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Abstract

Background: Respiratory syncytial virus (RSV) infection in infants is a major cause of
viral bronchiolitis and hospitalisation. We have previously shown in a murine model
that ongoing infection with the gut helminth Heligmosomoides polygyrus protects
against RSV infection through type | interferon (IFN-1) dependent reduction of viral
load. Yet, the cellular basis for this protection has remained elusive. Given that recruit-
ment of mononuclear phagocytes to the lung is critical for early RSV infection control,
we assessed their role in this coinfection model.

Methods: Mice were infected by oral gavage with H. polygyrus. Myeloid immune
cell populations were assessed by flow cytometry in lung, blood and bone marrow
throughout infection and after secondary infection with RSV. Monocyte numbers
were depleted by anti-CCR2 antibody or increased by intravenous transfer of en-
riched monocytes.

Results: H. polygyrus infection induces bone marrow monopoiesis, increasing circula-
tory monocytes and lung mononuclear phagocytes in a IFN-I signalling dependent
manner. This expansion causes enhanced lung mononuclear phagocyte counts early
in RSV infection that may contribute to the reduction of RSV load. Depletion or sup-
plementation of circulatory monocytes prior to RSV infection confirms that these are
both necessary and sufficient for helminth induced antiviral protection.

Conclusions: H. polygyrus infection induces systemic monocytosis contributing to el-
evated mononuclear phagocyte numbers in the lung. These cells are central to an anti-
viral effect that reduces the peak viral load in RSV infection. Treatments to promote
or modulate these cells may provide novel paths to control RSV infection in high risk

individuals.
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Ongoing H. polygyrus infection in mice induces bone marrow monopoiesis, circulatory monocytosis and increases lung mononuclear
phagocytes. H. polygyrus infection increases the accumulation of lung mononuclear phagocytes in the early immune response to RSV. Lung
mononuclear phagocyte numbers are proportional to the capacity to control RSV. Abbreviations: CFU, colony forming units; H. polygyrus,

Heligmosomoides polygyrus, RSV, respiratory syncytial virus.

1 | INTRODUCTION

Respiratory syncytial virus (RSV) induced viral bronchiolitis is a major
cause of infant hospitalisation worldwide.! Adult infection is frequently
associated with mild respiratory illness but can also cause significant
morbidity and mortality in the elderly and immunocompromised in-
dividuals.?® For children, there is as yet no active vaccination against
RSV infection and no specific therapy although many promising candi-
dates are currently in clinical trials. Treatment is limited to supportive
measures and prophylaxis for high risk infants with the anti-RSV F-
protein antibody palivizumab, a high cost option with limited effective-
ness.*> The impact of nirsevimab, a novel anti-RSV F-protein antibody
intended to be given to all infants, is yet to be established.

Novel approaches to managing RSV, and greater understanding of
theimmune response to infection, are still required. We have previously
reported that an ongoing infection with the murine enteric helminth
Heligmosomoides polygyrus is able to improve RSV infection outcomes
by suppressing the peak viral load early in infection.® This work found
that the adaptive immune response to H. polygyrus infection, the type
2 immune response, characteristic of helminthic infection and typified
by robust IL-33, IL-4 and IL-13 signalling,” as well as the anti-microbial

peptide LL-37 are not required for the H. polygyrus induced anti-viral
immunity in the lung. Rather, type | interferon (IFN-I) signalling, induc-
tion of interferon beta (IFN) and interferon stimulated genes (ISGs),
including Rsad2 (encoding viperin) and Oasla (2'-5-oligoadenylate
synthetase 1) are central to the H. polygyrus induced protective ef-
fect against RSV infection. Many ISGs have antiviral functions and
both viperin and OAS can limit RSV infection.®? Almost all cells of the
lung have the capacity to both produce one or more of the family of
IFN-Is and to respond to IFN-I signalling through the dedicated recep-
tor IFNalpha receptor (Infar).2%*2 This broad potential space for IFN-I
signalling led us to question which cells may be contributing to H. po-
lygyrus induced anti-viral effects. Mononuclear phagocytes, including
monocytes and macrophages, are known responders to IFN-Is and

have been linked to early control of RSV infection.'>

IFN-Is can reg-
ulate monocyte recruitment during inflammation, skew hematopoietic
output and through interferon regulatory factors promote differenti-
ation to, and polarisation of, macrophages.’>™*® Monocytes can also
be potent producers of IFN-Is, especially IFNB, in response to stimuli
including RSV.Y We therefore hypothesised that lung mononuclear
phagocytes following H. polygyrus infection mediate the helminth in-

duced protective effect against RSV infection.
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2 | MATERIALS AND METHODS
2.1 | Animals

BALB/c mice were purchased from Charles River (Margate, Kent,
UK). C57BL/6 and Ifnar1™" (C57BL/6 background)?° mice were bred
in-house at the University of Edinburgh. Eight-12 week old mice were
infected by oral gavage with 200 stage 3 H. polygyrus larvae. Some
animals were administered 20 pg of anti-CCR2 antibody (MC-21, gift
M. Mack) or IgG2b isotype control (402202; Biolegend; London, UK)
by intra-peritoneal injection 7 and 9 days later. Other animals were
given 2x10° enriched bone marrow monocytes by intravenous in-
jection. Some animals were infected with RSV (10° plaque forming
units) intranasally 10days after H. polygyrus infection. After mono-
cyte transfer RSV was administered 30 min later. Some animals were
administered 0.7 pug Brilliant Violet 785 CD45 (30-F11; Biolegend;
London, UK) immediately prior to cull to label circulatory cells. All
procedures were approved by local ethical review committee and
the UK Home Office.

2.2 | Parasites and viral stocks

The parasite life cycle was maintained as previously described.?!
Plaque-purified human RSV (Strain A2; ATCC, VA, USA) was grown

in HEp-2 cells as previously described.??

