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Mycobacterium tuberculosis (Mtb) is a serious public health concern, infecting a quarter

of the world and leading to 10 million cases of tuberculosis (TB) disease and 1. 5 million

deaths annually. An effective type 1 CD4T cell (TH1) immune response is necessary to

control Mtb infection and defining factors that modulate Mtb-specific TH1 immunity is

important to better define immune correlates of protection in Mtb infection. Helminths

stimulate type 2 (TH2) immune responses, which antagonize TH1 cells. As such, we

sought to evaluate whether co-infection with the parasitic helminth Schistosomamansoni

(SM) modifies CD4T cell lineage profiles in a cohort of HIV-uninfected adults in Kisumu,

Kenya. Individuals were categorized into six groups by Mtb and SM infection status:

healthy controls (HC), latent Mtb infection (LTBI) and active tuberculosis (TB), with or

without concomitant SM infection. We utilized flow cytometry to evaluate the TH1/TH2

functional and phenotypic lineage state of total CD4T cells, as well as CD4T cells specific

for the Mtb antigens CFP-10 and ESAT-6. Total CD4T cell lineage profiles were similar

between SM+ and SM− individuals in all Mtb infection groups. Furthermore, in both LTBI

and TB groups, SM infection did not impair Mtb-specific TH1 cytokine production. In

fact, SM+ LTBI individuals had higher frequencies of IFNγ
+ Mtb-specific CD4T cells

than SM− LTBI individuals. Mtb-specific CD4T cells were characterized by expression

of both classical TH1 markers, CXCR3 and T-bet, and TH2 markers, CCR4, and GATA3.

The expression of these markers was similar between SM+ and SM− individuals with

LTBI. However, SM+ individuals with active TB had significantly higher frequencies of

GATA3+ CCR4+ TH1 cytokine+ Mtb-specific CD4T cells, compared with SM− TB

individuals. Together, these data indicate that Mtb-specific TH1 cytokine production

capacity is maintained in SM-infected individuals, and that Mtb-specific TH1 cytokine+

CD4T cells can express both TH1 and TH2 markers. In high pathogen burden settings

where co-infection is common and reoccurring, plasticity of antigen-specific CD4T cell

responses may be important in preserving Mtb-specific TH1 responses.
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INTRODUCTION

Despite advances in care in the past decades, tuberculosis
(TB) disease is currently the leading cause of death due a
single infectious agent. Nearly 25% of the world’s population is
infected with the bacteria that causes the disease,Mycobacterium
tuberculosis (Mtb) (1). Infection with Mtb leads to a spectrum
of clinical states ranging from complete clearance, to latent
infection (LTBI), to active TB disease (2). The immunological
states associated with these differences have not been completely
defined, however it is clear that CD4T cells are necessary to
control Mtb infection (3, 4). Furthermore, T cells must be capable
of producing type 1 (TH1) cytokines, such as IFNγ and TNFα,
which have been shown to be critical in the control of Mtb (5–7).

Co-infections, such as with HIV, and comorbidities, such as
diabetes, are known to influence Mtb infection outcomes (1). In
addition, infections with numerous helminth species are known
tomodulate the immune response in a variety of ways. Helminths
can directly impair the immune system through the secretion
of helminth-derived molecules that act on host immune cells
and limit or alter their effector functions (8). Helminths also
indirectly impact the immune system by inducing a strongly
TH2 polarizing environment that primes immune responses
to bystander antigens (9, 10). Both these immune modulation
strategies result in systemic immune dysregulation and have
long term consequences for immune cell function and disease
outcomes. Due to the overlapping geographic distributions of TB
burden and helminth infections (11, 12), determining the impact
of helminths on Mtb immunity is important in determining
correlates of protection against Mtb infection as well as against
the development of TB disease. As such, many have investigated
this phenomenon and reported differing conclusions. A number
of studies in humans have demonstrated that both filarial
worms and the soil transmitted helminths Srongyloides stercoralis
and hookworm can globally dysregulate the immune response
to Mtb (13–17). Indeed, all three types of worm have been
shown to skew Mtb-specific immune responses by limiting TH1
cytokine production and increasing TH2 cytokine production
in response to Mtb antigens in individuals with LTBI (18–21);
moreover, treatment of helminth infections in people with LTBI
has been shown to result in increased the frequencies of Mtb-
specific IFNγ

+ CD4T cells (22). Others, however, have shown
no demonstrable effect on either immunity to Mtb or disease
outcomes during co-infection with helminths, including filarial
worms and hookworm (23, 24). One recent study even reported
an increased ability to control Mtb growth in individuals infected
with hookworm (25). This variation is particularly evident in
a recent meta-analysis of epidemiological studies of individuals
co-infected with Mtb and helminths. The report indicates that
both the prevalence rate of co-infection as well as the measured
associations between infections varies greatly between studies as
well as between helminth species (26). The outcome of helminth
co-infection on the immune response to Mtb is likely specific to
both the helminth species, as well as the Mtb infection status of
the individuals being studied.

Schistosomiasis, the disease caused by schistosome worms
such as Schistosoma mansoni (SM), is estimated to affect 240

million people globally and is the second most common form of
helminthiasis (27, 28). Approximately 90% of affected individuals
live in Sub-Saharan Africa and while not normally not a fatal
infection, the mortality rates for schistosome infections in Sub-
Saharan Africa are estimated to be 280,000 per year (29). Similar
to both filarial worms and soil-transmitted helminths, SM has
a complex life cycle. It enters a human host as a cercariae and
thenmatures as it migrates throughout the body. Eventually adult
worms take up residence in the portal vein and release eggs into
the circulation, which are able to pass into the lumen of the
gastrointestinal tract and are subsequently released in stool (30).
Unlike other helminth species, however, the immune response
to SM is stage-dependent. Early stages of the worm life cycle
stimulate a mixed TH1/TH17 response, which only gives rise to a
TH2 response upon egg secretion (31). As such, the impact of SM
on Mtb-specific immune responses may be quite different from
what has previously been reported in individuals co-infected with
Mtb and either filarial or soil transmitted helminths. Despite
this, the impact of co-infection with SM on Mtb-specific TH1
responses has not been thoroughly investigated in humans. One
study in mice reported that SM infection impairs Mtb-specific
TH1 CD4T cell responses and increases arginase-1 expressing
macrophages in type 2 granulomas (32). Furthermore, data
regarding the impact of SM onMtb-specific immune responses in
general is conflicting. In mice, SM has no impact on Mtb-specific
cytokine production or antibody responses generated by DNA
vaccination (33, 34); however, it impairs Mtb-specific cytokine
production following BCG vaccination and results in higher CFU
of both BCG and Mtb (35, 36). In humans, SM infection does
not impair the generation of Mtb-specific T and B cells by the
TB candidate vaccine MVA85A (37). In vitro studies of human
PBMCs exposed to SM antigens have demonstrated skewing
of Mtb-specific CD4T cells from a TH1 to a TH2 response;
however, human monocyte-derived macrophages exposed to the
same antigens have produced contradictory results with one
study showing enhanced control and another showing impaired
control of Mtb replication in vitro (38, 39). It therefore remains
unclear what impact, if any, co-infection with SM has on Mtb-
specific immune responses, particularly in humans.

We sought to test the hypothesis that SM infection modifies
the lineage profile of Mtb-specific CD4T cells away from
a dominant TH1 toward a TH2 phenotype. TH1 cells are
characterized by their production of key TH1 cytokines such as
IFNγ and their expression of specific lineage markers, namely
the transcription factor T-bet and/or the chemokine receptor
CXCR3 (40–42). TH2 cells can be similarly characterized
by their production of TH2 cytokines such as IL-4 and
their expression of the transcription factor GATA3 and/or
the chemokine receptor CCR4 (40–42). While CD4T cell
subsets have been defined by canonical transcription factors
and chemokine receptors, there is growing appreciation for
the variability and plasticity of CD4T cells (43–46). As such,
we performed a comprehensive analysis of the lineage state of
CD4T cells in a well-characterized cohort of Kenyan adults
representing a spectrum of Mtb infection and disease. We
enrolled individuals in groups defined by Mtb and SM infection
status: healthy controls (HC), latent TB infection (LTBI), and
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active TB (TB), both with and without SM infection. In each
group we examined CD4T cells for the expression of cytokines,
transcription factors, and chemokine receptors associated with
TH1 and TH2 lineage commitment simultaneously. This allowed
us to evaluate CD4T cell lineage using both phenotypic and
functional readouts; moreover, we measured co-expression of
these markers to determine the variability and plasticity of the
Mtb-specific CD4T cell repertoire in the setting of human Mtb
and SM co-infection.

MATERIALS AND METHODS

Study Population and Sample Collection
Participants 18–81 years old were recruited in Kisumu, Kenya
as described previously (47). Healthy asymptomatic individuals
with no previous history of TB disease or treatment were
evaluated by QuantiFERON R©-TB Gold In-Tube (QFT) assay:
those with a negative QFT result (QFT−; TB Ag-Nil < 0.35
IU IFNγ/mL) were defined as healthy controls (HC); those
with a positive QFT result (TB Ag-Nil > 0.35 IU IFNγ/mL)
were defined as having latent Mtb infection (LTBI). All HC
and LTBI participants had normal chest x-rays. Patients with
drug-sensitive active pulmonary tuberculosis disease (TB) were
symptomatic individuals with a positive GeneXpert MTB/RIF
result and a positive culture for Mtb growth. Blood was collected
from individuals with active TB within the first 7 days of
initiating the standard 6 months course of TB treatment, which
was provided according to Kenyan national health guidelines.
Chest x-rays were not performed on individuals with active TB.
All participants are presumed to be BCG vaccinated due to
the Kenyan policy of BCG vaccination at birth and high BCG
coverage rates throughout Kenya (48, 49). Schistosoma mansoni
(SM) 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.
Participants were excluded if eggs belonging to other helminth
species including Ascaris lumbricoides, Trichuris trichuria and
hookworm were identified. Participants were not tested for
lymphatic filariasis since it is not endemic in western Kenya (11).
Other exclusion criteria included: pregnancy, hemoglobin value
of<7.0 g/dl, HIV infection, and positive rapidmalaria test. Blood
was collected from patients in sodium heparin Vacutainer R©

CPTTM 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/CDC Scientific and Ethics Review Unit and the
Emory University Institutional Review Board.

