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Abstract

Influenza A virus (IAV) infection of the respiratory tract elicits a robust immune response,
which is required for efficient virus clearance but at the same time can contribute to lung
damage and enhanced morbidity. IL-21 is a member of the type | cytokine family and has
many different immune-modulatory functions during acute and chronic virus infections, al-
though its role in IAV infection has not been fully evaluated. In this report we evaluated the
contributions of IL-21/IL-21 receptor (IL-21R) signaling to host defense in a mouse model of
primary AV infection using IL-21R knock out (KO) mice. We found that lack of IL-21R sig-
naling had no significant impact on virus clearance, adaptive T cell responses, or myeloid
cell accumulations in the respiratory tract. However, a subset of inflammatory cytokines
were elevated in the bronchoalveolar lavage fluid of IL-21R KO mice, including IL-17. Al-
though there was only a small increase in Th17 cells in the lungs of IL-21R KO mice, we ob-
served a dramatic increase in gamma delta (y0) T cells capable of producing IL-17 both
after IAV infection and at steady state in the respiratory tract. Finally, we found that IL-21R
signaling suppressed the accumulation of IL-17* y3 T cells in the respiratory tract intrinsical-
ly. Thus, our study reveals a previously unrecognized role of IL-21R signaling in regulating
IL-17 production by yd T cells.

Introduction

Influenza A Virus (IAV) infection of the respiratory tract triggers robust and complex immune
responses which are critical to achieve virus clearance, but also can contribute to excess lung in-
flammation/injury and disease development. B-cell antibody production and antiviral CD8* T
cell responses are essential for virus clearance, since elimination of either one of these
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components severely impairs host elimination of virus[1,2]. In addition to important functions
in virus clearance, CD8" T cells also can serve as an important contributor to the development
of excessive inflammation and acute lung injury after IAV infection. Therefore, disruption of
factors regulating IAV-specific B cell antibody production and/or CD8" T cell effector re-
sponses may have dramatic effects on virus control and the severity of lung inflammation and
injury after infection.

IL-21 is an immunomodulatory type-I family cytokine produced mainly by CD4" T helper
cells such as Th17 and Tth cells, and IL-21 shows structural similarity to IL-2, IL-4, and IL-15
proteins. IL-21 binds to and signals through its heterodimeric receptor, composed of the specific
IL-21 receptor (IL-21R) and the common gamma chain, and engagement of IL-21 with the IL-
21R results in a signaling event primarily mediated by JAK/STAT-3. This cytokine plays an im-
portant role in T cell-dependent B cell responses by stimulating IgG production and promoting
differentiation of activated B cells into plasma cells and memory cells within germinal centers
(GCQ) [3-5]. IL-21 promotes GC B cell responses by both direct signaling to B cells and by driv-
ing Tth cell development and effector function [6]. In addition to its role in T-dependent B cell
activation, IL-21R signals are also critical to maintain survival and prevent exhaustion of CD8"
T cells responding to chronic virus infection [7-9]. Furthermore, IL-21 promotes expression of
RORyt and differentiation of Th17 and Tc17 cells [10,11]. These profound effects of IL-21/IL-
21R signaling on B cell and T cell immune responses in other experimental systems suggested
the possibility that IL-21R signaling could be important in host defense to IAV infection.

Gamma delta (y3) T cells are innate-like T cells that express a TCR of limited diversity com-
posed of y and & subunits (in contrast to conventional o and § subunits). 8 T cells are prefer-
entially located at mucosal sites where they are thought to rapidly respond to pathogens and
host-derived danger or stress signals [12]. In the context of IAV infection, pulmonary y3 T
cells have been demonstrated to expand in the lung after IAV infection, and they contribute to
the IL-17 response in lethal AV infection [13]. Furthermore, drug-induced expansion of y3 T
cells was shown to contribute to virus control[14]. Human y8 T cells express the IL-21R, and
IL-21/IL-21R signaling has been demonstrated to influence the differentiation of a subset of Y&
T cells with B cell-helping capabilities [15]. However, the role of IL-21/IL-21R signaling in reg-
ulating differentiation and/or function of 3 T cells in vivo has not been evaluated.

In this report we evaluated the contributions of IL-21/IL-21R signaling to immune re-
sponses in a mouse model of primary IAV infection using IL-21R KO mice. We found that
lack of IL-21R signaling had no significant impact on virus clearance, adaptive T cell responses,
or inflammatory myeloid cell accumulations in the lung. However, a subset of inflammatory
cytokines, notably IL-17, was elevated in the bronchoalveolar lavage fluid of IL-21R KO mice,
corresponding with a small increase in morbidity (as measured by weight loss). Furthermore,
we observed that there was a large increase in respiratory y8 T cells capable of producing IL-17
in IL-21R KO mice after IAV infection and at steady state. Finally, we found that IL-21R signal-
ing suppressed IL-17-producing y3 T cells intrinsically. The implications of IL-21R signaling in
IAV infection and IL-17" y3 T cell function are discussed.

Results

IL-21R deficiency has a minimal impact on adaptive immune responses
and virus clearance during primary IAV infection

IL-21/IL-21R signaling has been demonstrated to play a critical role in both T and B lympho-
cyte function by preventing exhaustion of antiviral CD8" T cells in chronic infections [7-9]
and promoting the differentiation of germinal center B cells leading to generation of high affin-
ity class-switched antibodies [3,5,16]. Since optimal clearance of IAV depends on both
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antibody-mediated virus neutralization [1] and killing of influenza-infected cells by CD8" T
cells [2], we wanted to investigate what role, if any, IL-21R signaling played in a mouse model
of IAV infection. To this end, we intra-nasally infected IL-21R KO or wild type (WT) mice
with a sub-lethal dose of Influenza A/PR/8/34 (PR8) and measured viral loads at various times
post infection. We found that clearance of infectious virus from the bronchoalveolar lavage
(BAL) fluid was comparable in IL-21R KO mice and WT mice as measured by TCIDs, assay
(Fig 1A). Normal virus clearance in IL-21R KO mice was also evident in the similar levels of
the viral polymerase gene (PA) detected in the infected lung (Fig 1B).

Although virus was cleared with similar kinetics, we wanted to determine if adaptive im-
mune responses in IL-21R KO mice were altered. To this end, we evaluated antigen specific
CD8" T cell responses in IL-21R KO mice at various days post infection by employing fluores-
cently labeled tetramers that recognize TCRs specific for the IAV immunodominant epitopes,
NPj3¢6 or PA,44, presented by MHC class I molecules. We found no change in the total num-
bers of antigen specific CD8" T cells in the lungs following infection (Fig 1C). Furthermore,
when we re-stimulated lung cell suspensions with PMA/ionomycin ex vivo, we found no differ-
ence in the quantity of IFNy producing CD4" or CD8" T cells (Fig 1D). Although there was a
trend toward increased IFNy™ T cells in IL-21R KO mice at day 11 p.i, this did not reach
statistical significance.

