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Abstract

The roles of IL.-36y and CXCR6 in the immune response to respiratory viral infection
By Alexander Norwood Wein

The immune response to infection requires coordination between many cell types
for effective pathogen clearance. Cytokines and chemokines serve as secreted proteins
that recruit, activate, and regulate immune cells and have been described as the
language of the immune system. Just as the study of language can give insight into the
human experience and interactions, the study of cytokines and chemokines allows for a
better understanding of the immune system.

Influenza virus causes seasonal epidemics that kill 50,000 people in the US each
year and occasional pandemics that have killed as many as 100 million people. Many
complicated cases of influenza result from dysregulation of cytokine production leading
to an inappropriate and deleterious immune response. Defining the roles of individual
cytokines is key to understanding the sequelae of influenza infection.

IL-36y is an important cytokine in the immune response to influenza. It served to
promote survival of alveolar macrophages during influenza infection by skewing the
macrophages towards an M1 phenotype. The rapid loss of alveolar macrophages in
1136g~- mice led to increased viral titers, pathology, morbidity, and mortality and
transfer of WT alveolar macrophages rescued the I136g~- mice. Thus, IL-36y acts on
alveolar macrophages to enable their survival during respiratory viral infection,
decreasing viral replication and pathology.

Preexisitng immunity to influenza can prevent infection, lead to asymptomatic
infection, or decrease the severity of symptoms. Unlike neutralizing antibodies, resident
memory T cells (Trm) in the lung provide protection across strains of influenza and were
found to decrease disease severity during the 2009 H1iN1 pandemic. While the factors
that lead to the generation of lung Trum cells remain unknown, the chemokine receptor
CXCR6 serves to recruit antigen-specific T cells to the airways following respiratory viral
infection. CXCR6 is expressed by T cells in the lung and its ligand, CXCL16, is
expressed by the airway epithelium in mice and humans. Mice lacking CXCR6 or
CXCL16 have decreased airway Tru cells after influenza infection and Cxcr6~/- mice have
greater morbidity following secondary infection. The data show the importance of
CXCRG6 for trafficking of T cells to the airways.
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Chapter 1. Cytokines, Chemokines, and Influenza

Cytokines and Chemokines
The immune system consists of many different cell types that must be able to

communicate with each other to effectively initiate, regulate, and discontinue immune
responses to a variety of pathogens in any tissue of the body. Failure of any aspect of the
immune response can result in uncontrolled pathogen replication, local pathology,
systemic immune hyperactivation, or auto-immunity. All of these outcomes can lead to
death of the host. Cytokines are small, usually soluble proteins that signal in an
autocrine, paracrine, or endocrine fashion between cells of the immune system, but can
also act on non-hematopoietic cells (Haynes et al., 2015). Cytokines signal via binding
to a cell surface receptor that initiates an intracellular signaling cascade to regulate gene
expression via activation of transcription factors and modify protein function post-
transcriptionally via activation of kinases and phosphatases (Turner et al., 2014). These
signals can initiate intrinsic anti-pathogen defenses, recruit effector cells to areas of
inflammation, instruct effector cells in the type of pathogen to eradicate, promote
survival of activated cells, inhibit activated cells, and localize cells within the
microenvironment. Cytokines play such a dominant role in the immune response that
T-cell mediated immunity is divided into Th1, Th2, and Th17 responses based on the
types of cytokines produced. Cytokines are both pleiotropic and redundant, making
study of cytokine pathways difficult since knockout or inhibition of a single cytokine
may have multiple effects on several cell types or not show a phenotype at all. In all, the
network of cytokines and their respective receptors is a complicated web that remains

an active area of investigation.



Cytokines are an ancient part of the immune system: analogs of mammalian
cytokines have been reported in jawless vertebrates (Guo et al., 2009). Cytokines can be
divided into three main families based on structure: hematopoietin family, the TNF/IL-
1/PDGF/TGF family, and the chemokine family (Haynes et al., 2015). Others divide
cytokines based on structure and function, resulting in many more divisions, but this
dissertation will focus on the IL-1 family and chemokines. The IL-1 family consists of at
least 11 members and serves a mainly pro-inflammatory role (Turner et al., 2014).
Chemokines (chemotactic cytokines) are functionally and structurally distinct
cytokines that signal via G-protein coupled receptors and direct the movement of cells
up a gradient of the chemokine towards the site of production (Griffith et al., 2014). The
IL-1 family and specifically, IL-36, will be introduced first, followed by an introduction

to chemokines in general and the chemokine receptor CXCR6 in detail.

IL-1 family
The IL-1 family is large and consists of several functionally distinct members with

unique receptors (Turner et al., 2014). Many members serve to agonize the receptor and
activate its intracellular TIR domains, but a few IL-1 family members antagonize the
receptor and inhibit signaling. The evolutionary pressure driving the selection for both
activating and inhibitory proteins is clear given the need to quickly start and stop
immune responses based on the state of an infection.

IL-1 family members are produced by cells following activation of pattern
recognition receptors by endogenous or exogenous factors. Following translation, the
proteins are secreted from cells via one of several pathways and bind to their respective
receptors on the surface of target cells. However, many members of the family require

proteolytic cleavage of the protein for full biological activity (Turner et al., 2014). The



agonist/receptor complex then recruits a co-receptor, often IL-1RAcP, and there is
transphosphorylation of the intracellular TIR domains of the receptor and co-receptor.
This recruits MyD88 to the intracellular portion of the receptor via interaction of its TIR
domain with the TIR domain of the receptor. The IL-1R/MyD88 complex binds one of
several IRAK proteins that drive polyubiquitination of TRAF6, which then interacts with
TAK1, TAB1, and TAB2. This leads to signaling via MKK3/6 to activate JNK and p38 as
well as activation of IKK that phosphorylates IxBa, releasing the p65 and p50 subunits
of NF-«xB to enter the nucleus and act as a transcription factor (Turner et al., 2014). The
JNK, p38, and NF-kB pathways are canonical immune activation pathways that are key
for initiation of a successful immune response. In the presence of an antagonist, the
agonist is unable to bind the receptor and signaling is prevented. One group of recently
discovered and relatively understudied IL-1 family members are the IL-36 cytokines.

IL-36 Discovery and Characterization
The IL-36 family is a recently-described group of cytokines that share many

aspects of the IL-1 family, which is not surprising since they share a locus (in humans
2q14-21) and are thought to have arisen from gene duplications of a common ancestral
IL-1 precursor. There are three IL-36 agonist proteins designated IL-36a, IL-36[3, and
IL-36y, which bind to a common and unique receptor, aptly named IL-36R. The
agonist—bound receptor then recruits IL-1RAcP, which is also the coreceptor for IL-1R.
As with other IL-1 family members, the heterodimeric receptor complex cross
phosphorylates its intracellular TIR domains to activate the NF-xB and MAPK signaling
cascades. Binding of IL-36 receptor antagonist (IL-36Ra) to IL-36R blocks this
interaction.

Several members of the IL-36 family were first described in 2000, based on a



genome-wide search for IL-1 family members, which contain the consensus sequence

F(X; o — 1 2 JFXS(AVS)XX(PE)XX(FY)(LI)(CAS)(TC) (Smith et al., 2000).
The three genes identified were originally named FIL16 (IL36RN, the gene for IL-36Ra),
FILie (IL36A, the gene for 1L-360a.), and FIL1n (IL36B, the gene for IL-36p)!. The paper
performed sequence analysis of the genes, which showed that IL-36Ra was most similar
to IL-1Ra, while the other two proteins were most similar to themselves. This paper also
measured expression levels of the proteins in hematopoietic cells by gPCR of isolated
RNA. IL36RN was expressed by monocytes, dendritic cells, and B cells, but not T cells.
IL.36A was expressed by T cells, monocytes, and B cells, but not dendritic cells. IL36B
was found to be expressed in monocytes and B cells. The paper also characterized the
expression patterns in whole tissues by analysis of published EST databases or gqPCR.
IL36RN was expressed in immune tissues as well as other tissues such as the brain,
placenta, lung, prostate, and testis. The expression of IL36A and IL36B were much
more restricted to immune tissues such as the lymph node, spleen, tonsil and thymus.
However, expression of IL36B was noted in the placenta, lung, and testis. The paper
attempted to identify the receptor for the new proteins, but was unsuccessful.

Another report was published at the same time which identified IL36G (the gene
for IL-36y) as I1-1H1, IL36B as 11-1H2, and IL36RN as IL-1H3 (Kumar et al., 2000).
This paper showed that IL-36y protein production is induced by treatment of primary
human keratinocytes or A431 epithelial cells with TNF or IFNy, but the protein is
present only within the cells and not within conditioned media. IL.-36y was not induced

in mouse ears during UVB- or oxazolone-induced acute inflammation; however, chronic

1 For the review of the discovery of IL-36 family members, the name used in the paper will
be used once, and then the modern name will appear for the rest of the description.



oxazolone administration induced 713692 mRNA in keratinocytes. Interestingly, acute
oxazolone treatment drives a Th1 response while chronic treatment causes a Th2-type
inflammation. The authors concluded that IL-36y is important in a Th2 response, but
not a Th1 response, which is the opposite of modern thinking on the role of the cytokine
family. The paper also evaluated production of IL-36y during infection with HSV-1. IL-
36y protein was first detected by western blot on day 1 postinfection, before even the
detection of viral glycoproteins, and continued to rise until day 7 of infection. IHC
revealed that the major source of the protein was keratinocytes

A third report identified family members IL1RP2 (IL36G) and IL1RP3 (IL36RN)
(Busfield et al., 2000). IL36RN was expressed in the placenta and uterus by Northern
blot and IL36G was expressed in esophagus squamous epithelium, but only in deeper
layers. IL36RN was constitutively expressed by primary human keratinocytes and
I1.36G was rapidly induced following treatment with TNF, PMA, or cyclohexamide. This
paper also attempted to identify the receptor, but was unsuccessful.

One other short report characterized IL1L1 (IL36RN) (Barton et al., 2000). This
paper also found that the mRNA was expressed in the placenta, and identified
expression of the protein in the trophoblast cell line JEG-3. Northern blot showed the
mRNA in stimulated monocytes and BMDMs, but not lymphocytes, NK cells, or BMDCs.

The first report of the IL-36 receptor was in a Journal of Immunology article
from 2001 (Debets et al., 2001). This paper described IL16 (IL-36Ra) and IL-1e (IL-
36Y) serving to antagonize and agonize, respectively, a previously orphaned receptor IL-

1Rrp2 (IL-36R). This paper identified and characterized IL-36y and IL-36Ra in much

2 The homologs of IL364, IL36B, and IL36G in mice are officially named I11f6, I11f8, and 111f9,
respectively. However, for ease of understanding, the alternate names I136q, [136b, and
1136g will be used throughout this dissertation.



the same way as the other reports. However, this report tested the activity of IL-36y
and IL-36Ra to signal through orphaned relatives of IL-1 receptor in combination with
orphaned relatives of the IL-1 co-receptor, IL-1AcP. The various combinations of
receptors were transfected into Jurkat cells and it was found that IL-1R6 (IL-36R) was
the only protein that conferred responsiveness to IL.-36y over mock control, but no
protein provided responsiveness to IL.-36Ra. 11.-36Ra was then tested for its ability to
antagonize various IL-1 family receptors. IL-36Ra antagonized IL-1R at 1000-fold
molar excess to IL-1a while it could antagonize IL-36R at equimolar or lower
concentrations of IL-36y. This paper went on to report that IL36G, IL36RN, and IL36R

mRNA are upregulated in psoriatic skin as compared to skin from healthy controls.

IL.-36 Protein Regulation, Structure, and Signaling
The IL-1 superfamily of immune receptors is located on human chromosome 2.

IL.36 family members lie within a 300-kb locus flanked by IL1R and IL1RN, suggesting
that the genes arose from duplication of a common ancestor. IL36 family members
share 20-35 % sequence similarity to each other, which is approximately the same
degree of similarity between all IL-1 family members. Despite only moderate sequence
similarity, the IL-36R ligands are all expected to adopt the common 12-stranded, [3-
trefoil motif found in IL-1a and IL-1p (Smith et al., 2000).

This was recently confirmed in human IL-36y by X-ray crystallography (Gunther
and Sundberg, 2014). Binding of one of the three IL.-36 agonist proteins to the
receptor leads to recruitment of IL-1RAcP to form a signaling heterodimer. The crystal
structures of human IL-36y and IL-1RAcP as well as a IL-36R homology structure based
on IL-1R was used to model this interaction in silico. The 4/5 and (11/12 loops of IL-

36y are likely to interact with IL-1RAcP, allowing for recruitment of the co-receptor.



The greatest difference between I1L.-36y and IL-36Ra was in these two loops. IL-36Ra
has a longer 11/12, which is predicted to sterically hinder IL-1RAcP recruitment, and a
shorter 4/5 loop, which prevents interaction between IL-36Ra and II-1RAcP.
Construction of an IL-36y construct containing the 11/12 loop from IL-36Ra reduced
receptor affinity by 14-fold and biological activity by >1000 fold. A loop swapping
technique was used to examine which portions of IL-36y and IL-36Ra endow them with
agonist and antagonist activity. The f4/5 loop contributes only slightly to IL-1RAcP
recruitment, but may be important in IL-36R interaction. In addition, loop 8/9 is
expected to interact with IL-1RAcP. IL-36y has much smaller residues in this chain
than IL-36Ra and mutation of two sites within the 8/9 chain of IL-36Ra lead to
increased affinity for the receptor/co-receptor complex. Several differences in the
structure of IL-1 vs. IL-36 family members indicate that these two families bind their
receptor and recruit their co-receptor by different strategies. It is likely that IL-36
agonists also differ slightly from each other as a polar residue that is thought to be
important for recruitment of IL-1RAcP to the IL-36R/IL-36 complex is absent from IL-
36y, but present in IL-36Ra.

IL-36q, B3, and y all signal exclusively through IL-36R and not any other IL-1
family receptors. In addition, IL-1RAcP is the only IL-1 family co-receptor that is able to
allow signaling through IL-36R (Towne et al., 2004). When the two receptors form the
active heterodimer, their intracellular TIR domains interact to allow recruitment of
MyD88, IRAK4, TRAF6, and other signaling proteins. A recent report characterized IL-
36R signaling, endocytosis, and recycling in depth; however, its conclusions are difficult
to independently critique since many claims are backed by data not shown (Saha et al.,

2015). The authors found that knockdown of Myd88 or Tollip reduced IL-6 production



by cells stimulated with IL-36q, IL-36p, or IL-36y. Tollip co-localized with IL-36R at
baseline, but this increased 2-fold upon treatment with I1.-36y. Co-precipitation of
MyD88 or Tollip found that Tollip, but not MyD88 directly interacted with IL-36R.
They also found that treatment of cells with IL-36 agonists led to internalization of the
receptor complex, most likely into endosomes. Addition of the caveolae-mediated
endocytosis inhibitor methyl-B-cyclodextrin to cells incubated with IL-36 agonists did
not affect IL-6 production; however, chlorpromazine, an inhibitor of clathrin-mediated
endocytosis, specifically inhibited IL-6 production in response to IL-36. Clathrin and
IL-36R were found to colocalize within 10 minutes following IL-36y treatment.
Acidification of the endosome is not required for signaling as treatment of cells with
bafilomycin A1, ammonium chloride, or chloroquine did not affect IL-6 production in
response to IL-36y. IL-36R cycles through endosomes in the absence of agonists;
however, in the presence of agonists, IL-36R began to be trafficked to lysosomes within
5 minutes of treatment. Upon agonist treatment of cells knockdowned for Tollip, IL-
36R had reduced trafficking to lysosomes and increased presence in endosomes. The
half-life of IL-36R and IL-1RAcP were both approximately 8 hours regardless of the
presence of agonist, suggesting that trafficking of IL-36R to the lysosome does not lead
degradation of the protein.

Regulation of the expression of IL36 agonists is complex and not well
characterized; however, one recent paper found that I136a expression is controlled by
C/EBPf (Nerlich et al., 2015). Knockdown of Cebpb led to decreased expression of
I136a and rescue of Cebpb expression restored I136a expression. Characterization of the
I136a mRNA found that there are two different splice variants that differ in the inclusion

of exon 4, both of which were found to be produced by RAW264.7 and J774A.1



macrophages upon stimulation with LPS. The two splice variants also have different
expression levels in unstimulated cells, indicating differences in regulation at baseline.
Analysis of the ~1200 bp upstream of the TSS found that there are 5 CEBP binding sites,
2 NF-kB binding sites, and one half-CRE site. Sequential deletion of the 5 CEBP sites
led to a gradual, but moderate decrease in expression. Deletion of the proximal NF-«kB
site led to considerable decrease in expression of I136a upon stimulation, and deletion of
the distal NF-kB and half-CRE sites totally abolished expression of I136a. Using a
luciferase reporter, single mutation of CEBP sites did not significantly affect promoter
activity upon stimulation and deletion of all CEBP sites decreased activity by 32-34 %.
Deletion of the half-CRE or NF-kB sites singly or together led to marked decrease of
luciferase activity. In vitro supershift experiments found that C/EBP3 and C/EBPS, but
not C/EBPa, CREB-1, or ATF4 interacted with the half-CRE site in the I136a promoter.
Occupancy of the half-CRE site was 6.5-fold and 4-fold higher in LPS-treated RAW264.7
and primary BMDM cells, respectively.

The three agonist proteins have similar dose response curves to each other and
activate NF-kB, ERK, and JNK at similar concentrations. Originally, it was reported
that the ECs, values of IL-36 family members were 1000-fold higher than IL-1; however,
it was later reported that processing of the full-length proteins increased activity 1000-
fold. Recently, it was determined that IL-36a is cleaved by cathepsin G or elastase,
cathepsin G is able to activate IL-368, and IL-36y is processed by elastase and
proteinase 3 (Henry et al., 2016). IL-36 agonists lack leader sequences and are expected
to accumulate in the cytoplasm of cells prior to release. This was confirmed using
BMDMs transduced with a retrovirus that expressed I136a constitutively (Martin et al.,

2009). IL-36a was readily detected within cell lysates, but not in conditioned media.
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Stimulation with LPS or ATP individually did not cause externalization of IL-36a, but
sequential stimulation with LPS followed by ATP lead to release of the cytokine into the
media. The kinetics of the release of IL-36a were similar to the release of the non-
cytokine GFP expressed by the same vector. IL-36 proteins lack obvious caspase
cleavage sequences and inhibition of caspases by Ac-YVAD-CMK does not affect release
of the protein following LPS/ATP treatment. However, pharmacological inhibition of
the P2X; receptor, as well as culture in potassium-rich medium, prevented the release of

IL-36a.

Effects of I1L.-36 by Cell Type
Synovial Fibroblasts and Articular Chondrocytes. Treatment of human synovial

fibroblasts with IL-1f3 and/or TNF lead to increased I1L.36B mRNA expression by RT-
PCR, but IL.-36 protein was not detected in conditioned media by ELISA following 48
or 72 hours of stimulation by IL-1. Expression of IL36A is constitutive and does not
impact expression levels of IL36R. 1L-36a and IL-360 are able to induce IL6 and IL8
expression in human articular chondrocytes and synovial fibroblasts (Frey et al., 2013;
Magne et al., 2006). Expression of the receptor occurs at baseline in human articular
chondrocytes and synovial fibroblasts and is not induced by treatment with IL-1f3, IL-
36a, and/or TNF (Franzke et al., 2012; Magne et al., 2006).

Primary Human Bronchial epithelial cells. IL36G, but not IL36A or IL36B is one
of the 50 most upregulated genes following ex vivo exposure of primary human
bronchial epithelial cells to P. aeruginosa (Vos et al., 2005).

Jurkat cells. Treatment of Jurkat cells expressing IL-36R with IL-36a, IL-360, or
IL-36Y led to activation of JNK within 5 minutes of stimulation and reached a maximum

by 15 minutes (Towne et al., 2004). Signaling decreased from 30 to 60 minutes post-
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treatment, reaching baseline levels at one hour. This was a faster peak than IL-1, which
did not peak until 30 minutes after stimulation, but also decreased to baseline by one
hour after treatment. Also, IL-36 caused strong phosphorylation of p46 JNK but lower
levels of phosphorylation of the p52 isoform, whereas I1.-1 activates the two isoforms
equally, which raised the possibility of differential regulation of the IL-1R1 and IL-36R
TIR regions. Activation of ERK followed similar kinetics with 11.-36 leading to an earlier
peak than IL-1 and both returning to baseline by 1 hour after treatment.

Adipocytes. In human adipocytes differentiated from cells isolated from a
neonate with Simpson-Golabi-Behmel Syndrome and treated with TNF, IL36RN was
down regulated by both microarray and real time qPCR.

Neuronal Cells. Neurons do not express I1136r by qPCR, but astrocytes and
microglia were found to express high levels of I136r mRNA while immature
oligodendrocytes were found to express the receptor at low levels (Berglof et al., 2003).
Treatment of mixed glial cell cultures with LPS led to a time-dependent increase in 1/36r
over 1-6 hours post-treatment, which returned to baseline by 24 hours after exposure.
However, addition of IL-36y to mixed glial cell culture failed to induce IL-6 production
or activate ERK, JNK, p38, or NF-kB. Injection of IL-36y into the spinal columns of
mice did not result in elevated temperature or decreased appetite, which was seen with
injection of IL-1. Another study found I136b is expressed in mixed glia, neurons,
mature oligodendrocytes, and microglia with lower expression in astrocytes, and
treatment of glial cells with IL-36p in culture caused a modest, but not statistically
significant increase in I136b (Wang et al., 2005). Treatment of mixed or pure glial
cultures with IL-36[ did not cause MAPK activation, NF-xB activation, or IL-6/PGE2

expression, in accordance with the previous study.
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Normal Human Keratinocytes. Treatment of NHK cultures in vitro with IL-36q,
IL-360, or IL-36y led to significant increase in macrophage (CCL2/3/4/5/17/22), T cell
(CCL2/5/17/20/22), and neutrophil (CXCL1/8, CCL20) chemoattractants (Foster et al.,
2014). Administration of TNF, IL-1qa, and IL-17A, but not IL-22, led to expression of
IL36 family members in normal human keratinocytes (Johnston et al., 2011). IL-22 was
able to potentiate the ability of IL-17A to induce IL36 expression. None of these
treatments led to the secretion of IL-36 into the medium unless the cells were incubated
with ATP. 1L-36[ treatment of reconstituted human epithelium led to increased
expression of several antimicrobial peptides including defensin-f4, HBD-3, lipocalin-2,
serpinB1 and elafin. IL-36f and IL-36y were able to induce expression of matrix
metalloproteases 1/19 and 10/19, respectively, in RHE samples. Stimulation of primary
human keratinocytes with IL-36y, but not IL-12, IL-17C, or IL-23 led to increased
expression of mRNA for IL1b, IL8, CCL20, DEFB4A, S100A3, and S100A9 (Friedrich et
al., 2014). IL-36y also caused increased expression and release of IL-17C and IL-36y as
measured by mRNA and ELISA of conditioned media. IL-36y was also able to induce
TNF mRNA.

Mouse keratinocytes. Treatment of mouse keratinocytes with IL-36a led to a
dose-dependent increase in CXCL1 mRNA and protein levels (Milora et al., 2015).
Culture of keratinocytes with IL-1a or IL-1f3 induced I136a expression.

Osteoclasts. Treatment of human osteoclast precursors with either IL-36a, IL-
36Ra, or soluble IL-36R did not affect differentiation in vitro and IL-36R blockade does
not affect bone density during development in mice (Derer et al., 2014). Mature
osteoclasts may not express IL36R.