Antigens
This study utilized peptide pools of the immunodominant Mtb
antigens CFP-10 and ESAT-6 (1µg/ml of each peptide). Pools of
15-mer overlapping peptides spanning the full-length sequences
of CFP-10 and ESAT-6 were obtained through BEI Resources,
NIAID, NIH (catalog numbers NR-50712 and NR-50711,
respectively). For the overnight intracellular cytokine staining
assay, phorbol 12-myristate 13-acetate, (PMA, 50 ng/mL,
Adipogen) and ionomycin (1µg/mL, Cayman Chemical) were
used as a positive control. In the 5 days proliferation assay,
Staphylococcal enterotoxin B (SEB; 1µg/mL, Toxin Technology,
Inc.) was used as a positive control for proliferation while PMA
and ionomycin were used to induce cytokine production for the
final 5 h of the proliferation assay.

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-CCR4 BV421 (clone
L291H4), anti-T-bet PE-Cy7 (clone 4B10), 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-CXCR3 BV711 (clone
1C6), anti-GATA3 PE (clone L50-823), and anti-IFN-γ Alexa
Fluor 700 (clone B27), all from BD Biosciences; and anti-IL-13
FITC (clone 85BRD) from eBiosciences.

PBMC Overnight Intracellular Cytokine
Staining (ICS) Assay
Cryopreserved PBMCs were thawed in a 37◦C water bath
and immediately added to RPMI 1640 (Cellgro) containing
deoxyribonuclease I (DNase, 10µg/ml, Sigma-Aldrich). Cells
were washed twice in RPMI and then suspended in R10 media
(RPMI 1640 supplemented with 10% heat-inactivated fetal calf
serum [FCS], 100 U/ml penicillin, 100µg/ml streptomycin, and
2mM L-glutamine) and rested for a minimum of 3 h at 37◦C
and 5% CO2 before the addition of antigens (described above).
Cells incubated in R10 media alone served as a negative control.
After 3 hrs, brefeldin A (10µg/ml; Sigma-Aldrich) andmonensin
(1x, BioLegend) were added and the incubation continued for an
additional 15 hrs.

PBMC Proliferation Assay
Cryopreserved PBMCs were thawed, washed in PBS containing
deoxyribonuclease I (DNase, 10µg/ml, Sigma-Aldrich). Cells
were washed twice in PBS and then labeled with 0.5µg/ml
CellTraceTM Oregon Green R© 488 carboxylic acid diacetate,
succinimidyl ester (OG; Life Technologies). Cells were washed
once more with PBS and resuspended in R10 media (RPMI
1640 supplemented with 10% heat-inactivated human serum,
100 U/ml penicillin, 100µg/ml streptomycin, and 2mM L-
glutamine) containing recombinant human IL-2 (10 Units/mL,
obtained through the NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH) (50). Cells were plated in 96-well plates
and incubated for 5 days in a 37◦C incubator with 5% CO2. On
day 5, 75 µl of cell culture supernatant per well were removed
and stored for Luminex analysis (see below). Cells were then
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resuspended in 250 µL R10 media. 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 (10µg/ml; Sigma-Aldrich) and
monensin (1x, Biolegend) for 5 hrs at 37◦C to determine the
cytokine capacity of proliferating CD4 T cells.

Antibody Staining for Flow Cytometry
Following stimulation, cells were washed with PBS and stained
with the Fixable Viability Dye Zombie Near-IR (BioLegend)
for 15min at room temperature. Samples were then surface
stained for 30min at room temperature. For the ICS assay
this included: anti-CD3 BV605, anti-CD4 BV570, anti-CD8
PerCP-Cy5.5, anti-CCR4 BV421, and anti-CXCR3 BV711. For
the proliferation assay: anti-CD3 BV605, CD4 BV786, anti-
CD8 PerCP-Cy5.5, anti-CCR4 BV421, and anti-CXCR3 BV711.
Following the surface stain, cells were fixed and permeabilized
on ice for 1 h using the FoxP3 Transcription Staining Buffer Set
(eBioscience). Cells were then stained for intracellular markers
on ice for 40min. For the ICS assay this included: anti-T-bet PE-
Cy7, anti-GATA3 PE, anti-IFN-γ 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-T-bet PE-Cy7, anti-
GATA3 PE, anti-IFN-γ 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.

Luminex
Cell culture supernatants from each well were harvested on day
5 of the proliferation assay described above. Supernatants were
frozen and stored at −80◦C until use. The following cytokines
were measured using a customized R&D Human Magnetic
Luminex Assay kit (Biotechne) in batched analyses, following
the manufacturer’s instructions: IFNγ, TNFα, IL-21, IL-22, IL-
17, IL-4, IL-5, IL-10, IL-13. The mean fluorescence intensity
was read for each cytokine using a Luminex MAGPIX R© system
with xPONENT R© software (Version 4.2) and analyzed using
MILLIPLEX R© Analyst 5.1 Software. Cytokine data from antigen-
stimulated wells are reported after subtraction of corresponding
cytokine levels in the negative control wells.

Data Analysis
Flow cytometry data were analyzed using FlowJo version 9.6.4
(BD). Compensation was calculated using single-stained anti-
mouse Ig,κ CompBeads (BD Biosciences). Single cells were
gated by plotting forward scatter-area vs. forward scatter-height;
lymphocytes were gated based on morphological characteristics.
Viable cells were defined as Zombie Near-IRlo cells. CD4T
cells were defined as CD3+CD4+CD8− lymphocytes. Antigen-
specific CD4T cell populations were defined as cells producing
cytokines (IFN-γ, TNF-α, IL-4, and/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 strategy is indicated in Figure S1. Responses
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 0.01% in the ICS
assay and a prior of 1% in the proliferation assay (51). Samples
with a probability of response >70% and a false discovery rate
(fdr/q-value) <3% were considered positive. Phenotypic analysis
of lineage marker expression on antigen-specific CD4T cells
was restricted to individuals who met the above criteria for a
positive response.

Statistical Analysis
R programming software was used to perform all statistical
analyses. Differences between SM+ and SM− individuals within
each stratum of Mtb infection 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 comparisons using the
Bonferroni method. Correlations were evaluated using a non-
parametric Spearman rank correlation. P-values < 0.05 were
considered significant. Graphs were created using the R package
ggplot2 and statistics were performed using the stats package.

RESULTS

Study Participants
Participants were recruited and enrolled in Kisumu, Kenya and
categorized into six groups based on their Mtb and SM infection
status: HC, LTBI, and TB, with or without concomitant SM
infection (Table 1). Within each Mtb infection group, SM+ and
SM− individuals had similar demographic profiles with two
exceptions. First, there were more females in the LTBI SM−

group than the LTBI SM+ group. In addition, amongst active
TB individuals, SM+ individuals were older than those that
were SM−.

Similar Frequencies of CD4T Cells Express
TH1 and TH2 Lineage Markers in SM+ and
SM− Individuals Independent of Mtb
Infection Status
Infection with helminths is associated with skewing of the
immune system to a TH2 CD4T cell response (18–21).
To investigate the impact of SM infection on the CD4T
cell repertoire, we utilized flow cytometry to measure the
expression of TH1 and TH2 lineage markers in total CD4T
cells (Figure 1A). This analysis was done within each stratum
of Mtb infection to account for a possible differential impact
of SM within diverse infection states. We first measured the
frequency of CD4T cells expressing the canonical TH1 and TH2
transcription factors, T-bet andGATA3, respectively (Figure 1B).
Only HC exhibited significant differences in transcription factor
expression, with SM+ individuals having a lower frequency of
T-bet+ CD4T cells than SM− counterparts. This difference is
not observed in LTBI or TB groups. Importantly, the frequency
of transcription factor+ CD4T cells was not dominated by
either transcription factor, demonstrating a balance of these
responses in the total CD4T cell repertoire. We then measured
the expression of the chemokine receptors CXCR3 and CCR4,
which are associated with TH1 and TH2 lineage commitment,
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TABLE 1 | Characteristics of study participants.

Healthy controls (HC) Latent Mtb infection (LTBI) Active TB disease (TB)

SM−

N = 24

SM+

N = 13

SM−

N = 26

SM+

N = 24

SM−

N = 26

SM+

N = 16

Age (years)a 24 25 36 34 28 40b

(IQR) (21–28) (21–32) (23–55) (25–38) (21–35) (26–45)

sex: (%M) 37.5 23.1 23.1 58.3c 69.2 75.0

(%F) 62.5 76.9 76.9 41.7 30.8 25.0

Hemoglobin g/dla 13.5 13.6 12.9 14.0 12.1 11.7

(IQR) (12.6–14.7) (12.6–14.4) (11.3–14.1) (12.4–15.0) (10.7–14.1) (10.8–12.2)

SM eggs/grama 0 36 0 150 0 48

(IQR) (12–120) (36–333) (21–87)

QFT IU/mLa 0.00 0.00 7.94 9.11 NDd NDd

(IQR) (0.00–0.05) (0.00–0.10) (2.91–9.25) (5.36–9.54)

aValue denotes median.
bp < 0.05, compared with TB/SM−.
cp < 0.05, compared with LTBI/SM−.
dNot done.

IQR, interquartile range.

respectively (Figure 1B). CXCR3 expression was similar across
groups whereas CCR4 expression was higher in SM+ TB
individuals compared to SM− TB individuals. These data indicate
that across Mtb infection states, SM does not substantially alter
the baseline lineage phenotype of total CD4T cells of individuals.

SM Infection Does Not Bias the Capacity of
CD4T Cells to Produce TH1 and TH2
Cytokines
In addition to phenotypic markers, CD4T cell polarization can
be evaluated by cytokine production. As such, we sought to
investigate whether there were differences in the cytokine profiles
of CD4T cells in individuals infected with SM. To this end, we
stimulated PBMCwith PMA and ionomycin and then performed
intracellular cytokine staining (ICS) for TH1 cytokines IFNγ and
TNFα, as well as TH2 cytokines IL-4 and IL-13 (Figure 2A).
We used flow cytometry to quantify the production of these
cytokines individually as well as in combination. There were no
differences in the total frequency of CD4T cells producing any
of the four cytokines between SM+ and SM− individuals across
Mtb infection groups (Figure 2B). Furthermore, the median
fluorescence intensity (MFI) of each cytokine measured did not
differ between SM+ and SM− individuals (data not shown).
Further analysis was done to evaluate combinations of cytokines
being produced using a Boolean gating strategy. In all Mtb
infection groups, the frequency of each combination of cytokines
was similar between SM+ and SM− individuals (Figure S2).

