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INTRODUCTION

Abstract

The chemokine receptor CXCR3 is expressed on immune cells to co-ordinate
lymphocyte activation and migration. CXCR3 binds three chemokine ligands,
CXCL9, CXCL10 and CXCL11. These ligands display distinct expression
patterns and ligand signaling biases; however, how each ligand functions
individually and collaboratively is incompletely understood. CXCL9 and
CXCL10 are considered pro-inflammatory chemokines during viral infection,
while CXCL11 may induce a tolerizing state. The investigation of the individual
role of CXCL11 in vivo has been hampered as C57BL/6 mice carry several
mutations that result in a null allele. Here, CRISPR/Cas9 was used to correct
these mutations on a C57BL/6 background. It was validated that CXCL11"!
mice expressed CXCL11 protein in dendritic cells, spleen and lung. CXCL11¥!
mice were largely phenotypically indistinguishable from C57BL/6 mice, both at
steady-state and during two models of viral infection. While CXCLI1
expression did not modify acute antiviral responses, this study provides a new
tool to understand the role of CXCL11 in other experimental settings.

the differentiation of CD8" short-lived effector and CD4"
helper type 1 (Thl) T cells.*® Following differentiation

Chemokines and their G-protein-coupled receptors play
multiple roles in immune homeostasis, inflammation,
tumor growth and metastasis, making them promising
drug targets in a wide range of diseases.' The chemokine
superfamily is complex, with most chemokine receptors
activated by more than one ligand and many chemokines
engaging multiple receptors. Details of ligand hierarchy,
signal bias and redundancy are missing for most
chemokine receptors. CXCR3 is a pro-inflammatory
chemokine receptor that is expressed by subpopulations
CD8" and CD4" T cells, regulatory T cells, B cells and
NK cells, among others.?? During viral infection, CXCR3
is upregulated on antigen-experienced T cells to promote
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in lymphoid organs, CXCR3 drives migration of these
activated cells to the site of inflammation.”'" CXCR3
binds three interferon (IFN)-inducible ligands CXCL9,
CXCL10 and CXCL11, that are located on the
chromosome 4q21 and share ~40% homology.">'* Each
CXCR3 ligand gene displays distinct regulatory elements
to regulate their expression via Type I and II IFN
stimulation.>”>  Furthermore, each induces individual
receptor binding and signaling cascades where CXCL9
and CXCLI10 preferentially stimulate G-protein and
B-arrestin cascades, while CXCLI1 promotes robust
calcium flux and receptor desensitization.™'*'>"'®* While
this suggests CXCR3 ligands may enact distinct roles,
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how each ligand individually contributes during infection
is incompletely understood.

Multiple studies show that CXCR3 ligands can directly
or indirectly influence CD4" and CD8' T cell fate
decisions.**'”!”  During dynamic immune responses,
memory and newly activated T cells migrate into distinct
lymphoid niches.® This migration is directed by either
CXCL9, CXCL10 or through the collaboration of both
ligands.***** Further, CXCR3 promotes the migration of
NK cells within lymphoid tissues, which can in turn
impact T cell differentiation.””> Although CXCLI11 binds
CXCR3 with the highest affinity and is expressed in
humans and in some mouse strains, the investigation of
CXCL11 biology has been hampered as C57BL/6 mice
contain several mutations resulting in a null CXCL11
allele.>'>!>1%2425 1n addition to CXCR3, CXCLI11 binds
the atypical chemokine receptor ACKR3 (previously
known as CXCR7). ACKR3 binds an additional ligand,
CXCL12 (SDF1la) which also binds CXCR4.25%

In contrast to the pro-inflammatory roles of CXCL9/
10, it has been proposed that CXCL11 may act to restrain
effector T cell differentiation and tumor growth and
metastasis.'">>** > The distinct signaling and expression
of CXCL11, the individual functions ascribed to CXCL9
and CXCL10, combined with the lack of tools to guide
CXCL11 research, have led to longstanding questions on
the role of CXCL11 in the context of inflammation and
cancer. Here CRISPR/Cas9 technology was used to
correct the mutations found in C57BL/6 mice, to allow
us to definitively test the role of CXCLI11 during viral
infection. CXCL11¥" mice were shown to be largely
phenotypically indistinguishable from C57BL/6 mice that
lack CXCL11 expression, both during steady-state and
during two viral infection models. This study establishes
that CXCL9 and CXCL10 are the dominant CXCR3
chemokine ligands in the context of viral infection and
establishes a validated in vivo model to study unexplored
roles of CXCLI1.