Microglia. Treatment of BV2 microglial cells with IL-36y induced the expression
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of Csf1, Il1b, IL1a, Irak3, Nos2, Tnf, Fas, and Cxcl2 (Bozoyan et al., 2015a).

PBMCs. An initial examination of the expression of 11367 on blood leukocytes
from mice revealed that monocytes and monocyte-derived DCs (mDCs), but not T cells
or neutrophils expressed I136r by qPCR (Foster et al., 2014). Positive results by gPCR
were confirmed with flow cytometric staining of isolated blood cells. Culture of mDCs
with PGE., IL-6, and IL-1 or IL-36 revealed a greater increase in CD86 expression over
cells cultured with PGE. and IL-6. Two more recent studies found that mouse CD4+ T
cells, CD8+* T cells, y6 T cells, and NK cells express I136r message, contradicting this
work (Tsurutani et al., 2015; Wang et al., 2015). CD8* T cells stimulated with
aCD3/CD28 increased in diameter in a dose-dependent manner to IL-36y. This effect
was greater in magnitude than TCR activation in the presence of IL.-2 and was additive
to either IL-2 or IL-12. Ex vivo stimulation of OT-I cells with IL-12 followed by gene
ChIP analysis showed increased I136r expression over controls (Tsurutani et al., 2015).
Adoptive transfer of OT-I cells followed by immunization with the cognate antigen led to
increased expression of I136r, but not I1r1, Il18r1, or Ilirap. Culture for 24 hours with
TCR activation and IL-36y induced IL-2 and IFNy expression dose-dependently and at
higher levels than TCR activation alone. IL-36y also made stimulated T cells proliferate
more as measured by CFSE dilution and increased the percentage of live cells after 72
hours of culture. These effects were mediated in part by IL-2 and MyD88. IL-36y was
able to increase the production of IFNy by CD8+ T cells upon secondary stimulation.
Culture of effector T cells with IL-36y alone did not lead to production of IFNy, and IL-
12 caused only limited production; however, IL-36y was able to potentiate the IFNy
response to IL-12 stimulation (Tsurutani et al., 2015; Wang et al., 2015). IL-36y/IL-2

treatment of T cells caused high levels of IFNy protein production as well as gene
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transcription at 4 hours following stimulation. Intracellular staining for IFNy
demonstrated that T cells were the source of the cytokine. This effect could also be
observed when effector OT-I cells were generated with WSN-Ova influenza. The effects
seen in CD8+ T cells also extend to y8 T cells. TCR stimulation in the presence of IL-36y
greatly increased the number of live cells and IFNy production at 72 hours. 1L-36y
alone did not increase NK cell survival or stimulate IFNy release, but did have an
additive effect on both measures in the presence of IL.-2. The order of exposure to the
cytokines may be important as IL-2 induces IFNy when given before or with IL-36[, but
not when given after IL-36. IL-2 was shown to induce expression of IL-36 R mRNA
within 90 minutes in a STAT5-dependent manner, possibly conferring increased
sensitivity to IL-36[3 and allowing for the cytokine to have maximum effect. Culture of
human T cells with TCR activation and IL-36y led to significantly greater IFNy
production than TCR activation alone, demonstrating a role for IL.-36y in the activation
of human, as well as murine, T cells.

Culture of monocytes with IL-36a, IL-36[, or IL-36y led to significant
upregulation of Il1a, Il1b, and I16 message and greater release of IL-1f3 and IL-6 protein
into conditioned medium (Foster et al., 2014). Stimulation of mDCs increased the
proportion of CD83+, CD86+, and HLA-DR* cells and caused release of IL-13 and IL-6
into the supernatant. DCs that were stimulated with IL-36a prior to co-culture with T
cells led to more CFSE dilution and super-diploid T cells than DCs that were matured
with IL-6 and PGE. alone. Another work found culture of MDDCs with only IL-36a
decreased CD1a expression while increasing the levels of cell surface CD83 and HLA-DR
(Higgins et al., 2015). Incubation of IL-36a with immature MDDCs led to increased cell

surface CD40, but no changes in CD80/86 expression compared to isotype and no
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treatment controls. IL-36a treatment of MDDCs also increased the release of IL-12p70
and IL-18 into culture supernatant, albeit at a lower level than treatment with IL-1f or
IL-36[. This paper also found that culture of MDDCs in the presence of 1L.-36a
increased their ability to induce proliferation and IFNy in CD3* T cells, but once again,
the effect was not as great as MDDCs cultured in the presence of I11.-36 or IL-1p.
Incubation of MDDCs with IL-36a, IL-36[3, or IFNy singly was able to induce a
CD14Hi/CD11cle phenotype in MDDC, which was synergistically increased when IFNy
was combined with either IL-36a or IL-36. Culture with IFNy and IL-36a was able to
significantly increase phagocytosis of bacteria by MDDCs. Analysis of the phenotype of
cells cultured with IFNy and/or IL-36a showed that there was no difference in CD1a or
CD83 expression between the groups, but IL-36a induced less HLA-DR expression than
either IFNy alone or IFNy and IL-36a.

Treatment of PBMCs with heat-inactivated (HI) conidia from Aspergillus
fumigatus did not lead to expression of 1136 cytokines while I136a was only induced by
HI Aspergillus hyphae (Gresnigt et al., 2013). Expression of I136¢g required treatment
with live conidia or HI hyphae while all forms of Aspergillus induced expression of
I136rn at 15- to 120-fold above baseline. Treatment of cells with IL-36Ra prior to
treatment with Aspergillus inhibited IL-17 and IFNy production, but did not alter IL-13
production or proliferation of FoxP3+ Treg cells. Inhibition of IL-36Ra led to significantly
higher production of IL-17 and IFNYy by cells following Aspergillus stimulation as
compared to non-treated controls. The effect of Aspergillus on the transcription of
11369 was dependent on both Dectin-1 and Syk, as inhibition of these proteins caused

reduced response upon treatment, while CR3 and TLR2 caused increased I136g



16

transcription. Treatment of CD4+ T cells with IL.-36a or IL-36f did not lead to IFNy or

IL-17 production, even when combined with IL-12 or IL-23.

IL-36 in Disease
Psoriasis. The disease in which IL-36 has been best characterized is psoriasis. An

early report found that IL36G and IL36RN were both overexpressed in psoriasis lesions
compared to control skin by microarray analysis (Zhou et al., 2003). A follow-up study
showed IL36R was expressed in the lesional, but not the normal skin of 9/10 psoriasis
patients (Blumberg et al., 2007). IL36G was also strongly expressed in plaques of
psoriasis patients, but not in normal skin. IL36RN was detectable in all skin samples
analyzed. However, IL36G levels are higher than IL36RN within lesion skin (Johnston
et al., 2011). A whole genome approach to defining molecular signatures of healthy,
psoriatic, or eczematous skin found that expression of IL36A and IL36G were higher in
skin from psoriatic lesions than other groups. Along with 8 other genes, IL36A and
IL36G were included in a machine-learning algorithm to diagnose skin lesions by qPCR
of patient samples. The algorithm was predictive of psoriasis versus eczema with a 97 %
accuracy rate (Quaranta et al., 2014). I136a, I136b, and 11369 are also overexpressed in
transgenic and chemically-induced mouse models of psoriasis. Treatment of patients
with etanercept (a decoy TNF receptor) led to significantly decreased expression of
IL36A, IL36B, and IL36G mRNA in skin biopsies. Another study found that a gene
cluster running from the end of the IL1B gene, through IL37 and IL36B, and into IL1F10
is associated with a higher risk of psoriatic arthritis in humans (Rahman et al., 2006).
IL36A, IL36B, and IL36G mRNA and protein were all expressed at significantly higher
levels in psoriasis vulgaris skin samples as compared to normal skin (He et al., 2013).

Histological analysis of the skin revealed differential expression of IL36 family members



17

in various layers of skin. IL-36a is expressed in the cytoplasm of cells in all skin layers
while IL-36p and IL-36y were most expressed in the granular and middle/upper spinous
layers. Injection of 5 ug of IL.-36a into healthy mouse skin every other day for 10 days
did not cause gross changes in skin appearance, but histological examination revealed
increased collagen as well as a pronounced leukocyte infiltrate that was granulocytic in
character with few lymphocytes (Foster et al., 2014). This was associated with increased
expression of Ccl3, Cclg, Cxcli2, Il1b, and Hbegf.

IL.36 was also found to be expressed in the apical layers of lesional skin from
patients with Crohn’s Disease who developed anti-TNF-induced psoriasis but not from
healthy controls (Friedrich et al., 2014). This expression correlated with expression of
IL-17C and IFNa.

One study overexpressed I[36a under the control of the human K14 promoter and
found the transgenic mice had severe skin abnormalities (Blumberg et al., 2007). The
phenotype was so extreme that the founder mouse with highest I136a expression had to
be euthanized and the next four highest expressers were used to found the line. These
mice all had II136a mRNA at least 70-fold above endogenous levels. The mice developed
flaky skin and ringtail beginning at day 5 of life and resolving by day 21; however, skin
lesions, predominately on the face, reoccurred at 6 months of age. This correlated with
I136a expression, which decreased over the first 21 days if life. Microscopic analysis of
the skin of transgenic mice revealed acanthosis, hyperkeratosis, and a neutrophil,
macrophage, and lymphocyte infiltrate. The skin infiltrate was decreased by treatment
with a TNF-neutralizing antibody or when the mice were crossed to Tnf/- or Tnfsfria-/-
mice. Depletion of neutrophils with Gr-1 antibody was incomplete, but led to a

decreased skin inflammation score while skin thickness was unchanged.
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Crossing of the I136a-overexpressing mice to a RAG2-KO mouse line did not
change gross skin appearance and only a small difference in microscopic analysis was
noted, indicating that neutrophils, but not lymphocytes, were critical for IL-36a-driven
skin pathology. This pathology was exacerbated by deletion of 1136rn, which only 1 of an
expected 109 pups from a Ki4-I136a+1l36rn+/- x IL36rn"/- cross survived to adulthood.
13 runted, dead pups were found to have intracorneal and intraepithelial pustules,
hyperkeratosis, dilated dermal vasculature, and dermal infiltrate. Treatment of these
K14-1136a mice with 12-O-tetradecanoylphorbol-13-acetate (TPA) when the skin is
phenotypically normal lead to much worse lesions than TPA treatment of non-
transgenic mice (Blumberg et al., 2010). This phenomenon was shown to be dependent
of expression of the transgene by treatment with an IL-36R-blocking antibody. These
lesions resembled human psoriatic lesions macro- and microscopically, except that the
mouse model did not require CD3+* lymphocytes, which are thought to be essential for
human psoriasis. Expression of several pro-inflammatory cytokines, including IL-23p19,
IL-12p40, IL-17A, IL-22, IL-20, IL-1, IL-19, IL-24, S100A8, S100A9, and B-defensin 4,
was higher in treated, transgenic skin as compared to either treated WT skin or
untreated transgenic skin. Injection of IL-36a into WT FVB mice led to increased
expression of Il17a, I123, Ccl2, Ccl20, S100a8, Tnf, and Ifng, as well as its own mRNA.
Injection of TNF, IL-17A, IL-23, and IFNy was able to induce II36a as well as I136b and
1136¢, indicating the presence of a positive-feedback loop. Therapeutic blockage of the
TNF, IL-12, or IL-23 pathways in the context of TPA-treated K14-I136a mice led to
micro- and macroscopic improvements in skin lesions, indicating that therapies used in

human psoriasis were also effective in this model.
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The importance of IL-36a in psoriasis was explored in another recent study using
the imiquimod model of psoriasis (Milora et al., 2015). Imiquimod treatment of skin
strongly induced I136a, 1136b, and 1136g expression, but only IL-36a was released into
conditioned medium upon ex vivo culture of treated keratinocytes. Interestingly, the
IL-36a was detected as the unprocessed protein, which has a 3-fold reduction in ECs,
values. Production of IL-36a was not altered in Casp1~/-Casp4/- mice but was
dependent on IL-1R1. Using mice lacking I136a, I136b, or 11369, the authors found that
only knockout of IL-36a affected the disease phenotype. Treated skin from I136a~-
animals had reduced disease upon gross and microscopic examination with fewer
microabcesses and reduced neutrophil infiltrates. I136a deficiency also led to decreased
IL-1a and IL-18, but not IL-1f3, production. This suggests a feedback loop where IL-1R1
stimulation causes IL-36a release, which then increases IL-1R1 stimulation via IL-1a
release. Imiquimod treatment of I136a/-Il1r1/- mice found that disease severity and
Cxcl1 expression was significantly decreased compared to either single KO.

Another study found that deletion of Adam17 in keratinocytes using a Ki4-Cre
mouse crossed to Adam17/fl mice led to prominent expression of I136a at day 10 of life,
while no elevation was detected at days 2 and 6 of life. This correlated with a neutrophil
infiltrate at day 21 of life (Franzke et al., 2012). Transplant of human psoriatic skin
lesions onto SCID mice followed by blockade of human I1.-36R led to improved
pathology compared to untreated mice with diseased skin grafts. The dependence on
local IL-36 agonists and IL-36R is confirmed by the lack of cross reactivity between
mouse and human IL-36 members.

The most convincing evidence of the role of I11.-36 in psoriasis is generalized

pustular psoriasis. GPP is an inherited disorder that presents in early life with a diffuse
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pustular erythematous rash accompanied by fever and weakness. Blood work will show
elevated C-reactive protein as well as increased neutrophils. Death from sepsis is
possible. A recent NEJM report characterized the genetic cause of this disorder
(Marrakchi et al., 2011). Nine families with at least one member developing GPP were
genotyped and a region of homozygosity was found in the IL1 locus. The disease was
linked to a L27P substitution in IL-36Ra, which was present in all affected persons. The
L27P allele was detected in 3/287 unaffected persons of Tunisian descent, but in none of
500 unaffected Europeans. This region is highly conserved across all species and L27 is
absolutely conserved in mammals. The L27P mutation is predicted to affect protein
stability as well as receptor affinity. Transfection of the mutant IL36RN into HEK293T
or HaCat cells led to very little protein expression as compared to WT, L27A, or L27R
IL-36Ra proteins. The purified mutant protein is less able to inhibit IL-36R signaling
than the WT protein and is more sensitive to heat denaturation. The c.115+6C>T
mutation leads to aberrant splicing of the IL36 RN mRNA causing a premature stop
codon (Farooq et al., 2013). L21P is predicted to negatively affect IL.-36Ra protein
stability (Ellingford et al., 2015). T123 lies within a hydrophobic area of IL-36Ra.
Substitution of this residue with arginine disrupts hydrophobic interactions in the core
of IL-36Ra and is predicted to decrease protein stability. When an overexpression
vector containing the T123R substitution was transfected in HEK293T or HeLa cells,
protein expression was much lower than the same vector containing WT IL-36Ra and
the T123R protein is unable to antagonize IL-36R. Patients with the T123R protein
expressed much higher levels of IL8, IL36A and IL36G in their skin, but this was also
observed in GPP patients without known IL36RN mutation. The R10X substitution is

frequently seen in patients of Japanese descent. A heterozygous mutation in R10X has



21

also been linked to acute generalized exanthematous pustulosis following
administration of dihydrocodeine phosphate (Nakai et al., 2015). Inhibition of TNF by
infliximab, adalimumab, or etanercept has been shown to be an effective therapy for
GPP with low side effects when properly managed (Sugiura et al., 2015).

When keratinocytes from GPP patients were treated with IL-36a, IL-36[, IL-36v,
IL-1B and poly I:C, they produced much higher levels of IL-8 than similarly treated cells
from healthy controls. The cells also overproduced IL-36y following stimulation with
IL-1B or poly I:C. This overexpression was not found in patients with other
inflammatory skin diseases such as lichen planus or erythema multiforme.

Arthritis. IL36A, IL36B, IL36R, and IL36RN are all expressed in normal and
inflamed joints of psoriatic and rheumatoid arthritis patients, but expression levels do
not correlate with disease activity (Frey et al., 2013; Lamacchia et al., 2013). Expression
of IL36R is mainly on infiltrating leukocytes and the synovial lining. IL-36 is found in
the synovial fluid of inflamed joints and serum of patients with osteoarthritis,
rheumatoid arthritis, or sepsis at similar levels to healthy joints or patients and was not
changed in RA patients following anti-TNF treatment (Magne et al., 2006). IL-36
expression was higher in joint with signs of inflammation, coming mainly from CD138+
plasma cells (Frey et al., 2013). Use of a blocking IL-36R antibody had no impact on
incidence or severity of collagen-induced arthritis in mice (Lamacchia et al., 2013). The
same antibody had no effect on the development of antigen-induced arthritis as
measured by 99Tc uptake and histological examination of joints. In support of the
dispensability of I1.-36 in these disease models, there were no differences in disease
severity between WT and I136r/- mice in the antigen-induced or K/BxN serum transfer

models of arthritis.
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Another paper examined the role of IL.-36 in a transgenic mouse model of
arthritis driven by the overexpression of human TNF (Derer et al., 2014). Examination
of the joints of WT and hTNFtg found that I136a mRNA was expressed in the joints of
transgenic mice but was nearly undetectable in WT joints. The levels of 11361 were
comparable between the two groups. Therapeutic blockade of the IL-36 pathway with
an antagonistic antibody did not alter grip strength or joint swelling, indicating that the
treatment did not alter the disease course. Histological examination of the two groups
revealed no differences in area of inflammation, number of osteoclasts, or depth of bone
or cartilage erosion.

Sjorgen’s Syndrome. IL36A, but not IL36R mRNA, was significantly upregulated
in salivary gland tissue of patients with primary Sjorgen’s syndrome (pSS) and this
increase correlated with expression of IL-17, IL-22, and IL-23p19. IL36RN mRNA was
downregulated compared to healthy controls while IL1F10 mRNA was upregulated.
Serum levels of IL-36a were higher in pSS patients than healthy donors. When patients
were stratified by IL-36a levels (high vs. low), patients with a high serum IL-36a were
found to have more severe disease activity. THC for IL-36a in healthy and pSS salivary
glands revealed little expression in healthy tissue while expression of IL-36a was mainly
confined to the lymphoid, dendritic, and plasma cell infiltrate. FACS and
immunofluorescent analysis of leukocytes isolated from salivary glands confirmed that
macrophages and TCRaf+ T cells were the main sources of IL-36a. Very few plasma
cells produced IL-36a. In addition, TCRyS+ T cells were found to express IL-36a at a
higher frequency than in healthy controls.

Systemic lupus erythematous. While IL-36a, IL-36[, and IL-36y were present in

the serum of healthy controls as well as SLE patients, patients with active disease had
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higher levels of IL-36a and IL-36y than normal controls (Chu et al., 2015). Levels of IL-
36a and IL-36y positively correlated with disease score and serum IL-10. Patients with
active SLE also had a higher percentage of IL-36R* B cells compared to healthy controls
and this percentage negatively correlated with the frequency of regulatory B cells.

Acute Liver Injury. 1136g mRNA was found to be upregulated at 24 hours
following induction of liver injury with acetaminophen and therapeutic administration
of IL-22 decreased I136g expression (Scheiermann et al., 2015). Stimulation of primary
murine hepatocytes or Huh7 hepatocellular carcinoma cells with a combination of IL-1p,
TNF, and IFNYy led to induction of II36g mRNA and incubation with IL-36y led to
expression of CCL20. Il36r mRNA levels were upregulated at 6 hours following liver
injury and had returned to baseline by 24 hours after injury. I136r is virtually
undetectable in healthy murine livers. Expression of Ccl20 was delayed compared to
11369, peaking days after liver injury and IL.-22 treatment decreased hepatic Ccl20 levels
in similar fashion to IL-36y. Treatment of mice with IL.-36Ra along with
acetaminophen decreased liver Ccl20 levels in a specific manner, but led to greater
increases in serum ALT compared to mice treated with acetaminophen alone. This
correlated with increased area of necrosis upon serial section and analysis of livers, as
well as decreased numbers of Ki67+ hepatocytes at 48 hours after treatment, suggesting
a potential healing role for IL.-36 signaling in acute liver injury. In addition,
endotoxemia led to hepatic expression of 11369 and Ccl20 mRNA.

Irritable Bowel Disease. Microarray analysis of colonic lamina propria from DSS-
treated mice found that I136g was the most increased cytokine in diseased mice. This
was validated by qPCR which also found that Il36a and 1136b were not expressed in the

inflamed colon. This effect was found in other models of colitis including CD45RBH:i
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transfer and H. hepaticus infection, as well as samples from the colons of human
patients with IBD. The main sources of 1136g were macrophages and intestinal epithelial
cells and the production was dependent on gut microbiota. Expression of 1136g peaked
at day three while 122 expression began on day 4 and peaked at day 5 of DSS treatment,
suggesting a role for 11369 in the induction of Il22. Il22 expression was absent in 11361/
mice following DSS treatment, confirming that 1136g expression is required for Il22
production in the model. When DSS colitis was induced in I136r-/- mice, the 11361/
mice were slightly protected during the insult phase of the model, but never recovered
body weight. Examination of the colon revealed greatly increased inflammation and
tissue damage in 11361/~ mice when compared to WT mice. This is likely due to a defect
in IL-22 production in II36r/- neutrophils which prevents induction of wound healing.
In fact, DSS-treated I1361/- mice showed decreased morbidity and no mortality when
FICZ was used to induce Il22 expression.

Chronic Kidney Disease. Using the CGN model of chronic kidney disease, Il136a
was found to be expressed in the diseased kidney at 186-fold above WT levels, much
higher than any other IL-1 family member (Ichii et al., 2010). Early in life, CGN mice
did not show IL-36a expression within the kidney, but aged CGN mice showed high
expression of IL-36a within renal tubules and the number of IL.-36a* tubules correlated
with histopathologic disease score. Female mice developed more severe disease than
male mice and also expressed more IL-36a. This expression increased with the age of
the mouse. IL-36a was expressed in the distal convoluted tubule and the cortical
collecting duct and monocyte infiltration was found in some IL-36a* tubules. This
phenomenon was also found in several other models of kidney disease including

steptozocin-treated DBA2 mice, male BXSB mice, female NZB/W F1 mice, and female
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MRL/Ipr mice. To extend these results, the kidney epithelial cell line M-1 was studied
for I136a expression following stimulation with serum, urine, and splenocytes. Only
splenocytes were able to stimulate I136a production by the kidney epithelial cells.

As a cancer therapy. Analysis of publicly available gene expression data from
melanoma samples found that melanoma tumors expressed less IL36G than melanoma
precursor lesions and that metastatic cancers had lower IL36G expression than primary
tumors (Wang et al., 2015). In addition, qPCR analysis of lung cancer samples found
that advanced tumors (stage I1I) expressed less IL36G than early-stage tumors (stage I
and II).

Intratumoral injection of an adenovirus expressing I/36b into mice bearing
MCA205 tumors led to a significant reduction in tumor burden after a single
administration and was curative in a majority of mice following four doses of virus (Gao
et al., 2003). Challenge of cured mice led to rejection of the tumor in all animals tested.
The effect was abrogated in nude SCID mice lacking B and T cells, Il12b-/-, Fasl-/-, and
Ifng-/-animals. However, lack of NKT cells did not prevent tumor reduction by the
adenovirus. Since FasL is required for IL.-18-mediated antitumor immunity, the authors
reasoned that IL-36[ has an antitumor effect that is a mix of IL-12 and IL-18-like
mechanisms. The authors did not investigate this effect further, although a more recent
paper used a similar system to evaluate the role of IL-36y in anti-tumor immunity
(Wang et al., 2015).

