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SUMMARY

Emphysema results in destruction of alveolar walls and enlargement of lung airspaces and has
been shown to develop during helminth infections through IL-4R-independent mechanisms.

We examined whether interleukin 17A (IL-17A) may instead modulate development of
emphysematous pathology in mice infected with the helminth parasite Nippostrongylus
brasiliensis. We found that transient elevations in IL-17A shortly after helminth infection triggered
sub-sequent emphysema that destroyed alveolar structures. Furthermore, lung B cells, activated
through IL-4R signaling, inhibited early onset of emphysematous pathology. IL-10 and other
regulatory cytokines typically associated with B regulatory cell function did not play a major

role in this response. Instead, at early stages of the response, B cells produced high levels

of the tissue-protective protein, Resistin-like molecule a (RELMa.), which then downregulated
IL-17A expression. These studies show that transient elevations in IL-17A trigger emphysema and
reveal a helminth-induced immune regulatory mechanism that controls IL-17A and the severity of
emphysema.
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In Brief

Emphysema causes pathology that can compromise lung function, and mechanisms for reducing
disease severity remain unclear. Using a helminth model, Chen et al. show that type 2 immune
response triggers lung B cells to produce RELMa, which then downregulates IL-17 production in
the lung to limit emphysema.
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INTRODUCTION

Type 2 immunity includes both resistance and tolerance responses that together mediate host
protection against helminths. Tolerance mechanisms reduce harmful effects of the pathogen
without affecting the parasite burden, and disease tolerance is recognized as a significant
host-defense strategy (Medzhitov et al., 2012; Soares et al., 2017). Control of tissue

injury during helminth infection is particularly important, because these large multicellular
parasites can cause considerable damage as they traffic through host tissues (Gause et al.,
2013). Previous studies have shown that the rodent helminth, Nippostrongylus brasiliensis,
which has a life cycle similar to that of human hookworms, can cause acute lung injury
(ALI) shortly after invasion of the lung (Chen et al., 2012; Harvie et al., 2010). ALI is
observed as early as day 2 after A. brasiliensis inoculation and includes both neutrophil
inflammation and hemorrhaging, which are triggered partly by early elevations in interleukin
(IL)-17 produced by y8 T cells activated by endogenous danger signals (Sutherland et al.,
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2014). However, by several days after inoculation, a type 2 immune response develops

that mitigates ALI, making this a useful model for interrogating mechanisms of disease
tolerance. ALI is controlled through interleukin-4 receptor (IL-4R)-dependent mechanisms,
which include downregulation of harmful inflammation and activation of alternatively
activated (M2) macrophages and other cell types to produce factors that directly promote
tissue repair (Bosurgi et al., 2017; Chen et al., 2012). This is consistent with studies
suggesting type 2 responses can promote tissue regeneration in the liver (Goh et al., 2013)
and skeletal muscle (Heredia et al., 2013) and fibrosis and scarring in skin, the latter partly
mediated by Resistin-like molecule (RELM) a. produced by M2 macrophages (Knipper et
al., 2015).

Although the type 2 immune response reduces the severity and duration of ALI, studies
indicate that by day 30 after inoculation, severe emphysematous pathology develops in the
lung, compromising lung function (Marsland et al., 2008). This emphysematous pathology
is similar to human emphysema and includes characteristic loss of alveolar septal structures,
resulting in irreversible lung damage associated with destructive enlargement of air-spaces
and reduced air flow (Craig et al., 2017; Marsland et al., 2008). How parasite invasion

of the lung triggers emphysematous pathology is as yet unknown. Although chronic
fibrosis is blocked in N. brasiliensis-inoculated IL-4R-deficient mice, the development and
severity of emphysematous pathology is not reduced (Marsland et al., 2008), indicating that
emphysema develops independently of IL-4R-dependent type 2 immunity and associated
fibrosis. Studies have shown that IL-17A, produced by v T cells, is elevated between

days 2 and 3 after N. brasiliensis inoculation, after which it rapidly decreases (Allen et

al., 2015; Chen et al., 2012; Sutherland et al., 2014). IL-17A has also been implicated

in the development of emphysema in experimental models and in humans (Fujii et

al., 2016; Lu et al., 2015; You et al., 2015), raising the possibility that the early and
transient IL-4R independent elevations in IL-17A after N. brasiliensis infection may trigger
subsequent development of chronic emphysematous pathology. The delayed development
of emphysema also raises the possibility of regulatory mechanisms preventing its acute
onset. Immune response modulation following helminth infection has been shown to
control several inflammatory diseases, including asthma, diabetes, metabolic disorders, and
inflammatory bowel disease (IBD) (Allen and Maizels, 2011; Mishra et al., 2014). In some
cases, IL-10 produced by T regulatory (Treg) cell populations has been implicated (Wilson
et al., 2005). However, in other cases, immune regulatory effects triggered by helminths can
be IL-10 independent, although the actual cell types and/or regulatory molecules involved
remain uncertain (Allen and Maizels, 2011; Mishra et al., 2013, 2014; Wilson et al., 2010).
Thus, additional helminth-induced immune regulatory mechanisms may yet be revealed.
As such, studies of emphysema in the N. brasiliensis model provide an opportunity to
investigate potential helminth-induced regulatory mechanisms that contribute to disease
tolerance and that specifically mitigate this characteristic type of lung damage.