2.3 | RSV immunoplaque assay

RSV titres were assessed by immunoplaque assay. Lung homogenates
were titrated onto HEp-2 cell monolayers in 96-well plates. Twenty-
four hours later monolayers were fixed and permeabilised with 2%
H,O, in methanol then bound with biotin-conjugate goat anti-RSV
antibody (BioRad; Watford, Hertfordshire, UK). Plaques were visual-
ised with extravidin peroxidase and AEC red (SigmaAldrich; Glasgow,

Scotland, UK) and infection units observed by light microscopy.

24 | L-genereal time PCR

Lungs were homogenized in 1 mL of TRIzol (ThermoFisher Scientific;
Waltham, MA, USA). cDNA was made from the 2 pg extracted RNA
using HC cDNA RT kit (ThermoFisher Scientific; Waltham, MA, USA)
according to manufacturer's instructions. Custom primers and probe

for RSV L gene were used as previously described.®
2.5 | Colony forming assays
Bone marrow colony forming assays were performed with MethoCult

GF M3434 (StemCell Technologies; Cambridge, Cambridgeshire,
UK) per manufacturer's instructions. Bone marrow from hind limb

tibia and femur flushes was washed, 70 um filtered and then resus-
pended in MethoCult GF M3434 at 1x10* cells per 35mm culture
dish in duplicate. Plates were incubated at 37°C 5% CO, in humidi-
fied chambers. After 10-12 days colonies were assigned to different
lineage by morphological examination under light microscopy and
counted.

2.6 | Flow cytometry

Following digestion with Liberase (385pg/mL PBS; SigmaAldrich;
Glasgow, Scotland, UK) and DNasel (0.5mg/mL; SigmaAldrich;
Glasgow, Scotland, UK) and red blood cell lysis (Hybrimax buffer;
SigmaAldrich; Glasgow, Scotland, UK) 2x10° lung cells per
panel were stained with LIVE/DEAD fixable near-IR dead cell kit
(ThermoFisher Scientific; Waltham, MA, USA). The following anti-
mouse antibodies were used for immune cell characterisation;
Brilliant Violet 510 CD11c (N418; Biolegend; London, UK), Brilliant
Violet 570 CD11b (M1/70; Biolegend; London, UK), Brilliant Violet
605 CD45 (30-F11; Biolegend; London, UK), AlexaFluor 647 CD64
(X54-5/7.1; Biolegend; London, UK), AlexaFluor 700 Ly6C (HK1.4;
Biolegend; London, UK), PE/Cyanine7 CD301 (LOM-14; Biolegend;
London, UK), phycoerythrin Siglec-F (E50-2440; BD Biosciences;
Wokingham, Berkshire, UK), eFluor 450 Ly6G (1A8; ThermoFisher
Scientific; Waltham, MA, USA). Fc-receptor binding was blocked
using anti-mouse CD16/CD32 antibody (2.4G2) (BD Biosciences;
Wokingham, Berkshire, UK) (Figure S1A).

Red blood cell were lysed (RBC lysis buffer; Biolegend; London,
UK) and 50pL per panel was stained with dead cell kit as above
and the following antibodies used; Lineage dump (Brilliant Violet
421 Siglec F (E50-2440; BD Biosciences), Pacific Blue CD3 (17A2;
Biolegend; London, UK), CD19 (6D5; Biolegend; London, UK) and
CD49b (PK136; Biolegend; London, UK)), Brilliant Violet 510 Ly6G
(1A8; Biolegend; London, UK), Brilliant Violet 605 CD45 (30-
F11; Biolegend; London, UK), Brilliant Violet 650 CD11b (M1/70;
Biolegend; London, UK), phycoerythrin Treml4 (16E5; Biolegend,;
London, UK), allophycocyanin CD115 (AFS98; Biolegend; London,
UK), AlexaFluor 700 Ly6C (HK1.4; Biolegend; London, UK). Fc-
receptor binding was blocked as above (Figure S1B).

2x10% bone marrow cells were stained with dead cell kit
as above, lineage dump (as above plus Pacific Blue Ly6G (1A8;
Biolegend; London, UK), TER-119 (TER-119; Biolegend; London,
UK), CD11c (N418; Biolegend; London, UK)), BV711 CD16/CD32
(93; Biolegend; London, UK), PE-Cy7 CD117 (2B8; Biolegend,;
London, UK), allophycocyanin CD115 (AFS98; Biolegend; London,
UK) and AlexaFluor 700 Ly6C (HK1.4; Biolegend; London, UK). Fc-
receptor binding was blocked using purified mouse serum (M5905;
SigmaAldrich; Glasgow, Scotland, UK) (Figure S1C).

Flow cytometry samples were analysed with an Aurora cy-
tometer (Cytek; Amsterdam, The Netherlands) with SpectroFlo®
v3 (Cytek; Amsterdam, The Netherlands) and analysis performed
with FCS Express 7 (De Novo Software; Pasadena, CA, USA).
Ly6C* SiglecF™ CD64* mononuclear phagocytes were isolated with
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a BD FACS Aria Fusion (5 laser, 100um nozzle; BD Biosciences;
Wokingham, Berkshire, UK).

2.7 | Monocyte isolation

To enrich bone marrow monocytes for cell transfer experiments
mouse monocyte isolation Kit (130-100-629; Miltenyi Biotec; Bisley,

Surrey, UK) was used.

2.8 | RNA isolation and NanoString

Ly6C+ SiglecF- CD64+ mononuclear phagocytes were FACS-sorted,
and RNA was isolated using the RNAqueous®-Micro Kit (AM1931;
ThermoFisher Scientific; Waltham, MA, USA). A total of 12 samples
were profiled using the nCounter Analysis System by HTPU staff
according to NanoString nCounter guidelines. NanoString Mouse
Immunology Panel (XT-CSO-MIM1-12; NanoString; Seattle, WA, USA)
and nCounter Masterkit (NAA-AKIT-012; NanoString; Seattle, WA,
USA). In brief, hybridization tubes were prepared by combining 6.7 pL
of 15ng/pL RNA (100ng total RNA) with 8L of hybridization buffer
containing reporter CodeSet and 2uL Capture Probeset. Following
an 18-h hybridization reaction, the samples were processed using the
High Sensitivity protocol. Subsequently, the samples were purified,
immobilized and cartridges were read using 555 fields of view.

