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ARTICLE

Helminth-induced IL-4 expands bystander memory
CD8+ T cells for early control of viral infection
Marion Rolot1, Annette M. Dougall1, Alisha Chetty2, Justine Javaux1, Ting Chen1, Xue Xiao1, Bénédicte Machiels1,

Murray E. Selkirk 3, Rick M. Maizels4, Cornelis Hokke 5, Olivier Denis6, Frank Brombacher2,7,8,

Alain Vanderplasschen1, Laurent Gillet1, William G. C. Horsnell2,9,10 & Benjamin G. Dewals1

Infection with parasitic helminths can imprint the immune system to modulate bystander

inflammatory processes. Bystander or virtual memory CD8+ T cells (TVM) 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 TVM compartment. Here, we show that helminths expand

CD44hiCD62LhiCXCR3hiCD49dlo TVM cells through direct IL-4 signaling in CD8+ T cells.

Importantly, helminth-mediated conditioning of TVM 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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Soil-transmitted helminths and schistosomes infect more
than a quarter of the world population, essentially af� icting
people who live in areas of poverty in the developing

world1. Heavy parasite infections cause morbidity and mortality
that can occur at levels high enough to delay socio-economic
development2. Low-burden infections with helminths while
mostly asymptomatic can still have bystander effects on other
diseases, especially in the case of autoimmunity and allergy3,4,
thus advocating the use of speci� c helminths or derived
products as therapeutic strategies while encouraging guided
deworming campaigns5. However, how bystander helminth
infections modulate the control of heterologous pathogens such
as viruses is understood in only a limited number of contexts and
reports of both bene� cial and detrimental effects on viral
pathology exist6–10.

Memory establishment and maintenance is the hallmark of the
adaptive immune system and essential for ultimate control of
many pathogens. B and T lymphocytes are unique in their ability
to acquire immune memory against speci� c antigens (Ag) in
order to provide these high levels of protection. However, these
lymphocytes can also launch less stringent, but still effective
responses to either antigen or host immune responses11,12. Fur-
thermore, conditioning of T cells can impart memory-like
properties and functions in absence of encounter of their cog-
nate Ag13, and be important for priming CD4+ T cells for sub-
sequent type 2 immunity14. This is also the case for CD8+ T cells;
bystander or virtual memory CD8+ T cells (TVM) emerge from
early in life in naive mice15–18 and humans19,20 in the absence of
speci� c Ag stimulation and are thus Ag-inexperienced. TVM cells
have a memory-like phenotype with more effective responses to
Ag encounter compared to naïve cells and characterized by
expression of high levels of CD44 and also CD62L but low levels
of CD49d (� 4 integrin). TVM emerge in naive mice with an
unrestricted TCR repertoire and in response to various stimuli
including IL-15, IFN-I, and IL-413,20–22. While TCR involvement
remains to be fully deciphered, recent data suggest that TVM are
favored by stronger TCR signals against self-antigens but main-
tain self-tolerance13,21–24. Whereas TVM development in C57BL/6
mice mostly depends on IL-15, IL-4 is the main driver of TVM
expansion in BALB/c mice25.

Parasitic helminths induce type 2 immunity characterized by
high levels of IL-426. Bystander consequences of this strong
induction of IL-4 on memory CD8+ T cells is not well under-
stood in the context of helminth infection that also drive strong
regulatory responses. In this study, we show that infection with
helminths (Schistosoma mansoni, Nippostongylus brasiliensis, and
Heligmosomoides polygyrus) or immunization with S. mansoni
Ags, expands bystander TVM cells in secondary lymphoid tissues
via IL-4. This Ag-nonspeci� c conditioning of CD8+ T cells prior
to encounter of their speci� c Ag provides early and enhanced
control of a subsequent gammaherpesvirus acute infection. This
enhanced protection was the result of higher levels of virus-
speci� c CD8+ T cell effector responses. Thus, during helminth
infection IL-4 can expand and condition TVM cells for more rapid
CD8 responses against subsequent cognate Ag encounter.

