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Abstract

Schistosoma mansoni (SM) is a parasitic helminth that infects over 200 million people and

causes severe morbidity. It undergoes a multi-stage life cycle in human hosts and as such

stimulates a stage-specific immune response. The human T cell response to SM is complex

and varies throughout the life cycle of SM. Relative to the wealth of information regarding

the immune response to SM eggs, little is known about the immune response to the adult

worm. In addition, while a great deal of research has uncovered mechanisms by which co-

infection with helminths modulates immunity to other pathogens, there is a paucity of data

on the effect of pathogens on immunity to helminths. As such, we sought to characterize the

breadth of the T cell response to SM and determine whether co-infection with Mycobacte-

rium tuberculosis (Mtb) modifies SM-specific T cell responses in a cohort of HIV-uninfected

adults in Kisumu, Kenya. SM-infected individuals were categorized into three groups by Mtb

infection status: active TB (TB), Interferon-γ Release Assay positive (IGRA+), and Inter-

feron-γ Release Assay negative (IGRA-). U.S. adults that were seronegative for SM anti-

bodies served as naïve controls. We utilized flow cytometry to characterize the T cell

repertoire to SM egg and worm antigens. We found that T cells had significantly higher prolif-

eration and cytokine production in response to worm antigen than to egg antigen. The T cell

response to SM was dominated by γδ T cells that produced TNFα and IFNγ. Furthermore,

we found that in individuals infected with Mtb, γδ T cells proliferated less in response to SM

worm antigens and had higher IL-4 production compared to naïve controls. Together these

data demonstrate that γδ T cells respond robustly to SM worm antigens and that Mtb infec-

tion modifies the γδ T cell response to SM.
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Author summary

Schistosomiasis, a disease caused by parasitic helminths including Schistosoma mansoni
(SM), affects hundreds of millions of people globally. SM undergoes a complex life cycle

within humans resulting in adult worm pairs that release eggs into the circulatory system.

The human immune response to SM, especially to adult worms, is not well characterized.

In addition, the impact of co-infections, which are common in SM endemic regions, on

the immune response to SM is unknown. In this study, we first sought to characterize the

T cell response to different stages of the SM life cycle. We next evaluated whether T cell

responses to SM were altered in the setting of co-infection with Mycobacterium tuberculo-
sis, the bacteria that causes tuberculosis. We determined that human T cell responses to

SM adult worm antigen are more robust than to SM egg antigen. This response is domi-

nated by a non-classical T cell subset of γδ T cells producing IFNγ and TNFα. Lastly, we

found that the ability of γδ T cells to proliferate in response to SM worm was lower in

individuals with tuberculosis compared to naïve controls. This study provides novel

insights into the immune response to SM and how tuberculosis may impair SM

immunity.

Introduction

Though considered a neglected tropical disease (NTD), helminthiasis is a serious global health

burden. Over 1 billion people worldwide are estimated to be infected with one or more hel-

minth species [1]. The most common helminth infections are schistosomes, lymphatic filarial

worms, and the soil transmitted helminths ascaris, trichuris, and hookworm. Each of these

individually infects hundreds of millions of people globally [1]. While not normally fatal, infec-

tions with helminths cause a great deal of morbidity and are collectively responsible for 26 mil-

lion Disability Adjusted Life Years (DALYs) [1].

People in Sub-Saharan Africa are disproportionately impacted by helminth infections [2].

This is particularly true for schistosomiasis, which affects over 200 million people globally,

90% of whom reside in Sub-Saharan Africa [2]. Indeed, it is estimated that one in four people

in Sub-Saharan Africa is infected with a schistosome species. The mortality rate for Schisto-
soma mansoni (SM), which is only one of five schistosome species known to infect humans, is

estimated at 130,000 per year in Sub-Saharan Africa alone [3].

As with most helminths, SM has a complex life cycle which involves both a human and

intermediate host [4]. Humans become infected when they come into contact with fresh water

containing the infectious larval schistosomes, known as cercariae, that penetrate the skin.

Within the human host, SM larvae migrate through the body, passing through a variety of tis-

sues including the lung, as they develop into adult worms. When adult worms reach sexual

maturity, they take up residence in the portal vein. If left untreated, adult mating pairs can

reside in the bloodstream for years releasing hundreds of eggs every day [4]. These eggs are

passed through the endothelium into the gastrointestinal tract and are shed in stool. Eggs that

come into contact with fresh water hatch and release miracidia, which are the infectious form

for the snail intermediate host. Parasites replicate asexually in snails, releasing cercariae back

into fresh water.

In contrast to other helminths, which are predominantly type 2, the immune response to

SM is stage specific. In experimental models, the migrating larval stage of the worm elicits a

type 1 response which gives rise to a type 2 response upon egg laying and transitions to a regu-

latory phenotype when the infection becomes chronic [5,6]. Much more is known about the

PLOS NEGLECTED TROPICAL DISEASES T cell responses during schistosomiasis and tuberculosis co-infection

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008764 October 12, 2020 2 / 21

study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pntd.0008764


immune response to SM eggs than either the larvae or adult worms. This is largely due to the

role the eggs play in immunopathology and their ability to modulate antigen presentation and

CD4 T cell phenotypes [7]. Most studies on human SM T cell immunity have focused on CD4

T cells [7]. Very little is therefore known about human CD8 T cell responses and even less

about non-classical T cell responses, such as γδ T cells, which can have diverse roles during

helminth infections.

γδ T cells in humans are divided based on their V chain expression and anatomical location,

which in turn dictate their function. Intraepithelial lymphocytes (IELs) are largely Vδ1 cells

and are involved in surveillance and maintenance of barrier tissues [8,9]. IELs are involved in

the expulsion of the helminths Nippostrongylus brasiliensis and Trichinella spiralis from the

intestines of infected mice [10–12]. Hepatic γδ T cells are often Vγ4 cells and secrete the cyto-

kine IL-17 and/or IL-10 [13]. Studies in mice indicate a role for IL-17 producing γδ T cells in

liver fibrosis and immune pathology during infection with Schistosoma japonicum [14–17]

and SM [18]. They can either be pathogenic as in the case of S. japonicum, or protective in the

case of Listeria monocytogenes [13]. In the blood, γδ T cells are predominantly Vγ2Vδ2 (alter-

natively called Vγ9Vδ2) [19–21]. They canonically proliferate and produce IFNγ in response

to phosphoantigens produced by pathogens [22,23]. Vγ2Vδ2 T cell populations expand in the

peripheral blood of people in response to a variety of infections [22,24] including SM [25].

