The Journal of Experimental Medicine

CORRESPONDENCE
T.J. Braciale:
tjb2r@virginia.edu

Abbreviation used: Ab, antibody;

Ag, antigen; BAL, bronchoal-
veolar lavage; dLN, draining
LN; dpi, days postinfection;
GC, germinal center; [AV,
influenza A virus; LAPC, late
activator APC; Tth,

follicular helper T cell;

Tg, transgenic.

The Rockefeller University Press
J. Exp. Med. 2012 Vol. 209 No. 10

$30.00

Article

LAPCs promote follicular helper T cell
differentiation of Ag-primed CD4* T cells
during respiratory virus infection

Jae-Kwang Yoo,! Eleanor N. Fish,* and Thomas J. Braciale!-?3

'Beirne B. Carter Center for Inmunology Research, 2Department of Microbiology, and 3Department of Pathology,

University of Virginia, Charlottesville, VA 22908

“Toronto General Research Institute, University Health Network, Toronto, Ontario M5G 2M1, Canada

The humoral immune response to most respiratory virus infections plays a prominent role

in virus clearance and is essential for resistance to reinfection. T follicular helper (Tfh) cells
are believed to support the development both of a potent primary antibody response and of
the germinal center response critical for memory B cell development. Using a model of
primary murine influenza A virus (IAV) infection, we demonstrate that a novel late activa-
tor antigen-presenting cell (LAPC) promotes the Tfh response in the draining lymph nodes
(dLNs) of the IAV-infected lungs. LAPCs migrate from the infected lungs to the dLN “late,"
i.e., 6 d after infection, which is concomitant with Tfh differentiation. LAPC migration is
CXCR3-dependent, and LAPC triggering of Tfh cell development requires ICOS-ICOSL-
dependent signaling. LAPCs appear to play a pivotal role in driving Tfh differentiation

of Ag-primed CD4+* T cells and antiviral antibody responses.

The host adaptive immune response plays a
central role in recovery from virus infection
and resistance to reinfection. In the case of re-
spiratory virus infection, the orchestration of an
effective B cell response with the production of
neutralizing antibodies is not only essential to
preventing reinfection, but is also critical for
the ultimate elimination of infectious virions
from the respiratory tract after primary virus
infection (Graham and Braciale, 1997; Waffarn
and Baumgarth, 2011).

When analyzed in detail in experimental
models, the antibody response to primary respi-
ratory virus infection consists of contributions
from innate-like B-1 B cells, as well as virus-
specific adaptive B cells localized to the extra-
follicular (marginal zone) and follicular regions
of the lymphoid tissue e.g., LNs draining the
sites of infection (Waffarn and Baumgarth,
2011). Upon secondary exposure to virus, B cells
present in inflammation-induced bronchial-
associated lymphoid tissue can also provide a
local contribution to this antibody response.
After activation by antigen, adaptive B cells
undergo proliferative expansion and a series of
differentiation events, resulting in the forma-
tion of germinal centers (GCs) within the lym-
phoid follicles, where antigen receptor affinity
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maturation and memory B cell formation occur
(Vinuesa et al., 2005; Linterman and Vinuesa,
2010). The effective activation and differentia-
tion of both extrafollicular and follicular B cells
have been demonstrated both for model pro-
tein antigens and, more recently, after virus in-
fection, to be dependent on CD4* T cell help
(Vogelzang et al., 2008; Nurieva et al., 2008;
Lee et al., 2011; Choi et al., 2011).

A distinct subpopulation of CD4* T cells,
T follicular helper (Tth) cells, have been impli-
cated as the major provider of T cell help for
B cell activation/differentiation and, particularly
from studies both in humans and rodents, for
the GC response and the generation of GC
B cells (Breitfeld et al., 2000; Schaerli et al.,
2000; Kim et al., 2001; Crotty, 2011; Morita
et al., 2011). Tth cells express distinct cell sur-
face markers, e.g., PD-1*CXCRS5", transcription
factors, e.g., Bcl-6, and characteristic cytokines,
e.g., IL-4 and IL-21. Whether Tth cells repre-
sent a unique CD4* T cell subset or simply
reflect an activation state of the effector CD4*
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T cells, is unclear. Although Tth cells can drive B cell differ-
entiation and GC formation through the combination
of release of soluble mediators (IL-4 and IL-21) and co-
stimulatory ligand—receptor interactions (CD40—CD40L and
ICOS-ICOSL; Crotty, 2011), the factors regulating the gen-
eration of Tth cells from naive CD4" precursors remain to
be fully elucidated.

Recently, we identified a novel CD45* mononuclear cell
type present in virus-infected murine lungs. This cell type
migrates from the lungs to the draining lymph nodes (dLNs)
late in the infection cycle, i.e., between 6 and 12 d postinfec-
tion (dpi; Yoo etal., 2010a,b). This late activator APC (LAPC)
subset is distinct from conventional DCs. Upon migration
to the dLN, LAPCs were shown to support TH2-type CD4*
T cell differentiation and, importantly, to enhance antiviral
antibody responses. These properties of LAPCs identify them
as attractive candidates to serve as regulators of Tth differenti-
ation during respiratory virus infection. In this work, we
demonstrate that LAPCs act as key regulators for Tth differ-
entiation of Ag-primed CD4" T cells during IAV infection.

RESULTS

CD4+ Tfh differentiation during IAV infection

To better characterize the helper T cell response to virus in-
fection at a peripheral (mucosal) site, i.e., the lungs, we exam-
ined the kinetics of antiinfluenza Tth T cell generation
and accumulation in the dLN after primary IAV infection.
BALB/c mice were infected intranasally (i.n.) with a sublethal
dose (0.05 LDs5;) of A/PR/8 (HINT1) virus, and the generation
of Tth T cells was monitored in the dLN by PD-1 and CXCR5
co-staining. Tth T cells were first detected between 3 and
6 dpi, and the accumulation of these polyclonal Tth T cells
reached a peak at 12 dpi, both in terms of absolute T cell
numbers and their percentage relative to other cell subsets
(Fig. 1 a). Comparable kinetics of Tth accumulation were
observed in infected C57BL/6 mice (unpublished data).

The GC B cell response is regulated in a Tth-dependent
manner (Vinuesa et al., 2005). During 1.n. IAV infection, we
first detected a GC B cell (B220*Fas*GL-7") response in the
dLN at 6 dpi; the response reached a peak at 12 dpi (Fig. 1 a)
and had kinetics analogous to that of Tth cells. However, this
GC B cell response was sustained (at least 20 dpi), despite
contraction of the Tth response.

The kinetics of Tth accumulation were further verified in
experiments using influenza hemagglutinin (H1-HA) specific
TcR transgenic (Tg) CD4* (TS-1) T cells (Sun et al., 2011).
For this, TS-1 cells were isolated from naive Thy1.1* TS-1
mice and transferred by the i.v. route into Thy-1 mismatched
BALB/c mice. 24 h later, mice were infected i.n. with
A/PR/8 virus and Tth accumulation was monitored in the
dLN by PD-1 and CXCRS5 co-staining. The kinetics of ac-
cumulation of the TcR Tg TS-1 Tth cells paralleled the re-
sponse of polyclonal CD4* T cells (Fig. 1 b). Unexpectedly,
although the majority (>95%) of in vivo Ag-primed TS-1 in the
dLN when analyzed up to 5 dpi displayed an activated (CD44"
or CD62LP) phenotype relative to naive TS-1 (Fig. 1 ¢),
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we failed to detect a significant number of TS-1 T cells
coexpressing the characteristic Tth cell markers PD-1 and
CXCRS5 up to 5 dpi Therefore, the rate of Tth cell differen-
tiation was delayed relative to the activation and initial pro-
liferation of naive virus-specific CD4" T cells (Legge and
Braciale, 2003; Kim and Braciale, 2009). This finding raised
the possibility that factors other than the initial encounter of
naive CD4" T cells with migrant respiratory DCs within the
dLN at 2-3 dpi may influence Tth cell differentiation in the
dLN after respiratory virus infection.