The NanoString RCC files underwent processing, quality con-
trol (QC) and analysed using RStudio R4.3.1 ‘NanoTube’ package

(release 3.18).2%

All samples passed positive QC, with scaling fac-
tors falling within the recommended range of 0.3-3, and R-squared
values greater than 0.95. Next, negative QC was performed, and
background thresholds were determined for each sample, followed
by calculating housekeeping normalization scale factors. The house-
keeping scale factors for each sample fell within the recommended
range of 0.1-10. The samples were normalized using RUVg method
from the ‘RUVSeq’ package (release 1.36.0)>* with number of un-
wanted factors set to ‘1’, and bgPVal set to ‘0.05. The remaining
RUVg normalization parameters were set to default. The normal-
ized data generated using RUVg was used to create heatmaps, or for
further differential analysis using ‘limma’ package (release 3.18).%°
Differential analysis results were used to generate volcano plots of -
log10(q) and log2FC values using ‘ggplot2’ package (release 3.5) and
‘ggrepel’ package (release 0.9.5).

2.9 | Statistical analysis

All data were analysed using Prism 9 software (GraphPad Software;
Boston, MA, USA). Data from two groups were analysed by unpaired
t-test, while data from more than two groups were analysed by one-
way ANOVA with Tukey's multiple comparisons test with a single
pooled variance. Unless otherwise stated, differences are statisti-
cally non-significant. *p<.05, **p<.01, **p<.001, **p <.0001.

3 | RESULTS

3.1 | H. polygyrus infection induces blood
monocytosis and increases lung mononuclear
phagocytes

The early response to RSV infection in mice drives the recruitment
of monocytes to the lung causing an accumulation of mononuclear
phagocytes‘13 In the initial hours of infection these cells are predom-
inantly Lyéchi, later downregulating Ly6C and becoming predomi-
nantly CD11c*. Flow cytometric analysis was used to assess if these
populations were also affected by H. polygyrus infection. Female
BALB/c mice were infected with H. polygyrus and lungs assessed for
innate immune cell composition through the later stages of infec-
tion. Cells of the monocyte-macrophage lineage were identified by
their expression of the high affinity Fc receptor, CDé4 (also known
as FcyR1), and subdivided on the basis of SiglecF expression. SiglecF
expressing CD64% cells represent alveolar macrophages, whereas
the SiglecF~ compartment will contain interstitial macrophages and
some monocytes and their progeny, hereby referred to as mono-
nuclear phagocytes. Compared with sham infection controls there
was an increase in the numbers of mononuclear phagocytes (CD45™,
Ly6G, SiglecF~, CD11b*, CDé4*, Figure 1A) in the lungs of H. poly-
gyrus infected mice from 10days post infection, subsiding yet still
elevated at 14 days (Figure 1B). In comparison, the resident alveolar
macrophage compartment (CD45", Ly6G, SiglecF*, CD11b™, CD64*,
Figure 1A) remained unchanged (Figure 1C). The expansion was pre-
dominantly due to Ly6C* mononuclear phagocytes with a variable
increase in CD11c* only at day 10 (Figure 1D-F).

Alarge proportion of the recruited macrophages seeninresponse
to lung inflammatory stimuli are derived from circulating mono-
cytes.?%?7 It is therefore likely that the vascular monocyte reservoir
would reflect the observed influx of mononuclear phagocytes to the
lung. Peripheral blood was sampled from mice throughout H. polygy-
rus infection to assess circulatory monocyte counts by flow cytome-
try (CD45%, Lin™, CD11b™", Ly6G~, CD115%, Figure 2A). Elevated total
monocyte numbers were observed from seven to 10 days post infec-
tion (Figure 2B) and their numbers returned to baseline by 14 days
post infection. Circulatory monocytes in the mouse can be distin-
guished into three phenotypic subtypes; classical, intermediate and
non-classical monocytes.?®2? Using the markers Ly6C and Treml4
to separate these three populations (Figure 2A), the H. polygyrus in-
duced expansion of monocytes was found to be predominantly in
Ly6C*Treml4 classical monocytes (Figure 2C).

In wild mice, H. polygyrus is a chronic infection, similar to many
human hookworm infections without pharmaceutical interven-
tion.3%3! To test if protection or monocytosis persist at longer time
courses of infection, female BALB/c mice were infected with H. poly-
gyrus and the infection left to 35days post infection (dpi). Long term
infected mice were then intranasally infected with RSV and peak viral
titre assessed 4 days later (day 39 post H. polygyrus infection). Long
term H. polygyrus infection was not protective against RSV infection
(Figure S2A). Blood and lung were collected from mice 35 dpi with
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FIGURE 1 H.polygyrus infection (A)
induces an expansion of lung mononuclear
phagocytes. Female BALB/c mice were Control . H. polygyrus
administered an equal volume of either \ Ly6G- SigF+ \ Ly6G- SigF+
sterile dH,0 as infection control or 200 H. 105'\‘ .
polygyrus L3 larvae by oral gavage. Seven, 3 1041 Q 8 3
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harvested for flow cytometry analysis. _ma]
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H. polygyrus and monocyte and mononuclear phagocyte numbers as-
sessed. No change in cell counts was observed for blood monocytes,
lung mononuclear phagocytes or their subtypes (Figure S2B-F).

