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A critical role of IL-17 in modulating the B-cell response
during HSN1 influenza virus infection

Xiaohui Wangl, Chris CS Chan?, Min Yangl, Jun Dengl, Vincent KM Poon?, Virtual HC Leungz, King-Hung Ko!,
Jie Zhou?>?, Kwok Yung Yuen??, Bo-Jian Zheng2 > and Liwei Lu'?

Interleukin-17 (IL-17), a member of the IL-17 cytokine family, plays a crucial role in mediating the immune response against
extracellular bacteria and fungi in the lung. Although there is increasing evidence that IL-17 is involved in protective immunity against
H1 and H3 influenza virus infections, little is known about the role of IL-17 in the highly pathogenic H5N1 influenza virus infection. In
this study, we show that H5N1-infected IL-17 knockout (KO) mice exhibit markedly increased weight loss, more pronounced lung
immunopathology and significantly reduced survival rates as compared with infected wild-type controls. Moreover, the frequency of B
cells in the lung were substantially decreased in IL-17 KO mice after virus infection, which correlated with reduced CXCR5 expression
in B cells and decreased CXCL13 production in the lung tissue of IL-17 KO mice. Consistent with this observation, B cells from IL-17
KO mice exhibited a significant reduction in chemokine-mediated migration in culture. Taken together, these findings demonstrate a

critical role for IL-17 in mediating the recruitment of B cells to the site of pulmonary influenza virus infection in mice.
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INTRODUCTION
Influenza virus infections have caused substantial human morbidity
and mortality over the past centuries. In recent years, novel subtypes
of influenza viruses, such as the highly pathogenic H5N1 and the
pandemic HIN1, have been shown to be transmitted directly from
animals to the human population.>* Despite the availability of vac-
cines and antiviral therapies, H5N1 influenza virus infections still
cause considerable severe disease with a high death rate. Mouse and
human H5N1-mediated respiratory disease can be fatal and exhibits
clinical features of dysregulated virus-induced cytokine production,
extensive inflammatory infiltration and severe histopathological pul-
monary injury."” Following H5N1 virus infection, systemic and exag-
gerated release of pro-inflammatory cytokines by rapidly proliferating
immune cells and airway epithelial cells results in a cytokine storm and
pulmonary damage. A virus-induced cytokine storm has been shown
to be highly lethal among young healthy adults, probably due to the
strong immune response in these subjects.’ Although extensive
investigations have centered around studying viral genetics, ecology
and geography of viral transmission, and clinical diagnosis and man-
agement of H5N1 infection, the dysregulated host immune response is
much less defined.’

Interleukin-17 (IL-17), produced by cells of both the adaptive and
innate immune systems, functions as a potent pro-inflammatory
cytokine and plays a crucial role in both chronic autoimmune

