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Abstract

Background

Like other helminths, hookworms (HW) induce a regulatory immune response able to modu-
late and dampen reactivity of the host to antigens. No data about the evolution of the
immune response after treatment are available. We aim to phenotype the regulatory
immune response during natural HW infection and its evolution after treatment.

Methodology

Twenty hookworm infected (HW+) and 14 non-infected subjects HW—from endemic area in
the periphery of Ho Chi Minh City were included. Blood and feces samples were obtained
before, 2 and 4 weeks after treatment with Albendazole 400mg. Additional samples were
obtained at 3 and 12 months in the HW+ group. Hematological parameters, Treg (CD4
+CD25"FoxP3") and surface molecules (CD39, CD62L, ICOS, PD-1, CD45RA) were mea-
sured as well as inflammatory and lymphocytes differentiation cytokines such as IL-1, IL-6,
IFNy, IL-4, IL-17, IL-10, IL-2 and TGFB.

Results

HW+ subjects showed higher Treg, TreglCOS+, Treg PD1-, TregCD62L+ and CD45RA
+FoxP3" resting Treg (rTreg). CD45RA-FoxP3'"° non-suppressive Treg cells were also
increased. No preferential Th1/Th2 orientation was observed, nor difference for IL-10
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between two groups. After treatment, Treg, TreglCOS+, TregCD62L+, Treg PD1- and rTreg
decreased while IL-4 and IL-6 cytokines increased.

Conclusion

During HW infection, Treg are increased and characterized by a heterogeneous population:
a highly suppressive as well as a non-suppressive T cells phenotype. After treatment, Treg
with immune-suppressive phenotype exhibited a decrease parallel to an inflammatory Th2
response.

1. Introduction

Helminths are pluricellular organisms that can induce prolonged infection by modulating the
immune host response. An equilibrium settles between the parasite and the host due to mecha-
nisms that have co-evolved for thousands of years. Among helminths, infection with hook-
worms (Necator americanus, Ancylostoma duodenale or seldom Ancylostoma ceylanicum)
(HW) is one of the most prevalent neglected tropical diseases and represents a paradigm of
manipulation of the host’s immune system by a parasite. In most cases, the host immune
response fails to remove adult worms from the bowel, and switches to a regulatory phenotype
that enables the HW to colonize the gut for many years [1, 2].

Exploring the mechanisms underlying the state of immune tolerance occurring during
chronic helminth infection may provide an interesting approach to develop new treatment
based on immunomodulation for allergic and autoimmune diseases. Experimental animal
models exist, but they do not accurately mimic the course of human infection [2]. In human,
HW infection has been associated with an increase in regulatory T cells (Treg), upregulation of
regulatory cytokines such as interleukin 10 (IL-10) and transforming growth factor beta
(TGEp), an unbalanced Th1/Th2 response and a higher baseline level of tumor necrosis factor
[3-5]. From mouse models, we know that molecules from A. caninum induced Treg that are
able to protect from allergic asthma and to control the proliferation of mouse and human
effector T cells in vitro [6].

Treg is a highly immunosuppressive subpopulation of CD4+ T cells, characterized by tran-
scription factor forkhead box P3 (Foxp3). They play a crucial role in the maintenance of
immune homeostasis and self-tolerance [7]. However, they are a heterogeneous population
and they exerts their function through different cellular and soluble mechanisms. In 2009,
Miyara et al. demonstered that human Treg are composed of 3 phenotypic subpopulations
based on expression of CD45RA: the resting (CD45RA+FoxP3", rTreg), activated (CD45RA--
FoxP3", aTreg) and cytokines producing non-suppressor Treg cells (CD45RA—FoxP3'°). They
showed that they exert distinct suppressive capacities [8, 9]. Other molecules such as ectonu-
cleoside triphosphate diphosphohydrolase 1 (E-NTPDasel, CD39), cell adhesion (CD62L) and
checkpoint molecules (Inducible T cell co-stimulator, ICOS), Programmed cell death 1, PD1)
are associated with higher Treg immune-suppressive functions. The CD39 converts ATP (a
danger signal that may activate inflammasome) into AMP that will be metabolized by CD73
into adenosine and inhibit T cell activation [10, 11]. L-selectin (CD62L) is a type I transmem-
brane glycoprotein and cell adhesion molecule that has been shown to be associated with a
higher immunosuppressive capacity and a better chemokine-driven migration to secondary
lymphoid organs [12-15]. ICOS (CD278) is highly expressed on Treg [16] and the ICOS sig-
naling pathway endows Tregs with increased generation, proliferation, survival and high sup-
pressive T cells abilities [17, 18]. PD-1 is a type I transmembrane protein that belongs to the
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immunoglobulin superfamily. PD-1 bears the immunoreceptor tyrosine-based inhibitory
motif in its cytoplasmic region and acts as a negative regulator of immune responses [19, 20].
Expression of IL-2R (CD25) that is a characteristic of Treg play an important role in suppres-
sive Treg function by inhibiting the production of IL-2 through a cell contact dependent man-
ner [21]. The suppression of CD4" T cell activities by Tregs is also mediated by inhibitory
cytokines including transforming growth factor § (TGF-p) and IL-10, the latter being impor-
tant for its immunosuppressive activity at environmental interfaces [22, 23].