While it is clear that γδ T cells respond to infection with helminths, whether they respond to

helminth antigen directly or are merely bystander cells is still unknown.

Peripheral γδ T cells respond to phosphoantigens, which are produced by a variety of

microbes [22,26]. For this reason, the role of γδ T cells during SM infection is of particular

interest because SM is co-endemic with a variety of pathogens known to elicit γδ T cell

responses including Mycobacterium tuberculosis (Mtb) [27,28]. Co-infection with SM and Mtb

is common throughout the world, particularly in sub-Saharan Africa, and may impact the

immune response to both pathogens. A great deal of research has been conducted evaluating

the impact of helminth infections on immunity to Mtb [28,29]; however, the effect of Mtb on

the immune response to helminths is less clear. There are no published studies that have evalu-

ated the impact of Mtb infection on SM-specific T cell responses.

In this study, we characterized the T cell repertoire to two SM antigens from distinct stages

of the SM life cycle. We enrolled individuals in groups defined by Mtb and SM infection status:

SM-naïve controls (N) from the US, and SM-infected individuals from Kenya who were fur-

ther stratified into active TB (TB), Interferon-γ Release Assay positive (IGRA+), and Inter-

feron-γ Release Assay negative (IGRA-). In each group we examined the ability of T cells to

produce cytokines and proliferate in response to adult worm antigens compared to egg anti-

gens. In addition, we measured the impact of Mtb infection status on T cell functions. We

hypothesized that Mtb infection would dampen the immune response to SM.

Methods

Study population

Participants�18 years old were recruited in either Kisumu County, Kenya, as described previ-

ously [30] or Atlanta, GA, United States. Individuals in Kenya were recruited from two com-

munity based health clinics located in Kisumu City and Kombewa. All participants from

Kisumu were SM+ by Kato-Katz stool microscopy. They were enrolled based on Mtb infection

status into three groups: active TB disease (TB), IGRA+, and IGRA- controls. Patients with

drug-sensitive active pulmonary TB disease were symptomatic individuals with a positive Gen-

eXpert MTB/RIF result and a positive culture for Mtb growth. Healthy asymptomatic individ-

uals with no previous history of TB disease or treatment were evaluated by QuantiFERON-TB
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Gold In-Tube (QFT) assay: those with a positive QFT result (TB Ag-Nil>0.35 IU IFNγ/ml)

were defined as IGRA+; those with a negative QFT result (TB Ag-Nil <0.35 IU IFNγ/ml) were

defined as IGRA-. All IGRA+ and IGRA- participants had normal chest x-rays. Blood was col-

lected from individuals with active TB within the first 7 days of TB treatment, which was pro-

vided according to Kenyan national health guidelines. Helminth infection was determined

using standard Kato-Katz microscopy. Briefly, two thick Kato-Katz smears were prepared

from stool samples collected on two separate days. Slides were analyzed by experienced lab

technicians who recorded the presence of SM eggs as well as the number of eggs counted. Par-

ticipants were excluded if eggs belonging to other helminth species including Ascaris lumbri-
coides, Trichuris trichuria, and hookworm were identified. Other exclusion criteria included:

pregnancy, hemoglobin value of<7.0 g/dl, HIV infection, and positive rapid malaria test.

Individuals in Atlanta were enrolled as a naïve control group for both SM and Mtb infec-

tion. All individuals were based in the US and had not been vaccinated with BCG. Serologic

testing was performed for antibodies against SM eggs as previously described [31]. All US par-

ticipants in the naïve control group were negative for antibodies to schistosome eggs.

Sample collection

Blood was collected in sodium heparin Vacutainer CPT Mononuclear Cell Preparation Tubes

(BD Biosciences). PBMC were isolated by density centrifugation, cryopreserved in freezing

medium (50% RPMI 1640 + 40% heat-inactivated fetal calf serum [FCS] + 10% DMSO), and

stored in LN2 until use.

Ethics statement

This study was conducted in accordance with the principles expressed in the Declaration of

Helsinki. All participants gave written informed consent for the study, which was approved by

the KEMRI Scientific and Ethics Review Unit and the Emory University Institutional Review

Board.

Antigens

This study utilized crude antigen extracts from two distinct stages of the SM life cycle: soluble

egg antigen (SEA, 20 μg/ml) and soluble worm antigen preparation (SWAP, 2.5 μg/ml). SEA

and SWAP were produced at the U.S. Centers for Disease Control. The positive control for the

overnight intracellular cytokine staining assay was phorbol 12-myristate 13-acetate (PMA, 50

ng/ml, Adipogen) and ionomycin (1 μg/ml, Cayman Chemical). Staphylococcal enterotoxin B

(SEB; 1 μg/ml, Toxin Technology, Inc.) was used as a positive control for proliferation in the

5-day proliferation assay. During the last 5 hours of the proliferation assay, PMA and ionomy-

cin were used to induce cytokine production.

Antibodies

The following human monoclonal fluorescently-conjugated antibodies were used in this

study: anti-CD3 BV605 (clone OKT-3), anti-CD4 BV570 (clone RPA-T4), anti-TNFα Alexa

Flour 647 (clone Mab11), and anti-IL-4 PE-Dazzle594 (clone MP4-25D2), all from BioLegend;

anti-CD4 BV786 (clone SK3), anti-CD8 PerCP-Cy5.5 (clone SK-1), anti-TCR γδ BV480 (clone

11f2), and anti-IFNγ Alexa Fluor 700 (clone B27), all from BD Biosciences; and anti-IL-13

FITC (clone 85BRD) from eBiosciences.
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PBMC overnight intracellular cytokine staining (ICS) assay

Cryopreserved PBMC were thawed in a 37˚C water bath and immediately added to RPMI

1640 (Cellgro) containing deoxyribonuclease I (DNase, 10 μg/ml, Sigma-Aldrich). Cells were

washed in RPMI twice and then suspended in R10 media (RPMI 1640 supplemented with 10%

heat-inactivated fetal calf serum [FCS], 100 U/ml penicillin, 100 μg/ml streptomycin, and 2

mM L-glutamine). Cells were rested for a minimum of 3 hours at 37˚C and 5% CO2 before the

addition of antigens (described above). Cells incubated in R10 media alone served as a negative

control. Brefeldin A (10 μg/ml; Sigma-Aldrich) and monensin (1x, BioLegend) were added for

the last 15 hours of an 18 hour incubation.