Here we examined the development and control of emphysematous pathology during
helminth infection. Our findings show that transient elevations in IL-17A shortly after
helminth infection trigger subsequent emphysema that can mediate destruction of alveolar
septa. We further show that lung B cells activated in the context of helminth infection
produce RELMa, which then plays an essential role in controlling emphysema through
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downregulation of IL-17A shortly after infection. These studies thus reveal how emphysema
develops independently of IL-4Ra signaling during helminth function and provides
mechanisms of helminth-induced B cell control of this pathology.

RESULTS

IL-17 Promotes Emphysema after N. brasiliensis Inoculation

We investigated the development of emphysematous pathology after N. brasiliensis
infection. As previously published (Marsland et al., 2008), we observed, through histological
analyses, severe emphysema at 30 days post-infection (data not shown) and further showed
initial development of emphysema as early as 7 days post-infection, as assessed by mean
linear intercept length (Lm), a measure of interalveolar septal wall distance and a standard
quantitative measure of emphysematous pathology (Hautamaki et al., 1997) (Figure 1A,
Figure S1A). The changes in the lung environment that mediate the development of
emphysema remain unclear, particularly because emphysematous pathology still develops
in l4ra~'~ mice (Marsland et al., 2008). Studies show a transient but pronounced increase
in IL-17A by day 2 after inoculation, which nonetheless promotes neutrophil infiltration and
ALL, both of which are largely resolved by day 5 after inoculation (Chen et al., 2012). To
examine whether these early increases in IL-17A contribute to the subsequent development
of emphysematous pathology, 1117a/~ mice were inoculated with . brasiliensis. 1L-17A
deficiency resulted in reduced emphysematous pathology (Figure 1B; Figure S1B) and less
infiltration of neutrophils (Figure 1C). Our results are consistent with studies showing that
blocking IL-17A inhibits porcine pancreatic elastase (PPE)-induced emphysema (Fujii et
al., 2016), indicating a common role for IL-17A across experimental emphysema models.
Because IL-17A-producing 6 T cells are known to play a dominant role in the recruitment
of neutrophils to the lung through their production of IL-17 during N. brasiliensis infection
(Sutherland et al., 2014), we also infected Tcrd™~ mice, which are deficient in 8 T cells
(Cai et al., 2011). Similar to 1117a~~ mice, we observed reduced emphysematous pathology
(Figure 1D; Figure S1C) and less infiltration of neutrophils (Figure 1E). Altogether,

these data indicate that y6 T cells and associated transient IL-17A signaling promote the
subsequent development of emphysematous pathology after . brasiliensis inoculation.

B Cells Mitigate Severity of Emphysema by Downregulating IL-17A

In further studies, we unexpectedly found that emphysematous pathology-associated lung
size was markedly increased in B cell-deficient Jn™/~ mice, with approximately 30%
increases in Lm as early as day 7 after . brasiliensisinoculation (600 larval stage 3

[L3] larvae) (Figures 2A-2C) and associated marked increases in IL-17A* y8& T cells and
neutrophils in the lungs of Jh™~ mice (Figures 2D and 2E). This suggests that B cells
controlled the development of emphysematous pathology. We also extended analysis of
effects of B cell deficiency to 30 days after inoculation. Although emphysematous pathology
was severe and comparable in wild-type (WT) and Jh™'~ mice after inoculation with 600
L3 larvae (data not shown), inoculation with 300 L3 larvae resulted in marked increases

in emphysematous pathology and associated marked increases in IL-17A* y& T cells and
neutrophil infiltration in Jh™~ compared to WT mice (Figures 2F-21). At the higher dose,
the resultant progression of emphysema is apparently sufficiently severe by day 30 that the
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presence of B cells cannot mitigate the damage. To examine whether WT B cells could
rescue control of emphysema in the Jh™'~ mice, WT naive B cells were transferred to

Jh~'~ mice before N. brasiliensisinoculation. B cell transfers markedly reduced emphysema,
neutrophils, and //77amRNA in Jh™'~ mice at day 7 after . brasiliensis inoculation (Figures
3A-3D). Donor CD45.1 B cells were readily detected in recipient lung and lymphoid
tissues of Jh™~ mice (Figure S2). To investigate whether IL-17A signaling contributes to
exacerbated emphysematous pathology in Jn™~ mice, neutralizing anti-1L-17A antibody
was administered to N, brasiliensis-infected Jn™'~ mice. I1L-17A blockade resulted in
decreased emphysematous pathology and less infiltration of neutrophils (Figures 3E and

3F; Figure S1D). These data thus indicate that B cells play a significant role in controlling
the development of 1L-17A-dependent emphysema by inhibiting IL-17A expression and
associated neutrophil recruitment and activation.