RESULTS

Generation and validation of a CXCL11 mouse on a
C56BL/6 background

CXCL11 binds both CXCR3 and ACKR3 and shares these
receptors with CXCL9, CXCL10 and CXCL12 (Figure 1la).
Understanding the specific roles of CXCLI1 has been
limited as the inbred strain that is most commonly used in
biomedical research, C57BL/6 mice, contain mutations that
introduce a premature stop codon in the CXCL11 coding
region, resulting in a null allele (Figure 1b).>*> To better
understand the function of CXCL11 in vivo, we generated
the CXCL11"' strain using CRISPR/Cas9 technology to
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restore CXCL11 expression on a C57BL/6 background
(Figure 1c and Methods). To validate CXCL11¥ mice, we
differentiated steady-state dendritic cell (DC) populations
in vitro from CXCL11*' and CXCL11®® bone marrow
precursors. Cultures were stimulated with TLR ligands
IMQ, R848 or CpG, which have been shown to induce
CXCL9 and CXCL10.”> DC culture supernatant was
analyzed for CXCLI11 expression by ELISA (Figure 1d).
This confirmed that CXCL11 was produced exclusively by
CXCL11™ DC populations in an expected manner.

Steady-state CXCL11*" mice display minor alterations
in B and T cell populations and CXCR3 receptor
expression

To characterize CXCLI11*' mice, we first analyzed the
populations of B and conventional CD8" and CD4" T
cells in the spleens of adult animals. A small but
consistent decrease in the frequency of B220" cells and a
reciprocal increase in CD8" T cells was observed in
CXCL11M mice (Figure 2a, b). However, this resulted in
only a minor increase in the total number of splenic
CD8" T cells, with no significant differences found in
B220" or conventional CD4" T cell numbers (Figure 2b).
Previous studies have demonstrated that, unlike CXCL9
and CXCL10, the production of CXCL11 may induce a
tolerizing state.'” However, we found that the frequency
and number of FoxP3'CD4" T regulatory cells were
comparable in CXCL11*" and control mice (Figure 2c,
d). We next investigated the level of steady-state
activation and the expression of CXCR3 (Figure 2e). We
found the frequency of CXCR3 was reproducibly lower in
conventional CD4" (FoxP3") T cells, while this was not
observed in other populations, such as B cells, CD8" and
T regulatory cells (Figure 2f). As CXCL11 binds CXCR3
with the highest affinity and leads to increased receptor
internalization, it is possible that this decreased frequency
of CXCR3 in CXCLI1*' conventional CD4" cells was a
result of increased ligand explression.lz’ls’18 However,
within the CXCR3'CD4" T cell population, the mean
fluorescence of CXCR3 detection was comparable in
CXCLI11® and CXCL11"® animals, suggesting a different
mechanism for the observed difference in the frequency
of CXCR3 expression. Combined, this work demonstrates
that CXCL11X" and litter mate control CXCL11®® mice
are largely alike in their adaptive immune compartments
without infection.

Effector and memory T cell differentiation is intact in
CXCL11*" mice following viral infection

The CXCR3 ligands expressed in C57BL/6 mice display
distinct roles for the positioning of T cells following
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Figure 1. CXCL11' mice generated by CRISPR/Cas9 technology
contain nontruncated CXCL11 sequence and express CXCL11 protein.
(a) Scheme of receptor-ligand interactions of CXCL11 and related
chemokines. (b) Alignment of WT (strain SV129) and C57BL/6
CXCL11 gene sequences. Start codon (blue) and allele variation (red)
mice resulting in a silent mutation at amino acid 12 and a frameshift
mutation from amino acid 13 leading to the absence of the CXCL11
protein. (c) PCR genotyping gel of CXCL11%¢ or CXCL11' DNA with
CXCL11%" and CXCL11%8 primers. C indicates known C57BL/6 allele
DNA. (d) CXCL11 protein production in CXCL118 and CXCL11%' DC
cultures stimulated for 5 h with IMQ, R848, or CpG, determined by
ELISA. Data are representative of two independent experiments of 4
mice per group. Data are median and minimum and maximum data
points.

acute lymphocytic choriomeningitis virus (LCMYV)
challenge. Specifically, during primary or recall challenge,
CXCL9 and CXCL10 can act independently to promote T
cell relocation for CD8' effector populations.**' We
therefore used the acute LCMV system to determine the
role for CXCLI11 in T cell differentiation towards effector
and memory populations. We first confirmed that