To evaluate the functional lineage state of CD4T cells, we
collapsed these Boolean gates into three categories of cells: TH1,
TH2, and TH1/2 (Figure S2). Briefly, TH1 cells were defined as
cells producing IFNγ and/or TNFα but not IL-4 or IL-13, TH2
cells were defined as cells producing IL-4 and/or IL-13 but not
IFNγ or TNFα, and TH1/2 cells were defined as cells producing a
combination of IFNγ or TNFα and IL-4 or IL-13. No significant

differences in the frequencies of these cell subsets were observed
between SM+ and SM− individuals in all three Mtb infection
groups (Figure 2C). Furthermore, in all of the participant groups,
the frequency of TH1 cytokine+ CD4T cells was significantly
higher than that of either TH2 or TH1/2 cytokine+ CD4T cells.
Together, these data provide further evidence that SM does not
modify the TH1 and TH2 cytokine production capacity of CD4T
cells across Mtb infection groups.

TH1 Cytokine+ CD4T Cells Express Low to
Moderate Levels of TH1 Lineage Markers
While TH2 cytokine+ CD4T Cells Express
High Levels of TH2 Lineage Markers
Independent of SM and Mtb Infection
Status
We next analyzed expression of lineage specific markers on
cytokine+ CD4T cells following stimulation with PMA and
ionomycin. We utilized our functional lineage gating definitions
(Figure S2) to define TH1 and TH2 cells and then usedMIMOSA
(see materials and methods) to evaluate samples with a positive
cytokine+ response for expression of T-bet, GATA3, CXCR3, and
CCR4 on each cytokine subset of CD4T cells (Figure 3A).

In HC, LTBI, and TB groups, TH1 cytokine+ CD4T cells had
intermediate expression of TH1 lineage markers (Figure 3B). As
expected, TH1 cytokine+ cells were almost exclusively GATA3−,
however only low to moderate frequencies were T-bet+. In
addition, TH1 cytokine+ cells had low to moderate frequencies
of CXCR3+ and CCR4+ cells. These expression profiles of
TH1 cytokine+ CD4T cells did not differ by SM or Mtb
infection status.

By contrast, TH2 cytokine+ CD4T cells have more distinct
TH2-like lineage marker expression in HC, LTBI and TB groups
(Figure 3B). Approximately half the TH2 cytokine+ cells in each
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FIGURE 1 | Similar frequencies of CD4T cells express TH1 and TH2 lineage markers in SM+ and SM− individuals, independent of Mtb infection status. Expression of

transcription factors and chemokine receptors was measured by flow cytometry using PBMC samples obtained from individuals in each of six groups defined by Mtb

and SM infection status: HC, LTBI, and TB, with or without concomitant SM infection (HC SM−, n = 24; HC SM+, n = 13; LTBI SM−, n = 25; LTBI SM+, n = 25; TB

SM−, n = 25; TB SM+, n = 15). (A) Representative flow cytometry data from an SM+ individual with active TB. Plots show cells gated on live CD3+CD4+CD8−

lymphocytes in black dots overlaying live lymphocytes in gray. (B) Frequency of indicated transcription factor+ and chemokine receptor+ amongst total CD4T cells.

Boxes represent the median and interquartile ranges; whiskers represent the 1.5* IQR. Differences in the frequency of each lineage marker+ CD4T cell population

between SM+ and SM− individuals were assessed using a Mann Whitney U test.

group were GATA3+, with only a minority of cells expressing
T-bet. TH2 cytokine+ cells were also predominantly CCR4+

with low frequencies of CXCR3+ cells. These expression profiles
of TH2 cytokine+ CD4T cells did not differ by SM or Mtb
infection status. These data demonstrate that CD4T cells, as
defined by TH1 and TH2 cytokine production, do not strictly
adhere to canonical expression patterns of TH1 and TH2
phenotypic markers.

LTBI Individuals Co-infected With SM Have
Higher Frequencies of TH1 Cytokine+

Mtb-Specific CD4T Cells, Compared With
SM− Individuals With LTBI
Having established that SM infection does not impair the capacity
of CD4T cells to produce TH1 cytokines, nor does it skew CD4T
cells in general toward a TH2 phenotype, we next evaluated
the impact of SM on Mtb-specific CD4T cell responses in
individuals with LTBI. We utilized our ICS assay to measure
the frequency of cytokine+ CD4T cells after stimulation of
PBMC with CFP-10 and ESAT-6 peptide pools (Figure 4A). The
frequency of IFNγ

+ CD4T cells was significantly higher in SM+

than SM− individuals (Figure 4B). When cytokine production
was analyzed across combinations of cytokines, this difference
was found to be due to a population of cells co-producing IFNγ

and TNFα (Figure S3A). Importantly, there was no difference in
Mtb-specific TH2 cytokine production between SM+ and SM−

individuals (Figure 4B) nor in the MFI of TH2 cytokines (data
not shown). Furthermore, TH1 cytokines were the dominant

response to CFP-10 and ESAT-6 peptide pools in both groups
(Figure S3B). These data indicate that unlike other helminth co-
infections, SM infection is associated with increased frequencies
of Mtb-specific TH1 cytokine+ CD4T cells amongst individuals
with LTBI.

We next evaluated T-bet, GATA3, CXCR3, and CCR4
expression by TH1 cytokine+ Mtb-specific CD4T cells
(Figure 4C). Similar to PMA/ionomycin-induced TH1
cytokine+ CD4T cells, Mtb-specific TH1 cytokine+ CD4T cells
expressed moderate levels of T-bet. Interestingly, there were also
GATA3+ TH1 cytokine+ cells, though these frequencies were
low (<10% of Mtb-specific TH1 cytokine+ CD4T cells) and did
not differ by SM infection status (Figure 4C). Further analysis
of these Mtb-specific TH1 cytokine+ CD4T cells indicated
that they did not co-express GATA3 and T-bet (Figure S3C).
Moderate frequencies of Mtb-specific TH1 cytokine+ cells
expressed CXCR3+ and/or CCR4+, although this did not differ
by SM infection status (Figure 4C and Figure S3C). These data
indicate that Mtb-specific CD4T cells in individuals with LTBI
express predominately TH1 cytokines and are not skewed toward
a TH2 phenotype in the presence of SM co-infection.

Individuals With Active TB Disease and SM
Co-infection Have Higher Frequ encies of
GATA3+CCR4+ TH1 Cytokine+

Mtb-Specific CD4T Cells
We next evaluated the impact of SM on Mtb-specific
CD4T cell responses in individuals with active TB disease
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FIGURE 2 | SM+ and SM− individuals have similar frequencies of TH1 and TH2 cytokine+ CD4T cells, with TH1 cytokines being the dominant response independent

of SM and Mtb infection status. PBMC samples obtained from individuals in each of six groups defined by TB and SM infection status were incubated for 18 h in

media alone (negative control) or stimulated with PMA and ionomycin. Intracellular expression of IFNγ, TNFα, IL-4, and IL-13 was measured by flow cytometry (HC

SM−, n = 24; HC SM+, n = 13; LTBI SM−, n = 25; LTBI SM+, n = 25; TB SM−, n = 25; TB SM+, n = 15). (A) Representative flow cytometry data from an SM+ HC.

Plots are shown gated on live CD3+CD4+CD8− lymphocytes from the unstimulated (UN) and stimulated condition. (B) Frequencies of total CD4T cells expressing

each indicated cytokine. (C) Cytokine+ cells were aggregated by T cell lineage (Figure S2) and the frequency of each group was reported. Data are shown after

subtraction of background cytokine production 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 cytokine+ CD4T cell population between SM+ and SM− individuals were assessed using a Mann Whitney

U test. Differences in the frequencies of TH1, TH1/2, and TH2 CD4T cells within each group were evaluated using a Kruskal Wallis test. TH1 cytokine frequencies

were statistically higher than the both TH1/2 and TH2 frequencies after applying the Bonferroni correction for multiple comparisons.

(Figure 5A). The total frequency of each cytokine was
similar between SM+ and SM− individuals (Figure 5B).
We confirmed these results by comparing the MFI of
each cytokine, which did not differ between SM+ and
SM− groups (data not shown). Indeed, TH1 cytokines
remained the dominant CD4T cell response to Mtb in
both SM+ and SM− individuals with active TB disease, and
the frequency of these cells did not differ between groups
(Figures S4A,B).

We next evaluated T-bet, GATA3, CXCR3, and CCR4
expression by TH1 cytokine+ Mtb-specific CD4T cells
(Figure 5C). Consistent with the LTBI group, there were more
T-bet+ than GATA3+ Mtb-specific TH1 cytokine+ CD4T cells;
however, while T-bet+ frequencies were similar between SM+

and SM− individuals, GATA3+ frequencies were significantly
higher in SM+ individuals compared to SM− individuals. The
total frequencies of CCR4+ and CXCR3+ TH1 cytokine+

cells did not differ by SM infection (Figure 5C). However,
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FIGURE 3 | TH1 cytokine+ cells express low levels of TH1 lineage markers while TH2 cytokine+ CD4T cells express high levels of TH2 lineage markers independent

of SM and TB infection status. PBMC samples obtained from individuals in each of six groups defined by Mtb and SM infection were incubated for 18 h in media alone

(negative control) or stimulated with PMA and ionomycin. Intracellular expression of IFN-γ, TNF-α, IL-4, and IL-13 was evaluated by flow cytometry and cytokine+ cells

were aggregated by functional T cell lineage (Figure S2). Samples meeting the criteria for a positive response (see Materials and Methods) were evaluated for

expression of lineage specific transcription factors and chemokine receptors by flow cytometry. (A) Representative flow cytometry data from an SM− HC. Plots show

either TH1 cytokine+ or TH2 cytokine+ live CD3+CD4+CD8− lymphocytes in black dots overlaying total live CD3+CD4+ lymphocytes in gray. (B) Frequency of

indicated transcription factor+ and chemokine receptor+ amongst TH1 cytokine+ or TH2 cytokine+ CD4T cells in HC (SM−, n = 24; SM+, n = 13), LTBI (SM−, n =