PBMC proliferation assay

Cryopreserved PBMC were thawed, washed in PBS containing deoxyribonuclease I (DNase,

10 μg/ml, Sigma-Aldrich). Cells were washed in PBS twice and then labeled with 0.5 μg/ml

CellTrace Oregon Green 488 carboxylic acid diacetate, succinimidyl ester (OG; Life Technolo-

gies). Cells were washed once more with PBS and resuspended in R10 media containing

recombinant human IL-2 (10 units/ml, obtained through the NIH AIDS Reagent Program,

Division of AIDS, NIAID, NIH) [32]. Cells were plated in 96-well plates and incubated for 5

days in a 37˚C incubator with 5% CO2. On day 5, with the exception of the negative control

(wells containing cells in media alone), cells were re-stimulated with PMA and ionomycin

(described above) and treated with brefeldin A (10 μg/ml; Sigma-Aldrich) and monensin (1x,

BioLegend) for 5 hours at 37˚C to determine the cytokine capacity of proliferating T cells.

Antibody staining and flow cytometry

Following stimulation, cells were washed with PBS and stained with the Fixable Viability Dye

Zombie Near-IR (BioLegend) for 15 minutes at room temperature. Samples were then surface

stained for 30 minutes at room temperature. For the ICS assay this included: anti-CD3 BV605,

anti-CD4 BV570, and anti-CD8 PerCP-Cy5.5. For the proliferation assay: anti-CD3 BV605,

anti-CD4 BV786, anti-CD8 PerCP-Cy5.5, and anti-TCR γδ BV480. Following the surface

stain, cells were fixed and permeabilized on ice for 1 hour using the FoxP3 Transcription

Staining Buffer Set (eBioscience). Cells were then stained for intracellular markers on ice for

40 min. For the ICS assay this included: anti-IFNγ Alexa Fluor 700, anti-TNFα Alexa Flour

647, anti-IL-4 PE-Dazzle594, and anti-IL-13 FITC. For the proliferation assay this included:

anti-IFNγ Alexa Fluor 700, anti-TNFα Alexa Flour 647, and anti-IL-4 PE-Dazzle594. Finally,

cells were washed in permeabilization buffer and resuspended in PBS. Samples were acquired

using a BD LSR II flow cytometer. 6 peak Rainbow Calibration Particles (BioLegend) were

used to standardize instrument settings.

Data analysis

Flow cytometry data were analyzed using FlowJo version 9.6.4 (BD). Compensation was calcu-

lated using single-stained anti-mouse Ig,κ CompBeads (BD Biosciences). Single cells were

gated by plotting forward scatter-area versus forward scatter-height; lymphocytes were gated

based on morphological characteristics. Viable cells were defined as Zombie Near-IRlo cells. In

the overnight assay, CD4 T cells were defined as CD3+CD4+CD8- lymphocytes, CD8 T cells

were defined as CD3+CD4-CD8+ lymphocytes, and a third population of T cells, referred to

as CD4-CD8- T cells, were defined as CD3+CD4-CD8- lymphocytes. In the proliferation

assay, CD4 T cells were defined as CD3+CD4+CD8-γδ- lymphocytes, CD8 T cells were

defined as CD3+CD4-CD8+γδ- lymphocytes, and γδ T cells were defined as CD3+CD4-CD8-
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γδ+ lymphocytes. Antigen-specific T cell populations were defined as cells producing cyto-

kines (IFNγ, TNFα, IL-4, or IL-13) after stimulation with antigen. Proliferating cells were

defined as those with low expression of the cytosolic dye Oregon Green (OGlo). The flow

cytometry gating strategies are indicated in S1 Fig. Responses in the proliferation assay were

evaluated using the mixture models for single-cell assays (MIMOSA) method to determine

positivity using a Markov Chain Monte Carlo algorithm with a prior of 1% [33]. Samples with

a probability of response >70% and a false discovery rate (FDR/q-value) <3% were considered

positive. Cytokine production from proliferating T cells was restricted to individuals who met

the above criteria for a positive response.

COMPASS analysis of flow cytometry data

Cell counts were analyzed using the COMbinatorial Polyfunctionality Analysis of Antigen-

Specific T cell Subsets (COMPASS) algorithm as described previously [34]. COMPASS uses a

Bayesian computational framework to identify antigen-specific changes across all observable

functional T cell subsets without the need to limit the analysis to specific cytokine combina-

tions. Each analysis was therefore unbiased and considered all 16 cytokine combinations,

across each of three T cell subsets (CD4, CD8, and CD4-CD8-) to both SM antigens. For a

given participant, COMPASS was also used to compute a functionality score and a polyfunc-

tionality score. A functionality score summarizes the breadth of the cytokine repertoire, taking

into account the magnitude of the cytokine response. It is defined as the antigen-specific cyto-

kine subsets detected as a proportion of all possible cytokine subsets. A polyfunctionality score

summarizes the diversity of the cytokine repertoire by weighing the different subsets observed

based on the number of cytokines in that subset.

Statistical analysis

R programming software was used to perform all statistical analyses. Differences between SEA

and SWAP responses within each infection group or cell type were evaluated using a non-

parametric Mann-Whitney test. Differences between three or more groups were evaluated using

a non-parametric Kruskal-Wallis test and corrected for multiple pairwise comparisons using the

Nemenyi method. P-values< 0.05 were considered significant. Graphs were created using the R

package ggplot2 and statistics were performed using the stats and PMCMRplus package.

Results

Study participants

Participants were recruited and enrolled in Atlanta, GA, US and Kisumu, Kenya. All partici-

pants from Atlanta were seronegative for SEA-specific antibodies and served as naïve controls

(N) for SM infection. Participants from Kenya were SM+ and categorized into three groups

based on their Mtb infection status: IGRA-, IGRA+, and TB (Table 1). Participants in the

IGRA- group were younger than the other participant groups. In addition, there were more

females in the N and IGRA- groups than IGRA+ and TB groups. The median egg burden in

the IGRA+ group is classified as a moderate intensity infection, whereas the IGRA- and TB

groups both had light intensity infections as defined by the WHO [35].