We previously reported that irradiated H. polygyrus larvae still
confer an anti-RSV effect.® Irradiated L3 larvae are still infection
competent but fail to moult and mature following invasion of the
duodenal wall.®? Flow cytometry was repeated with female BALB/c
mice infected with larvae exposed to 300Gy immediately prior to
infection to test if this was also sufficient to induce monocytosis.
An attenuated, and briefer induction of blood monocytes was ob-
served with irradiated larvae, elevating by seven dpi but no longer
significantly elevated by 10 dpi (Figure S3A). Nevertheless, this was
still sufficient to drive a comparable increase in lung mononuclear
phagocytes 10 dpi between irradiated and non-irradiated H. poly-
gyrus larvae (Figure S3B). Together these data suggest a correlation

Day post infection
® Control B H. polygyrus

between monocytosis and the anti-RSV effects of the early stages

of H. polygyrus infection.

3.2 | H.polygyrus infection induces bone marrow
monopoiesis

Under normal physiological conditions, murine classical monocytes
have a half-life of just over 1day in the circulation, with constant
replenishment from the bone marrow.>*3* To understand if the
monocytosis in blood during H. polygyrus infection reflected changes
at the level of bone marrow haematopoiesis, we used colony form-
ing assays to assess the progenitor lineage potential during H. po-
lygyrus infection. Four days post infection there was an increase in
the number of monocyte-committed progenitors (Colony Forming
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FIGURE 2 H.polygyrus infection induces circulatory monocytosis. Female BALB/c mice were administered an equal volume of either
sterile dH,0 as infection control or 200 H. polygyrus L3 larvae by oral gavage. Seven, 10 and 14 days post infection (dpi) blood samples were
collected for flow cytometry analysis. (A) Representative gating strategy for the identification of monocytes (CD45%, Lineage™, CD11b™,
Ly6G~, CD115") and the monocytic subsets—classical (Ly6C™, Treml4”) intermediate (Ly6C*, Treml4%), and non-classical (Ly6C", Treml4*). (B)
Monocyte numbers per mL blood at indicated time points post H. polygyrus infection. (C) Numbers of blood monocyte subtypes 10 dpi with
H. polygyrus. Symbols represent individual mice with n=6 per group pooled from two independent experiments. Statistical significance of
difference determined with unpaired two-tailed t-test. **p <.01, ***p <.001.

Unit—Monocytic; CFU-M) compared to uninfected controls, no
other myeloid progenitor tested was altered (Figure 3A). Although
this elevation was short lived and lost by 10 dpi (Figure 3B), enumer-
ation of classical monocytes (Lin", CD16/CD32*, CD117°, CD115™,
Ly6C*, Figure 3C) in the bone marrow confirmed that their numbers
increase in the context of H. polygyrus infection (Figure 3D). Ly6C™
non-classical monocytes are unchanged throughout H. polygyrus
infection, possibly due to their differentiation in vascular niches
(Figure 3E).3%-%>

3.3 | H.polygyrus infection induced increases
in blood monocytes and lung mononuclear
phagocytes are IFN-I signalling dependent

IFN-I signalling through Infar is essential to the H. polygyrus induced
anti-viral effect.® To test if the expansion in mononuclear phagocytes
was dependent on this signalling axis, cell counts were assessed 10 dpi
with H. polygyrus in Ifnar1™" mice, which are maintained on a C57BL/6
background. Importantly, the H. polygyrus induced expansion of lung
mononuclear phagocytes (Figure 4A), across both Ly6C" (Figure 4B)
and CD11c* (Figure 4C) mononuclear phagocyte subtypes, and of cir-
culatory monocytes (Figure 4D) were evident in control C57BL/6 mice
but was lost in the absence of IFN-I signalling. Classical monocytes
(Ly6C*, Treml4”) are the expanded circulatory population in C57BL/6

mice and lost in Ifnar1-/- mice (Figure 4E). In contrast, Infar-deficient
mice still had increases in committed monocyte progenitors in the
bone marrow after H. polygyrus, albeit to a lower level than in wild type
controls (Figure 4F). Ly6C* monocyte numbers in the bone marrow
were also increased after H. polygyrus in Ifnarl-/- mice (Figure 4G).
Ly6C™ bone marrow monocytes were unchanged (Figure 4H). Alveolar
macrophages and neutrophils were unchanged by H. polygyrus infec-
tion of Infar1-/- mice, whilst eosinophils were increased (Figure S4).

3.4 | H.polygyrus monocytosis results in higher
numbers of lung mononuclear phagocytes early after
RSV infection

RSV induced monocyte influx and subsequent accumulation of lung
mononuclear phagocytes is crucial for the production of cytokines as-
sociated with the antiviral response.13 To ascertain if this early influx
was altered following H. polygyrus infection, we used flow cytometry
to assess the monocyte-mononuclear phagocyte compartment 8h
post RSV infection. RSV infection alone trended towards an increased
number of mononuclear phagocytes in the lung (p=.13, Figure 5A),
similar to observations of others in C57BL/6 mice,®® but after prior
infection with H. polygyrus mononuclear phagocyte counts signifi-
cantly increased compared to both H. polygyrus or RSV infection alone
(Figure 5A). This expansion beyond RSV infection alone was seen in
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FIGURE 3 H.polygyrus infection induces bone marrow monopoiesis. Female BALB/c mice were administered an equal volume of either
sterile dH,O as infection control or 200 H. polygyrus L3 larvae by oral gavage. Four, 7, 10 and 14 days post infection (dpi) bone marrow
flushes from tibias and femurs were collected for either colony forming assays (CFAs) or flow cytometry analysis. (A) CFAs were performed
on hind limb bone marrow 4 dpi, assessing monocytic colony forming units—monocytic (CFU-M), blast forming unit—erythroid (BFU-E),
colony forming unit granulocytic (CFU-G), granulocytic/monocytic (CFU-GM), granulocytic/erythroid/monocytic mixed (GEMM). (B) CFU-M
counts were also assessed at 10 and 14 dpi. (C) Representative gating strategy for the identification of bone marrow monocytes (lineage™,
CD16/CD32*, CD117°, CD115". Ly6C™ or Ly6C"). (D) Numbers of bone marrow Ly6C* and (E) Ly6C™ monocytes were assessed throughout
H. polygyrus infection. Symbols represent individual mice n=4 for control and n=6 for H. polygyrus groups pooled from two independent
CFU experiments. Flow cytometry experiments day 4 and 7 n=6 per group, day 10 n=9 per group. Statistical significance of difference

determined with unpaired two-tailed t-test. *p <.05, **p<.01.