25; SM+, n = 25), and TB (SM−, n = 25; SM+, n = 14). Boxes represent the median and interquartile ranges; whiskers represent the 1.5*IQR. Differences in the

frequency of each lineage marker+ CD4T cell population between SM+ and SM− individuals were assessed using a Mann Whitney U-test.

there were significantly higher frequencies of Mtb-specific
CD4T cells co-expressing GATA3 and CCR4 in the SM+ TB
group, compared with SM− TB group (Figure 5D). When
co-expression of these markers was analyzed further, this

population was strictly limited to T-bet− cells (Figure S4C).
Together these data indicate while Mtb-specific TH1 cytokine
production is preserved in SM+ individuals with active TB, these
TH1 cytokine+ cells express higher levels of the canonical TH2
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FIGURE 4 | SM+ LTBI individuals have higher frequencies of TH1 cytokine+ Mtb-specific CD4T cells, which express both TH1 and TH2 lineage markers. PBMC

samples obtained from SM+ and SM− LTBI individuals were incubated for 18 h in media alone (negative control), PMA and ionomycin (positive control), or CFP-10 and

ESAT-6 peptide pools. Intracellular expression of IFN-γ, TNF-α, IL-4, and IL-13 was measured by flow cytometry. (A) Representative flow cytometry data from an SM+

individual. Plots are shown gated on live CD3+CD4+CD8− lymphocytes from the unstimulated and stimulated conditions. (B) Frequency of each subset of TH1

cytokine+ and TH2 cytokine+ CD4T cells (SM−, n = 24; SM+, n = 22). Data are shown after subtraction of background cytokine production in the unstimulated

negative control condition. (C) Samples meeting the criteria for a positive TH1 cytokine response (see Materials and Methods) were evaluated for expression of lineage

specific transcription factors and chemokine receptors by flow cytometry. The frequency of indicated transcription factor+ and chemokine receptor+ TH1 cytokine+

CD4T cells are reported (SM−, n = 16; SM+, n = 18). Boxes represent the median and interquartile ranges; whiskers represent the 1.5*IQR. Differences in the

frequency of each CD4T cell population between SM+ and SM− individuals were assessed using a Mann Whitney U-test.

markers GATA-3 and CCR4, compared with Mtb-specific CD4T
cells from SM− TB individuals.

SM Infection Does Not Significantly Impair
CD4T Cell Proliferative Capacity
To further evaluate the functional capacity of CD4T cells in
the setting of SM infection, we next performed a proliferation
assay. PBMC from each group were labeled with the cytosolic dye
Oregon Green (OG) and incubated for 5 days either with media
alone (negative control), SEB (positive control), or Mtb CFP-10
and ESAT-6 peptide pools. We then measured proliferation via
flow cytometry (Figure 6A). No significant differences in CD4T
cell proliferative capacity were observed following stimulation
with SEB between SM+ and SM− individuals in any of the Mtb
infection groups (Figure 6B).We next measured the proliferative
capacity of Mtb-specific CD4T cells in individuals with either
LTBI or active TB. There were no statistically significant
differences in CD4T cell proliferation following stimulation
with Mtb peptides between SM+ and SM− individuals in either
group; however, within the SM+ groups, TB individuals had

markedly lower proliferation in response to Mtb peptides than
LTBI individuals (Figure 6C), consistent with previous reports
of impaired Mtb-specific CD4T cell proliferative capacity in
individuals with active TB disease (52). These data indicate that
TB disease, but not SM infection status, impacts the ability of
CD4T cells to proliferate in response to Mtb peptides.

Proliferating CD4T Cells Express TH1 and
TH2 Lineage Markers in SM+ and SM−

LTBI Individuals
We next assessed the lineage state of CD4T cells that proliferate
in response to SEB and Mtb peptides. On day 5 of the
proliferation assay, PMA and ionomycin was added to OG-
labeled PBMCs for 5 h to induce cytokine expression, and the
cells evaluated by flow cytometry (Figures 7A and Figure S5A).
SEB stimulation induced proliferating CD4T cells with robust
cytokine production capacity, dominated by TH1 cytokines
IFNγ and TNFα. The frequencies of these cells did not differ
between SM+ and SM− individuals in any Mtb infection group
(Figure S5B). Proliferating CD4T cells were also evaluated
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FIGURE 5 | SM+ individuals with active TB disease have similar frequencies of TH1 cytokine+ Mtb-specific CD4T cells, but higher expression of GATA3 and CCR4,

compared with SM− TB patients. PBMC samples obtained from SM+ and SM− TB individuals were incubated for 18 h in media alone (negative control), PMA and

ionomycin (positive control), or CFP-10 and ESAT-6 peptide pools. Intracellular expression of IFN-γ, TNF-α, IL-4, and IL-13 was measured by flow cytometry.

(A) Representative flow cytometry data from an SM+ patient with active TB disease. Plots are shown gated on live CD3+CD4+CD8− lymphocytes from the

unstimulated and stimulated conditions. (B) Frequency of Mtb-specific CD4T cells producing each indicated cytokine (SM−, n = 25; SM+, n = 15). Data are shown

after subtraction of background cytokine production in the unstimulated negative control condition. (C,D) Samples meeting the criteria for a positive Mtb-specific TH1

cytokine response (see Materials and Methods) were evaluated for expression of lineage specific transcription factors and chemokine receptors by flow cytometry. The

frequency of Mtb-specific TH1 cytokine+ CD4T cells expressing the indicated transcription factor and chemokine receptor (C) as well as co-expressing cells (D) are

reported (SM−, n = 15; SM+, n = 9). Boxes represent the median and interquartile ranges; whiskers represent the 1.5*IQR. Differences in the frequency of each

CD4T cell population between SM+ and SM− individuals were assessed using a Mann Whitney U-test.

for their expression of T-bet, GATA3, CXCR3, and CCR4
(Figure S5C). After stimulation for 5 days with SEB, proliferating
CD4T cells expressed high levels of T-bet, GATA3, and CCR4.
The frequency of T-bet+ proliferating CD4T cells was higher
than the frequency of GATA3+ CD4T cells, whereas the
frequency of proliferating CCR4+ CD4T cells was higher than
the frequency of CXCR3+ CD4T cells (Figure S5C). None of
the markers differed in expression between SM+ and SM−

individuals. Together these data indicate that there are no
intrinsic differences in the lineage phenotypes of proliferating of
CD4T cells attributable to SM infection.

We then evaluated the expression of lineage specific cytokines
and phenotypic markers in proliferating Mtb-specific CD4T
cells (Figure 7A). Within the LTBI group, there were similar
frequencies of cytokine+ proliferating Mtb-specific CD4T cells
between SM− and SM+ individuals (Figure 7B). Boolean analysis

of cytokine+ CD4T cells indicated that proliferating Mtb-
specific CD4T cells were dominated by IFNγ

+TNFα+ cells
(Figure S6A). Proliferating Mtb-specific CD4T cells expressed
high levels of T-bet and moderate levels of GATA3 (Figure 7C).
There were also moderate frequencies of CXCR3+ and high
frequencies of CCR4+ proliferating cells. Expression of these
four markers was also measured utilizing a Boolean strategy.
Interestingly, in contrast to the overnight ICS assay where most
Mtb-specific cells were CXCR3+ and/or CCR4+ but negative
for transcription factors, a majority of proliferating Mtb-specific
CD4T cells expressed at least one transcription factor. There
was also a substantial fraction of cells that expressed both T-bet
and GATA3 (Figure S6B). These data indicate that while Mtb-
specific CD4T cells predominantly produce TH1 cytokines, they
are diverse with regards to their expression of TH1 and TH2
lineage markers.
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FIGURE 6 | Similar frequencies of CD4T cells proliferate in SM+ and SM− individuals independent of Mtb infection status. Proliferation assays were performed using

PBMC samples obtained from individuals in each of six groups defined by Mtb and SM infection status (HC SM−, n = 24; HC SM+, n = 13; LTBI SM−, n = 25; LTBI

SM+, n = 25; TB SM−, n = 25; TB SM+, n = 15). Cells were labeled with Oregon Green (OG) and incubated for 5 days under the following conditions: media alone

(negative control), SEB (positive control) or CFP-10 and ESAT-6 peptide pools. (A) Representative flow cytometry data from an SM+ individual with LTBI. Plots show

cells gated on live CD3+CD4+CD8− lymphocytes. (B,C) Frequency of OGlo (proliferating) CD4T cells to SEB and CFP-10 and ESAT-6 peptide pools. 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 CD4T cell population between SM+ and SM− individuals were assessed using a Mann Whitney U-test.

IFNγ Correlates More Strongly With Both
TH1 and TH2 Cytokines in SM+ Than SM−

LTBI Individuals
We next used a Luminex assay to measure cytokine production

in PBMC culture supernatants from the 5 days proliferation

assay. This allowed us to evaluate a broader range of cytokines,

representing multiple T helper subsets, than the ICS assay which
was limited to 3–4 cytokines. We collected supernatants on
day 5 following stimulation with Mtb CFP-10/ESAT-6 peptide

pools, just prior to the addition of PMA and ionomycin.

We then measured cytokines associated with TH1 (IFNγ,
TNFα), TH2 (IL-4, IL-13, IL-5), TH17 (IL-17A, IL-22), and
T-regulatory (IL-10) responses. All nine cytokines were produced
at comparable levels between SM+ and SM− individuals to Mtb
peptides (Figure 8A) as well as to SEB (data not shown).

We also performed correlation analysis to determine which
cytokines were most strongly associated with one another. We
separated this analysis by SM infection to further evaluate
whether SM infection modulates the relationship between
different cytokines produced in response to Mtb CFP-10/ESAT-
6 peptides. IL-5 did not correlate significantly with any other
cytokine, and IL-17A correlated significantly with IL-22, but
only in the SM+ group. The remaining cytokines all displayed
significant positive correlations with each other, many of which
differed between SM groups (Figure 8B). In particular, the
relationship of IL-10 and IFNγ to the remaining cytokines
differentiated these two groups. In SM− individuals, IL-10
correlated more strongly with IFNγ, IL-4, and IL-22, whereas
in SM+ individuals, IFNγ correlated more strongly with TNFα,
IL-4, IL-13, IL-21, and IL-22 (Figure 8B). Together, these
data suggest that while individual cytokine levels are similar
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FIGURE 7 | Proliferating Mtb-specific CD4T cells have equivalent expression of TH1 and TH2 cytokines and lineage markers in SM+ and SM− LTBI individuals.