T cell cytokine production is higher to SWAP than to SEA, irrespective of

Mtb and SM infection status

Human SM-specific CD8 T cell responses and non-classical (CD4-CD8-) T cell responses have

not been thoroughly investigated. To characterize the T cell repertoire to SM antigens from
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distinct stages of the SM life cycle, we stimulated PBMC overnight with media alone (negative

control), PMA and ionomycin (positive control), SEA, and SWAP. We then performed intracel-

lular cytokine staining (ICS) for the type 1 cytokines IFNγ and TNFα, as well as the type 2 cyto-

kines IL-4 and IL-13 for analysis by flow cytometry (Fig 1A). Total cytokine frequencies were

evaluated in CD4, CD8, and CD4-CD8- T cells and were higher following stimulation with

SWAP than SEA (S2 Fig). To analyze these data in an unbiased manner, we utilized the statisti-

cal package COMPASS which allowed us to evaluate all possible cytokine combinations across

all three T cell subsets to both SEA and SWAP (Fig 1B). The dominant cytokine producing sub-

set in both the SEA and SWAP stimulation was TNFα single positive T cells. More individuals

had IL-4+ T cell responses in the SEA condition than the SWAP condition. More individuals

had TNFα+IFNγ+ T cells in the SWAP condition than in the SEA condition, predominantly

amongst CD4-CD8- T cells. To confirm that these observations were specific to the SWAP stim-

ulation, the same analysis was peformed on T cells following stimulation with PMA and iono-

mycin. Overall, the cytokine response to PMA and ionomycin was very robust, with CD4 T

cells having an overall higher functionality score (FS) than CD8 and CD4-CD8- cells (S3 Fig).

These scores are driven by production of IFNγ and TNFα in all cell types (S4 Fig).

We also utilized COMPASS to generate summary scores for both the overall FS, as well as

the polyfunctionality score (PFS) of each sample (Fig 1C). In CD8 and CD4-CD8- T cells,

SWAP responses were higher than SEA responses with regard to both FS and PFS. Upon strat-

ification by Mtb and SM status, this held true in the IGRA-, IGRA+, and TB groups, but not

the N group (S5 Fig). Together these data indicate that T cell responses to SWAP are more

robust than T cell responses to SEA.

T cell responses to SWAP are dominated by non-classical T cells

We next utilized COMPASS to determine which T cell subsets had the strongest response to

SEA and SWAP (Fig 2A). SEA-specific T cell FS were equivalent between CD4, CD8, and

CD4-CD8- subsets in all four groups (Fig 2B). In contrast, SWAP-reactive FS were higher in

CD4-CD8- T cells, compared to both CD4 and CD8 T cells in the IGRA+ and TB groups (Fig

2B). This was also true for SWAP-reactive PFS (S6 Fig). These data indicate that while there is

no dominant SEA-specific T cell type, CD4-CD8- T cells are the dominant T cell population

responding to SWAP.

Since these differences were only observed in some groups, we next evaluated whether Mtb

or SM infection affected T cell FS. Importantly, the only differences in FS and PFS scores

Table 1. Characteristics of study participants.

Naïve (N) IGRA- IGRA+ Active TB Disease (TB)

n = 12 n = 13 n = 24 n = 16 p-value

SM Status Serology- Egg+ Egg+ Egg+

Age (years)a [IQR] 42 [33–43] 25 [21–32] 34 [25–38] 40 [26–45] 0.005

sex: (%F) 75% 77% 42% 25% 0.01

(%M) 25% 23% 58% 75%

SM eggs/grama [IQR] NDb 36 [12–120] 150 [36–333] 48 [21–87] 0.077

QFT IU/mla [IQR] NDb 0.00

[0.00–0.14]

9.11

[5.36–9.54]

ND b

a Value denotes median
b ND, not done

IQR, interquartile range

https://doi.org/10.1371/journal.pntd.0008764.t001
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between Mtb groups were in CD8 T cells (S7 Fig). SEA-specific CD8 T cell scores were higher

in N compared to IGRA-. SWAP-reactive CD8 T cell scores were higher in N compared to TB

individuals. These data indicate that SM but not Mtb infection modestly alters SM-specific

CD8 T cell responses.

Fig 1. SWAP cytokine responses are higher than SEA cytokine responses among CD8 and CD3+CD4-CD8- T cell

subsets. PBMC samples obtained from individuals in each of four groups defined by Mtb and SM infection status (N,

n = 12; IGRA-, n = 12; IGRA+, n = 23; TB, n = 15) were incubated for 18 h in media alone (negative control) or

stimulated with SEA, SWAP or PMA and ionomycin (positive control). Intracellular expression of IFNγ, TNFα, IL-4,

and IL-13 was measured by flow cytometry. (A) Representative flow cytometry data from a Naïve individual. Plots

show cells gated on live CD3+ lymphocytes from the unstimulated (UN), PMA, SEA, and SWAP stimulated

conditions. (B) ICS data were analyzed using COMPASS and the results from each cytokine subset are displayed as a

heatmap of posterior probabilities of antigen specificity. Rows represent study subjects and columns represent cytokine

combinations. The intensity of shading represents the probability of detecting a response above background on a scale

of 0–1. (C) Subject-specific COMPASS results were summarized for 63 individuals using the functionality score (FS)

and polyfunctionality scores (PFS). Scores from CD4, CD8, and CD3+CD4-CD8- T cell subsets were aggregated across

all groups. Boxes represent the median and interquartile ranges; whiskers represent the 1.5�IQR. Differences in the

scores of each T cell population between SEA and SWAP were assessed using a Mann-Whitney U test. ���� p<0.0001.

https://doi.org/10.1371/journal.pntd.0008764.g001
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SWAP induces more robust T cell proliferation than SEA

To further characterize the SM T cell repertoire, we next performed a proliferation assay.

PBMC from each group were labeled with the cytosolic dye Oregon Green (OG) and incu-

bated for 5 days with media alone (negative control), SEB (positive control), SEA or SWAP.

We then measured proliferation of total T cells via flow cytometry (Fig 3A). Similar to what

was observed in the overnight ICS assay, the CD3+ T cell proliferative response to SWAP was

higher than to SEA in all groups (Fig 3B). These data indicate that T cells proliferate more

robustly to SWAP than to SEA.