IAV-activated LAPCs promote Tfh differentiation

of Ag-primed CD4* T cells ex vivo

Unlike conventional APCs, such as respiratory DCs, LAPCs
migrate from the infected respiratory tract to the dLN late
in AV infection, i.e., 6 dpi and later (Fig. 1 a). Because the
kinetics of LAPC accumulation in the dLN paralleled Tth
generation/accumulation, we sought to determine if migrant
LAPCs within the dLN can influence Tth differentiation.
Accordingly, we analyzed the effect of co-culture of LAPCs
with in vivo—activated, IAV-specific TS-1T cells isolated from
the dLN before Tth differentiation, at 5 dpi. In brief, the
isolated TS-1'T cells were cultured for 24 h with either B cells
(B220*CD19*CD11c¢7), activated B cells (B220"CD19*CD69*
CD11c¢7), DCs (CD11¢*TcRB7), or LAPCs (mPDCAT1*
CD11c¢7B220"TcRB7) isolated from the dLN on 8 dpi, as
both DCs and B cells have been implicated as critical regula-
tors of Tth differentiation (Nurieva et al., 2008; Choi et al.,
2011). To address the requirement for specific antigen recog-
nition for Tth differentiation, these APC populations were
isolated from the dLN of either A/PR /8 virus—infected mice
or mice infected with the X31(H3N1) influenza strain, whose
hemagglutinin (H3-HA) is not recognized by TS-1 T cells.
During the last 4 h of incubation, cells were treated with
GolgiStop to examine cytokine production. Tth differentiation
and cytokine production by cultured TS-1 were monitored
by FACS analysis (Fig. 2 a).

As shown in Fig. 1 ¢, in vivo Ag-primed TS-1 cells when
isolated 5 dpi, displayed an activated phenotype compared
with naive TS-1 cells, including elevated expression of PD-1,
but did not display the PD-1 and CXCRS5 double-positive
co-staining characteristic of Tth'T cells. We found that B cells,
even if selected for an activated phenotype (B220*CD19*
CD69*CD11c¢™), were extremely poor inducers of Tth dif-
ferentiation in this short-term ex vivo co-culture setting. We
confirmed that this was not caused by a loss of viability of
ex vivo co-cultured B cells, as only a modest decrease in live
B cells, both total and activated B cells, was observed over 24 h of
co-culture with T cells (3-9% death; unpublished data). DCs
did induce a modest increase in PD-1 and CXCR5 double-
positive cell numbers after co-culture with in vivo Ag-primed
TS-1. In contrast, interaction of activated TS-1 cells with
LAPCs resulted in a larger increase in the development
of PD-1 and CXCR5 double-positive Tth cells in culture
(Fig. 2 b). Notably, in this setting of ex vivo co-culture, Tth dif-
ferentiation was not dependent on specific antigen recognition
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Figure 1. The kinetics of Tfh and GC B cell responses correlate with LAPC migration into the dLNs in IAV infection. (a) BALB/c mice (n = 42)
were infected intranasally (i.n.) with a sublethal dose (0.05 LDs) of A/PR/8 virus, as described in Materials and methods. At the indicated days after
infection, the extent of Tfh (Thy1.2+CD4*PD-1+CXCR5*), GC B cell (B220*Fas*GL-7*) and LAPC (mPDCA1+*CD11c¢~B220~TcRB ~) responses were determined
in the dLNs by FACS analysis. The data are presented as both percent population and absolute numbers (mean + SEM). Representative stainings from at
least three independent experiments are shown. (b) Naive TS-1 cells (Thy1.1+CD4+) were adoptively transferred into Thy1.2* BALB/c mice (n = 30) by i.v.
injection. 24 h after transfer, mice were infected (i.n.) with a sublethal dose (0.05 LD50) of A/PR/8 virus. At the indicated dpi, dLNs were harvested and the
extent of the Tfh response of transferred TS-1 cells (Thy1.1*CD4*PD-1*CXCR5*) was determined by FACS analysis. The data are presented as absolute
numbers (mean + SEM) in the dLNs. Representative data from two independent experiments are shown. (c) On 5 dpi, both the extent of activation

(CD62L and CD44) and Tfh differentiation status (PD-1 and CXCR5) of TS-1 cells were evaluated by comparison with naive TS-1 cells, using FACS analysis.
Representative images from two independent experiments are shown.
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Figure 2. LAPCs promote IL-4* type-2 Tfh differentiation of Ag-primed CD4* T cells ex vivo. (a) Schematic diagram for ex vivo co-culture
experiments. In vivo Ag-primed TS-1 cells were generated as described in Materials and methods. FACS-sorted 5 dpi TS-1 cells (5 x 10* cells/well)

were incubated with either total B cells (B; B220*CD19+CD11c™), activated B cells (acB; B220*CD19+CD69+CD11¢c~), DCs (CD11c*TcRB ™) or LAPCs
(mPDCA1+CD11¢~B220~TcRB~; 2.5 x 10* cells/well) isolated from the dLN of either X31(n = 8) or A/PR/8 virus-infected (n = 8) BALB/c mice on 8 dpi (b-d).
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by the CD4* T cells, as TS-1 cells co-cultured with either
X31 or A/PR/8 virus—activated LAPCs differentiated into
PD-1 and CXCRS5 double-positive cells to a comparable
extent. The expression of the Tth differentiation transcrip-
tional regulator, Bcl-6, and the signature Tth effector cytokine,
IL-21, were likewise up-regulated in an antigen-independent
manner by [AV-activated LAPCs (Fig. 2, ¢ and d).

LAPC:s activated by virus infection (e.g., IAV) have pre-
viously been shown to stimulate IL-4 production by in vivo
Ag-primed CD4" T cells (Yoo et al., 2010b). IL-4 secretion
by Tth T cells is critical, supporting the GC B cell survival and
isotype-switching (Yusuf et al.,, 2010; Crotty, 2011). We
found that after co-culture with LAPCs, IL-4 was produced
by the majority of PD-1"CXCRS5" TS-1 cells (70%; Fig. 2 d).
Likewise, >75% of IL-47"CD4* T cells from the dLN of
influenza-infected mice exhibited a Tth phenotype (PD-1*
CXCR5") 8 dpi (Fig. 2 ¢). However, in contrast to LAPC-
mediated induction of PD-1*CXCR5" coexpression, or
Bcl-6 and IL-21 up-regulation, the induction of IL-4 expression
was statistically significantly augmented by specific antigen
recognition because LAPCs from mice infected with A/PR/8
virus (recognized by the TS-1 TcR Tg T cells) were the
most potent inducer of this cytokine (Fig. 2¢).

