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ARTICLE

Helminth-induced IL-4 expands bystander memory
CD8™ T cells for early control of viral infection

Marion Rolot!, Annette M. Dougall!, Alisha Chetty?, Justine Javaux, Ting Chenl, Xue Xiao, Bénédicte Machiels,
Murray E. Selkirk® 3, Rick M. Maizels?, Cornelis Hokke® °, Olivier Denis®, Frank Brombacher?’:8,
Alain Vanderplasschen!, Laurent Gillet!, William G. C. Horsnell2910 & Benjamin G. Dewals!

Infection with parasitic helminths can imprint the immune system to modulate bystander
inflammatory processes. Bystander or virtual memory CD8% T cells (Tyy) are non-
conventional T cells displaying memory properties that can be generated through respon-
siveness to interleukin (IL)-4. However, it is not clear if helminth-induced type 2 immunity
functionally affects the Tyyn compartment. Here, we show that helminths expand
CD44hicD62LNCXCR3NCD49d"° Ty cells through direct IL-4 signaling in CD8* T cells.
Importantly, helminth-mediated conditioning of Ty, cells provided enhanced control of acute
respiratory infection with the murid gammaherpesvirus 4 (MuHV-4). This enhanced control
of MuHV-4 infection could further be explained by an increase in antigen-specific CD8* T
cell effector responses in the lung and was directly dependent on IL-4 signaling. These results
demonstrate that IL-4 during helminth infection can non-specifically condition CD8* T cells,
leading to a subsequently raised antigen-specific CD8* T cell activation that enhances
control of viral infection.
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oil-transmitted helminths and schistosomes infect morgSupplementary Figure 24) We con rmed thatS. mansonéggs
than a quarter of the world population, essentiallyiciing induced eosinophilic granulomas in the lung (Supplementary
people who live in areas of poverty in the developirigigure 1b) and typical type 2 iammation with high levels of
world!. Heavy parasite infections cause morbidity and mortalisoluble schistosome egg Ag (SEA)-speiG1 (Supplementary
that can occur at levels high enough to delay socio-econorfigure 1c) and IL-4 production upon SEA restimulation of the
developmert Low-burden infections with helminths whiledLN (Supplementary Figure 1d).
mostly asymptomatic can still have bystander effects on otheThe CD8" T cell populations were initially compared from
diseases, especially in the case of autoimmunity and &lfergjung, dLN and spleen of BALB/c mice subjecte8 tmansonégg
thus advocating the use of specihelminths or derived immunization or not and according to their expression of CD44,
products as therapeutic strategies while encouraging guidgid62L, and CD49d (Supplementary Figure 18). mansoni
deworming campaigfs However, how bystander helminthdriven type 2 inammation did not induce signcant increase of
infections modulate the control of heterologous pathogens suahg or spleen cellularity while cell numbers in the dLN were
as viruses is understood in only a limited number of contexts aimtreased (Figla). There was no overt response in the lung,
reports of both beneial and detrimental effects on viraldespite increased true memory CH@DA T cell (Try)
pathology exi$t10. proportions (Fig.1b—d). However, responses in dLN and spleen
Memory establishment and maintenance is the hallmark of tieere signicantly affected with strikingly increased numbers and
adaptive immune system and essential for ultimate control pfoportions of CD44CD49dP T cells, corresponding to the,f;
many pathogens. B and T lymphocytes are unique in their abiltpmpartment. Increased levels of eomesodermin (Eomes) were
to acquire immune memory against speciantigens (Ag) in also found in T, cells afterS. mansoniegg immunization,
order to provide these high levels of protection. However, thesbereas {y retained low-expression levels of T-bet (Ea.f), a
lymphocytes can also launch less stringent, but still effectiypical feature of Jy cell$2
responses to either antigen or host immune respdh&ésur-
thermore, conditioning of T cells can impart memory-like
properties and functions in absence of encounter of their cdg-4 directs the expansion of {, after helminth exposure We
nate Ad3 and be important for priming CD& T cells for sub- then investigated the implication of IL-4 responsiveness in the