Next, we evaluated IAV-specific antibody responses in IL-21R KO mice, since IL-21/IL-21R
signaling on B cells is required for optimal germinal center-derived high affinity class-switched
antibody production. To this end, we measured IAV-specific IgG and IgM in sera collected
from infected IL-21R KO and WT mice at day 10 post-infection. Interestingly, we found a re-
duction in IAV-specific IgG, but not IgM (Fig 1E), consistent with the important role of IL-
21R signaling on antibody class switching [3,5]. However, it appeared that the reduced IgG re-
sponse in IL-21R KO mice on day 10 p.i. did not impair their ability to clear virus during pri-
mary AV infection (Fig 1A). This finding is in support of the view that IgM, not IgG, is the
major antibody class responsible for clearance of primary IAV infection [17,18]. Taken togeth-
er, these data demonstrate that IL-21R signaling is not required for the development of adap-
tive immune responses and normal virus clearance after primary IAV infection.

IL-21R signaling suppresses IL-17-associated cytokine production in the
lung after IAV infection

In addition to evaluating IAV-induced adaptive immune responses, we wanted to probe poten-
tial IL-21R-dependent changes in the production of soluble mediators that could influence the
inflammatory responses in the respiratory tract. To this end, we evaluated cytokine/chemokine
production in the BAL fluid prepared from WT and IL-21R KO mice. We found that cytokines
typically of effector T cell origin (e.g. IFNY, IL-10, and TNF) were not significantly altered in
WT and KO mice (Fig 2A), although there was a general trend toward higher cytokine levels in
IL-21R KO mice late after infection (i.e. day 14 p.i.). This finding is consistent with our finding
that antiviral CD4" and CD8" T cell responses were largely unaffected in the IL-21R KO mice
(Fig 1). In contrast, we noted an increase in a subset of Th17-associated cytokines in the BAL,
specifically IL-17, IL-6, G-CSF, and CCL4, and elevated levels of these cytokines were sustained
even after the majority of the IFNYy response had subsided, i.e. day 14 post infection (Fig 2A). It
is worth noting that in sub-lethal IAV infections, IL-17 protein levels are typically undetectable
in the lungs after day 7 p.i. [19]. Several cytokines have been demonstrated to promote IL-17"
vd T cell development, including IL-1a, IL-1B, and IL-23. Importantly, IL-1o. and IL-1p were
not changed (Fig 2A) and IL-23 was not detected (data not shown) in the BAL of IL21R KO
mice during IAV infection, suggesting that IL-21R signaling suppresses the accumulation of

PLOS ONE | DOI:10.1371/journal.pone.0120169  April 7, 2015 3/16



" ®
@ ’ PLOS ‘ ONE IL-21 and Gamma Delta T Cells in the Influenza-Infected Lung

A B _
2 107 o o WT £ 102, oy o WT
a Lo o KO <a Oe0® o KO
20| e &5 10°] e
c - ﬁ
8 10%; 5 2102 %
= [T
O [o) [7]
102; ] -4
P . .I. - .I. m} . 510 1
4 7 10 14 3 7 10 14
C Days Post Infection Days Post Infection
D 8x10°%, D 8x10°5;
3 2 - WT
@ 6x10°5 2 6x1005 © KO
© ©
Q (=]
41005  4x10°%
o0 ©
Q fa
O 2005 O 24005
2 0- & ol & -
7 10 14 7 10 14
Days Post Infection Days Post Infection
o o
D 5 2x10°¢; 5 540°¢
' - - WT
P » H10°% © KO
] 06} -
g 10 8 3x10°¢;
""- ‘!‘_ 2)(1006"
S 5x10°5 8
[&] O 1,40°¢
+m +U}
Z o g —
= 5 7 11 = 5 7 1
Days Post Infection Days Post Infection
E
Oy =35
K] 1.5, E‘g 1.57 o wrinfected
E a £ a © KO infected
23 1.0 z o 1.01 =+ WTnaive
? o N o - KO naive
& % 0.5- & % 0.51
(5] o
Q
2€ 00 2% o0
¢ @ ? 2
22 o5 22 s
LAy R S T T e R
IR T R TR I NI\ N RN S N

Serum Dilution Serum Dilution
Fig 1. IL-21R deficiency has a minimal impact on adaptive immune responses and virus clearance during primary IAV infection. WT C57BL/6 mice
or IL-21R KO mice were infected with 0.1LDso PR8 and BAL, lung homogenate, lung cell suspensions, or serum was collected at various days post-infection
as indicated. (A) Infectious virions in the BAL were quantified by TCID5, analysis (n = 5-8, combined from 3 independent experiments, dashed line
represents threshold of detection). (B) Expression of the IAV PA gene in RNA from whole lung homogenate was measured by gRT-PCR (day 3-5: n = 5, day
7-10: n = 9-12, combined from 2 or more independent experiments). (C) CD8" T cells specific for the IAV NP3g5 and PAz44 epitopes were identified in lung
cell suspensions by tetramer staining and flow cytometry (n>6, combined from 2 or more independent experiments). (D) Lung cell suspensions were
stimulated ex vivo with PMA/lonomycin for 4 hours and IFNy* CD4" and CD8" T cells were quantified by intracellular cytokine staining and flow cytometry

(n =4, combined from 2 independent experiments). (E) IAV specific serum IgG and IgM antibody levels were quantified by ELISA (n = 3—4).

doi:10.1371/journal.pone.0120169.g001
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Fig 2. IL-21R signaling suppresses IL-17-associated cytokine production in the lung after IAV infection. WT C57BL/6 mice or IL-21R KO mice were
infected with 0.1LD5so PR8 and BAL, lung homogenate, or lung cell suspension was collected at various days post-infection as indicated. (A) BAL cytokines
were analyzed by Luminex 30-plex cytokine array (n = 4—6, combined from 2 independent experiments). (B) Whole lung homogenates from animals on day
10 p.i. were analyzed for /L6 and IL17 gene expression by gRT-PCR (n = 6, combined from 2 independent experiments). (C) Neutrophils were quantified from
lung cell suspensions (day 7: n = 3; day 10—14: n = 6—12, combined from 2 or more independent experiments). Neutrophils were CD11b*Ly6G™* SiglecF .

(A-C) * denotes p<0.05, ns = not significant.

doi:10.1371/journal.pone.0120169.9002
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IL-17* y8 T cells in the lung, independent of the cytokines already reported to regulate Y8 T
cells. In addition to elevated proteins secreted into the BAL fluid, we observed increased mRNA
transcripts for both IL-17 and IL-6 (Fig 2B) in the lungs of IL-21R KO mice. This elevated IL-17
and IL-6 might have contributed to the trend toward increased neutrophil infiltration into the
infected lungs in IL-21R KO mice, although this did not reach statistical significance (Fig 2C).
Similarly, IL-21R KO mice exhibited slightly increased weight loss (Fig 2D), possibly due to ele-
vated cytokines late after infection. Collectively, these findings suggested that IL-21R signaling
played a suppressive role in the production of Th17-associated cytokines, but loss of IL-21R sig-
naling did not lead to overt increases in neutrophil accumulation or a large increase in

host morbidity.