pathogenesis” and host defenses against diverse pulmonary patho-
gens.® Previous studies have demonstrated that IL-17 plays a benefi-
cial role in infections by various pathogens, including pulmonary
Mycobacterium bovis, Klebsiella pneumonia and vaccinia virus.”™"!
The involvement of IL-17 in protection against influenza virus infec-
tion has also been indicated. Studies in vivohave demonstrated that IL-
17 can protect mice against lethal infection with both A/Puerto Rico/8/
34 (HINI1) and A/Alaska/6/77 (H3N2) influenza virus, which is
accompanied by an enhanced early influx of neutrophils into the
lung.'* Other studies using IL-10 knockout (KO) mice have also
demonstrated that IL-17 can protect naive mice against a lethal dose
of A/Puerto Rico/8/34 via unique mechanisms other than established
Th1-mediated protection.'® In a study of prophylactic treatment with
bacterially derived immunomodulators, the Th17 inflammatory res-
ponse directly contributed to the enhanced survival of mice following
A/Puerto Rico/8/34 challenge.'* However, previous studies on IL-17
transgenic mice and IL-17 receptor KO mice also reported that IL-17
may act as a ‘double-edged sword’ and contributes to pulmonary
immunopathology.'>'® Elevated IL-17 serum levels have also been
found in patients with severely pandemic HIN1 influenza infections,
which may potentiate lung inflammation and its fatal consequence.'”
All of these studies highlight the need for further research to clarify the
role of IL-17 during influenza virus infection, especially during highly
pathogenic H5N1 virus infection.
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Accumulating evidence has defined an important role for B cells
in virus clearance and host survival during primary influenza virus
infections.'® The protective role of B cells appears to be mediated,
at least in part, through antibody production both in the early
phase of virus control mediated by IgM and during later stages
via neutralizing isotype-switched, virus-specific antibodies that
are required for optimal virus clearance and protection from
virus-induced pathology.'**' Although the mechanisms involved
in the induction and modulation of the B-cell response have been
extensively investigated, whether and to what extent IL-17, a rela-
tively new pro-inflammatory cytokine, modulates the B-cell res-
ponse during influenza virus infection remains largely unclear. As
the TL-17 receptor is reportedly expressed on murine B cells,”***
the potential role of IL-17 signaling in B-cell responses needs to be
further investigated. In this study, we used IL-17 KO mice to deter-
mine the function of IL-17 in regulating B-cell functions during
H5NI1 influenza virus infection in mice.

MATERIALS AND METHODS

Immunostaining

For multicolor flow cytometric analysis, cell samples were stained with
the following monoclonal antibodies specific for phenotypic markers:
anti-B220-FITC (clone RA3-6B2), anti-B220-PE (clone RA3-6B2),
anti-Gr1-FITC (clone RB6-8C5), anti-CD11¢c-FITC (clone N418),
anti-CD3-PE (clone 145-2C11), anti-NK1.1-PE (clone PK136) and
anti-CD11b-PE (clone M1/70) from Biolegend (San Diego, CA,
USA); anti-ycTCR-FITC (clone GL3), anti-CXCR5-FITC (clone
2G8) and its isotype-matched control antibody from BD Biosciences
Pharmingen (San Diego, CA, USA). For immunohistochemical ana-
lysis, sections were stained with the following antibodies or reagents:
anti-mouse CD45R/B220-biotin (clone RA3-6B2) from Biolegend,
rabbit polyclonal antibody to BCA1 and its isotype-matched control
antibody from Abcam (Cambridge, UK), polyclonal goat anti-rabbit
immunoglobulin-biotin from DAKO (Glostrup, Denmark), strepta-
vidin—HRP from Cell Signaling Technology (Beverly, MA, USA) and a
DBA substrate kit from Zymed Laboratories, Inc. (San Francisco, CA,
USA).

Virus preparation

Influenza type A virus, A/Vietnam/1194/2004 (H5N1) (VN1194),
was propagated in the allantoic cavity of 10-day-old embryonated
hens’ eggs at 37 °C for 27 h, as previously described.” Briefly,
allantoic fluid was collected and stored in aliquots at —70 °C.
For inactivated virus preparation, the allantoic fluid was concen-
trated and purified in a 10-50% sucrose gradient by centrifugation
at 25 000 g 4 °C for 2 h. The purified virus was inactivated with
0.25% formalin (v/v) at 4 °C for 7 days. The inactivated virus was
further purified with Amicon Ultra Membrane (4208) (Millipore,
Billerica, MA, USA), with a molecular weight cutoff at 30 kDa. The
purified virus was resuspended in phosphate-buffered saline (PBS).
Inactivation of the virus was confirmed by the absence of cytopathic
effects and detectable hemagglutination in the supernatant of two
consecutive tissue culture infectious dose-50 assays by the method
of Reed and Muench.”