CXCL11 expression is induced following infection. This
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identified high CXCL11 expression in splenic protein
extracts from CXCLI11®' mice 4 days post LCMV
infection (Figure 3a). In comparison, the levels of
CXCLI11 in the serum were considerably lower and no
CXCLI1 protein was detected in CXCLI1®® mice
(Figure 3b). As the expression of CXCL9 and CXCL10
within lymphoid organs is upregulated prior to their
influence on T cell effector function being detected, we
evaluated the role of CXCL11 protein production within
the spleen D8 following LCMV infection.®*' At this time,
CXCL11"" and CXCL11®* mice displayed similar
frequencies and total cell numbers of splenic polyclonal
short-lived effector (CD44 KLRG1"CD62L") and memory
precursor (CD44 " KLRG1 CD62L") populations
(Figure 3c—e). To compare this response within T cells of
known antigen specificity, we used an MHC I tetramer to
detect GP33-specific and NP396-specific cells (Figure 3f,
g). We found both GP33- and NP-396-specific CD8" T
cells expanded and formed effector and memory
populations that were indistinguishable between
CXCL11*" and CXCL11"° mice (Figure 3h-j and data not
shown). Similar to CD8" T cells, CD4" T cells also rely
on CXCR3 for the formation of effector Thl cells.*
However, we found no significant role for in vivo
CXCLI11 expression in either the polyclonal or antigen-
specific differentiation (detected by MHC II tetramers
specific for GP66) of Thl (CD44'Ly6C'CDI162") cells
in C57BL/6 mice following LCMV challenge (Figure 3k-
q). Combined, this work indicates that unlike CXCL9
and CXCL10, CXCL11 expression does not overtly
alter effector T cell differentiation following LCMV
infection.

Germinal center responses are unaffected by CXCL11
expression during LCMV challenge

In addition to the well-established role for CXCR3 in
directing T cell effector function and location, CXCR3
and the expression of its key transcriptional regulator, T-
bet, can also influence the formation and function of T
follicular helper (Tfh) and germinal center (GC) B
cells.* ¢ Further, as CXCLI11 links CXCR3 and CXCR4
chemokine families through binding ACKR3, we reasoned
that expression of CXCL11 may influence GC B cell
responses by modulating CXCL12 and CXCR4
signaling **?%***1%7  We  therefore investigated the
contribution of CXCL11 to the formation of Tth and GC
B cells and immunoglobulin isotype switching following
viral infection. We found no role for CXCL1l in
polyclonal or GP66 antigen-specific differentiation of Tth
(CD44 Ly6C CD162"CXCR5'CD279") cells D8 following
LCMV infection (Figure 4a—e). Following infection, the
number of splenic B cells was comparable between
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Figure 2. Steady-state CXCL11 expression results in minor alteration in B and T cell populations and CXCR3 receptor expression in vivo.
CXCL1188 and cxcL11¥ splenocytes were harvested at steady-state from uninfected adult mice. (a) Representative plots and (b) frequency and
total numbers of B220" B cells, conventional (conv, CD4"FoxP3~™) CD4" T cells, and CD8" T cells from CXCL118 or CXCL11 splenocytes. (c)
Representative plots and (d) frequency and total numbers of Teq (CD4A FoxP3") in CXCL1188 or CXCL11X' mice. (e) Representative plots and (f)
frequency of CXCR3" expression in B220" B cells, CD8" T cells, conv CD4" T cells, and regulatory T cells (Treg) in CXCL115¢ or CXCL11Y' mice.
Data are representative of three independent experiments of 3-5 mice per group. Data are mean + s.e.m.

CXCL11*" and CXCL11"® mice (Figure 4f). Similarly, the
formation of GC B (B220°CD381IgD'CD95") cells was
intact in CXCL11*" animals (Figure 4g—i). During viral
infections, T-bet acts in a cell-type specific manner to
steer heavy chain usage away from IgGl and towards
IgG2a/c usage in CXCL11"® (wildtype C57BL/6) mice.”®
Recently, this process has been shown to occur in a T-bet
directed niche, which promotes T-B cell interactions in a
CXCR3-dependent manner.”® Both CXCL9 and CXCL10
have been shown to be expressed near the T-B border