Pulmonary IL-17* yd T cells are elevated in IL-21R KO mice during IAV
infection

IL-17 can be produced by a variety of lymphocytes, including CD4* Th17 cells, CD8" Tc17
cells, innate lymphoid cells (ILCs), and y3 T cells. Interestingly, IL-21 has been reported to be
sufficient, though not required, to promote differentiation of Th17 cells in the presence of
TGFB [11], and CD8" Tc17 cells develop in the presence of the same cytokine cues [10]. To
identify the cellular source(s) of IL-17 that could account for the elevated IL-17 levels in the
lungs of IAV infected IL-21R KO mice, total single cell lung suspensions were stimulated with
PMA and ionomycin directly ex vivo to detect IL-17-producing lymphocytes. Since y8 T cells
have also been previously documented to be capable of producing IL-17 during IAV infection
[13], we analyzed IL-17-producing y8 T cells in the infected lungs of IL-21R KO mice at vari-
ous times post infection. Unexpectedly, we observed a dramatic increase in the number and
frequency of IL-17" y8 T cells in the lungs of IL-21R KO mice compared to WT mice (Fig 3A).
Interestingly, when we measured the capacity of TCR3" cells to produce either IFNy or IL-17,
we observed that a large fraction of IL-21R KO 8 T cells were IL-17", but relatively few y§ T
cells from either WT or IL-21R KO mice were able to produce IFNy (Fig 3A). Furthermore, for
the minority of yd T cells that produced IFNy upon stimulation, the absolute number of cells
did not change in the IL-21R KO mice. Importantly, we saw no significant increase the total
Thyl.2* TCR& population, which included CD4" and CD8" T cells, as well as ILCs (Fig 3B).
Furthermore, there was no increase in CD8'IL-17" T cells (Fig 3C). However, we saw a small
but statistically significant increase in the number of IL-17" CD4" T cells, but these cells com-
prised such a small frequency of the total CD4" T cell population that there was no correspond-
ing increase in frequency of Th17 cells (Fig 3D).

Taken together, this data suggested that IL-21R signaling suppressed a subset of IL-17 pro-
ducing y8 T cells in the respiratory tract, and in the absence of IL-21R these cells expand in
number to encompass a larger proportion of the total y8 T cell pool.

Intrinsic IL-21R signaling on yo T cells suppresses the IL-17 subset in
the respiratory tract

Unlike CD4" and CD8" T cells which acquire their effector phenotypes upon activation in the
periphery (e.g. draining lymph node), Y8 T cells acquire their effector cytokine program in the
fetal thymus [20,21]. We wanted to determine if IL-21R exerted its suppressive effect on the IL-
17"y8 T cell subset only in the conditions of IAV infection, or if this effect could be observed at
steady state, indicative of a potential role for IL-21R in the development/differentiation of the
IL-17"y8 T cell subset. To this end we harvested lungs from uninfected WT and IL-21R KO
mice, and identified IL-17"y8 T cells after ex vivo stimulation and intracellular cytokine stain-
ing. We observed that in the uninfected lung, but not the lung-draining lymph node, the

PLOS ONE | DOI:10.1371/journal.pone.0120169  April 7, 2015 6/16



@ PLOS | one

IL-21 and Gamma Delta T Cells in the Influenza-Infected Lung

WT

Days Post Infection

5 7 11
8.2 | 0.14 5.7 0§45 | 059

IL-17

—
o
-

10000

-
(=]
@

IL-17*y3T cells / lung

3 3

*

*

k*
IFNg* 8T cells / lung

[4.]

(=

(=

(=]

Fdk

Days Post Infection

B C

o R o +

2 ,or. TVL2'VS P, DB

= * WT Z

P © KO ©1¢¢

g 1084 T‘S‘ 0 ns

y 109 3 %105 i :?%‘f
3'1041 © 104

- +

~ =

= 5 7 1" - 5 7 N
2 3 2

8 3 ns

™ w

- 2 - 27

= >

=4 =

= -

Lo £ %
- -

= o

03\ 0' ‘S‘E L A S

0_
5 7 M 5 7 1"
Days Post Infection Days Post Infection

3 0-
10 5 7 1 5 7 N

0w 80, i K] 8 * * - WT
E * B,__é/L E ° I\I—I °r
w0 w
:- 404 +?- 4
: 2
G0 83 E2 G,_a/g
= ES

0'—|—|—|— 0

5 7 1 5 7 1

Days Post Infection

CD4*

iy
(=]
~

-
o
@

-y
(=
S

IL17°CD4*T cells / lung
>

103
5 7 M
o 2.0
3
+ 1.5
<
o
O 1.04
IS
- 0.51
=
0.0'_|_|_|_
5 7 M

Days Post Infection

Fig 3. Pulmonary IL-17* y& T cells are elevated IL-21R KO mice during IAV infection. WT C57BL/6 mice
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gated on Thy1.2*TCRJ&". Representative flow cytometry plots and quantification of frequencies and absolute
numbers of cytokine positive yd T cells are shown. (B-D) Quantification of frequencies and numbers of IL-17*
cells is shown. (B) total Thy1.2*TCRJ", (C) CD8", (D) CD4+. (A-D) n = 4, combined from 2

independent experiments.

doi:10.1371/journal.pone.0120169.g003

frequency and numbers of IL-17" y3 T cells were substantially increased in IL-21R KO mice,
suggesting that IL-21R signaling was occurring independently of IAV infection to impact the
vd T cell effector phenotype in the lung (Fig 4A). This data suggested that IL-21 could engage
IL-21R expressed by yd T cells in the naive lung.

To examine this possibility we analyzed mRNA for the IL21 and IL21R genes in uninfected
whole lung homogenates. Indeed, we detected both signaling components at the gene expression
level (Fig 4B). Furthermore, we detected the presence of IL-21R on y3 T cells in the naive lungs,
along with IL-21R" TCRB" T cells and B-cells, which are known to express the IL-21R. (Fig 4C).
Since IL-21/IL-21R signaling occurs primarily through STAT3 [22], we stained for intracellular
P-STAT3 in cultured lung cell suspensions that had been treated with recombinant IL-21 for 15
minutes. We found that y3 T cells were capable of responding to IL-21 to phosphorylate STAT3
(Fig 4D). Finally, to determine if the IL-21R signal was required to intrinsically suppress IL-17
producing y3 T cells, we generated 1:1 WT/IL-21R KO mixed bone marrow chimeras by recon-
stituting lethally irradiated WT mice with congenically marked WT (CD45.1) and IL-21R KO
(CD45.2) bone marrows. After eight weeks, we harvested uninfected lung cell suspensions and
stimulated them ex vivo with PMA and ionomycin, then measured the IL-17 producing capacity
of y8 T cells by intracellular cytokine staining. We found that the majority of IL-17* y8 T cells
were derived from IL-21R KO origin in the BM chimeric mice (Fig 4E), suggesting that IL-21R
signaling intrinsically suppressed development and accumulation of IL-17" y8 T cells.

Discussion

In this report we employed IL-21R KO mice to examine the role of IL-21R signaling in control-
ling the host response to IAV infection. While lack of IL-21R led to a reduction of the IAV-spe-
cific IgG response, IL-21/IL-21R signaling was not required for virus clearance or the
induction and effector function of CD8" T cell responses. Unexpectedly, however, we observed
that IL-21R KO mice had increased levels of a subset of Th17-associated cytokines in the BAL,
which was associated with a slight increase in weight loss and a dramatic increase in numbers
of Y8 T cells capable of producing IL-17. Furthermore, we demonstrated that IL-21R expressed
on y8 T cells negatively regulated the accumulation of IL-177 y8 T cells in the respiratory tract.