Type 2 Immunity Controls ALI in B Cell-Deficient Mice and Drives Development of B
Regulatory Cells

Effects of B cell deficiency on the development of ALI were next examined. At day 4

after N. brasiliensis inoculation, markers used to assess ALl (as previously published by
Chen et al., 2012), including bronchoalveolar lavage (BAL) red blood cells (RBCs) and
the histological ALI score, were not enhanced between WT and Jh™~ mice (Figures 4A
and 4B). However, indicators of the associated type 2 response, including BAL eosinophil
numbers (Figure 4C) and lung tissue //23 mRNA levels (Figure 4D), were significantly
increased in Jh™~ mice compared to WT mice, indicating that B cells are not required for,
and limit, type 2 immunity. The increased type 2 immunity in Jh™/~ mice may compensate
for IL-17-related ALI. mMRNA levels of Argland /gf1, factors that promote lung wound
repair (Chen et al., 2012), were expressed at significantly higher levels in the lungs of
Jh~'= mice after . brasiliensis infection (Figures 4E and 4F). These findings indicate that
the development of pathology associated with ALLI is separable from the development of
subsequent emphysematous pathology. Previous studies have shown that B cells can have
potent regulatory functions in controlling harmful inflammation during autoimmune and
infectious diseases and during allergic responses, in many cases through IL-10-dependent
mechanisms (Mauri and Menon, 2015). However, B regulatory (Breg) cell effects induced
by the helminth H. polygyrus can control autoimmune and allergic responses through
IL-10-independent effects, although their regulatory mechanism of action remains unknown
(Wilson et al., 2010). To examine the role of IL-10, produced by B cells, in controlling the
development of emphysematous pathology, B cells from naive WT or 1110/~ mice were
transferred to Jh™/~ recipient mice before infection. WT and 1L-10~/~ B cells similarly
restored control of emphysematous pathology 7 days after . brasiliensis inoculation
(Figures S3A-S3C), demonstrating that Breg cell function controlling emphysema severity
was I1L-10 independent. To examine whether IL-4R signaling promotes the development of
B cells that downregulate emphysematous pathology, B cells from WT and Il4ra~/~ mice
were transferred to Jh™'~ recipient mice before infection. WT B cells, but not 114ra~~ donor
B cells, effectively controlled exacerbation of emphysematous pathology and associated
inflammatory responses, including infiltration of neutrophils into the lung and increases in
1117amRNA levels (Figure 5). There is no effect on N. brasiliensis transit to the small
intestine in 114ra~~ mice, 1117a~/~ mice, Tcrd™~ mice, 11207/~ mice, and Jh~~ mice after
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primary inoculation (Chen et al., 2014, and data not shown). These findings thus indicate
that control of ALI is sustained in B cell-deficient mice and that the Breg cell function
mitigating emphysema is independent of 1L-10 and dependent on IL-4R signaling.

RELMa. Mediates Immunoregulatory Effects of B Cells

Because the control of emphysematous pathology in the context of helminth infection is
little studied, it was possible that immune regulatory mechanisms could be identified. To
examine lung B cells during helminth infection, we first showed that they were increased in
the lung as early as day 3 after . brasiliensisinoculation (Figure 6A). We next investigated
the expression of potential regulatory molecules known to mediate Breg cell function

and observed little change in 7gfbZ mRNA (Lee et al., 2014) and //35 mRNA (Wang et

al., 2014) and a modest increase in //Z0mRNA (Figure 6B). We also assessed markers
characteristic of type 2 immune responses generally. Surprisingly, we detected marked
increases in Retn/lamRNA (Figure 6B). Although not previously shown to be produced by
B cells, RELMa. is expressed at high levels by alternatively activated (M2) macrophages
during helminth infection (Chen et al., 2014). Studies have shown that RELMa has potent
and pleiotropic effects, including contributions to tissue repair (Knipper et al., 2015),
downregulation of helminth-induced type 2 immune responses (Nair et al., 2009), and most
recently, enhancement of positive energy balance (Kumamoto et al., 2016). Increased B cell
expression of Retnladepended on IL-4Ra signaling, because expression was blocked in .
brasiliensis-inoculated 114ra~~ mice (Figure 6C). Pronounced increases in RetnlamRNA
were observed as early as day 3 in B cells, with further increases on day 5 (Figure 6D).

As a comparison, Retnlawas not significantly elevated in macrophages until day 5 and was
expressed at higher levels in alveolar macrophages compared to nonalveolar macrophages
(Figures 6E and 6F). At day 5, alveolar macrophages and B cells were cytoplasmically
stained for RELMa and analyzed by fluorescence-activated cell sorting (FACS); mean
fluorescence intensities (MFIs) were comparable (Figures 6G and 6H). Increases in RELMa
protein were observed on cytospins as early as day 1, with pronounced increases by day

5 in lung B cells (Figure S3D). To examine whether RELMa expression by B cells
affected Breg function, B cells from WT and RELMa.-deficient (Retnla™~) mice were
transferred to Jh™'~ mice before infection. Although WT donor B cells restored control

of IL-17A, emphysematous pathology, and associated inflammation, donor B cells from
Retnla™~ mice had little effect (Figures 61 and 6J; Figures S4D and S4E). Furthermore,

we observed significantly higher numbers of IL-17A* 8 T cells in the lungs of Retnla™~
mice compared to WT mice after N. brasiliensis inoculation at day 2 (Figure 6K) and more
severe emphysematous pathology, increased numbers of neutrophils, and increased //17a
gene expression in the lungs of Retnla™~ mice after . brasiliensis inoculation at day 7
(Figures SAA-SAC). RetnlamRNA levels were higher in the lung of WT mice compared
to Jh™'~ mice after . brasiliensis inoculation at days 2 and 3 (Figure S4F). These data
indicated that IL-17A production was controlled by RELMa.. These results thus show that
B cell-derived RELMa mediates downregulation of IL-17 after its initial surge in the lung
shortly after . brasiliensis inoculation.
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Phenotyping of Lung B Cells Shows that B2 B Cells Express RELMa Shortly after N.
brasiliensis Inoculation