and within the B cell follicle of draining lymph
nodes.***** We found this process was not further
influenced by CXCLI1 expression, as similar surface
levels of IgG1 and IgG2a/c isotypes were present on GC B
cells in CXCL11"" and CXCL11®® mice following LCMV
infection (Figure 4j-1). Collectively, with the data
presented above (Figures 3 and 4), these studies
demonstrate that adaptive immune responses are not
impacted by CXCL11 expression in response to LCMV
infection.
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Figure 3. Lymphocytic choriomeningitis virus (LCMV) infected CXCL11" mice display intact effector and memory T cell differentiation. (a, b)
CXCL11 protein in (a) spleen tissue lysates and (b) serum from CXCL11% and CXCL11' mice 4 days following LCMV infection. Data are
median, minimum and maximum of 5 mice per group. (c—q) Splenocytes were analyzed from CXCL11%6 and CXCL11%' mice D8 following LCMV
infection. (c) Representative plots and (d) frequency and (e) total numbers of CD8" effector (CD44"KLRG17CD62L™) and memory precursor
(CD44"KLRG17CD62L") in CXCL11% and CXCL11X cells. (f) Representative plots of GP33 tetramer'CD44" cells and (g) total numbers of GP33
and NP396 tetramer 'CD44" cells. (h) Representative plots and (i,j) total numbers of effector (CD44"KLRG1°CD62L™) and memory precursor
(CD44"KLRG1-CD62L") in (i) GP33 and (j) NP396 tetramer CD44™ CD8" cells. (k) Representative plots and (I) frequency and (m) total numbers
of CD4* Th1 (CD44°CD162*Ly6C*) in CXCL118¢ and CXCL11¥' cells. (n) Representative plots and (o) total numbers of GP66 tetramer*CD44*
cells. (p) Representative plots and (q) total numbers of CD4" Th1 (CD44*CD162*Ly6C") in GP66 tetramer'CD44" cells. Data are representative of
three independent experiments of 3-5 mice per group. Data are mean + s.e.m.

Intact T cell responses following influenza infection

Distinct viral infections can perturb the adaptive immune
response in a pathogen-specific manner. We and others

have

demonstrated

that LCMV

induces

a highly

inflammatory environment within secondary lymphoid
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tissues, which impacts the transcriptional regulators that
underpin T cell differentiation.’®*' Critically, LCMV
infection induces high levels of both CXCL9 and
CXCL10.**"  We reasoned that the overwhelming
inflammation which occurs during LCMV infection may
lead to compensation between CXCR3 ligands and result
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Figure 4. Lymphocytic choriomeningitis virus (LCMV) infected CXCL11%' mice exhibit an intact germinal center response. Splenocytes were
analyzed from CXCL1 188 and CXCL11% mice D8 following LCMV infection. (a) Representative plots and (b) frequency and (c) total numbers of
CD4" Tfh (CD44'CD162 Ly6C"CD279"CXCR5") in CXCL11%¢ and CXCL11Y cells. (d) Representative plots and (e) total numbers of Tfh
(CD447CD162"Ly6CCD279"CXCR5™) GP66 tetramer'CD44™ cells. (f) Total numbers of B220™ B cells in CXCL11%¢ and CXCL11%' mice. (g)
Representative plots, (h) frequency and (i) total numbers of GC B cells (82207IgD~CD95"). (j) Representative plots, (k) frequency and (I) total
numbers of IgG1* and IgG2a/c” GC B cells in CXCL115¢ and CXCL11. Data are representative of three independent experiments of 3-5 mice

per group. Data are mean + s.e.m.

in a setting where the independent role of CXCLI1 is
obscured. We next sought to investigate the role of
CXCL11 in C57BL/6 mice using a viral infection model
that did not directly infect lymphoid tissue and therefore
causes less inflammation within secondary lymphoid
organs.”® Consistent with this hypothesis, CXCL11 was
expressed in the spleen of CXCL11¥' mice intranasally
with influenza (X31 strain), albeit at a
concentration than that observed post LCMV (Figures 5a
and 3a). Similar to what we observed during LCMV
infection, on D8 of influenza infection the differentiation
of splenic CD8" effector and memory formation for the
individual NP366 antigen-specific