An important finding in this report is that in contrast to chronic viral infection models, IL-
21R signaling is not required for acute antiviral immune responses and efficient virus clearance
during primary IAV infection. Because of the well-documented importance of IL-21/IL-21R
signaling in both CD8" T cell responses and Tth-dependent B-cell antibody production, we ex-
pected IL-21R KO mice to have impaired virus clearance after AV infection. However, as we
demonstrate in Fig 1, both infectious virions and viral genes are efficiently eliminated from the
respiratory tract in IL-21R KO mice. This result can perhaps be attributed to the normal IgM
responses in early time points prior to the evolution of high affinity anti-IAV IgG responses.
Furthermore, normal virus clearance could be augmented by the enhanced innate immune re-
sponses mediated in part by IL-17-associated cytokines produced by y& T cells. However, it is
important to note that while we have shown that IL-21R signaling was not required for clear-
ance of primary IAV infection, IL-21R signaling has been shown to play a critical role in the
generation of CD8" T cell and B cell memory during viral infection, thus likely plays an impor-
tant role in pathogenesis and virus clearance after secondary IAV infection [4,23].
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and absolute numbers of lung IL-17* y3 T cells are shown (Lung: n = 5-7, combined from 2 independent experiments, Node, n = 3) (B) Gene expression of
IL21 and IL21R from RNA of whole lung homogenate from WT mice. (C) IL-21R expression on the surface of lymphocytes in lung cell suspensions from WT
mice was analyzed by flow cytometry. Solid gray line represents FMO control (representative of 2 independent experiments). (D) Lung cell suspensions from
WT or IL-21R KO mice were treated with rlL-21 ex vivo for 15 minutes then cells were stained intracellularly for P-STAT3 (Blue = WT, red = IL-21R KO,

gray = isotype control). (E) Lung cell suspensions were harvested from IL-21R KO/WT CD45.1 BM chimeric mice and stimulated ex vivo with PMA/ionomycin
for 4 hours. IL-17 expression in CD45.1 WT or CD45.2 IL-21R KO cells was determined by intracellular cytokine staining and flow cytometry. Cells were
gated on Thy1.2* or TCR3*IL-17* and WT (CD45.1) and IL-21R KO (CD45.2) composition was determined within the population (n = 3, representative of 2
independent experiments).

doi:10.1371/journal.pone.0120169.9004
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Cytotoxic CD8" T cells are important for virus clearance because they have the ability to rec-
ognize and eliminate virally infected cells through interactions with viral peptide-loaded MHC
Class I molecules, as evidenced by studies of IAV infection in mice deficient in MHC Class I [2].
In a chronic virus infection model (e.g. LCMV clone 13) where virus persists over 35 days, IL-
21R KO CD8" T cells exhibited a more prominent exhausted phenotype compared to WT mice,
and viral loads were correspondingly higher. Under the conditions requiring prolonged effector
activity, virus-specific CD8" T cells may require IL-21R signaling to prolong their survival and
prevent exhaustion [7]. However, IAV infection occurs acutely and its clearance is achieved in a
relatively short time period (i.e. by day 10 p.i.). Thus, this short time period of virus infection
may bypass any need for additional survival signals (i.e. IL-21R) to prolong CD8" T cell func-
tion. The latter is consistent with the findings of studies using the acute LCMV Armstrong
strain, in which the CD8" T cell response was intact in IL-21R KO mice.

In addition to CD8" T cell responses, IAV-specific antibody responses are required to
achieve efficient virus clearance, as demonstrated by enhanced susceptibility to infection in B-
cell deficient mice [1]. It is well demonstrated that while IL-21R signaling is not required for ac-
tivation of short-lived antibody secreting cells, IL-21/IL-21R signaling plays a critical role in
germinal center maintenance and generation of long-lived high affinity class-switched antibod-
ies, which are responsible for providing long-term sterilizing immunity after virus infections
[24]. In TAV infected mice, the GC-derived high affinity IgG response begins to be detectable
on day 7 after infection but does not reach peak levels until 30 days post infection [25]. Since
IAV infection is cleared from the respiratory tract by day 10 p.i,, it is likely that antibody de-
rived from germinal centers is not critically required for efficient virus clearance during prima-
ry infection. Rather, early production of IgM plays an important role in protecting the host
from IAV infection [17]. In support of this, IL-21R deficient mice exhibit normal, if not elevat-
ed, levels of anti-IAV IgM. This robust IgM antibody is likely derived from extra follicular
(non-germinal center) plasmablasts that are largely responsible for neutralization of virus dur-
ing primary infection [26,27].

An unexpected and novel finding in this study was that lack of IL-21R resulted in a dramatic
increase in IL-17"y3 T cells in the respiratory tract during IAV infection. IL-17" y3 T cells are a
subset of y3 T cells that preferentially reside in mucosal environments, and they have been most
well studied as effectors of mucosal barrier function and participants in autoimmune diseases
[28]. In the context of IAV infection, Y8 T cells have been demonstrated to accumulate in the re-
spiratory tract after infection, to contribute to IAV clearance after ex-vivo expansion in a human-
ized mouse model, and have been associated with regulation of late-stage inflammation [29];
however, a definitive functional role for endogenous Y8 T cells in vivo during IAV infection has
not been demonstrated [14]. We observed that in the absence of IL-21R, the number and fre-
quency of IL-17* y3 T cells were increased in the respiratory tract at steady state, and these cells
expanded and accumulated in the lungs after IAV infection to much higher levels than in WT
mice. Despite this increase in numbers, IL-17 cytokine levels in the BAL fluid were very low, al-
though they were detectable late after infection, whereas virtually no IL-17 is detectable after day
7 in WT mice. These data suggest that 3 T cells did not spontaneously produce large quantities
of IL-17 in the IAV infected respiratory tract, perhaps due to the strong Th1 response, which
could antagonize the IL-17 response [30]. However, in a different disease model such as murine
psoriasiform plaque formation, in which IL-17 and/or IL-17" y8 T cells play an important role in
disease progression [31], IL-21/IL-21R signaling deficiency could lead to a dramatic alteration in
disease pathogenesis and provide a new system to study the role of IL-17" y3 T cells.

Interestingly, the role of IL-21 / IL-21R signaling in immunity to pathogens has largely been
described to promote of T cell and B cell function. In contrast, the characteristics and role of
the y8 T cell compartment in contributing to disease pathogenesis in these studies has not been
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reported. Notably, recent studies have uncovered mutations in the IL21R gene in patients
experiencing chronic intestinal cryptosporidium infections, correlating with decreased func-
tion of peripheral lymphocytes [32]. In light of these findings in IL-21R deficient humans, it
would be interesting to determine if these patients also exhibit alterations in the quality and/or
quantity of peripheral Y8 T cells, especially in the gastrointestinal tract. In murine studies of E.
vermiformis infection (a member of the Eimeriorina suborder of protozoan parasites related to
cryptosporidium), 8 T cell deficiency alters disease progression, correlating with increased o3
T cell-mediated immune pathology [33]; thus, a possible change in the y3 T cell compartment
of humans lacking functional IL-21R signaling could lead to changes in o T cell function in
vivo as well as altered susceptibility to intestinal parasites like cryptosporidium.