both Ly6C" and CD11c* mononuclear phagocytes, but only Ly6C*
mononuclear phagocyte numbers were further elevated beyond H.
polygyrus infection alone (Figure 5B,C). Four days after RSV infection,
numbers of Ly6C* macrophages remained higher in mice with prior
H. polygyrus infection (Figure 5D), while the increase in numbers of
CD11c* macrophages did not persist (Figure 5E). Alveolar macrophage
numbers were unaffected by prior H. polygyrus infection at both 8 and
96h post RSV infection (Figure S5A,B). These findings demonstrate
that H. polygyrus infection leads to numbers of lung mononuclear
phagocytes that exceed those found early after RSV infection alone,
raising the possibility that high numbers of these cells confer an early
protective effect against RSV infection.

Flow cytometry analysis of the blood and lung in H. polygyrus in-
fection saw different timelines of expansion, suggestive of differential
localisation (Figures 1 and 2). Intravenous labelling of circulatory hae-
matopoietic cells using a fluorescently tagged anti-CD45 antibody re-
vealed that the Ly6C™ (Figure 5G) lung mononuclear phagocytes remain
closely associated with the vasculature during H. polygyrus infection.
The proportion of CD45 labelled CD11c™ mononuclear phagocytes
increased following H. polygyrus infection, potentially demonstrating
additional recruitment to the lung vasculature (Figure 5l). Both mono-
nuclear phagocyte populations reduced their intravenous CD45 la-
belling 24 h post infection with RSV, suggesting this reservoir of lung
associated cells migrates into the tissue following viral infection.
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3.5 | Expanded circulatory monocytes are (Figure S7). Mice were then intranasally infected with 10° pfu RSV

necessary and sufficient for enhanced immunity
against RSV infection

To assess if the H. polygyrus-induced increase in lung mononuclear
phagocytes contributes to the previously reported H. polygyrus
induced antiviral effect against RSV, monocytes were depleted
through administration of anti-CCR2 (MC-21) antibodies seven and
9 days after H. polygyrus infection. Flow cytometry analysis of tail
vein blood 10 dpi confirmed that the antibody treatment reversed
the expansion of circulatory monocytes, returning their numbers to
steady state levels (Figure 6A). Subtyping of circulatory monocytes
confirmed this effect was upon Ly6C*Treml4~ classical monocytes
(Figure S6). Anti-CCR2 treatment also prevented the increases in
mononuclear phagocytes (Figure 6B), Ly6C*mononuclear phago-
cytes (Figure 6C) and CD11c* mononuclear phagocytes (Figure 6D)
in the lung. No other cell population known to be important for
control of viral burden was depleted by the anti-CCR2 treatment

and their lungs were assessed for viral load by immunoplaque assay
4days post RSV infection (14 days after H. polygyrus infection). The
RSV load was significantly reduced following H. polygyrus infection,
as expected. However, prior anti-CCR2 treatment prevented this
decrease in RSV load (Figure 6E). This demonstrates that increases
in circulatory monocytes and lung mononuclear phagocytes are re-
quired for the H. polygyrus induced protective effect against RSV
infection.

To complement these depletion experiments, we used adoptive
monocyte transfer to test if elevated numbers of blood monocytes
are sufficient to replicate the H. polygyrus effect and limit RSV infec-
tion. Female BALB/c mice were infected with H. polygyrus and 10days
later bone marrow was isolated and enriched for monocytes to 94%
using negative lineage selection beads to minimise monocyte activa-
tion. Two million monocytes from H. polygyrus infected or control mice
were intravenously transferred to naive mice to raise their number in

the circulation immediately prior to RSV infection. Analysis of the peak
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FIGURE 5 H. polygyrus infection accelerates accumulation of mononuclear phagocytes in early RSV infection. (A-E) Female BALB/c mice
were administered 200 H. polygyrus (H. poly) L3 larvae by oral gavage or an equal volume of sterile dH,O as infection control and 10days
post infection (dpi) intranasally administered 10° pfu RSV or sterile PBS as infection control then culled 8 h later and numbers of (A) lung
mononuclear phagocytes (MNPs), (B) Ly6C™ MNPs and (C) CD11c* MNPs were assessed by flow cytometry. (D) 96 h post RSV administration
with and without prior H. polygyrus infection MNP Ly6C* and (E) CD11c" subsets were also assessed. (F-1) Female BALB/c mice were
administered 200 H. polygyrus L3 larvae by oral gavage or an equal volume of sterile dH,O as infection control then culled 10 dpi. Separately
female BALB/c mice were intranasally administered 10° pfu RSV and culled 24 h later. Immediately prior to cull all mice were intravenously
(IV) administered PE/Cy7 labelled anti CD45. Percentages of (F) blood monocytes and lung SiglecF+ CD64+ alveolar macrophages, (G) Lung
Ly6C+ MNPs and (H) CD11c+MNPs labelled with IV CD45 were calculated. Symbols represent individual mice with n=6 per group pooled
from two independent experiments. Statistical significance of difference determined with one way ANOVA or with unpaired two-tailed t-

test. *p<.05, **p<.01, ***p<.001, ns, not significant.

viral load 4days after RSV infection showed significant decreases in
RSV titres after adoptive monocyte transfer from both control and H.
polygyrus infected animals. Taken together, these data demonstrate
that increasing the numbers of circulatory monocytes is sufficient to
increase anti-RSV immunity irrespective of the infection state of the
donors (Figure 6F). Transfers were repeated on the C57BL/6 back-
ground with and without Ifnarl expression to test the importance of

