gene set enrichment analyses (Enrichr; Table S4) 

broadly concur.  The top pathways enriched were toll-like receptor, NOD-like receptor, TNF, 

chemokine, IL17, NF-kappa B, and IL23-mediated signalling.  The top GO Molecular 

Functions 2018 all related to chemokine receptor and chemokine/cytokine activities.  The top 

contributing cell types were monocytes and dendritic cells (Table S5).  In summary, we infer 

that endogenous IL10 in SLA assays is dampening down what would otherwise be a major 

pro-inflammatory response.    

DISCUSSION 

Despite failure to detect antigen-specific immune responses in PBMC [2], CD4+ T cells in 

whole blood from active VL patients make IFN and TNF in response to SLA [3, 4].  Our 

transcriptional profiling further reveals a small set of genes that are differentially regulated in 

this response, with IFNG and TREM1 as top upstream regulators of a network with TNF at 

the hub.  However, this response was muted compared to the response uncovered when anti-
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IL10 antibody was included with SLA.  The neutralisation of endogenous IL10 unleashed a 

storm of chemokine/cytokine responses, with key pro-inflammatory cytokines TNF, IFNG, 

NFKBIA, IL6 and IL1B as major hubs in a network of hundreds of differentially regulated 

genes.  AHR was also noted as a hub gene, suggesting that IL10 modulates the Aryl 

Hydrocarbon Receptor signalling pathway which is activated following Amphotericin B 

treatment in VL patients [8].  TREM1 signalling remained the top canonical pathway, with 

TNF and IFNG as top upstream regulators in the SLA_aIL10 response.   

TREM1 encodes the “triggering receptor expressed on myeloid cells 1”, an 

immunoreceptor expressed on CD14+ monocytes, macrophages and neutrophils [9].  Often 

acting in concert with pathogen-associated pattern recognition receptors such as toll-like 

receptors (TLRs) and NOD-like receptors (NLRs), TREM1 amplifies inflammatory responses 

triggered by pathogens, stimulating the release of pro-inflammatory chemokines and 

cytokines [9].  In our study, the DEGs contributing to the TREM1 canonical pathway in 

SLA_aIL10 responses were TLR5, CCL2, NLRP12, GRB2, MAPK3, IL1B, CD86, CD83, IL6, 

CCL3, NFKB1, TNF and CASP5.  Of these, only TNF and CD83 were DEGs for the SLA or 

SLA_iso responses, indicating that neutralising the IL10 response has augmented the full 

TREM1 response.   

In previous whole blood transcriptional profiling [8] IFNG was the major hub gene in 

comparing active with Amphotericin B-treated cases, with a prominent role for the pro-

inflammatory chemokine CXCL10 and chemokine signalling.  Similarly, we see IFNG as a 

major upstream regulator, with CXCL10 amongst the top SLA-stimulated responses in active 

cases.  However, the magnitude of the chemokine/chemokine receptor response is greatly 

enhanced in the presence of anti-IL10.  Endogenous IL10 is thus a major force in modulating 

the ability of active cases to mount a full proinflammatory response, consistent with the 

ability of splenocytes from VL patients to clear parasites when IL10 is neutralised [10]. 
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One novel observation not noted previously [8] was identification of ACOD1 as the top 

upregulated gene across all SLA stimulated groups.  ACOD1, also known as IRG1 (immune-

responsive gene 1), encodes Aconitate Decarboxylase 1 which catalyzes production of the 

metabolite itaconic acid by decarboxylating cis-aconitate [11].  Itaconic acid inhibits 

isocitrate lyase, a key enzyme of the glyoxylate shunt pathway.  The growth of isocitrate 

lyase-expressing bacteria such as Salmonella enterica and Mycobacterium tuberculosis is 

inhibited by itaconic acid [11], now recognised as a mammalian antimicrobial metabolite 

[12].  Although the two key enzymes of the glyoxylate cycle, isocitrate lyase and malate 

synthase, are not annotated in Leishmania genomes, spectrophotometrically assayed isocitrate 

lyase activity has been reported [13].  Hence, it is unclear whether ACOD1 could contribute 

directly to anti-leishmanial activity through production of itaconic acid.  Daniels et al. [14] 

demonstrated that IRG1 led to antiviral activity through itaconate inhibition of succinate 

dehydrogenase, generating a metabolic state that suppressed Zika viral genome replication.  

Another role of ACOD1/IRG1 is as a negative regulator of TLR-mediated inflammatory 

innate responses in sepsis-associated immunosuppression [15].  IRG1 is highly upregulated in 

PBMC from septic patients, and suppresses TLR-triggered proinflammatory responses 

through elevated reactive oxygen species stimulating TNF-induced TNFAIP3 (A20) 

expression [15].  This compromises the ability of sepsis patients, who may survive the early 

uncontrolled over-activation of the innate pro-inflammatory response, to later deal with 

opportunistic co-infections.    

We demonstrate that neutralisation of IL10 in SLA-stimulated whole blood from active 

VL patients unleashes a cytokine/chemokine storm.  Clearly a balance must be achieved 

between stimulation of pro-inflammatory antimicrobial responses to control infection while 

avoiding hyperinflammation that can lead to organ failure and death.  Our data provide 



Acc
ep

te
d 

M
an

us
cr

ipt

10 

valuable new knowledge that could inform the application of IL10-directed immuno-

therapeutics for the treatment of VL.      

Word count main text 2,000 (2000 allowed)  

Supplementary Data 

Supplementary materials are available at The Journal of Infectious Diseases online.  