lower

polyclonal and

populations was not statistically different between
CXCL11¥ and CXCL11% mice (Figure 5b, ¢). This was
matched when investigating the polyclonal and NP311
antigen-specific CD4" T cell differentiation towards both
Thl and Tth cells (Figure 5d, e). Further, we found no
significant role for CXCL11 expression in the
differentiation of GC B cells, or IgG1 and IgG2a/c isotype
usage on GC B cells during influenza infection (Figure 5f,
g). Consistent with this, GC structures formed in spleens
following influenza infection were indistinguishable
between CXCL11¥' and CXCL11®® animals (Figure 5h).
As CXCLI1 had an insignificant role on the
differentiation of T and B cells, we questioned whether a
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j=1) CXCL118 and CXCL11N mice were analyzed D8 following influenza infection. (b, ¢) Total numbers of splenic CD8" effector
(CD44"KLRG17CD62L7) and memory precursor (CD44"KLRG1-CD62L") (b) polyclonal and (c) NP366 tetramer” cells in CXCL118¢ and CXCL11¢
mice. (d, e) Total numbers of splenic CD4" Th1 (CD44"CD162 Ly6C") and Tfh (CD44"CD162Ly6C CD279"CXCR5") (d) polyclonal and (e) NP311
tetramer™ cells in CXCL118 and CXCL11%' mice. (f) Total numbers of splenic GC B cells (B220"1gD"CD95") and (g) total numbers of IgG1* and
lgG2a/ct GC B cells in CXCL118¢ and CXCL11X. (h) Representative confocal micrographs of splenic GCs D8 of CXCL118¢ and CXCL11X mice
stained with IgD (magenta, follicle), GL7 (cyan, GC structure) and CD35 (yellow, follicular dendritic cell stain). The scale bar represents 200 pum.
(i) CXCL11 protein expression in lung tissue lysates from CXCL11%¢ and CXCL11% mice 4 days following influenza infection. Data are median,
minimum and maximum of 5 mice per group. (j) Representative plots and (k) frequency of B220" B cells, CD4" and CD8" T cells, and NKp46*
NK cells in CD45" cells infiltrating the lung parenchyma of CXCL118¢ and CXCL11<. (I) Representative immunohistochemistry staining of lung
tissue sections CXCL118¢ and CXCL11" mice. The scale bar represents 500 pm. Data are representative of three independent experiments of 3-5
mice per group. Data are mean =+ s.e.m.

distinct role could be elucidated by assessing the cellular led to the recruitment of activated T cells into the lung.”
migration to an inflamed peripheral site. Previously, in a The use of influenza provided a system where CXCL11
non-infectious setting, intratracheal delivery of CXCLI1 protein was expressed in the lung in CXCL11%, ensuring
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that a role for CXCL11-directed migration to the lung
could be assessed directly (Figure 5i). The frequencies of
B220*, CD4%, CD8" and NK cells were determined in
perfused lungs D8 following influenza infection. Although
CXCR3 has previously been shown to impact lung T cell
migration, we saw no difference in the ratios of immune
cells within the lung parenchyma between CXCL11*' and
CXCL11"° mice (Figure 5j, k). Similarly, comparable lung
histology was observed between CXCLI1 expressing and
C57BL/6  animals  (Figure 51). Therefore, CXCLI1
expression seemed not to make an important
contribution to the differentiation, function or migration
of immune cells following influenza infection.

DISCUSSION

Despite validating the expression of CXCL11 in DCs,
spleen and lung tissue from CXCL11"' animals, we
showed no independent role for CXCL11 in two distinct
viral infection models on a C57BL/6 background. Given
the importance of CXCR3 in orchestrating immune cell
differentiation, function and migration, identifying a null
phenotype in CXCL11-expressing C57BL/6 mice is
surprising but answers a longstanding question for a
major inflammatory system. Previous work has
demonstrated distinct roles for both CXCL9 and CXCL10

d.3,4,8,21 In

using individual knockouts for each ligan
contrast, this study demonstrated an unappreciated level
of redundancy between the CXCR3 ligands, such that the
addition of CXCL11 on the C57BL/6 background did not
demonstrate variation in adaptive responses against two
viral infection models. These results contrast with
previous studies that suggest that the differential
expression of functional CXCL11 between mouse strains
may account for distinct susceptibility to infectious
pathogens.>® Further, given that the antiviral responses of
CXCL11™ mice were parallel to those observed in litter
mate controls, we failed to reveal any evidence of
increased T «cell suppressor function, as has been
indicated with CXCL11-Fc treatments.'”” This distinction
potentially reflects differences in the level of CXCLI11
gene expression due to the genomic modification
performed here, rather than higher concentrations that
may be achieved with CXCL11-Fc treatment.