Animal models and viral challenge

IL-17 KO mice on a C57BL/6 background and wild-type control
C57BL/6 female and male mice were 6-8 weeks old at the time of
challenge. IL-17 KO mice were obtained from Dr Yoichiro Iwakura
(Institute of Medical Science, The University of Tokyo, Tokyo, Japan).
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C57BL/6 mice were obtained from The Jackson Laboratory (Bar
Harbor, ME, USA). All mice were maintained in a specific pathogen-free
animal facility at The University of Hong Kong. Mice were kept in
biosafety level-3 housing and given access to standard food and
water. All experimental protocols followed the standard operating
procedures of the approved biosafety level-3 animal facilities and
were approved by the Institutional Animal Ethics Committee. The
50% lethal dose (LDsy) of VN1194 was determined in mice after
serial dilution of the stock, and 10LDs, were used for viral chal-
lenges. Mice were lightly anesthetized with isoflurane and were
challenged intranasally with 20 pl infectious virus diluted in PBS.
Following infection, mice were monitored daily for weight loss,
signs of clinical illness and survival. Mice were killed at the indi-
cated time points. The remaining mice in each group were observed
daily for weight loss and survival for 14 days.

Lung fixation and histopathological assessment

Mice were killed at the indicated time points, and lungs were inflated
with 10% neutral buffered formalin for at least 24 h before processing
and embedding. Lung tissue was sectioned at 5-pum thickness and
stained with hematoxylin and eosin for histopathological evaluation.
Slides were examined in a blinded manner and scored with a semi-
quantitative system according to the relative degree of inflammation
and tissue damage.'®*>* The cumulative scores of inflammatory
infiltration, degeneration and necrosis provided the total score per
animal, and the average score of mice in each group was taken as
the total score for that group. Lung infiltration of inflammatory cells
was scored as follows: 0, no inflammation; 1, mild peribronchial and
peribronchiolar infiltrates, extending throughout <10% of the lung;
2, moderate inflammation covering 10-50% of the lung; 3, severe
inflammation involving over one-half of the lung. Degeneration of
bronchi and bronchiolar epithelium, alveoli degeneration and collapse
was scored as follows: 0, no degeneration; 1, little vacuolar degenera-
tion of bronchi and bronchial epithelium cells, normal pulmonary
alveoli; 2, mild necrosis of bronchi and bronchial epithelium, mild
alveoli damage; 3, severe degeneration. Necrosis was scored as follows:
0, no necrosis; 1, mild necrosis with scant exudate; 2, marked necrosis
with abundant exudate; 3, severe interstitial edema around blood
vessels, apparent injured parenchyma and degenerated alveolar epi-
thelial cells with greater infiltration of inflammatory cells. The alveolar
architecture is obliterated due to thickening of the alveolar septa and
flooding of the alveolar lumina with alveolar macrophages, neutro-
phils and erythrocytes, combined with fibrin, edema fluid and cellular
debris.

RNA extraction and quantitative PCR analysis with reverse
transcriptase

Mice were euthanized at the indicated time points. Lungs were homo-
genized in PBS using an electric tissue grinder for RNA purification.
Total RNA samples from lung homogenates were prepared with
an RNeasy Kit (Qiagen, Hilden, Germany) and reverse transcribed
with SuperScript III First-Strand Synthesis SuperMix (Invitrogen,
Carlsbad, CA, USA). Real-time PCR was performed using Platinum
SYBR Green qPCR SuperMix-UDG with ROX (Invitrogen) according
to the manufacturer’s instructions with an Applied Biosystems Prism
7900HT real-time PCR system (Foster City, CA, USA). Real-time PCR
reactions were set up under the following conditions: 95 °C for 2 min,
40 cycles 0f 95 °Cfor 15 sand 60 °C for 30 s. The threshold cycle (Cr) of
gene products was determined and set to the log-linear range of the
amplification curve and kept constant. Relative expression of CXCL13
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was calculated as 2 ~2ACT with normalization to the corresponding -
actin values. The copy number of the nucleoprotein (NP) gene was
calculated using an NP (GenBank record AY651498, 1485 bp)-con-
taining plasmid of known concentration as a standard. The sequences
of primers designed to span one intron each for the CXCLI13 and
p-actin genes were as follows: CXCLI3 forward, 5'-GATCGGAT-
TCAAGTTACGCC-3" and reverse 5'-CAGGCAGCTCTTCTCTTA-
CTCA-3'; f-actin forward, 5'-CCACACCCGCCACCAGTTCGC-3’
and reverse 5 -CTTTGCACATGCCGGAGCCGTT-3'; NP forward,
5'- GAACCAGAAGCGGAGGAAACA-3' and reverse 5'-CTGCCAT-
AATGGTCGCTCIT -3".