sequent type 2 immuni#. This is also the case for CHg cells; expansion of the Jy pool afterS. mansonegg immunization.
bystander or virtual memory CD8T cells (T) emerge from We con rmed that treatment with IL-4 complexes (IL-4c) strik-
early in life in naive mic®-18 and human&°20in the absence of ingly induced CD4%CD49d° Ty, cell$8 expressing high levels
specic Ag stimulation and are thus Ag-inexperiencegyTcells of Eomes (Fig2a, b). IL-4 drives the expansion of,J cells
have a memory-like phenotype with more effective responseseipressing CXCR8 Thus, we further included CXCR3 surface
Ag encounter compared to naive cells and characterized dxpression in our analyses and observed that the main part of
expression of high levels of CD44 and also CD62L but low leveB44CXCR3' cells expressed high levels of CD62L and that
of CD49d (4 integrin). Tym emerge in naive mice with anpopulation expressed low levels of CD49d, correspondinggo T
unrestricted TCR repertoire and in response to various stimgklls (Fig2c). The expansion of CXCR3Ty,, cells was further
including IL-15, IFN-I, and IL-4320-22 While TCR involvement observed afteS. mansoniegg immunization restricted to i.p.
remains to be fully deciphered, recent data suggest thatafe injection (Supplementary Figure 2a) or immunization with SEA
favored by stronger TCR signals against self-antigens but manthe Th2-driving schistosome egg recombinant protein omega-1
tain self-tolerance224, Whereas Ty, development in C57BL/6 (Supplementary Figure 2b)y# expansion and Eomes upregu-
mice mostly depends on IL-15, IL-4 is the main driver @f,T lation was also observed in mice at later time points &ter
expansion in BALB/c micé mansoniegg immunization (d29 and d43 after initial i.p.), sug-
Parasitic helminths induce type 2 immunity characterized lgesting that conditioning of J, is long lasting (Supplementary
high levels of IL-25 Bystander consequences of this strorfgigure 2c). Furthermore, we also observeg €xpansion during
induction of IL-4 on memory CD8 T cells is not well under- other helminth-driven IL-4 dominated responses such as natural
stood in the context of helminth infection that also drive strongnfection with N. brasiliensisat day 10 pi (Supplementary Fig-
regulatory responses. In this study, we show that infection withe 2d), and a signtant Ty expansion and Eomes upregulation
helminths Schistosoma manspNiippostongylus brasiliensssd could also be observed by day 35 pi (Supplementary Figure 2e). In
Heligmosomoides polygyrws immunization with S. mansoni addition, natural infection wittH. polygyrusat day 15 pi (Sup-
Ags, expands bystandet cells in secondary lymphoid tissueplementary Figure 2f, g), ar8. mansonat week 7 pi (Supple-
via IL-4. This Ag-nonspect conditioning of CD& T cells prior mentary Figure 2h) also caused increaseg, Tell responses.
to encounter of their speai Ag provides early and enhancedrhese results further indicated that IL-4-dominated responses to
control of a subsequent gammaherpesvirus acute infection. Théminth Ags can drive a long-lasting expansion ¢f;Tcells in
enhanced protection was the result of higher levels of virygeripheral lymphoid tissue.
specic CD8" T cell effector responses. Thus, during helminth S. mansoniegg injection toll4ra /  BALB/c mice did not
infection IL-4 can expand and conditiony; cells for more rapid result in the expansion of v, cells (Fig.2d) and unbiased
CD8 responses against subsequent cognate Ag encounter. restimulation of splenocytes with phorbol myristate acetate
(PMA) and ionomycin resulted in increased IFNproduction
by CD8" T cells that was dependent on IL-4 receptor expression
Results (Fig.2e). We further sought to determine whethegfexpansion
S. mansoniggs induce J in peripheral lymphoid tissuesTo was directly dependent upon IL-4 responsiveness of *CD8
investigate how the \k, cellular compartment is affected byT cells. Mixed chimeras were generated with congenically distinct
helminth-induced inammation, we rst used a well- BM from WT or ll4ra / BALB/c mice and subjected 8.
characterized experimental model for inducing type 2ain- mansoni egg immunization (Fig.2f) or S. mansoninatural
mation by helminth Ags, in which eggs of the trematode parasitéection (Supplementary Figure 2i). Similar chimerism was
S. mansonare injected intraperitoneally (i.p.) te-&week-old observed in bott5. mansonegg- or phosphate-buffered saline