The aim of this study was first, to characterize the Treg phenotype during chronic HW
infection and after its treatment and secondly, the Th1/Th2 balance and inflammatory
responses.

2. Methods
2.1. Study population

The study has been conducted in Hoc Mon (between 08/2014 to 03/2016), a rural region at 10
kilometers from the center of Ho Chi Minh City, where HW is an endemic helminthiasis. Peo-
ple were recruited by the local health center among 50 volunteers that were screened, and sub-
jects may be considered as representing a larger local population. Twenty volunteers aged 18—
65 years old, infected with HW (HW+), were recruited. Diagnosis of HW infection was based
on analysis of duplicate Kato-Katz thick smear slides. The slides were examined under a
microscope by experienced laboratory technicians. Parasite load was expressed as number of
eggs/g of feces [24]. Other intestinal helminth infections (Strongyloides stercoralis and Ascaris
lumbricoides) were excluded. Exclusion criteria were pregnancy, a positive history of allergic
and autoimmune diseases or human immunodeficiency virus (HIV), and a previous anti-hel-
minthic treatment during the past 6 months. Fourteen non-infected healthy controls (HW-)
living in the same area were included.

2.2. Study design

At inclusion (T0), medical history, anthropomorphic, and the type of household were
recorded, and all subjects received 1 dose of 400 mg Albendazol. Follow-up visits were sched-
uled at 2 weeks (2 W) and 1 month (1 M). An additional follow up visit was performed 3 and
12 M after treatment for some participants of the HW+ group, but not for the control group.
At each visit, clinical examination was performed, and blood samples (8mL in heparinized
tubes for hemogram analysis and PBMC separation, and 4mL in serum separator tubes) and
teces for Kato—Katz and direct examination were obtained. The study was approved by the
Ethics Committee (EC) of Pham Ngoc Thach University (Ho Chi Minh City, Vietnam,
IRB-VNO01013) and was conducted in accordance with all applicable regulatory requirements
and Good Clinical Practice. The ethics statement was amended by the Brugmann EC (Number
2021/72). Each participant provided signed informed consent prior to enrollment in the study.
The study has been registered on clinical.trials.gov (NCT02262403).

2.3. Standard biological parameters

Hemogram, albumin and ferritin were measured. Serology was tested against Ascaris lumbri-
coides (Ouchterlony immunodiffusion test with home-made Ascaris extract). The antigen is
coelomic fluid collected from adult A. suum worms (obtained from the intestines of infected
pigs at a local abattoir), used at a concentration of 2 mg freeze dryed fluid /10 uL. Patient sera
were concentrated 3 fold by freeze-drying before used. A positive control was used, consisting
of hyper-immune serum of a rabbit immunized against the antigen. Diffusion was performed
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on agarose gels (1.3% Indubiose A37—MP Biomedical, Illkirch-Graffenstaden, France, in Ver-
onal buffer pH 7.4 ~-Westburg, Leusden, NL). After 48h, gels were incubated for 2h in Na cit-
rate 5% in water to eliminate potential unspecific precipitation bands due to reaction between
serum CRP and carbohydrate residues present in the antigen preparation. Gels were then
washed twice during 2h in NaCl 9% to eliminate unprecipitated proteins, demineralized for 1h
in distilled water and dried. They were then stained with Amido black 10B 0.12% in acetate
buffer 1M to visualize precipitation bands.