Results
S. mansonieggs induce TVM in peripheral lymphoid tissues. To
investigate how the TVM cellular compartment is affected by
helminth-induced in� ammation, we � rst used a well-
characterized experimental model for inducing type 2 in� am-
mation by helminth Ags, in which eggs of the trematode parasite
S. mansoniare injected intraperitoneally (i.p.) to 6–8-week-old
female BALB/c mice before intravenous challenge (i.v.) 2 weeks
later, and responses measured at d22 after the� rst injection

(Supplementary Figure 1a)27. We con� rmed thatS. mansonieggs
induced eosinophilic granulomas in the lung (Supplementary
Figure 1b) and typical type 2 in� ammation with high levels of
soluble schistosome egg Ag (SEA)-speci� c IgG1 (Supplementary
Figure 1c) and IL-4 production upon SEA restimulation of the
dLN (Supplementary Figure 1d).

The CD8+ T cell populations were initially compared from
lung, dLN and spleen of BALB/c mice subjected toS. mansoniegg
immunization or not and according to their expression of CD44,
CD62L, and CD49d (Supplementary Figure 1b).S. mansoni-
driven type 2 in� ammation did not induce signi� cant increase of
lung or spleen cellularity while cell numbers in the dLN were
increased (Fig.1a). There was no overt response in the lung,
despite increased true memory CD44hiCD49dhi T cell (TTM)
proportions (Fig.1b–d). However, responses in dLN and spleen
were signi� cantly affected with strikingly increased numbers and
proportions of CD44hiCD49dlo T cells, corresponding to the TVM
compartment. Increased levels of eomesodermin (Eomes) were
also found in TVM cells afterS. mansoniegg immunization,
whereas TVM retained low-expression levels of T-bet (Fig.1e, f), a
typical feature of TVM cells22.

IL-4 directs the expansion of TVM after helminth exposure. We
then investigated the implication of IL-4 responsiveness in the
expansion of the TVM pool afterS. mansoniegg immunization.
We con� rmed that treatment with IL-4 complexes (IL-4c) strik-
ingly induced CD44hiCD49dlo TVM cells28 expressing high levels
of Eomes (Fig.2a, b). IL-4 drives the expansion of TVM cells
expressing CXCR329. Thus, we further included CXCR3 surface
expression in our analyses and observed that the main part of
CD44hiCXCR3hi cells expressed high levels of CD62L and that
population expressed low levels of CD49d, corresponding to TVM
cells (Fig.2c). The expansion of CXCR3hi TVM cells was further
observed afterS. mansoniegg immunization restricted to i.p.
injection (Supplementary Figure 2a) or immunization with SEA
or the Th2-driving schistosome egg recombinant protein omega-1
(Supplementary Figure 2b). TVM expansion and Eomes upregu-
lation was also observed in mice at later time points afterS.
mansoniegg immunization (d29 and d43 after initial i.p.), sug-
gesting that conditioning of TVM is long lasting (Supplementary
Figure 2c). Furthermore, we also observed TVM expansion during
other helminth-driven IL-4 dominated responses such as natural
infection with N. brasiliensisat day 10 pi (Supplementary Fig-
ure 2d), and a signi� cant TVM expansion and Eomes upregulation
could also be observed by day 35 pi (Supplementary Figure 2e). In
addition, natural infection withH. polygyrusat day 15 pi (Sup-
plementary Figure 2f, g), andS. mansoniat week 7 pi (Supple-
mentary Figure 2h) also caused increased TVM cell responses.
These results further indicated that IL-4-dominated responses to
helminth Ags can drive a long-lasting expansion of TVM cells in
peripheral lymphoid tissue.