Isolation of B cells

Spleens from mice were harvested from IL-17 KO or C57BL/6 mice
for B-cell isolations. Splenic cell suspensions were prepared and red
blood cells depleted with ACK buffer and subsequent washing. Cells
were then labeled with CD45R (B220) MicroBeads (Miltenyi Biotec,
Bergisch Gladbach, Germany). Splenic B cells were isolated by mag-
netic-activated cell sorting enrichment using an LS column (Miltenyi
Biotec). The purity of collected cells was examined with an EPICS-
Altra flow cytometer (Beckman Coulter, Fullerton, CA, USA) and was
routinely greater than 96%. Purified splenic B cells were then subjected
to a CXCL13 chemotaxis assay.

B-cell migration assay

B-cell chemotaxis assays were conducted in 24-well plates containing
transwell inserts with a 5-um pore size (3421) (Corning Costar,
Cambridge, MA, USA). Purified B cells (2X 10° cells/ml) were resus-
pended in RPMI media with 10% fetal calf serum (R10). Migration
medium (0.6 ml) containing 400 ng/ml CXCL13 (Peprotech, Rocky
Hill, NJ, USA) or control medium R10 were added to the lower cham-
ber. Media with B cells contained in suspension (0.1 ml) was added to
the upper chamber and the transwell plate was incubated at 37 °C for
5 h. Cells in the lower and upper chambers were then collected, diluted
to an equal volume of 0.6 ml, and counted with a flow cytometer
(Beckman Coulter) under a constant medium flow rate. Each treat-
ment was performed with triplicate transwells. The percentage of che-
motaxis was calculated as follows: %migration=migrated cells>< 100/
input cells, %B-cell migration=%chemokine migration—%control
migration.

Inactivated virus stimulation

To assess the immune response induced by inactivated virus in vivo,
wild-type and IL-17 KO mice received two doses (10 pg/dose) of
inactivated virus in 50 pl PBS on alternating days. Mice were killed
24 h after the second administration. Total lung cells were isolated
as described.”® Briefly, mice were killed and perfused with PBS via
injection into the right ventricle, which flushes blood vessels in the
lungs. Lung tissue was collected for type II collagenase and DNase I
(bovine pancreas) (Merck, Whitehouse Station, NJ, USA) digestion.
After treatment with ACK buffer, the total number of cells was
counted. Frequencies of various immune cell populations in the
lung were determined by immunostaining and flow cytometric
analysis.

Statistical analysis

Data are expressed as mean=standard deviation. Statistical compar-
isons were calculated by the Student’s t-test. For the survival curve of
virus-infected mice, the Kaplan—Meier analysis was used. A value of
P<0.05 was considered statistically significant.
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RESULTS

