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Immunity to infection

Short Communication

Immunization with excretory-secretory molecules of
intestinal nematodes induces antigen-specific
protective memory Th2 cell responses
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Parasitic nematodes infect more than 1 billion people in the global south. The development
of effective antihelminthic vaccines is a crucial tool for their future elimination. Protective
immune responses to nematodes depend on Gata3* Th2 cells, which can also be induced
by nematode-released products. Whether these nematode products induce antigen-
specific long-lived memory T cells and thereby confer protection against a challenge infec-
tion is not known yet. Hence, we set out to characterize the formation of memory Th2
cells induced by immunization with Heligmosomoides polygyrus excretory-secretory (HES)
products, infection-induced versus immunization-induced recall responses to a challenge
infection, and whether HES-induced memory T cells show protective properties follow-
ing adoptive transfer. Our results show that 8 weeks postimmunization, HES induces
long-lived functional memory Th2 cells at the site of immunization in the peritoneal
cavity. Following a H. polygyrus challenge infection, HES-immunized mice display MHC-
II-dependent antigen-specific Th2 cytokine responses in the gut-draining lymph nodes,
comparable to those induced by a prior natural infection. Moreover, adoptive transfer of
sorted memory CD4* T cells from HES-immunized donors reduces female worm fecun-
dity following a challenge H. polygyrus infection in recipient mice, highlighting a protective
role for immunization-induced memory T cells.
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Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Intestinal soil-transmitted helminths (STHs) affect nearly one
quarter of the world population and greatly contribute to
chronic disease burdens in endemic populations [1, 2]. Although
anthelminthic drug therapy is key to interrupting transmission,
alone it is insufficient to effectively eliminate STHs, evidenced
by the occurrence of high rates of reinfections in communities
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in endemic regions [3-5]. The development of effective anti-
helminth vaccines is therefore vital for the future elimination of
parasitic helminths [6]. Moreover, due to the common occurrence
of co-infections with two or more parasitic helminths, the devel-
opment and availability of multivalent cross-protective vaccines is
a particularly desirable immunization approach [7, 8].

The murine small intestinal nematode Heligmosomoides poly-
gyrus represents a natural model for characterizing both host
immune responses to natural infection and the efficacy of
experimental vaccine candidates. We and others have previously
shown that mice develop strong protective responses against

www.eji-journal.eu

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-N-
oDerivs License, which permits use and distribution in any medium, provided the original work is properly
cited, the use is non-commercial and no modifications or adaptations are made.


https://orcid.org/0000-0003-4119-7308
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feji.202250237&domain=pdf&date_stamp=2023-02-25

Ivet A. Yordanova et al.

Eur. J. Immunol. 2023;53:2250237

A. i OB : B. C.
Live CD4CD44*CD62-L PEC siLP mLN PEC PEC siLP mLN
control (C) HESIm 20 30 5 IL-4* in CD4* 15 15 1.57
PEC 4 i P
—="114.0 . 3 s n.s. 4
& @ 20- — 3 1.0 n.s. 1.0
é‘a; 10 " n.s.
2 8 s ’l‘ 10 0.5 051 NS
1 ﬁ
= o ; 0 ool o =
Jcontrol ©) unstim. C HESim
SILP ) PEC PEC siLP mLN
— I HESIM IL-5* in CD4* . 3 057
D »] 011035219 o~ .. il
- [a]
Live CD4* Live CD4* % ¥ S 2 ' s,  ©°¥ ns.
(PEC control) (PEC HESim) =2 ] 5 02
T 1 3 ' IEl ﬁ
| = 0.1
1 z = I_T_| o ,_T_| 0. 'l|
unstim. C HESim
PEC PEC siLP mLN
IL-13* in CD4* — 10 10
5 0.8 0.8
o 6
=4 2 0] D= 06
s *:v; “ 0.4 0.4 1.
EIL-13° 2 -
CIL-41L-5+ = 2 02 |:-| 02 ﬁ ﬁ
L4113 ®
B IL-541L-13¢ 0+ 0. 0.
eytokine

Figure 1. HES immunization induces localized long-lived functional memory Th2 cells. (a) Example FACS plots showing Gata3 and Foxp3 expression
in live CD4*CD44"CD62-L~ memory T cells in the PEC, siLP, and mLN of C57BL/6 mock-immunized controls (C) and HES-immunized mice (HESim).
(b) Frequencies of Gata3™ memory Th2 cells. (c) Example FACS plots and frequencies of IL-4", IL-5%, and IL-137CD4" T cells. (d) Pie chart illustrating
the proportions of cytokine™ CD4" T cells in the PEC of C and HESim. The data are pooled from two independent experiments, with a total n =
6 for control mice and n = 10 for HESim and represent mean =+ SD. Statistical analysis in (b) and (c) was done using an unpaired t-test. *p < 0.05,