ICOS-ICOSL interaction is critical
for LAPC-mediated Tth differentiation
To define the nature of the interaction between LAPCs and
activated CD4" T cells which promotes Tth differentiation of
Ag-primed CD4* T cells, we first assessed the requirement for
cell-cell contact in this process. When LAPCs and activated
T cells were separated by a 0.4-pm membrane in trans-well
cultures, LAPC: failed to drive Tth differentiation (Fig. 3 a). In
contrast, LAPCs could support Tth differentiation in mixed
cultures with T cells, even when LAPCs are exposed to high-
level ionizing radiation (2,000 rads of gamma irradiation) before
culture with activated T cells to suppress mediator release.
These results suggested that this differentiation process requires
direct contact between LAPCs and the activated T cells.
Because ICOS-ICOSL interactions have been implicated
as critical in Tth development (Nurieva et al., 2008; King and
Mohrs, 2009; Choi et al., 2011; Kadkhoda et al., 2011), we
evaluated the role of this co-stimulatory receptor/ligand pair
in orchestrating LAPC-mediated Tth differentiation. ICOS
was abundantly expressed on the surface of activated TS-1
T cells at 5 dpi, and, although detected at a lower level and
frequency, ICOSL was readily demonstrable on the surface
of the corresponding LAPCs from infected mice (Fig. 3 b).
‘When the ICOS-ICOSL interaction was inhibited by blocking
antibody treatment in LAPC-T cell co-cultures, the blockade
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completely abolished the Tth differentiation of activated
TS-1 T cells, as determined by Tth cell surface marker ex-
pression and also resulted in markedly diminished IL-4 pro-
duction by the activated TS-1 T cells (Fig. 3 ¢).

LAPCs promote Tfh differentiation of Ag-primed CD4+
T cells via ICOS stimulation in the dLNs of IAV-infected mice
To more directly examine the role LAPCs in anti-IAV Tth
differentiation in the LN microenvironment during infection,
ex vivo LN organ culture experiments were conducted.
LAPCs were originally identified as a novel APC population
migrating from infected lung tissue into the dLN relatively
late after i.n. IAV infection with the relatively attenuated
mouse adapted A/WSN/33 AV strain. To confirm the lung
origin of LAPCs in the dLN and to establish the kinetics of
LAPC migration and accumulation in the dLN after infection,
we undertook infection experiments with the more virulent
mouse adapted A/PR/8 IAV strain. The data revealed that
few LAPCs were found in the dLN at 5 dpi with A/PR/8
IAV strain. LAPC accumulation was detected in the dLN
from 6 dpi (Fig. 4 a). In parallel, FITC-dextran was delivered
by the i.n. route to A/PR/8-infected mice at 5 dpi. 24 h later,
LAPC:s within the dLN were analyzed for FITC-dextran uptake
and expression of the influenza nucleocapsid (NP) protein.
As shown in Fig. 4 a, a low but significant fraction (~15%)
of LAPCs detected in the dLN of infected mice 24 h after
FITC-dextran administration (i.e., 6 dpi) were FITC'NP*,
consistent with the concept that the LAPCs had taken up viral
antigen within the infected lungs and migrated to the dLNs
over this 24-h time period. Both our previous (Yoo et al.,
2010b) and current studies (Fig. 1 a and Fig. 4 a) suggest that
significant LAPC migration out of the infected lungs and ac-
cumulation into the dLN starts between 5 and 6 dpi with IAV.
Based on late LAPC migration into the dLN, we rea-
soned that dLNs excised at 5 dpi, that is before LAPC mi-
gration out of the IAV-infected lungs, maintained ex vivo
in culture for 24 h, would contain few if any LAPCs and
not support Tth differentiation. In contrast, inclusion of
activated LAPCs to the dLN cultures would support Tth
differentiation (Fig. 4 b). Moreover, to further confirm the
importance of ICOSL stimulation in LAPC-mediated Tth
differentiation, sorted 8 dpi LAPCs were pretreated with
either isotype control Abs (Rat IgG) or aICOSL-blocking
mAbs before i.v. transfer into mice. dLNs excised at 5 dpi
and maintained in culture for 24 h before analysis con-
tained few LAPCs and minimally supported Tth differenti-
ation compared with dLNs excised at 6 dpi and analyzed
directly ex vivo (Fig. 4 ¢). In contrast, after i.v. transfer of
LAPCs at 3 dpi and excision of the dLN at 5 dpi, both isotype

24 h after co-culture, Tfh differentiation (PD-1, CXCR5, and Bcl-6) and related cytokine production (IL-4 and IL-21) were examined in the TS-1 (Thy1.1+CD4+)
population. Data are representative of at least two independent experiments are shown as means + SEM Considered a significant difference at

* P < 0.05. (e) C57BL/6 mice (n = 6) were infected i.n. with a sublethal dose (0.05 LD50) of A/PR/8 virus. At 8 dpi, IL-4 production from Tfh cells
(Thy1.2+CD4*PD-1+CXCR5* or Thy1.2*CD4*CXCR5*Bcl-6*) was examined in the dLN by FACS analysis. The percentage of Tfh phenotypic cells, gated on
IL-4+ CD4 T cells (Thy1.2*CD4+IL-4+), was also evaluated. Representative images from two independent experiments are shown.
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control Ab—treated and alCOSL-blocking mAb treated
LAPCs were readily detected in the excised dLN after 24 h
culture. However, there was restoration of Tth differentiation
only in the dLNs isolated from the mice that received con-
trol Ab—treated LAPCs (Fig. 4 c). It is noteworthy that the
frequencies of B cells and DCs, as well as cellular prolifera-
tion (determined by Ki-67" expression) were comparable
between cultured dLN (Fig. 4 d, D5+1, ev) and in vivo
isolated dLN (Fig. 4 d, D5+1, 1iv).

LAPC migration into the dLN is CXCR3 dependent

Our ecarlier reported gene expression profiling of LAPCs
revealed that the gene encoding the chemokine receptor
CXCR3 (rather than CCR7) was prominently expressed
(Yoo et al., 2010b). In A/WSN/33 virus infection, LAPCs
isolated from lung, but not dLN, expressed CXCR3 on their
surface (Yoo et al., 2010b). We verified that after A/PR/8
infection CXCR3 was indeed expressed on the surface of
LAPC:s found in infected lungs (Fig. 5 a). This finding raised
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Figure 3. LAPCs promote IL-4* type-2 Tfh differentiation via ICOS-ICOSL-mediated interaction. (a) Sorted, in vivo Ag-primed 5 dpi TS-1 cells
were incubated with either live or y-irradiated (ir; 2,000 rads) 8 dpi LAPCs, which were isolated from the dLN of A/PR/8 virus-infected mice (n = 8).

An aliquot of 5 dpi TS-1 cells were incubated with 8 dpi LAPCs, separated by a membrane (tw, transwell), according to the transwell protocol described in
Materials and methods. Data are representative of at least two independent experiments are shown as means + SEM. (b) ICOS and ICOSL expression were
determined by FACS analysis on 5 dpi TS-1T cells (Thy1.1*CD4*) and 8 dpi LAPCs (mPDCA1+CD11¢~B220~TcRB ™), respectively. Data are representative of
three independent experiments are shown. (c) To examine the molecular mechanisms involved in LAPC-mediated Tfh differentiation, 5 dpi TS-1T cells
were incubated with 8 dpi LAPCs, in the presence or absence of the indicated concentrations of ICOSL-blocking mAbs (HK5.3). At 24 h after incubation,
the extent of Tfh differentiation (PD-1 and CXCR5) and related cytokine production (IL-4) were examined in the TS-1 (Thy1.1*CD4+*) population. Data are
representative of at least two independent experiments are shown as means + SEM. *, P < 0.05.
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the possibility that migration of LAPCs from infected lungs
to the dLN might be regulated by a chemotactic stimulus
mediated through CXCR3. Accordingly, we checked for
expression of the cognate ligand for CXCR3, Cxcl9. Time
course studies revealed that expression of Cxc/9 is maximal
in the dLN at 8 dpi, i.e., coincident with the time period of
optimal LAPC migration to the dLN, and that LN-resident
DCs and, to a lesser extent, macrophages were likely the
primary sources of this chemokine in the lung dLN (Fig. 5 b).