The Toxocara canis and Strongyloides stercoralis serologies were tested by ELISA (antibod-
ies detection kit from IVD Research, Inc, IVD TC-96 and IVD STRONGY-96, Carlsbad, CA,
USA; sample dilution 1/64).

2.4. Flow cytometry

PBMC:s were isolated from sodium heparinized plasma by gradient density centrifugation on
Lymphoprep® washed and then re-suspended in RPMI-1640 medium supplemented with
10% fetal bovine serum (RPMI-FBS). To characterize Treg, a total of fresh 10° cells were
stained with CD4, CD25, CD45RA, CD39, CD62L and CD4, CD25, PD1, and ICOS and incu-
bated in the dark for 30 minutes. After fixation and permeabilization steps with the FoxP3
buffer set, FoxP3 was stained with an anti-FoxP3-Alexa antibody (S1 Table). For Treg, the gat-
ing strategy was based on the side scatter/forward scatter lymphocyte, CD4+, CD25"¢", and
FoxP3+ populations. At least 15000 CD4 were acquired. To discriminate Treg populations
positive and negative for ICOS and PD-1, gates were fixed on the lymphocyte population.
Next, Treg were separated in 3 groups based on the expression of CD45RA and FoxP3. The fol-
lowing subpopulations were defined: rTreg (CD45RA+ FoxP3'°), aTreg (CD45RA-FoxP3™)
and non-suppressive T cells (CD45RA-FoxP3'°) [8]. All antibodies and flow cytometry
reagents were bought from BD Biosciences (BD Biosciences, San Jose, CA, USA). Measure-
ments were performed using the BD FacsCanto flow cytometer and analyzed using FlowJo X
10.0.7r2 software (Tree Star, Inc.).

2.5. Cytokines serum levels

Multiplex cytokine measurements (IL-4, IL-2, IFNy, IL-17, IL-10, TGF-B, IL-6, and IL-1p)
were performed using a plate-based electrochemiluminescence assay according to manufac-
turer’s instructions (MSD, Meso Scale Discovery, Rockville, MD, USA; catalog numbers:
K151A0H-2, K151XWK-1, K151A9H-2, K151A3S). The lower limits of detection (LoD)
were respectively 0.54 fg/mlL, 0.09 pg/mL, 0.37 pg/mL, 0.4 pg/mL, 0.04 pg/mL, 9.1 pg/mL,
0.06 pg/mL, 0.05 pg/mL.

2.6. Statistical analysis

Statistical analysis was performed using the software R (R Core Team, 2019, version 3.6.2). For
baseline characteristics and demographic data, continuous data were compared by means of
T-test when homogeneity of variances, tested with the Bartlett’s test, and normality of the
residuals, tested with the Shapiro-Wilks test, were reached, and means and standard deviations
(means + SD) are reported. When homogeneity of the variance or normality of the residuals
were not proved, Wilcoxon signed rank test was performed on rank data and medians and
inter-quartile ranges (median [Q25 -Q75]) are reported. For count data, the Pearson Chi-
Squared test was performed to compare proportions.

For variables measured several times in patients, a linear mixed model [25] was used to
model the evolution of biological variables through time.
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The next effects will be tested: a group effect (HW), a time effect (T) and a group * time
(HW*T) interaction effect meaning that: 1) we will test whether groups have different level for
the studied variable (= group effect); 2) there is an evolution (increase or decrease) of the stud-
ied variable through time (= Time effect); 3) groups will be tested whether they have a different
evolution of the studied variable through time (time*group interaction effect).

To compare data at 3M and 12M available only for the HW+ group, the time and time-
square effects were tested. A positive time effect indicates that the parameter increases as time
goes by and a negative time square that the parameter follows an initial increase before a
decrease at the end of the study (and inversely). If the residuals of the model are not normally
distributed, we will use the bestNormalize R package to transform the outcome and report the
results of this last linear mixed model. Maximum Likelihood (ML) uses all available data in the
study, produces unbiased estimates of the treatment effect and correct p-values. Correlation
were tested with a Pearson correlation test at TO in the HW+ group. A p value < 0.05 was con-
sidered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).

