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COINFECTION

Virus-helminth coinfection reveals a
microbiota-independent mechanism
of immunomodulation

Lisa C. Osborne,"? Laurel A. Monticelli,””> Timothy J. Nice,® Tara E. Sutherland,*

Mark C. Siracusa,?* Matthew R. Hepworth,"?”* Vesselin T. Tomov,”> Dmytro Kobuley,">
Sara V. Tran,"? Kyle Bittinger,' Aubrey G. Bailey,' Alice L. Laughlin,'

Jean-Luc Boucher,® E. John Wherry,? Frederic D. Bushman, Judith E. Allen,*

Herbert W. Virgin,® David Artis">7+

The mammalian intestine is colonized by beneficial commensal bacteria and is a site of
infection by pathogens, including helminth parasites. Helminths induce potent
immunomodulatory effects, but whether these effects are mediated by direct regulation of
host immunity or indirectly through eliciting changes in the microbiota is unknown. We
tested this in the context of virus-helminth coinfection. Helminth coinfection resulted in
impaired antiviral immunity and was associated with changes in the microbiota and
STAT6-dependent helminth-induced alternative activation of macrophages. Notably,
helminth-induced impairment of antiviral immunity was evident in germ-free mice, but
neutralization of Yml, a chitinase-like molecule that is associated with alternatively
activated macrophages, could partially restore antiviral immunity. These data indicate
that helminth-induced immunomodulation occurs independently of changes in the
microbiota but is dependent on Ym1.

he microbiota of the mammalian gastro-
intestinal (GI) tract is composed of trillions
of beneficial commensal bacteria that pro-
mote nutrient metabolism and regulate
multiple physiological processes (I, 2). The

GI tract is also a common site of infection by
pathogenic viruses, bacteria, protozoa, and hel-
minths. The dynamic cross-regulation that exists
between the host, the microbiota, and enteric pa-
thogens regulates intestinal homeostasis (3-9),

Fig. 1. Helminth coinfection impairs immunity A

indicating that these are highly coevolved rela-
tionships. Signals derived from commensal bac-
teria and helminth parasites can influence the
mammalian immune response (7, 2, 10-12), and
helminth infection can elicit alterations in the
composition of commensal bacteria that have
been associated with limiting inflammation in
multiple tissues (13-16). Despite speculation re-
garding whether helminth-induced immuno-
modulation is mediated through direct effects on
the mammalian immune system or indirectly via
changes in the microbiota (14, 17, 18), this fun-
damental question has not been addressed.
Given the impact of helminth-elicited immuno-
modulation both as a risk factor for bacterial,
viral, and protozoan coinfection (19-22) and as a
potential therapeutic strategy for multiple in-
flammatory diseases including asthma, multiple
sclerosis, and inflammatory bowel disease (23, 24),
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Fig. 2. Impaired virus-specific CD8" T cell activation and proliferation in the presence of helminth
coinfection. (A) Carboxyfluorescein diacetate succinimidyl ester (CFSE) dilution and CD69 expression
of adoptively transferred gp33-specific P14 CD8* T cells isolated from the MLNs and spleen of MNV
CW333 mono- and Ts/MNV CW38P33—coinfected mice. Red, monoinfected; blue, coinfected. Numbers in
flow plots represent frequencies of cells in divisions 0, 1 to 5, or 6+ (right to left). (B) Quantification of total
P14 cells in the MLNSs (top row) and spleen (bottom row) in mono- and coinfected mice. (C to E) C57BL/6
mice were infected with 500 Ts larvae po. At day 12 post-Ts infection, mice were infected with 10° median
tissue culture infectious dose influenza X318 intranasally (in) and killed at day 7 post-X31 infection. (C)
Lung lymphocytes from influenza X318*33 monoinfected (X31) and coinfected (Ts/X31) mice were stim-
ulated with gp33 peptide and assayed for production of IFN-y. Total gp33-specific IFN-y* CD8" Tcells in the
lung are shown. (D) Frequency of gp33-specific CD8" T cells in the lungs. Numbers in flow plots represent
mean frequencies + SEM of Kb-gp33 tetramer™ cells within the CD8" lymphocyte gate of each group. (E)
Quantification of influenza PA gene in lung tissue, normalized to Hprtl. (F to H) C57BL/6 mice were
infected with 200 Hp larvae po. At day 12 post-Hp infection, mice were infected with 10° pfu MNV CW3 po
and killed at day 7 post-CW3 infection. (F) Total splenic Kb-P15**" tetramer* CD8* T cells from CW3 mono-
infected and Hp/CW3-coinfected mice. (G) Splenocytes were stimulated with P151°Y peptide and assayed
for production of IFN-y and TNF-a. Numbers in flow plots represent mean frequencies + SEM of dual-
producing IFN-y* TNF-a* cells within the CD8* CD44™ lymphocyte gate of each group. (H) MNV genome
copies in ileal tissue were quantified by RT-PCR. All data are representative of two independent experi-
ments with a minimum of three to five mice per group. Bar graphs represent means + SEM. Statistics
compare monoinfected versus coinfected groups by using a two-way analysis of variance (ANOVA) with
Bonferroni's post-testing [(B), (C), and (E)] or the Student's t test [(D) and (F) to (H)]. *P < 0.05.
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it is critical to define the regulatory mechanisms by
which helminth parasites can influence innate and
adaptive immunity.