γδ T cells are the dominant population of T cells responding to SWAP

Peripheral γδ T cells expand in the blood of people infected with a variety of pathogens

[22,24]. Since we observed a robust response of CD4-CD8- T cells to SWAP during the

Fig 2. CD3+CD4-CD8- T cells have a greater functional response to SWAP than CD4 and CD8 T cells in IGRA

+ and TB individuals. PBMC from individuals in each group were stimulated and analyzed by flow cytometry as

described in Fig 1. Intracellular expression of IFNγ, TNFα, IL-4, and IL-13 was measured by flow cytometry. (A)

Representative flow cytometry data from a Naïve individual. Plots are shown gated on live CD3+CD4+CD8-, CD3

+CD4-CD8+, and CD3+CD4-CD8- lymphocytes from the unstimulated (UN), PMA, SEA, and SWAP stimulated

condition. (B) COMPASS functionality scores among each T cell subset. Boxes represent the median and interquartile

ranges; whiskers represent the 1.5�IQR. Differences in the scores of each T cell subset were assessed using a Kruskal-

Wallis test with Nemenyi correction for multiple pairwise comparisons. ��� p<0.001; �� p< 0.01; � p< 0.05.

https://doi.org/10.1371/journal.pntd.0008764.g002
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overnight ICS assay, we included an antibody to detect γδ T cell receptor expression in the pro-

liferation assay. We used MIMOSA (see Materials and Methods) to determine which samples

had a positive proliferative response. These samples were evaluated for the distribution of

Fig 3. Higher frequencies of T cells proliferate in response to SWAP than in response to SEA, independent of Mtb

and SM infection status. Proliferation assays were performed using PBMC samples obtained from individuals in each

of four groups defined by Mtb and SM infection status (N, n = 10; IGRA-, n = 13; IGRA+, n = 24; TB, n = 16). Cells

were labeled with Oregon Green (OG) and incubated for 5 days under the following conditions: media alone (negative

control), SEB (positive control), SEA or SWAP. (A) Representative flow cytometry data from an IGRA+ individual.

Plots show cells gated on live CD3+ lymphocytes. (B) Frequency of OGlo (proliferating) T cells to SEA and SWAP.

Data are shown after subtraction of background proliferation in the unstimulated negative control condition. Boxes

represent the median and interquartile ranges; whiskers represent the 1.5�IQR. Differences in the frequency of

proliferating T cells between SEA and SWAP were assessed using a Mann-Whitney U test. ���� p<0.0001; ���

p<0.001; �� p< 0.01.

https://doi.org/10.1371/journal.pntd.0008764.g003

Fig 4. Proliferating SWAP-reactive T cells are predominantly γδ T cells. Proliferating CD3+ T cells from the SWAP conditions

were evaluated by flow cytometry for expression of CD4, CD8, and γδ. (A) Representative flow cytometry data from an IGRA

+ individual. Plots show the expression of CD4, CD8, and γδ on cells gated on live OGlo CD3+ lymphocytes. (B) The proportions of

SWAP-reactive proliferating T cells that are CD4, CD8, and γδ T cells were evaluated in each Mtb and SM infection group. Boxes

represent the median and interquartile ranges; whiskers represent the 1.5�IQR. Differences in the frequency of each T cell

population was assessed using a Kruskal-Wallis test with Nemenyi correction for multiple pairwise comparisons. ���� p<0.0001; ���

p<0.001; �� p< 0.01.

https://doi.org/10.1371/journal.pntd.0008764.g004
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CD4, CD8 and γδ T cells using flow cytometry (Fig 4A). Amongst SWAP-reactive proliferating

T cells, γδ T cells were the dominant subset in the N, IGRA-, and IGRA+ groups (Fig 4B). Due

to the low frequency of SEA-specific proliferating T cells across all groups, we were not able to

evaluate which T cell subsets proliferated in response to SEA.

TB modifies the SWAP-reactive γδ T cell response

We next determined whether Mtb infection status modified the γδ T cell response to SWAP.

We first measured the frequency of γδ T cells at day 5 in the unstimulated condition, which

did not differ between the four groups (Fig 5A). We next evaluated the frequency of proliferat-

ing γδ T cells in the SEB, SEA, and SWAP conditions. The frequency of proliferating cells did

not differ aross the groups in the SEB or SEA condition (Fig 5B and 5C). However, SWAP-

reactive γδ T cell proliferation was significantly lower in the IGRA+ and TB groups compared

to the N group (Fig 5D). Together, these data indicate that there is not an inherent defect in γδ
T cell numbers or proliferative capacity due to Mtb infection. We next evaluated whether the

difference in proliferative capacity was specific to γδ T cells. Importantly, the proliferative

capacity of CD4+ T cells and total CD3+ T cells in response to SEB, SEA, and SWAP did not

differ between the groups (S8 and S9 Figs). These data indicate that Mtb infection status specif-

ically impacts the proliferative capacity of γδ T cells to SWAP and not other antigenic stimuli.

We next evaluated the cytokine profiles of proliferating SWAP-reactive γδ T cells. On day 5

of the proliferation assay, we restimulated cells using PMA and ionomycin for 5 hours and per-

formed intracellular cytokine staining for analysis by flow cytometry (Fig 6A). Similar to the

overnight assay, high frequencies of SWAP-reactive γδ T cells produce TNFα and IFNγ, while

very low frequencies produce IL-4. While TNFα and IFNγ production capacity did not vary

between groups, there were higher frequencies of IL-4 producing SWAP-reactive γδ T cells in

the active TB group compared to the N group. Taken together, these data demonstrate that not

only are γδ T cells impaired in Mtb-infected individuals with regard to proliferative capacity,

but they also have skewed cytokine profiles in individuals with active TB.

Discussion

SM has a complex life cycle which involves multiple distinct morphological stages and immu-

nological phases in the host [5]. In mice, this is largely characterized by a type 1 CD4 T cell

Fig 5. SWAP-reactive γδ T cells have lower proliferative capacity in individuals with IGRA+ and active TB. Proliferation

assays were performed as described in Fig 3. (A) Frequency of total γδ T cells in the unstimulated (UN) condition (N, n = 10;

IGRA-, n = 13; IGRA+, n = 24; TB, n = 16). (B-D) Frequency of proliferating (OGlo) γδ T cells to SEB (B), SEA (C) and

SWAP (D). Proliferation data are shown after subtraction of background proliferation in the UN condition. Boxes represent

the median and interquartile ranges; whiskers represent the 1.5�IQR. Differences in the frequency of each proliferating γδ T

cell population between groups were assessed using a Kruskal-Wallis test with Nemenyi correction for multiple pairwise

comparisons. � p< 0.05.

https://doi.org/10.1371/journal.pntd.0008764.g005
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response to the larval stage which shifts to a type 2 CD4 T cell response upon egg laying (5, 9).