Studies indicate that Breg cells can develop from various B cell lineages, with no specific
transcription factors associated with the Breg phenotype (Rosser and Mauri, 2015). Most B
cells in the lungs of N. brasiliensis-inoculated mice showed a characteristic B2 phenotype,
with high expression of CD19 and immunoglobulin (Ig) D and intermediate expression of
IgM (Figure 6L) (Kushnir et al., 2001). These cells also showed high expression of CD21,
CD23, and CD24, characteristic of the T2-MZP B2 subpopulation (Figure 6M) (Rosser and
Mauri, 2015). B10 cells (CD19*CD5*CD1M), plasma cells (B220*CD138*MHC-11'"%), and
plasmablasts (CD138*CD44M) constituted less than 1% of lung B cells in N. brasiliensis-
infected mice (data not shown). There was the possibility that B cells in the Retnla™~ mice
may not have developed normally, potentially affecting their ability to secrete antibody (Ab).
Analysis of lung B cell populations showed similar phenotypes in WT and Retnla™~ mice
(Figure S5A). To test whether B cell Ab production was altered by RELMa deficiency,

WT and Retnla™~ mice were inoculated with . brasiliensis for 3, 6, or 7 days (primary
[1°]), or at 20 days after primary inoculation, they were challenged again with N. brasiliensis
and assessed after 7 days (secondary [2°]). Changes in total (Figure S5B) and antigen
(Ag)-specific 1gG1, IgE (Figure 5C), and IgM (Figure 5D) were similar in WT and Retnla-/
— mice after primary or secondary inoculations. Previous studies have shown that although
resistance is intact in B cell-deficient mice, transfer of serum Abs from N. brasiliensis-
inoculated WT mice to naive mice accelerates expulsion (Liu et al., 2010). As shown

in Figure S5D, transfer of immune serum from either N. brasiliensis-inoculated WT or
Retnla™~ mice comparably accelerated worm expulsion. Altogether, these findings indicate
that B2 B cells are the primary source of RELMa and that a robust B cell and associated Ab
response is sustained in Retnla™~ mice.

DISCUSSION

Our studies reveal that the IL-4Ra-independent development of emphysematous pathology
is caused by transient elevations in IL-17A at day 2 after N. brasiliensis inoculation.

Our findings further show that after day 2, IL-4Ra-dependent activation of a Breg cell
population in the lung, characterized by its production of RELMa., is required for reducing
IL-17A elevations, neutrophil infiltration, and associated emphysematous pathology.

Helminth infection has previously been shown to play a significant role in controlling
inflammatory diseases, including type 1 diabetes and IBD. In these diseases, Treg and Breg
cells have both been implicated through their production of 1L-10 (Mangan et al., 2004;
Mishra et al., 2013; Setiawan et al., 2007). However, inflammatory conditions including
airway inflammation and experimental autoimmune encephalitis can also be controlled by
helminth infection through as-yet-unidentified IL-10-independent mechanisms (Wilson et
al., 2010). Our findings reveal a role for helminth-induced B cells in controlling IL-17A
expression through their production of RELMa.. Although RELMa. has not previously been
shown to downregulate IL-17A, previous studies have indicated that it can suppress CD4

T helper 2 (Th2) cell cytokine responses (Nair et al., 2009), consistent with our findings
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that upregulated type 2 immunity in N. brasiliensis-inoculated B cell-deficient mice was
controlled by transfer of WT B cells, but not RELMa ™~ B cells.

Transient IL-17A elevations, within 2-3 days after . brasiliensis inoculation, contribute

to acute lung hemorrhaging, partly through neutrophil recruitment. However, by day 4,

ALLI is mitigated through IL-4Ra-dependent mechanisms, which include downregulation

of IL-17A, associated harmful neutrophil inflammation, and direct enhancement of tissue
repair mechanisms (Allen et al., 2015; Chen et al., 2012). Our findings demonstrate that

the acute 2 day increase in IL-17A, triggered by parasite migration through the lung at the
initiation of the response, also contributes to the development of severe emphysema, because
IL-17A deficiency reduced emphysematous pathology. Apparently, the increased IL-17A
during this brief interval alters the lung milieu sufficiently to support chronic destruction

of elastin walls forming the alveoli. These findings are consistent with the development of
emphysema in humans long after smoking cessation (Taraseviciene-Stewart and Voelkel,
2008). Alternatively, there may be other factors contributing to the chronic emphysematous
pathology, including potential residual parasite products. The more prolonged elevations in
IL-17A and associated accelerated onset of emphysematous pathology in the absence of B
cell-derived RELMa indicates an essential role for B cells and RELMa in downregulating
IL-17A and emphysema at early stages of the response. When lower-dose inoculums of