3. Results & discussion
3.1. Population (S2 Table)

Despite the World Health Organization’s (WHO’s) deworming strategy for controlling infec-
tion and reducing the worm burden, HW is still prevalent in Vietnam with an estimated preva-
lence of 25% and large variation within the country [26-28]. Between 2014 and 2016, 20 HW-
infected subjects and 14 controls were evaluated before and after treatment. Several subjects
were lost in both groups (9 in the HW+ and 1 in the HW- group) due to a poor adherence and
4 subjects were re-infected with HW in the HW+ group and were excluded from the statistical
analysis. Both groups were comparable in terms of age, sex ratio, usual medications, and home
environmental characteristics, with the exception of the Body Mass Index and as expected,
occupation and the presence of a garden (S2 Table) [1, 29]. The burden of infection in the HW
+ group (240 [48-1584] egg/g feces [median with range]) according to World Health Organi-
zation (WHO) criteria was low [30]. This low intensity of infection is in accordance with data
observed in other countries [31], with the relatively low prevalence of HW infection in this
population [32] and hypothetical former deworming treatments [33]. Serologies were negative
for A. lumbricoides and S. stercoralis, confirming the direct examination results. Some subjects
(4 HW- and 1 HW+) had a positive serology against T. canis. Seroprevalence of toxocariasis
was estimated to be 45.2% in Ho Chi Minh City [34] and is due to cultural habits that expose
people to Toxocara eggs through contamination of environment with infected dog’s feces [35].
The proportion of positive serology for Toxocara was well balanced between both groups, no
clinically significant toxocariasis was observed and the antiparasitic treatment was not suffi-
cient to cure toxocariasis. Moreover, positive serology might result from antigenic cross-reac-
tions or previous infections [34]. Consequently, it should not affect our results.

3.2. Standard biological results (S3 Table)

As expected, higher eosinophils and lower neutrophils (%) was observed in the HW+ group
(p<0.05). Eosinophils level was slightly increased in the HW infected group. This may be
related to the low intensity of infection [36, 37] and the chronicity of infection. Indeed, it has
been shown that the levels of eosinophils spontaneously decrease after migration of the larval
form [38]. Moreover, some HW- subjects also exhibited an increased level of eosinophils, due
to Toxocara-infected subjects. The treatment of infection induced a decrease of eosinophils in
percentage (p < 0.05) and in absolute value (p<0.05). No anemia or hypoalbuminemia was
observed in our population suggesting that subjects did not suffer from overt inflammatory
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enteritis. It is in accordance with the low intensity of infection [39]. The treatment of infection
induced a transient increase of the albumin level (p<0.01) in the HW+ group.

3.3. Immunological parameters

3.3.1. Regulatory T cells populations. 3.3.1.1. Treg (Fig 1). HW+ subjects showed a
higher percentage of CD4+CD25™FoxP3" Treg compared to HW- (p < 0.05). The treatment
of the infection induced a decrease of Treg (p<0.01) with a positive time” effect (p<0.05). In
literature, the causal links between helminth infection and Treg have been well established.
During helminthiasis, Treg are more numerous and active, and decrease after treatment [40].
Treg activation is essential for the parasites to survive [41]. Our study confirmed the results
from Ricci et al. reporting a higher Treg level in a HW+ Brazilian population [5]. This study
also showed that mononuclear cells from infected subjects had a lower proliferative capacity
but didn’t looked at the surface’s molecules nor evolution after treatment.

3.3.1.2. Treg sub-populations based on CD45RA and FoxP3 expression (Fig 2). According to
CD45RA and FoxP3 expressions, Treg were categorized into three phenotypic and function-
ally distinct subpopulations: CD45RA+Foxp3'® (rTreg), CD45RA Foxp3™ (aTreg), and
CD45RA Foxp3" Treg (non-suppressive Treg) [7, 8]. The gating strategy is depicted Fig 2A.
Compared to HW-, the HW+ group expressed higher levels of rTreg (p < 0.001) and non-sup-
pressive Treg cells (p < 0.001). The treatment of HW infection induced an early decrease of
both rTreg and non-suppressive Treg (p<0.001) with positive time” effect (p<0.01). Activated
Treg (aTreg) were not different between both groups (Fig 2B). The treatment of HW infection
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Fig 1. Treg. A: Gating strategy. B: Results are expressed as mean +/- SD. HW+: population infected with hookworm,
HW-: control group, 2W: 2 weeks, 1M: 1 month, 3M: 3 months and 12M: 12 months after treatment. The HW+ group is
represented with red dots and the HW- group with blue dots. To compare the HW+ and HW- groups and their evolution,
a maximum likelihood analysis has been used to test a group (HW), a time (T) and a group * time (HW * T) interaction
effects (with data at TO, 2W and 1M). Statistical results are summarized in correspondent tables for each parameter. To
compare longitudinal data from the HW+ group (T0, 2W, 1M, 3M and 12M), a time and a time? effects were tested. The
time effect is depicted on the figures and the time? effect is given in the results section (* p<0.05, ** p<0.01, ***p<0.001).