PBMCs from the CFP-10 and ESAT-6 stimulated condition were restimulated on day 5 with PMA and ionomycin for 5 h to induce cytokine production. Samples

meeting the criteria for a positive proliferative response (see Materials and Methods) were evaluated for cytokine production and expression of lineage specific

transcription factors and chemokine receptors by flow cytometry (SM−, n = 10; SM+, n = 11). (A) Representative flow plots from an SM+ LTBI individual.

Unstimulated samples (upper) show cytokine production and phenotypes on cells gated on live CD3+CD4+CD8− lymphocytes. CFP-10/ESAT-6-stimulated samples

(lower) show cytokine production and phenotypes on cells gated on live OGloCD3+CD4+CD8− lymphocytes. (B) Frequency of TH1 cytokine+ and TH2 cytokine+

cells amongst proliferating CD4T cells. (C) Frequency of transcription factor+ and chemokine receptor+ cells amongst proliferating CD4T cells. Boxes represent the

median and interquartile ranges; whiskers represent the 1.5*IQR. Differences in the frequency of each CD4T cell population between SM+ and SM− individuals were

assessed using a Mann Whitney U-test.
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between SM+ and SM− individuals, SM infection modifies the
relationship between different cytokines produced in response to
Mtb peptide stimulation, particularly with regards to the TH1
cytokine IFNγ.

DISCUSSION

Infections with a variety of helminths have been shown to
dysregulate Mtb-specific CD4T cell immunity (19–21), however
a thorough analysis of CD4T cell lineage commitment during co-
infection with SM and Mtb in humans has not been conducted.
We hypothesized that SM infection would modulate the TH1 vs.
TH2 lineage profile of Mtb-specific CD4T cell responses. While
there are numerous CD4T cell subsets, we focused on TH1 and
TH2 cells because of their known associations with Mtb and
helminth infections, respectively. We found that TH1 cytokine
responses are preserved in both the total and Mtb-specific CD4T
cell compartment of SM+ and SM− individuals. Moreover, SM+

individuals with LTBI had significantly higher frequencies of
Th1 cytokine+ Mtb-specific CD4T cells, compared with SM−

individuals with LTBI. We also provide evidence that TH1
cytokine+ CD4T cells are flexible in their expression of lineage
markers irrespective of Mtb and SM infection status. Lastly we
found that SM modulates the lineage expression profile of TH1
cytokine+ CD4T cells in individuals with TB, but not LTBI.

Our data indicate that there are limited differences in the
TH1 and TH2 profiles of total CD4T cells attributable to SM
infection. We observed fewer circulating TH1 cells, defined as T-
bet+ CD4T cells, in SM+ healthy controls than in SM− healthy
controls. However, this difference was not observed in the LTBI
and TB groups, perhaps due to increased immune activation
in Mtb infected individuals at baseline (2, 53, 54). We also
observed higher frequencies of circulating CCR4+ CD4T cells in
SM+ TB individuals, consistent with a previous study indicating
elevated CCR4 expression on CD4T cells in individuals with
active TB (55). Although CCR4 is predominately expressed on
TH2 cells, it can be expressed on CD4T cell subsets other than
TH2 (56). Lastly, upon mitogen stimulation, the CD4T cell
cytokine profiles of SM+ and SM− individuals did not differ in
any of the three Mtb infection groups, thus providing further
evidence that SM does not globally dysregulate TH1 and TH2
CD4T cell subsets. Interestingly, there appeared to be a trend
toward differences in lineage specific phenotype byMtb infection
status, with CD4T cells from individuals with active TB having
generally lower Th1 cytokine production capacity (Figure 2)
and a trend toward higher expression of CCR4 and lower
expression of CXCR3 on Mtb-specific CD4T cells, compared
with indivdiuals with LTBI (Figures 4, 5). This suggests that
Mtb infection may have a dominant influence over SM infection
regarding TH1/TH2 phenotypes of CD4T cells in peripheral
blood. Further studies would need to be conducted to directly
evaluate TH lineage phenotype differences by Mtb infection and
disease status.

Our findings also provide strong evidence that CD4T cells
are flexible in their expression of lineage specific phenotypic
markers. We examined TH1 and TH2 cells, as defined by

cytokine production, for the expression of canonical TH1 and
TH2 transcription factors and chemokine receptors. T-bet and
GATA3 were almost exclusively expressed in TH1 cytokine+

and TH2 cytokine+ CD4T cells, respectively and therefore did
indeed stratify by functional CD4T cell subset. By contrast,
CXCR3 and CCR4 were expressed on both TH1 cytokine+ and
TH2 cytokine+ CD4T cells. In addition, while TH2 cytokine+

CD4T cells were predominantly GATA3+ and/or CCR4+, TH1
cytokine+ CD4T cells were often T-bet− and/or CXCR3−. Taken
together, this suggests that defining CD4T cell subsets based
on either function or phenotype is not sufficient and does
not capture the full variability of these cells. Importantly, this
variability is not explained by different immune states of the
host since this phenomenon is not different between SM+ and
SM− individuals, nor between Mtb infection groups. There is
growing appreciation that CD4T cells do not strictly segregate
into classical CD4T cell subsets. Indeed, numerous studies in
humans have observed co-production of cytokines as well as
co-expression of transcription factors from multiple CD4T cell
lineages at the single cell level (23, 57–61). In many cases,
these intermediate cells are associated with differential disease
states. Our data supports the concept of CD4T cell plasticity in
humans, however the functional impact of this plasticity requires
further study.

Importantly, lineage diversity was observed in Mtb-specific
CD4T cell responses in both LTBI and TB groups. Both groups
had TH1 cytokine+ Mtb-specific CD4T cells that expressed not
only TH1 but also TH2 lineage markers. Although there was a
bias toward T-bet+ cells in the overnight assay, GATA3+ cells
were also detected in the Mtb-specific CD4T cell repertoire.
Furthermore, in both SM+ and SM− individuals in the LTBI
group, proliferating Mtb-specific CD4T cells expressed both
TH1 and TH2 markers and expressed TH1 cytokines upon
restimulation with PMA and ionomycin. This is consistent with
previous studies which have reported of co-expression of lineage-
specific transcription factors and transcriptional profiles in Mtb-
specific CD4T cells (23, 60, 62). Due to the low frequency ofMtb-
specific proliferating CD4T cells in TB group, consistent with
previous reports (52), we were not able to evaluate TH1 and TH2
profiles of proliferating Mtb-specific CD4T cells in individuals
with active TB.

Our data also indicate that the impact of SM infection on
Mtb-specific CD4T cells is dependent on the Mtb infection
status of the individual. Contrary to our initial hypothesis, we
found that SM+ LTBI individuals had higher frequencies of Mtb-
specific TH1 cytokine producing CD4T cells than SM− LTBI
individuals. This difference was due to a subset of cells co-
producing both TNFα and IFNγ, indicating that SM infection
is associated with higher levels of polyfunctional TH1 cells. This
differs from studies of co-infection with filarial worms and soil-
transmitted helminths, which have reported lower Mtb-specific
TH1 cytokine production and lower frequencies of Mtb-specific
TH1 cytokine+ CD4T cells in LTBI individuals (18–21). These
differences may be due to differences in the life cycles of the
worms, especially considering that the lung migrating stage of
SM is TH1 stimulating (31). Amongst TB individuals, however,
SM+ and SM− individuals did not differ in the frequency of
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FIGURE 8 | IFNγ is more strongly correlated with the production of additional cytokines in SM+ than in SM− LTBI individuals. Supernatants were collected from

PBMCs incubated for 5 days under the following conditions: media alone (negative control) or CFP-10 and ESAT-6 peptide pools. (A) Levels of each cytokine were

quantified by Luminex (SM−, n = 22; SM+, n = 22). Data are shown after background subtraction of the respective cytokine in the negative control condition. Boxes

represent the median and interquartile ranges; whiskers represent the 1.5*IQR. Differences in the amount of each cytokine between SM+ and SM− individuals were

assessed using a Mann Whitney U-test. (B) Correlogram plots of each cytokine, separated by SM infection status. Correlations were evaluated using a

non-parametric Spearman rank correlation. Positive correlations are displayed in blue and negative correlations in red. Color intensity and the size of the circle are

proportional to the correlation coefficients. Cytokines within each plot were ordered using the centroid method of hierarchical clustering within the SM− data. This

order was then applied to the SM+ data. ***p < 0.001; **p < 0.01; *p < 0.05.

Mtb-specific TH1 cytokine+ cells. Again this is in contrast to
most published studies which report lower TH1 responses in
active TB individuals co-infected with either filarial worms or
soil-transmitted helminths (15, 21). Interestingly, SM+ active TB
individuals did have more GATA3+CCR4+ TH1 cytokine+ Mtb-
specific cells than SM− active TB individuals. This is consistent
with a recent study in Tanzania which reported mixed TH1/TH2
phenotypes in Mtb-specific CD4T cells in individuals with active
TB and helminth coinfection, although the participants in this
study were not stratified by helminth species (23). It is difficult
to determine whether this is due to TH1 cytokine+ cells being
skewed to a TH2 phenotype or whether phenotypically TH2
cells are being reprogrammed to produce TH1 cytokines. It has
been shown that environmental cues can override programing
inherent to lineage specific transcription factors thus providing
immunity as needed (63).