B16 melanoma cells transfected with an I136g overexpression vector grew tumors
in C57BL/6 mice at a significantly slower rate than B16 cells with an empty vector. A
similar growth phenotype was seen with 4T1 tumors in BALB/c mice, despite the

predisposition of this mouse strain to a Th2 response. The 4T1 tumors expressing I136g
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also seeded fewer metastatic lesions than control tumors. I136g-expressing B16 tumors
had a higher number of CD45* tumor-infiltrating leukocytes and more CD8+* T cells than
control tumors, but the percentage of lymphocytes was unchanged. Percentages of
FoxP3+ CD4* T cells, y6 T cells and NK cells were increased, and myeloid derived
suppressor cells and B-cells, which may enhance tumor growth, were decreased in B16-
1136g tumors compared to control lesions. The MDSCs that remained showed higher
expression of HLA-DR, indicating a more inflammatory and less regulatory phenotype.
IFNy and IL-12 were strongly induced and I1.-17, IL.-23, IL-1f, IL-10, TNF and GzmB
were elevated in I136g-expressing tumors when compared to controls. This suggests a
complex regulation and effect of IL-36y within the tumor microenvironment. No
difference in tumor growth or intratumoral leukocytes was noted between the two
tumor types when implanted in I13677/- mice, demonstrating the necessity of IL-36R on
the host immune cells. Specifically, CD8* T cells and NK cells were required for this
effect as antibody depletion of either cell type caused a partial reversal of the IL-36y-
mediated rejection and use of Rag2-/-Il2rg/- double KO mice completely abrogated the
phenotype of IL-36y expressing tumors. When tumors were implanted in Ifng~/- or Prfi1-
/- mice, there was a significant difference between WT and Ifng~/- mice, but only a slight
difference between Prf1/- and WT mice, indicating that the main mediator of IL-36y
mediated rejection of tumors is via induction of IFNy.

Experimental Autoimmune Encephalitis. I1136g and 1136r mRNA were found to
be upregulated in the brains and spinal cords of sick mice versus controls using three
different models of EAE (MOG/CFA, adoptive transfer of MOG-specific cells, and
pertussis toxin treatment of 2D2 mice) (Bozoyan et al., 2015a). Active induction of EAE

led to a later peak of II136g mRNA (day 12) as compared to passive transfer of pathogenic
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cells (day 9). Active, but not passive induction also led to an increase of 1136g mRNA in
the blood of animals. This systemic increase was found to be dependent on adjuvant
while the expression in the nervous system was dependent on MOG. Isolation of various
cell types from the spleen and spinal cord of EAE mice found that Ly6G* neutrophils
were the primary producers of 1136g message and expression was confirmed at the
protein level by western blotting and in situ hybridization. 1136r was found to be
expressed by microglia and macrophages, though other cell types could not be excluded.
Induction of EAE in I136g-/- and 11361/~ found no difference in disease severity or spinal
cord infiltrate when compared to WT control mice, indicating that these pathways are

dispensable for EAE induction.

Chemokines
Chemokines are cytokines that serve to regulate cellular trafficking and

localization as opposed to activation. They are the largest family of cytokines, having
approximately 50 endogenous ligands in mammals that can bind to about 20 receptors
(Griffith et al., 2014; Rot and Andrian, 2004). Some viral genomes also contain
chemokine-like molecules, which are presumably important for their pathogenesis (Rot
and Andrian, 2004). The majority of chemokine receptors are cell-surface GPCRs that
signal by activating Gi-type G proteins; however, some members have no known
signaling function and are thought to act as a sink to dampen responses or fine-tune
gradients of chemokines in the microenvironment. Chemokines are defined and
classified based on the location of four cysteine residues, of which the first two are either
next to each other (CC chemokines) or separated by a single residue (CXC chemokines).
Other closely-related proteins with similar functions are also considered to be

chemokines (Rot and Andrian, 2004).
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When released from a cell, chemokines diffuse away to form a gradient which
target cells will use to migrate toward the source. This diffusion is limited by binding of
chemokines to glycosaminoglycans in the extracellular matrix, which may retain the
chemokines in the area from which they originated. This is key for the translocation of
intravascular leukocytes into tissues as chemokines bound to the extracellular matrix on
endothelial cells are sensed by leukocytes and trigger tethering and rolling of leukocytes
(Rot and Andrian, 2004).

When a cell is stimulated by a chemokine, the activated receptors bind G-
proteins, which exchange GDP for GTP and dissociate into active forms and activate
PI3K. PI3K produces PIP; that activates Rac at the location of chemokine binding. The
cell polarizes and begins to move towards the source of the chemokine via Rac-mediated
actin polarization at the leading edge of the cell. Signaling via GCPRs is transient and
cell motility depends on a continued source of the chemokine (Rot and Andrian, 2004).
One chemokine/receptor pair is CXCL16 and CXCR6, which will be explored in greater

detail below.

CXCR6 Discovery and Characterization
CXCR6 was first identified as a coreceptor for HIV in three separate papers and

given the names Bonzo, STRL33, and TYMSTR, as was often the case in the late 1990’s
and early 2000’s (Deng et al., 1997; Liao et al., 1997; Loetscher et al., 1997). In one
report, additional co-receptors for HIV were theorized based on the ability of CXCR4-
CCR5 cell lines to be infected with SIV (Deng et al., 1997). A human cDNA library was
transfected into CXCR4"CCR5 cells and a HIV virus encoding puromycin resistance

along with puromycin selection of treated cells was used to identify infected clones. Two
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cDNAs were detected and one of these was BONZO/CXCR63. CXCR6 was found to have
homology with chemokine receptors and African green money and pigtail macaque
homologs were identified.

The second report identified STRL33/CXCR6 using real time qPCR on the tumor
infiltrating lymphocyte (TIL) cell line Fg (Liao et al., 1997). CXCR6 was found to be
expressed in CD4+ and CD8+ TILs as well as a variety of human tissues at two different
molecular weights. Expression was highest in the spleen, lymph node, thymus and
placenta. Based on previous reports showing chemokine receptors serving as HIV co-
receptors, cells transfected with CXCR6 were tested for fusion with TCL-tropic and M-
tropic HIV viruses. CXCR6 was able to promote fusion of both types of HIV viruses as
well as productive infection with HIV-1.

TYMSTR/CXCR6 was identified using degenerate oligonucleotide primers to
known motifs of chemokine receptors (Loetscher et al., 1997). An amplified DNA
fragment from this reaction was used to identify CXCR6 from a CD4+* T cell cDNA
library. CXCR6 was most closely related to CCR1 and CXCR2, indicating it was a
chemokine receptor, but transfection with CXCR6 did not endow cells with
responsiveness to any known chemokines. CXCR6 was found to co-localize with CC-
type chemokines on chromosome 3. Transfection of NIH3T3 with CD4 and CXCR6
allowed HIV to fuse with the cells, and murine 300-19 cells expressing CD4 and CXCR6
produced proviral DNA, indicating CXCR6’s role as an HIV coreceptor.

Rat CXCR®6 is structurally similar to human and mouse CXCR6 (Latta et al.,

2007). CXCRG6 is expressed on< 10 % of T cells in the blood, spleen or LN of a healthy

3 As with the review of the discovery of IL-36 proteins, originally published names will be
used once, followed by CXCR®6.
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rat, but upon vaccinia virus infection, the percentages were increased 2-fold. In vitro
reactivation of T cells from animals with EAE or M. butryicum arthritis with cognate
antigen caused 40-50 % of T cells to express CXCR6. Intraperitoneal injections of
vaccinia virus caused a massive lymphocyte influx and 40-50 % of T cells and 75 % of
NK cells were CXCR6*. In this case, CXCL16-mediated ex vivo chemotaxis was poor
and the cells preferentially migrated on a CXCL10 gradient.

It was subsequently determined that use of CXCR6 by HIV is rare and inefficient
(Pohlmann et al., 1999; Sharron et al., 2000). CXCR6 expression in the blood was
mainly limited to B cells, CD16~/10 NK cells and CD45RA+*CCR7+* naive CD4* T cells,
which implies that experiments using PBMCs should be able to show infection of CD4+
T cells (Sharron et al., 2000). However, Ficoll purification of cells showed
downregulation of CXCR6 compared to whole blood. Using CCR5A32 homozygous
human T cells in the presence or absence of a potent CXCR4 inhibitor, approximately 15
% of cells became infected. These cells were predominately CXCR6+, suggesting a role
for CXCR6 in the infection of these cells. In addition, human CXCR6 is more efficient
than rhesus CXCR6 as an HIV coreceptor.

A follow-up paper from Dan Littman’s group found that CXCR6 expression was
restricted to memory T cells and was upregulated following stimulation with IL-2, IL-7
or IL-15 (Unutmaz et al., 2000). There was weak upregulation on culture with IL-4.
This work found that in human PBMCs, CXCR6 is most expressed on CD45RO+ memory
T cells, with weak expression on y8 T cells and CD16* NK cells, and no expression on
CD14* monocytes, CD19* B cells, or HLA-DR+* dendritic cells. These findings were
independently confirmed (Tabata et al., 2005). CXCR6 expression was always higher in

CD8+ T cells compared to CD4* T cells and most CCR5* cells were CXCR6+, but CXCR6
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expression was not affected in a CCR5A32 homozygous individual (Unutmaz et al.,
2000). CXCR6 expression also correlated well with CCR6 but was inversely correlated
with CXCR4. In contrast with previous mRNA expression results, this paper found that
CXCRG6 protein was expressed in less than 1 % of lymphocytes in thymus and SLOs.

This paper also generated mice with GFP knocked in at the Cxcr6 locus. These
are the mice utilized in Chapter 3 of this dissertation. No histological evidence of GFP
expression was detected in non-lymphoid tissues while strong CXCR6(GFP) signal was
found in LNs and the spleen. In the spleen, CXCR6(GFP)-expressing cells were in the
periarteriolar lymphoid sheath of the white pulp, a known T cell area. There was very
limited expression of CXCR6(GFP) in the thymus. In agreement with the human data,
CXCRG6(GFP) expression in the mouse was limited to CD44HiCD45RBMX memory T cells
and IL-2 upregulated GFP expression.

Separately from the antibody staining and GFP expression above, expression of
CXCR6 on immune cell types was determined by flow cytometric analysis using a
chimeric CXCL16-Ig fusion protein (Matloubian et al., 2000). Expression of the
receptor was noted on CD8+ T cells and CD4* T cells, but not B cells, neutrophils,
macrophages. It was expressed on CD8+ and CD4-CD8- cells within the thymus.
Expression of CXCR6 was very high on intestinal epithelial lymphocytes. In mice,
CD4+CD8- and CD4CD8- NKT cells express high levels of CXCR6 in the thymus and
these cells migrate to CXCL16 ex vivo (Germanov et al., 2008). CXCR6 expression
occurred concomitantly with CD44 upregulation and before expression of NK1.1, but is
not required for thymic NKT cell development. In the periphery, CXCR6 is
preferentially expressed by CD4-CD8- and CD4 CD8* NKT cells (Kim et al., 2002;

Thomas et al., 2003).
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Stimulation of freshly isolated human PBMCs with PMA/Ionomycin followed by
staining for cell surface CXCR6 found that CXCR6* cells consisted mainly of Th1/Tc1
and Tho cells, with very few Th2/Tc2 cells (Kim et al., 2001). The majority of CXCR6+*
cells were GzmA+ and vice-versa. In addition, CD56* CD8* T cells had higher expression
of CXCR6 than CD56- CD8+ T cells. CXCR6 expression was correlated with CLA and
ouP7 and inversely correlated with CCR7 and CD62L expression, suggesting a role in
homing to extra-lymphoid tissues. Indeed, CXCR6* T cells were enriched in synovial
fluid from arthritic joints and inflamed livers. However, another work found that
stimulation of CD8+ T cells with either PMA/Ionomycin or anti-CD3/CD28 reduced
expression of CXCR6 via a calcineurin-dependent mechanism (Koprak et al., 2003).
Culture of T cells with CHO cells expressing CXCL16 increased IFNy production
(Yamauchi et al., 2004).

CXCR6 lacks the common DRY motif found in most GPCRs and instead has a
DRF motif (Koenen et al., 2017). While the DRY is important for stabilization of a
GPCR in its active form, the DRF motif of CXCR6 is conserved across mammals,
indicating some key function for this change. Change of the native DRF motif to DRY
did not affect expression, ligand binding, receptor internalization, receptor recycling, or
Akt activation. However, cells expressing the non-native DRY motif had 5-fold higher

calcium flux upon CXCL16 exposure and greater chemotactic potential.

Discovery and characterization of CXCL16
CXCL16 is the only transmembrane C-X-C chemokine and has a unique structure

shared with CX5CL1. It has an N-terminal chemokine domain, a mucin-like stalk that is
highly glycosylated, a transmembrane a-helix, and a cytoplasmic tail that contains a

putative tyrosine phosphorylation and SH2-binding YXPR domain (Matloubian et al.,
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2000). Interestingly, binding of CXCR6 to CXCL16 was recently shown to induce
phosphorylation of ERK1/2 via CXCL16’s cytoplasmic tail (Adamski et al., 2017).

In the original report of CXCL16, mRNA for the gene was detected by Northern
blot in spleen, lymph nodes, Peyer’s patches, thymus, lungs, small intestine, kidney and
heart (Matloubian et al., 2000). It was not detected in purified or B cells, bone marrow,
or the brain. CXCL16 is expressed on the surface of CD11c* dendritic cells from lymph
nodes and the spleen. Intraperitoneal injection of LPS, anti-CD40, or poly I:C increased
surface CXCL16. CXCL16 expression was identified in T cell areas of spleens and lymph
nodes by IHC. CXCL16 is chemotactic to cells and its function is sensitive to pertussis
toxin. The other report of CXCL16 found expression of the mRNA for CXCL16 is the
liver and placenta in addition to the tissues examined by Matloubian et. al. The second
report also found expression of CXCL16 on B cells and monocytes in the PBMCs
(Wilbanks et al., 2001). Use of conditioned media from macrophage culture caused
chemotaxis in L1.2 cells expressing CXCR6 and addition of either LPS of TNF to the
macrophages increased the chemotactic potential of conditioned medium. Wilbanks
also found that primary human CD4+ T cells from tonsils migrated to CXCL16 and that
an anti-CXCR6 antibody blocked the effect. CXCL16 expression has also been reported
in human T and B cells (Nakayama et al., 2003; Shashkin et al., 2003). Myeloma cells
lines as well as primary plasma and myeloma cells consistently express CXCR6, and
CXCL16 was able to induce migration of these cells (Nakayama et al., 2003). By flow
cytometry, CXCL16 is constitutively expressed on human monocytes, MoDCs, and
mDCs, and expression of CXCL16 can be increased by maturation (Tabata et al., 2005).
In this report, pDCs expressed very low to no cell surface CXLC16, but produced a

soluble variant; another work found that 25-40 % of pDCs express surface CXCL16
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(Gursel et al., 2006). Murine BMDCs expressed CXCL16 in parallel with CD11c and

CD8o, with expression peaking 9 days after isolation (van der Voort et al., 2010).

Structure and non-canonical functions of CXCL16
CXCL16 is found in cells as three species that are 48, 30, and 16 kDa and exists as

a 32-kDa fragment in conditioned media (Abel et al., 2004). A separate paper found
similar fragments of 14, 28, and 50 kDa (Tohyama et al., 2007). To determine the
mechanism of CXCL16 release, cells were treated with batimastat and the levels of
CXCL16 in the media were decreased while cellular levels were increased (Abel et al.,
2004). Use of either GI254023X or GW280264X blocked release of both human and
murine CXCL16 into the supernatant. Both of these block ADAM10 while only
GI254023X blocks ADAM17, indicating that blockade of ADAM17 is not necessary for
blockage of CXCL16 release and that CXCL16 is released by ADAM10. CXCL16
expression is increased in human monocytic THP-1 cells and human bronchial BEAS 2B
cells by treatment with IFNy (Day et al., 2009b; Wuttge et al., 2004).

Using a tagged CXCL16 protein, C-terminal fragments of 24 and 20 kDa were
identified in conditioned media of HEK293 and COS?7 cells (Schulte et al., 2007). This
was traced to ADAM10-mediated cleavage of CXCL16. The C-terminal fragments are
degraded by y-secretases.

CXCL16 can also be released as a soluble splice variant with chemotactic ability
(van der Voort et al., 2010). This was first detected as two species of mRNA during
gPCR for CXCL16, and a third unique mRNA sequence was later identified. These
variants included 2 novel exons after the third exon of previously published CXCL16, the
first novel exon contained a stop codon that prevented translation of the mucin-like

stalk, transmembrane domain, and intracellular tail. Soluble CXCL16 had a N-terminal
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signal sequence that is cleaved as well as a unique C terminus. This isoform of CXCL16
was expressed at high levels by mature DCs and is found in many tissues including the
spleen, lymph nodes, lungs, kidney, colon, skin, heart, and brain.

Residue E3 of CXCL16 is important for protein expression, but the E3Q mutant
of CXCL16 was still active in migration assays (Petit et al., 2008). Sulfation, O-linked
glycosylation, or sialylation of CXCL16 is not important for expression or chemotaxis,
but N-linked glycosylation was important for expression only. Extension of the N-
terminus of CXCL16 by 24 amino acids reduced, but did not eliminate chemotaxis.
Residues Eg4 and N176 of CXCR6 were critical for binding soluble CXCL16, but CXCR6-
E94Q still bound membrane-bound CXCL16, suggesting conformational differences
between soluble and membrane-bound CXCL16. Binding of CXCL16 to CXCR6 induced
receptor internalization ex vivo (Latta et al., 2007).

CXCL16 was found to be identical to SR-PSOX (scavenger receptor that binds
phosphatidylserine and oxidized lipoprotein) which had been previously described to
bind and endocytose oxidized lipoprotein and phosphatidylserine (Shimaoka et al.,
2003). Transfection of cells with CXCL16 allowed them to take up FITC-labeled E. coli
and S. aureus. Uptake of the bacteria was sensitive to cytochalasin D treatment, but not
serum in the media, indicating that actin remodeling was necessary. Bacterial uptake
could be blocked by using a F(ab’). specific to CXCL16, oxidized LDL, or dextran sulfate,
but not native LDL or chondroitin sulfate. Bacterial binding required the chemokine
domain and the mucin domain was necessary for full phagocytosis. The ability to bind
to bacteria was eventually shown to be true of chemokines generally (Shimaoka et al.,
2004b). CXCL16 was also able to bind D-type CpG analogues (Gursel et al., 2006). The

chemokine domain of CXCL16 had antibacterial activity against E. coli and S. aureus
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and its activity against S. aureus approached that of beta-defensin (Tohyama et al.,
2007).

CXCL16 also served as an adhesion molecule via CXCR6 independent of its
chemotactic function (Shimaoka et al., 2004a). Immobilized CXCL16 was able to trap
cells expressing CXCR6, but not cells expressing CX;CR1 and this trapping was reduced
by the presence of soluble CXCL16. Adhesion of the cells was not sensitive to pertussis
toxin, wortmannin, PDo98059, or EGTA; therefore, G proteins, PI3K, MAPKK proteins,
and calcium-dependent integrin activation are not necessary for the adhesion. Domain
shuffling showed that the binding of CX;CR1/CX3CL1 and CXCR6/CXCL16 is specific
for the chemokine domain on the ligand. Inhibition of metalloproteases by GM6001
inhibited release of CXCL16 and this led to increased binding of CXCR6-expressing cells
to CXCL16. Additionally, primary human plasma cells can adhere to CXCL16-coated
tissue culture dishes and this adherence was dependent on CXCR6 but not G-protein

signaling (Nakayama et al., 2003).

Function of CXCR6/CXCL16 in various tissues
Bone Marrow and SLOs. CXCL16 expression has been reported in the bone

marrow and may contribute to recruitment of plasma cells to the marrow (Nakayama et
al., 2003). There was also a unique population of CXCR6*CD69* NK cells in the bone
marrow, spleen, and lymph nodes of humans (Lugthart et al., 2016). This population
was distinct from the CD56818ht and CD56Pim populations commonly found in the
circulation. These cells made up 30 % of NK cells in the marrow and 45-55 % of cells in
the spleen and LNs. CD69*CXCR6* cells expressed NKp46, ICAM-1, 50 % expressed
CD27, but they did not express c-kit, CX3;CR1, or CD127. They were intermediate for

CD56 and about 20 % of these cells expressed CD16.
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Liver. Compared to 50 % of thymic and 80 % of splenic NKT cells, 99 % of NKT
cells in the liver expressed GFP under control of the CXCR6 promoter in the liver
(Geissmann et al., 2005). NK cells and T cells in the liver also had increased expression
of CXCR6(GFP) compared to other tissues. CXCL16 was expressed by endothelial cells
lining the liver sinusoid in human and mouse specimens. This was independently
confirmed when another group found CXCL16 on expression on hepatocytes,
cholangiocytes, and sinusoidal endothelial cells. They also observed CXCR6+* cells could
adhere to CXCL16* primary human cholangiocytes. This was shown to occur by CXCL16
triggering conformational changes in VCAM-1 and VLA-4 (Heydtmann et al., 2005).
CXCR6(GFP)* NKT cells were found in the hepatic sinusoids but not portal tracts
(Geissmann et al., 2005). In humans, CXCR6+ NK cells were much more common in
the liver than CD49a* NK cells and a small proportion of NK cells were CXCR6*CD49a+
(Hydes et al., 2018). The CXCR6+CD49a* cells behaved like CD49a* cells. CXCR6* and
CD49a* NK cells were phenotypically distinct with the prior expressing CD69 but not
CD16 or CD57 while CD49a+ cells were KIR+* and NKG2C+. Culture of liver NK cells
with IL-2, IL12, IL-15 or IL-18 induced increased expression of CD49a, but not CXCR6.
However, culture of peripheral NK cells with IL.-2, IL.-12 or IL-15 increased expression of
CXCR6(GFP). Two-photon intravital microscopy showed that CXCR6(GFP)+ cells were
attached to the wall of the sinusoids and migrated along the wall in random directions at
very slow speed (Geissmann et al., 2005). Cells passed each other in different directions
and reversed direction. The livers, but not thymus, blood, spleen, bone marrow, or lung,
of Cxcr6-/- mice showed decreased numbers of CD1d-reactive T cells, most likely due to a

survival defect.
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Another work found that NKT cells continued to express CXCR6(GFP) following
egress from the thymus and this directed them to the liver and lung (Germanov et al.,
2008). In the absence of CXCR6, numbers of NKT cells were decreased in the lung and
liver, but increased in the bone marrow, suggestive of altered distribution of NKT cells
in the absence of CXCR6. Treatment with anti-CXCL16 decreased the numbers of
recently emigrated NK1.1* NKT cells in the liver, but not NK1.1- NKT cells or NK1.1+
NKT cells that were already mature in the liver. Production of IFNy, IL-2 and IL.-4 was
decreased in NKT cells from the livers of Cxcr6-/- mice following administration of a-
GalCer. Stimulation with PMA/Ionomycin showed similar levels of IFNy production in
WT and Cxcr6/- NK T cells, but decreased production of IL-4 in the Cxcré6-/- cells,
indicating an intrinsic defect in these cells.

Knockout of CXCR6 also affected the ability of liver-derived NKT cells to induce
contact hypersensitivity in an adoptive transfer model. Sorting of CXCR6*and CXCR6-
hepatic NKT cells on GFP expression followed by adoptive transfer showed that only
CXCR6(GFP)* cells could induce contact hypersensitivity. Treatment of mice with anti-
CXCR6 reduced responses to cutaneous DNFB application and abolished NK cell-
mediated protection against influenza or VSV. In an ex vivo killing assay, in vivo, but
not in vitro, blockade of CXCR6 or CXCL16 increased NK-cell mediated killing of
haptenated cells. Additionally, CXCR6 was required for the maintenance of the
CXCR6(GFP)+ population in the liver, but not the spleen.