To test whether helminth infection elicits im-
munomodulation through direct effects on the
mammalian immune system or via alterations
in the microbiota, we developed a model of
enteric coinfection using the helminth parasite
Trichinella spiralis (Ts), which inhabits the
small intestine for about 2 to 3 weeks before
progressing to a persistent extraintestinal phase,
and a murine norovirus (MNV CW3) that acutely
infects the ileum. As expected, Trichinella infec-
tion induced type 2 immune responses (fig. S1).
In the presence of the microbiota, Trichinella-
MNV coinfection (fig. S2A) was associated with
decreased frequencies and numbers of MNV-
specific CD8" T cells within the small intestine,
Peyer’s patches, and spleen compared with mono-
infected controls (Fig. 1, A and B, and fig. S2, B
and C). Further, MNV-specific CD8" T cells iso-
lated from helminth-coinfected mice exhibited
diminished polyfunctional effector function as
compared with monoinfected controls (Fig. 1C).
Analysis of MNV-specific CD4™ T cells using ma-
jor histocompatibility complex II (MHCII) 1AP
tetramers specific for an epitope (P1496) within
the MINV capsid (table S1) identified that helminth-
coinfected mice also had fewer antigen-specific
CD4* T cells (fig. S2D) and impaired accumula-
tion of virus-specific CD4" T cells expressing both
interferon-y (IFN-y) and tumor necrosis factor-o
(TNF-a) compared to monoinfected controls
(Fig. 1D). Notably, the defective T cell responses
were associated with elevated viral loads in in-
testinal tissue of Trichinella/ MNV CW3-infected
mice compared to monoinfected controls (Fig. 1E).

We generated a recombinant gp33-expressing
strain of MNV CW3 (CW3%%3) to track the ac-
tivation and early proliferation of MNV-specific
CDS8™ T cells in vivo. Adoptively transferred con-
genic gp33-specific P14 CD8™ T cells accumulated
and exhibited polyfunctional effector function in
the intestine and spleen after MNV infection (fig.
S3). Spatial and kinetic analysis of gp33-specific
P14 CD8" T cell activation and proliferation re-
vealed that helminth coinfection resulted in de-
layed virus-specific CD8" T cell proliferation and
activation (Fig. 2A), as well as reduced or delayed
accumulation of virus-specific T cells in the drain-
ing mesenteric lymph nodes (MLNs) and spleen
(Fig. 2B). Similar to oral infection, systemic viral
infection stimulated robust antiviral P14 CD8* T
cell proliferation in monoinfected mice, which
was dampened in helminth-coinfected mice (fig.
S4), suggesting that helminth infection can im-
pair systemic antiviral immune responses to MNV
independent of inflammatory or tissue-repair
processes operating in the intestine.