Interestingly, in addition to slightly elevated IL-17 in the BAL fluid, we detected substantial
increases in the cytokines IL-6, G-CSF, and CCL4, all of which can be induced by IL-17/IL-17R
signaling in various cell types. IL-17 can stimulate both IL-6 and G-CSF production by airway
epithelial cells [34], and IL-17 can stimulate CCL4 production by inflammatory macrophages
[35]. Importantly, these mediators participate in recruitment or activation of neutrophils in the
respiratory tract [34,36], contributing to IL-17 mediated protection from bacterial infection
[37,38]. However, elevated levels of these cytokines in IL-21R KO mice did not translate into
increased neutrophil accumulations in the respiratory tract during IAV infection. There was an
apparent increase in neutrophils in the lung (Fig 2C), but this did not reach statistical signifi-
cance, perhaps because the increase in BAL IL-17 was so small. Another potential explanation
as to why the increased inflammatory cytokines did not lead to more cellular infiltration is that
other regulatory mechanisms are at play during IAV infection that can limit neutrophil accu-
mulation independently of IL-17 production, including regulatory T cells (manuscript under
review). The evidence presented in this study suggests that although IL-17" y3 T cells expanded
and accumulated in the respiratory tract after IAV infection, they did not appear to have a
major impact on pulmonary inflammation in the IAV infection system.

An important observation in this study was that IL-21R sends a signal directly on the y§ T
cells to limit accumulation of the IL-17" subset in the respiratory tract. Further studies would
be needed to determine if IL-21R-mediated regulation of proliferation, survival, or migration
controls the accumulation of Y3 T cells in the lungs. It is notable that mRNA for IL-21 and the
IL-21R are detectable in the lung at steady-state, suggesting that IL-21R engagement leading to
suppression of IL-17* y8 T cell accumulations could occur in the lung. Alternatively, since many
v3 T cells acquire their effector program in the fetal thymus, IL-21/IL-21R signaling could play a
pivotal role in the fate decision of these cells during development. According to the current un-
derstanding of 3 T cell differentiation, weak T'CR signals received in the thymus lead to retained
expression of SOX 13, up-regulation of RORyt, and differentiation to the IL-17" phenotype, and
away from the IFNy"* subtype [21]. Therefore, IL-21R signaling could augment TCR signals and
lead to a “strong” signaling event, favoring CD27"IL-17" y8 T cell development; thus, in the ab-
sence of IL-21R signaling, y8 T cells preferentially become IL-17". Future studies should evaluate
IL-21/IL-21R signaling in development of IL-17" y3 T cells.

Another interesting finding in this study was that IL-17" y8 T cells but not IFNy" y8 T cells
were increased in the lung, but not the lung draining lymph node (Fig 4A), suggesting that the
role of IL-21R signaling in suppressing IL-17* y8 T cells is both tissue- and cytokine-specific.
Several distinct subsets of Y& T cells have been described based on their Viy gene rearrange-
ments, anatomical locations, and developmental origins. For example, IL-17 expressing y6 T
cells expressing Vy4 TCR are typically are found in the lung and secondary lymphoid organs,
whereas IFNy" y8 T cells expressing Vy7 and Vy5 TCR are typically found in the gut, and skin,
respectively[39]. Further investigation would be required to determine if other subsets in other
tissues (e.g. skin and gut) are also controlled by IL-21R signaling.
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Taken together, these studies describe the role of IL-21R signaling on adaptive and inflamma-
tory immune responses during IAV infection. We demonstrate that IL-21R signaling is dispens-
able for control of primary IAV infection, and we point out a novel role for IL-21R in IL-17" y3
T cell biology. These studies should be of interest to others investigating extra follicular IgM anti-
body responses in primary infections and y3 T cells in IL-17 dependent disease models.

Materials and Methods
Mice and Infections

C57BL/6 and CD45.1 mice were purchased from the National Cancer Institute (NCI). IL-21R
KO mice were a kind gift from Dr. Warren Leonard, and were bred in-house. All mice were
housed at the University of Virginia in a pathogen-free environment. Mice used in experiments
were between 8-12 weeks old and matched for age and sex. Type A influenza virus A/PR/8/34
(HIN1) was grown in day 10 chicken embryo allantoic cavities as described previously [40].
Mice were infected with 300 egg infectious doses (EIDs5,) of A/PR/8/34 i.n. (corresponding to a
0.1 LDsq dose) unless otherwise noted.

Preparation of tissue and single-cell suspensions

Mice were sacrificed by cervical dislocation. Lungs were perfused through the right heart with
10 mL PBS to remove cells from the vasculature. To prepare single cell suspensions, lungs were
minced and digested in media containing 183 U/mL collagenase D (Worthington) for 45 min-
utes at 37°C. Lung tissue was then disrupted through a steel screen, and red blood cells were
lysed with ACK lysis buffer. Live cells were determined by trypan blue exclusion and counted
with a hemocytometer. To prepare total lung RNA, lungs were processed with an electric ho-
mogenizer in ImL TRIzol (Invitrogen) and stored at -80°C.

qRT-PCR

RNA was extracted from TRIzol (Invitrogen)-homogenized samples, and cDNA was generated
using Superscript III (Life Technologies) according to the manufacturers’ protocols. qPCR was
performed on a Life Technologies StepOne instrument using SYBR Green (Life Technologies)
according to manufacturer’s instructions. Relative gene expression is calculated by the follow-
ing formula: 2A(ACt), where ACt = Ct(HPRT)—Ct(gene of interest). PCR primer sequences
are as follows: F1u PA (Fw 5'-CGG TCC AAA TTC CTG CTGCTG A-3’ and Rev 5'-CAT
TGG GTT CCT TCCATCCA-3"'), HPRT (Fw 5 -CTC CGC CGG CTT CCT CCT CA-3’ and
Rev 5 -=ACC TGG TTC ATCATC GCTAATC-3" ), IL6 (Fw5 -ACGGCC TTCCCT ACT
TCACA andRev 5 -TCC AGAAGA CCAGAGGAAATT TT-3" ), and IL17 (Fw 5" -
GGA CTC TCCACC GCAATGA-3" andRev 5 TCAGGC TCCCTC TTC AGGAC-3").