Similar to Cxcr6-/- animals, genetic knockout of Cxcli6 diminished the serum
levels of IFNy and IL-4 upon injection of a-GalCer and the anti-cancer effects of a-
GalCer, which is NK-cells dependent, were lost in the knockout mice (Shimaoka et al.,

2007). Knockout mice had decreased numbers of NKT cells in their livers, but normal
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numbers of NK cells and T cells. There was no difference in apoptosis between WT and
Cxcl167/- NKT cells. CXCL16 was expressed by CD1d*CD11c* DCs in the liver and
knockout of the molecule does not change the number of these cells or their expression
of CD80 or CD86. Incubation of whole liver mononuclear cells from WT and Cxcl16/-
mice with a-GalCer showed decreased production by Cxcl16-/- cells. Co-culture
experiments showed that WT and Cxcl167/- NKT cells mixed with WT CD1c* DCs
produced IFNy and IL-4 upon a-GalCer stimulation, but this effect was diminished
when Cxcl167/- CD1c* DCs were used.

Skin. CXCL16 was expressed on the surface of keratinocytes in the skin of mice
and humans (Scholz et al., 2007; Tohyama et al., 2007). Cultured keratinocytes
released CXCL16 into the media constitutively and the release was upregulated upon
stimulation with TLR 2 or 3 ligands, TNF, IL-1a, or IFNy (Tohyama et al., 2007). In
mice, CXCL16 was released into the fluid around wounds, peaking at days 3-4 post-
injury. Release of CXCL16 by keratinocytes was mediated by ADAM10 and was
upregulated upon stimulation with PMA or UV radiation. This work also found CXCR6+
T cells in the skin at sites of disease, but not in healthy skin.

CXCR6 was required for formation of resident memory T cells (Trm) in the skin
following HSV infection. Transfer of WT and Cxcr6/- OT-1T cells followed by HSV
infection of the skin led to decreased numbers of Cxcr6~/- OT-1 T cells acutely and at
memory. To determine if the defect was in recruitment of retention of cells, WT and
Cxcr67/- OT-1T cells were injected directly into the mouse dermis prior to HSV infection.
Direct injection of T cells did not rescue the defect in Cxcr6/- OT-1T cells,
demonstrating that CXCR6 is important for retention of T cells in the skin. (Zaid et al.,

2017).
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CXCR6/CXCL16 in Disease
Experimental Endotoxemia. CXCL16 mRNA and protein was upregulated in the

blood of human patients following experimental endotoxemia (Lehrke et al., 2007). In
vitro, aspirin, a COX2 inhibitor; rosiglitazone, a PPARy inhibitor; and SN50, a IKK
inhibitor, all blocked CXCL16 upregulation following LPS treatment.

Multiple Sclerosis. An early report found that myelin basic protein-specific T cells
lines had high expression of CXCR6 and this was the best predictor of conversion to Tem
(Calabresi et al., 2002).

Cancer. CXCL16 expression has been found to correlated with increased survival
in colorectal cancer, but poor prognosis in prostate cancer (Darash-Yahana et al., 20009;
Hojo et al., 2007). In colon cancer, out of 9 chemokines examined, CXCL16 mRNA was
uniquely upregulated in tumor tissue compared to normal mucosa from the same
patient. The gene was also expressed in four colon cancer lines. THC on patient
samples showed expression only in tumor cells and not in surrounding normal mucosa
as well as variable expression from patient to patient. Strong vs weak expression of
CXCL16 correlated with CD4* and CD8+* tumor infiltrating lymphocytes.

In prostate cancer, CXCL16 expression was found on PC3, DU145, and 22Rv1
prostate cell lines and IHC showed increased staining for CXCL16 and CXCR6 on tumor
cells in prostate cancer tissue compared to healthy tissue (Darash-Yahana et al., 2009).
The THC staining for CXCR6 and CXCL16 correlated to both stage and grade of tumor.
CXCR6 and CXCL16 are induced in cancer cells by TNF and IFNy and have the most
intense staining in areas with reactive stroma. TILs were found to express both CXCR6
and CXCL16.

CXCRG6 expression occurred in melanoma with de novo expression gained as
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lesions metastasize to lymph nodes or visceral organs (Seidl et al., 2007). Sorting of
human melanoma cells on CXCR6 showed that only CXCR6+ tumor cells were able to
form tumors when implanted in NOD-SCID mice (Taghizadeh et al., 2010). Microarray
analysis of cells cultured in a model of asymmetric division showed that CXCR6 was
upregulated on stem cells in asymmetric division compared to a model of symmetric
division.

In nasopharyngeal carcinoma, CXCR6 expression was increased on TILs
compared to blood from the same donor but no expression of CXCR6 was observed on
the tumor cells (Parsonage et al., 2012). CXCL16 was expressed by the tumor cells as
well as intratumoral mononuclear cells. CXCL16 was also expressed and secreted by the
nasopharyngeal cancer cell line c666.1.

AIDS. In addition to its role as a co-receptor for HIV, a CXCR6 allele was found
to affect the time from PCP diagnosis to death (Duggal et al., 2003). The SNP 1469G->A
encodes an E3K mutation in the N terminal of CXCR6. This was found to be prevalent
in African Americans but rare in European Americans. Humans with the CXCR6-E3K
mutation had lower median survival following PCP diagnosis and HAART had no effect
on this difference.

Serum levels of CXCL16 were elevated in patients with HIV compared to healthy
controls and levels of CXCL16 inversely correlated with CD4+ and CD8+* T cell numbers
(Landrg et al., 2009). Patients with opportunistic M. avium Complex infections had
higher levels of CXCL16 than AIDS patients without that infection. Non-progressors
had stable levels of CXCL16 expression while progressors showed an increase in CXCL16
over time. There was no change in CXCL16 levels in patients following 24 months of

HAART. The rs2234358-T SNP in the 3’-UTR of human CXCR6 was more common in
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uninfected controls than long-term non-progressors (Limou et al., 2010). This mutation
could affect mRNA stability or translation, but was in linkage disequilibrium with SNPs
in putative transcription factor binding regions in the gene’s promoter, complicating
identification of a mechanism.

Allograft Rejection. Allogeneic transplant of mouse hearts showed increased
expression of CXCL16 and CXCR6 compared to syngeneic transplant (Jiang et al.,
2010). Analysis of the systemic CD8+* T cells showed increased expression of CXCR6 on
CD8+ T cells in mice with an allograft. Neutralization of CXCL16 with an antibody did
not extend graph survival or affect CD8+ T cell killing.

Psoriasis. The numbers of CD8+* T cells in lesions from patients with psoriasis
was significantly increased compared to skin from atopic dermatitis lesions or healthy
controls. qPCR of CD8+ T cells from the lesions and blood of psoriasis patients showed
an increase in CXCR6 mRNA in skin-resident cells and this was confirmed by flow
cytometry. CXCR6+ CD8+* T cells from psoriatic skin had a calcium flux upon CXCL16
exposure, indicating activation of CXCR6. The SCID-hu skin mouse model showed that
administration of CXCL16, but not PBS, into xenographs was sufficient to induce T cell
infiltration. CXCL16 is expressed by keratinocytes, CD11c* dendritic cells, and CD163+
macrophages in the dermis and treatment of patients with etanercept decreased CXCL16
expression as well as infiltration of CXCR6+ CD8+ T cells.

Vitiligo. CXCL16 was increased in the serum of patients with vitiligo compared to
healthy controls and correlated with levels of hydrogen peroxide in the skin (ROS are a
driver of vitiligo) (Li et al., 2017). In addition, CXCL16 mRNA was upregulated in
perilesions from patients with vitiligo. CXCL16 serum levels decreased upon treatment

for vitiligo and culture of primary human keratinocytes in the presence of hydrogen
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peroxide increased CXCL16 in a time- and dose-dependent manner. CXCL16 expression
increased in parallel with phosphorylation of PERK, IRE1a, and eIF2a and knockdown
of either of EIF2AK3 or ERN1 attenuated the CXCL16 production in response to
hydrogen peroxide. The promoter of CXCL16 was found to have 6 NF-«kB binding sites
and NF-«B p65 was phosphorylated following treatment with hydrogen peroxide.
Knockdown of RELA also attenuated CXCL16 expression. ChIP showed that the
CXCL16 promoter fragment at -149 to -338 bound NF-kB following hydrogen peroxide
treatment. Immunofluorescence microscopy of perilesional and nonlesional skin from
vitiligo patients as well as healthy controls showed that perilesional skin had increased
numbers and altered localization of CXCR6+CD8+ T cells compared to the nonlesional or
healthy skin. The numbers of CXCR6+CD8+* T cells inversely correlated with the
number of MelanA+ cells. Transwell assays with CD8+ T cells from vitiligo patients
showed migration towards primary keratinocytes exposed to hydrogen peroxide in a
CXCL16-dependent manner.

Atherosclerosis and Endocarditis. CXCL16 expression was detected in the
endothelial cells covering endocardial cushions of the embryonic mouse heart at early as
day e11.5 (Yamauchi et al., 2004). Analysis of human cardiac values from patients
undergoing valve replacement due to mitral prolapse and infective endocarditis showed
expression of CXCL16 in the macrophages and vascular endothelium only in the
presence of infection. CXCL16 expression in these lesions correlated with CD8+ T cell
infiltration and culture of T cells with CXCL16 induced adherence to VCAM-1, but not
ICAM-1, in a VLA-4-dependent manner. Expression of CXCL16 was increased in human

plaques obtained during endarterectomy compared to normal human aorta (Minami et
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al., 2001). Another study confirmed these findings in humans and Apoe-/- mice (Wuttge
et al., 2004). CXCL16 was expressed by CD68+ macrophages in the intima of
atherosclerotic plaques by IHC (Minami et al., 2001). Yet another study found that
CXCL16 colocalized with CD41 and CD68, indicating clusters of platelets and
monocytes/macrophages (Linke et al., 2017). Treatment of Apoe~/- mice with IFNy
increased CXC16 expression and in vitro culture of THP-1 cells with IFNy increased
uptake of ox-LDL (Wuttge et al., 2004). CXCR6 was expressed by human aortic smooth
muscle cells and treatment of these cells with CXCL16 increased NF-kB activity (Minami
et al., 2001). CXCR6 increased aortic smooth muscle cell proliferation, cell-cell
adhesion, and Bad phosphorylation (Chandrasekar et al., 2004). In humans, a SNP
encoding CXCL16-A181V, located near the ADAM10 cleavage site, showed increased
severity, but not frequency, of coronary stenosis (Lundberg et al., 2005). Soluble
CXCL16 was correlated with CRP, soluble ICAM-1, resistin, triglycerides, and inversely
correlated with HDL (Lehrke et al., 2007). Soluble CXCL16 levels were higher in
patients with chronic coronary artery disease than healthy controls. This paper also
found that females, African Americans, the aged, and smokers had higher levels of
soluble CXCL16.

Listeria monocytogenes infection. Infection with L. monocytogenes induced
expression of CXCR6 on CD8+ T cells in the spleens and livers of infected mice but
Cxcr6-/- mice did not show an increase in bacteria load and actually showed decreased
Listeria CFU and increased CD4*IFNy+ cells in the liver and spleen (Heesch et al.,
2014). Transfer of WT and Cxcr6~/- OT-I cells showed decreased homing to the liver in
Cxcr67/- cells upon infection with a L. monocytogenes strain that expressed Ova. The

ratio of WT to Cxcr6/- cells in the lung and liver increased over time despite equivalent
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cytokine production. Memory Cxcr6/- OT-I cells had decreased proliferation by Ki67
staining, but also decreased apoptosis by FLICA staining. CXCL16 treatment was
unable to induce proliferation of memory OT-I cells but could induce survival ex vivo.
No difference was noted in bacterial load upon secondary infection.

Malaria. Upon infection with two different malaria strains, liver-resident,
antigen-specific T cells had increased expression of CXCR6 compared to splenic cells
(Tse et al., 2013; 2014). Immunization of WT, Cers-/-, Cxcr3-/-, and Cxcr6-/- mice with
SIINFEKL-expressing malaria showed that only Cxcr6-/- mice had a defect in the
number of OVA-specific T cells in the liver (Tse et al., 2014). Adoptive transfer of WT
and Cxcr67/- OT-I cells showed decreased numbers of Cxcr6~/- T cells in the livers at
memory, but no difference was observed in the skin-draining LN, liver, lung, or spleen
at 3 or 9 days post-immunization. Cxcr6~/- and WT cells had no difference in BrdU
uptake at memory. No difference was noted in the chemokine production by WT and
Cxcr6/- OT-1T cells, but Cxcr6-/- cells had decreased expression of CXCR3 and
increased KLRG1 expression. This skewing towards a short-lived effector phenotype
may have been the cause of decreased cell numbers at memory. Vaccination with a
vaccinia virus expressing SIINFEKL protected mice that received WT and Cxcr6-/- OT-1
cells from challenge with malaria similarly after 7 days. However, when mice were
challenged three weeks after vaccination, mice that received Cxcr6-/- OT-I cells showed
no protection to malaria challenge.

Hepatitis. Expression of CXCL16 and CXCR6 was found to be induced in
chronically diseased human livers, and while expression increased with greater disease
severity, there was no difference in expression between etiologies (Wehr et al., 2013).

This expression was also seen in experimental models of acute and chronic liver injury.
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In addition to reports of CXCL16 expression by epithelium and endothelium, CXCL16
mRNA was also detected in Kupffer cells. CXCR6 was expressed by CD56* T cells in the
livers of patients with alcoholic cirrhosis or HCV and CD568right NK cells in healthy
tissues resected around hepatocellular carcinoma (Hudspeth et al., 2016; Kim et al.,
2001). The CD56818ht NK cells expressed the tissue residency marker CD69, but lacked
CD57 or HLA-DR, markers of maturity, activation, and antigen experience (Hydes et al.,
2018; Stegmann et al., 2016). These cells were Tbetl°EomesHi, a unique phenotype
compared to circulating NK cells. A study of explanted livers in patients with chronic
hepatitis due to either hepatitis C virus or other causes investigated this further and
found that CXCR6 expression was higher on CD69* T cells, NK cells, and NKT cells
(Boisvert et al., 2003). Liver infiltrating lymphocytes from patients with end-stage HCV
had an increase in percentage of CXCR6* cells as well as CXCR6 MFI compared to
matched PBMCs (Heydtmann et al., 2005).

CXCR6 and CXCL16 were upregulated in the livers of mice in a GvHD model and
infiltrating T cells showed increased levels of CXCR6 expression compared to syngeneic
transfers (Sato et al., 2005). Transfer of allogenic Cxcr6/- T cells showed no difference
in total liver-infiltrating lymphocytes, but decreased numbers of transferred cells in the
liver, but not the spleen of mice. This defect was due to recruitment, not proliferation,
of transferred T cells. In a model of acute liver injury, imaging of Cxcr6+/sfr mice showed
that CXCR6(GFP)+ cells increased their crawling within 6 hours of injury and became
stationary within 24 hours (Wehr et al., 2013). Some cells migrated into the liver
parenchyma. CXCR67/- mice had decreased numbers of CXCR6(GFP)+ lymphocytes in
the livers and those lymphocytes that were present moved faster compared to WT

controls. Cxcr6~/- mice had attenuated pathology and decreased serum alanine
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aminotransferase. This correlated with decreased accumulation of NKT cells in the

livers of Cxcr6-/- animals. Cxcr6~/- animals were also protected from chronic liver injury.

Influenza virus
Influenza virus is a spherical pleomorphic virus that is ~100 nM in diameter and

contains a single-stranded negative sense RNA genome with 8 segments (Carroll et al.,
2015). The surface of the virion is a lipid bilayer with hemagglutinin (HA) and
neuraminidase (NA) proteins projecting from the virus. These are important in binding
to a target cell and release of nascent virions, respectively. To infect a cell, influenza
binds to terminal sialic acids on glycosylated cell-surface proteins via the HA protein
and is endocytosed. Acidification of the endosome causes fusion of the virus’s
membrane with the membrane of the endosome, causing release of the viral RNA into
the cytoplasm of the cell. Replication and transcription of the influenza virus genome
takes place in the nucleus of the cell using a virally encoded polymerase that is packaged
in the virus bound to the 5’ and 3’ ends of the genome segments (Velthuis and Fodor,
2016). For replication, influenza uses its polymerase to create a complementary RNA
molecule that is then copied into VRNA for integration into daughter virions. For
transcription, influenza “snatches” the 5’ caps of cellular mRNA to use as primers for
transcripts and produces cRNA with the host’s 5’ cap and a poly(A) tail. These mRNA
are exported from the nucleus and translated using cellular machinery. The three
polymerase subunits and NP are imported into the nucleus and associate with the
VRNA. The viral ribonucleoproteins are then exported to the cell surface for integration
into progeny virions. These virions bud from the cell membrane and are released by the
action of the viral NA protein. The process occurs quickly with host protein translation

shut down within 3 hours of infection and release of virions beginning after 8-10 hours.
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Influenza virus belongs to the Orthomyxoviriade family and consists of three
separate genera (A, B, and C) based on the internal antigens in the NP and matrix (M)
proteins (Cohen and Dolin, 2015). Influenza A is further divided based on the surface
proteins HA and NA. There are 18 HA and 11 NA subtypes known, but only a few of
these (H1, H2, H3, N1, N2) have been shown to cause epidemics in human. Aquatic
birds are the natural hosts for influenza virus, but chickens, pigs, horses, bats, and seals
can be infected by influenza and have their own circulating strains (Carroll et al., 2015).
In the past two decades avian subtypes such as H5N1 and H7N9 have shown the ability
to cross from chickens to human in southeast Asia, prompting concern that these new

subtypes may emerge as a global pandemic (Hui et al., 2017).

Influenza and human health
Influenza viral illness kills 51,000 people annually in the United States and

400,000 people globally (Iuliano et al., 2018). The majority of cases occur during yearly
epidemics that start in the fall and run through winter, infecting as much as 20 % of the
population (Dolin, 2012). Influenza virus’s high mutation rate allows it to evade the
host’s immunological memory by changing cell-surface epitopes (Chen and Holmes,
2006). Therefore, the virus is able to infect a host without being neutralized by
antibodies from previous infections. This ability, together with the fact that several
strains of influenza circulate at the same time, complicates efforts to control the illness
by vaccination. Influenza vaccines must be updated each spring to protect against the
strains expected to cause disease in the coming fall, and each vaccine must carry antigen
from several different strains in order to induce a broadly-protective antibody response.
Even with these measures, vaccination is still only 50-80% effective in preventing

disease (Dolin, 2012).
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Another consequence of the high mutation rate is the ability of avian strains of
influenza to acquire the capability to infect human cells. Mutations that allow for a virus
to infect both avian and human cells have been documented for avian influenza types
H5N1 and H7N9 (Short et al., 2014). These zoonotic viruses preferentially replicate in
the lower respiratory tract in humans, leading to an increased incidence of pneumonia
and fatality rates as high as 60 % (Dolin, 2012; Taubenberger and Morens, 2008;
Tscherne and Garcia-Sastre, 2011). Many of the destructive properties of the anti-viral
immune response described below create a fertile environment for colonization of
bacteria. When combined with a reduced phagocytic ability of neutrophils and
macrophages to combat bacterial invasion following influenza infection, a vigorous anti-
viral response can lead to a mixed bacterial/viral or secondary bacterial pneumonia
(Braciale et al., 2012; McNamee and Harmsen, 2006; Neil, 2010). These complications
are common, and in the 1957 H2N2 pandemic were found in 2/3 of fatal cases. Zoonotic
viruses can also gain human infectious potential by antigenic shift. When a single host
is infected by two strains of influenza simultaneously, random combinations of genome
segments will mix in co-infected cells. The resulting virions contain genomic material
from both parent viruses, potentially giving it new virulence in humans. This was the
case for 2009 HiN1 influenza, which resulted from the reassortment of four influenza
strains from three different species over a period of 10 years (Tscherne and Garcia-
Sastre, 2011). The many mechanisms by which novel strains of influenza can arise make

it a very difficult pathogen to control.

Immune response to influenza
Understanding the host response to influenza infection is key in preventing

pathologic immune responses and secondary bacterial infection in the lung. An
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aggressive response by the innate immune system has been found to correlate with poor
outcomes in models of 1918 HiN1 and contemporary H5N1 infection (Teijaro, 2014).
When a naive human is infected with influenza, the virus binds to epithelial cells
in the nasopharynx and begins to reproduce (Carroll et al., 2015; Chen et al., 2018). As
the viral replication progresses, virus spreads down the respiratory tract and may begin
to infect the trachea and lungs. Cells of the immune system, including DCs and alveolar
macrophages, may also be infected by some strains of the virus (Chen et al., 2018).
During the latent phase of infection, which can last 18-72 hours, depending on
inoculum, several viral proteins are at work to suppress the host’s immune response.
One protein is polymerase basic 1-F2 (PB1-F2), which is transcribed from an alternate
reading frame of PB1. This protein is able to inhibit RIG-I signaling by direct
interaction with MAVS, preventing the induction of type I and III interferons, and
induces apoptosis in APCs by disrupting the mitochondrial membrane (Hsu, 2018). The
PB1-F2 protein of Spanish flu has been found to be particularly effective and
mutagenesis of PR8 to express the 1918 PB1-F2 led to increased morbidity and mortality
(McAuley et al., 2007). Influenza’s other immune evasion protein, non-structural 1
(NS1), is polyfunctional and shuts down host mRNA translation and antagonizes
interferon signaling by inhibiting the polyubiquitination of RIG-I, binding to PKR and
inhibiting signaling, and by binding to vVRNA and preventing its recognition by OAS or
PKR (Hsu, 2018). Eventually, the viral PAMPs overwhelm the ability of PB1-F2 and NS1
to block host antiviral responses and infected cells begin to produce IFNa and IL-6
(Teijaro, 2014). This coincides with symptom onset in humans and the levels of pro-

inflammatory cytokines correlate with symptom severity.
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The production and release of IFNa, IL-6, IL-1, and other pro-inflammatory
cytokines sets up an antiviral state in adjacent cells and helps to control spread of the
virus (Teijaro, 2014). TNF, IL-1, IL-6 and IL-8 can also act systemically on the
hypothalamus to induce fever and the liver to begin synthesis of acute phase proteins.
These cytokines, along with CCL2, CCL5, and CXCL10 recruit cells of the innate immune
system to the site of infection (Pulendran and Maddur, 2014). Neutrophils, NK cells,
and alveolar macrophages have been shown to be important for early control of viral
replication and various types of DCs take up antigen and travel to the draining lymph
nodes to initiate the adaptive immune response (Pulendran and Maddur, 2014).