The immunomodulatory effects of Trichinella
infection on antiviral immunity were long lived
(fig. S5); able to influence established infection
with MNV CR6, a related strain that persists in
the colon of immune-competent mice (fig. S6);
and evident in the lung after respiratory influenza
infection (Fig. 2, C to E), indicating that helminth-
elicited immunomodulation is operational at
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extraintestinal tissues and can influence immu-
nity to multiple viral pathogens. Further, the
immunomodulatory effects of helminth infec-
tion on antiviral immunity were not restricted to
Trichinella and were also evident after infection
with Heligmosomoides polygyrus bakeri (Hp)
(Fig. 2, F to H).

Despite ongoing clinical trials testing the po-
tential efficacy of helminth immunotherapy to
treat inflammatory diseases and the detrimental
effects of helminth coinfection on protective
immune responses to other human pathogens
(19, 21, 23, 24), the mechanisms underlying
helminth-elicited immunomodulation remain
poorly understood. Helminth infections can
induce shifts in the composition of commensal
bacterial communities, and these alterations
have been proposed to play a role in modulating
the host immune response (13-18). Further, com-
mensal bacteria-derived signals can modulate
lymphocyte responses to infection (3, 4, 9), in-
cluding antiviral immunity (25-27). To test whether
Trichinella infection altered the composition of

the intestinal microbiota, we performed sequenc-
ing and phylogenetic analysis of bacterial 16S
ribosomal RNA (rRNA) genes of small intestine
and colon luminal contents. These analyses re-
vealed alterations in commensal bacterial com-
munities in both the small and the large intestine
after Trichinella infection (Fig. 3, A to D). Notable
changes included a reduction in the relative abun-
dance of the Turicibacteraceae family and an in-
crease in the relative abundance of Lactobacillacaeae
in the small intestine (Fig. 3C) and increased
colonic representation of Clostridiales (Fig. 3D).

To test whether these alterations contributed
to helminth-induced immunomodulation, we com-
pared the influence of helminth coinfection on
antiviral immunity in the presence or absence of
the microbiota using germ-free (GF) mice. Establish-
ment of Trichinella in the intestine and peripheral
tissues and induction of helminth-induced T helper
2 (Ty2) cell responses were similar in conventional
(CNV) and GF mice (fig. S7). The diminished anti-
viral responses seen in helminth-coinfected mice
were evident in both CNV and GF mice (Fig. 3, E

to G). These data indicate that helminth-elicited
immunomodulation of antiviral immunity can
occur independently of changes in the microbiota
and suggest that coevolution may have resulted
in mechanisms that allow helminths to directly
regulate host immune responses.

Helminth infection elicits the induction of type 2
cytokines and is associated with signal transducer
and activator of transcription 6 (STAT6)-dependent
alternative activation of macrophages (AAMacs),
but these responses are not typically associated
with protective antiviral immune responses.
Therefore, we tested whether STAT6-dependent
differentiation of AAMacs may underlie the dys-
regulated antiviral immune response in the con-
text of helminth coinfection. Ex vivo analysis
revealed a significant population expansion of
macrophages (CD11b" CD1lc¢™ cells) in the MLNs
of Trichinella-infected mice that was unaltered by
MNV infection (Fig. 4A). Up-regulation of known
AAMac-associated genes, including arginase-1 (47g7),
RELMo, (Retnla), and Ym1 (Chi313), was detected

in the ileum of wild-type (WT) but not STAT6- or
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interleukin-4Ra (IL-4Ra)-deficient mice (Fig. 4B
and fig. S8A), indicating that AAMac responses
were evident in coinfected mice at the site of MNV
CWS3 infection. Critically, deletion of STAT6 was
sufficient to restore MNV CW3%%%_induced CD8*
T cell proliferation (Fig. 4C), and mice lacking
STAT6 or IL-4Ra exhibited reduced viral loads
compared with coinfected WT controls after MNV
infection (Fig. 4D and fig. S8B). Further, delivery
of IL-4/anti-IL-4 complexes was sufficient to in-
duce expression of AAMac-associated genes and
impair antiviral immunity in vivo compared with
control-treated mice (fig. S9). Collectively, these
data suggest that AAMacs may limit the induction
of host-protective antiviral immune responses in a