female BALB/c mice before intravenous challenge (i.v.) 2 we@RBS)-treated mice. As in the intact mice, the frequencywff T
later, and responses measured at d22 after tisé injection cells and Eomes expression levels g Tells were signcantly
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Fig. 1 S. mansorggs induce CD44hCD49d!° CD8* T cell expansion in the draining LN and spleen. BALB/c mice were injected with S. mansor(Sm) eggs i.
p. and challenged i.v. (5000 per injection) at d14 before analysis at d22. a Absolute cell number at d22 in the indicated tissue. b Representative flow
contour plots of gated CD8™ T cells of the indicated tissue at d22. Numbers indicate percent of events in each gate. ¢ Cell number of CD44'° (naive T cells,
Tn), CD44NCcD49dN (true memory T cells, Try) and CD44NCD49d!© (virtual memory, Tyy) CD8* T cells as determined by flow cytometric analysis. d
Percentage of CD44/0 Ty, CD44NCD49dN Ty, and CD44MNCD49d!° Ty, cells in CD8* T cells as determined by flow cytometric analysis. e Representative
histograms of PBS- or Sm egg-treated spleen CD8* T cells. Gates were placed on CD44° Ty, CD44MCD49d" Ty, and CD44NCD49d!° Ty, cells. Flow
histograms show respective expression of Eomes and T-bet. f Median fluorescence intensities (MFI) of T-bet and Eomes at day 22 from the indicated
populations after Sm egg injection. Statistical significance calculated using two-way analysis of variance (ANOVA) and Dunnett’s (PBS as reference mean)
or Sidak’s multiple-comparison test ("P<0.01, ™P<0.001, "*P< 0.0001). Data are representative of three independent experiments with 4 mice per
group (meants.e.m. in a, c, d, f)
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Fig. 2 IL-4 signaling in CD8* T cells expands Ty after S. mansorggg immunization. a IL-4c¢ treatment in BALB/c mice at dO and d2 before analysis at d4.
Percentages of spleen naive T cells (Ty, CD44/9), true memory (Ty, CD44MNCD49d") and virtual memory (Tyw, CD44MCD49d'?) CD8* T cells. b
Intracellular Eomes in spleen Ty cells after IL-4c¢ treatment as in (a). MFI median fluorescence intensity. ¢ BALB/c mice were injected with S. mansor{Sm)
eggs i.p. and challenged i.v. (5000 per injection) at day 14 before analysis at day 22. Representative contour plots gated on spleen CD8* T cells. Gates were
placed depending on CD44 and CXCR3 to define CD44/°CXCR3° Ty, CD44NCXCR3° T;,,, CD44hCXCR3NCD62L°CD49dN Try, and
CD44NiCXCR3NCD62LNCD49d! Ty, cells. Histogram overlay shows respective CD49d expression in each population. d Percentages of spleen
CD44NiCcXCR3NCD62LNCD49d!0 Ty cells in WT and Il4ra /  mice after Sm egg were injected i.p. and analysis performed at d7. e Percentage of IFN-
producing splenic CD8* T cells from WT and ll4ra / following restimulation with PMA and ionomycin as determined by flow cytometric analysis. f Mixed
BM chimeras were generated by introducing WT CD45.1 and ll4ra / CD45.2 BALB/c donor BM into lethally irradiated WT CD45.1.2 BALB/c hosts. Eight
weeks later, chimeric mice were injected with Sm eggs. Representative contour plots are shown from a Sm egg-treated spleen. Percentage of chimerism,
CD44hicD49dNi Ty, CXCR3NCDA49d° Ty, and Eomes expression in Ty (MFI) for both donor populations in spleen are shown. g Tetramer-based
enrichment of P. yoeliCSP280-288_specific CD8™ T cells was performed on spleen and lymph nodes from individual aged-matched BALB/c mice injected or
not with Sm eggs i.p. and challenged i.v. at day 14 before analysis at day 22. Total tetramer-binding cells numbers, representative flow dot plots as in
Supplementary Figure 2j with numbers indicating mean percent of each gated population, and percentages of the indicated populations are shown. Statistical
significance calculated using two-way analysis of variance (ANOVA) and Dunnett’s (PBS as reference mean) or Sidak’s multiple-comparison test (“P< 0.0,
"P<0.001, " P<0.0001). Data are representative of two to three independent experiments with three to nine mice per group (mean +s.e.m.)
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increased in the WT compartment after exposure to the parasitéth 1 x 16" PFU showed similar infection levels up to day8 5
(Fig.2f and Supplementary Figure 2g). However, CX@E349- pvi before being controlled i8. mansoréxposed mice (Figi),