Importantly, the established knockout lines for CXCL9
and CXCLI10 carry passenger mutations derived from the
129 embryonic stem cells used in their generation.*> **
Thus, the generation of CXCLI1®' mice provides an
appropriate control line for these widely used lines.
Further, our observation that steady-state immune
development and responses are largely
unaffected by the physiological expression of CXCLI1 is
consistent with work that has directly compared CXCL9

antiviral
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and CXCL10 knockout animals and observed distinct
roles.*®'” Further work is needed to establish whether
CXCLI11 has a discernible function during viral infection
in the absence of both CXCL9 and CXCL10.

As the induction and role of CXCR3 is context-
dependent, there are likely to be other experimental
settings in which an independent role for CXCLI1
expression may be found. The new, validated animal
model described herein, will be important to assess
experimentally the role of CXCL1l and cross-talk
between CXCR4 and ACKR3 in these settings.’””> Of
particular interest will be the investigation of cancer types
in which CXCL11 over-expression correlates with tumor
progression.*> Further, investigation of gain-of-function
CXCR4 mutations on a CXCL11*" background may more
reliably phenocopy the rare immunodeficiency, WHIM
syndrome, as this new model more fully recapitulates the
complexity of the human chemokine system.*®

METHODS

Mice and viral infections

Mice were maintained on a C57BL/6 background in specific-
pathogen-free conditions. Animal experiments were performed
in accordance with the WEHI animal ethics committee. The
CXCL11® mice were generated by the WEHI MAGEC
laboratory on a C57BL/6] background. To generate CXCL11X!
mice, 20 ng pL™' of Cas9 mRNA, 10 ng uL~" of sgRNA and
40 ng uL™" of the oligo donor (Supplementary table 1) were
injected into the cytoplasm of fertilized one-cell stage embryos
generated from wild-type C57BL/6] breeders. Twenty-four
hours later, two-cell stage embryos were transferred into the
uteri of pseudo-pregnant female mice. Viable offspring were
genotyped by next-generation sequencing. Targeted animals
were backcrossed twice to wild-type C57BL/6] to eliminate
off-target mutations. To genotype, DNA was amplified for 34
cycles using specific primers (Supplementary table 2).
Littermates matched for gender and age (6-10 weeks of age)
were used as controls in this study. Mice were infected
intravenously with 3 x 10> PFU LCMV Armstrong or
intranasally with 1 x 10* PFU influenza virus strain HKx31
(H3N2). For influenza-infected mice, the animals were
perfused with PBS to clear circulating lymphocytes prior to
analysis.

CXCL11 ELISA on DC supernatants and tissue lysates

Flt3-ligand DCs were generated as described previously.”
Briefly, bone marrow was flushed and washed in RPMI1640
3% fetal calf serum (FCS), through a FCS underlay. Red cells
were removed, and the cells were washed twice through a
FCS underlay. The cells were cultured at 1.5 x 10° cells
mL™" in specific DC-media (KDS RPMI, 2-ME, 10% FBS)
containing 200 ng mL~' recombinant Flt3-ligand (BioXCell,
Lebanon, NH, USA) for D8 at 37°C in 10% CO,. Flt3-ligand
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DCs were resuspended in cultured DC-media at a
concentration of 5 x 10> cells mL™" and cultured alone or
with 1 ug mL™"' IMQ, R848 or CpG (InVivoGen, San Diego,
CA, USA) for 5h at 37°C in 10% CO,. The spleens and
lungs were harvested from 4-day infected mice and snap
frozen on dry ice. The tissue was weighed, cut and digested
with 10 uL mg™" DISC lysis buffer (20 mM Tris-HCl pH 7.5,
150 mM NaCl, 2 mM EDTA, 1% TritonX-100, 10% glycerol,
H,0, protease inhibitor cocktail tablet: Roche, Basel,
Switzerland). The tissue was lysed with TissueLyser85300
(Qiagen, Hilden, Germany) and the supernatant was collected
between the pellet and fat layers following a 20 000 g 15 min
spin. Supernatant from cultures, protein lysates, and serum
were loaded onto a CXCL11 ELISA kit. A mouse I-TAC/
CXCL11 ELISA kit (Sigma-Aldrich, St Louis, MO, USA) was
used as per the manufacturer’s instructions with culture
supernatant incubated 2 h at room temperature (RT) or
overnight at 4°C. The plates were washed four times and
incubated with biotinylated detection antibody for 1 h at RT
with gentle shaking. The plates were washed four times and
incubated with streptavidin-HRP for 45 min at RT with
gentle shaking. The plates were washed four times and
incubated with TMB one-step substrate reagent in the dark
for 30 min to develop. Stop solution was added and the
absorbance at 450 nm was read using a plate reader (BMG
Labtech, Ortenberg, Germany).