To more directly assess the contribution of CXCR3 in the
migration of LAPCs from infected lungs to the dLN, we next
evaluated the migration of LAPCs after i.n. FITC-dextran
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administration and uptake by LAPCs in influenza-infected
CXCR3-deficient and -sufficient (WT) mice. Although the
absolute number of LAPC:s in the infected lungs was not af-
fected (not depicted), CXCR3 deficiency resulted in a marked
decrease in accumulation of migratory LAPCs in the dLN at
6 dpi, also evident when LAPC accumulation was evaluated at
8 dpi (Fig. 5, ¢ and d). Notable, CXCR3 deficiency did not
have a substantial effect on the numbers of cells representative
of other cell types present in either the infected lungs or dLN,
when evaluated at 3 and 8 dpi (unpublished data).

The aforementioned results suggest that signaling through
the CXCR3 may play a prominent role in the migration of

a c D5+1 dLN
PR8 dLN: detecting NP*FITC* LAPCs ) ev ev
@ \ DS dLN iv ev  +LAPC(Rat IgG)+LAPC(aICOSL)
T % e '

FITC-Dex or PBS (i.n.)

D6

v LAPCs “ “
TS-1.g 4.7%|’ 4% | " ' T 5.4Y
; : G Pl T . Ao 5.4%| u . 5.4%
mPDCA-1 S hm i e .
D6 dLN LAPCs PD-1 >
PBS control FITC-Dex
- 6 -
NP+ ° _
S
migratory g; 4 4
£ 9
LAPCs =8
Q3 2
E Q
g8
0 ] ev ev g ] ev ev
v ev LAPC LAPC v evAPC LAPC
(Rat1gG) (oICOSL) (Rat IgG) (oICOSL)
D5 5
D5+1 D5+1
b d Ki-67* cells B cells DCs
D1 1 1 5 -
*TS- = n=3 — n=3 n=3
Thy1.1* TS-1 - . . cﬁ 4 - °:°, 80 - § 4 -
\4 In vivo (iv) g 5 =
4 - =} -
b o, DO D3 D5 A dN ¢ £ 60 23
y1. D5+1 = = i =
BALB/c ! 5 & 40 527
exvivo (ev) § s 20 s 1
+D8-LAPCs dLN culture & f &
(Rat IgG or . 0- 0—=
lCOSL) Isotype V&V v ev v ev
(,;or]tfol D5+1 D5+1 D5+1
staining

Figure 4. LAPCs modulate anti-lIAV Tfh differentiation via ICOS stimulation in ex vivo LN organ culture. (a) To examine LAPC migration from
lungs into dLN, an in vivo migration assay was performed as described in Materials and methods. LAPC (mPDCA1+CD11¢~B220~TcRB ™) accumulation in
the dLN was examined at 5 and 6 dpi by FACS analysis. 24 h after FITC-dextran treatment (6 dpi), cells were harvested from the dLNs (n = 12) and were
stained for IAV-NP protein (intra-cellular). The percentage of FITC* NP+ cells in the LAPC population was examined by FACS analysis. Representative images of
two independent experiments are shown. (b-d) Thy1.1+ TS-1 T cells were transferred into Thy 1.2+ WT mice as described in Materials and methods. The TS-1

T cell recipient mice (n = 30) were infected with A/PR/8 influenza 24 h later. At 3 dpi, groups of IAV-infected mice (n = 12) were inoculated i.v. with day 8
LAPCs (5 x 10° cells/mouse), isolated from the dLNs of A/PR/8 virus-infected BALB/c mice and pretreated with either rat IgG control Ab or «lCOSL-blocking
mAb (100 pg/ml). Intact dLNs (mediastinal LNs) from IAV-infected mice were excised on 5 dpi. The intact dLNs were cultured for 24 h in hyperoxy cham-
bers, as described in Materials and methods, and then analyzed by FACS analysis for the presence of LAPCs (PDCA1+CD11¢~B220-TcRB~) and TS-1 Tfh
cells (Thy1.1*CD4*PD-1+CXCR5*; ¢), and Ki-67+ cells (Ki-67+), B cells (B220*TcRB ), and DCs (CD11¢*TcRB~; d). Data are representative of at least two
independent experiments are shown as means + SEM. *, P < 0.05.
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Figure 5. LAPC migration into the dLNs

is CXCR3 dependent. (a) LAPCs (mPDCA1+CD11c™
B220~TcRB~) cell surface CXCR3 expression was
examined by FACS analysis, using cells isolated
from IAV-infected lungs (n = 12) on 3 and 6 dpi.
Representative images of three independent
experiments are shown. (b) At the indicated dpi, Cxc/9
gene expression was determined by gPCR, either in
total dLN cells (n = 24) or in each of the indicated cell
populations isolated from the dLN of IAV-infected
mice (n = 6). Representative data of two independent
experiments are shown. To determine whether
CXCR3-CXCL9 interactions are involved in LAPC
migration into the dLN, an in vivo migration assay
was performed using Cxcr3~/~ mice. (c) Both WT
(n=9) and Cxcr3~/~ mice (n = 9) were infected with
IAV, and then FITC-dextran was administered i.n. on

5 dpi. 24 h later, cells were isolated from the dLNs
and the extent of migratory LAPCs was determined
by FACS analysis. Numbers indicate the percentage of
FITC* cells within the LAPC population. The absolute
cell number of FITC* LAPCs in the dLN was also
determined and is shown as mean + SEM. Represen-
tative data of two independent experiments are
shown. (d) Both WT (n = 12) and Cxcr37/~ (n = 12)
mice were infected with IAV. At 8 dpi the accumulation
of LAPCs (mPDCA1+CD11¢~B220~TcRB ) in the dLN
was examined by FACS analysis. Representative data
of at least three independent experiments are shown.
(e) Mixed BM chimera containing WT and Cxcr3~/~ BM
ata 1:1 ratio were generated as described in Materials
and methods. At 8 wk after reconstitution, mice

(n = 6) were infected with A/PR/8 virus. At 8 dpi, the
ratio between WT and Cxcr3~/~ LAPCs (mPDCA1*
CD11c¢~B220~TcRB~) was determined in the dLNs

by FACS analysis. Representative images and data

of at least two independent experiments are

shown. *, P < 0.05.