dl°© Tywm cells of thdldra /  genotype were sigriantly reduced suggesting enhanced adaptive immune responses rather than
in naive mice compared to WT compartment and did not expanidhpaired viral growth.

after helminth exposure. These results demonstrated that IL-4

responsiveness of CDJ cells conditions and expands,f cells
after S. mansonéegg immunization or natural infection.

Next, in order to examine whether IL-4-dependen{uT
expansion would not also result from an Ag-spediesponse to
S. mansonéggs, a tetramer-based enrichment was performed
an unrelated and randomly chosen population of CDB cells
expressing a TCR specito the H-2K-restricted SYVPSAEQI
peptide of the circumsporozoite protein (G8®289 of Plamo-
dium yoelii (Supplementary Figure 2j). We observed th
exposure toS. mansoneggs also caused increased proportio
of CD44ICXCRY CSHE80-288gpecic CD8" T cells (Fig.2g).
These results further support that expansion ¢f; Tinduced by
helminth exposure is Ag-nonspeci

Helminths augment lung CD8& T cell responses to MuHV-4
We next assessed the immune response against MuHV-4 in
BALB/c mice that were exposed $ mansoneggs or not. We
served no signcant difference in the antibody responses
ainst MuHV-4 (Supplementary Figure 4a) and global cellularity
in lungs at day 7 pvi was not affected (Supplementary Figure 4b).
Whereas eosinophils and DC numbers were sigamtly
increased in mice exposed $ mansoneggs, numbers of neu-
ophils, macrophages, monocytes, B or CD’cells were not
Wiected (Supplementary Figure 4b). Strikingly, the frequency and
number of lung CD8 T cells was signcantly increased at day 7
pvi in mice immunized witts. mansoneéggs (Figda—) and mice
infected percutaneously wih mansontercariae 7 weeks before
MuHV-4 infection (Fig. 4d). Such enhanced CD8T cell
response was associated with increased proportions of

Helminths ameliorate the control of MuHV-4 infection Ag- CDa4iCDB2L effector T cells (Figle). We further observed

inexperienced Jy cells respond more quickly to their cognat i o 7
Ag than naive T ceff€ and IL-4 signaling in memory CD8 Shat effector CD4ACD62U°CD49d" CD8" T cell responses

T cells were previously suggested to reduce effector res%ﬁans\év?e re transiently but signcantly increased by day 7 pvi in the

Thus, we investigated whether expanding tkg Ppool through onchoalveolar Iava_gewd (.BALF) and lungs of_m|ce prior
helminth exposure would affect effector CDB cell responses exposed IS, m%nsonggs (Figi), as well as short-lived effector
against heterologous Ags. T cells (KLRGICD127 ) (Fig. 4g). These results suggest that

Murid herpesvirus 4 (MuHV-4) is a gammaherpesvirus thgrior exposure to helminths enhances CD¥ cell responses