Neutrophils are among the first cells to arrive to sites of infection. Neutrophils
phagocytose virus as well as apoptotic infected cells, but are not permissive for infection.
In mice, neutrophils are important for control of influenza virus infection and depletion
of neutrophils caused increased viral titers in the lung (Pulendran and Maddur, 2014).
NK cells are also important for control of virus as their depletion also leads to delayed
viral clearance and worsened disease in mouse models (Pulendran and Maddur, 2014).
This correlates with decreased numbers of NK cells in the lung infiltrates of fatal cases
of influenza infection. In humans, NK cells can recognize viral HA on the surface of
infected cells via the NKp46 and NKG2D proteins, leading to lysis of infected cells. NK
cells can be infected by influenza virus and this inhibits their function. However, both
neutrophils and NK cells have been shown to contribute to influenza pathogenesis in
some models and their arrival in the lung takes 4-5 days, limiting their activity in early
control of viral replication (Lim et al., 2015; Pulendran and Maddur, 2014; Schultz-

Cherry, 2015).
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Alveolar macrophages during influenza infection
Unlike other innate cell populations important for the control of influenza

infection, alveolar macrophages are already present within the alveoli of the lung and do
not need to be recruited from the circulation. These cells were originally shown to
reduce T cell responses to respiratory viral infeciton by removing antigen and
downregulating LN priming of T cells without an effect on viral clearance, but they have
since been found to be critical for control of influenza infection in mice, ferrets, and pigs
(Cardani et al., 2017; Kim et al., 2013; 2008; Schneider et al., 2014; Wijburg et al.,
1997). Depletion of alveolar macrophages by liposomes, transgenic expression of the
diphtheria toxin receptor (DTR), or knockout of key developmental proteins was found
to increase viral titers, pathology, and mortality and restoration of alveolar macrophages
rescued the effects of depletion or knockout (Cardani et al., 2017; Purnama et al., 2014;
Schneider et al., 2014; Tumpey et al., 2005). Additionally, administration or transgenic
expression in the lung of GM-CSF, a key cytokine for alveolar macrophage development,
improved survival of mice in several lethal infection models and knockout of Csf2
decreased survival (Huang et al., 2011; 2010; Sever-Chroneos et al., 2011; Subramaniam
et al., 2015). Using mice that express DTR under the control of CD11c, the protective
effect of alveolar macrophages was found to be during the first 48 hours of infection
(Cardani et al., 2017). Notably, depletion of alveolar macrophages using a CD169-DTR
mouse did not affect adaptive immune responses, contradicting the early work on
alveolar macrophages in influenza (Purnama et al., 2014). However, alveolar
macrophages are necessary for mediating protection by broadly neutralizing and non-
neutralizing antibodies (He et al., 2017). There are two possible mechanisms by which

alveolar macrophages improve host outcome during influenza infection. Macrophages,
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as well as neutrophils are able to phagocytose influenza virus-infected cells and
inhibition of this process using Annexin V increased mortality in a mouse model of
lethal influenza (Hashimoto et al., 2007; Watanabe et al., 2005). In addition, alveolar
macrophages express higher levels of viral sensing genes and are the major producers of
IFNa and IL-1p during influenza infection (Helft et al., 2012; Peir6 et al., 2018).

In humans, alveolar macrophages are resistant to infection by circulating
seasonal strains, but H5N1 avian influenza can productively infect alveolar macrophages
(Ettensohn et al., 2016; van Riel et al., 2011). The resistance of alveolar macrophages to
infection leads to decreased cytokine production compared to recruited monocytes
(IFNa notwithstanding), but this may be protective since H5N1 infection leads to much
greater cytokine production which correlates with increased mortality. However, there is
contradicting evidence in this area. In mice, alveolar macrophages can be infected by
some, but not all influenza viruses. For example, the reassortment viruses PR8 and
BJx109 have the same internal proteins but differ in their HA and NA proteins. BJx109
can infect alveolar macrophages and had a mild disease course while PR8 cannot infect
alveolar macrophages and had a severe disease course (Tate et al., 2010). Depletion of
alveolar macrophages increased the severity of BJx109 but not PR8, suggesting that
infection of alveolar macrophages was key for host survival. A different work found that
alveolar macrophages could be infected by PR8 and that injection of alveolar
macrophages from infected animals into eggs resulted in growth of influenza (Helft et
al., 2012). This work reasoned that infection of alveolar macrophages was important for
viral sensing and initiation of innate immune responses. Murine alveolar macrophages
could also be infected by a pandemic 2009 H1N1 influenza virus expressing the Venus

fluorescent protein (DiPiazza et al., 2017). Staining of cell surface HA along with Venus
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to distinguish infected cells versus cells carrying antigen found that 43 % of alveolar
macrophages carrying Venus were productively infected, the highest of any cell type
examined.

There is conflicting evidence on the sources of alveolar macrophages in adult
lungs. The first alveolar macrophages were seeded from the yolk sac on day e8 in mice
and require different transcription factors for their development compared to other
hematopoietic cells (Bertrand et al., 2005; Schulz et al., 2012). However, neonatal
monocytes also have the ability to seed the lungs and develop into alveolar macrophages
(Guilliams et al., 2013). Using fate mapping, bone marrow chimeras, and parabiosis,
another work showed that alveolar macrophages are able to proliferate in a M-CSF- and
GM-CSF-dependent fashion following depletion and these macrophages were functional
and able to prevent alveolar proteinosis in irradiated mice that received Csfir/- or
Csf2ra/- bone marrow (Hashimoto et al., 2013).

Alveolar macrophages decrease during influenza infection, though this was not
seen in all viral or mouse strains (Ghoneim et al., 2013; Janssen et al., 2011). One
mechanism by which this may have occurred is PB1-F2-mediated induction of apoptosis
in alveolar macrophages by disruption of the mitochondrial membrane (Chen et al.,
2001). Alternatively, IFNa drove apoptosis of alveolar macrophages (Coulombe et al.,
2014). In one model, alveolar macrophages survived the infection while recruited
macrophages underwent Fas-mediated apoptosis during resolution of the infection
(Janssen et al., 2011). Another work found that alveolar macrophages were lost in
BALB/cAnNCrl, but not C57BL/6NCrl mice and claimed to resolve inconsistencies in
the field, but that claim is without substance since only 2 viruses and one supplier of

mice were used for initial characterization of AM loss (Califano et al., 2018). We
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observed that in C57BL/6J mice, alveolar macrophages were decreased during the

course of influenza infection (see chapter 3).

Lung-resident memory T cells
In the absence of neutralizing antibodies, influenza-specific memory T cells

resident in the airways can decrease the severity of infection. In a heterosubtypic
influenza infection model, naive mice had infectious virus in the nose to day 10
postinfection and in the lungs to day 7 postinfection. However, when a heterosubtypic
virus was used to challenge mice with influenza-specific T cells, the virus was largely
cleared from the nose by day 6 and the lung by day 4 (Liang et al., 1994). This
protection was found to wane over time and be dependent on shared T cell epitopes
between the viruses. Protection in the nose was mediated by CD4+ and CD8+* T cells and
depletion of both subsets virtually eliminated protection. In the lung, CD4 depletion did
not affect protection while CD8 depletion showed a partial decrease in protection. The
protection was not dependent on NK cells and was mediated by resident CD8+ T cells
(Wu et al., 2014). In humans, numbers of pre-existing T cells to conserved epitopes in
2009 H1N1 inversely correlated with symptom score, but this was done with PBMCs
(Sridhar et al., 2013). A more recent work used experimental infection of human
volunteers with RSV and found that preexisting RSV-specific cells in the airways
inversely correlated with disease severity (Jozwik et al., 2015).

Antigen-specific T cells persist in the lungs and airways of mice for greater than 1
year after infection with either influenza or Sendai viruses (Hogan et al., 2001). These
cells expressed CD69, CD25, and CD43, markers of activation and cytolytic activity, and

upon stimulation, divided and were cytolytic.
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Airway-resident T cells must be continually repopulated from cells in the lung
(Ely et al., 2006). These cells were transcriptionally unique as represented by decreased
expression of CD11a within 48 hours after entry into the airways. Transfer of cells from
the airways to the peritoneal cavity of mice restored CD11a expression. Airway cells
were also poorly cytolytic, instead mediating protection by production of IFNy within 2
hours of antigen exposure (McMaster et al., 2015). Chemokine receptors are known to
be important for trafficking of Tru to tissues, so it is likely that the airway has a unique

(set of) chemokine(s) that recruit cells (Mackay et al., 2013; Sliitter et al., 2013).

Cytokine storm
The anti-viral response is highly regulated, as infected and uninfected cells are

equally susceptible to killing from neutrophils. However, in cases of highly pathogenic
influenza virus infection, the anti-viral immune response spirals out of control as
activated immune cells secrete chemokines that recruit more chemokine- and cytokine-
secreting cells in a feed-forward fashion. The loop eventually surpasses the ability of
regulatory cells, such as alveolar macrophages, to control inflammation and tissue
damage. As this process occurs in the lungs, blood levels of IL-13, TNF-a, and other
proinflammatory markers spike, earning the moniker cytokine storm (Teijaro, 2014).
Cytokine storm due to highly pathogenic influenza virus infection, and the
accompanying burst of innate immune cell activity, causes widespread desquamation of
the respiratory epithelium and submucosal edema and congestion. Alveolar necrosis,
capillary thrombosis, hyaline membranes, and thickening of alveolar septa lead to
impeded gas exchange and ventilation-perfusion mismatch (Short et al., 2014;
Taubenberger and Morens, 2008). The end state of these symptoms is acute respiratory

distress syndrome (ARDS), where the epithelial-endothelial barrier breaks down,
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allowing fluid to accumulate in the lungs. ARDS is driven in part by IL-1 and has a

fatality rate of up to 60 % (Tisoncik et al., 2012).

Disease modifying agents in influenza
The role of pro-inflammatory cytokines in morbidity and mortality of pandemic

influenza virus infection is well documented; however, there are no disease-modifying
agents that target the host cytokine response to respiratory pathogens. One cytokine

that has not been explored in influenza-induced morbidity and mortality is IL-36.

IL-36 in the lung
Chronic Obstructive Pulmonary Disease. Patients with acute exacerbation of

COPD had significantly lower levels of I1.-36a and 11.-36Ra than patient with stable
COPD or healthy controls (Chen et al., 2012). There was also an inverse correlation
between IL-36a protein levels and the digital evaluation score system, an established
method of evaluating COPD disease status.

Pulmonary Bacterial Infection. Intratracheal administration of LPS into the
lungs of mice induced the expression of 1I136g mRNA, but not 1I36a, I136b, or 1136g
(Segueni et al., 2015). Infection of mice with M. bovis BCG led to a transient increase in
I136g mRNA and IL-36y protein was observed in granulomas by FISH. WT and 11361/
were infected with BCG and there were no differences in survival or body weight to 6
months post infection. Flow cytometry of lung cells found no differences in numbers of
CD4+ T cells, CD8* T cells, CD11b* cells, or B220* cells, or in bacterial burden or
histopathologic appearance at 6 months post-infection. Of more than 10 cytokines
whose transcript levels were analyzed, the only differences between WT and 11361/
mice were decreased levels of 116, Cxcl1, and Cxcl2 in I136r-/- mice.

Infection of WT mice with M. tuberculosis led to no changes in expression levels

of I136g or 11367 over the first 27 days of infection. Comparison of the pathogenicity of
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M. tuberculosis in WT and I136r-/- mice found no differences in body weight or mortality
out to 4 months. In addition, there were no differences in bacterial load, lung weight,
histopathologic findings, or Cxcl1 expression between the two strains at either 1 or 4
months post-infection and no differences in T cells at 1 month post-infection. Overall,
this evidence suggests that IL.-36 plays no role in the control of pulmonary
mycobacterium infection.

1136g was induced in the lung during infection with Klebsiella pneumoniae and
Streptococcus pneumonaie and 1L-36y was released by epithelial cells into the alveolar
space (Kovach et al., 2017). Infection of mice with Pseudomonas aeruginosa led to
release of IL-360 and IL-36y by epithelial cells and macrophages (Aoyagi et al., 2017b).
Knockout of IL-36y impaired bacterial clearance, increased bacterial dissemination, and
increased mortality in S. pneumoniae infection, but increased survival during
Pseudomonas infection. The mortality defect in S. pneumoniae was attributed to
decreased M1 macrophage activation and transfer of IL-36y-containing microparticles
rescued the death of I136g-/- mice. In Pseudomonas infection, IL-36y induced COX-2
expression and the resultant PGE. impaired the bacterial clearance. In human ARDS,
IL-36y can be found in the airways and serum of patients and, surprisingly, the serum
levels were 10-fold higher.

Asthma. In mice, the I136 family lies within the Abhri locus that determines the
asthma responsiveness of two strains of mice: A/J (hyper-responsive) and C3H/HeJ
(hypo-responsive) (Ramadas et al., 2006). In an OVA mouse model of bronchial hyper-
responsiveness, I1136g mRNA was upregulated in the hyper-responsive A/J strain

treated with OVA compared to both the PBS control group and the Ova-treated
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C3H/HeJ strain. mRNA levels in whole lung tissue lysate increased within 6 hours of
intratracheal OVA administration and returned to baseline by 72 hours post-
administration. I136a, I136b, and I136rn mRNA was not detected in the time period
measured. In the house dust mite model of asthma, IL-36y protein was detectible in the
lungs of both HDM- and PBS-treated mice at 1, 6, 24, and 48 hours following the last
dose suggesting a basal, constitutive level of expression (Ramadas et al., 2012).
However, at 24 hours post-dosing, HDM-treated mice showed increased expression of
IL-36y compared to PBS-treated control. Using IFM to analyze sections of lungs from
HDM-treated mice, it was found that epithelial cells are the source of IL-36y protein
during basal expression, but the authors did not determine the source of HDM-induced
IL-36y protein expression. Intratracheal administration of 10 pg IL-36y twice a day for 2
days led to increased mucus production at 24 hours following the last dose and led to
airway and airspace infiltrates at 6 and 24 hours postdosage. qPCR analysis of whole
lung at these time points showed that I1.-36y administration led to increased expression
of neutrophil chemoattractants Cxcl1 and Cxcl2, monocyte chemokines Ccl2, Ccl7, and
Ccli2, and lymphocyte-homing proteins Cxcl9g, Cxclio, and Cxcl11, but not eosinophil
chemokines Ccli1 and Ccl24. 1L-36y also induced production of Il1a, but not Il1b. A
single administration of IL-36y was sufficient to increase airway hypersensitivity
compared to PBS-treated control mice. Analysis of BAL fluid harvested from mice 24
hours after a single dose of IL-36y showed increased neutrophils but no eosinophils.
The same analysis after multiple doses of IL-36y showed the airway infiltrate to be of
similar composition except with increased lymphocytes and increased cell numbers.
Finally, challenge with HDM followed by IL-36y caused a purely neutrophil influx

without eosinophils or lymphocytes. This was not due to endotoxin contamination as
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C3H/HeJ mice, which lack TLR4, showed a similar response. IL-36y administration
led to increased NF-kB binding activity on a DNA probe assay 2 hours after
administration, which returned to baseline by 6 hours after the last dose. Several other
transcription factors had reduced binding activity at 2 hours postdose, including the
androgen receptor, HIF, MEF2, NF1, and NKx2.5. At 6 hours postdosage, there was
decreased activity of GATA and ISRE. Treatment of RAW264.7 mouse macrophages
with IL-36y led to dose-dependent expression of an NF-kB reporter construct and
treatment of alveolar macrophage line MH-S led to transiently increased Cxcl1 and
Cxcl2 expression, confirming in vivo results.

In humans, IL-36y mRNA was upregulated during ex vivo culture of human
bronchial epithelial cells from asthma patients and was one of only two genes further
induced when cells from asthma patients were infected with rhinovirus (Bochkov et al.,

2010).

IL-36 in influenza
I136a and I136g were expressed in the lung following influenza infection and IL-

360 was released in microparticles from alveolar epithelial cells in a caspase-1- and
caspase-3/7- dependent manner. Knockout of I136r protected mice from lung injury
and mortality during influenza infection by reducing early cytokine and chemokine
expression and subsequent leukocyte influx and activation. This study used I136g~/-
mice but only as a control in challenge experiments where WT mice had 100 %
mortality.

CXCR6/CXCL16 in the lung
Healthy Lung. CXCL16 expression by alveolar macrophages in the lungs of

healthy and diseased patients has been reported (Morgan et al., 2005). Alveolar

macrophages released CXCL16 constitutively regardless of disease state and CXCL16
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release was increased by treatment with LPS, but not TNF or IFNy. Soluble CXCL16
was present in the BAL fluid of humans and does not correlate with disease state.
Cultured human bronchial epithelial cells expressed CXCL16 at ng/mL concentrations
at baseline and expression was upregulated upon stimulation with IFNy (Day et al.,
2009b).

CXCR6 was found to be differentially expressed on human CD103* and CD69-
CD8+* T cells isolated from lung explants, with CD103* cells having a much greater
percentage of CXCR6* cells than the CD69- population (Morgan et al., 2008). CD8+ T
cells from the human lung expressed 40-fold more CXCR6 mRNA than CD8+ T cells
from the blood (Day et al., 2009a).

Sarcoidosis. In one report, approximately half of T cells recovered from the BAL
of patients with active sarcoidosis were CXCR6* compared with 20 % in patients with
inactive sarcoidosis and 6 % in healthy controls (Agostini et al., 2005). Another work
found that 85 % of BAL T cells in sarcoidosis expressed CXCR6 compared to 7 % of
blood T cells and that only 50 % of BAL T cells expressed CXCR6 in healthy controls
(Morgan et al., 2005). This was also observed in non-sarcoid interstitial lung disease
and patients with sarcoidosis had greater expression of CXCR6 than patients with
asthma. Increased CXCR6 protein correlated with increased mRNA levels, cells
expressing CXCR6 also expressed CXCR3, and these cells migrated toward CXCL16 and
CXCL10 (Agostini et al., 2005). THC showed that T cell infiltrates in the lung of patients
with active sarcoidosis were CXCR6+ and that the T cells surrounding the central core of
the granuloma were also CXCR6*. CXCL16 was expressed by monocytes, macrophages,

multinucleated giant cells, and epithelioid cells within the granuloma. Explants from
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pulmonary fibrosis patients who underwent lung transplant showed staining for
CXCL16 limited to the alveolar wall.

Asthma. In an allergen challenge model of asthma in Brown Norway rats,
CXCR6 was expressed on 30-40 % of lymphocytes isolated from the lungs and 10-20 %
of lymphocytes in the BAL fluid (Latta et al., 2007). CXCL16 expression was not
increased in bronchial epithelial cell cultures from asthmatic donors compared to
healthy controls (Day et al., 2009b).

COPD. While <1 % of CD8 T cells expressed CXCR6, the level of CXCR6
expression correlated with disease severity. CXCL16 was constitutively expressed and
did not correlate with disease severity.

M. tuberculosis. Intranasal, but not intradermal vaccination with an adenovirus
expressing the 85A antigen of M. tuberculosis, induced increased expression of CXCR6
on lung-resident CD8+ T cells (Lee et al., 2011). Increased numbers of CXCR6+* CD8+ T
cells were found in the lungs and BAL fluid of mice 3 weeks after vaccination and many
of these were antigen-specific. CXCR6* cells were CD27%°, produced IFNy and TNF, and
depletion of the cells decreased the efficacy of vaccination. Following vaccination,
serum levels of CXCL16 increased and returned to baseline in one week. Intranasal
dosage of rec85A, but not CXCL16, increased the number of T cells in the BAL, and
administration of both proteins synergized.

IL-36 and CXCR6 play important roles in the immune system in the healthy and
diseased lung. My research concentrated on the role of IL-36y during acute influenza
infection and how CXCR6 homes antigen-specific memory T cells to the airways. While
seemingly disparate topics, they both involve cytokine signaling in the context of

respiratory virus infection.
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Chapter 2. IL-36y protects against severe influenza infection by promoting
lung alveolar macrophage survival and limiting viral replication

Despite the broad availability of licensed vaccines, influenza viral illness remains
a major threat to public health, particularly among children and the elderly (Dolin,
2012; Thompson et al., 2003). In severe cases, influenza infection can cause primary
viral pneumonia or sensitize the host to secondary bacterial infection, and can also
exacerbate underlying health problems including congestive heart failure, chronic
obstructive pulmonary disease, and asthma. One reason for the continued public health
burden of influenza is the imperfect antigenic match between the vaccine and
circulating influenza strains that results in only 50-80 % protection in the best of years
(Dolin, 2012). In the absence of effective cellular or humoral memory responses, the
innate defenses of the respiratory tract serve as the only mechanisms to control the
spread of virus in the early phases of infection.

Influenza infection of the respiratory epithelium leads to the activation of
antiviral responses via the extracellular and endosomal TLR receptors or the
intracellular receptors RIG-I and NLRP3, causing cells to release interferons as well as
pro-inflammatory and chemotactic factors (Ichinohe, 2010; Iwasaki and Pillai, 2014;
Loo et al., 2008; Pulendran and Maddur, 2014). Interferons serve to limit protein
translation within infected cells and decrease the permissibility of uninfected cells to the
virus during the mobilization and recruitment of immune cells from the bone marrow
and circulation, which can take 4-5 days (Lim et al., 2015; Schultz-Cherry, 2015; Weiss
et al., 2010). Several innate cell types have been shown to be key to controlling influenza
infection. NK cells can recognize infected cells via NKp46 binding to surface

hemagglutinin, leading to lysis of cells that are displaying viral proteins (Schultz-Cherry,
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2015). Neutrophils can also serve to promote viral clearance in severe cases of
influenza, but neutrophils, along with monocytes, and have been shown to contribute to
immune pathology during some models of influenza infection (Camp and Jonsson,
2017; Lin et al., 2008). In contrast, among the earliest responders to influenza infection
in the lung are tissue-resident alveolar macrophages. In mice, these cells have been
shown to decrease the infection of type I alveolar epithelial cells during the initial 48
hours of infection, before other innate cell types arrive in the lung (Cardani et al., 2017).
Depletion of alveolar macrophages by either genetic knockout or liposomal clondronate
treatment increases morbidity, mortality, and viral load during influenza infection
(Cardani et al., 2017; Schneider et al., 2014). Therefore, lung alveolar macrophages play
a critical role as one of the few lung-resident innate immune cell types capable of
responding to influenza infection during the initial stages of infection, prior to immune
recognition that leads to the initial inflammatory burst alerting the systemic immune
system to a lung infection.

Severe influenza infections are characterized by viral infection throughout the
upper and lower respiratory tract (Taubenberger and Morens, 2008). Consequences of
increased viral titers throughout the respiratory tract include hyperactive cytokine
responses, and patients hospitalized with severe influenza showed significant increases
in pro-inflammatory cytokines (Beigel et al., 2005). Elevated expression of type I
interferons, TNF-a, IL-1, IL-6, IL-18, and IL-33 have been observed in pathogenic
influenza infections, suggesting that inhibition of these cytokines may ameliorate
influenza pathology and improve host survival (Guo and Thomas, 2017). However,
deletion or blockade of pro-inflammatory cytokine pathways including IFNa, IFNy,

TNF, IL-1, and IL-6 has shown mixed results in mice and humans (Bot et al., 1998;
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Dienz et al., 2012; Garcia-Sastre et al., 1998; Hussell et al., 2001; Perrone et al., 2010;
Salomon et al., 2007; Seo et al., 2011; Teijaro, 2014; Weiss et al., 2010). General
immunosuppression with corticosteroids has also shown little to no effect on patient
outcome in clinical trials (Brun-Buisson et al., 2011; Teijaro, 2014; Tisoncik et al., 2012).
These failures have renewed efforts to identify novel pro-inflammatory host mediators
that contribute to influenza pathogenesis. One such family of pro-inflammatory
mediators are the IL-36 family of cytokines, IL-36a, -B, and -y, which are recently-
discovered members of the IL-1 family. These proteins have been shown to be
important in several different inflammatory conditions including asthma, colitis, and
psoriasis (Medina-Contreras et al., 2015; Ramadas et al., 2011; Tortola et al., 2012). In
addition, IL.-36y administration has been shown to increase mucus production and
neutrophil migration into the lungs of mice (Ramadas et al., 2011). A recent study
showed that IL-36y-deficient mice were more susceptible to pulmonary S. pneumonia
infection, demonstrating an important role for IL-36y in lung immunity (Kovach et al.,
2017). In addition, deletion of IL-36 receptor improves survival during lethal influenza
challenge in mice (Aoyagi et al., 2017a). However, the role of individual IL.-36 cytokines
in immunity against respiratory virus infections has not been investigated.