IL-17 KO mice infected with H5N1 influenza virus display higher
mortality

To examine the role of IL-17 during H5N1 influenza virus infection,
we challenged IL-17 KO mice on a C57BL/6 background and C57BL/6
wild-type controls with 10LDs, VN1194. Following viral challenge, IL-
17 KO mice showed a marked reduction in body weight during the
course of H5NT1 infection (Figure 1b), which was closely correlated
with the significantly lower survival rate observed in IL-17 KO mice
(Figure 1a). These data suggest that IL-17 may play a protective role in
the immune response against lethal H5N1 influenza virus infection.
To determine whether decreased viral clearance correlates with
increased mortality in IL-17 KO mice, we measured the viral burden
in the lung tissue of mice at 5 days post-infection (dpi) by real-time
PCR using primers for the viral NP gene. Compared with wild-type
controls, IL-17 KO mice exhibited a significantly higher viral burden
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Figure 1 1L-17 KO mice infected with HSN1 influenza virus displayed reduced
weight and higher mortality. (a, b) Following challenge with 10LDsq influenza
virus VN1194, IL-17 KO mice (black lines) showed a significantly lower survival
rate (a, n=33 in wild-type group, n=27 in IL-17 KO group) and more weight loss
(b, n=4 in each group) compared to wild-type mice (grey lines). (c¢) Viral load in
the lungs at 5 dpi was measured by real-time PCR using primers for the NP gene
(n=4 in each group). *P<0.05, ***P<0.001. dpi, days post-infection; KO,
knockout; LDsg, 50% lethal dose; NP, nucleoprotein.



in the lung at 5 dpi (Figure 1c). Taken together, these results indi-
cate that IL-17 plays a protective role during H5N1 influenza virus
infection.

H5N1 infection causes a significant increase in the severity of
pulmonary damage in IL-17 KO mice

To evaluate the pulmonary immunopathology caused by H5NI
infection, semiquantitative histological assessment of inflammation
and tissue damage in lungs was performed. This analysis rated
immunopathology according to the degeneration and necrosis
levels of bronchi and bronchiolar epithelium, the infiltration of
inflammatory cells, and alveoli degeneration and collapse.
Consistent with their higher morbidity and mortality, H5NI-
infected IL-17 KO mice exhibited lung damage with significantly
increased severity compared to wild-type controls (Figure 2a and
b). Notably, both IL-17 KO mice and wild-type controls showed
severe pathology in the lower and upper respiratory tracts, consist-
ent with previous findings demonstrating that the H5N1 virus can
attach to both upper and lower respiratory tracts and cause severe
pulmonary lesions in mice.*>°

Decreased number of B cells in the lungs of IL-17 KO mice during
H5NT1 virus infection

During influenza virus infection in humans and other mammals, B
cells are recruited from the circulation to the site of infection, i.e., the
respiratory tract.”">* To determine whether IL-17 affects B-cell res-
ponses, we examined the frequencies of B cells in the lung tissue of
mice infected with H5N1 virus or stimulated with inactivated H5N1
virus. Immunohistochemical examination of lung tissue from live
virus-infected IL-17 KO mice revealed significantly reduced B-cell
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Figure 2 Histopathological evaluation of lung tissue from IL-17 KO and wild-type
mice at 5 dpi following challenge with 10LDsq influenza virus VN1194. (a) Lungs
of IL-17 KO mice displayed more severe damage than those of wild-type mice.
Lungtissue was collected at 5 dpi and sections were stained with hematoxylin and
eosin. Sections are representative of four mice in each group. Images are at
magnification xX200. (b) Pathological changes were scored as described in the
section on ‘Lung fixation and histopathological assessment’. *P<0.05,
**P<(0.01. dpi, days post-infection; IL, interleukin; KO, knockout; LDso, 50%
lethal dose.
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numbers (Figure 3a). To further evaluate the infiltration of B cells into
the lung after infection, we vaccinated the mice with inactivated
H5N1 virus and enumerated the total number of immune cells in
whole lung tissue (Figure 3b—d). Consistent with the immunobhis-
tological findings, a significant decrease in the total number of B
cells (i.e. predominantly B220"CD5~ B2 cells) in the whole lung of
IL-17 KO mice was observed when compared to wild-type control
animals (data not shown). Interestingly, reduced numbers and fre-
quencies of dendritic cells (DCs) in the lungs of IL-17 KO mice
were also observed with no obvious changes for T cells, natural
killer (NK) cells, natural killer T cells or macrophages (M®)
(Figure 3c and d).