infects the laboratory mouse and establishes long term per ggr MuHV-4 infection.
tencél Interestingly, levels of primary MuHV-4 lytic infection are
directly dependent on effective development of effector *CD&nhanced virus-specic CD8 response after helminth exposure
T cell$2 MuHV-4 was therefore used to assess virus-specWe further sought to evaluate the effector role of CDBcell
CD8* T cell responses after exposure to helminth Ags. Vé& responses against MuHV-4 infection in BALB/c mice after
immunized 8-week-old female BALB/c mice wBhmansonéggs exposure td&. mansoneéggs. Interferon (IFN)-and granzyme B
before their infection with 1 x Fplagque-forming units (PFU) of (GzmB) expression levels in BAL were sigantly increased by
MuHV-4 intranasally under general anesthesia (Bag. A control day 7 pvi (Figha) and unbiased restimulation of lung cells with
group consisted of PBS-treated mice. Immunization with PMA and ionomycin caused sigmantly increased co-
mansonieggs protected against transient weight loss causedpbyduction of IFN- and TNF- by CD8" T cells (Supplemen-
MuHV-4 respiratory infection (Fig3b) and was associated withtary Figure 5a, b).
reduced levels of infection at day 7 postviral infection (pvi) asIn order to assess the MuHV-4-speciCD8" T cell response,
determined by immunostaining on lung tissue (Big).and plaque we took advantage of H2Zongenic BALB/B mice in which the
assay (FigBe). We next measured the levels of infection over timmesponse against the well-established MuHV-4 immunodominant
using MuHV-4-luc recombinant virus for live imaging of lightH-2DP-restricted AGPHNDMEI (ORP&#495 and H-2KP-
emission centered on the thorax at days 2, 5, 7, and ¥ & restricted SVYGFTGV (ORF&53Y epitopes could be mea-
mansoniegg treatment resulted in sigoantly reduced levels of sured®> We initially measured thoracic light emission after
light emission by d7 pvi (Fi@d). There was a similar early controlMuHV-4-luc infection of BALB/B mice and observed similar
of respiratory MuHV-4 infection when BALB/c mice were infectednhanced control of viral infection at day 7 pvi (Figh).
49 days after percutaneous exposurestanansoncercariae, a Strikingly, tetramer staining (Figc, d) and peptide restimulation
time point corresponding to the peak of the response against {iég. 5e, f) revealed signitantly increased MuHV-4-sped
parasite eggs (Supplementary Figure 3a), whereas enhamnesponses in the BALF and lung in BALB/B mice that were
control of viral infection was not apparent when mice wernaitially exposed td&. mansonéggs. Similar increased MuHV-4-
coinfected at earlier time points of the parasite life cycle. Likewisgeci c responses by day 7 pvi were observed when mice where
enhanced control of viral infection was also observed when mintected at day 29 or 43 after the initial i.p. injectiorBofmansoni
were infected with MuHV-4 at d6 or d35 after infection with eggs (Supplementary Figure 5c). Moreover, infection of BALB/B
brasiliensigSupplementary Figure 3b and c). mice with 1 x 18 PFU of MuHV-4 intranasally after their initial
Colonization of the host by MuHV-4 after lytic respiratoryinfection withN. brasiliensisesulted in higher MuHV-4-speat
infection was not signcantly affected by prior exposure & CD8* T cell responses at day 7 pvi (Supplementary Figurh)sd
mansoni eggs as attested by live imaging of light emissionThe results in Fig2e showed thatS. mansonieggs induced
centered on the supetial cervical LN (scLN, Figf) and gPCR expansion of Jy, cells expressing a TCR able to recognize MHC
for viral genome detection in the spleen at days 5, 7, 11, andt@Bamers presenting tie. yoeliCSP8%-288 peptide, absent frors.
pvi (Fig.3g). These observations further supported a role of CDBtansoniAgs. In order to examine the development of effector Ag-
dependent viral control during lytic replication as effectivepecic responses from C&#288gpecic CD8" T cells, we
MuHV-4-specic CD8" T cell responses were shown to binfected BALB/c mice with a MuHV-4-luc-CSP virus expressing a
unable to control the establishment of viral latetfcyVe further modi ed luciferase protein in which the H-8¥estricted CS#80-288
observed that increasing MuHV-4 infectious dose resulted peptide was inserted in-frame (Supplementary Figure 5i). We
enhanced control (FigBh) and daily imaging of mice infectedobserved enhanced control of MuHV-4-luc-CSP infection in the
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Fig. 3 S. mansorggg immunization ameliorates the control of MuHV-4 lung infection. BALB/c mice were injected with S. manson{Sm) eggs i.p. and
challenged i.v. (5,000 per injection) at day 14. At d22, MuHV-4-luc virus was administered i.n. (b-g, i 104 PFU per mouse; h 103, 104, or 10° PFU per mouse
in 30 L PBS). a Experimental design. b Body weight change as percentage of initial weight. ¢ Immunostaining of MuHV-4-infected cells in
representative lung sections of PBS- or Sm egg-treated mouse 7 days after MuHV-4-luc infection (day 7 pvi). Arrows indicate positive AEC signal. Dotted
line shows boundaries of an egg-centered (#) granuloma. d Combined dorsal and ventral measurements by live imaging of thoracic light emission following
D-luciferin injection. ps = photons per second. Representative photographs of bioluminescence signals of two mice per group are shown. e Lung titers at
day 7 pvi as determined by plaque assay. f Live imaging of light emission of superficial cervical LN (scLN). g Splenic MuHV-4 DNA copy numbers at the
indicated time points. h Live imaging of thoracic light emission following MuHV-4-luc infection with three different infectious doses. i Live imaging of
thoracic light emission of lungs following MuHV-4-luc infection daily. Statistical significance calculated using two-way analysis of variance (ANOVA) and
Sidak’s multiple-comparison test ("P<0.01, "*P< 0.001, **P< 0.0001). Data are representative of three independent experiments with five to ten mice
per group (meanz+s.em. in b, e-)
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