Cell preparation and flow cytometry

The tissues were mechanically dissociated to single cell
suspensions and enriched for CD4" or CD8" T cells as
described previously to enrich T cell lineages.”® Antibody-
bound cells were removed by negative selection using BioMag
Goat anti-Mouse/anti-Rat IgG beads (Qiagen). The enriched
cells were stained with tetramers to detect antigen-specific
LCMV (GPgs 77:1-AP, GP33: H-2D® and NPsoe:H-2D") and
influenza A (NP3, 3,5:1-A® and NP3 374 H-2DP) responses
respectively, that were obtained from NIH tetramer facility
and as a gift from J.J. Moon. The cells were stained using
indicated antibodies for 20 min at 4°C, followed by fixable
viability stain (a700, BD Biosciences, Franklin Lakes, NJ, USA)
for 10 min at 4°C, and intracellular proteins were detected
using a Foxp3 staining kit according to the manufacturer’s
protocol (BioLegend, San Diego, CA, USA). For T cell analysis:
anti-CD45 (clone 30-F11), anti-CD3 (clone 145-2Cl11), anti-
CD8a (clone 53-6.7), anti-KLRG1 (clone 2F1), anti-CD44
(clone IM7) anti-CD4 (clone GKI1.5), anti-CD162 (clone
2PH1), anti-Ly6C (clone HK1.4), anti-CD62L (clone MEL-14),
anti-CD279 (clone RMP1-30), anti-CXCR3 (clone CXCR3-
173), anti-CXCR5 (clone L138D7) and anti-FoxP3 (clone FJK-
16S) from BioLegend. For B cell analysis: anti-B220 (clone
RA3-6B2), anti-CD95 (clone JO2), anti-IgGl (clone X56),
IgG2a/b (clone R2-40) and anti-CD138 (clone 281-2) from BD
Biosciences, anti-CD38 (clone 90) from eBioscience (San
Diego, CA, USA) and anti-IgD (clone 1126¢) from WEHI
antibody facility. For NK cell analysis: Anti-NKp46 (clone
29A1.4) from BioLegend. Flow cytometry analysis was
performed on a BD LSRFortessa X-20 cell analyzer (BD
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Biosciences). Data analysis was performed with FlowJo
version.10 (FlowJo LLC, Ashland, OR, USA).

Immunofluorescence and confocal microscopy

The spleens were fixed in 4% paraformaldehyde and immersed
in 30% sucrose before being embedded in Tissue-Tek OCT
compound (Sakura Finetek, Torrance, CA, USA). The tissues
were cut via microtome (Leica Biosystems, Wetzlar, Germany)
into 20 pm sections onto Superfrost Plus slides. The sections
were blocked in PBS containing 0.1% Triton X-100 (Sigma-
Aldrich) and 10% donkey serum (Jackson ImmunoResearch,
West Grove, PA, USA) and stained with directly conjugated
anti-GL7 (clone GL7, 1/100), anti-IgD (clone 1126¢, 1/100)
from WEHI antibody facility and CD35 (clone 8Cl12, 1/100)
from BD Biosciences. The slides were washed in 0.1% Triton
X-100 PBS and the coverslips were mounted with Prolong
Diamond (ThermoFisher Scientific, Waltham, MA, USA).
Images were acquired using a LSM780 confocal microscope
using a 20x objective (ZEISS Microscopy, Jena, Germany).
The acquisition software was Zen Black 2012 (ZEISS
Microscopy).

Histology

The lungs were fixed in 10% formalin, paraffin embedded and
sectioned via microtome (Leica Biosystems) and H&E stained.
Images were acquired using 3DHistech scanning machine 20x
brightfield and 3Dhistech CaseViewer software (3DHISTECH,
Budapest, Hungary).

Statistical analysis

Graphs were generated using Prism 8 (GraphPad Software,
San Diego, CA, USA), and statistical significance was
determined by the unpaired two-tailed Student’s f-test. P-
values less than 0.05 were considered significant. All graphs
depict mean + s.e.m.
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