Consisting of data provided by the authors to benefit the reader, the posted materials are not 

copyedited and are the sole responsibility of the authors, so questions or comments should be 

addressed to the corresponding author. 
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Figure Legends 

Figure 1.  Summary of differential gene expression identified from transcriptional profiling 

of whole blood from active VL cases stimulated with SLA with/without anti-IL10 or isotype 

control.  A) Venn diagram of numbers of probes representing DEGs at padj≤0.05 for all group 

comparisons as annotated (nil = no antigen unstimulated blood). (B) Heat map of z-score 

normalised gene expression values for the 486 probes representing 454 DEGs from the SLA 

plus anti-IL10 versus unstimulated blood analysis for all individuals across all experimental 

groups.  Columns represent individuals and rows represent individual probes.  Experimental 

groups are colour-coded in the upper part of the graph.  (C) DEGs following SLA plus aIL10 

treatment show the same direction of regulation to SLA treatment alone but stronger 

magnitude of effect. The plot shows log2-fold change for SLA vs nil plotted against the log2-

fold change for SLA_aIL10 vs nil for each of the 486 probes shown in (B).  DEGs shared 

between the two comparisons are highlighted in red. The diagonal y=x and regression lines 

are shown in purple and blue, respectively.  The graph shows that the majority of upregulated 

DEGs have higher log2FC following treatment with SLA plus aIL10 compared to SLA alone 

(most DEGs are below the purple line). Likewise, the magnitude of downregulation is 

stronger in SLA plus aIL10 (all DEGs are above purple line).  (D) Boxplots for top DEGs: 

upper panel are the top 4 “induced” genes and one “repressed” gene that showed differential 

expression across all three SLA treatments, i.e. SLA vs nil, SLA_iso vs nil, and SLA_anti-

IL10 vs nil, but differential expression was always greater in the presence of anti-IL10; lower 

panel are examples of genes that only show statistically significant differential expression 

following SLA stimulation in the presence of neutralising anti-IL10 antibody.  Asterisks 

indicate the level of significance for the comparison of each treatment back to the nil control 
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(** = P<0.01; *** = P<0.001; **** = P<0.0001), as determined using Anova with multiple 

group comparisons.  

Figure 2. Gene networks for DEGs observed when whole blood was stimulated with SLA in 

the presence of anti-IL10.  The IPA network shows 292 DEGs (of the 454) belong to a single 

network, with TNF, IFNG, NFKBIA, IL6 and IL1B as the major hub genes in concert with a 

remarkable chemokine/cytokine storm.  Genes annotated in red have increased expression, 

genes annotated in green have decreased expression, when comparing SLA plus anti-IL10 

stimulated with unstimulated blood.  The more intense the colour the larger the fold change 

values.   
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Supplementary Material 

Supplementary Information.  Full description of methods. 

Supplementary Figure 1.  Heatmap of z-score normalised gene expression values for 486 

probes representing 454 DEGs from the SLA_aIL10 versus unstimulated blood analysis 

across active and treated patients following whole blood stimulation. The graph compares 

expression levels of these genes before active VL patients were treated with Ambisome with 

those obtained 30 days after treatment.  Columns represent individuals and rows represent 

individual probes.  Experimental groups are color-coded in the upper part of the graph. The 

plot indicates that many of the 454 DEGs returned to baseline levels of expression in the 

Ambisome-treated samples.  

Supplementary Figure S2. IPA gene networks for DEGs observed in whole blood 

stimulated with SLA.  (A) DEGs identified when whole blood from active VL cases 

stimulated with SLA alone was compared to unstimulated blood, and (B) DEGs identified 

when SLA plus isotype control antibody stimulated blood was compared to unstimulated 

blood.  IPA annotates genes in red for increased expression and genes in green for decreased 

expression; there were no genes in these networks that had decreased expression in 

stimulated compared to unstimulated blood.  The more intense the colour the larger the fold 

change values.   

Supplementary Table S1.  (A) Samples which passed quality control and were used in the 

final between group comparisons. (B) Details of age and sex of samples used in part (A). 
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Supplementary Table S2.  This  excel file contains the lists of differentially expressed genes 

(DEGs) for the 5 comparisons: SLA vs nil; SLA_isotype vs nil; SLA_anti IL10 vs nil; 

SLA_anti IL10 vs SLA; and SLA_anti IL10 vs SLA_isotype.  There were no DEGs for the 

comparison SLA vs SLA_isotype. 

Supplementary Table S3. Comparison of Enrichr results for top Reactome 2016, Wiki 

Pathways 2016, KEGG 2016 and NCI Nature 2016 reported previously for active cases vs 

Ambisome-treated cured cases (Fakiola et al. 2019; reference 8 main text) with results 

obtained in the present study for Day 30 nil vs Day 0 nil.  In the previous study whole blood 

was placed immediately into PAXgene tubes for RNA extraction.  In the present study the 

whole blood was in culture for 4 hours as control to SLA stimulation experiments.  The 

concordance of results is clear.     

Supplementary Table S4.  Top KEGG 2019, NCI Nature 2016, and GO Molecular Function 

Enriched Gene Sets.  The table shows Enrichr-determined gene sets that were enriched in 454 

DEGs (Padj ≤0.05) obtained when comparing SLA plus anti-IL10 treated with untreated 

blood.  Only terms that achieve enrichment Padj ≤E-04 are included.
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Figure 1 
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Figure 2 
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