In the present study, we investigated the regulation of IL-36 cytokines during
mild and severe influenza infections in mice. II36g mRNA was significantly increased in
the lung during the initial stages of influenza infection, suggesting that inhibition of IL-
36y production may prevent excessive inflammation during severe influenza infection
and improve host survival. Surprisingly, infection of IL-36y-deficient mice with

influenza virus showed the opposite effect, as IL-36y-deficient mice had significantly
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increased weight loss, mortality, and viral titers during both mild and severe influenza
infection. Analysis of innate immune cell subsets in the lung revealed a rapid and
dramatic loss of lung alveolar macrophages in IL-36y-deficient mice compared to their
wild-type counterparts. Finally, the decreased survival in IL.-36y-deficient mice could be
rescued through the transfer of wild-type alveolar macrophages into the lung prior to
influenza infection. Overall, these data demonstrate an unexpected protective role for
IL-36y during influenza infection by promoting the survival of lung alveolar
macrophages.

Materials and Methods
Mice. C57BL/6J (WT) and B6.SJL-Ptprc? Pepcb/BoyJ (CD45.1) were purchased

from The Jackson Laboratory and bred in house under specific pathogen free conditions
at Emory University. For some experiments WT and CD45.1 mice were crossed to
produce CD45.1*CD45.2+* F1 offspring. Cryopreserved sperm of the line B6;129S5-
Il1fgtmilex/Mmucd (II136g-/- mice) was purchased from the Knockout Mouse Project,
injected into a C57Bl6/J oocyte and backcrossed in house as previously described
(Supplementary Table 1) (Harusato et al., 2017). Intranasal infection with influenza
A/HKx31 (H3N2) at 30,000 or 300,000 50% egg infectious dose (EID5,) and PRS
(H1N1) at 450 PFU was performed under isoflurane anesthesia. For all mortality
experiments, mice were monitored with daily weighing and euthanized when they
reached 25% weight loss. All experiments were completed in accordance with the
Institutional Animal Care and Use Committee guidelines of Emory University.

Whole lung mRNA isolation for viral titers and 1136 qPCR. Infected mice were
euthanized by 2,2,2-tribromoethanol overdose and brachial exsanguination. Lungs

were harvested into RNA later (Sigma) and stored at 4 degrees C overnight and then at -
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80 degrees C until processing. Lungs were homogenized in Trizol (Ambion) by either
Tissue Tearor or Bead Bug according to the manufacturer’s directions. RNA was
purified from the homogenized lung using Ambion spin columns by a modified
manufacturer’s protocol. cDNA was synthesized from RNA using reverse transcriptase
(Applied Biosystems) and viral titers were determined by digital droplet PCR and
Quantasoft software (Biorad) using primers and probes directed at the Influenza NP
gene, which is conserved between x31 and PR8. The sequences were X-31 NP Forward:
5-GCA TGC CAT TCT GCC GCA TT-3', X-31 NP Reverse: 5'-GCT GAT TTG GCC CGC
AGA TG-3’, Probe: 5’- /sHEX/TA+G T+CT +CCA TAT TTT CAT T+G+G AA+G
C/3BHQ_1/ -3’. Expression levels of IL-36 family members were determined by real
time qPCR on a Biorad CFX96 Real time system and CFX manager v3.1 using primers
against I136a, I136b, I136g, and Hprt. Sequences were 1136a forward: 5-TAG TGG GTG
TAG TTC TGT AGT GTG-3’, Il36a reverse: 5-GTT CGT CTC AAG AGT GTC CAG ATA T-
3’, 1136b forward: 5'-ACA AAA AGC CTT TCT GTT CTA TCA T-3’, I136b reverse: 5-CCA
TGT ATT TAC TTC TCA GAC T-3’, I136g forward: 5-AGA GTA ACC CCA GTC AGC
GTG-3’, I136g reverse: 5-AGG GTG GTG GTA CAA ATC CAA-3’, Hprt forward: 5-CAC
AGG ACT AGA ACA CCT GC-3’, Hprt reverse: 5-GCT GGT GAA AAG GAC CTCT-3'.
For I136g expression in sorted immune cells, cDNA was synthesized with the iScript
cDNA synthesis kit before real time qPCR (Biorad). Real time qPCR Data were analyzed
using CFX Manager before export to Microsoft Excel.

Lung harvest for pathological examination. Mice were euthanized as above and
the ribcage carefully removed. A small incision was made in the trachea and the lungs
were inflated with 0.75 mL formalin. The lungs, heart, and thymus were removed en

bloc and placed into a cassette and then into formalin jars. Lungs were embedded in
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paraffin, sectioned and stained with hematoxylin and eosin by the Winship Research
Pathology Core Lab at Emory University. Lungs were scored for bronchiolar and
alveolar necrosis, perivascular infiltrates, and alveolar exudates and infiltrates by a
pathologist blinded to treatment conditions.

Isolation of immune cells from lungs, flow cytometry, and cytokine analysis. For
isolation and quantification of immune cells from lungs, mice were euthanized as above.
Bronchoalveolar lavage was performed using 1 mL of compete RPMI delivered via an 18-
gauge IV catheter into a small incision into the trachea. The airways were washed five
times before the lungs were harvested into HBSS. Lungs were finely minced with
scissors before digestion (30 minutes, 37 degrees C) with warm HBSS containing 4E5
units/mL DNase (Sigma) and 500 mg/L Collagenase D (Roche). Lungs were further
homogenized via swishing with a 3-mL syringe before and after digestion and every 10
minutes during digestion. Following digestion, immune cells were purified via 40 %/80
% isotonic Percoll gradient centrifugation. Live/dead staining was performed with
Zombie Yellow, Zombie Ultraviolet or Zombie Near Infrared (Biolegend) and Fc
blocking was done with anti-CD16/32 clone 2.4G2 in FACS buffer consisting of 2 % w/v
BSA and 0.05 % w/v sodium azide in PBS. The hybridoma expressing 2.4G2 was
purchased from ATCC and cultured in our lab. The antibody was purified from the
supernatant by standard techniques. Cells were stained with fluorescently labeled
antibodies purchased from Abcam, Biolegend, BD Biosciences or eBioscience in FACS
buffer. Antibodies were anti-CD45.2-A488 [104, Biolegend], anti-CD45.2-A647 [104,
Biolegend], anti-CD86-PE [GL1, Biolegend] anti-CD11c-PE/CF594 [HL3, BD
Biosciences], anti-CD103-PerCP/Cys.5 [2E7, Biolegend], anti-I-A/I-E-PE/Cy7

[M5/114.15.2, Biolegend], anti-CD45R-APC [RA3-6B3, Biolegend], anti-Ly6C-APC/Cy7
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[AL-21, BDBiosciences], anti-SiglecF-BV421 [E50-2440, BD Biosciences], anti-Ly6G-
BV510, [1A8, Biolegend], anti-NK1.1-BV650 [PK136, Biolegend], anti-CD11b-BV711
[M1/70, Biolegend], anti-CD90.2-BV785 [30-H12, Biolegend], anti-CD206-A700
[Co68C2, Biolegend], anti-CD200R-PE [OX-110, Biolegend] anti-TREM2-FITC [78.18,
Abcam], anti-CCR5-PerCP/e710 [7A4, eBioscience], and anti-CD45.1-BUV395 [A20, BD
Biosciences]. Cells were sorted on a BD Aria II or were fixed with 1 % paraformaldehyde
before analysis on a BD LSRII or BD Fortessa X20. Annexin V (Biolegend) staining was
performed according to manufacturer’s instructions immediately before flow cytometric
analysis. Cell numbers were determined by counting live cells on a hemocytometer in
the presence of trypan blue (Sigma). Flow cytometry data was initially analyzed using
FlowJo v10.0.8r1 before exporting data to Microsoft Excel for further calculations. For
cytokine analysis, the first BAL pull was kept separate and spun at 700 x g for 5 minutes
to remove cells. The supernatant was stored at -80 degrees C while the cells were
combined with the remaining BAL pulled. Cytokine levels in the BAL supernatant were
determined by a Biolegend LEGENDPlex Mouse Inflammation Panel by manufacturer’s
instructions.

Cell isolation and adoptive transfer. For transfer of alveolar macrophages, lungs
were harvested from naive B6 or 1136g~/- mice and digested (30 minutes, 37 degrees C)
with Collagenase type II (625 units/mL, Worthington) and DNase (4E5 units/mL,
Sigma) and swished as above. Percoll purification was performed as above. Alveolar
macrophages were isolated via positive selection on CD11c and SiglecF with MACS
columns per manufacturer’s instructions (Miltenyi). The bound fraction was collected
and an aliquot was stained to determine purity. 500,000 alveolar macrophages in 50 pL

PBS were administered intranasally to recipient mice under isoflurane anesthesia. W'
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controls received PBS intranasally. For survival experiments, mice were infected with
high dose x31 the following day and monitored daily for 14 days. For next day analysis
of transfer efficiency or phenotypic analysis of I136g-/- alveolar macrophages transferred
to WT mice, the mice were not infected.

Statistics. Statistical analysis was performed in GraphPad Prism and the tests
used to determine significance are listed in the appropriate figure legends. Asterisks in

the figures denote significance (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).

Results
IL-36yis induced during influenza infection and protects against morbidity and

mortality. To determine the expression level of IL-36 family members following
influenza infection, B6 mice were infected with influenza A/HK-x31 (H3N2) and
expression of the IL-36 cytokine family genes Il36a, I136b, and I136g in whole lungs
were measured by RT-PCR (Figure 1A-C). I136a expression was not altered following
infection, and I136b was significantly increased only on day 3 following influenza
infection. We observed 11369 expression in the lung was significantly increased by day 3
after infection, and increased expression of I136g was maintained through day 6. In
addition, expression levels of I136g in naive (do) whole lungs were higher than either
1136a or I136b (Supplemental Figure 1). I136g expression has previously been reported
in bronchial epithelial cells following infection with respiratory viruses or bacteria, but
which immune cells produce the cytokine during influenza infection is not known.
(Bochkov et al., 2010; Kovach et al., 2017). As I136g expression has been observed in
multiple immune cell types in different models of inflammation, we examined several
types of leukocytes for I136g RNA 6 days after influenza infection, when I136g was

uniquely upregulated among 1136 genes. Surprisingly, among immune cells examined,
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neutrophils were the highest producers of I136g mRNA at day 6 post-infection (Figure
1D). These data show that I1.-36 family members, most notably IL.-36y, are induced in
the lung following influenza infection and suggest a potential role of IL-36y in mediating

influenza immunity.
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Figure 1: RT-PCR of whole lung homogenate or sorted cells for expression
of 1136 cytokines.

The expression levels of (A) 1136a, (B) I136b, and (C) 1136g were determined by real-time
gPCR relative to the housekeeping gene Hprt in naive C57Bl/6J mice and at days 3, 6,
and 9 post-infection with 30,000 EIDj5, of influenza A/HK-x31. Data are combined from
three independent replicates of at least 5 mice per group. Males and females were used
in equal proportions. Expression levels of I136g (D) from several immune cell types as
indicated below the x axis. Asterisks indicate significantly different expression from
uninfected lungs by Student’s t test on logarithmically transformed data (A-C) or
ANOVA followed by Holm-Sidak multiple comparisons test on log-transformed data

(D).

Highly pathogenic influenza infections are associated with high levels of pro-
inflammatory cytokines such as TNFa and IL-1, and some studies have shown that
blocking these cytokines limited immunopathology and improved survival in murine
models (Hussell et al., 2001; Perrone et al., 2010). Given the pro-inflammatory role for
IL-36y in other diseases, we examined whether deletion of 11369 could decrease
morbidity and mortality following influenza A/PR8 (H1N1) infection. As shown in
Figure 2A, I136g-/- mice had significantly greater mortality following infection,
indicating that IL-36y had a protective rather than pathogenic role in influenza
immunity. To confirm a protective role for IL.-36y during influenza infection, we
measured survival following infection with the less pathogenic influenza x31 (H3N2)
virus. Compared to WT mice, 1136g~/- KO mice showed significantly increased weight
loss beginning on day 3 post-infection, as well as significantly greater mortality, with
two different doses of influenza x31 (Figures 2B and 2C). Together, these data
demonstrate a surprising protective role for I1.-36y in improving survival following

influenza infection with different strains and doses.
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Figure 2: Survival and weight loss of WT and I{36g-/- mice following
influenza infection.

Age- and sex-matched C57Bl/6J (solid lines) and I136g-/- mice (dashed lines) were
infected with (A) influenza PRS8, (B) 30,000 EID5, x31, or (C) 300,000 EIDg, x31 and
monitored daily for weight loss. Data are combined from 2-3 independent replicate
experiments of at least 10 mice per group per replicate. Male and female mice were used
in equal proportions. Asterisks indicate significant differences in survival by the log-
rank test or differences in weight loss by Student’s t test.

The absence of IL-36y results in increased viral replication and
immunopathology. We next examined whether the decreased survival in mice lacking
IL-36y was associated decreased control of viral replication during influenza infection.
As shown in Figure 3A, we found that I136g-/- mice have increased viral load by digital
droplet PCR 6 days after infection with PR8. Likewise, following infection with a low
dose of x31 influenza, I136g-/- mice have increased viral load at days 6 and 9 post-
infection (Figure 3B). I136g-/- mice which were infected with the high dose of x31 had
increased viral titers as soon as 3 days post-infection and continued to have increased
titers until 6 days post-infection, when the majority of the mice reach humane endpoints
(Figure 3C). We also analyzed the cytokines present in the bronchoalveolar lavage

(BAL) fluid of WT and I136g-/- mice infected with high dose x31, since these mice have a
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large difference in viral titers early in infection. We found that compared to WT mice,
the BAL of I136g-/- mice had increased IFN and IL-6, but not IFNy, TNF, or IL-1a
(Figure 3D). To further understand the role of IL-36y during influenza infection,
formalin-fixed lungs from WT and I136g-/- KO mice infected with high-dose x31 were
evaluated for inflammation and damage by an independent pathologist blinded to
treatment conditions. On day 6 post-infection, I136g~/- mice had more diffuse immune
infiltrate around the bronchioles compared to WT mice (Figure 3E). Together, these
data pointed to a role for IL.-36y in controlling the early viral replication and limiting the

resulting immunopathology following influenza infection.
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Figure 3: Viral titers, cytokine levels, and pathology of WT and Il136g-/- mice
following influenza infection.

Age- and sex-matched C57Bl1/6J (filled bars) and I1136g~/- mice (open bars) were infected
with (A) influenza PRS8, (B) 30,000 EIDs, x31, or (C) 300,000 EID5, x31 and lungs were
analyzed for influenza NP copy number. (D) Bronchoalveolar lavage fluid was analyzed
for expression of proinflammatory cytokines on day 3 post-infection in C57Bl1/6J (filled
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bars) and I136g-/- mice (open bars). (E) Example images of formalin-fixed, paraffin-
embedded, H&E-stained lungs from C57B1/6J and 1136g~/- mice. Inflamed bronchioles
(B) and small arterioles (SA) are noted on the images. For A-D, data are combined from
2-3 independent replicate experiments of at least 5 mice per group per replicate. Males
and females were used in equal proportions. Asterisks indicate significant differences by
Student’s t test on log-transformed data.

Alveolar macrophages are rapidly depleted following influenza infection in IL-
36y-deficient mice. The increased morbidity and viral titers observed in I136g~/- mice
were evident within three days post-infection, suggesting a defect in early innate
immunity. As many different immune cell types contribute to the early response during
influenza infection (Pulendran and Maddur, 2014), we examined multiple innate and
adaptive immune cell subsets in WT and 136g~/- mice following influenza x31 infection
using a 13-color flow cytometry panel (Supplemental Figure 2). As shown in Figures 4A
and 4B, the number of alveolar macrophages was significantly decreased in 1136g~/- mice
on days 3 and 6 post-infection, whereas no other immune cell subsets examined showed
any differences across both time points. Although there were increased numbers of
CD11bHi DCs in I136g-/- mice on day 3 post-infection, this difference was not evident at
day 6, and seemed unlikely to account for the increased severity of influenza infection in
IL-36y-KO mice. To determine whether the decrease in alveolar macrophages was the
result of a homeostatic defect in I136g/- mice, we next compared the frequency and
number of lung alveolar macrophages in WT and I136g-~/- mice prior to, or following,
influenza infection. As shown in Figures 4C and 4D, alveolar macrophage frequency and
numbers are similar in naive WT and I136g-~/- mice, but rapidly decline in 1136g~/- mice

following infection. Thus, in the absence of IL-36y, lung alveolar macrophages are

rapidly lost following influenza infection.
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Figure 4: Analysis of innate immune subsets in the lung by flow cytometry.
Cs7Bl/6J (filled bars) and I136g-/- mice (open bars) were infected with 300,000 EID5o
x31 influenza and the numbers of different immune cell subsets in the lung were
assessed at (A) day 3 and (B) day 6 post-infection. (C) Representative flow plots of live
CD45.2+ cells are shown with gates denoting alveolar macrophages. (D) The number of
alveolar macrophages in C57Bl/6J (solid line) and 1136g-~/- mice (dashed line) over time
following influenza infection. Data are combined from two-three independent replicates
of at least 5 mice per group per replicate. Males and females were used in equal
proportions. Asterisks indicate significant differences in cell number by Student’s t test
on log-transformed data.

Alveolar macrophages from I136g-/- mice have an M2-like phenotype. We next
investigated the potential mechanism governing alveolar macrophage loss in I136g-/-
mice following influenza infection. In naive mice, there was no difference in the
frequency of live or early apoptotic alveolar macrophages by Annexin V and live/dead
staining (Figure 5A). However, within one day of influenza infection, we observed a
significant decrease in live alveolar macrophages in I136g~/- mice compared to WT mice,
with a corresponding increase in early apoptotic cells (Figure 5B). To better understand

this difference in apoptosis, and since M1-like macrophages are more resistant to
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apoptosis, we next examined if there were differences in M1/M2 macrophage skewing
between WT and I136g-/- mice (Pachulec et al., 2017). We examined the surface
expression of classical M1 proteins CD86 and MHCII, M2 proteins CD206 and CD200R,
the pro-survival proteins TREM2 and CCR5, as well as CD11b on alveolar macrophages
form WT and I136g-~/- mice (Részer, 2015; Tyner et al., 2005; Wu et al., 2015). Alveolar
macrophages isolated from I/36g~/- mice had a statistically significant increase in the
expression of CD206 and CD200R, markers associated with an M2-like macrophage
(Figure 5C). To confirm this result, we sorted out alveolar macrophages from naive WT
and I136g-/- mice and performed real time qPCR for the hallmark M2 gene Retnla. We
found that I136g-/- alveolar macrophages had greater expression of Retnla compared to
their WT counterparts, supporting our flow cytometric results (Figure 5D). We next
isolated and transferred I136g-/- alveolar macrophages into WT mice and allowed the
cells to rest for 10 days (Figure 5E). When the phenotype of the transferred cells was
compared to the input cell mix, levels of surface CD200R and CD206 decreased over the
10 days in the presence of IL-36y (Figure 5F). In fact, CD200R expression was
equivalent to the endogenous cells while CD206 expression remained slightly elevated.
Together, these data show the loss of alveolar macrophages in I136g~/- mice following
influenza infection was associated with a rapid increase in apoptosis, and alveolar
macrophages in I136g-/- mice had a phenotype consistent with a more M2-like
macrophage polarization that may have contribute to their decline following influenza
infection. Additionally, transfer of Il136g-/- alveolar macrophages to an IL-36y-replete
environment restores the phenotype of the cells as measured by decreased surface

CD206 and CD200R.
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Figure 5: Apoptosis and surface marker expression of WT and Il36g-/- mice.
The apoptosis of alveolar macrophages from C57Bl1/6J (filled bars) and I136g-/- mice
(open bars) was measured using live/dead and Annexin V staining in (A) naive mice or
(B) 24 hours post-infection. Representative staining is shown gated on alveolar
macrophages. (C) Phenotype of alveolar macrophages in naive C57B1/6J and 11369/
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mice for markers associated with M1 and M2 macrophages subsets. (D) Expression of
Retnla in alveolar macrophages isolated from naive WT (black bars) and 1136g~/- (open
bars) alveolar macrophages. (E and F) Geometric mean fluorescence intensity of CD206
and CD200R on input I136g-/- alveolar macrophages (grey bars), I1136g-/- alveolar
macrophages after 10 days in a WT mouse (open bars), or the host alveolar macrophages
(black bars). Data are combined from 2-3 independent replicates of at least 5 mice per
group per replicate. Males and females were used in equal proportions. Asterisks
indicates significant differences in cell number by ANOVA followed by Tukey’s multiple
comparisons test (A and B), Student’s t test (C, D WT vs KO), or the one-sample T test
(D, input vs KO).

Transfer of wild-type alveolar macrophages restores protection against
influenza infection in IL-36y-deficient mice. Alveolar macrophages were critical for the
early control of viral replication and protection against severe influenza infection
(Cardani et al., 2017; Schneider et al., 2014). Therefore, we sought to determine if
complementing I136g~/- mice with WT alveolar macrophages prior to influenza infection
would be sufficient to protect against severe influenza disease. To confirm our method
transferred alveolar macrophages in physiologically relevant numbers, WT alveolar
macrophages were transferred to IL-36y-KO mice and the BAL and lung were harvested
the next day (Figure 6A). We found that 30 % of alveolar macrophages in the BAL and
15 % of those in the lung were transferred WT cells, confirming that physiological
numbers of cells were transferred (Figure 6B). Next, we isolated alveolar macrophages
from the lungs of naive WT or I136g~/- mice, and transferred them intranasally to
separate cohorts of 1136g~/- mice one day prior to influenza infection (Figure 6C). As
shown in Figure 6D, I136g~/- mice that received WT alveolar macrophages showed a
significant increase in survival compared to I136g~/- mice that received I136g-/- alveolar

macrophages. The survival of I136g-/- mice that received WT alveolar macrophages was

equivalent to WT mice. Thus, the defect in influenza immunity observed in I136g-/- mice
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resulting in severe disease could be rescued by the presence of WT alveolar
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Figure 6: Transfer of WT alveolar macrophages rescues mortality in IL-36y-
KO mice.

(A) I136g-/- mice were transferred with 5x105 purified WT alveolar macrophages
intranasally and (B) lungs were harvested the next day for identification of the
transferred cells on the congenic marker CD45.1. Representative staining gated on live
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alveolar macrophages and percentage WT (transferred cells) are shown. (C) Age- and
sex-matched 1136g-/- mice were transferred with 5x105 purified I136g-/- alveolar
macrophages intranasally (dashed line), and a matched cohort of 1136g~/- mice (dotted
line) received 5x105 purified WT alveolar macrophages intranasally. C57B1/6J (solid
line) mice were mock transferred with PBS. Data are combined from 2 independent
replicate experiments of at least 4 mice per group. All recipients were male mice to
prevent rejection on Y antigens. Asterisk indicate a significant difference in survival by
the log-rank test.

Discussion
We have shown that 1136g was uniquely upregulated among IL-36 cytokines

during the first 6 days of influenza infection. Mice lacking I136g had increased
morbidity and mortality following influenza infection and this increase was associated
with increased viral titers, higher levels of inflammatory cytokines in the airways, and
more diffuse pathology in I136g-/- mice. Analysis of innate cell subsets revealed a
significant decrease in alveolar macrophages in I136g-/- mice as soon as 3 days post-
infection that continues through day 6 post infection. Compared to their WT
counterparts, alveolar macrophages in I136g~/- mice were skewed towards an M2-like
phenotype by surface marker and gene expression prior to influenza infection, and
showed increased apoptosis within 24 hours of infection. Transfer of WT alveolar
macrophages into the lungs of I136g-/- mice increased survival compared to I136g~/- mice
that received I136g-/- alveolar macrophages, and the survival of WT-transferred 1136g-/-
mice was equivalent to mock-transferred WT mice.