However, less is known about the phenotype of the T cell response to the adult stage of the

worm and which T cell subsets contribute to the overall immune response to SM. In this

study, we sought to characterize the T cell repertoire to antigens from different stages of the

SM life cycle, as well as determine the impact of Mtb infection on SM-specific T cell responses.

We determined that the T cell response to SWAP was significantly more robust than the T cell

response to SEA. We also found that the dominant T cell subset to respond to SWAP consisted

of γδ T cells. Lastly, we determined that Mtb infection impaired the ability of γδ T cells to pro-

liferate in response to SWAP and altered the cytokine profile of these T cells in patients with

active TB disease.

Fig 6. Individuals with active TB have higher frequencies of IL-4 producing SWAP-reactive γδ T cells. On day 5 of

the proliferation assay PBMC were restimulated with PMA and ionomycin for 5 hours to induce cytokine production.

Samples meeting the criteria for a positive proliferative response (see Materials and Methods) were evaluated for

cytokine expression (N, n = 8; IGRA-, n = 12; IGRA+, n = 21; TB, n = 10). (A) Representative flow plots from an IGRA

+ individual. Unstimulated samples (upper) show cytokine production of cells gated on live CD3+CD4-CD8-γδ
+ lymphocytes. SWAP-stimulated samples (lower) show cytokine production and phenotypes of cells gated on live

OGloCD3+CD4-CD8-γδ+ lymphocytes. (B) Frequency of cytokine+ cells amongst proliferating γδ T cells. Boxes

represent the median and interquartile ranges; whiskers represent the 1.5�IQR. Differences in the frequency of each

cytokine+ γδ T cell population between groups were assessed using a Kruskal-Wallis test with Nemenyi correction for

multiple pairwise comparisons. �� p< 0.01.

https://doi.org/10.1371/journal.pntd.0008764.g006

PLOS NEGLECTED TROPICAL DISEASES T cell responses during schistosomiasis and tuberculosis co-infection

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008764 October 12, 2020 12 / 21

https://doi.org/10.1371/journal.pntd.0008764.g006
https://doi.org/10.1371/journal.pntd.0008764


Our data indicate that T cell responses are higher to SWAP than to SEA with regard to both

cytokine production and proliferative capacity. This phenomenon is particularly evident in the

CD8 and non-classical T cell compartments of SM infected individuals without active TB.

While SEA is strongly immunogenic during acute infection and experimental models, it is

generally accepted that in endemic settings, the immune response to egg antigens are regulated

to limit immunopathology [6,36,37]. It is also generally accepted that SWAP responses are

maintained during chronic infection. This is largely based on the fact that antibody responses

to worm stage antigens rise during infection and stay high in chronically infected individuals

[36,38]. The data supporting the preservation of SWAP responses has not, however, directly

addressed the role of T cells. In studies measuring PBMC proliferation after stimulation with

SEA or SWAP, the proportion of acutely infected individuals who respond to SEA is much

higher than the proportion of chronically infected individuals. In contrast, the proportion of

individuals who respond to SWAP is consistent between groups of acute and chronically

infected individuals [37]. In addition, PBMC from chronically infected individuals show

higher cytokine production and phosphorylation of T cell signaling molecules following stim-

ulation with SWAP than SEA [39,40]. It should be noted that while our results highlight a

robust TH1 cytokine response to SWAP, previous studies in the region have found that PBMC

and whole blood cultures stimulated with SWAP are capable of producing both TH1 and TH2

cytokines [41–43]. This is likely due do differences in methodology, particularly the use of flow

cytometry, which may not be able to robustly detect TH2 cytokine production. These studies

and our data suggest that in chronically infected individuals, the T cell response to SWAP is

maintained while the T cell response to SEA is not.

One strength of our study is that we did not limit our analysis to CD4 T cells, which allowed

us to detect a strong γδ T cell response to SWAP antigen. γδ T cells are elevated in the blood of

individuals with acute schistosomiasis, however this analysis was not done in an antigen-spe-

cific fashion [25]. Here we provide evidence that γδ T cells respond to SM in an antigen spe-

cific manner in that they are activated by SWAP but not by SEA. Furthermore, SWAP-reactive

responses were characterized by high production of TNFα and IFNγ. In other infections, type

1 cytokine producing γδ T cells link the innate and adaptive arms of the immune system [23].

Thus, our study has uncovered a potential novel role for SM-specific γδ T cells during infection

which should be investigated further.

Our findings also provide strong evidence that Mtb infection alters the response of γδ T

cells to SWAP. Indeed, we observe decreased proliferative capacity of SWAP-reactive γδ T

cells in individuals infected with Mtb. Furthermore, in individuals with active TB disease, we

observed an increase in IL-4 producing γδ T cells. Previous work on Mtb-specific γδ T cells

has shown a decrease in blood γδ T cells during active TB disease and has suggested that Mtb

infection induces chemokines in the lung which recruit blood dwelling γδ T cells into the lung

[44]. It is possible that SM-specific γδ T cells respond to similar signals and are therefore

depleted from the blood, leading to the diminished responsiveness observed in this study.

The interpretation of our study is limited by enrollment of study participants at a single

time point. As such, we are not able to determine the order of infection of SM and Mtb, or the

duration of current SM infection. In addition, due to sample availability we were not able to

evaluate previous infection history. These factors may play a role, not only in how T cells

respond to SM antigens from different stages of the SM life cycle, but also in the potential for

Mtb to impair these responses. This is particularly relevant since in western Kenya children as

young as 3 years old have been shown to be infected with SM [45]. SM infections reach a prev-

alence of 60% by the time children are 11–13 years old [46]. As such, there is a high probability

that study participants have had previous exposure to SM. We have tried to account for previ-

ous SM infection by including a naïve control group of U.S. adults, who are seronegative for
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SM antibodies indicating no previous exposure. These individuals, however, are U.S. residents

and therefore differ in other unmeasured ways from the Kenyan participants.

In addition, the definitions used for Mtb infection outcomes may influence the interpreta-

tion of our results. We have used the labels IGRA+ and IGRA- throughout this study since

there is currently no gold standard for diagnosing IGRA+ [47], however IGRA assays are

imperfect. First and foremost, a positive IGRA does not differentiate IGRA+ from subclinical

or active TB since the assay is based on an immune response to Mtb antigens [48]. It has also

been demonstrated that even IGRA negative individuals can still go on to develop TB [49].