**p < 0.01, *p < 0.001, n.s.: not significant.

reinfections with parasitic nematodes, dependent on memory Th2
cells, IL-4, and eosinophil responses [9-15]. Prior H. polygyrus
infection was recently demonstrated to also enhance CD4" T-cell-
associated cross-protection against a challenge infection with the
tissue-migratory nematode Nippostrongylus brasiliensis [16]. In
the context of immunization-induced protection, several studies
have used nematode-derived products like H. polygyrus excretory-
secretory (HES) molecules, demonstrating that HES-immunized
mice display strong protective immune responses against a chal-
lenge nematode infection [17, 18]. Transfer of HES-specific mono-
clonal antibodies did not induce protection against a challenge H.
polygyrus infection, indicating that HES-induced humoral immu-
nity alone is insufficient and that immunization-induced host pro-
tection also requires cellular immunity [17]. Here, we assessed
whether HES immunization induces functional long-lived mem-
ory Th2 cells with protective properties against a challenge H.
polygyrus infection, as well as whether HES-immunized mice
develop cross-reactive immune responses against the unrelated
nematode Ascaris suum, as an experimental measure of the feasi-
bility of developing multivalent anti-helminthic vaccines.

Results and discussion

HES immunization induces a localized memory Th2
cell population

To assess the ability of HES to induce functional memory
T cells, we quantified the frequencies of Gata3™CD4"CD44"
CD62-L- memory Th2 cells in the peritoneal exudate cells
(PEC), small intestinal lamina propria (siLP), and mesenteric LNs

© 2023 The Authors. European Journal of Immunology published by
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(mLN) of HES-immunized mice and alum-immunized controls (C)
(Fig. 1a; Supporting information Fig. S1a). Eight weeks postim-
munization, HES induced a significant increase in memory Th2
cell frequencies, but not immunosuppressive regulatory T cells
(Treg), at the site of immunization in the PEC, while in the
siLP and mLN no significant changes were observed between C
and HES-immunized mice (Fig. 1b; Supporting information Fig.
Sla and b). HES-immunized mice also harbored significantly ele-
vated frequencies of IL-4", IL-5%, and IL-13¥CD4™" T cells in the
PEC, compared with mock-immunized controls (Fig. 1c). More-
over, HES immunization induced the expansion of polyfunctional
peritoneal T cells, in particular IL-57IL-13* co-producing cells
(Fig. 1d). Our data therefore indicate for the first time that
HES immunization induces cytokine-competent long-lived mem-
ory Th2 cells at the site of immunization.

HES-induced parasite-specific Th2 responses are
comparable to those induced by a natural infection

Next, we compared recall Th2 responses to a challenge H.
polygyrus infection following either infection-induced or HES-
induced protection (Fig. 2a). Quantifying adult worm burdens
and female worm fecundity in mock-immunized and challenged
(1° Hp), cured and challenged (2° Hp), and HES-immunized
and challenged mice (HES-Hp), we confirmed that immunized
mice exhibit significant protection against reinfection, like that
observed in cured and challenged mice (Fig. 2b), in line with
previous studies [18, 19]. Cured mice displayed an overall trend
for higher frequencies of intestinal Th2 cells and significantly ele-
vated Th2 activation based on CD69 expression, compared with
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Figure 2. HES-immunized mice harbor strong antigen-specific Th2 recall

responses against a challenge H. polygyrus infection. (a) Experimental

set-up, using C57BL/6 mice. (b) Small intestinal adult worm burdens and female worm fecundity. (c) Frequencies of Gata3*CD4" Th2 cells in the
PEC, siLP, and mLN, shown within total CD4" T cells, rather than CD44+CD62-L". The presence of an acute nematode infection involves both the
induction of de novo effector Th2 cells and the reactivation of memory Th2 cells into an effector state, making a distinction between CD44"CD62-