Antibodies for flow cytometry

The following mAbs were purchased from BD or eBioscience (unless otherwise stated), as conju-
gated to FITC, Alexa-488, PE, PE-Cy7, PerCP-Cy5.5, APC, Alexa Fluor 647, APC-Cy7, or Alexa
Fluor 780: CD4 (GK1.5), CD4 (L3T4), CD8a. (53-6.7), CD11b (M1/70), CD11c (HL3), CD45
(30-F11), CD90.2 (53-2.1), Ly6G (1A8), Ly6C (AL-21), B220 (RA36B2), TCRB (H57-597),
TCRS (GL3), IL-17a (TC11-18H10), IL-17a (eBio17B7), CD45.1 (A20), CD45.2 (104), P-STAT3
(clone D3A7 from Cell Signaling Technology) and IFNy (XMG1.2). Anti-mouse CD16/32 used
for F. receptor blocking was isolated and purified in the University of Virginia Hybridoma Core
Facility.
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Flow cytometry analysis

Cells were suspended in buffer containing PBS, 2% FBS, 10mM EDTA, and 0.01% NaNj. Fc re-
ceptors were blocked with anti-mouse CD16/32, and then cells were incubated with specific
monoclonal antibodies or fluorescence minus one controls for 30 minutes at 4°C. Where indi-
cated, after surface staining, intracellular cytokine staining staining was performed using the
Cytofix/Cytoperm and Perm/Wash buffers (BD). Flow cytometry was performed on FACS
Canto flow cytometers (BD), and data were analyzed using Flow]Jo (Tree Star, Inc.).

BAL fluid and cytokine determination

Bronchial alveolar lavage (BAL) fluids were harvested by cannulating the trachea and injecting,
then withdrawing 0.5 mL PBS into the airways three times. Cells were removed by centrifuga-
tion and supernatants were stored at -80°C until analyzed. Cytokines were quantified by a mul-
tiplex Luminex assay (University of Virginia Flow Cytometry Core Facility).

Virus titer

We used a tissue culture infectious dose 50 (TCIDs) assay followed by a hemagglutination
assay to quantify infectious virus in BAL fluid, as previously described [41]. In brief, we in-
fected Madin-Darby canine kidney cells with 10-fold dilutions of BAL fluid from infected
mice, then incubated the cultures for 3 days at 37°C. Supernatants were collected and mixed
with a half volume of 1% chicken red blood cells (Charles River Spafas) in PBS, and TCID5
units were calculated from hemagglutination patterns.

Irradiation and BM transfer

Mice were irradiated with 1050 rads and, within 24 hours, received an i.v. infusion of red blood
cell-lysed bone marrow cells (1x10° cells) from uninfected IL-21R KO and CD45.1 mice, mixed
ata 1:1 ratio. IL-21R KO/CD45.1 bone marrow chimeras were allowed to reconstitute for 8
weeks before lungs were harvested.

In vitro stimulation and intracellular cytokine staining

Lung cell suspensions were harvested from mice and stimulated with 100 ng/mL Phorbol
12-myristate 13-acetate (Sigma) and 1ug/ml ionomycin (Sigma) for 4-5 hours in the presence
of GolgiStop (BD). After culture, cells were stained for surface markers then fixed and permea-
blized (BD Cytofix/Cytoperm) and stained for intracellular cytokines.

Phospho-STAT3 Staining

Lung single-cell suspensions were harvested from mice and cultured in complete RPMI medi-
um for 15 minutes in the presence of 100ng/ml recombinant IL-21 (eBiosciences). Cells were
tixed and permeabilized by sequential incubation with 4% PFA for 10 minutes, 0.5% TritonX
for 30 minutes, and 90% methanol for 30 minutes. Cells were then stained for surface and in-
tracellular P-STATS3 or isotype in Perm/Wash buffer (BD).

Statistics

Unless otherwise noted, a student T test was used to compare two treatment groups. Compari-
sons of two or more groups over time were analyzed with the two-way analysis of variance test
followed by the Bonferroni post-test. These statistical analyses were performed using Prism5
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software (for Windows; GraphPad Software, Inc.). Results are expressed as means + SEM. Val-
ues of P <0.05 were considered statistically significant (*).

Ethics Statement

All animal experiments were conducted in accordance with the Animal Welfare Act (Public
Law 91-579) and the recommendations in the Guide for the Care and Use of Laboratory Ani-
mals of the National Institutes of Health (OLAW/NIH, 2002). All animal experiments were
carried out in accordance with protocols approved by the University of Virginia Animal Care
and Use Committee (Protocol Number 2230).

For anesthesia, a mixture of Ketamine(20mg/ml)/Xylazine (2mg/ml) was injected intraperi-
toneally. Mice were euthanized by cervical dislocation.

Acknowledgments

We like to thank Barbara Small for excellent technical assistance, and we thank all the members
of the Braciale laboratory for insightful discussions. We also thank the UVA Flow Cytometry
Core Facility for their assistance with Luminex assays.

Author Contributions

Conceived and designed the experiments: EKM JS TSK TJB. Performed the experiments: EKM
JS. Analyzed the data: EKM ]S TSK. Contributed reagents/materials/analysis tools: TTB. Wrote
the paper: EKM TSK.

References

1. Graham MB, Braciale TJ. Resistance to and Recovery from Lethal Influenza Virus Infection in B Lym-
phocyte—deficient Mice. The Journal of Experimental Medicine. 1997; 186(12):2063—-8. PMID: 9396777

2. Eichelberger M, Allan W, Zijlstra M, Jaenisch R, Doherty PC. Clearance of influenza virus respiratory in-
fection in mice lacking class | major histocompatibility complex-restricted CD8+ T cells. The Journal of
Experimental Medicine. 1991; 174(4):875-80. PMID: 1919440

3. Zotos D, Coquet JM, Zhang Y, Light A, D'Costa K, Kallies A, et al. IL-21 regulates germinal center B cell
differentiation and proliferation through a B cell-intrinsic mechanism. The Journal of Experimental Med-
icine. 2010; 207(2):365—78. doi: 10.1084/jem.20091777 PMID: 20142430

4. Rankin AL, MacLeod H, Keegan S, Andreyeva T, Lowe L, Bloom L, et al. IL-21 Receptor Is Critical for
the Development of Memory B Cell Responses. The Journal of Immunology. 2011; 186(2):667—-74. doi:
10.4049/jimmunol.0903207 PMID: 21169545

5. Linterman MA, Beaton L, Yu D, Ramiscal RR, Srivastava M, Hogan JJ, et al. IL-21 acts directly on B
cells to regulate Bcl-6 expression and germinal center responses. The Journal of Experimental Medi-
cine. 2010; 207(2):353-63. doi: 10.1084/jem.20091738 PMID: 20142429

6. Vogelzang A, McGuire HM, Yu D, Sprent J, Mackay CR, King C. A Fundamental Role for Interleukin-21
in the Generation of T Follicular Helper Cells. Immunity. 2008; 29(1):127-37. doi: 10.1016/j.immuni.
2008.06.001 PMID: 18602282

7. Frohlich A, Kisielow J, Schmitz |, Freigang S, Shamshiev AT, Weber J, etal. IL-21R on T cells is critical
for sustained functionality and control of chronic viral infection. Science. 2009; 324(5934):1576-80. doi:
10.1126/science.1172815 PMID: 19478140

8. ElsaesserH, Sauer K, Brooks DG. IL-21 is required to control chronic viral infection. Science. 2009;
324(5934):1569—-72. doi: 10.1126/science.1174182 PMID: 19423777

9. YiJS, DuM, Zajac AJ. A vital role for interleukin-21 in the control of a chronic viral infection. Science.
2009; 324(5934):1572—6. doi: 10.1126/science.1175194 PMID: 19443735