N. brasiliensis were administered, emphysematous pathology was more pronounced as

late as 30 days after inoculation in B cell-deficient mice, indicating B cells can also

mitigate chronic emphysema. It would be of interest to examine whether the severity of
emphysematous pathology progressively increases in mice with age, as observed in humans,
and whether control by RELMa is sustained at these later time points. In contrast, control
of ALI was not impaired by B cell deficiency. This is consistent with our observation that
the type 2 response, including M2 macrophage-derived factors like insulin growth factor

1 (IGF-1) and ARGL1, which mediate essential acute tissue repair (Chen et al., 2012), was
sustained and even increased. Apparently, this potent wound-healing type 2 response was
sufficient to control acute tissue damage from additional inflammation associated with more
pronounced IL-17A elevations in B cell-deficient mice. Emphysematous pathology was

still exacerbated, which suggests that the process leading to destruction of septal walls is
sustained. It will be interesting in future studies to elucidate the specific cell populations and
factors involved in the exacerbation of the emphysematous pathology following helminth
infection.

Previous studies have shown that Retn/a, which encodes a small, cysteine-rich secreted
molecule homologous to human RELM (Holcomb et al., 2000), is expressed in myeloid
cells in which it is a characteristic marker for alternatively activated macrophages and
neutrophils in the context of a type 2 immune response (Chen et al., 2014; Nair et al., 2006).
Our findings that lymphocytes, specifically B cells, can also express RELMa indicates
that Breg cells provide an additional significant source for this cytokine and associated
functions formerly ascribed to myeloid cells. Our findings that RELMa production

by B cells reaches high levels by 3 days following N. brasiliensis inoculation, while
macrophage RELMa expression is not high until 5 days, is consistent with this Breg

cell population being essential in rapidly downregulating early increases in IL-17A and
associated neutrophil recruitment. Several distinct subsets of B cells have been shown to
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have regulatory properties, with no specific marker or transcription factor characterizing
their regulatory function (Rosser and Mauri, 2015). Lung B cells after N. brasiliensis
infection predominantly showed a transitional stage 2 (T2)-like B2 cell phenotype, with high
expression of IgD, CD21, CD23, and CD24 and intermediate expression of IgM (Kushnir

et al., 2001). Previously, this subset has been shown to have Breg properties, including
expression of 1L-10 (Rosser and Mauri, 2015). Our studies show that in the context of A.
brasiliensis infection, they instead express high levels of RELMa., which mediates its Breg
function. Previous studies of Breg cell function during helminth infection also identified

a B2 B cell phenotype with IL-10-independent immune regulatory functions (Wilson et

al., 2010). Our findings of little IL-10 expression by B cells is consistent with previous
findings that IL-10 is not expressed at high levels in the lung until day 5 after N. brasiliensis
inoculation, with the major source being CD4+ T cells (Chen et al., 2012; Thomas et al.,
2012).

Studies have shown that RELMa is a multifunctional cytokine that can promote tissue
fibrosis during wound healing (Knipper et al., 2015), favor normoglycemia in lean and
obese animals (Kumamoto et al., 2016), and downregulate type 2 immune responses (Nair
et al., 2009). Our findings that RELMa also downregulates IL-17A extends its known
activities and provides a potential target for control of IL-17A-mediated inflammation. More
specifically, RELMa contributes to the rapid downregulation of IL-17 after its peak at day
2 following N. brasiliensis inoculation, thus limiting the duration of the elevated 1L-17
response. Our findings may also explain previous findings in these other model systems.
For example, studies suggest that 1L-17A may contribute to decreased insulin resistance
(Ohshima et al., 2012), suggesting that effects of RELMa. on insulin resistance may result
partly from its counter-regulation of IL-17A. More studies are needed to elucidate the
mechanism of RELMa function and associated control of 1L-17A expression under these
different conditions.

It is increasingly recognized that the immune system may play a causative role in the
development of emphysema (Grumelli et al., 2004; Taraseviciene-Stewart and Voelkel,
2008) and that IL-17A may be particularly important in driving the destruction of elastin-
containing alveolar walls (Lu et al., 2015; Shan et al., 2012; You et al., 2015). Our

studies of emphysema development during helminth infection reveal a critical role for
IL-17A, in this case produced by lung y& T cells, in driving this type of pathology.

Our finding that RELMa., produced by B cells in the context of the type 2 immune
response, can control type 17-mediated inflammation provides an additional potent negative
regulatory mechanism elicited by the helminth-induced immune response. Our findings
that B cell subpopulations and Ab production are comparable in WT and Retnla™~ mice
after . brasiliensis inoculation suggests that this requirement for B cell-derived resistin-
like molecule alpha (RELMAa) is not due to impaired B cell development that might
compromise Ab production. It will be important in future studies to interrogate how this
intrinsic regulator of this response interacts with other negative regulators, such as T reg
cells or TAM (Tyr03,AxI1,MerTK) receptor interactions (Chan et al., 2016; de Kouchkovsky
etal., 2017). Potentially in combination with other negative regulators, RELMa provides

a target that may be useful in the development of future therapies for control of tissue-
damaging type 17 responses, although more studies are needed to evaluate its general
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significance. More specifically, B cell-derived RELMa, and its human homologue, may
provide a useful target for specific immune-based therapies developed to control the
progression of emphysematous pathology.

STARXMETHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, William C. Gause (gausewc@rutgers.njms.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Female 5-8 week old BALB/c or BL/6 WT mice, Tcrd™~ (BL/6), and l4ra™/~

mice (BALB/c) were purchased from The Jackson Laboratory (Bar Harbor, ME). BALB/c
Jh~'~ mice (BALBI/c), and 1110~ mice (BALB/c) were purchased from Taconic Biosciences
(Albany, NY). Retnla'~ mice (BALB/c) were generously provided by Dr. Marc Rothenberg
(Cincinnati Children’s Hospital Medical Center, Cincinnati, OH). 1117a™~ (BL/6) mice were
generously provided by Dr. Karen Edelblum (Rutgers-NJMS). All mice were maintained

in a specific pathogen-free, virus Ab-free facility during the experiments. Healthy mice
were selected for treatment groups from purchased or bred colonies, without using specific
randomization methods or specific blinding methods. The studies have been reviewed

and approved by the Institutional Animal Care and Use Committee at Rutgers-the State
University of New Jersey. The experiments herein were conducted according to the
principles set forth in the Guide for the Care and Use of Laboratory Animals, Institute

of Animal Resources, National Research Council, Department of Health, Education and
Welfare (US National Institutes of Health).

Parasites—N. brasiliensis L3 larvae were maintained in Petri dish culture containing
charcoal and sphagnum moss. Mice were inoculated subcutaneously with a 40ul suspension
of 600 V. brasiliensis L3 isolated from cultures using a modified Baermann apparatus. In
one experiment, F2f-1, we inoculated 300 L3. Worm expulsion was detected on day 7. For
secondary N. brasiliensis inoculation, mice were inoculated with 600 L3, rested 20 days,
secondarily inoculated with 600 L3. At day 7, mice serum were collected.

METHOD DETAILS

Parasite inoculation and serum collection—AN. brasiliensis L3 larvae were
maintained in Petri dish culture containing charcoal and sphagnum moss. Mice were
inoculated subcutaneously with a 40ul suspension of 600 N, brasiliensis L3 isolated from
cultures using a modified Baermann apparatus. In one experiment, F2f-1, we inoculated 300
L3. Worm expulsion was detected on day 7. For secondary N. brasiliensis inoculation, mice
were inoculated with 600 L3, rested 20 days, secondarily inoculated with 600 L3. At day 7,
mice serum were collected. For serum transfer, serum was administered i.p. one day prior
and the same day (-1, 0) to N. brasiliensis inoculation at a dose of 0.25 mL respectively.

Flow cytometry, cell sorting, adoptive transfer: Lung tissue was incubated with stirring at
37°C for 30 min in Hank’s balanced salt solution (HBSS) with 1.3 mM EDTA (Invitrogen),
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then minced and followed by treatment at 37°C for 45 min. with collagenase (1 mg/ ml;
Sigma) in RPMI with 5% fetal calf serum (FCS) and with 100 ug / ml of DNase for 10 min.
Cells were lysed with ACK (Lonza, Walkersville, MD) to remove erythrocytes. Cells were
blocked with Fc Block (BD Biosciences, San Jose, CA), directly stained with fluorochrome-
conjugated Abs against Ly6G (1A8), MHCII, CD11c, Siglec-F, F4/80, CD19, B220 (BD
Biosciences), CD21, CD23, CD24, CD5, Cd1, CD138 (Biolegend), RELMa. (Biorbyt), and
analyzed by flow cytometry. Neutrophils were identified as CD11b+Ly6G+, Eosinophils as
F4/80+CD11c-Siglec-F+, Alveolar macrophages as F4/80+CD11cvarSiglec-F+, nonalveolar
macrophages as F4/80+CD11cvarSiglec-F-. In some experiments, B cells were sort purified
(> 98%) for adoptive transfer. For B lymphocyte transfers, B cells purified from lung tissue
and MLN of donor mice were transferred i.t. into recipient mice. B cells purified from
spleens of donor mice were transferred intra-peritoneally (i.p.) into recipient mice. A total of
three cell transfers were performed (day -3, 0, and +1) during N. brasiliensis inoculation.

Histology: Lungs were fixed by tracheal instillation of 10% neutral buffered formalin at

a pressure of 25 cm water for 5 min followed by immersion in 10% neutral buffered
formalin overnight. Lungs were embedded in paraffin, and 5-pm sections were cut and
stained with hematoxylin and eosin (H&E). 5 sections per mouse were collected with 20
layers of separation between each one. Digital images were obtained with a Zeiss Axioskop
2 microscope and Zeiss Axiovision software (Carl Zeiss Microscopy, LLC, Thornwood,
NY). The measurement of alveolar space area and mean linear intercept of alveolar spaces
(Lm) were imaged at 200X. Five histological fields for each section were analyzed with
Image Pro Plus software (Media Cybernetics, Rockville, MD).