S. mansoniegg injection toIl4ra� /� BALB/c mice did not
result in the expansion of TVM cells (Fig.2d) and unbiased
restimulation of splenocytes with phorbol myristate acetate
(PMA) and ionomycin resulted in increased IFN-� production
by CD8+ T cells that was dependent on IL-4 receptor expression
(Fig.2e). We further sought to determine whether TVM expansion
was directly dependent upon IL-4 responsiveness of CD8+

T cells. Mixed chimeras were generated with congenically distinct
BM from WT or Il4ra� /� BALB/c mice and subjected toS.
mansoni egg immunization (Fig.2f) or S. mansoninatural
infection (Supplementary Figure 2i). Similar chimerism was
observed in bothS. mansoniegg- or phosphate-buffered saline
(PBS)-treated mice. As in the intact mice, the frequency of TVM
cells and Eomes expression levels in TVM cells were signi� cantly
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increased in the WT compartment after exposure to the parasite
(Fig.2f and Supplementary Figure 2g). However, CXCR3hiCD49-
dlo TVM cells of theIl4ra� /� genotype were signi� cantly reduced
in naive mice compared to WT compartment and did not expand
after helminth exposure. These results demonstrated that IL-4
responsiveness of CD8+ T cells conditions and expands TVM cells
after S. mansoniegg immunization or natural infection.

Next, in order to examine whether IL-4-dependent TVM
expansion would not also result from an Ag-speci� c response to
S. mansonieggs, a tetramer-based enrichment was performed on
an unrelated and randomly chosen population of CD8+ T cells
expressing a TCR speci� c to the H-2Kd-restricted SYVPSAEQI
peptide of the circumsporozoite protein (CSP280–288) of Plamo-
dium yoelii (Supplementary Figure 2j). We observed that
exposure toS. mansonieggs also caused increased proportions
of CD44hiCXCR3hi CSP280–288-speci� c CD8+ T cells (Fig.2g).
These results further support that expansion of TVM induced by
helminth exposure is Ag-nonspeci� c.

Helminths ameliorate the control of MuHV-4 infection. Ag-
inexperienced TVM cells respond more quickly to their cognate
Ag than naive T cells30 and IL-4 signaling in memory CD8+

T cells were previously suggested to reduce effector responses28.
Thus, we investigated whether expanding the TVM pool through
helminth exposure would affect effector CD8+ T cell responses
against heterologous Ags.

Murid herpesvirus 4 (MuHV-4) is a gammaherpesvirus that
infects the laboratory mouse and establishes long term persis-
tence31. Interestingly, levels of primary MuHV-4 lytic infection are
directly dependent on effective development of effector CD8+

T cells32. MuHV-4 was therefore used to assess virus-speci� c
CD8+ T cell responses after exposure to helminth Ags. We� rst
immunized 8-week-old female BALB/c mice withS. mansonieggs
before their infection with 1 × 104 plaque-forming units (PFU) of
MuHV-4 intranasally under general anesthesia (Fig.3a). A control
group consisted of PBS-treated mice. Immunization withS.
mansonieggs protected against transient weight loss caused by
MuHV-4 respiratory infection (Fig.3b) and was associated with
reduced levels of infection at day 7 postviral infection (pvi) as
determined by immunostaining on lung tissue (Fig.3c) and plaque
assay (Fig.3e). We next measured the levels of infection over time
using MuHV-4-luc recombinant virus for live imaging of light
emission centered on the thorax at days 2, 5, 7, and 9 pvi33. S.
mansoniegg treatment resulted in signi� cantly reduced levels of
light emission by d7 pvi (Fig.3d). There was a similar early control
of respiratory MuHV-4 infection when BALB/c mice were infected
49 days after percutaneous exposure toS. mansonicercariae, a
time point corresponding to the peak of the response against the
parasite eggs (Supplementary Figure 3a), whereas enhanced
control of viral infection was not apparent when mice were
coinfected at earlier time points of the parasite life cycle. Likewise,
enhanced control of viral infection was also observed when mice
were infected with MuHV-4 at d6 or d35 after infection withN.
brasiliensis(Supplementary Figure 3b and c).

Colonization of the host by MuHV-4 after lytic respiratory
infection was not signi� cantly affected by prior exposure toS.
mansoni eggs as attested by live imaging of light emission
centered on the super� cial cervical LN (scLN, Fig.3f) and qPCR
for viral genome detection in the spleen at days 5, 7, 11, and 20
pvi (Fig.3g). These observations further supported a role of CD8-
dependent viral control during lytic replication as effective
MuHV-4-speci� c CD8+ T cell responses were shown to be
unable to control the establishment of viral latency34. We further
observed that increasing MuHV-4 infectious dose resulted in
enhanced control (Fig.3h) and daily imaging of mice infected

with 1 × 104 PFU showed similar infection levels up to days 5–6
pvi before being controlled inS. mansoni-exposed mice (Fig.3i),
suggesting enhanced adaptive immune responses rather than
impaired viral growth.