Lastly, there is significant within-subject variability that can lead to discordant test results dur-

ing serial testing [47].

It should be noted that we were not able to characterize the full T cell repertoire in this

study. Notably we did not include markers to identify mucosally associated invariant T cells

(MAIT cells) or invariant natural killer T cells (iNKT cells). Because both of these non-classical

T cell subsets are CD4-CD8-, we cannot conclude that all of the CD4-CD8- T cells observed in

our overnight assay were γδ T cells. However, the robust responses of γδ T cells in the prolifer-

ation assay suggest that the cytokine responses observed in the overnight assay were due to γδ
T cells. Furthermore iNKT cells constitute a very small portion of T cells in the blood (~0.5%)

[50] and there are no currently published studies that suggest that MAIT cells are involved in

the immune response to helminth infections. Indeed, it is believed that MAIT cells respond

specifically to metabolites derived from bacterial and fungal vitamin B synthesis pathways [51–

53]. Similarly, we were unable to confirm that cells defined as CD8 T cells in the overnight

assay did not include γδ T cells. A subset of γδ T cells, termed intraepithelial lymphocytes,

express CD8, however these are tissue-resident and therefore not likely present in our PBMC

samples [54,55]. Lastly we were not able to determine the v-chain usage of the SWAP respond-

ing γδ T cells. In humans γδ T cells expressing the Vδ2 and the Vγ2/Vγ9 (used interchangeably

in the literature) chain are the dominant subset in the blood [19–21,56,57]. As such, we assume

these are Vγ2Vδ2 cells. This is of particular interest since Vγ2Vδ2 T cells posess memory-like

properties in murine models of Listeria and staphylococcal infection and non-human primate

(NHP) models of BCG vaccination and Mtb infection [23,58]. Furthermore, in NHP models

of Mtb infection, priming γδ T cells using the γδ specific ligand (E)-4-hydroxy-3-methyl-but-

2-enyl pyrophosphate (HMBPP) protected animals against Mtb challenge [59].

Lastly, because SWAP is a complex mixture of antigens, we were not able to determine

which specific antigen is recognized by γδ T cells. Previous literature has demonstrated that

low molecular weight fractions of SWAP are responsible for inducing IFNγ production, how-

ever the specific antigens present in this fraction are still unknown [60]. Peripheral blood γδ T

cells respond to phosphoantigens from a variety of microbes [56]. Two known γδ phosphoan-

tigens, HMBPP and isopentenyl pyrophosphate (IPP), are both intermediates of isoprenoid

synthesis pathways [26]. Genetic analysis demonstrates that SM possesses genes for the

enzymes involved in the mevalonate pathway of isoprenoid synthesis and therefore may pro-

duce IPP during the adult stage of the life cycle [61,62]. Furthermore, the drug mevinolin,

which targets isoprenoid synthesis impairs egg production from schistosome worms, suggest-

ing it is actively produced by adult worms [63]. IPP is therefore a strong candidate ligand for

γδ T cells.

In this study, we provide evidence that γδ T cells have the capacity to respond to SM worm

antigens by proliferating and producing type 1 cytokines. The immune response to SM is com-

plex and dynamic, but has mostly been characterized by type 2 responses. Indeed, the focus of

most helminth immunology has been on type 2 and regulatory responses for their potential

applications in other fields. While the contribution of type 1 cytokine producing γδ T cells dur-

ing SM infection remains unclear, there are many potential roles for these γδ T cells in
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infection with SM. Studies in mice have shown that early IFNγ production can provide protec-

tion against SM infection, however this was directed at cercarial antigen and not adult worms

[64]. Furthermore, high IFNγ responses to SEA antigen were associated with protection in a

cohort of persistently uninfected individuals from an endemic area in Brazil [65]. Whether

type 1 cytokines produced in response to the adult worm can provide similar benefits is

unknown, particularly because adult worms are heavily shielded from the immune system by

their external tegument [66]. As such, the antigens in SWAP that induce γδ T cell responses

may be hidden until the worm dies. It has been hypothesized, however, that these antigens

may become exposed following treatment with praziquantel and that SWAP-specific immune

responses may synergize with praziquantel to achieve worm death [67]. Robust SWAP-specific

responses in PBMC have also been associated with resistance to reinfection [68]. Future stud-

ies in mice or NHP would benefit from expanding study of γδ T cells at different stages of

infection to determine their function in vivo and their potential in mediating protection from

SM.

Supporting information

S1 Fig. Gating strategy for flow cytometry analysis. (A) In this sample gating for the over-

night ICS assay, cells were first gated for singlets (FSC-H vs. FSC- A) and lymphocytes (SSC-A

vs. FSC-A). The lymphocyte gate is further analyzed for their uptake of the Zombie IR Live/

Dead stain to determine live versus dead cells and their expression of CD3 (Zombie Near-IRlo,

CD3+). CD4 and CD8 surface expression is then determined from this gated population. (B)

In this sample gating for the Proliferation ICS assay, cells were first gated for singlets (FSC-H

vs. FSC- A) and lymphocytes (SSC-A vs. FSC-A). The lymphocyte gate is further analyzed for

their uptake of the Zombie IR Live/Dead stain to determine live versus dead cells (Zombie

Near-IRlo). Live cells are then gated for their expression of CD3 (CD3+). CD4, CD8, and γδ
surface expression is then determined from this gated population. CD4 T cells were defined as

CD3+CD4+CD8- lymphocytes, CD8 T cells were defined as CD3+CD4-CD8+ lymphocytes,

and a third population of T cells were defined as CD3+CD4-CD8- lymphocytes.

(PDF)

S2 Fig. Cytokine frequencies are higher following SWAP stimulation than SEA stimula-

tion. PBMC from individuals in each group were stimulated and analyzed by flow cytometry

as described in Fig 1. Intracellular expression of IFNγ, TNFα, IL-4, and IL-13 was measured by

flow cytometry. (A) Frequency of total cytokine+ cells within each designated cell type are

reported. (B) Frequency of each combination of cytokine+ cells using a Boolean gating strategy

within each cell type are reported. Boxes represent the median and interquartile ranges; whis-

kers represent the 1.5�IQR. Differences in the cytokine frequency between SEA and SWAP

were assessed using a Mann-Whitney U test. ���� p<0.0001; ��� p<0.001; �� p< 0.01; � p<

0.05.