Cytospin and Immunofluorescent staining: Sorted B cells (2 x105) from lung tissue
were suspended in 200 pL of 1X PBS with 2.5% FCS. The sorted cell suspensions were
loaded into a Shandon Cytospin 4 (Thermo Electron Corporation, Waltham, MA), spun at
800-1000 rpm for 5 min and stored at —80°C. Frozen cytospin slides were thawed at room
temperature for 30 min, fixed in 4% PFA for 15 min, and stained with an AlexaFluor488-
conjugated Ab specific to RELMa (Bioss Inc., Woburn, MA). Coverslips were applied

to the slides using Vectashield mounting medium (Vector Laboratories, Burlingame, CA)
with DAPI. Images were taken using a Leica DM6000B fluorescent microscope, Orca
Flash 4.0 mounted digital camera (Hamamatsu Photonics K.K., Japan) and LAS Advanced
Fluorescence software (Leica Microsystems, Buffalo Grove, IL). Fluorescent channels were
photographed separately and then merged. Exposure times and fluorescence intensities were
normalized to appropriate control images.

Quantitative levels of serum immunoglobulin: For serum collection, mice were
anesthetized with 0.1ml / 20 g body weight of Ketamine/xylazine cocktail (Ketamine, 20

mg / ml, xylazine, 2.5 mg/ ml), blood was withdraw by cardiac puncture, and was kept at
room temperature for 2 — 3 hours. The blood was then centrifuged at 14000 rpm for 15

min at 4°C, serum was collected and stored at —80°C. Serum total IgGland IgE levels were
detected by ELISA using IgE and IgG1 ELISA kit from Biolegend. N. brasilensis excretory /
secretory product (NES) was coated on 96 well ELISA plate overnight (2.5 pg/ul, 100 pl)
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and then incubated with serial dilutions of serum from N. brasiliensis inoculated mice or
naive control mice and then processed using commercial ELISA kit.

Cytokine gene expression by RT-PCR: For gPCR, RNA was extracted from lung tissue

or sorted macrophages or B lymphocytes and reverse transcribed to cDNA. gPCR was

done with Tagman (Life Technologies Corporation, Carlsbad, CA) kits and the Applied
Biosystems 7500 Real-Time PCR System. All data were normalized to 18S ribosomal RNA,
and the quantification of differences between treatment groups was calculated according to
the manufacturer’s instructions. Gene expression is presented as the fold increase over naive
WT controls.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using the statistical software program Prism (GraphPad Software, Inc.,
La Jolla, CA) and are reported as means (+SEM). Differences between two groups were
assessed by Student’s t test, differences among multiple groups were assessed by one way
ANOVA and individual comparisons were analyzed using Holm-Sidak test. Differences of p
< 0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Helminth-induced emphysema is IL-17-dependent and exacerbated in B cell-
deficient mice

IL-4R signaling triggers activation of B cells that mitigate emphysematous
pathology

These B cells express RELMa., which inhibits IL-17-producing -y6 T cells
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Figure 1. Emphysematous Pathology Develops by 7 Days after Nb Inoculation, and Its Severity Is
Reduced in 1117a~/~ and Tcrd ™~ Mice

(A) Emphysematous pathology was determined by digital imaging analysis of mean linear
intercept measurements (Lm) of alveolar spaces at days 2, 4, and 7 after . brasiliensis (Nb)
inoculation of WT BALB/c mice.
(B-E) 1117a~"~ and WT BL/6 control mice or Tcrd™~ and WT BL/6 control mice were
inoculated with Nb. Then 8 days later, emphysematous pathology was assessed by Lm (B
and D) and the total number of CD11b*Ly6G™* neutrophils at day 2 was determined by flow

cytometry (C and E).
Each symbol represents an individual mouse, and horizontal lines indicate the mean.

Data shown are the mean and SEM from at least five individual mice per group and are
representative of at least two independent experiments (**p < 0.01). See also Figure S1.
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Figure 2. B Cell Deficiency Exacerbates Emphysematous Pathology after Nb Inoculation
(A-E) BALB/c WT and Jh™'~ mice were inoculated with 600 L3 and, 7 days later, were

analyzed for emphysematous pathology and IL-17 expression.

(A) Left lobe of lung was collected and photographed (scale bar, 5 mm).
(B) H&E staining of representative formalin-fixed lung sections of mice.
(C) Digital imaging analysis of mean linear intercept measurements (Lm) of alveolar spaces.
(D) Number of lung IL-17A* y& T cells.
(E) Number of neutrophils (CD11b*Ly6G), analyzed by FACS.
(F=1) WT and Jh™"~ mice were inoculated with 300 L3 and, 30 days later, were analyzed
for emphysematous pathology. H&E staining (F) and Lm analyses (G) were assessed as
described earlier, and the number of lung IL-17A* & T cells (H) and lung neutrophils
(CD11b*Ly6G") (1) was determined by flow cytometry.
Each symbol represents an individual mouse, and horizontal lines indicate the mean. Data
shown are representative of at least two independent experiments (*p < 0.05, **p < 0.01).
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Figure 3. Transfer of WT B Cells or Administration of Neutralizing Anti-IL-17A Antibody
Restored Control of Emphysematous Pathology in B Cell-Deficient Nb-Inoculated Mice

(A-D) BALB/c WT, B cell-deficient Jh~/~, and Jh™/~ recipient mice with transferred
BABL/c WT B cells were all assessed for severity of emphysematous pathology at day

7 and for neutrophils and 1117 gene expression at day 2 after Nb inoculation.