with a 1:1 mixture of BM from CD45
congenic CD45.17Cxer3*/* and CD45.2%
Cxer3 =/~ mice. 8 wk after the successful BM
reconstitution, mice were infected with
A/PR/8 virus and 8 dpi the abundance of
WT (CD45.1%) and Cxa3~/~ (CD45.2%)
LAPC:s in the dLN were determined (Fig. 5 e).
Notably, although BM reconstitution of WT
and Cxcr37/~ cells was comparable, as moni-
tored by PBMC frequencies and total CD45"
cells in the dLN, at 8 dpi, WT LAPCs
were three times more abundant than their
Cxcr3™/~ counterparts. The accumulation of
other immune cell types (i.e., B/T lympho-
cytes and DCs) in the dLN after infection
was not affected by CXCR3 deficiency (un-
published data). Collectively, these results
suggest that the chemotactic stimulus pro-

vided by CXCR3-CXCL9Y interactions is an important con-
tributor, but not necessarily the sole contributor, to LAPC
migration from infected lungs into the dLNG.
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LAPCs promote Tfh differentiation and GC B cell

responses during in vivo IAV infection

Given the evidence that LAPCs function as regulators of Tth
differentiation in the dLN after IAV infection, we evaluated
the Tth response and GC B cell generation at 8 dpi in WT
and CXCR3-deficient mice, along with CXCR3-deficient
mice that received either purified (FACS-sorted) WT LAPCs
(mPDCA1*CD11¢"B220"TcRB7), DCs (CD11c¢*TcRB ™),
or B cells (B220"CD19"CD11c¢™) isolated from the dLNs
at 8 dpi (Fig. 6 a). As depicted in Fig. 6 b, CXCR3-deficient
mice exhibited a significant (~40%) reduction in both the
frequency and absolute number of Tth cells (Fig. 6 b) compared
with infected WT mice. Concomitant with the diminished Tth
response, the generation of GC B cells was correspondingly
reduced (Fig. 6 ¢). As noted in relation to Fig. 5, CXCR3
deficiency did not affect the total accumulation of CD4*

T cells, B cells, and DCs in the dLNs of these mice at 8 dpi,
which were comparable to that of infected WT mice (unpub-
lished data). Moreover, B/T lymphocyte chimeric CXCR3
KO mice, which were reconstituted with WT B/T lymphocytes
after depletion of recipient KO lymphocytes with depleting
mAbs, showed comparable levels of Tth accumulation in
their dLN to that of nonchimeric CXCR3 KO mice at
8 dpi (unpublished data). Together, these data suggest that the
defect in Tth differentiation in IAV-infected CXCR3 KO
mice may not be caused by the CXCR3 deficiency on other
cell types, including lymphocytes and DCs. Of particular note,
adoptive transfer of LAPCs into CXCR3-deficient infected
mice not only reversed the deficit in Tth T cells and GC
B cells, but dramatically increased the numbers of these cells
above the levels in the dLNs of infected WT mice (Fig. 6,
b and c¢). Interestingly, adoptive transfer of B cells but not
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Figure 6. LAPCs promote both Tfh differentiation and GC B cell responses in IAV infection in vivo. (a) Both WT (n = 9) and Cxcr3~/~ mice

(n = 24) were infected with A/PR/8 virus. On 2 dpi, groups of IAV-infected Cxcr3~/~ mice (n = 18) were inoculated i.v. with 8 dpi LAPCs (mPDCA1+CD11¢~
B220~TcRB~), DCs (CD11c*TeRB ™), or B cells (B220*CD19+CD11c~; 5 x 10° cells/mouse), isolated from the dLNs of different A/PR/8 virus-infected

B6 mice. 8 dpi, both Tfh (PD-1+*CXCR5*CD4+Thy1.2+; b) and GC B cells (B220*Fas*GL-7+; c) responses were examined in the dLNs by FACS analysis and
were compared between each group of mice. Representative images and data of three independent experiments are shown. The absolute cell numbers

of Tfh and GC B cells in the dLN are also shown as mean + SEM. Considered a significant difference at * (compared with WT ) and ** (compared with

Cxcr3~1=,K0), P < 0.05.

JEM Vol. 209, No. 10

1861

920z Areniged 60 uo 1senb Aq 4pd'96zz1 L0z Wel/| 2821/ 1/£581/01/602/Pd-ajone/wal/Bio sseidny//:dpy wouy pepeojumoq



a BALF: anti-flu humoral response
/
PR8 (KO-only) Infectious viral titer

(( BV 4
DO D8
Cxcr3** or Cxcr3 -

A

D8-wt LAPCs
(low or high inoculum)

D8.BALF

05 -

0.4 -

0.3 -

IgM O.D. (450nm)

0.2 -

0.1 -

ddek
1 4 **

- wT(n=9)

—- Ko (n=6)
—A- Ko+LI (n=6)
—
——
-@-

KO+HI (n=6)
PBS
B/Lee

*kk

Total IgG O.D. (450nm)

Yo R PG R DL P>
N N
RS S Y
Fold dilution
D8.BALF

n=6

(¢}

PRS virus TCID,,
(x 109%)

0
o O
\e&o SN \?‘Q = \?‘QO
ACRGEIREN
\lso" \(\O
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DCs, harvested at 8 dpi from the dLNs, into infected
CXCR3-deficient recipients also restores Tth'T cells and GC
B cell responses in these mice to the levels observed in the
WT mice.

Effects of LAPCs on the humoral immune
response to IAV infection
Diminished LAPC migration out of infected lungs to the
dLNs in CXCR3-deficient mice was associated with a di-
minished antiinfluenza Tth response and reduced GC B cell
numbers in the dLNs. Because the LNs draining the respira-
tory tract are believed to be the predominant site for the ini-
tiation of humoral responses during primary IAV infection
(Waffarn and Baumgarth, 2011), we next examined whether
alterations in LAPC homing (and associated alterations in Tth
and GC responses) had an impact on the humoral response in
the lungs to IAV infection. We evaluated the antibody re-
sponses (by ELISA) at 8 dpi in the bronchoalveolar lavage
(BAL) of CXCR3-deficient and WT mice during primary
i.n. infection with A/PR/8 virus (Fig. 7 a). We found that
Cxcr3™/~ mice exhibited diminished IgM and IgG responses
to A/PR/8 in their lungs compared with WT mice (Fig. 7 b).
However, adoptive transfer of LAPCs restored the antiinflu-
enza humoral response in Cxcr3™/~ mice. Indeed, CXCR3-
deficient recipients of transferred LAPCs exhibited higher
IgG antibody levels in their BAL compared with infected
WT mice (Fig. 7 b). This augmentation of antibody responses
by adoptively transferred LAPCs was dependent on the in-
oculating dose of LAPCs transferred. This was particularly
evident in the case of IgG responses, where transfer of a larger
number of LAPCs (HI, 5 X 10° cells/mouse) into Cxcr3™/~
mice resulted in a greater increase in the IgG response than trans-
fer of a lower number of LAPCs (LI, 2.5 X 10° cells/mouse).
Finally, we assessed the effect of diminished LAPC mi-
gration on virus clearance at 8 dpi in infected WT and
CXCR3-deficient recipients. We found that CXCR3-
deficient recipients had a modest but still significant elevation
of pulmonary virus titer (= 4 X 10%) at 8 dpi compared with
WT animals (x 1.5 X 10% Fig. 7 ¢). Importantly, the transfer
of LAPC:s at 2 dpi resulted in dramatically enhanced infectious
virus clearance from the BAL of CXCR3-deficient recipi-
ents, with recipients of the higher LAPC inoculum dose dem-
onstrating more than a three log-fold reduction in pulmonary
virus titer (= 1 X 10%) compared with untreated CXCR3-
deficient animals (= 4 X 10%).