https://doi.org/10.1371/journal.pone.0252921.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0252921 June 10, 2021 6/16


https://doi.org/10.1371/journal.pone.0252921.g001
https://doi.org/10.1371/journal.pone.0252921

PLOS ONE

Immune response after the treatment of hookworm infection

induced an early decrease of both resting Treg (rTreg) and non-suppressive Treg, but not for
activated Treg (aTreg). Usually, we believe that aTreg is the major subset of suppressive Treg
and plays a more important role in the regulation of immune response. The results found in
this study may trigger re-investigation of the distinct suppressive ability of these Treg subtypes
during HW chronic infection. In other model such as chronic hepatitis B infection it has been
shown that mTreg, the mouse equivalent of aTreg, increase during the inflammatory phase.
Indeed, mTreg possess pro-inflammatory chemokine receptors and could migrate to the
inflamed tissue and inhibit the immune responses [42].

We observed a higher level of rTreg during HW infection. No comparative data are avail-
able. In other models such as HIV, rTreg numbers were preserved [9] and in transplantation,
they were associated with better outcomes [43, 44]. We also showed an increase in non-sup-
pressive Treg cells during HW infection. Literature revealed that those non-suppressive Treg
cells had a high capacity to produce IL-17 as well as high of IL-2 and IFNy under stimulated
conditions [8].

3.3.1.3. Suppressive phenotype (Fig 3). 3.3.1.3.1. E-NTPDasel (CD39). Ectonucleoside tri-
phosphate diphosphohydrolase 1 (E-NTPDasel), also known as CD39 is expressed on a subset
of highly suppressive Treg. Levels of CD25+FoxP3+CD39+ (%CD4) were higher in HW
+ group (p<0.05). An early significant decrease after treatment was observed in both groups.
No significant change was observed after 1 year of follow up. Expression of CD39 on Treg was
not significantly different between HW+ and HW-. No other data during HW infection are
available. In a microfilaria model, Lima et al. [45] demonstrated that a higher proportion of
CD4+ cells expressed CD39.

3.3.1.3.2. Selectine-L (CD62L). Our results showed a higher level of CD25"#"Fox-
P3"8hCD62L+ (%CD4, p<0.01) in the HW+ and a decrease after treatment (p<0.01). The per-
centage of CD62L (%Treg) was not different among groups and no change occurred after
treatment. L-selectin (CD62L) correspond to a naive phenotype confirming the evolution of
the rTreg [12-14].

3.3.1.3.3. Checkpoint molecules (ICOS, PD1). The HW+ group exhibited more CD25" Fox-
P3"ICOS+ (Treg ICOS+, %CD4, p<0.01) compared to HW- group. Treg ICOS (%CD4)
showed a significant decrease after treatment (p<0.05) with a positive time? effect (p<0.05)
indicating a global decrease with an increase trend of Treg ICOS at the end of the study. More
Treg expressed ICOS (%) in the HW+ group (p < 0.01). The interaction effect was significant,
indicating a decrease of ICOS+ (%Treg) during the first month after the treatment (p<0.01) in
HW+. Data on ICOS during helminth infection is available in a mouse model, showing that
ICOS plays a key role in driving Treg expansion and function by regulating type 2 immunity
towards helminths [46]. In allergy and asthma, other Th2 cell-mediated diseases, ICOS influ-
ences also the control of the number of developing Th2 clones [47, 48]. Our results showed
that HW infection is associated with higher Treg ICOS as well as ICOS positive Treg and that
ICOS expression quickly decreased after treatment.