(A) H&E staining of representative sections is shown.

(B) Emphysematous pathology was measured using digital imaging analysis of mean linear
intercept measurements (Lm) of alveolar spaces.

(C) The number of lung neutrophils (CD11b*Ly6G*) was determined by flow cytometry at
day 2.

(D) Whole-lung //17a gene expression by qPCR is presented as the fold increase over naive
WT mice after normalization to 18s ribosomal RNA (18srRNA).

(E and F) Jh™'~ mice were administered blocking anti-1L-17A Ab and inoculated with Ab.
Then 7 days later, they were assessed for emphysematous pathology through Lm analysis
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(E), and 2 days later, they were analyzed for number of lung neutrophils (F); results are
presented as described earlier.

Each symbol represents an individual mouse. Horizontal lines indicate the mean (B, C, E,
and F), or data shown are the mean and SEM from at least five individual mice per group
(D). Data shown are representative of at least two independent experiments (*p < 0.05, **p
< 0.01). See also Figure S2.
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Figure 4. B Cell Deficiency Did Not Exacerbate Acute Lung Injury
WT and Jh~'~ mice were inoculated with Nb and analyzed for acute lung injury (ALI) and

type 2 immunity at day 4.

(A-C) BAL red blood cell (RBC) count (A), ALI pathology scores (B), and BAL eosinophil
count (C).

(D-F) Lung tissues were examined for the expression of //13 (D), Arginase 1 (Argl) (E),
and /GFI mRNA (F) by gPCR. Gene expression is presented as the fold increase over naive
WT mice after normalization to 18sRNA.

Each symbol represents an individual mouse. Horizontal lines indicate the mean (A and

C), or data shown are the mean and SEM from five individual mice per group (B-F). Data
shown are representative of at least two independent experiments (**p < 0.01).
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Figure 5. IL-4R Signaling Promotes B Cell-Mediated Control of Emphysema
B cells from WT and Il4ra™~ mice were transferred to Jh™'~ recipients at days -3, 0, and +1

during . brasiliensis inoculation. Lungs were collected for analysis 7 days after inoculation.
(A) H&E staining of formalin-fixed lung sections.

(B) Emphysematous pathology was quantitated by digital imaging analysis of mean linear
intercept measurements (Lm) of alveolar spaces.

(C) Number of lung neutrophils (CD11b*Ly6G*) was determined by flow cytometry. Each
symbol represents an individual mouse, and horizontal lines indicate the mean.

(D) Lung tissues were examined for the expression of //17aby gPCR. Gene expression

is presented as the fold increase over naive WT mice after normalization to 18sSRNA and

Cell Rep. Author manuscript; available in PMC 2022 August 26.
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expressed as the mean and SEM from five individual mice per group. Data shown are
representative of at least two independent experiments (*p < 0.05, **p < 0.01). See also
Figure S3.
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Figure 6. RELMa Expression by B Cells Is Required for Limiting Nb-Induced Emphysematous
Pathology

(A) B cell numbers in the lung at different time points after A. brasiliensis inoculation were
assessed by flow cytometry.

(B) At day 5 after Nb inoculation, sort-purified B cells were analyzed for mRNA expression
of candidate regulatory factors.

(C) Sort-purified B cells from I14ra~~ and WT BALB/c mice were analyzed for Retnla
MRNA expression at day 5 after Nb inoculation.

(D-F) Sort-purified B cells (D), alveolar macrophages (E), or non-alveolar macrophages (F)
at different time points after Nb infection were analyzed for Retn/a mRNA expression.

(G and H) RELMa mean fluorescence intensity (MFI) of lung B cells (CD19+) (G) and
alveolar macrophages (H) was determined by cytoplasmic staining and FACS at day 5 after
N. brasiliensis inoculation.

(1 and J) Sort-purified B cells from either untreated Retnla™~ or WT mice were transferred
to recipient Jh™'~ mice at days -3, 0, and +1 after . brasiliensis inoculation. Lungs were
collected for analysis 7 days after inoculation, emphysematous pathology was digitally
imaged as described in Figure 1 (1), and lung tissues were analyzed for the expression of
/17aby gPCR (J).

(K) Retnla™~ and WT mice were inoculated with Nb, and 2 days later, v T cells were
assessed for IL-17A production by intracellular staining and flow cytometric analyses.

(L and M) FACS analysis of lung B cell subsets at day 5 after N. brasiliensis inoculation,
showing expression of IgM and IgD (L) and CD21, CD23, and CD24 (M) on gated CD19*
lymphocytes.

Cell Rep. Author manuscript; available in PMC 2022 August 26.
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Each symbol represents an individual mouse. Small horizontal lines indicate the mean (A
and D-1), or data shown are the mean and SEM from five individual mice per group (B-F
and J) or a pool of five mice per group (K and L). Data shown are representative of at least
two independent experiments (**p < 0.01). See also Figures S4 and S5.
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