10. Huber M, Heink S, Grothe H, Guralnik A, Reinhard K, Elflein K, et al. A Th17-like developmental pro-
cess leads to CD8+ Tc17 cells with reduced cytotoxic activity. European Journal of Immunology. 2009;
39(7):1716-25. doi: 10.1002/€ji.200939412 PMID: 19544308

11.  Korn T, Bettelli E, Gao W, Awasthi A, Jager A, Strom TB, et al. IL-21 initiates an alternative pathway to
induce proinflammatory T(H)17 cells. Nature. 2007; 448(7152):484—7. PMID: 17581588

PLOS ONE | DOI:10.1371/journal.pone.0120169  April 7, 2015 14/16


http://www.ncbi.nlm.nih.gov/pubmed/9396777
http://www.ncbi.nlm.nih.gov/pubmed/1919440
http://dx.doi.org/10.1084/jem.20091777
http://www.ncbi.nlm.nih.gov/pubmed/20142430
http://dx.doi.org/10.4049/jimmunol.0903207
http://www.ncbi.nlm.nih.gov/pubmed/21169545
http://dx.doi.org/10.1084/jem.20091738
http://www.ncbi.nlm.nih.gov/pubmed/20142429
http://dx.doi.org/10.1016/j.immuni.2008.06.001
http://dx.doi.org/10.1016/j.immuni.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/18602282
http://dx.doi.org/10.1126/science.1172815
http://www.ncbi.nlm.nih.gov/pubmed/19478140
http://dx.doi.org/10.1126/science.1174182
http://www.ncbi.nlm.nih.gov/pubmed/19423777
http://dx.doi.org/10.1126/science.1175194
http://www.ncbi.nlm.nih.gov/pubmed/19443735
http://dx.doi.org/10.1002/eji.200939412
http://www.ncbi.nlm.nih.gov/pubmed/19544308
http://www.ncbi.nlm.nih.gov/pubmed/17581588

@ PLOS | one

IL-21 and Gamma Delta T Cells in the Influenza-Infected Lung

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Girardi M. Immunosurveillance and immunoregulation by gammadelta T cells. The Journal of investiga-
tive dermatology. 2006; 126(1):25-31. PMID: 16417214

Crowe CR, Chen K, Pociask DA, Alcorn JF, Krivich C, Enelow Rl, et al. Critical Role of IL-17RA in
Immunopathology of Influenza Infection. The Journal of Immunology. 2009; 183(8):5301-10. doi: 10.
4049/jimmunol.0900995 PMID: 19783685

TuW, Zheng J, Liu Y, Sia SF, Liu M, Qin G, et al. The aminobisphosphonate pamidronate controls influ-
enza pathogenesis by expanding a yd T cell population in humanized mice. The Journal of Experimen-
tal Medicine. 2011; 208(7):1511-22. doi: 10.1084/jem.20110226 PMID: 21708931

Vermijlen D, Ellis P, Langford C, Klein A, Engel R, Willimann K, et al. Distinct Cytokine-Driven Re-
sponses of Activated Blood yd T Cells: Insights into Unconventional T Cell Pleiotropy. The Journal of
Immunology. 2007; 178(7):4304—14. PMID: 17371987

Spolski R, Leonard WJ. Interleukin-21: basic biology and implications for cancer and autoimmunity.
Annu Rev Immunol. 2008; 26:57-79. PMID: 17953510

Harada Y, Muramatsu M, Shibata T, Honjo T, Kuroda K. Unmutated Immunoglobulin M Can Protect
Mice from Death by Influenza Virus Infection. The Journal of Experimental Medicine. 2003; 197
(12):1779-85. PMID: 12796467

Baumgarth N, Herman OC, Jager GC, Brown LE, Herzenberg LA, Chen J. B-1 and B-2 Cell-Derived
Immunoglobulin M Antibodies Are Nonredundant Components of the Protective Response to Influenza
Virus Infection. The Journal of Experimental Medicine. 2000; 192(2):271-80. PMID: 10899913

McKinstry KK, Strutt TM, Buck A, Curtis JD, Dibble JP, Huston G, et al. IL-10 Deficiency Unleashes an
Influenza-Specific Th17 Response and Enhances Survival against High-Dose Challenge. The Journal
of Immunology. 2009; 182(12):7353-63. doi: 10.4049/jimmunol.0900657 PMID: 19494257

Gray EE, Ramirez-Valle F, Xu Y, Wu S, Wu Z, Karjalainen KE, et al. Deficiency in IL-17-committed
Vgamma4(+) gammadelta T cells in a spontaneous Sox13-mutant CD45.1(+) congenic mouse sub-
strain provides protection from dermatitis. Nat Immunol. 2013; 14(6):584—92. doi: 10.1038/ni.2585
PMID: 23624556

Vantourout P, Hayday A. Six-of-the-best: unique contributions of gammadelta T cells to immunology.
Nat Rev Immunol. 2013; 13(2):88—100. doi: 10.1038/nri3384 PMID: 23348415

Leonard WJ, Zeng R, Spolski R. Interleukin 21: a cytokine/cytokine receptor system that has come of
age. J Leukoc Biol. 2008; 84(2):348-56. doi: 10.1189/jlb.0308149 PMID: 18467657

Novy P, Huang X, Leonard WJ, Yang Y. Intrinsic IL-21 signaling is critical for CD8 T cell survival and
memory formation in response to vaccinia viral infection. J Immunol. 186(5):2729-38. doi: 10.4049/
jimmunol.1003009 PMID: 21257966

Rasheed MAU, Latner DR, Aubert RD, Gourley T, Spolski R, Davis CW, et al. Interleukin-21 Is a Critical
Cytokine for the Generation of Virus-Specific Long-Lived Plasma Cells. Journal of Virology. 2013; 87
(13):7737-46. doi: 10.1128/JV1.00063-13 PMID: 23637417

Baumgarth N. How specific is too specific? B-cell responses to viral infections reveal the importance of
breadth over depth. Immunological Reviews. 2013; 255(1):82-94. doi: 10.1111/imr.12094 PMID:
23947349

Rothaeusler K, Baumgarth N. B-cell fate decisions following influenza virus infection. European Journal
of Immunology. 2010; 40(2):366—77. doi: 10.1002/ji.200939798 PMID: 19946883

Kavaler J, Caton AJ, Staudt LM, Gerhard W. A B cell population that dominates the primary response to
influenza virus hemagglutinin does not participate in the memory response. European Journal of Immu-
nology. 1991; 21(11):2687-95. PMID: 1936117

Cua DJ, Tato CM. Innate IL-17-producing cells: the sentinels of the immune system. Nat Rev Immunol.
2010; 10(7):479-89. doi: 10.1038/nri2800 PMID: 20559326

Sciammas R, Bluestone JA. TCRy®d cells and viruses. Microbes and Infection. 1999; 1(3):203-12.
PMID: 10801231

Mukasa R, Balasubramani A, Lee YK, Whitley SK, Weaver BT, Shibata Y, et al. Epigenetic Instability of
Cytokine and Transcription Factor Gene Loci Underlies Plasticity of the T Helper 17 Cell Lineage. Im-
munity. 2010; 32(5):616—27. doi: 10.1016/j.immuni.2010.04.016 PMID: 20471290