B cells from IL-17 KO mice display impaired migration capacity

The reduced frequency of B cells in the lungs of virus-challenged IL-17
KO mice prompted us to investigate whether B cells from IL-17 KO
mice display any defect in their chemotactic migration to B-lympho-
cyte chemoattractant (BLC/CXCL13), a homeostatic chemokine
highly expressed in the pleural cavity and critically involved in B-cell
recruitment during infection.” > In the presence of CXCL13, B cells
from wild-type mice showed a higher chemotaxis rate than B cells
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Figure 3 The total number and frequency of B cells were significantly reduced
in the lung tissue of IL-17 KO mice upon virus stimulation. (a) Immunohisto-
chemical staining of B220™" B cells in the lungs collected at 5 dpi. Sections are
representative of four mice in each group. Images are at magnification x400. (b)
Flow cytometric analysis of B-cell frequencies among immune cells in the lung
48 h post-stimulation with inactivated virus. Numbers indicate the percentage of
B220™ cells. Figures are representative of three mice in each group. (c, d)
Cellularity analysis of B cells (B220"), T cells (CD3™), yoT cells (yoTCR™), NK
cells (NK1.1*CD3"), NKT cells (NK1.17CD3™), DCs (CD11c™), neutrophils
(Gr1*CD11b") and macrophages (Gr1 - CD11b™") in the lungs 48 h post-stimu-
lation with inactivated virus (n=3 in each group). *P<0.05.DC, dendritic cell;
dpi, days post-infection; IL, interleukin; KO, knockout; NK, natural killer; NKT,
natural killer T.
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Figure 4 Reduced B-cell migration to the lung in IL-17 KO mice. (a) Analysis of
chemotactic migration of B cells towards CXCL13. Splenic B cells from both [L-17
KO mice and wild-type controls were purified with B220 microbeads and then
subjected to a CXCL13 chemotaxis assay. Migrated cells were counted on a flow
cytometer under a constant medium flow rate. Each treatment was performed
with triplicate transwells. (b, ¢) CXCR5 expression in B cells from wild-type (gray
lines) and IL-17 KO mice (black lines) upon stimulation of inactivated virus in
vitro. Isolated splenic B cells were set up at 5x 10° cells/mlin R10 with 10 pg/ml
inactivated influenza virus VN1194. CXCR5 expression in B cells was evaluated
before (0 h), 2 and 7 h after stimulation. Data were obtained in triplicate and
expressed as MFI=+s.d. detected by flow cytometry. (d) CXCR5 expression in B
cells from the lungs of mice stimulated with inactivated virus in vivo. Both IL-17
KO mice and wild-type controls were stimulated i.n. with inactivated virus. Mice
were killed at 48 h post-stimulation, and surface expression of CXCR5 in B cells
from the lungs was analyzed by flow cytometry. Data were obtained from three
animals in each group and expressed as MFl+s.d., as determined by flow cyto-
metric analysis. (e, f) CXCL13 expression in the lung tissue of IL-17 KO mice and
wild-type mice following H5N1 influenza virus infection. Mice were infected with
H5N1 influenza virus and mRNA or protein levels of CXCL13 in lung tissue
collected 5 dpi were evaluated by real-time PCR (e) and immunohistochemical
staining (f), respectively (n=4 in each group). *P<0.01, **P<0.05. dpi, days
post-infection; IL, interleukin; i.n., intranasally; KO, knockout; MFI, mean fluor-
escence intensity.