5 x 105 [HI] cells/mouse), i.v., isolated from the dLNs of different A/PR/8
virus-infected B6 mice. (b) Antiinfluenza Ab responses (IgM and total IgG)
and (c) infectious viral titers were determined in the BAL fluid (BALF) by
Ab-ELISA and TCIDg, assays, respectively, as described in Materials and
methods. Combined data of two independent experiments are shown as
means + SEM. Considered a significant difference at * (KO vs. WT),

* (KO vs. KO+ LI LAPC) and ** (KO vs. KO + HI LAPC), P < 0.05.
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DISCUSSION

Because they were first identified in human tonsils (Breitfeld
et al.,, 2000; Schaerli et al., 2000; Kim et al., 2001), Tth
T cells (defined as PD-1"CXCR5"Bcl-6* CD4" T cells) have
been implicated as key regulators of the GC B cell response,
which in turn is important in pathogen clearance and is
essential in preventing repeat infections with many pathogens
(Graham and Braciale, 1997; Baumgarth et al., 2000; Vinuesa
et al., 2005; King et al., 2008, Crotty, 2011; Waffarn and
Baumgarth, 2011). GC B cell responses include BcR affinity
maturation and memory B cell formation (Crotty, 2011).
Tths control the GC B cell response via multiple molecular
mechanisms, including cytokine production (IL-4 and IL-21)
and the delivery of co-stimulatory signals (CD40L). The
process of Tth differentiation and its control are not fully
understood and multiple mechanisms have been invoked to
explain these processes (Crotty, 2011).

Initially, it was suggested that soluble factors, including
IL-6 and/or IL-21, are sufficient to drive Tth differentiation
from naive CD4" T cells both in vitro and in vivo (Nurieva
et al., 2008, 2009). It is unclear whether these soluble factors
can directly induce Tth differentiation from naive CD4*
T cells because in some studies these findings were not reca-
pitulated (Dienz et al., 2009; Eto et al., 2011). Nonetheless,
as previously reported (Nurieva et al., 2008; Vogelzang
et al., 2008; Eto et al., 2011), we do find that IAV-infected
IL-21Ra™/~ mice displayed a substantially reduced overall
Tth response in the dLN (unpublished data), suggesting that
IL-21 may play a role in modulating the induction or mainte-
nance of the Tth response during pulmonary IAV infection.

Based largely on observations using B cell-deficient mice
(MT), it has been suggested that B cells are key regulators
of Tth differentiation (Haynes et al., 2007; Johnston et al.,
2009; Zaretsky et al., 2009). Although these results would
strongly argue for a role of B cells in the induction of
the Tth response, surprisingly, in our hands neither total
B cells (B220*CD19*CD11c¢™) nor activated B cells (B220*
CD19*CD697CD11c¢™) isolated from the dLN of [AV-
infected mice efficiently induce Tth differentiation by
Ag-primed CD4" T cells (Fig. 2 b). A similar inability of
in vivo—isolated, Ag-presenting activated B cells to induce
Tfh differentiation from naive CD4*% T cells in vitro, in
co-culture experiments, has been reported (Pelletier et al.,
2010). However, we have observed that similar to LAPC
adoptive transfer, the adoptive transfer of IAV-activated B cells
also results in an increase in Tth cells in the dLN (Fig. 6 b),
despite their inability to drive Tth differentiation in vitro. The
enhanced Tth response after transfer of IAV-activated B cells
may reflect the ability of B cells to sustain a developing Tth
response, but could also reflect the capacity of B cells gener-
ated during respiratory virus infection to also drive Tth dif-
ferentiation in the environment of the inflamed dLNN.

After systemic infection with LCMV, Tth differentiation
is observed early after infection, i.e., ~2 dpi, presumably dur-
ing the initial phase of CD4* T cell induction by DCs (Choi
et al.,, 2011). Adoptive transfer of in vitro—activated splenic
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DCs pulsed with a high concentration of antigen into naive
mice also induces Tth differentiation in vivo. In this model, as
supported by other studies (Baumjohann et al., 2011; Kerfoot
etal., 2011; Kitano et al., 2011), the differentiation of anti-
gen-activated CD4* T cells into Bcl-6"CXCR5* Tth cells
(rather than Blimp1*T-bet* TH1 effector T cells) occurred
early after initial cell division and was dependent on IL-2Ra
(CD25) expression. However, in the ex vivo co-culture analy-
sis of Tth differentiation used here, we found that DCs
isolated from the dLN of IAV-infected mice 3 dpi could
induce T-bet* TH1 but not Bcl-6* Tth differentiation from
naive CD4" T cells (unpublished data). It is also noteworthy
that CD4" T cells isolated from the dLN of IAV-infected
mice 5 dpi, which had completed up to 8 or 9 rounds of
cell division, did not yet display the Tth phenotype (Fig. 1 ¢).
Co-culture of these antigen-activated CD4* T cells with acti-
vated DCs isolated from the dLN of the IAV-infected mice
on 8 dpi triggered only a modest increase in Tth cell numbers
ex vivo (Fig. 2 b). In addition, adoptive transfer of in vivo
IAV-activated dLN DCs into IAV-infected recipients did not
enhance Tth accumulation in the recipient mice (Fig. 6 b).
These data suggest that the process of Tth differentiation and
the cell types regulating this process may differ between sys-
temic viral infections e.g., LCMV and viral infections initi-
ated at mucosal surfaces, such as a IAV infection in the lungs.

In pulmonary IAV infection, the kinetics of Tth T cell
generation/accumulation are slower than that reported for
systemic infection in the LCMV model (Choi et al., 2011);
we could detect Tth cells in the dLN from 6 dpi (Fig. 1).
These kinetic differences most likely represent differences
caused by the inoculating virus dose, the route of infection,
and the rate of virus replication. The kinetics of Tth accumu-
lation in the dLNs correlated with LAPC migration into the
dLNs (Fig. 1). Both our ex vivo and in vivo analyses suggest
that in pulmonary IAV infection, LAPCs promote Tth differ-
entiation of Ag-primed CD4" T cells (Figs. 2, 4, and 6). In
this regard, it is noteworthy that the induction of potent
humoral responses to IAV in the mouse model is reported to be
dependent not on the presence of CD11c* cells, but rather on
the response of mMPDCA-17" cells (GeurtsvanKessel et al., 2008).
Although the authors reported that mPDCA-1"CD11cl
pDCs were implicated in the control of the humoral response
to IAV infection, LAPCs are also mPDCA-1* (and CD11c¢7),
making LAPCs an attractive alternative mPDCA-1" candi-
date regulator of Tth-dependent antibody production. More-
over, we have observed that IL-21Ro™/~ mice, which exhibit
a defective Tth response (Nurieva et al., 2008; Vogelzang
et al., 2008; Eto et al., 2011), also exhibit significantly im-
paired migration of LAPCs from the IAV-infected lungs into
the dLNs, compared with WT mice (unpublished data). The
underlying mechanisms linking impaired LAPC migration
and a defective Tth response to IL-21R signaling are the sub-
ject of our ongoing investigations.