IFN-I signalling for the antiviral effects of mononuclear phagocytes.
All monocytes reduced peak viral load as assessed by RSV L gene ex-
pression (Figure 6G). Bulk intravenous administration is known to lead
to accumulation of the donor population in the lungs,?® suggesting that
Infar signalling is only required for elevated numbers in the circulation
and lung during H. polygyrus infection, but is dispensable for their sub-

sequent antiviral properties upon reaching the lung.
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FIGURE 6 Circulatory monocytes are necessary and sufficient for the anti-RSV effects of H. polygyrus infection. Female BALB/c mice
were administered H. polygyrus (H. poly) L3 larvae or dH,O as an infection control by oral gavage. At 7 and 9 days post infection (dpi) the H.
polygyrus infected animals were administered anti-CCR2 antibody (MC-21) or IgG2b isotype control antibody by intraperitoneal injection. (A)
Blood CD115* monocyte counts at 10 dpi. A subset of mice were culled at 10 dpi to assess numbers of (B) mononuclear phagocytes (MNPs),
(C) Ly6C* MNPs and (D) CD11c* MNPs in the lung. All remaining mice were infected intranasally with 10° pfu RSV. (E) Four days post RSV
infection viral load was assessed by immunoplaque assays. (F) Bone marrow was collected from female BALB/c mice 10 dpi with H. polygyrus
or treatment with dH,O as a control. Samples were enriched for bone marrow monocytes using magnetic bead negative lineage selection
and 2 million monocytes per mouse were administered intravenously via the tail vein 30 min prior to RSV inoculation. PBS was used as a
control for monocyte administration. Viral load at 4 dpi RSV was assessed by immunoplaque assay. (G) Monocyte transfer was repeated
with male and female C57BL/6 recipients and donor monocytes from H. polygyrus infected C57BL/6 mice or Ifnar1-/- mice 10 dpi with H.
polygyrus or dH,0 control. Symbols represent individual mice with n=6 per group pooled from two independent experiments for blood
CD115+ monocytes (A). n=8 per group pooled from three independent experiments for lung MNPs (B-D). For dual infection n=7 across
two independent experiments viral load assessment (E). Eight mice across two experiments for BALB/c monocyte transfer experiment (F).
One experiment with n=4 per group for C57BL/6 and Ifnar1-/- monocyte transfer experiment (G). Statistical significance of difference
determined by one-way ANOVA with multiple comparisons. *p <.05, **p<.01, ***p<.001, ****p <.0001, ns, not significant.

3.6 | Expanded mononuclear phagocytes exhibit a
pro-inflammatory transcriptomic profile

The number of mononuclear phagocytes within or associated
with the lung is clearly central to the early control of RSV burden

including in H. polygyrus driven expansion. Transfer of bone marrow
derived monocytes was suggestive that this numerical effect was
sufficient for protection. However, these cells are particularly naive
and lack the further differentiation that occurs within the circulatory

t.37

environmen To test if the transcriptomic profile of mononuclear
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FIGURE 7 H.polygyrus induced lung mononuclear phagocytes are transcriptionally distinct in both single and RSV coinfection. Female
BALB/c mice were administered an equal volume of either sterile dH,O as infection control or 200 H. polygyrus L3 larvae by oral gavage.
Ten days post infection (dpi) lungs were harvested for flow cytometry assisted cell sorting. 8 h prior to cull, some mice of each group were
intranasally administered 10° pfu RSV. RNA was extracted from isolated Ly6C* SiglecF™ CD64* cells and analysed with an nCounter mouse
immunology panel. (A) Volcano plot of differentially expressed genes between 10 dpi H. polygyrus and infection control. (B) Heatmap of
average expression for significantly differentially expressed genes between infection control and 10dpi H. polygyrus. (C) Volcano plot

of differentially expressed genes between 10dpi H. polygyrus post 8 h RSV, and infection control post 8h RSV. (D) Heatmap of average
expression for significantly differentially expressed genes between infection control post 8 h RSV and 10dpi H. polygyrus post 8 h RSV. One
experimental repeat with n=3 per group. Normalised data for heatmaps were generated using RUVg method from the RUVSeq R package.
Differential expression data for volcano plots, plotting —log10(q) against log2-fold change (log2FC), was generated using limma package
applied to the RUVg-normalized data. The Benjamini-Hochberg method was used to control for false discovery rate (q). A horizontal red

dashed line indicates g=0.05.

phagocytes was altered during H. polygyrus infection, targeted tran-
scriptional profiling using the NanoString nCounter platform was
performed on flow cytometry sorted lung Ly6C* SiglecF™ CD64"
cells (Figure 7). A small but significant group of genes associated with
inflammatory responses were differentially expressed in H. polygyrus
primed cells, including 116, Ccr5 and Ccl7 (Figure 7A,B). Similarly, we

compared gene expression on the same immune panel 8h post RSV
infection with or without prior H. polygyrus infection. A different
group of genes, associated with anti-viral responses were upregu-
lated by prior H. polygyrus infection in this context, including Mx1
and Irf7 (Figure 7C,D). Both with and without RSV, H. polygyrus also
led to the downregulation of genes associated with non-classical
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monocyte differentiation (Spn, Pou2f2, Cx3cr1). Thus, H. polygyrus
primed mononuclear phagocytes appear different in nature to their

control counterparts.