L~ memory cells and effector cells obsolete. (d) Example FACS plots with
Median fluorescence intensity (MFI) of CD69 expression in Th2 cells from
siLP Th2 cells and adult worm burdens. (g) Experimental set-up of in vitro

adjunct histograms of CD69 expression in Th2 cells from the siLP. (e)
the PEC, siLP, and mLN. (f) Correlation analysis of CD69 expression on
restimulated mLN cells. (h) Levels of IL-4, IL-5, and IL-13 protein in the

supernatants of in vitro restimulated mLN cells. The data are pooled from two independent experiments, with a total n = 6 for 1° Hp mice, n =
10 for 2° Hp mice, and n = 7 for HES-Hp mice and represent mean + SD. Statistical analysis in (b), (c), (), and (h) was done using one-way ANOVA

combined with Tukey’s multiple comparisons test. Statistical analysis in (f) was done using the Spearman correlation test. *p < 0.05, *p < 0.01, **

< 0.001, n.s.: not significant.

HES-immunized mice (Fig. 2c-e), indicative of a mild differential
effect of a prior natural infection versus immunization on host
Th2 recall responses. Nevertheless, correlation analysis of CD69
expression in siLP Th2 cells against adult worm burdens revealed
a significant negative correlation, highlighting that cell activation,
rather than overall frequencies of Th2 cells, influences host con-
trol of H. polygyrus (Fig. 2f).

We also investigated the effects of HES immunization on
antigen-specific Th2 responses. For this, whole mLN cells from
1° Hp, 2° Hp, and HES-Hp mice were restimulated in vitro for
24 h with aCD3/CD28 antibodies to quantify the overall poly-
clonal cytokine response. HES and anti-MHC-II blocking anti-
bodies («MHC-II) were also added to quantify the adaptive
recall response to parasite antigens (Fig. 2g). We found that
HES induces strong parasite-specific IL-4, IL-5, and IL-13 recall
responses to H. polygyrus, comparable to those induced in 2° Hp
mice. Moreover, the parasite-specific cytokine release of cells from
both 2° Hp and HES-Hp mice was abrogated upon blocking MHC-
II signaling, indicating that HES immunization is a potent inducer
of parasite-specific Th2 responses, comparable to those induced

© 2023 The Authors. European Journal of Immunology published by
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by a prior natural infection (Fig. 2h). Our findings therefore offer
new insights into the ability of HES to induce long-lived memory
Th2 responses and strong parasite-specific Th2 recall responses
against H. polygyrus.

HES-induced memory T cells show protective
functions upon adoptive transfer

Having demonstrated that HES immunization induces long-lived
cytokine-competent memory Th2 cells and that immunization-
induced recall responses are comparable to those induced by
a prior natural infection, next we tested whether HES-induced
memory T cells contribute to protection against a challenge
nematode infection. For this, donor mice were immunized with
HES. Eight weeks post-immunization, naive CD4"CD44~CD62-
L* and memory CD4"CD44"CD62-L~ T cells were sorted from
the peritoneal cavity of immunized donors and were adoptively
transferred via an intraperitoneal injection to naive recip-
ients (Fig. 3a). One day posttransfer, the recipient mice
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Figure 3. HES-induced memory T cells show protective properties against a challenge nematode infection. (a) Experimental set-up, using C57BL/6
mice. Briefly, donor mice were immunized with HES and 8 weeks after the final immunization, and naive CD4*CD44~ CD62-L* (nCD4*") and memory
CD4"CD44*CD62-L~ T cells (mCD4") were sorted from peritoneal exudate cells (PEC). Sorted T cells were adoptively transferred via intraperitoneal
injection to naive recipients. One day postadoptive transfer, recipient mice were challenged with a H. polygyrus infection and were dissected 14 days
postinfection. (b) Example sorting strategy plots. (c) Adult worm burdens and female worm fecundity (mean numbers of eggs excreted, calculated
using egg excretion counts of eight female worms per mouse) in nCD4" and mCD4" recipient mice at 14 days post-H. polygyrus challenge infection.
(d) Graphical summary. The data are pooled from two independent experiments, with a total n = 6 for nCD4* and mCD4" groups each and represent
mean =+ SD. Statistical analysis in (c) was done using an unpaired t-test. p < 0.05, n.s.: not significant.

were challenged with a H. polygyrus infection and were
dissected 14 days later (Fig. 3a and b). Interestingly, we
found that while memory T-cell recipients (mCD4" group)
showed only a trend for lower adult worm burdens, female
worm fecundity was significantly decreased in mCD4" com-
pared with the naive T-cell (nCD4") recipients, despite over-
all similar Gata3* Th2 cell responses in the different tis-
sues (Fig. 3c, Supporting information Fig. S2). Previously, we