Early control of viral replication in the lung is key to preventing dissemination of
the virus throughout the lung. Several cell types have been shown to have a role in the
innate immune response to influenza, including neutrophils, natural killer cells, and
alveolar macrophages. However, of these, only alveolar macrophages are situated
within the respiratory tract prior to infection and can respond immediately without the

need for recruitment from the vasculature or bone marrow (Lim et al., 2015; Schultz-
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Cherry, 2015; Weiss et al., 2010). Our data and previously published studies indicated a
role for alveolar macrophages in controlling viral replication during the first three days
of infection, before neutrophils and natural killer cells arrive to the lungs en masse.
1136g-/- mice, which rapidly lost alveolar macrophages during influenza infection, have
increased viral titers, presumably leading to increased inflammation and
immunopathology. Indeed, we detected more IL-6 and IFN in the airways of IL-36y-
KO mice at day 3 post-infection. A more robust cytokine response early during infection
correlated with more diffuse immune infiltrate late in the infection, presumably leading
to an ARDS-like state in I136g~/- mice and increased mortality.

Cytokines function as key factors for communication between immune cells
during influenza infection. The outcome of influenza infection is not only dependent on
the presence or absence of particular cytokines, but also their levels within the tissue.
For example, production of IFNa is correlated with symptom onset in humans and can
boost the production of other inflammatory mediators, but in mice, deletion of its
receptor in mice led to increased IL-8 production, increased neutrophil recruitment,
and greater mortality upon lethal influenza challenge (Hayden et al., 1998; Seo et al.,
2011). Another example of the importance of maintaining a balanced cytokine response
for proper immune function comes from studies of IL.-1. Deletion of Il1r led to
decreased pathology and neutrophil recruitment, but also delayed viral clearance and
increased mortality (Schmitz et al., 2005). IL-1 was thus key to survival of influenza
infection, but also contributed to the development of ARDS in humans (Pugin et al.,
1996). We found that lack of IL-36y has a similar effect to deletion of IL-1R on the
outcome of influenza infection, albeit by a different mechanism. In both cases, the mice

without the cytokine pathway of interest have an extended viremia and suffer greater
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morbidity and mortality. However, in IL-36y-KO mice, alveolar macrophages are
rapidly lost from the lung due to increased apoptosis. This removes a key blockade to
early viral replication and induces greater proinflammatory cytokines (similar to
observations in IFNaR-KO mice) leading to increased pathology as the infection
progresses. We find that in naive mice, II36g mRNA is produced at much higher levels
than either I136a or I136b and other reports have found that IL-36y protein is detectable
in the BAL of naive mice (Aoyagi et al., 2017b; Kovach et al., 2017). This baseline
production of IL-36y likely acts on alveolar macrophages to maintain a more M1-like
phenotype in the absence of infection. Following influenza infection, neutrophils have
the highest expression of I136g among immune cells, which differed from the dogmatic
production of the cytokine by epithelium, dendritic cells, or CD4+ T cells (Gabay and
Towne, 2015). I136g production by neutrophils has only been observed in experimental
autoimmune encephalitis, a mouse model of multiple sclerosis, and it is very interesting
that full length I1.-36y was cleaved to its more active form by neutrophil-derived elastase
and proteinase-3 (Bozoyan et al., 2015b; Henry et al., 2016). If neutrophils produce
both the cytokine and activating protease, it is possible that neutrophils release cleaved
IL-36y, but confirming that hypothesis requires further work. While baseline
production of IL-36y was important for macrophage phenotype in naive mice, it was
likely the I1.-36y produced by neutrophils contributed to the survival of alveolar
macrophages during the early stages of influenza infection.

IL-36 family cytokines had a key role in pulmonary immune responses to
bacterial and viral infection as well as the development of asthma. In mice, a SNP

regulating expression of IL-36y determined the asthma sensitivity or resistance of two
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inbred mouse lines, and HDM administration causes rapid expression of IL-36y in
experimental asthma models (Ramadas et al., 2006; 2011). Respiratory infection of
mice with either Gram-positive or Gram-negative bacteria induced production of IL-36y,
and antibody blockade or genetic deletion of I136g caused greater morbidity and
mortality after infection with S. pneumoniae (Kovach et al., 2017). In this model, mice
lacking IL.-36y had greater bacterial load in the lung as well as systemic dissemination.
In agreement with our observed increase in surface expression of M2-like markers in
naive mice, that study also found that interstitial and alveolar macrophages from the
lungs of 1136g-/- mice had decreased expression of classical M1-like genes. Based on our
PCR and transfer experiments, IL-36y from a macrophage-extrinsic source was acting
on the alveolar macrophages to maintain a more M1-like transcription profile since
transfer of 1136g-/- alveolar macrophages to WT hosts reduced their expression of M2-
like markers and WT macrophages did not make the cytokine. While the skewing of
1136g-/- KO alveolar macrophages towards an M2-like cell was not complete, it would
explain the decreased survival and increased apoptosis of the cells following influenza
infection. Collectively, these data, point towards a key role for IL-36y in macrophage
polarization in the lung.

Deletion of I136r led to increased survival and decreased pathology in a lethal
influenza infection with PR8 (Aoyagi et al., 2017a). Mice lacking IL-36R also had an
extended viremia, but decreased pathology and pro-inflammatory cytokines compared
to WT mice. Analysis of immune cell subsets in the lungs of I136r/- mice showed
decreased neutrophils and monocytes following infection, in contrast to our findings in

1136g/- mice. The differences in survival and cell recruitment between 1136r-/- and
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1136g-/- mice following influenza infection may indicate differential roles for the various
IL-36 family members in the immune response. Despite similar ECs, values in vitro, IL-
36y had weaker affinity than IL-36a (Kp= 1800 vs 480 nM, respectively) for IL-36
receptor, possibly affecting how the ligands signal through their receptor (Towne et al.,
2011; Zhou et al., 2017). Higgins et al. showed differential effects of IL.-360. and IL-36
in conditioning MDDCs for T cell stimulation (Higgins et al., 2015). Aoyagi et al. showed
that I1361/- and I136g~/-, but not I136a/- mice were protected during lethal pulmonary
infection with P. aeruginosa (Aoyagi et al., 2017b). These data together with our
findings suggest differential roles for IL.-36 family members during infection. It is
possible that IL-36y acts to oppose signaling from another IL-36 family member, or has
an effect in the lungs of naive mice which is only seen with genetic deletion of the
cytokine and not of the receptor. Future studies are necessary to dissect the roles of
individual IL-36 family members in regulating lung immune function during
homeostasis and following infection.

In conclusion, we observed that the rapid apoptosis of alveolar macrophages in I136g-/-
mice following influenza infection resulted in increased viral load, increased
proinflammatory cytokines, and enhanced immunopathology, leading to decreased
survival. Importantly, this defect was corrected by the transfer of wild-type alveolar
macrophages into the lungs of I136g~/- mice. Overall, we demonstrated a critical role for

IL-36y in the immune response to influenza infection.
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Supplemental Figure 1: Expression of 1136 family members in naive mice as
reported in Figure 1 A-C.
Expression of the three 1136 genes in naive mice was compared to each other using
ANOVA followed by Holm-Sidak multiple comparisons test.
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Supplemental Table 1: SNP analysis of II36g7/- mice.
Two I136g/- mice from different litters were analyzed for B6 vs 129 DNA content by a
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150 marker Jackson Labs analysis. Single SNPs are listed in rows and identified by
chromosome location and RS ID. Columns represent samples tested. 455187 1 and
455187 2 are 1136g-/- mice from our colony, other columns are no template, B6, 129, and
B6/129 heterozygous controls. B6 loci are shown in green, 129 in tan, and heterozygous
in yellow. I136g is located at chr2-24186746 thru chr2-24193567.

Originally published in The Journal of Immunology. Alexander N. Wein, Paul R.
Dunbar, Sean R. McMaster, Zheng-Rong Tiger Li, Timothy L. Denning, and Jacob E.
Kohlmeier. 2018. IL-36y protects against severe influenza infection by promoting lung

alveolar macrophage survival and limiting viral replication. J. Immunol. 201: pp-pp.

Copyright © 2018 The American Association of Immunologists, Inc.
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Chapter 3. CXCR6 regulates partitioning of lung-resident memory CD8 T
cells between the airways and parenchyma and maintains the airway T cell
memory pool

Over the past decade, resident memory T cells (Trm) have been recognized as a
distinct population from either central (Tcum) or effector memory (Tem) T cells (Schenkel
and Masopust, 2014). Trum are uniquely situated to immediately respond to reinfection
of a tissue and proliferate locally without the requirement for priming in the lymph node
(Beura et al., 2018; Park et al., 2018; Wakim et al., 2008). The cues that lead to the
development of resident vs. effector vs. central memory cells are still being investigated
and are subject to debate, but it is recognized that Trum are a distinct population
compared to Tem and Tcm. Regulation of Trm seeding in distinct tissues is less well
characterized, but several reports have shown the tissue tropism of Trm are determined
by expression of signature chemokine receptors and adhesion molecules (Mackay et al.,
2013). These enable migration to different mucosal sites and assist in retaining cells in
the tissue by preventing tissue egress into the circulation or lymphatics. Classically,
CCR9 and integrin a4p7 are expressed on memory T cells destined to home to the gut,
where the ligands CCL25 and MadCAM1 are constitutively expressed (Mora et al.,
2003). CCR4/CCL17, CCR8/CCL1, and CCR10/CCL27 enable migration to the skin and
cutaneous lymphocyte antigen (CLA) allows them to bind to local selectins (Campbell et
al., 1999; Schaerli et al., 2004; Sigmundsdottir et al., 2007). However, it is unknown
whether similar combinations of chemokine receptors and adhesion molecules direct
the preferential migration or retention of memory T cells to other peripheral tissues.

Following influenza virus infection, memory CD8 T cells can persist in the lung
for months and these Trum are required for effective immunity against heterosubtypic

influenza challenge (Hogan et al., 2001; Wu et al., 2014). Studies on CD8 T cell homing
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to the lung has lagged behind that of other tissues due to the unique problems of
identifying resident cells within such a vascularized organ, but intravital labeling with
fluorescent antibodies has enabled the identification of intra- vs. extravascular cells
within the lung (Anderson et al., 2012). The lung Trum pool can be divided into two
populations, airway Trm and parenchyma Truy, that differ not only based on localization
within the tissue, but also in their effector functions and homeostatic maintenance.
Airway Tru are poorly cytolytic compared to Trym in the parenchyma, yet are sufficient to
protect against respiratory virus challenge through the rapid production of cytokines
(Jozwik et al., 2015; McMaster et al., 2015; Zhao et al., 2016). Furthermore, airway Trm
have a limited lifespan and must be maintained via a process of continual recruitment
that remains poorly understood (Ely et al., 2006; Kohlmeier et al., 2007). Despite the
importance of both airway and parenchyma Trw for cellular immunity against
respiratory pathogens, critical questions regarding the ontogeny and maintenance of
these two lung Trm populations remain unanswered.

Several reports have identified molecules important for CD8* T cell homing to
the lung. Integrins such as CD11a/CD18 (LFA-1) and CD49a (VLA-1) are required for
CD8+ T cell entry into and retention in the lung, respectively (Galkina et al., 2005; Ray
et al., 2004). Chemokine receptor such as CXCR3 and CCR5 have been shown to effect
cellular localization of effector or memory CD8* T cells in the lung during acute
infection as well as steady-state memory (Galkina et al., 2005; Kohlmeier et al., 2008;
Sliitter et al., 2013). However, these chemokine receptors are required for T cell
trafficking to inflammation in a diverse range of tissues, and thus seem unlikely to direct
the preferential homing of CD8+ T cells to the lung mucosa in the absence of

inflammation. Furthermore, it is also unclear whether the same chemotactic signals are
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required to draw cells into the lung parenchyma and airways, or whether these
populations are separated based on differential migratory cues within the tissue.

CXCL16 and CXCR6 are a chemokine and receptor pair with exclusive binding
between ligand and receptor (Matloubian et al., 2000). CXCL16 can be produced in
multiple isoforms including a small, soluble chemokine and a membrane-tethered
protein that is cleaved and released by the metalloprotease ADAM10 (Abel et al., 2004).
CXCR6 has been shown to draw CD8+* T cells to the liver in GvHD and is required for
the maintenance of liver-resident CD8+ T cells following infection (Sato et al., 2005; Tse
et al., 2014). Its expression level on CD8+ T cells in the lung correlated with disease
severity in patients with COPD and was upregulated on T cells in the lungs of patients
with asthma, sarcoidosis, or interstitial lung disease (Agostini et al., 2005; Freeman et
al., 2007; Morgan et al., 2005). In mice, CXCR6 drew antigen-specific CD8* T cells to
the lung after vaccination against ESAT6 or infection with M. tuberculosis (Lee et al.,
2011). Finally, CXCR6 was recently shown to be part of a core cluster of genes that
define CD69+ CD8* Tru cells in mice and humans (Hombrink et al., 2016; Kumar et al.,
2017; Mackay et al., 2013). Despite these reports on CXCR6 function in Tru in various
tissues and infection models, the role of CXCR6 in the establishment and maintenance
of different Trm populations within the lung following respiratory viral infection has not
been investigated.

In the present study, we investigated the expression of homing molecules on flu-
specific CD8* Tru to identify processes that regulate the establishment and/or
maintenance of these cells in the different compartments of the lung. We found that
CXCR6 was highly expressed on Tru in the lung parenchyma in both mice and humans,

but largely absent from Trum in the airways and Tem in the circulation. Expression of
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CXCRS6 on flu-specific memory T cells required cognate antigen encounter in the lung,
demonstrating that pulmonary imprinting maintained CXCR6 expression. Interestingly,
Cxcr6-deficient mice had a significant defect in the number of flu-specific Trm in the
lung airways, but not the lung parenchyma or systemic Trm populations, and this finding
was confirmed in mixed bone marrow chimeras. Analysis of CXCL16 showed it was
constitutively expressed in the lung and localized primarily to the airway epithelium in
both mice and humans. In addition, Cxcl16-deficient mice showed a similar defect in the
number of flu-specific Trm in the airways but not the lung parenchyma. Microscopic
localization of WT and Cxcr6-deficient cells in the lung showed that WT CD8+ Trm were
more abundant around the large conducting airways, whereas Cxcr6-deficient CD8* Trm
were spread more diffusely throughout the parenchyma. A more detailed analysis of
CXCR6 expression on airway Trm showed that CXCR6 was highly expressed on cells that
had recently migrated into the airways and CXCR6 expression decreased over time with
exposure to the airway environment. Finally, we found that transiently blocking CXCR6-
CXCL16 interactions following the establishment of flu-specific CD8 T cell memory
significantly decreased the steady-state migration of Trm into the airways. Together,
these data demonstrate a critical role for CXCR6 in the migration of lung Trm from the
parenchyma into the airways and show the requirement for continued CXCR6 signaling
in maintaining the airway Trum pool.

Results
CXCR6 is expressed on mouse and human lung resident CD8* T cells. To

determine which chemokine receptors may be important for the homing of CD8+ Trum to
the lungs and airways, we infected mice with influenza A/HK-x31 and waited until

immunological memory was established. The mice were i.v. injected with a
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fluorescently-conjugated antibody before sacrifice to distinguish between cells in the
lung vasculature and those in the parenchyma. Comparison of the influenza
nucleoprotein (FluNP)-specific memory CD8 T cells in the lung vasculature and lung
parenchyma identified CXCR3 and CXCR6 as uniquely upregulated on Try in the
parenchyma compared to Tgwm in the lung vasculature (Figures 7A and B). We next
divided the lung-resident (i.v.”) cells into three populations based on the canonical
residency markers CD69 and CD103 (Figure 7C). First, we sorted the three populations
from the total CD8* Trum pool (i.v.- CD44Hi CD62L) for qPCR analysis of CXCR6
expression. We found that CD69+CD103+ Trm had the highest expression of Cxcré,
followed by the CD69*CD103- Trm. The CD69-CD103- cells, which may have
represented a transiently-resident population of circulating Trm, had significantly lower
expression of Cxcré6 than either the CD69* or CD69*CD103* Trm. Staining of the
FluNP-specific lung Tru for surface expression of CXCR6 using a CXCL16-Ig fusion
protein showed that surface protein levels matched RNA levels (Matloubian et al.,
2000). We also examined co-expression of CXCR3 and CXCR6 to determine if CXCR6+
cells also had higher expression of CXCR3. As shown in Figure 7D, CXCR6+ antigen-
specific CD8+ Trwm had higher expression of CXCR3 than CXCR6- cells. Next, we
compared levels of CXCR6 expression in the airways (BAL) and spleen to the lung
resident and lung systemic populations. Unlike lung parenchyma CD8+ Trm, FIuNP-
specific airway Trm and FluNP-specific memory CD8+ T cells in the pulmonary
circulation (lung sys) and spleen had significantly decreased CXCR6 expression. (Figure
7E). However, CXCR6 expression was highly variable in the airways, with a subset of
cells expressing CXCR6 at levels comparable to lung parenchyma Trm. We also

investigated the expression of CXCR6 on memory CD8+ T cell subsets resident in the



96

human lung (Figure S3). Similar to our observations in mice, CXCR6 expression was
significantly higher on CD69*CD103* Trm and CD69* Trm compared to CD69-CD103-
memory CD8 T cells (Figure 7F). In total, Trm within the lung parenchyma have higher
CXCRG6 expression than those cell transiting through the lung, in the airways, in the
pulmonary vasculature, or in the systemic circulation, suggesting a potential role for

CXCR6 in lung Tru establishment or maintenance.
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Figure 7: CXCRG6 is upregulated on lung-resident memory CD8 T cells.

(A) Chemokine receptor expression of CD8* T cells showing gating on CD44* and
FluNP366-374,DP+ cells. Y-axis of plots of chemokine expression of antigen-specific cells
separates cells on CD3 i.v.* (lung systemic) and CD3 i.v.- (lung resident). Staining is
concatenated from 5 mice and representative of 2 experiments of 5 mice each. (B)
Quantification of gMFI of CXCR6 and CXCR3 on lung systemic and lung resident cells.
Values are from lung-resident and lung-systemic cells in the same mouse. Data is
representative of 2 experiments of 5 mice each (C) Expression of CXCR6 by influenza-
specific CD3 i.v.- CD8+ T cells are divided into three populations based on expression of
CD69 and CD103 with example flow plots. Populations are designated by roman
numerals I (CD69+CD103%), II (CD69+*CD103"), and III (CD69-CD103-). qPCR for Cxcré
is graphed relative to Hprt. CXCR6 surface expression is shown as representative flow
plots and quantification of gMFI. qPCR data is combined from three independent
infections and sorts. Staining is concatenated from 5 mice and representative of 2
experiments of 5 mice each. (D) CXCR3 surface expression on CXCR6* and CXCR6~
antigen-specific lung-resident T cells are shown as representative flow plots and
quantification of gMFI. Data is combined from 2 replicates of 5 mice each (E) Surface
expression of CXCR6 on antigen-specific CD8+ T cells from the BAL (black bar), lung-
resident (open bar), lung-systemic (grey bar), and splenic (hashed bar) populations.
CXCR6 surface expression is shown as representative flow plots and quantification of
gMFI. Data are representative of 2 experiments of 5 mice each. (F) Staining of human
memory CD8+ T cells from explanted human lungs for CXCR6 expression. CD45RA-
CCR7- CD8+ T cells were divided into three populations based on expression of CD69
and CD103 using roman numerals I (CD69+CD103+) II (CD69*CD103-) and III (CD69-
CD1037). CXCR6 surface expression is shown as representative flow plots and
quantification of gMFI. Data are from 5 individual donors (F). gMFI data was analyzed
by paired Student’s t test (panels B, D) or one-way repeated measures ANOVA followed
by Holm-Sidak multiple comparisons test (panel C, E, F). qPCR data was analyzed using
one-way ANOVA followed by Holm-Sidak multiple comparisons test (Panel C).

Antigen re-encounter in the lung maintains CXCR6 expression on developing
Tru. We next investigated the kinetics of CXCR6 expression on lung and vascular flu-
specific CD8 T cells over the duration of the response to influenza. We harvested mice
at early acute phase (D7), peak acute response (D10), resolution and contraction (D12,
D14, D21), and memory (D45) and examined the expression levels of CXCR6 on lung-
resident and systemic populations. We found higher expression of CXCR6 on the lung-

resident population throughout the course of infection, peaking during the early phase

of resolution, but continuing out to memory (Figure 8A). Because some of the i.v.- cells
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are transiently-resident effector memory T cells, we divided lung-resident cells based on
CD69 expression and examined the levels of CXCR6 expression. We observed that
among the lung-resident cells, CD69+ cells have much higher expression of CXCR6 than
CD69- cells over the entire course of infection, resolution, and establishment of memory
(Figure 8B). These differences in CXCR6 expression between resident and vascular
cells, and between CD69* and CD69- resident cells, suggested that antigen encounter in
the lung environment may be important for maintaining CXCR6 expression. Antigen
exposure in the lung is essential for establishing Tru cells following influenza infection
(McMaster et al., 2018). Using a method to establish systemic effector T cells and
“pulling” them to the lungs, we asked if pulmonary antigen exposure was also necessary
for CXCR6 upregulation. Mice were intramuscularly infected with a live influenza virus
and after 7 days, they were dosed intranasally with either CpG to induce local
inflammation or CpG with cognate antigen to induce inflammation and expose T cells to
antigen in the lung (Figure 8C). Three days after intranasal dosing, expression levels of
CXCRG6 in the lung were equivalent between the group that had seen antigen in the lung
and those that had not (Figure 8D). However, at memory, T cells in the lung resident
population that encountered cognate antigen in the pulmonary environment had
significantly increased expression of CXCR6 compared to cells that did not. Overall,
these data indicate that CXCR6 expression was sustained on lung-resident CD8 T cells
throughout the cellular response to influenza infection, and maintenance of CXCR6

expression on lung Trv is dependent on antigen exposure within the lung.
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Figure 8: CXCR6 expression on lung-resident memory T cells occurs
throughout infection and is antigen-dependent.

(A) CXCR6 expression of lung systemic (grey histograms, grey boxes) and lung resident
(black histograms, black circles) antigen-specific CD8+ T cells at indicated times post-
infection. Data are combined from 2 experiments of 5 mice each and shown as
representative flow histograms (left) and gMFI is quantified (right). (B) CXCR6
expression of lung resident antigen-specific CD8 T cells that are CD69* (black circles)
and CD69- (open boxes) at indicated times post-infection. Data are combined from 2
experiments of 5 mice each and are shown as representative flow histograms (left) and
gMFTI is quantified (right). (C) Experimental design diagram showing “pull” method of
establishing lung-resident CD8 T cells. (D) CXCR6 expression on antigen-specific CD8 T
cells after dosing intranasally with either CpG (top histograms, open bars) or CpG and
FluNP peptide (bottom histograms and black bars). Data are combined from 3
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experiments of 5 mice per group and shown as representative histograms and gMFI is
quantified. Data were analyzed by Student’s T test (A, B) or one-way ANOVA followed
by Holm-Sidak multiple comparisons test (D).