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 toS. mansonieggs or not. We
observed no signi� cant difference in the antibody responses
against 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 signi� cantly
increased in mice exposed toS. mansonieggs, numbers of neu-
trophils, macrophages, monocytes, B or CD4+ T cells were not
affected (Supplementary Figure 4b). Strikingly, the frequency and
number of lung CD8+ T cells was signi� cantly increased at day 7
pvi in mice immunized withS. mansonieggs (Fig.4a–c) and mice
infected percutaneously withS. mansonicercariae 7 weeks before
MuHV-4 infection (Fig. 4d). Such enhanced CD8+ T cell
response was associated with increased proportions of
CD44hiCD62Llo effector T cells (Fig.4e). We further observed
that effector CD44hiCD62LloCD49dhi CD8+ T cell responses
were transiently but signi� cantly increased by day 7 pvi in the
bronchoalveolar lavage� uid (BALF) and lungs of mice prior
exposed toS. mansonieggs (Fig.4f), as well as short-lived effector
T cells (KLRG1+CD127� ) (Fig. 4g). These results suggest that
prior exposure to helminths enhances CD8+ T cell responses
after MuHV-4 infection.

Enhanced virus-speci� c CD8 response after helminth exposure.
We further sought to evaluate the effector role of CD8+ T cell
responses against MuHV-4 infection in BALB/c mice after
exposure toS. mansonieggs. Interferon (IFN)-� and granzyme B
(GzmB) expression levels in BAL were signi� cantly increased by
day 7 pvi (Fig.5a) and unbiased restimulation of lung cells with
PMA and ionomycin caused signi� cantly increased co-
production of IFN-� and TNF-� by CD8+ T cells (Supplemen-
tary Figure 5a, b).

In order to assess the MuHV-4-speci� c CD8+ T cell response,
we took advantage of H-2b congenic BALB/B mice in which the
response against the well-established MuHV-4 immunodominant
H-2Db-restricted AGPHNDMEI (ORF6487–495) and H-2Kb-
restricted SVYGFTGV (ORF61524–531) epitopes could be mea-
sured35. We initially measured thoracic light emission after
MuHV-4-luc infection of BALB/B mice and observed similar
enhanced control of viral infection at day 7 pvi (Fig.5b).
Strikingly, tetramer staining (Fig.5c, d) and peptide restimulation
(Fig. 5e, f) revealed signi� cantly increased MuHV-4-speci� c
responses in the BALF and lung in BALB/B mice that were
initially exposed toS. mansonieggs. Similar increased MuHV-4-
speci� c responses by day 7 pvi were observed when mice where
infected at day 29 or 43 after the initial i.p. injection ofS. mansoni
eggs (Supplementary Figure 5c). Moreover, infection of BALB/B
mice with 1 × 104 PFU of MuHV-4 intranasally after their initial
infection withN. brasiliensisresulted in higher MuHV-4-speci� c
CD8+ T cell responses at day 7 pvi (Supplementary Figure 5d–h).

The results in Fig.2e showed thatS. mansonieggs induced
expansion of TVM cells expressing a TCR able to recognize MHC
tetramers presenting theP. yoeliiCSP280–288peptide, absent fromS.
mansoniAgs. In order to examine the development of effector Ag-
speci� c responses from CSP280–288-speci� c CD8+ T cells, we
infected BALB/c mice with a MuHV-4-luc-CSP virus expressing a
modi� ed luciferase protein in which the H-2Kd-restricted CSP280-288

peptide was inserted in-frame (Supplementary Figure 5i). We
observed enhanced control of MuHV-4-luc-CSP infection in the
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Fig. 3 S. mansoniegg immunization ameliorates the control of MuHV-4 lung infection. BALB/c mice were injected with S. mansoni(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 105 PFU per mouse
in 30 � L PBS). a Experimental design. b Body weight change as percentage of initial weight. c Immunostaining of MuHV-4-infected cells in
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D-luciferin injection. p s� 1 = photons per second. Representative photographs of bioluminescence signals of two mice per group are shown. e Lung titers at
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thoracic light emission of lungs following MuHV-4-luc infection daily. Statistical significance calculated using two-way analysis of variance (ANOVA) and
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lung by day 7 pvi which was associated with an increased
response of effector CSP280–288-speci� c CD8+ T responses
(Fig. 5g), further supporting that TVM are conditioned by
exposure to helminths, which could explain the enhanced effector
responses against their cognate Ag.