The interpretation of our results is limited by cross-sectional
enrollment with quota-based sampling. The order of SM and
Mtb infection in these individuals may play a role in how

CD4T cells are polarized and respond to subsequent stimuli,
although we are not able to confirm that order of SM and
Mtb infection in our study cohorts. Infection with SM has been
observed in children as young as 3 years old and reaches a
prevalence rate of 60% in children 11–13 years old (64, 65).
Mass Drug Administration to treat SM infection in school-aged
children in Kenya has been successful in reducing prevalence
and intensity of SM infection, however reinfection still readily
occurs (66). Furthermore, individuals defined as negative for SM
infection may have had a previous SM infection are therefore
not necessarily SM naïve. This may account for the lack of TH2
cytokine bias observed in the total CD4T cell population. In
addition, while we were able to exclude participants infected with
soil transmitted helminths, we did not test for current filarial
infections in our study cohort. Although lymphatic filariasis is
not endemic in western Kenya (11), other filarial infections have
been shown to modulate host immunity (67, 68) and could also
influence TH1 vs. TH2 cell differentiation profiles ofMtb-specific
CD4T cell responses. Another limitation of our enrollment

Frontiers in Immunology | www.frontiersin.org 14 February 2020 | Volume 11 | Article 127

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


McLaughlin et al. Lineage Commitment of Mtb-Specific CD4T Cells

design is the inability to compare CD4T cell profiles in
SM+ individuals before and after treatment for schistosomiasis.
Studies in which individuals were treated for helminth infections
have reported increased levels of Mtb-specific chemokines and
cytokines following treatment (14, 16, 18, 22). Our analysis was
also confined to CD4T cells specific to the Mtb antigens CFP-10
and ESAT-6, which are immunodominant Mtb antigens known
to elicit robust IFNγ responses (69). CD4T cell responses to
other antigens in Mtb may have different cytokine profiles and
may be more or less malleable to a TH2 stimulus such as a
helminth co-infection. Futhermore, our analysis was limited to
evaluation of CD4T cells circulating in peripheral blood. It is
possible that there is more pronounced TH2 skewing of CD4T
cells at the site of Mtb infection in the lung, which has been
observed in mice co-infected with Mtb and SM (32). Lastly,
by using flow cytometry to evaluate CD4T cell lineage profiles,
we were limited to specific markers for TH1 and TH2 lineage
commitment. Future studies, using RNA-sequencing of Mtb-
specific CD4T cells can provide more comprehensive analysis
of the Mtb-specific CD4T cell repertoire including additional
CD4T cell subsets and functions.

The environment in which immune cells function is vast,
diverse and constantly changing. It is of critical importance
that CD4T cells, which orchestrate the immune response to
pathogens, commensals, and self, be able to interpret mixed
signals and initiate the responses required for survival of the
host. Furthermore, they must be able to flexibly respond to
changes in the environment, whether they be competing stimuli,
changes in antigen load, or changes in tissue structure. We
provide evidence that while infection with SM can skew the
phenotype of CD4T cells under certain conditions, it does not
compromise the ability of CD4T cells to mount a functional TH1
response to Mtb. Furthermore, the impact of SM on functional
TH1 responses to Mtb depends on the clinical status of the
Mtb infection, with co-infected LTBI individuals actually having
higher Mtb-specific TH1 cytokine responses than those with
LTBI alone. When considering that pathogens such as Mtb and
SM are co-endemic in many areas of the world, this flexibility
in the immune system is highly advantageous to the host in
being able to mount immune responses to multiple different
pathogens simultaneously.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by KEMRI/CDC Scientific and Ethics Review
Unit and Emory University Institutional Review Board. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

CD and TM contributed conception and design of the
study, contributed to data interpretation, statistical analyses,
and drafted the manuscript. TM, JK, JO, and JT performed
experimental work. CD, TM, SG, FO, SA, AC, and NG
contributed to execution and oversight of experimental work,
participant recruitment and enrollment, and study database
management. All authors approved the final manuscript.

FUNDING

This study was supported by grants to CD from the National
Institute of Allergy and Infectious Diseases at the National
Institutes of Health (5R01AI111948 and U19AI111211). NG
was supported by grants from the National Institute of Allergy
and Infectious Diseases at the National Institutes of Health
(K24AI114444, U19AI111211).

ACKNOWLEDGMENTS

We thank Dr. Kevin Cain for advice on the recruitment and
enrollment of study participants with Mtb infection and TB
disease in Kisumu, Kenya. We also thank Dr. Evan Secor for
advice on testing and interpretation of helminth infections in
study participants.We thank Loren Sasser for providing technical
expertise in the flow cytometry and Luminex assays. We thank
Dr. Greg Finak for his guidance in utilizing the MIMOSA
package. We thank many additional members of the Kenya
Medical Research Institute (KEMRI)/Centers for Disease Control
and Prevention (CDC) team who helped with enrollment and
evaluation of participants, and the participants themselves.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2020.00127/full#supplementary-material

REFERENCES

1. WHO.Global Tuberculosis Report 2018. Available online at: https://www.who.

int/tb/publications/global_report/en/ (accessed September 16, 2019).

2. Lin PL, Flynn JL. The end of the binary era: revisiting the spectrum

of tuberculosis. J Immunol. (2018) 201:2541–8. doi: 10.4049/jimmunol.

1800993

3. Lin PL, Rutledge T, Green AM, Bigbee M, Fuhrman C, Klein E, et al.

CD4T cell depletion exacerbates acute Mycobacterium tuberculosis while

reactivation of latent infection is dependent on severity of tissue depletion

in cynomolgus macaques. AIDS Res Hum Retroviruses. (2012) 28:1693–702.

doi: 10.1089/aid.2012.0028

4. Chamie G, Luetkemeyer A, Walusimbi-Nanteza M, Okwera A, Whalen

CC, Havlir DV, et al. Significant variation in presentation of pulmonary

tuberculosis across a high resolution of CD4 strata. Int J Tuberc Lung Dis.

(2010) 14:1295–302.

5. Mogues T, Goodrich ME, Ryan L, LaCourse R, North RJ. The relative

importance of T cell subsets in immunity and immunopathology of airborne

Mycobacterium tuberculosis infection in mice. J Exp Med. (2001) 193:271–80.

doi: 10.1084/jem.193.3.271

Frontiers in Immunology | www.frontiersin.org 15 February 2020 | Volume 11 | Article 127

https://www.frontiersin.org/articles/10.3389/fimmu.2020.00127/full#supplementary-material
https://www.who.int/tb/publications/global_report/en/
https://www.who.int/tb/publications/global_report/en/
https://doi.org/10.4049/jimmunol.1800993
https://doi.org/10.1089/aid.2012.0028
https://doi.org/10.1084/jem.193.3.271
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


McLaughlin et al. Lineage Commitment of Mtb-Specific CD4T Cells

6. Cooper AM. Cell-mediated immune responses in tuberculosis. Annu Rev

Immunol. (2009) 27:393–422. doi: 10.1146/annurev.immunol.021908.132703

7. Ernst JD. The immunological life cycle of tuberculosis. Nat Rev Immunol.

(2012) 12:581–91. doi: 10.1038/nri3259

8. Maizels RM, Smits HH, McSorley HJ. Modulation of host immunity by

helminths: the expanding repertoire of parasite effector molecules. Immunity.

(2018) 49:801–18. doi: 10.1016/j.immuni.2018.10.016

9. Maizels RM, McSorley HJ. Regulation of the host immune system

by helminth parasites. J Allergy Clin Immunol. (2016) 138:666–75.

doi: 10.1016/j.jaci.2016.07.007

10. Maizels RM, Yazdanbakhsh M. Immune regulation by helminth parasites:

cellular and molecular mechanisms. Nat Rev Immunol. (2003) 3:733–44.

doi: 10.1038/nri1183

11. Brooker S, Hotez PJ, Bundy DAP. The global atlas of helminth infection:

mapping the way forward in neglected tropical disease control. PLoSNegl Trop

Dis. (2010) 4:e779. doi: 10.1371/journal.pntd.0000779

12. Salgame P, Yap GS, Gause WC. Effect of helminth-induced immunity

on infections with microbial pathogens. Nat Immunol. (2013) 14:1118–26.

doi: 10.1038/ni.2736

13. Anuradha R, Munisankar S, Bhootra Y, Dolla C, Kumaran P, Nutman TB,

et al. Modulation of Mycobacterium tuberculosis-specific humoral immune

responses is associated with Strongyloides stercoralis co-infection. PLoS Negl

Trop Dis. (2017) 11:e0005569. doi: 10.1371/journal.pntd.0005569

14. Babu S, Bhat SQ, Kumar NP, Anuradha R, Kumaran P, Gopi PG,

et al. Attenuation of toll-like receptor expression and function in

latent tuberculosis by coexistent filarial infection with restoration

following antifilarial chemotherapy. PLoS Negl Trop Dis. (2009) 3:e489.

doi: 10.1371/journal.pntd.0000489

15. George PJ, Anuradha R, Kumar NP, Sridhar R, Banurekha VV, Nutman TB,

et al. Helminth infections coincident with active pulmonary tuberculosis

inhibit mono- and multifunctional CD4+ and CD8+ T cell responses

in a process dependent on IL-10. PLoS Pathog. (2014) 10:e1004375.

doi: 10.1371/journal.ppat.1004375

16. Rajamanickam A, Munisankar S, Bhootra Y, Dolla CK, Nutman TB, Babu

S. Coexistent helminth infection–mediated modulation of chemokine

responses in latent tuberculosis. J Immunol. (2019) 202:1494–1500.

doi: 10.4049/jimmunol.1801190

17. Resende Co T, Hirsch CS, Toossi Z, Dietze R, Ribeiro-Rodrigues R. Intestinal

helminth co-infection has a negative impact on both anti-Mycobacterium

tuberculosis. immunity and clinical response to tuberculosis therapy. Clin Exp

Immunol. (2006) 147:45–52. doi: 10.1111/j.1365-2249.2006.03247.x

18. Anuradha R, Munisankar S, Bhootra Y, Dolla C, Kumaran P, Nutman

TB, et al. Anthelmintic therapy modifies the systemic and mycobacterial

antigen-stimulated cytokine profile in helminth-latent Mycobacterium

tuberculosis coinfection. Infect Immun. (2017) 85:e00973–16. doi: 10.1128/IAI.

00973-16

19. Babu S, Bhat SQ, Kumar NP, Jayantasri S, Rukmani S, Kumaran P, et al.

Human type 1 and 17 responses in latent tuberculosis are modulated by

coincident filarial infection through cytotoxic T lymphocyte antigen−4 and

programmed death−1. J Infect Dis. (2009) 200:288–98. doi: 10.1086/599797

20. George PJ, Anuradha R, Kumaran PP, Chandrasekaran V, Nutman TB,

Babu S. Modulation of mycobacterial-specific Th1 and Th17 cells in latent

tuberculosis by coincident hookworm infection. J Immunol. (2013) 190:5161–

8. doi: 10.4049/jimmunol.1203311

21. George PJ, Pavan Kumar N, Jaganathan J, Dolla C, Kumaran P, Nair D, et al.

Modulation of pro- and anti-inflammatory cytokines in active and latent

tuberculosis by coexistent Strongyloides stercoralis infection. Tuberculosis.