from IL-17 KO mice in vitro (Figure 4a). CXCL13 (C-X-C motif
chemokine 13) is the exclusive ligand for CXCR5 (chemokine receptor
type 5).3° Therefore, we examined CXCR5 expression in B cells from
IL-17 KO mice after inactivated virus stimulation in vitro. Indeed, B
cells from IL-17 KO mice showed reduced CXCRS5 expression 2 h after
virus stimulation when compared with wild-type controls (Figure 4b
and c). Moreover, in vivo experiments demonstrated that B cells from
the lungs of IL-17 KO mice exhibited decreased expression of CXCR5
following stimulation with inactivated virus (Figure 4d). Remarkably,
we detected an approximate fivefold reduction of CXCL13 mRNA
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levels in the lung tissue of IL-17 KO mice (Figure 4e). Furthermore,
immunohistochemical analysis confirmed more robust staining of
CXCL13 protein in the lung tissue of wild-type mice when compared
to that of IL-17 KO mice (Figure 4f). Thus, these results suggest that
reduced CXCRS5 expression in B cells from IL-17 KO mice, together
with decreased CXCL13 in the inflammation milieu, leads to a mark-
edly impaired migration capacity of B cells into the lungs of IL-17 KO
mice during influenza virus infection.

DISCUSSION

In this study, we have shown that H5N1-infected IL-17 KO mice
display substantially reduced weight, more severe lung immuno-
pathology and significantly reduced survival compared to wild-type
controls. Moreover, we have detected dramatically decreased B-cell
numbers in the lungs of IL-17 KO mice after virus infection, which
might contribute to severely compromised pulmonary virus clearance.
Our findings have demonstrated that IL-17 plays a protective role
during high pathogenic H5N1 infection via modulating the B-cell
response, an important arm of adaptive immunity.

A growing body of evidence indicates that IL-17, a key pro-inflam-
matory cytokine, positively associates with the development of several
autoimmune diseases.” Although pro-inflammatory factors are crit-
ical mediators of autoimmune responses, they can act as protective
factors in eliciting an effective immune response during infection. It
has been established that IL-17 mediates protection during the
immune response against extracellular bacterial and fungal infection
in the lung.*”*® The most important feature of the highly pathogenic
H5NT1 influenza virus infection is the exaggerated cytokine produc-
tion, also called a ‘cytokine storm’, which has been evaluated in many
studies. However, while IL-17 was reported to be relevant to poor
outcomes in seasonal and pandemic HINT1'' little is known if IL-
17 has a detrimental or beneficial role in the highly pathogenic H5N1
influenza virus infection. We have clearly demonstrated that IL-17
plays a beneficial role in the immune response to H5N1 influenza
infection and in viral clearance.

To further elucidate the underlying mechanisms of the observed
protective role of IL-17, we assessed the immune response in the lungs
of wild-type and IL-17 KO mice. As influenza virus infection is pre-
dominantly pulmonary-restricted, we performed an analysis primarily
focused on the response in this inflammatory site. The decreased
frequency and number of B cells in the lungs of IL-17 KO mice indi-
cated a severely impaired B-cell response in these H5N1-infected mice
(Figure 3). B cells exert important protective functions throughout the
course of infection by participating in antigen presentation and anti-
body secretion. Recent studies have indicated an important role of B
cells in virus clearance that is initiated in the very early phases of
influenza virus infection through the production of pre-existing nat-
ural antibodies and neutralizing antibodies as early as 2 dpi.***’
Efficient virus clearance is dependent on both the cellular and humoral
arms of the immune system being intact. The decrease in B-cell num-
bers at the site of inflammation in infected IL-17 KO mice is consistent
with their increased viral load and the increased severity of immuno-
pathology. Thus, it is reasonable to speculate that an impaired B-cell
response may partially account for the increased morbidity and mor-
tality of the IL-17 KO mice upon infection with H5N1 (Figure la and
b). Interestingly, the phenotypes observed in this study are similar to
the pathological changes described for fatal human H5N1 influenza
infection.*” These data implicate a deficiency in antibody production
in IL-17 KO mice,** which may be an important factor in their wea-
kened immunity to H5N1 influenza infection. Thus, future studies are