To further investigate whether the enhanced Ag-speci� c CD8+
T cell response against MuHV-4 was responsible for the early
viral control observed in mice treated withS. mansonieggs, mice
were treated with depleting antibodies against CD8 or CD4 one
day before MuHV-4 infection and then at days 1 and 4 pvi
(Fig.5h). While depletion of CD4 did not inhibit the early control
of MuHV-4 infection observed in mice exposed toS. mansoni
eggs, the absence of CD8+ cells resulted in the total loss of such
early control. These results demonstrate a CD8-dependent

mechanism of enhanced control of viral infection and strongly
suggest thatS. mansoniegg immunization rendered CD8+ T cell
responses more ef� cient to clear MuHV-4 infection, indepen-
dently of CD4+ T cells.

Helminth exposure affects the gene-expression pro� le of TVM.
To further investigate TVM phenotypic changes after exposure to
S. mansonieggs, we compared gene-expression pro� les between
PBS- orS. mansoniegg-treated TVM cells by RNA sequencing of
FACsorted TVM cells from the spleen (Supplementary Figure 6).
In total, we observed 29 differentially expressed (DE) genes (log2-
fold change > ± 0.5,P< 0.1) (Fig.6a, b) and principal-component
analysis revealed clustering of PBS- orS. mansoniegg-treated
TVM cells (Fig.6c). Among genes upregulated inS. mansoni
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live imaging performed for thoracic light emission. Statistical significance calculated using two-way analysis of variance (ANOVA) and Sidak’s multiple-
comparison test (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001). Data are representative of two independent experiments with four to five mice per
group (mean ± s.e.m. in a, b, d–h)
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Fig. 6 Phenotypic changes in helminth-driven TVM cells. a–d Transcriptomics analysis of FACsorted spleen TVM treated as in Supplementary Figure 1a. a
Differentially expressed (DE) genes (P< 0.1) in red in volcano plot, and showing in the arrowheads the direction of upregulated expression. b Heatmap of
DE genes (P< 0.1, DE over 1.5-fold). Left margin shows hierarchical clustering and right annotation indicate gene symbols. c Principal-component analysis.
d Enrichment for selected hallmark gene-sets from the MSigDB by gene-set enrichment analysis with BubbleGUM. WT_AND_STAT5A� /� _STAT5B+/�

and WT_AND_STAT5A� /� _STAT5B+/� gene-sets were obtained from published data60. Key color indicates cell subset showing enrichment for the gene
set, and size of symbols and color intensity indicate significance of enrichment (surface area proportional to absolute value of the normalized enrichment
score (NES); color intensity indicates the false-discovery rate (FDR)). Numbers in parentheses (above) indicate number of genes. NS not significant. e EdU
incorporation in CXCR3hiCD49dlo TVM and CD49dhi TTM cells after Sm egg treatment as outlined in Supplementary Figure 1a. 1 × EdU, injection 4 h before
harvest; 4 × EdU, injection at days 18, 19, 20, and 21 after Sm egg i.p. injection. f Percentages of spleen TVM cells after Sm egg injection i.p. and IL-4 levels
after SEA restimulation of splenocytes at the indicated time points. g Percentage of spleen EdU+ TTM, TVM, or TN cells at the indicated time points after Sm
egg injection i.p. h Percentages of spleen TVM cells after IL-4c treatment in mice treated daily with FTY720. i Spleen CD8+ T cells were adoptively
transferred to congenic mice before injection of Sm eggs i.p. At 7 days, percentages of recipient or donor spleen TVM cells and IFN-� -producing cells upon
restimulation in the spleen are shown in CD45.1.2+ recipient or CD45.1+ donor CD8+ T cells. Statistical significance calculated using two-way analysis of
variance (ANOVA) and Sidak’s multiple-comparison test (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001). Data are representative of two independent
experiments with three to five mice per group (mean ± s.e.m. in e, f and results from individual mouse are shown)
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egg-induced TVM cells, we observed some genes related to cyto-
toxicity functions (Gzma, Ctla2a, and Slc16a2), cytokine–cytokine
receptor interaction (Ccr2and Ccr5) or IFN-I responses (Mx1)
(Fig. 6b). Further analysis of molecular signatures with Bub-
bleGUM36, a tool allowing gene-set enrichment analysis of
transcriptomic data, revealed that among the selected gene-sets
exposure toS. mansonieggs induced a shift toward higher
expression of genes implicated in IFN-� and IFN-I responses,
whereas reduced expression of genes involved in cholesterol
homeostasis (Fig.6d). These data demonstrate that naive orS.
mansoniegg-induced TVM cells are phenotypically distinct and
further suggest that this memory T cell population has enhanced
capacity to initiate an antiviral response. Besides affecting their
transcriptomics phenotype, exposure to Sm eggs leads to TVM
expansion that could be due to IL-4 provoking their proliferation.
However, EdU incorporation in vivo afterS. mansoniegg
immunization did not show overt proliferation in TVM cells, but
did so in TTM cells after a single EdU administration 4 h before
harvest (Fig.6e). After a single injection ofS. mansonieggs, we
observed that levels of IL-4 response to SEA increased by day 4
after injection associated with the expansion of TVM cells (Fig.6f).
However, only TTM cells showed signi� cant proliferation and
EdU incorporation over time afterS. mansoniegg injection
remained low in TN and TVM (Fig.6g). TVM expansion could also
result from a recruitment to the secondary lymphoid organs. To
address this hypothesis, we treated mice with the sphingosine-1
phosphate receptor signaling FTY720 to inhibit recruitment of
lymphocytes to the spleen. FTY720 treatment did not impair the
IL-4-dependent expansion of TVM in the spleen (Fig.6h),
although the extent of the expansion was slightly affected by
inhibition of lymphocyte traf� cking. In addition, bulk CD8+ T
lymphocytes isolated from the spleen of naive mice were trans-
ferred to congenic naive BALB/c mice before immunization with
S. mansonieggs. TVM expansion occurred irrespective of their
donor or recipient origin (Fig.6i), further suggesting that
helminth-induced TVM expansion can occur in peripheral CD8+

T lymphocytes. Thus, these results suggest that the observed TVM
expansion likely result from the conversion from naive T cells
rather than proliferation or recruitment of TVM cells.

IL-4 signals in CD8+ T cells for early control of MuHV-4. Next,
we investigated the role of IL-4 responsiveness in the early control
mediated by CD8+ T cells after exposure to helminth Ags. We
� rst usedS. mansonieggs to immunize WT orIl4ra� /� BALB/c
mice before subjecting them to intranasal MuHV-4 infection
(Fig. 7a). Il4ra� /� mice did not display the enhanced control of
MuHV-4 infection observed in WT mice, withIl4ra� /� mice
exposed toS. mansonieggs displaying similar to higher thoracic
light signals. The lack of helminth-mediated early control of
MuHV-4 infection in Il4ra� /� mice was further associated with
the absence of increased CD8+ T cells in the lung at day 7 pvi
(Fig. 7b). These results suggest that IL-4 signaling during
helminth-elicited in� ammation governs the early capacity of
BALB/c mice to generate effector CD8+ T cells and control viral
infection.