LAPCs have previously been shown to stimulate IAV-
specific TH2 effector T cell (GATA-3"IL-4") differentiation
(Yoo et al., 2010a,b). More than 75% of IL-4* CD4" T cells
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in the dLNs of [AV-infected mice on 8 dpi also exhibited
the characteristic phenotype of Tth cells (PD-1*CXCR5%;
Fig. 2 e). This result was not unexpected, as the majority
of IL-4—producing CD4" T cells in the dLNs responding
to helminth infection also display a Tth phenotype (PD-1*
CXCR5* Bel-6"IL-21%; King and Mohrs, 2009; Zaretsky
et al., 2009), findings that are consistent with the view that
TH2 and Tth effector T cells may be phenotypically similar,
if not overlapping T cell subsets. We also found that although
the encounter of activated, IAV-specific CD4* T cells with
LAPC:s resulting in Tth cell differentiation did not require
recognition of specific antigen by the activated CD4* T cells,
efficient production of IL-4 by the Tth cells required antigen-
specific (cognate) interactions between the activated CD4*
T cells and LAPCs (Fig. 2, b and ¢). The significance of this
differential requirement for specific antigen display by LAPC
to stimulate the expression of phenotypic markers character-
istic of Tth differentiation and the capacity of Tth cells to
produce IL-4, is not yet clear. However, IL-4 is a critical cy-
tokine produced by Tth cells, required to support GC B cell
responses (Yusuf et al., 2010; Crotty, 2011). Perhaps, cognate
antigen recognition by the differentiating Tth cells i.e.,
engagement of the TcR, is essential to complete the
formation of fully functional Tth cells capable of optimal
effector functions relevant for B cell responses.

‘We found that cell-cell contact was crucial for LAPC-me-
diated type-2 Tth differentiation (Fig. 3 a). This finding in part
reflects the need for ICOS-ICOSL interactions between the
T cells and the LAPCs, as blockade of this interaction in both
ex vivo LAPC-T cell co-cultures and ex vivo dLN cultures by
blocking antibodies markedly diminished the differentiation
of activated CD4" T cells into Tth cells (Fig. 3, b and ¢, and
Fig. 4 ¢). It is noteworthy that both DCs and B cells in the IAV
dLNs express levels of ICOSL on their surface that are compa-
rable to levels expressed by LAPCs (unpublished data). How-
ever, these cells could not induce Tth differentiation as
efficiently as LAPCs (Fig. 2 b). Therefore, even though ICOS—
ICOSL interactions are necessary for Tth differentiation, one
or more additional factors, presumably cell surface molecules,
contribute to the enhanced ability of LAPCs to support Tth
differentiation. We have examined the role of PDL1, which is
expressed by IAV activated LAPCs (PDL2 expression was not
detected on LAPC), in regulating LAPC-mediated Tth differ-
entiation ex vivo by blocking Ab treatment (10F.9G2). How-
ever, we find that blockade of PD-1-PDL1 interactions in
LAPC-T cell co-cultures has no effect on LAPC-mediated
Tth differentiation (unpublished data).

We demonstrated that [AV-infected Cxcr3™/~ mice exhibit
diminished LAPC migration into the dLNs (Fig. 5), impli-
cating this chemokine receptor in regulation of the LAPC
migration from the infected lungs into the dLN. Reduced
LAPC migration was associated with a corresponding dimin-
ished Tth response and reduced antiinfluenza humoral re-
sponses (Fig. 6). The reduced A/PR/8 virus-specific humoral
(IgM and IgG) response associated with diminished LAPC
migration directly affected infectious viral titers in the lungs
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of A/PR/8 virus-infected mice (Fig. 7, b and c). Adoptive
transfer of A/PR/8 virus infection—sensitized dLN LAPCs into
A/PR/8 virus—infected Cxcr3™/~ recipient mice enhanced the
humoral antibody response and augmented IAV clearance from
infected lungs. However, the effects of an enhanced humoral
response on viral clearance in IAV-infected mice can vary based
on viral strains and the genetic background of the mice
(Topham et al., 1996; Brown et al., 2006; GeurtsvanKessel
et al., 2008; Sundararajan et al., 2012). As shown here (Fig. 7),
generally in A/PR /8 virus infection the host humoral response
is crucial to control viral replication: viral titers in the lungs
show an inverse correlation with the extent of the host hu-
moral response (Brown et al., 2006). However, in some other
IAV strains, the host humoral response does not seem to be
crucial for viral clearance (Topham et al., 1996; GeurtsvanKessel
et al., 2008). Certainly, in our previous studies using A/WSN/33
virus and WT B6 mice, even though LAPC adoptive transfer
augmented the host humoral response, this did not lead to ac-
celerated viral clearance in the lungs of recipient mice (Yoo
et al., 2010b). Rather, LAPC transfer induced slightly delayed
viral clearance in the recipient mice (twofold increase in viral
titer) with enhanced type 2 immunity in the lungs of recipient
mice, which correlates with our earlier observation that in
A/JAPAN/57-infected mice, enhanced type 2 immunity can
lead to delayed viral clearance in the lungs (Graham et al., 1994).
Recently, Sundararajan et al. (2012) have suggested that, in IAV
infection, the differences in viral strains and the genetic back-
grounds of the mice lead to different outcomes in host
immune responses, which ultimately can lead to different
outcomes in viral clearance. Therefore, it is not altogether
unexpected that in our studies using different viral strains
(A/PR/8 vs. A/WSN/33) and genetic backgrounds (WT vs.
CXCR3 KO) we observe different outcomes.

In conclusion, the findings in this paper suggest that a novel
APC type, LAPC, which migrates from the virus-infected
respiratory tract to the dLIN, may play a critical role in regu-
lating the differentiation of Ag-primed CD4* T cells into Tth
cells. Because of the late migration of LAPCs from the in-
fected respiratory tract to the site of CD4* T cell activation and
differentiation, LAPCs may be uniquely positioned to moni-
tor the extent of microbial replication in the respiratory tract
after the initial induction of T cell responses by DCs in
the dLN and thereby regulate the balance between tissue mi-
grating TH1 effector CD4" T cell and antibody-supporting
CD4" Tth differentiation.

MATERIALS AND METHODS

Mice and infections. C57BL/6 and BALB/c mice were purchased from
Taconic or The Jackson Laboratory. Cxcr3™/~ mice were provided by
D. Mullins (University of Virginia, Charlottesville, VA) and CD45.1* mice
were provided by K. Tung (University of Virginia, Charlottesville, VA).
TS-1 mice were bred in house. All mice were housed in a specific pathogen—
free environment and all mouse experiments were performed in accordance
with protocols approved by the University of Virginia Animal Care and Use
Committee. For virus infection, mice were infected i.n. with a sublethal
dose (0.05 LDs) of influenza strain A/PR/8/34 or X31 in serum-free
Iscove’s medium, after anesthesia with ketamine and xylazine.
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Quantitative RT-PCR. dLN cell suspensions were prepared as previously
described (Yoo et al., 2010a,b). Specific cell types were isolated by FACS
(Reflection HAPS 2) to examine Cuxcl9 expression. mRINA isolation, reverse
transcription, and real-time PCR were performed as previously described
(Sun et al., 2009). Data were generated with the comparative threshold cycle
method, by normalizing to hypoxanthine phosphoribosyltransferase (Hprf). The
sequences of primers used in the studies are available on request.

BM chimeras. To generate mixed BM chimeras containing WT and
Cxcr3™/~ BMin a 1:1 ratio, we lethally irradiated (1,100 rads) CD45.2* WT
mice and reconstituted the irradiated mice with CD45.1" WT BM (2 X 10°
cells) mixed with CD45.2" Cxcr37/~ BM (2 X 10° cells). After 8 wk, the
reconstitution efficiency was determined by FACS analysis, and the successfully
reconstituted mice (reconstituted almost for 1:1 ratio in periphery) were
then infected with A/PR/8 IAV.