4 | DISCUSSION

H. polygyrus infection reduces RSV infection peak viral load, second-
ary immuno-pathology and associated lung function impairmentf’
We now describe how this helminth infection induces enhanced mo-
nopoiesis in the bone marrow, elevated circulatory monocytes and
increased recruitment of monocyte derived mononuclear phago-
cytes to the lung. Using monocyte ablation and transfer we show the
functional importance of circulatory monocyte derived cells in the
H. polygyrus-induced anti-viral effect against RSV. Immune gene ex-
pression profiling suggests inflammatory changes in these cells that
could contribute to antiviral control. Elevated numbers of circulatory
leukocytes over the first 2weeks of H. polygyrus infection, including
lymphocytes, neutrophils and monocytes have previously been de-
scribed but only in C57BL/6 mice.3®? The correlative observations
of bone marrow myelopoiesis to drive this expansion in circulatory
monocytes, the subsequent elevation of lung mononuclear phago-
cytes, and their transcriptional changes are novel to our study. We
expect that the mononuclear phagocyte population in the lung is di-
rectly derived from circulatory monocytes. This is supported by the
circulatory increase being observed from 7 dpi, whereas lung mono-
nuclear phagocytes remain unchanged until 10 dpi, as well as their
high proportion of vascular labelling. The absence of the increase in
lung mononuclear phagocytes when circulatory monocytes are ab-
lated through both anti-CCR2 treatment or in Ifnar1-/- background
supports this interpretation. However, due to the potential for persis-
tence of CCR2 on tissue mononuclear phagocytes*® we cannot dis-
count the possibility that we directly ablated cells in the lung as well.

A growing body of work has assessed the interplay between
parasitic and viral infections.** H. polygyrus infection has been pre-
viously described to suppress influenza A (IAV) infection although

the mechanism was undetermined.*?

Trichinella spiralis infection im-
proves disease outcome to IAV in a gut damage dependent mecha-
nism, but this was through suppression of secondary inflammation,
rather than reduction in viral titres and no alteration in the mono-
nuclear phagocyte compartment was observed.*® Schistosoma man-
soni (S. mansoni) infection is protective against secondary infection
with IAV and in pneumonia virus of mice (PVM) infection it gave a
small reduction in peak PVM load.** S. mansoni larvae pass through
the lung in mice so their effect on respiratory viral infection is likely
due to local inflammatory responses rather than to the systemic
response observed with the strictly enteric H. polygyrus. A mono-
nuclear phagocyte response was not reported but others have de-
scribed S. mansoni to drive recruitment of alternatively activated
macrophages.*® Their local immunosuppressive effect is often detri-
mental to viral infection control, with both H. polygyrus and S. man-
soni infection reactivating latent murine y-herpesvirus infections by

suppressing the antiviral IFN response.*¢

Potential links between monocytosis and helminth infections
have also been reported in human observational studies. The hook-
worm Necator americanus may increase blood monocyte numbers,
and in combination with tuberculosis specifically promoted non-
classical monocytes.””*® Non-classical monocyte expansion was
also observed with the roundworm Ascaris lumbricoides both with
and without a tuberculosis infection. Helminth infections may also
prime human monocytes to produce inflammatory cytokines upon
secondary ex vivo LPS stimulation.*” However, it is important to
note that both these parasites have multi-tissue lifecycles, damag-
ing both the gut and the lung mucosa, potentially leading to a more
sustained monocytosis than we report with H. polygyrus. This is par-
ticularly important in observational studies where the time of initial
infection is unknown.

The promotion of alternatively activated macrophages in helminth
infection has also been described in tissues peripheral to the gut. H.
polygyrus induces heart macrophages with a strong type 2 polarisa-
tion which appear at 28 dpi.>® The absence of elevated blood mono-
cytes at the late time points in this and our studies further indicates
that separate mechanisms are responsible for the early induction of
lung mononuclear phagocytes, and a later type-2 immunity driven
expansion of alternatively activated macrophages after H. polygy-
rus infection. The lack of upregulation of the M2 marker CD301 10
dpi with irradiated H. polygyrus larvae, an infection that still confers
monocytosis and is protective against RSV, supports this interpreta-
tion (Figure S3C-D). Irradiated larvae still burrow into the duodenal
mucosa, suggesting that this initial damage and/or the associated mi-
crobiota translocation may be key for inducing monocytosis.

An active factor driving the early H. polygyrus effects observed
in our study has not yet been identified but the fact that the anti-
viral effect and the expansion of both blood monocytes and lung
mononuclear phagocytes depend on Infar signalling likely implies a
role for IFN-Is either as direct effectors or stimuli for a secondary
signal. IFN-I signalling is key to myeloid responses in many other in-
fections. Infar-deficient mice have been used widely in SARS-CoV-2
models where this disruption impairs recruitment of Ly6C* mono-
cytes to the lung.’>? In other inflammatory conditions this may
be due to decreased turnover to Ly6C™ monocytes, but the overall
increase in total monocyte and mononuclear phagocyte numbers
in H. polygyrus infection suggests other additional effects.* Infar
signalling has also been linked to mononuclear phagocyte function

in IAV infection®%*

and to inflammatory monocyte accumulation
in mucosal herpes simplex virus infection.”® IFN-I signalling is
also key to the accumulation of inflammatory Ly6C*™ mononuclear
phagocytes in the lung associated with older age, with a pheno-
type similar to that seen in viral infections such as IAV.*® In PVM
infection Infar signalling has no effect on monocytic cells but is
required for the induction of inflammatory conventional dendritic
cells, indicating a likely infection specificity of myeloid IFN-I sig-
nalling requirements.>” However, dendritic cells express CD11c
and may contribute to the CD11c* macrophages we have found to
expand after H. polygyrus infection. Indeed, the ongoing difficulty
in characterising the mononuclear phagocyte sub-compartments
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d°8°% due to

in murine pulmonary inflammation (recently reviewe
shared expression of the key markers used for steady state char-
acterisation is also a limitation in this study. It is important to note
that similar to the work in our study, the use of global Infar knock-
outs in the studies above means that despite the usually high ex-
pression of Infar on monocytes, their response may be dependent
on secondary cells, supported by the anti-viral activity of adminis-
tering Ifnar1-/- monocytes to an Infar-competent animal.