To examine whether the presence ofS. mansonieggs in the
pulmonary niche conditions the early control of MuHV-4
infection after exposure to helminth Ag, we injectedS. mansoni
eggs to 8-week-old female BALB/c mice twice via the i.p. route at
2 weeks interval before MuHV-4-luc infection intranasally at day
22 (Supplementary Figure 7a). We found that the presence ofS.
mansonieggs in the lung was dispensable for the early control of
viral infection, with signi� cantly reduced light emission signals by
day 7 pvi. In addition, treatment with IL-4c at 2 days interval
before MuHV-4-luc infection intranasally at day 4 reduced the

levels of light emission reporting infection (Fig.7c), which was
associated with enhanced effector CD8+ T cell responses in the
lung after MuHV-4 infection (Fig.7d, e). These results further
suggest the role of IL-4-induced TVM cells in contributing to the
early effector CD8+ T cell responses against MuHV-4 infection.

The impact of IL-4 sensitivity of CD8+ T cells after
immunization with S. mansonieggs on subsequent responses
against MuHV-4 infection was further investigated by co-transfer
of TVM-rich WT and TVM-poor Il4ra� /� puri� ed CD8+ T cells
from PBS� or S. mansoniegg-treated mice cells in equivalent
numbers to congenic PBS� or S. mansoniegg-treated BALB/c
mice (Supplementary Figure 7b). Mice were then infected or not
with MuHV-4. The absolute numbers of donor WT andIl4ra� /�

CD8+ T cells localizing to the lung tended to increase at 7 day pvi
(Fig. 7f), and analysis of WT:Il4ra� /� donor cell ratios normal-
ized to uninfected mice demonstrated signi� cant enrichment of
donor WT CD8+ T cells compared to donorIl4ra� /� CD8+

T cells when the mice were initially treated withS. mansonieggs
(Fig.7g). Importantly, IL-4 signaling in CD8+ T cells resulted in
signi� cantly increased IFN-� production after unbiased restimu-
lation of lung cells fromS. mansoniegg-treated mice after
MuHV-4 infection, compared to the donorIl4ra� /� CD8+ T cell
compartment (Fig.7h). These results demonstrated that IL-4
signaling in CD8+ T cells, probably through expansion of TVM
cells, contributes signi� cantly to condition effective antiviral CD8+

T cell responses and that IL-4R� -dependentS. mansoniegg-
induced in� ammation in the lung environment alone is not
suf� cient to signi� cantly enhance CD8+ T cell responses.
Nonetheless, it was unclear whetherS. mansoniegg-induced
TVM cells could outcompete their naive counterparts. Thus, we
adoptively co-transferred TVM cells FACsorted from PBS� andS.
mansoniegg-treated mice cells in equivalent numbers to congenic
naive BALB/c mice. At day 7 after MuHV-4 infection, effector
T cells originating from transferred TVM cells could be detected in
lungs and BALF demonstrating the contribution of TVM cells to
the effector antiviral CD8 response (Fig.7i). However, no
signi� cant differences could be observed between naive or Sm
egg-induced TVM compartments (Fig.7j). Thus, although
phenotypically distinct to naive TVM cells, preliminary expansion
of TVM cells contributes to the early control of MuHV-4 infection.

Discussion
IL-4 and IFN-� are usually considered antagonistic as hallmark
cytokines of type 2 and type 1 immunity, respectively. None-
theless, IL-4 can drive Eomes expression in CD8+ T cells and lead
to IFN-� production23,37. We con� rm here that this intriguing
mechanism has functional consequences in vivo by providing
evidence that IL-4 induced by helminths can have under certain
circumstances, bene� cial bystander consequences on IFN-� -
dependent antiviral effector responses through induction of
TVM expansion. Immunity against helminths could therefore have
evolved a safety mechanism through induction of highly
responding TVM cells to counterbalance negative effects of type 2
immunity on the development of effective antiviral responses.

Helminth infections are highly prevalent and have been shown
to modulate the immune system, sometimes leaving a long-lasting
imprint on the ability of the helminth-exposed hosts to respond
to heterologous Ags. Indeed, helminth infections can down-
modulate allergy or in� ammatory bowel disease through various
mechanisms38, but have also been involved in modulating the
ability of the infected host to control virus infections. Several
groups have shown using C57BL/6 mice that exposure toH.
polygyrusor S. mansonieggs enhanced reactivation from latency
of MuHV-4 through changes in the IL-4/IFN-� balance10 and
also that intestine dwelling helminths could alter effector CD8+ T
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