(PDF)

S3 Fig. CD4 T cells have a greater functional response to PMA/ionomycin than CD8 and

CD3+CD4-CD8- T cells. PBMC from individuals in each group were stimulated with PMA

and analyzed by flow cytometry as described in Fig 1. Intracellular expression of IFNγ, TNFα,

IL-4, and IL-13 was measured by flow cytometry. (A) ICS data were analyzed using COMPASS

and the results from each cytokine subset are displayed as a heatmap. Rows represent study

subjects and columns represent cytokine combinations. The intensity of shading represents

the probability of detecting a response above background. (C) Subject-specific COMPASS

results were summarized for 63 individuals using the functionality and polyfunctionality
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scores. Scores from CD4, CD8 and CD3+CD4-CD8- T cell subsets were aggregated across all

groups. Boxes represent the median and interquartile ranges; whiskers represent the 1.5�IQR.

Differences between the scores of each T cell subset were assessed using a Kruskal-Wallis test

with Nemenyi correction for multiple pairwise comparisons. ��� p<0.001; �� p< 0.01; � p<

0.05.

(PDF)

S4 Fig. IFNγ and TNFα are produced in response to PMA and Ionomycin across T cell

types. PBMC from individuals in each group were stimulated with PMA and analyzed by flow

cytometry as described in Fig 1. Intracellular expression of IFNγ, TNFα, IL-4, and IL-13 was

measured by flow cytometry. Frequency of each combination of cytokine+ cells using a Bool-

ean gating strategy within each cell type are reported. Boxes represent the median and inter-

quartile ranges; whiskers represent the 1.5�IQR.

(PDF)

S5 Fig. SWAP functionality and polyfunctionality scores are higher than SEA responses in

IGRA- and IGRA+ groups. PBMC from individuals in each of four groups defined by Mtb

and SM infection status (N, n = 12; IGRA-, n = 12; IGRA+, n = 23; TB, n = 15) were incubated

for 18 h in media alone (negative control) or stimulated with SEA or SWAP. Intracellular

expression of IFNγ, TNFα, IL-4, and IL-13 was measured by flow cytometry and data were

analyzed using COMPASS. (A-C) Functionality and polyfunctionality scores for CD4 (A),

CD8 (B), and CD3+CD4-CD8- (C) T cells. Boxes represent the median and interquartile

ranges; whiskers represent the 1.5�IQR. Differences in the scores of each T cell subset were

assessed using a Kruskal-Wallis test with Nemenyi correction for multiple pairwise compari-

sons. ���� p<0.0001; ��� p<0.001; �� p< 0.01; � p< 0.05.

(PDF)

S6 Fig. CD3+CD4-CD8- T cells have a greater polyfunctional response to SWAP than CD4

and CD8 T cells in IGRA+ and TB individuals. PBMC samples obtained from individuals in

each of four groups defined by Mtb and SMinfection status (N, n = 12; IGRA-, n = 12; IGRA+,

n = 23; TB, n = 15) were incubated for 18 hours in media alone (negative control) or stimu-

lated with SEA or SWAP. Intracellular expression of IFNγ, TNFα, IL-4, and IL-13 was mea-

sured by flow cytometry. COMPASS functionality scores among each T cell subset are

reported. Boxes represent the median and interquartile ranges; whiskers represent the

1.5�IQR. Differences in the scores of each T cell subset were assessed using a Kruskal-Wallis

test with Nemenyi correction for multiple pairwise comparisons. ��� p<0.001; �� p< 0.01.

(PDF)

S7 Fig. CD8 T cell responses to both SEA and SWAP are higher in Naïve individuals.

PBMC samples obtained from individuals in each of four groups defined by Mtb and SM

infection status (N, n = 12; IGRA-, n = 12; IGRA+, n = 23; TB, n = 15) were incubated for 18

hours in media alone (negative control) or stimulated with SEA or SWAP. Intracellular expres-

sion of IFNγ, TNFα, IL-4, and IL-13 was measured by flow cytometry and data were analyzed

using COMPASS. (A-C) SEA-specific FS and PFS for CD4 (A), CD8 (B), and CD4-CD8- (C)

T cells. (D-F) SWAP-specific FS and PFS for CD4 (D), CD8 (E), and CD4-CD8- (F) T cells.

Boxes represent the median and interquartile ranges; whiskers represent the 1.5�IQR. Differ-

ences in the scores of each T cell subset were assessed using a Kruskal-Wallis test with Neme-

nyi correction for multiple pairwise comparisons. �� p< 0.01.

(PDF)
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S8 Fig. SWAP-reactive CD4 T cell proliferation capacity is equivalent between groups. Pro-

liferation assays were performed as described in Fig 3. (A) Frequency of total CD4 T cells in

the unstimulated (UN) condition (N, n = 10; IGRA-, n = 13; IGRA+, n = 24; TB, n = 16).

(B-D) Frequency of proliferating (OGlo) CD4 T cells to SEB (B), SEA (C) and SWAP (D). Pro-

liferation data are shown after subtraction of background proliferation in the UN condition.

Boxes represent the median and interquartile ranges; whiskers represent the 1.5�IQR. Differ-

ences in the frequency of each proliferating CD4 T cell population between groups were

assessed using a Kruskal-Wallis test with Nemenyi correction for multiple pairwise compari-

sons.

(PDF)

S9 Fig. Proliferation of total CD3+ T cells does not differ by Mtb and SM infection status.

Proliferation assays were performed using PBMC obtained from individuals in each of four

groups defined by Mtb and SM infection status (N, n = 10; IGRA-, n = 13; IGRA+, n = 24; TB,

n = 16). Cells were labeled with Oregon Green (OG) and incubated for 5 days under the fol-

lowing conditions: media alone (negative control), SEB (positive control), SEA or SWAP.

(A-C) Frequency of OGlo (proliferating) CD3+ T cells to SEB (A), SEA (B) and SWAP (C).

Data are shown after subtraction of background proliferation in the unstimulated negative

control condition. Boxes represent the median and interquartile ranges; whiskers represent the

1.5�IQR. Differences in the frequency of each proliferating CD3+ T cell population between

groups were assessed using a Kruskal-Wallis test with Nemenyi correction for multiple pair-

wise comparisons.

(PDF)
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