Effects of IFN-Is on blood monocytes are less well studied
including in Ifnarl deficiency. The historical characterisations
of Infar-deficient mice showed elevated circulatory monocytes,
counter to our model, but the increased risk of infection in Infar-
deficient mice, at a time before modern infection control measures
in animal husbandry were available, may have contributed to this
effect.?’ Roles for Ifnar in regulation of bone marrow egress and
induction of haematopoiesis may also be factors.?¢® In human pe-
ripheral blood mononuclear cells (PBMCs), classical monocytes are
more responsive to IFN-Is than non-classical monocytes due to dif-
ferential abundance of Infar®® and culture of PBMCs with IFN-Is will
alter their phenotype.®?%* An expansion of circulatory monocytes
and lung CDé64" cells, similar to our findings, was observed in id-
iopathic pulmonary fibrosis patients and associated with increased
circulatory IFN-1s.> Exogenous treatment with IFN« for 2-4 weeks
in asthma patients also increased the numbers of circulating mono-
cytes and increased their antigen presenting phenotype.®

Clearly, from the array of responses described above the con-
text of IFN-I signalling is crucial. The outcome of IFN-I stimulation
is modulated by concomitant signalling/environmental factors that
certainly also play a role in H. polygyrus responses.” One such envi-
ronmental factor is the microbiome and its metabolic products, the
presence of which is essential for the H. polygyrus antiviral effect.®
While we were unable to test the impact of the microbiome in the
present study, interactions between IFN-I production and microbi-

d68,69

ome components have been well describe and the microbiome

is known to be modulated in helminth infections including H. polygy-
rus infection.”®7!

The apparent lack of dependency on Infar signalling for bone
marrow monopoiesis in this model suggests alternative signalling
requirements. Interferon treatments have been described to affect
lymphopoiesis,”?> IFN-I suppresses neutrophil differentiation,”7*
and IFNy promotes myelopoiesis.”>”¢ Parasitic modulation of the
bone marrow has also been described, with Trichuris muris and
Toxoplasma gondii infections modulating haematopoiesis in an IFNy
dependent manner.'>”7 There is also substantial evidence that inter-
feron regulatory factor 5 (IRF5) is a key regulator of hematopoietic
development, particularly in myeloid Iineages.78'79 H. polygyrus has
been recently described to induce IFN-y (IFN-II) early in infection®°
which may be responsible for the initial induction of monopoiesis.
The deeply interlinked feedback loops between IFN-1 and IFN-II sig-
nalling may explain why we see a reduced effect on monocytosis in
the bone marrow.8!

The exact mechanism of the anti-viral effect of H. polygyrus-

induced mononuclear phagocytes is still unclear. Mononuclear

WiILEY-L2¥

phagocytes in RSV infection are known to produce TNFa, which
is important for the control of viral expansion, providing a possi-
ble met:hanism,13 but their direct effects on viral load were not as-
sessed. Our findings directly demonstrate, for the first time, that
elevating mononuclear phagocyte numbers in the lung prior to
RSV infection can reduce viral load. Monocytes/macrophages are
also known to produce IFNB, viperin and OAS in response to viral
exposure, thus the expansion of mononuclear phagocytes in the
lung may explain the previously observed increase in these antiviral
factors in whole lung samples during H. polygyrus infection.}82-84
Our transcriptional analysis of the Ly6C* mononuclear phagocyte
compartment suggests that H. polygyrus induced cells may be primed
for infection response. Inflammatory proteins $100a8, S100a9 and
C3 have been associated with lung damage in severe viral infection
but their upregulation in early infection may be beneficial to viral
control.8>8¢ Complement products including C3 have also been ob-
served to coat RSV-infected epithelial cells in historical studies.®”-87
Many interferon signalling and interferon regulatory pathways are
further enhanced in early RSV infection by the prior H. polygyrus
infection. Myd88 signalling is essential for the induction of Ifnf ex-
pression in monocytes19 while TLR and Stat pathways are central to
many interferon-stimulated gene networks.”® Mx1 is a known viral
restriction factor. Interrogation of highlighted interferon associated
signalling pathways will be of particular interest for future investiga-
tions.”* Many other cytokines and chemokines that were found to be
induced across these datasets may promote antiviral immunity. IL-6
is induced in both human and murine RSV infection, and is thought
to be critical for regulating the immune response during RSV infec-
tion.”>?% Indeed elevated IL-6 was previously observed in our whole
lung analysis of H. polygyrus infection,® Ccl5, 7, and 12 and Cxcl9,
10 and 11 likely promote the recruitment of a wide array of innate
and adaptive immune cells that can contribute to the RSV immune
response.

The transcriptomic analysis also aligns with our characterisa-
tion of monocytic dynamics. Amongst the downregulated genes are
many that are associated with non-classical monocytes, specifically
Spn (Cd43), Pou2f2 and Cx3crl, supporting the generation of new
Ly6C* classical monocytes from the bone marrow suggesting that
these are the source of Ly6C* mononuclear phagocytes. The up-
regulation of Sell (L-selectin) may also provide a mechanism through
which the initial wave of circulatory monocytes leads to the second-
ary accumulation of monocytes/mononuclear phagocytes within
the lung whilst still being freely available to intravenous labelling.
L-selectin is a key receptor in the process of endothelial tethering
and rolling required for latter extravasation.”?* CCR5 and CD69 up-
regulation may also be indicative of monocytic cells associating with
the tissue and maturing.”®

In conclusion, we show that intestinal helminth infection can
induce transient systemic monocytosis and increased numbers of
mononuclear phagocytes within the lung that are essential to reduc-
ing the burden of viral respiratory infection. Due to the Infar depen-
dency of this expansion in the blood and lung we hypothesise that
helminth induced IFN-Is or secondary signalling products play a key
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role in these effects. Future work will be required to identify the
specific factors that act upon monocytes to drives these effects and
to further characterise the specific anti-viral mechanisms of these

cells in RSV infection.
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