(2015) 95:822–8. doi: 10.1016/j.tube.2015.09.009

22. Toulza F, Tsang L, Ottenhoff THM, Brown M, Dockrell HM. Mycobacterium

tuberculosis-specific CD4+ T-cell response is increased, and Treg cells

decreased, in anthelmintic-treated patients with latent TB: immunity to

infection. Eur J Immunol. (2016) 46:752–61. doi: 10.1002/eji.201545843

23. Amelio P, Portevin D, Reither K, Mhimbira F, Mpina M, Tumbo A, et al.

Mixed Th1 and Th2Mycobacterium tuberculosis-specific CD4T cell responses

in patients with active pulmonary tuberculosis from Tanzania. PLoS Negl Trop

Dis. (2017) 11:e0005817. doi: 10.1371/journal.pntd.0005817

24. Chatterjee S, Kolappan C, Subramani R, Gopi PG, Chandrasekaran V, FayMP,

et al. Incidence of active pulmonary tuberculosis in patients with coincident

filarial and/or intestinal helminth infections followed longitudinally in South

India. PLoS ONE. (2014) 9:e94603. doi: 10.1371/journal.pone.0094603

25. O’Shea MK, Fletcher TE, Muller J, Tanner R, Matsumiya M, Bailey JW, et al.

Human hookworm infection enhances mycobacterial growth inhibition and

associates with reduced risk of tuberculosis infection. Front Immunol. (2018)

9:2893. doi: 10.3389/fimmu.2018.02893

26. Taghipour A, Mosadegh M, Kheirollahzadeh F, Olfatifar M, Safari H, Nasiri

MJ, et al. Are intestinal helminths playing a positive role in tuberculosis

risk? A systematic review and meta-analysis. PLoS ONE. (2019) 14:e0223722.

doi: 10.1371/journal.pone.0223722

27. WHO. Schistosomiasis: Progress Report 2001–2011, Strategic Plan 2012–2020.

WHO. Available online at: http://www.who.int/schistosomiasis/resources/

9789241503174/en/ (accessed June 14, 2019).

28. Hotez PJ, Brindley PJ, Bethony JM, King CH, Pearce EJ, Jacobson J. Helminth

infections: the great neglected tropical diseases. J Clin Invest. (2008) 118:1311–

21. doi: 10.1172/JCI34261

29. van der Werf MJ, de Vlas SJ, Brooker S, Looman CWN, Nagelkerke NJD,

Habbema JDF, et al. Quantification of clinical morbidity associated with

schistosome infection in sub-Saharan Africa. Acta Tropica. (2003) 86:125–39.

doi: 10.1016/S0001-706X(03)00029-9

30. NelwanML. Schistosomiasis: life cycle, diagnosis, and control.Curr Therapeut

Res. (2019) 91:5–9. doi: 10.1016/j.curtheres.2019.06.001

31. Pearce EJ, MacDonald AS. The immunobiology of schistosomiasis. Nat Rev

Immunol. (2002) 2:499–511. doi: 10.1038/nri843

32. Monin L, Griffiths KL, Lam WY, Gopal R, Kang DD, Ahmed M,

et al. Helminth-induced arginase-1 exacerbates lung inflammation and

disease severity in tuberculosis. J Clin Invest. (2015) 125:4699–713.

doi: 10.1172/JCI77378

33. Ayash-Rashkovsky M, Weisman Z, Zlotnikov S, Raz E, Bentwich Z,

Borkow G. Induction of antigen-specific Th1-biased immune responses by

plasmid DNA in schistosoma-infected mice with a preexistent dominant

Th2 immune profile. Biochem Biophys Res Commun. (2001) 282:1169–76.

doi: 10.1006/bbrc.2001.4698

34. Frantz FG, Rosada RS, Peres-Buzalaf C, Perusso FRT, Rodrigues V, Ramos

SG, et al. Helminth coinfection does not affect therapeutic effect of a DNA

vaccine in mice harboring tuberculosis. PLoS Negl Trop Dis. (2010) 4:e700.

doi: 10.1371/journal.pntd.0000700

35. Elias D, Akuffo H, Pawlowski A, Haile M, Schön T, Britton S. Schistosoma

mansoni infection reduces the protective efficacy of BCG vaccination

against virulent Mycobacterium tuberculosis. Vaccine. (2005) 23:1326–34.

doi: 10.1016/j.vaccine.2004.09.038

36. Elias D, Akuffo H, Thors C, Pawlowski A, Britton S. Low dose chronic

Schistosoma mansoni infection increases susceptibility to Mycobacterium

bovis BCG infection in mice. Clin Exp Immunol. (2005) 139:398–404.

doi: 10.1111/j.1365-2249.2004.02719.x

37. Wajja A, Kizito D, Nassanga B, Nalwoga A, Kabagenyi J, Kimuda

S, et al. The effect of current Schistosoma mansoni infection on the

immunogenicity of a candidate TB vaccine, MVA85A, in BCG-vaccinated

adolescents: an open-label trial. PLoS Negl Trop Dis. (2017) 11:e0005440.

doi: 10.1371/journal.pntd.0005440

38. DiNardo AR, Mace EM, Lesteberg K, Cirillo JD, Mandalakas AM, Graviss

EA, et al. Schistosome soluble egg antigen decreases Mycobacterium

tuberculosis–specific CD4+ T-cell effector function with concomitant arrest

of macrophage phago-lysosome maturation. J Infect Dis. (2016) 214:479–88.

doi: 10.1093/infdis/jiw156

39. Aira N, Andersson A-M, Singh SK, McKay DM, Blomgran R. Species

dependent impact of helminth-derived antigens on human macrophages

infected with Mycobacterium tuberculosis: direct effect on the innate

anti-mycobacterial response. PLoS Negl Trop Dis. (2017) 11:e0005390.

doi: 10.1371/journal.pntd.0005390

40. Grogan JL, Mohrs M, Harmon B, Lacy DA, Sedat JW, Locksley

RM. Early transcription and silencing of cytokine genes underlie

polarization of T helper cell subsets. Immunity. (2001) 14:205–15.

doi: 10.1016/S1074-7613(01)00103-0

41. Rivino L, Messi M, Jarrossay D, Lanzavecchia A, Sallusto F, Geginat J.

Chemokine receptor expression identifies Pre–T helper (Th)1, Pre–Th2, and

non-polarized cells among human CD4 + central memory T cells. J Exp Med.

(2004) 200:725–35. doi: 10.1084/jem.20040774

Frontiers in Immunology | www.frontiersin.org 16 February 2020 | Volume 11 | Article 127

https://doi.org/10.1146/annurev.immunol.021908.132703
https://doi.org/10.1038/nri3259
https://doi.org/10.1016/j.immuni.2018.10.016
https://doi.org/10.1016/j.jaci.2016.07.007
https://doi.org/10.1038/nri1183
https://doi.org/10.1371/journal.pntd.0000779
https://doi.org/10.1038/ni.2736
https://doi.org/10.1371/journal.pntd.0005569
https://doi.org/10.1371/journal.pntd.0000489
https://doi.org/10.1371/journal.ppat.1004375
https://doi.org/10.4049/jimmunol.1801190
https://doi.org/10.1111/j.1365-2249.2006.03247.x
https://doi.org/10.1128/IAI.00973-16
https://doi.org/10.1086/599797
https://doi.org/10.4049/jimmunol.1203311
https://doi.org/10.1016/j.tube.2015.09.009
https://doi.org/10.1002/eji.201545843
https://doi.org/10.1371/journal.pntd.0005817
https://doi.org/10.1371/journal.pone.0094603
https://doi.org/10.3389/fimmu.2018.02893
https://doi.org/10.1371/journal.pone.0223722
http://www.who.int/schistosomiasis/resources/9789241503174/en/
http://www.who.int/schistosomiasis/resources/9789241503174/en/
https://doi.org/10.1172/JCI34261
https://doi.org/10.1016/S0001-706X(03)00029-9
https://doi.org/10.1016/j.curtheres.2019.06.001
https://doi.org/10.1038/nri843
https://doi.org/10.1172/JCI77378
https://doi.org/10.1006/bbrc.2001.4698
https://doi.org/10.1371/journal.pntd.0000700
https://doi.org/10.1016/j.vaccine.2004.09.038
https://doi.org/10.1111/j.1365-2249.2004.02719.x
https://doi.org/10.1371/journal.pntd.0005440
https://doi.org/10.1093/infdis/jiw156
https://doi.org/10.1371/journal.pntd.0005390
https://doi.org/10.1016/S1074-7613(01)00103-0
https://doi.org/10.1084/jem.20040774
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


McLaughlin et al. Lineage Commitment of Mtb-Specific CD4T Cells

42. Sallusto F, Lenig D, Mackay CR, Lanzavecchia A. Flexible programs of

chemokine receptor expression on human polarized T helper 1 and 2

lymphocytes. J Exp Med. (1998) 187:875–83. doi: 10.1084/jem.187.6.875

43. Geginat J, Paroni M, Maglie S, Alfen JS, Kastirr I, Gruarin P, et al.

Plasticity of human CD4T cell subsets. Front Immunol. (2014) 5:630.

doi: 10.3389/fimmu.2014.00630

44. Murphy KM, Stockinger B. Effector T cell plasticity: flexibility in

the face of changing circumstances. Nat Immunol. (2010) 11:674–80.

doi: 10.1038/ni.1899

45. O’Shea JJ, Paul WE. Mechanisms underlying lineage commitment

and plasticity of helper CD4+ T cells. Science. (2010) 327:1098–102.

doi: 10.1126/science.1178334

46. Zhou L, Chong MMW, Littman DR. Plasticity of CD4+

T cell lineage differentiation. Immunity. (2009) 30:646–55.

doi: 10.1016/j.immuni.2009.05.001

47. Barham MS, Abrahams DA, Khayumbi J, Ongalo J, Tonui J, Campbell A,

et al. HIV infection is associated with downregulation of BTLA expression on

Mycobacterium tuberculosis-specific CD4T cells in active tuberculosis disease.