needed to determine the contribution of both IgM and neutralizing
antibody production to viral clearance in the lungs of IL-17 KO mice
during H5N1 infection. Although the cellular source of IL-17 dur-
ing H5N1 infection remains to be identified, recent studies suggest
that yoT cells and CD8" T cells may contribute to early IL-17
production during influenza infection.'>'® However, the in vivo
role of IL-17 in the clearance of influenza virus and its immuno-
pathology has been controversial. Several studies, including ours,
have demonstrated the important protective role of IL-17 against
lethal flu infection.'>'>*! In contrast, other groups have showed
that IL-17 signaling was not required for viral clearance, but rather,
played a pathogenic role by recruiting neutrophils to the site of
inflammation.'®***’ These apparent discrepancies may be recon-
ciled by strain differences between the various mouse models and
subtypes/strains of influenza virus used in this work versus previous
studies. In addition to the well-recognized notion that immune
responses against H5N1 infection are different from those observed
during HINT1 infection, a recent study using IL-10 KO mice has
demonstrated that cytokines may exert different effects during sub-
lethal versus lethal influenza infection."

In vivo and in vitro studies have demonstrated that IL-17 alone
drives germinal center formation and antibody class switching.****
IL-17 is also reported to participate in chronic gastric inflammation
by modulating B-cell recruitment®~>** and in autoimmune disease
by promoting the production of pathogenic autoantibodies.*> Those
reports indicate a potential role for IL-17 in modulating B cells during
infection. Consistent with this notion, we first detected impaired B-
cell recruitment in the lungs of IL-17 KO mice with H5N1 influenza
virus infection. Tissue-specific homing of B cells is modulated by
chemokine production at the site of inflammation. CXCR5 and its
ligand CXCL13 are essential for B-cell migration within a specific
anatomical compartment, thus promoting local immunity to influ-
enza. #4647 previous studies have demonstrated that IL-17 directly
induced CXCL13 production in the lung tissue and this function was
impaired in IL-17A KO mice.*® In line with these findings, we also
detected significantly reduced levels of CXCL13 transcripts in the lung
tissue of influenza virus-infected IL-17 KO mice compared to wild-
type controls (Figure 4e and f). Recent studies have indicated that
several cell types contribute to CXCL13 production in the lung tissue
during influenza virus infection, including resident macrophage,*’
DCs,”° Th17 and pulmonary fibroblast cells.*® Therefore, in addition
to the complete absence of IL-17, the reduced frequencies and num-
bers of DCs in the lung tissue of IL-17 KO mice, as observed in this
study, might contribute to reduced CXCL13 production. IL-17, in
synergism with granulocyte—-macrophage colony-stimulating factor,
has been shown to greatly promote both DC proliferation and func-
tion;>! thus, it remains to be determined whether 1L-17 deficiency
affects DC proliferative expansion or contributes to the reduced num-
ber of DCs in the lung upon H5N1 infection. Because CXCL13 is a
potent B-cell chemoattractant, it is highly likely that decreased
CXCL13 expression leads to the observed decrease in B-cell frequency
in IL-17 KO mice. Furthermore, both in vitro (Figure 4a—c) and in vivo
(Figure 4d) experiments showed impaired B-cell chemotaxis towards
CXCL13 and decreased surface expression of CXCR5, which indicates
that B cells in wild-type and IL-17 KO mice might differ in their
responsiveness to the chemokine CXCL13. Nevertheless, further stud-
ies are warranted to identify the cellular source of CXCL13 during
H5NI1 infection.

During severe H5N1 infection in humans, the uncontrolled virus-
induced cytokine storm is believed to be the primary cause of death.
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Our findings have provided new evidence of a role for IL-17 in modu-
lating the recruitment of B cells during viral infection. Further studies
may facilitate the development of new therapeutic strategies for the
treatment of H5N1 influenza virus infection in humans.
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