Pantelyushin S, Haak S, Ingold B, Kulig P, Heppner FL, Navarini AA, et al. Roryt+ innate lymphocytes
and yd T cells initiate psoriasiform plaque formation in mice. The Journal of Clinical Investigation. 2012;
122(6):2252-6. doi: 10.1172/JCI61862 PMID: 22546855

Kotlarz D, Zietara N, Uzel G, Weidemann T, Braun CJ, Diestelhorst J, et al. Loss-of-function mutations
in the IL-21 receptor gene cause a primary immunodeficiency syndrome. J Exp Med. 2013; 210
(3):433—-43. doi: 10.1084/jem.20111229 PMID: 23440042

PLOS ONE | DOI:10.1371/journal.pone.0120169  April 7, 2015 15/16


http://www.ncbi.nlm.nih.gov/pubmed/16417214
http://dx.doi.org/10.4049/jimmunol.0900995
http://dx.doi.org/10.4049/jimmunol.0900995
http://www.ncbi.nlm.nih.gov/pubmed/19783685
http://dx.doi.org/10.1084/jem.20110226
http://www.ncbi.nlm.nih.gov/pubmed/21708931
http://www.ncbi.nlm.nih.gov/pubmed/17371987
http://www.ncbi.nlm.nih.gov/pubmed/17953510
http://www.ncbi.nlm.nih.gov/pubmed/12796467
http://www.ncbi.nlm.nih.gov/pubmed/10899913
http://dx.doi.org/10.4049/jimmunol.0900657
http://www.ncbi.nlm.nih.gov/pubmed/19494257
http://dx.doi.org/10.1038/ni.2585
http://www.ncbi.nlm.nih.gov/pubmed/23624556
http://dx.doi.org/10.1038/nri3384
http://www.ncbi.nlm.nih.gov/pubmed/23348415
http://dx.doi.org/10.1189/jlb.0308149
http://www.ncbi.nlm.nih.gov/pubmed/18467657
http://dx.doi.org/10.4049/jimmunol.1003009
http://dx.doi.org/10.4049/jimmunol.1003009
http://www.ncbi.nlm.nih.gov/pubmed/21257966
http://dx.doi.org/10.1128/JVI.00063-13
http://www.ncbi.nlm.nih.gov/pubmed/23637417
http://dx.doi.org/10.1111/imr.12094
http://www.ncbi.nlm.nih.gov/pubmed/23947349
http://dx.doi.org/10.1002/eji.200939798
http://www.ncbi.nlm.nih.gov/pubmed/19946883
http://www.ncbi.nlm.nih.gov/pubmed/1936117
http://dx.doi.org/10.1038/nri2800
http://www.ncbi.nlm.nih.gov/pubmed/20559326
http://www.ncbi.nlm.nih.gov/pubmed/10801231
http://dx.doi.org/10.1016/j.immuni.2010.04.016
http://www.ncbi.nlm.nih.gov/pubmed/20471290
http://dx.doi.org/10.1172/JCI61862
http://www.ncbi.nlm.nih.gov/pubmed/22546855
http://dx.doi.org/10.1084/jem.20111229
http://www.ncbi.nlm.nih.gov/pubmed/23440042

@' PLOS ‘ ONE

IL-21 and Gamma Delta T Cells in the Influenza-Infected Lung

33.

34.

35.

36.

37.

38.

39.

40.

41.

Roberts SJ, Smith AL, West AB, Wen L, Findly RC, Owen MJ, et al. T-cell alpha beta + and gamma
delta + deficient mice display abnormal but distinct phenotypes toward a natural, widespread infection
of the intestinal epithelium. Proc Natl Acad Sci U S A. 1996; 93(21):11774-9. PMID: 8876213

Lindén A, Laan M, Anderson GP. Neutrophils, interleukin-17A and lung disease. European Respiratory
Journal. 2005; 25(1):159-72. PMID: 15640338

Barin JG, Baldeviano GC, Talor MV, Wu L, Ong S, Quader F, et al. Macrophages participate in IL-17-
mediated inflammation. European Journal of Immunology. 2012; 42(3):726-36. doi: 10.1002/eji.
201141737 PMID: 22161142

C-C motif chemokine CCL3 and canonical neutrophil attractants promote neutrophil extravasation
through common and distinct mechanisms. Reichel CA, Puhr-Westerheide D, Zuchtriegel G, Uhl B,
Berberich N, Zahler S, et al., editors2012 2012-07-26 00:00:00. 880—90 p.

Ye P, Rodriguez FH, Kanaly S, Stocking KL, Schurr J, Schwarzenberger P, et al. Requirement of Inter-
leukin 17 Receptor Signaling for Lung Cxc Chemokine and Granulocyte Colony-Stimulating Factor Ex-
pression, Neutrophil Recruitment, and Host Defense. The Journal of Experimental Medicine. 2001; 194
(4):519-28. PMID: 11514607

Balamayooran G, Batra S, Theivanthiran B, Cai S, Pacher P, Jeyaseelan S. Intrapulmonary G-CSF
Rescues Neutrophil Recruitment to the Lung and Neutrophil Release to Blood in Gram-Negative Bacte-
rial Infection in MCP-1-/- Mice. The Journal of Inmunology. 2012; 189(12):5849-59. doi: 10.4049/
jimmunol.1200585 PMID: 23129755

Kisielow J, Kopf M. The origin and fate of yoT cell subsets. Current Opinion in Immunology. 2013; 25
(2):181-8. doi: 10.1016/j.c0i.2013.03.002 PMID: 23562386

Lawrence CW, Braciale TJ. Activation, Differentiation, and Migration of Naive Virus-Specific CD8+ T
Cells during Pulmonary Influenza Virus Infection. The Journal of Immunology. 2004; 173(2):1209-18.
PMID: 15240712

Hufford MM, Kim TS, Sun J, Braciale TJ. Antiviral CD8+ T cell effector activities in situ are regulated by
target cell type. The Journal of Experimental Medicine. 208(1):167-80. doi: 10.1084/jem.20101850
PMID: 21187318

PLOS ONE | DOI:10.1371/journal.pone.0120169  April 7, 2015 16/16


http://www.ncbi.nlm.nih.gov/pubmed/8876213
http://www.ncbi.nlm.nih.gov/pubmed/15640338
http://dx.doi.org/10.1002/eji.201141737
http://dx.doi.org/10.1002/eji.201141737
http://www.ncbi.nlm.nih.gov/pubmed/22161142
http://www.ncbi.nlm.nih.gov/pubmed/11514607
http://dx.doi.org/10.4049/jimmunol.1200585
http://dx.doi.org/10.4049/jimmunol.1200585
http://www.ncbi.nlm.nih.gov/pubmed/23129755
http://dx.doi.org/10.1016/j.coi.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23562386
http://www.ncbi.nlm.nih.gov/pubmed/15240712
http://dx.doi.org/10.1084/jem.20101850
http://www.ncbi.nlm.nih.gov/pubmed/21187318