TS-1 T cell transfer and infection. For TS-1 T cell transfer into Thy1.2*
WT mice, cells were isolated from Thy-1.1" TS-1 LNs. A total of 5 X 10°
LN cells were then transferred into Thy-1.2* mice by i.v. injection. The
recipient mice were infected with A/PR/8 influenza 24 h later. At 5 dpi,
in vivo virus—activated TS-1 cells were isolated by FACS and used for
ex vivo co-culture experiments.

Cell sorting. For ex vivo co-culture experiments and adoptive transfer
experiments, recipients of transferred TS-1 T cells or control, WT mice
were infected with A/PR/8 influenza. Different cell populations from
the dLN were sorted by FACS (Reflection HAPS 2) based on the follo-
wing markers at either 5 or 8 dpi: TS-1 cells, Thy1.1*CD4*; B cells,
B220"CD19*CD11c¢™; activated B cells, B220"CD197*CD69"CD11c¢™;
DCs, CD11¢*TcRB; LAPCs, mPDCA1"CD11¢"B220" TcRB . For Cxcl9
qPCR, each indicated cell population was sorted from the dLN of IAV-
infected WT mice based on the following markers at either 6 or 8 dpi: CD4
T cells, Thy1.2*CD4*; CD8 T cells, Thy1.2*CD8a*; B cells, B220*CD19%;
NK cells, NK1.1*Thy1.2~; DCs, CD11c*Thy1.2"; Md, F4.80*.

Antibodies and FACS analysis. All antibodies were purchased from BD
or eBioscience (unless otherwise stated): CD4 (L3T4), CD8«a (53-6.7),
CD11b (M1/70), CD11c (HL3), CD45.1 (A20), CD45.2 (104), CD90.1
(HIS51), CDY0.2 (30-H12), CD19 (MB19-1), B220/CD45R (RA3-6B2),
CD6Y (H1.2F3), NK1.1 (PK136), F4/80 (BMS), TCRB (H57-597), IL-4
(11B11), IL-21 (FFA21), Bcl6 (GI191E), CXCRS5 (2G8), PD-1 (RMP1-30),
ICOS (7E.17GY), ICOSL (HKS5.3), Fas (Jo2), and GL-7 (GL7). A FITC-
conjugated mAb to mPDCA-1 (JF05-1C2.4.1) was purchased from Miltenyi
Biotec. A CXCR3-specific mAb was obtained from both R&D Systems
(220803) and BioLegend (CXCR3-173). Flow cytometry was performed on
FACS-Canto with optimal compensation set for six-color staining. The data
were analyzed using Flow]Jo software (Tree Star).

In vivo migration assay. Mice were anesthetized as described above and
infected by i.n. instillation with 50 pl PBS containing 0.05 LDs, A/PR/8
IAV. At 5 dpi, mice received 50 pl of either PBS (negative control) or
FITC-dextran (40 kD, 1 mg/ml) by i.n. instillation. At 24 or 72 h after treat-
ment, mice were sacrificed and cells were collected from the dLN. FACS
analysis was performed to examine the percent population of FITC* cells
gating on LAPCs (mPDCA-1"CD11¢~B220" TCRf").

Transwell cultures. To examine whether soluble factors are critical for
LAPC-mediated Tth differentiation, transwell experiments were performed.
In brief, FACS-sorted day 5 TS-1 cells were added into the lower chamber
of a 96-well transwell plate (5 X 10* cells/well) and FACS-sorted 8 dpi
LAPCs were introduced into the upper chamber (2.5 X 10* cells/well),
which was separated with a 0.4-um pore membrane (Costar; Corning). All
experiments were performed in duplicate. After 24 h, TS-1 cells in the lower
chamber were harvested, stained for IL-4, CXCRS5, and PD-1 expression,
and then examined by FACS analysis.
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Adoptive transfer of IAV-activated LAPCs. Mice were infected
with 0.05 LDs, of A/PR/8 virus. On 8 dpi, mice were sacrificed and
[AV-activated LAPCs were harvested from the dLNs by FACS. Sorted
LAPCs in 200 pl of sterile PBS (or PBS buffer alone) were injected into
A/PR/8 virus—infected (0.05 LD5,) Cxcr3™/~ mice on 2 dpi (low inocu-
lum LAPC: 2.5 X 10° cells/mouse; high inoculum LAPC: 5 X 10° cells/
mouse) by the i.v. route.

IAV-specific antibody ELISA. BAL fluid was collected from IAV—
infected mice on 8 dpi by intratracheal instillation of 500 pl of sterile PBS,
and antiinfluenza antibody responses in the BAL fluid were measured by
ELISA. In brief, 96-well plates were coated overnight at room temperature
with 50 pl of either A/PR/8 or B/Lee influenza virus. The plates were
washed twice with PBS supplemented with 0.05% Tween-20 (PBST) and
incubated with 50 ul of 2% BSA in PBST for 1 h at room temperature.
After washing the plates with PBST, 50 pl of diluted BAL fluid was
added to each well and incubated for 2 h at room temperature. Bound
antibodies were detected by the incubation of horseradish peroxidase—
conjugated anti-mouse IgM (1:10,000; SouthernBiotech) or total IgG
(1:10,000; SouthernBiotech) antibodies. After 1 h, the plates were washed
with PBST, and 100 pl of 3,3",5,5"-tetramethylbenzidine (TMB) substrate
solution (Sigma-Aldrich) was added into each well and incubated for an
additional 30 min. The enzyme reaction was stopped by adding 100 pl
of 2N H,SO, and OD values were determined at 450 nm using a plate
reader (Bio-TEK).

Virus titration. We monitored lung viral titers via endpoint dilution assay and
expressed titers as a 50% tissue culture infective dose (TCIDs). In brief, Madin-
Darby canine kidney cells (American Type Culture Collection) were seeded in
individual wells of 96-well tissue culture plates and the resultant monolayers of
cells were infected with 10-fold serial dilutions of BAL fluid from IAV—infected
mice in 2% trypsin supplemented serum-free IMDM media. After 4 d of in-
cubation, culture medium was harvested and mixed with an equal volume of 1%
chicken RBCs (University of Virginia Veterinary Facilities). Hemagglutination
patterns were recorded, and TCIDj, values calculated.

Ex vivo LN organ culture. Thyl.1* TS-1 T cells were transferred into
Thy1.2* WT mice by i.v. inoculation into the tail vein. The TS-1 recipient
mice were infected i.n. with a sublethal dose of IAV (A/PR/8, 0.05 LD5)
24 h later. On 3 dpi, groups of mice received i.v. inoculation with either
isotype control (Rat IgG) Ab-pretreated or alCOSL-blocking mAb-
pretreated (100 pg/ml) activated LAPCs (5X10° cells/mouse; excess Abs
were removed by washing with PBS twice before LAPC transfer). Intact
dLNs from IAV-infected mice were excised at 5 dpi. The intact dLNs were
placed in complete DMEM media, cultured under hyperoxic conditions
(modular incubator chamber filled with 100% oxygen; Billups-Rothenberg)
for 24 h, and then analyzed for the presence of LAPCs and Tth cells by
FACS analysis.

Statistical analysis. Unless otherwise noted, an unpaired two-tailed Stu-
dent’s ¢ test was used to compare two treatment groups. Groups larger than
two were analyzed with one-way ANOVA (Tukey’s post-test). These statistical
analyses were performed using Prism3 software (for Macintosh; GraphPad
Software, Inc.). Data are mean £ SEM.A P value of < 0.05 was considered to
be statistically significant.
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