Programmed cell death 1 (PD-1, CD80) is another important checkpoint molecule that acts
as a negative regulator of immune responses [19, 20]. In our study, Treg PD1+ (%CD4) were
not different among 2 groups but they showed an increase in the HW+ group after the treat-
ment (p< 0.05) (with—time? effect, p<0.05). Fewer Treg expressed PD-1 in HW+ compared
to HW- (p < 0.01). The treatment induced an increase of PD1 (%Treg, p<0.001) through time
(with a negative time? effect; p < 0.001). Our results are in accordance with those from Rai-
mondi et al. showing that Treg with suppressive activity did not express surface PD-1 [44].
Moreover, it has been showed that low PD-1 Treg has a higher capacity to elicit B cell apoptosis
and inhibit CD4 T cells [43]. In our study, less Treg expressed PD-1 during HW infection and
levels increased once the infection is cured to the level similar than HW-. It suggests a highly
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group * time (HW * T) interaction effects (with data at T0, 2W and 1M). Statistical results are summarized in
correspondent tables for each parameter. To compare longitudinal data from the HW+ group (T0, 2W, 1M, 3M and
12M), a time and a time” effects were tested. The time effect is depicted on the figures and the time? effect is given in
the results section (* p<0.05, ** p<0.01, ***p<0.001).

https://doi.org/10.1371/journal.pone.0252921.9002
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https://doi.org/10.1371/journal.pone.0252921.9003

suppressive phenotype during HW infection. Moreover, Treg PD-1 results are in accordance
with the higher level of Treg CD62L+ and rTreg which exhibited naive phenotype [49].

3.3.2. Activated CD4. Activated CD4 population (CD25™FoxP3-) was also increased in
HW+ compared to HW- (p < 0.001) (S1 Fig). The treatment induced a rapid (<0.001) and
persistent decrease throughout the study (with a + time? effect (<0.001)). It is in accordance
with other data showing that T cells (CD4, CD8) as well as B cells exhibited an activated profile
during HW infection [4]. Moreover, Treg and CD4+CD25™FoxP3- were positively correlated
in the HW+ group (r 0.282, p<0.05) as well as in the all population study (r 0.35, p<0.001)
indicating that mechanisms behind the induction of those populations are probably linked.

3.3.3. Cytokines (Fig 4). Lymphocytes Th1/Th2 differentiation cytokines such as IFNy,
IL-4 were not different between HW+ and HW- groups. However, the level of IL-4 was lower
in HW+ if we increased the error alpha at 10% (p = 0.059) and the treatment induced an IL-4
increased (p<0.05) (negative time? effect, p<0.05). The absence of Th2 preferential differenti-
ation may be surprising. However, we have to consider that our model is a chronic natural
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https://doi.org/10.1371/journal.pone.0252921.g004

infection combining different stage of larval cycle that is known to be associated with a mixed
Th1/Th2 response [50, 51].

After treatment, we observed an increase of IL-4. This may be of importance taking into
account the role of IL-4 in the IgE isotypic switch and may be a hypothesis to explain the
increase of allergic sensitization after treatment of HW disease.

No difference among HW+ and HW- groups was observed for TGF-f or IL-10 nor effect of
the treatment. This observation was surprising as IL-10 is one of mode of action of Treg. How-
ever, our results are in accordance with Geiger et al. who showed that IL-10 secretion was sig-
nificantly diminished in stimulated PBMCs from infected individuals and that IL-10
production were stage-specific [4, 52]. The stage of infection was impossible to precise in our
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natural infection settings. Moreover, the major contributors to IL-10 production are FoxP3neg
Trl-like cells that we did not measure in our study [53].

IL-6 increased after the treatment of infection (group-time effect p<0.01 and longitudinal
analysis p<0.001). It may be due to the inflammatory response induced by parasitic death and
release of damaged cellular components. In the context of allergic diseases, it has been shown
that Il-6 played a pathological role in asthma model and in the priming of individual mast cells
for subsequent IgE-mediated activation [54, 55]. Among cytokines, IFN was positively corre-
lated with Treg (%CD4) (r = 0.75 **). Other cytokines such as IL-2, IL-17 and IL-1f were not
analyzed because below the LoD.

Taking together, treatment of HW infection induce persistent changes of significant Treg
and soluble parameters. However, for some of them, we observed an inverse trend at the end
of the study for those parameters (represented by a time” effect). It may be linked to silent rein-
fections (subjects were still exposed to infection risk factors) but also to a decrease in the sub-
ject’s number due to lost subjects.