Because MNV has tropism for macrophages
(28), we tested the ability of bone marrow-derived
macrophages (BM-Macs) to control viral repli-
cation. After recombinant IL-4 (rIL-4) treatment,
BM-IL4 Macs undergo STAT6-dependent alter-
native activation, and BM-IL4 Macs infected
with MNV CW3#?? exhibited STAT6-dependent
increases in viral burdens compared with control
BM-Macs (fig. S10). Furthermore, although MNV
CW3#%.infected control BM-Macs could elicit
robust CD8" T cell proliferation in vitro, BM-IL4:
Macs demonstrated STAT6-dependent inhibi-
tion of MNV-specific CD8* T cell proliferation
(fig. S11A). To test whether AAMacs could mod-
ulate early antiviral immune responses in vivo,
control BM-Macs or BM-IL4 Macs were adop-

tively transferred into mice along with MNV
CW38P33, Mice receiving BM-IL4 Macs exhibited
fewer antiviral CD8" T cells and increased viral
burdens (fig. S11, B and C). Together, these data
indicate that helminth-elicited STAT6-dependent
induction of AAMacs can limit innate and adaptive
immune responses to enteric viral infection.
AAMac effector molecules arginase-1, RELMa,
and Yml have been implicated in regulating
immunity and inflammation (29-31). However,
antiviral CD8" T cell activation remained im-
paired in helminth-coinfected mice after inhibi-
tion of arginase-1 (fig. S12A) or deletion of RELMa
(fig. S12B), indicating that these factors are dis-
pensable for helminth-induced impairment of
antiviral immunity. The chitinase-like molecule

type 2 cytokine- and STAT6-dependent manner.
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Yml is one of the most highly expressed AAMac
effector molecules in multiple settings of acute
and chronic type 2 cytokine-associated inflam-
mation (32-36). Although Ym1 has been implicated
in promoting chemoattraction and inflammation
(37, 38), the biological functions of this molecule
are not well understood (39). To test whether Ym1
contributes to helminth-induced immunomodula-
tion, virus-helminth-coinfected mice were treated
with an isotype control monoclonal antibody
(mADb) or a mAb against Ym1 (anti-YM1). Neutral-
ization of Ym1 in coinfected animals significantly
enhanced virus-specific CD8" T cell proliferation
(Fig. 4E), the polyfunctional capacity of antiviral
CDS8" T cells, and the number of virus-specific
CD4" T cells expressing effector cytokines (fig. S13).
Anti-Yml treatment of coinfected mice was asso-
ciated with enhanced control of viral replication
(Fig. 4F). Further, although CW3**%%.infected
BM-Macs stimulated robust P14 CD8* T cell
proliferation, this was inhibited by addition of
recombinant Yml (rYm1l) (Fig. 4G). r'YM1 was
also sufficient to inhibit T cell receptor-driven
activation and proliferation of purified CD8* T
cells (Fig. 4H). Taken together, these findings re-
veal a role for helminth-induced AAMacs and
Ym1 in immunomodulation of protective immune
responses to concomitant viral infection.

These data identify that helminth coinfection
can inhibit antiviral immunity via a pathway of
innate immunomodulation. This was indepen-
dent of changes in the microbiota but associated
with induction of potent AAMac responses and
Ymi-dependent inhibition of antiviral T cell re-
sponses (fig. S14)). Therefore, although helminth
parasites and commensal bacteria colonize the
same niche within the intestine, coevolution of
helminths with their mammalian hosts may
have resulted in mechanisms that allow direct
regulation of the host innate immune system
and antiviral immunity independently of changes
in the microbiota. These findings, coupled with a
report by Reese et al. (40) identifying a critical
role for helminth-induced I1.-4/1L-13 and STAT6
activity in reactivation of latent y-herpesvirus
infection in macrophages, indicate a conserved
mechanism of innate immunomodulation in the
context of virus-helminth coinfection. The iden-
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tification of an immunomodulatory role for the
AAMac-Ym1 pathway could have implications
for the development of helminth-based therapies
for multiple chronic inflammatory diseases as well
as improved vaccination strategies in helminth-
infected individuals.
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