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

were able to show that adoptive transfer of sorted total CD4*
T cells from the peritoneum of H. polygyrus-cured mice induces
similar reductions in worm fecundity in nematode-challenged
recipients, without notable shifts in Th2 responses [14]. In line
with this, our current findings therefore extend our previous
work and confirm that HES-induced memory T cells directly con-
tribute to protection against a challenge H. polygyrus infection
(Fig. 3d).
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Nematode-induced memory Th2 cells have previously been
shown to confer protection to reinfection in an IL-4 and
eosinophil-dependent manner [10, 12]. Here, we only observed
a mild trend for elevated IL-4™ T cell frequencies in the siLP of
mCD4" mice following H. polygyrus challenge, while eosinophil
responses remained beyond the scope of the current study. Nev-
ertheless, considering the reductions in female worm fecun-
dity, it is reasonable to assume that infection-induced and HES
immunization-induced memory T cells contribute to host recall
responses via additional downstream Th2 mechanisms such as
eosinophil or macrophage induction in response to a challenge
nematode infection.

Prior HES immunization induces limited cross-reactive
Th2 responses against unrelated nematodes

Finally, we asked whether prior HES immunization enhances host
control of a challenge infection with another tissue-migratory
nematode, Ascaris suum. For this, mock-immunized (As) and HES-
immunized (HES-As) mice were challenged with an A. suum infec-
tion 8 weeks post-HES immunization (Supporting information
Fig. S3a). At 8 days post-Ascaris infection, we found compara-
ble lung larval loads in As and HES-As mice (Supporting infor-
mation Fig. S3b). Similarly, despite seeing a trend for stronger
Th2 responses in HES-As mice, Gata3™ Th2 cell frequencies, as
well as IL-4" and IL-13" cell frequencies, were overall compara-
ble in lung and PEC between As and HES-As groups (Support-
ing information Fig. S3c and d). Nevertheless, in in vitro restim-
ulated whole lung cells from As and HES-As mice, we detected
distinct cytokine responses to HES and A. suum larval antigens
(AsAg). Most importantly, we detected enhanced AsAg-specific
IL-13 release (Supporting information Fig. S3e and f). Overall,
our data therefore indicate that even though HES immunization
does not alter larval burdens or overall Th2 responses in Ascaris-
infected hosts, HES-immunized individuals displayed elevated
Ascaris antigen-specific lung IL-13 release, indicating a limited
potential of HES immunization to induce cross-reactive immune
cell responses against unrelated nematodes (Fig. 3d).

Concluding remarks

In the current study, we show that HES immunization induces a
long-lived localized population of functional memory Th2 cells in
the peritoneal cavity of HES-immunized mice. Moreover, upon a
H. polygyrus challenge infection 8 weeks postimmunization, HES-
immunized mice display long-term protection and notable MHC-
II-dependent nematode-specific cytokine responses, comparable
to those induced by a prior natural infection. In addition, we
are able to show that adoptive transfer of HES-induced memory
T cells significantly reduces female worm fecundity upon chal-
lenge nematode infection, highlighting a protective function of
immunization-induced memory T cells. Finally, we show that prior
HES immunization induces a cross-reactive antigen-specific IL-13

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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response in the lungs of Ascaris-infected mice (Fig. 3d). Our study,
therefore, offers new insights into long-term host cellular immu-
nity induced by helminth-released products.

Materials and methods

Mice, HES immunization, and nematode infections

Wild-type 8- to 10-week-old female BALB/c and C57BL/6 mice
were purchased from Janvier Labs (Saint-Berthevin, France). The
animals were maintained under specific pathogen-free conditions
and were fed standard chow ad libidum. For primary and chal-
lenge infections, mice were infected with either 225 third-stage
infective (L3) H. polygyrus larvae (C57BL/6) or with 1000 embry-
onated A. suum eggs (BALB/c) via oral gavage. For cure of pri-
mary H. polygyrus infections, mice were treated with pyrantel
pamoate as previously described [14]. For quantification of female
worm fecundity, eight female H. polygyrus worms per mouse
were isolated from the small intestine and were plated out in
a 96-well plate in individual wells containing 150 pL of cRPMI
medium. The worms were then incubated at 37°C for 24 h, after
which the numbers of eggs excreted by individual worms were
counted using a Neubauer chamber under a light microscope.
From each eight female worms per mouse, the mean numbers
of eggs excreted were then calculated in order to obtain the
mean female worm fecundity per mouse. HES products were col-
lected and processed as previously described [20]. Mice were
immunized with of 1 ug HES per mouse (10 pg/mL HES and
2 mg/mouse alum in 100 pL sterile PBS) intraperitoneally three
times at indicated timepoints and were allowed to rest for 8
weeks after the final immunization before nematode challenge
infections. Mock-immunized mice were given alum in PBS. Mice
were sedated using xylavet/ursotamine administration, followed
by cervical dislocation. All animal experiments were performed in
accordance with the National Animal Protection Guidelines and
approved by the German Animal Ethics Committee for the Protec-
tion of Animals (LAGeSo, G0176/20).