In this study, we characterized the Treg and systemic cytokine profile of HW infection
(before and after treatment) in comparison with HW-. We chose a chronic infection model in
an endemic area. However, this approach was complicated by local constraints of a developing
country in a tropical region leading to some limitations of this study. First, the small number
and the loss of subjects as well as the disequilibrium between HW+ and HW- groups which
required specific statistical analysis in the context of a longitudinal study. Second, the co-infec-
tion of some subjects. Third, other factors may have interfered with our results such as the
microbiota and the intestinal barrier function. The gut microbiota plays an important role in
the extrathymic differentiation of Treg, where short-chain fatty acids produced by commensal
microorganisms, facilitates generation of Treg [56]. Some data suggest that helminth infection
can modulate microbial dysbiosis and impacts elements of the epithelial barrier, which influ-
ence the immune regulatory status [57-60].

This study has also some strengths that are the well characterized population (general and
biological characteristics), the fact that the study was based on natural chronic infected popula-
tion as well as the follow up during several months.

4. Conclusion

Taken together, our results confirmed previous studies showing an increase of Treg during
chronic HW infection [5]. However, we demonstrate in this study that Treg are composed by
a mixed population. On one hand, a phenotype associated with high immunosuppressive
capacities such as high levels of ICOS+ and a naive Treg profile (CD62L+, PD-1- and CD45RA
+) and on the other hand, a non-suppressive T cells and activated CD4 population. This obser-
vation has also been described in a filarial model [59]. This is combined with systemic cyto-
kines levels suggesting an absence of overt inflammation without preferential Th1/Th2
orientation. Some suppressive phenotypes, such as CD39, CD62L, are not related to the HW
infection. The treatment of infection was associated with a decrease in Treg level and a switch
in their phenotype, namely, a decreased expression of ICOS and of naive Treg and a systemic
IL-6 and IL-4 inflammatory response.

Those results may be put into perspective with allergic diseases that occur more frequently
after treatment of helminthiasis. Indeed, the decrease of highly suppressive Treg, the transient
IL-6 inflammatory response concomitant with IL-4 increase after treatment of the parasitic
disease are immunological factors that may contribute to a Type 2 inflammatory response
favoring allergic diseases as observed in epidemiological data [61].
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S1 Fig. Activated CD4+CD25"FoxP3- lymphocytes. HW+: hookworm infected subjects,
HW-: control subjects. 2W: 2 weeks, 1M: 1 month, 3M: 3 months and 12M: 12 months after
treatment. HW+ group is represented with black square with continuous lines and HW-
group with a blank circle with discontinuous lines. To compare the HW+ and HW- groups
and their evolution, a maximum likelihood analysis has been used to test a group (HW), a time
(T) and a group * time (HW * T) interaction effects (with data at TO, 2W and 1M). Statistical
results are summarized in correspondent tables for each parameter. To compare longitudinal
data from the HW+ group (T0, 2W, 1M, 3M and 12M), a time and a time? effects were tested.
The time effect is depicted on the figures and the time” effect is given in the results section (*
p<0.05, ** p<0.01, ***p<0.001).
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S1 Table. Antibodies used in flow cytometry experiments.
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S2 Table. Population characteristics. (*¢): Medical history: HW+: stroke, steatosis 2, hyper-
tension, hepatitis B; HW-: hypertension 3, digestive bleeding, dengue, lithiasis, valvulopathy,
Basedow disease. Comparison of proportion was tested with Pearson Chi-square test and com-
parison of mean with t-test. (* p<0.05, ** p<0.01, ***p<0.001).
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$3 Table. Standard biological results. Results are expressed as mean +/- standard deviation.
WBC: white blood count, N: Neutrophils, Eo: Eosinophils, Ly: Lymphocytes, Hb: Hemoglobin,
MCV: Mean corpuscular volume, Alb: Albumin, NS: Non-significant. Maximum likelihood
(ML) analysis on data from the 2 groups (at T0, 2W and 1M) were performed: a group effect, a
time effect and a group * time interaction effect were tested. The time and time-square effects
were tested on the longitudinal date from the HW+ group (ML 1 group). A positive time effect
indicates an increase throughout the study and negative time-squared effect a decreased at the
end of the study (and inversely).
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