Front Immunol. (2019) 10:1983. doi: 10.3389/fimmu.2019.01983

48. Zwerling A, Behr MA, Verma A, Brewer TF, Menzies D, Pai M. The BCG

world atlas: a database of global BCG vaccination policies and practices. PLoS

Med. (2011) 8:e1001012. doi: 10.1371/journal.pmed.1001012

49. WHO UNICEF coverage estimates WHO World Health Organization:

Immunization, Vaccines And Biologicals. Vaccine Preventable Diseases

Vaccines Monitoring System 2019 Global Summary Reference Time Series:

BCG. Available online at: https://apps.who.int/immunization_monitoring/

globalsummary/timeseries/tswucoveragebcg.html (accessed December 27,

2019).

50. Lahm H-W, Stein S. Characterization of recombinant human

interleukin-2 with micromethods. J Chromatogr. (1985) 326:357–61.

doi: 10.1016/S0021-9673(01)87461-6

51. Finak G, McDavid A, Chattopadhyay P, Dominguez M, De Rosa S, Roederer

M, et al. Mixture models for single-cell assays with applications to vaccine

studies. Biostatistics. (2014) 15:87–101. doi: 10.1093/biostatistics/kxt024

52. Day CL, Abrahams DA, Lerumo L, Janse van Rensburg E, Stone L, O’rie

T, et al. Functional capacity of Mycobacterium tuberculosis-specific T cell

responses in humans is associated with mycobacterial load. J Immunol. (2011)

187:2222–32. doi: 10.4049/jimmunol.1101122

53. Pai M, Behr MA, Dowdy D, Dheda K, Divangahi M, Boehme CC, et al.

Tuberculosis. Nat Rev Dis Primers. (2016) 2:16076. doi: 10.1038/nrdp.2016.76

54. Walzl G, Ronacher K, Hanekom W, Scriba TJ, Zumla A. Immunological

biomarkers of tuberculosis. Nat Rev Immunol. (2011) 11:343–54.

doi: 10.1038/nri2960

55. Latorre I, Fernández-Sanmartín MA, Muriel-Moreno B, Villar-Hernández

R, Vila S, Souza-Galvão MLD, et al. Study of CD27 and CCR4 markers on

specific CD4+ T-cells as immune tools for active and latent tuberculosis

management. Front Immunol. (2019) 9:3094. doi: 10.3389/fimmu.2018.

03094

56. Kim CH, Rott L, Kunkel EJ, Genovese MC, Andrew DP, Wu L, et al. Rules of

chemokine receptor association with T cell polarization in vivo. J Clin Invest.

(2001) 108:1331–9. doi: 10.1172/JCI13543

57. Kaiser Y, Lepzien R, Kullberg S, Eklund A, Smed-Sörensen A, Grunewald

J. Expanded lung T-bet+ RORγT+ CD4+ T-cells in sarcoidosis patients

with a favourable disease phenotype. Eur Respir J. (2016) 48:484–94.

doi: 10.1183/13993003.00092-2016

58. Malmhäll C, Bossios A, Rådinger M, Sjöstrand M, Lu Y, Lundbäck B,

et al. Immunophenotyping of circulating T helper cells argues for multiple

functions and plasticity of T cells in vivo in humans—possible role in asthma.

PLoS ONE. (2012) 7:e40012. doi: 10.1371/journal.pone.0040012

59. McClymont SA, Putnam AL, Lee MR, Esensten JH, Liu W, Hulme

MA, et al. Plasticity of human regulatory T cells in healthy subjects

and patients with type 1 diabetes. J Immunol. (2011) 186:3918–26.

doi: 10.4049/jimmunol.1003099

60. Riou C, Strickland N, Soares AP, Corleis B, Kwon DS, Wherry EJ, et al.

HIV skews the lineage-defining transcriptional profile of Mycobacterium

tuberculosis–specific CD4+ T cells. J Immunol. (2016) 196:3006–18.

doi: 10.4049/jimmunol.1502094

61. Ueno A, Jijon H, Chan R, Ford K, Hirota C, Kaplan GG, et al.

Increased prevalence of circulating novel IL-17 secreting Foxp3 expressing

CD4+ T cells and defective suppressive function of circulating Foxp3+

regulatory cells support plasticity between Th17 and regulatory T cells in

inflammatory bowel disease patients. Inflam Bowel Dis. (2013) 19:2522–34.

doi: 10.1097/MIB.0b013e3182a85709

62. Arlehamn CL, Seumois G, Gerasimova A, Huang C, Fu Z, Yue X,

et al. Transcriptional profile of tuberculosis antigen–specific T cells

reveals novel multifunctional features. J Immunol. (2014) 193:2931–40.

doi: 10.4049/jimmunol.1401151

63. Hegazy AN, Peine M, Helmstetter C, Panse I, Fröhlich A, Bergthaler A, et al.

Interferons direct Th2 cell reprogramming to generate a stable GATA-3+T-

bet+ cell subset with combined Th2 and Th1 cell functions. Immunity. (2010)

32:116–28. doi: 10.1016/j.immuni.2009.12.004

64. Odiere MR, Rawago FO, Ombok M, Secor WE, Karanja DM, Mwinzi

PN, et al. High prevalence of schistosomiasis in Mbita and its adjacent

islands of Lake Victoria, western Kenya. Parasites Vectors. (2012) 5:278.

doi: 10.1186/1756-3305-5-278

65. Sakari SSW, Mbugua AK, Mkoji GM. Prevalence of soil-transmitted

helminthiases and schistosomiasis in preschool age children in Mwea

division, Kirinyaga South District, Kirinyaga County, and their potential effect

on physical growth. J Trop Med. (2017) 2017:1–12. doi: 10.1155/2017/10

13802

66. Mwandawiro C, Okoyo C, Kihara J, Simiyu E, Kepha S, Campbell SJ, et al.

Results of a national school-based deworming programme on soil-transmitted

helminths infections and schistosomiasis in Kenya: 2012–2017. Parasites

Vectors. (2019) 12:76. doi: 10.1186/s13071-019-3322-1

67. Metenou S, Babu S, Nutman TB. Impact of filarial infections on

coincident intracellular pathogens: Mycobacterium tuberculosis and

Plasmodium falciparum. Curr Opin HIV AIDS. (2012) 7:231–8.

doi: 10.1097/COH.0b013e3283522c3d

68. Babu S, Nutman TB. Helminth-tuberculosis co-infection: an immunologic

perspective. Trends Immunol. (2016) 37:597–607. doi: 10.1016/j.it.2016.07.005

69. Arend SM, Geluk A, van Meijgaarden KE, van Dissel JT, Theisen M,

Andersen P, et al. Antigenic equivalence of human T-cell responses to

Mycobacterium tuberculosis-specific RD1-encoded protein antigens ESAT-6

and culture filtrate protein 10 and to mixtures of synthetic peptides. Infect

Immun. (2000) 68:3314–21. doi: 10.1128/IAI.68.6.3314-3321.2000

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 McLaughlin, Khayumbi, Ongalo, Tonui, Campbell, Allana,

Gurrion Ouma, Odhiambo, Gandhi and Day. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 17 February 2020 | Volume 11 | Article 127

https://doi.org/10.1084/jem.187.6.875
https://doi.org/10.3389/fimmu.2014.00630
https://doi.org/10.1038/ni.1899
https://doi.org/10.1126/science.1178334
https://doi.org/10.1016/j.immuni.2009.05.001
https://doi.org/10.3389/fimmu.2019.01983
https://doi.org/10.1371/journal.pmed.1001012
https://apps.who.int/immunization_monitoring/globalsummary/timeseries/tswucoveragebcg.html
https://apps.who.int/immunization_monitoring/globalsummary/timeseries/tswucoveragebcg.html
https://doi.org/10.1016/S0021-9673(01)87461-6
https://doi.org/10.1093/biostatistics/kxt024
https://doi.org/10.4049/jimmunol.1101122
https://doi.org/10.1038/nrdp.2016.76
https://doi.org/10.1038/nri2960
https://doi.org/10.3389/fimmu.2018.03094
https://doi.org/10.1172/JCI13543
https://doi.org/10.1183/13993003.00092-2016
https://doi.org/10.1371/journal.pone.0040012
https://doi.org/10.4049/jimmunol.1003099
https://doi.org/10.4049/jimmunol.1502094
https://doi.org/10.1097/MIB.0b013e3182a85709
https://doi.org/10.4049/jimmunol.1401151
https://doi.org/10.1016/j.immuni.2009.12.004
https://doi.org/10.1186/1756-3305-5-278
https://doi.org/10.1155/2017/1013802
https://doi.org/10.1186/s13071-019-3322-1
https://doi.org/10.1097/COH.0b013e3283522c3d
https://doi.org/10.1016/j.it.2016.07.005
https://doi.org/10.1128/IAI.68.6.3314-3321.2000
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	CD4T Cells in Mycobacterium tuberculosis and Schistosoma mansoni Co-infected Individuals Maintain Functional TH1 Responses
	Introduction
	Materials and Methods
	Study Population and Sample Collection
	Ethics Statement
	Antigens
	Antibodies
	PBMC Overnight Intracellular Cytokine Staining (ICS) Assay
	PBMC Proliferation Assay
	Antibody Staining for Flow Cytometry
	Luminex
	Data Analysis
	Statistical Analysis

	Results
	Study Participants
	Similar Frequencies of CD4T Cells Express TH1 and TH2 Lineage Markers in SM+ and SM- Individuals Independent of Mtb Infection Status
	SM Infection Does Not Bias the Capacity of CD4T Cells to Produce TH1 and TH2 Cytokines
	TH1 Cytokine+ CD4T Cells Express Low to Moderate Levels of TH1 Lineage Markers While TH2 cytokine+ CD4T Cells Express High Levels of TH2 Lineage Markers Independent of SM and Mtb Infection Status
	LTBI Individuals Co-infected With SM Have Higher Frequencies of TH1 Cytokine+ Mtb-Specific CD4T Cells, Compared With SM- Individuals With LTBI
	Individuals With Active TB Disease and SM Co-infection Have Higher Frequ encies of GATA3+CCR4+ TH1 Cytokine+ Mtb-Specific CD4T Cells
	SM Infection Does Not Significantly Impair CD4T Cell Proliferative Capacity
	Proliferating CD4T Cells Express TH1 and TH2 Lineage Markers in SM+ and SM- LTBI Individuals
	IFNγ Correlates More Strongly With Both TH1 and TH2 Cytokines in SM+ Than SM- LTBI Individuals

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