Preparation of single cell suspensions

The isolation of single cell suspensions from the PEC, siLB
mLN, and lungs was performed as previously described [14].

Adoptive transfer of naive and memory CD4* T cells

Allocated groups of C57BL/6 donor mice were immunized as
described above. Eight weeks postimmunization, the donor mice
were dissected, and PEC single cell suspensions were pooled
together. The pooled PEC cells were then stained using fluores-
cently labeled anti-CD4, CD44, and CD62-L antibodies. Naive
CD4"CD44-CD62-L* and memory CD4"CD44+CD62-L~ T cells

www.eji-journal.eu

3BLEO 1T SUOWLLID SAIER.) 3IGENIdde 3L A] PoUIBAD 3.8 DI VO ‘981 JO S9N 10 AR UIIUO ABIAA UO (SUOIIPUOO-PUE-SLLBYALIOO Ao |1 A1 BU1 U0/ SANY) SUOIPUOS PUE S L 341395 “[E202/S0/6T] U0 ARIGITSUIO ABIIM ‘UljE BRISAIIN 81 Aq LE20522021B/Z00T OT/10P/W00" Ao ARIGIPUIUO//SAI W01 POpeojumoq 'S ‘s20 TIwTzsT
9



™ 6of 7

Ivet A. Yordanova et al.

were sorted on an Aria cell sorter (BD Biosciences, Heidelberg,
Germany). Approximately 200 000 naive or memory T cells per
mouse were adoptively transferred to recipient mice via intraperi-
toneal injection. One day postadoptive transfer, recipient mice
were then orally challenged with a H. polygyrus infection and
were dissected 14 days postinfection.

Flow cytometry

The list of antibodies used for flow cytometry is described
in Supporting information Table S1. Dead cells were excluded
using eFluor780 or eF506 fixable viability dye (Thermo Fisher,
Waltham, USA). For the intracellular staining of transcription fac-
tors and cytokines, cells were fixed and permeabilized using the
Foxp3 Fixation/Permeabilization kit and Permeabilization buffer
from eBioscience. Samples were analyzed on a Canto II flow
cytometer and on an Aria cell sorter (BD Biosciences, Heidelberg,
Germany). The data were analyzed using FlowJo software version
10 (Tree star Inc., Ashland, OR, USA) and adhered to the “Guide-
lines for the use of flow cytometry and cell sorting in immunolog-
ical studies” [21].

Cell culture and in vitro antigen-specific restimulation

For the analysis of parasite-specific cytokine responses, 5 x 10°
whole mLN or lung cells per well were plated out in a round-
bottom 96-well cell culture plate in a final volume of 200 pL
cRPMI medium (10% FCS, 100U/mL penicillin, 100 pg/mL strep-
tomycin; PAA, Pasching, Austria). The cells were stimulated either
with HES (10 pg/mL), A. suum larval antigen (AsAg, 10 wg/mL),
anti-CD3/CD28 antibodies (1 pg/mL), or anti-MHC-II blocking
antibodies (clone M5/114.15.2, 5 pg/mL). At indicated time-
points, the cell culture supernatants were collected and stored at
—20°C for later analysis of cytokine release.

Cytokine detection via ELISA

The cytokines IL-4, IL-5, and IL-13 were measured in cell culture
supernatants from in vitro restimulated mLN and lung cells using
mouse IL-4, IL-5, and IL-13 uncoated ELISA kits following the
manufacturer’s instructions (ThermoFisher, MA, USA).

Statistical analysis

Statistical analysis was performed using GraphPad Prism software
version 9.0.1 (La Jolla, CA, USA). Results are displayed as mean
=+ SD and significance is displayed as *p < 0.05, **p < 0.01, ***p
< 0.001. Results were tested for normal distribution using the
Shapiro-Wilk normality tests, followed by an unpaired t-test or

one-way ANOVA combined with Tukey’s multiple comparison test.

© 2023 The Authors. European Journal of Immunology published by
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