Cxcr67/- mice have decreased numbers of antigen-specific T cells in the airways. To
determine the importance of CXCR6 for recruitment of flu-specific CD8+ T cells to the
lung, we infected WT and Cxcr6~- mice with x31 influenza and assessed the number of
antigen-specific T cells in the airways (BAL), lungs (Lung Res), and spleen during the
acute and memory phases of infection. At 10 days post-infection, there was no
difference in the number of FluNP-specific CD8* T cells in the spleen or lung
parenchyma. However, the BAL revealed a significant decrease in the number of FluNP-
specific CD8+ T cells in the airways of Cxcr6~/- mice (Figure 9A). At 50 days post-
infection, there were still significantly fewer FluNP-specific CD8+ T cells airways of
Cxcr6~/- mice, while the numbers of cells in the lung and spleen between WT and Cxcr6-
/- mice were similar (Figure 9B). We also examined the frequency of CD8+ T cells that
were specific to the FluNP;66-37,4DP epitope to determine if the phenotype we observed in
the airways of Cxcr67/- mice could be explained by a skewing of the virus-specific
response to different influenza antigens, but there was no difference in the frequency of
memory CD8* T cells recognizing the FIuNP epitope between WT and Cxcr6~- mice
(Figure 9C). Furthermore, the number of total memory CD8+* T cells was significantly
decreased in the airways of Cxcr6~/- mice (Figure 9D), suggesting a global effect of Cxcré
deficiency on the memory CD8* T cell pool in the airways. Thus, despite the increased
expression of CXCR6 on Tru in the parenchyma, these data show that CXCR®6 is
important for regulating the number of memory CD8+* T cells in the airways, but not the

lung parenchyma.
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As CXCR3 has been reported to be important for T cell trafficking to the lungs
and airways, and we observed that high expression of CXCR6 associated with increased
CXCR3 expression, we also examined the expression of CXCR3 on WT and Cxcr6~-
FluNP-specific CD8* T cells in the lung (Kohlmeier et al., 2009; Medoff et al., 2006;
Sliitter et al., 2013). However, there was no difference in the frequency of CXCR3+*
FluNP-specific cell in the BAL, lung-resident compartment, or in the spleen, indicating
the decreased number of airway cells observed in Cxcr6~/- mice was not due to defects in
CXCR3-mediated trafficking (Figure 9E). To determine the impact of decreased airway
Trum in Cxcr67/- mice on cellular immune protection, we challenged naive or x31
influenza-immune WT and Cxcr6~- mice with influenza A/PR8. While we observed no
difference in weight loss between naive mice, x31-immune Cxcr6~7- mice showed
significantly greater weight loss compared to WT mice on days 3 and 5 post-challenge
(Figure 9F). Thus, the decreased number of flu-specific airway Trm capable of
immediately responding to a secondary challenge in Cxcr6~- mice results in impaired

cellular immunity to influenza virus.
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Figure 9: Mice lacking Cxcré6 have decreased airway-resident cells following

influenza infection.

(A and B) Analysis of the antigen-specific response of WT (black bars) and Cxcré6-/-
(open bars) mice at 10 (A) and 50 (B) days post-infection. Example CD69 and FIluNP¢6-
374DP staining of the CD8+CD44* T cells population (left) and quantification of the
FluNP-specific response in the BAL, lung-resident, and splenic compartments (right)
are shown. (C) Percent of WT (black bars) and Cxcr6-/- (open bars) CD8+ T cells in the
BAL, lung resident, and spleen that are specific for FluNP at day 50 post-infection. (D)
Number of total CD8+CD44+ cells in the BAL of WT (black bar) and Cxcré6-/- (open bars)
mice at day 50 post-infection. (E) CXCR3 expression of WT (top histograms, black bars)
and Cxcr6/- (bottom histogram, open bars) FluNP-specific cells at day 50 post-
infection. Example histograms (left) and quantification (right) of the percent CXCR3*
in the BAL, lung-resident compartment, and spleen are shown. (F) Weight loss of WT
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(black circle) and Cxcr6-/- (open square) following infection with PR8 influenza without
(left) or with (right) pre-existing T cell memory. Data are representative of 4 (A-E, n=12
WT mice 15 KO mice) and 2 (F n=20 mice per group) experiments and were analyzed
with Student’s t test (A, B, D, F) or two-way ANOVA followed by the Holm-Sidak
multiple comparisons test (C, E)

To determine whether these observations were unique to influenza virus infection
and control for any potential differences in infection or disease course between intact
WT and Cxcré6/- mice, we generated mixed bone marrow chimeras and infected these
mice with Sendai virus, a natural mouse parainfluenza virus (Figure 10A). We examined
Sendai-specific CD8+ T cell responses in the spleen, blood, mediastinal LN, liver, lung,
and airways on days 10 and 60 post-infection (Figure 10B). We included analysis of
Sendai-specific CD8* T cells in the liver as control due to previous studies that have
shown CXCR6 is essential for maintenance of Trum in the liver (Tse et al., 2014). On day
10 post-infection, there were no differences in the localization of Sendai-specific CD8+ T
cells in any of the tissues examined (Figure 10C). In contrast, on day 60 post-infection
the Sendai-specific airway Trm (BAL) were highly skewed toward WT cells, despite equal
ratios of WT to Cxcré6-/- cells in the lung parenchyma, mediastinal LN, and blood (Figure
10D). In agreement with prior studies, Sendai-specific liver Trm were also skewed
toward WT cells, but the level of skewing observed in the liver was significantly less than
that observed in the airways. Together, these data show the defect in airway Trum in the

absence of CXCR®6 is consistent in different respiratory viral infections and when WT

and Cxcré6/- cells are subjected to the same infection dynamics in vivo.
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Figure 10: Mixed bone-marrow chimeras show a defect in airway
recruitment in Cxcr6/- T cells.

(A) Experimental schema showing setup of chimera experiment. (B) Example flow plots
of indicated tissues from chimeric mice at day 60 post-infection showing CD44 by
SenNP;24-33.KP of CD8+ cells (top row) and CD45.2 by GFP of SenNP3.4-35.KP+ cells
(bottom row). WT cells are CD45.2- GFP- and KO cells are CD45.2+ GFP+/-. (C and D)
Ratio of WT to KO SenNP3.4-33.KP* cells in indicated tissues at day 10 (C) and day 50 (D)
post-infection, normalized to the spleen. Values greater than 1 indicate more WT cells
in tissues. Data are representative of 3 experiments (n=4-5 mice) and were analyzed
with a one-way ANOVA followed by Tukey’s multiple comparisons test.

CXCL16 is expressed on the airway epithelium and required for airway Tru.
The only known ligand for CXCR6 is CXCL16, which is a membrane anchored
chemokine that can be cleaved by proteases to form a chemo-attractive gradient
(Matloubian et al., 2000). To investigate whether the expression patterns of CXCL16
could explain the defect in airway Tru, we investigated CXCL16 protein localization in
the lung by immunofluorescent microscopy. In naive and memory mice, CXCL16

staining was limited to the lining of the large airways and co-localized with the epithelial

marker EpCAM (Figures 11A and S4). To investigate the kinetics of CXCL16 expression
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over the course of an influenza infection, we harvested BAL and assessed levels of
CXCL16 and the CXCR3 ligands CXCL9 and CXCL10 (Figure 11B). As expected,
influenza infection resulted in a rapid and transient increase of CXCL9 and CXCL10 in
the airways, and both were undetectable by day 30 post-infection. In contrast, CXCL16
was constitutively expressed in the airways, with a transient increase during active
infection. To further investigate potential cellular sources of CXCL16 in the lung, we
sorted several hematopoietic and non-hematopoietic cell types from the lungs of mice
30 days after influenza infection. Consistent with our microscopy data, Cxcl16
expression was highest on epithelial cells, and alveolar macrophages also showed
increased expression compared to other CD45* hematopoietic cells, endothelial cells
and fibroblasts (Figure 11C). Analysis of human lung sections also revealed that CXCL16
protein expression was restricted to the lung epithelium (Figure 11D). Together, these
data show that CXCL16 is constitutively expressed in the epithelium lining the lung
airways in both mice and humans, and the localized expression of CXCL16 may explain
the impact of CXCR6-CXCL16 interactions on airway, but not parenchyma, lung Tru.
To test whether the absence of CXCL16 also resulted in decreased airway Trum following
influenza infection, we infected WT and Cxcl16/- mice influenza virus and assessed
FluNP-specific CD8 T cell numbers in the airways and parenchyma on days 10 and 60
post-infection (Figure 11E). Similar to Cxcr6-/- mice, Cxcl167/- mice had significantly
decreased numbers of FluNP-specific CD8* Tru in the airways but not the parenchyma
(Figure 11F). Thus, direct interactions between CXCR6 and its ligand CXCL16 at the

respiratory epithelium are required for Trm in the lung airways.
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Figure 11: CXCL16 is expressed in the lung and is required for T cell
recruitment to the airways.

(A) Immunofluorescence microscopy of mouse lung at immunological memory showing
CXCL16 (green), EpCAM (red) and Collagen IV (grey). Original image is at 200x
magnification. (B) ELISA of BAL fluid for the chemokines CXCL9 (left), CXCL10
(center), and CXCL16 (right) at indicated times post-infection. Data are representative
of 2 experiments (n=3-4 mice). (C) qPCR of listed cell types for Cxcli6 mRNA levels in
day 30 post-infection mice. Data are relative to the housekeeping gene Rps3. Data are
representative of 2 experiments (n=3 mice). (D) Immunofluorescence microscopy of
explanted human lung showing CXCL16 (green), EpCAM (red), and Collagen IV (grey).
Original image is at 200x magnification. (E) Analysis of the antigen-specific response of
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WT (black bars) and CXCL167/- (open bars) mice at 10 (left) and 60 (right) days post-
infection. Example CD8 and FluNP3e6-5,4DP staining of lung-resident T cell population
and quantification of the FluNP-specific response in the BAL and lung-resident
compartments are shown. Data are representative of 2 experiments (n=3-4 mice). Data
were analyzed by one-way ANOVA and Holm-Sidak multiple comparisons test (C) or
Student’s t test (E).

CXCR6 mediates localization, but not survival, of lung Tru. Potential
explanations for the reduced number airway Trum in Cxcr67/- and Cxcl167/- mice are that
CXCR6 may be anchoring virus-specific cells to the epithelium and promoting their
survival in the airway environment, or that CXCR6-CXCL16 interactions are directing
the localization of Trm within the lung tissue. To test these possibilities, we first
performed dual adoptive transfers of congenic WT and Cxcr6-/- Teum directly into the
airways via intratracheal administration and assessed survival (Figure 12A). Eight days
post-transfer, both WT and Cxcré6-/- cells were detectable in the airways, and the ratio of
recovered cells showed no survival defect in cells deficient in CXCR6 expression (Figure
12B and 12C). To investigate the localization of Cxcr6~/- Trm in the lung, we took
advantage of the transgenic OT-I system to compare the localization of congenic WT and
Cxcr6/- cells within the tissue. Congenic (CD45.1) mice were seeded with equal numbers
of naive WT (CD45.2*CD90.1+) and Cxcr6-/- (CD45.2*CD9o0.2+) CD8* T cells and
infected with influenza x31-OVA (Figure 12C). Tile scans were taken of whole lung
sections 45 days post-infection and WT and Cxcré6-/- OT-I cells were identified by
congenic marker staining (Figure 6D). The distance of each cell to the nearest airway
was measured and the mean distance of WT and Cxcré6-/- cells was calculated (Figure
S5). Compiled measurements from multiple lung sections showed that WT cells were,

on average, 146 microns closer to the airways than Cxcré6-/- cells (757 vs 903 microns,

respectively, Figure 12E). To more clearly visualize any CXCR6-mediated defect of
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localization near the airways, we determined the ratio of WT to Cxcr6/- OT-1 T cells at
discrete distances from the nearest airway (Figure 12F). At distances greater than 200
microns the ratio of WT to Cxcr6~/- OT-I T cells was 1:1. However, within 50 microns to
the closest airway, WT cells were present at a 3:1 ratio compared to Cxcr6-/- cells.
Together, these data show in airway Trwm in the absence of CXCR6 is not due to altered

survival in the airway environment, but due to defective trafficking to the airways.
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Figure 12: OT-1 T cells lacking CXCR®6 are located further from the airways
than WT cells.

(A) Experimental diagram showing setup of intratracheal transfer experiment. (B)
Example staining of WT and CXCR6/- donor cells from the airways eight days post-
transfer. (C) Ratio of WT:CXCR67- cells pre-transfer (black circles) or after eight days in
the airways (red squares). (D) Experimental diagram showing setup of OT-I transfer
experiment. (E) Example image of a mouse lung section showing WT (pink arrows) and
Cxcr67/- (green arrows) OT-I T cells. All transferred cells are CD45.2+ (green) and WT
cells are also CD9o0.1* (red). EpCAM (cyan) and DAPI (white) were used to define
airways. (F) Quantification of the distance of WT (circles) and CXCR6/- (squares) OT-I
T cells to the nearest airway. Data were analyzed by Mann-Whitney test. (G) Ratio of
WT to CXCR67/-OT-I cells in bins based on distance to the nearest airway. Ratios
greater than 1 indicate more WT cells. Data are representative of 2 experiments with 4-
5 recipient mice (B,C) or were compiled from whole lung sections from 6 individual
mice from 2 independent replicates (E-G).

CXCRG6 is expressed on Tru recently recruited to the airways and is required for
airway Trm maintenance. Although the impact of CXCR6-mediated trafficking on lung
Tru is limited to airways, surface expression of CXCR6 on airway Trm was significantly
lower than parenchyma Tru. Airway Trm are a dynamic population with a relatively high
rate of turnover that must be replaced by a steady influx of cells from the established
memory T cell pool (Ely et al., 2006). This raised the possibility that high levels of
CXCR6 expression on parenchyma Trym may guide cells to the airways, and upon entry
into the airways CXCR6 is downregulated. To test this, we first compared
transcriptional activity from the Cxcré locus to CXCR6 protein expression by crossing
Cxcr6-/- and WT mice to generate one allele that drives eGFP expression from the Cxcré
promoter and one allele that can produce CXCR6 protein. A comparison of CXCR6
protein expression between airway (BAL) and parenchyma (Lung Res) Trm confirmed
our previous results of decreased surface CXCR6 expression on airway Trum (Figure 13A).

However, airway Trm showed continued, but diminished, Cxcré6 transcription as

measured by GFP expression (Figure 13B). To investigate when the loss of CXCR6
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surface expression is occurring on airway Trm, we compared expression of CXCR6 and
the integrin CD11a, which is highly expressed on circulating memory T cells but is
downregulated within 48 hours after airway entry (Kohlmeier et al., 2007). Strikingly,
the expression of CXCR6 was significantly higher on CD11a! airway Trm which have
recently entered the airway environment (Figure 13C). In contrast, CD11al° airway Trm
were uniformly negative for CXCR6 surface expression. As these findings suggested that
CXCR6 may be important for the continual recruitment that sustains the airway Trm
pool, we investigated whether blocking CXCR6-CXCL16 interactions after T cell memory
had been established would impact the maintenance of airway Trm (Figure 13D).
Intranasal administration of anti-CXCL16 significantly reduced the frequency of
recently recruited CD11aM! FluNP-specific Trym in the airways compared to PBS controls
(Figure 13E). In addition, limiting the influx of cells into the airways by blocking
CXCL16 resulted in a significant decrease in the overall number of FluNP-specific
airway Try, but had no effect of the number of FluNP-specific Tru in the lung
parenchyma (Figure 13F). Thus, CXCR6-CXCL16 interactions maintain the airway Trm

pool through the continual recruitment of lung Trwm into the airways.
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Figure 13: CXCR6 expression is downregulated upon entry into the airways.
(A) Example flow plots showing GFP expression of CXCR66*?/+ CD8 T cells versus
surface expression of CXCR6 in the BAL and lung-resident compartments. (B)
Quantification of GFP expression based on surface CXCR6 expression (black, CXCR6+;
open, CXCR6") in the BAL and lung-resident populations. (C) Flow staining and gMFI
quantification of CXCR®6 levels based on CD11a expression in CD8 T cells in the BAL.
Example staining is concatenated from 5 mice. (D) Experimental setup of CXCL16
blockade experiment. (E) Example staining and quantification of CD11a expression on
PBS (open histogram and bar) or aCXCL16-treated (black histogram and bar) mice. (F)
Numbers of antigen-specific cells in the BAL and lung-resident compartments of PBS
(open histogram and bar) or aCXCL16-treated (black histogram and bar) mice. Data
are representative of 2 (A, B), 4 (C), or 3 (E, F) experiments and were analyzed by
Student’s t test (C, E, F).

Discussion
We have shown that CXCR6 expression was increased on lung Trm compared to

Tewm in the vasculature, and expression was highest on Trm co-expressing the canonical
tissue residency markers CD69 and CD103. The increased expression of CXCR6 on lung
CD8 T cells was sustained throughout the immune response to influenza infection and

was dependent on pulmonary antigen encounter. Mice lacking CXCR6 had decreased
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numbers of virus-specific CD8+ T cells in their airways following influenza or
parainfluenza infection despite equal CXCR3 expression, demonstrating a unique role
for CXCR6 in regulating the airway Trm pool. In the absence of CXCR6, immune mice
had increased morbidity following a heterosubtypic respiratory viral challenge. Mixed
bone marrow chimeras showed that the effects on airway Trm observed in Cxcr6-/- mice
were not due to differences in the immune response between intact WT and Cxcr6-/-
mice, and that the effect was broadly applicable to Trm formed by other respiratory
viruses. In addition to decreased numbers within the airways, lung CD8+ T cells lacking
CXCR6 were located further from the airways than WT cells. CXCL16, the ligand for
CXCR6, was expressed exclusively in the airways and blockade or genetic deletion of
CXCL16 led to decreased recruitment of virus-specific CD8* Tru to the airways. Finally,
CD69+CD103* CD8* Tru cells in human lungs also had increased CXCR6 expression
compared to CD69-CD103" cells and CXCL16 was expressed by human bronchial
epithelial cells lining the airways. Together, these findings identified a critical role for
CXCR6-CXCL16 interactions in controlling the localization of virus-specific CD8* Trym in
the lung and maintaining the airway Trum pool.

Previous genomic analyses of CD8+ Trw cells have shown increased Cxcré
expression is a common trait of Trm in many mucosal sites, but the biological
importance of CXCR6 expression on Tru in these tissues is less well defined (Hombrink
et al., 2016; Kumar et al., 2017; Mackay et al., 2016). CXCR6 was important in the
maintenance of Tru in the liver following malaria infection in mice and was highly
expressed on intrahepatic CD69+ CD103+ HBV-specific CD8 Trum in humans
(Fernandez-Ruiz et al., 2016; Tse et al., 2014). CXCR6 was expressed on skin Trm in

humans, and important for the maintenance of skin Trm in mice where CXCR67/- cells
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formed fewer CD69+CD103* Tru in the skin at memory (Zaid et al., 2017). Notably,
direct injection into the skin resulted in a similar decrease in Cxcr6- skin Tru,
suggesting CXCR6 may be important for retention rather than recruitment of CD8+ T
cells in the skin. Although a role for CXCR6 in the localization of gut Trm has not been
reported, CXCR6 regulated the topography of NKp46+ ILC3s in the intestine by
directing their interaction with CXCL16-expressing CX3CR1+ intestinal dendritic cells
(Satoh-Takayama et al., 2014). These studies, together with our reported data, suggest
that CXCR6-CXCL16 interactions may have a primary role of controlling localization of
lymphocytes within tissues, rather than directly recruiting them into the tissue from the
circulation.

Previous studies investigating mechanisms controlling T cell localization to the
lung have identified chemotactic or adhesion molecules that regulate migration or
retention of antigen-specific T cells resident in both the lung parenchyma and airways.
Integrins such as VLA-1 (CD49a), arp; (CD103), or E-cadherin are important for the
maintenance of lung Trm. The chemokine receptor CXCR3 has been implicated in the
homing and maintenance of lung Tru, but its role in effector T cell recruitment to the
parenchyma and airways during the acute response to respiratory infection has
complicated evaluation of its role in maintaining lung Trm once they have been
established. CXCR3/- antigen-specific effector T cells fail to accumulate in the lung and
airways following influenza or parainfluenza virus infections, resulting in a smaller pool
of cells in the tissue that can survive contraction and transition into Trym (Kohlmeier et
al., 2009). CXCR3 is important for the recruitment of circulating memory CD8+ T cells
to the lung in response to respiratory infection, but a population of CXCR3° lung Tru is

maintained under homeostatic conditions in the interstitial spaces of the lung. Thus, the
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role of CXCR3 in the trafficking and/or maintenance of memory T cells in the lung may
largely depend on the presence or absence of localized inflammation, and future studies
where CXCR3 can be conditionally ablated at different times during the immune
response may help to refine its role in lung Tru. In addition to the role of chemokines in
trafficking to the lung, the potential for chemotactic signals to regulate partitioning of
Trum between the airways and parenchyma has been largely unexplored. It was
previously shown that airway surveilling memory CD8+ T cells expressed high levels of
CXCR3 and that CXCR3 was required for the steady-state recruitment of memory T cells
to the airways following intravenous transfer, but we found CXCR3 expression was
identical between WT and Cxcré6-/- flu-specific CD8 T cells and thus unlikely to
contribute to the difference we observed in Cxcré6-/- airway Trm (Sliitter et al., 2013). It
should be noted that neither Cxcr3~/- or Cxcr6-/- memory T cells showed a complete loss
of airway Tru, raising the possibility that both chemokine receptors can contribute to
the preferential migration of Trym into the airways under steady-state conditions.

Defining mechanisms that differentially regulate these two populations of Trm
within the lung is important because they have been shown to have distinct effector
functions that synergize to provide optimal cellular immunity in the lung (Jozwik et al.,
2015; McMaster et al., 2015). Airway Tru are able to rapidly produce cytokines upon
antigen recognition but are poorly cytolytic, and thus likely serve more of a sentinel role
to draw additional immune cells to sites of viral infection in the lung. Several reports
have shown that pathogen-specific airway Trm numbers correlate with protection
against respiratory challenge, and thus identifying mechanisms that regulate airway Trm
is central to developing strategies that promote robust cellular immunity against

respiratory pathogens. Airway Trm have a short half-life in the lumen of airways (~14
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days) and begin to downregulate certain cell surface markers such as CD11a and Ly6C
within hours of entering the airway environment (Ely et al., 2006; Kohlmeier et al.,
2007). In addition, airway Trm do not undergo homeostatic proliferation and must be
continually replenished from the memory T cell pool, but the mechanisms regulating
this continual recruitment had not been known. Our data showed that CXCR6
expression on lung-resident CD8+ T cells direct their movement within the tissue toward
the CXCL16 gradient from the airway epithelium, resulting in a one-way migration into
the airways to replenish and maintain the airway Trwm pool. This process raises
interesting questions regarding the source of newly-recruited airway Trum, and the
impact it may have on other memory CD8+ T cell populations. The most straightforward
explanation is that the lung parenchyma Trm population is continually seeding airway
Tru, which is supported by the high CXCR6 expression on this population, proximity to
the airways, and analysis of recently-recruited airway Trm showing they arrive in the
airways expressing Trm markers such as CD69 and CD103. This may also explain the
gradual decline of Tru in the lung parenchyma as they are recruited into the airways
(Wu et al., 2014). Additional studies are required to fully understand the ontology of the
antigen-specific CD8 T cells that continually seed the airway Trm pool.

In summary, we have identified a unique role for the chemokine receptor CXCR6
in directing the migration of Trm in the lung under steady-state conditions and
maintaining the airway Trm pool. The differential impact of CXCR6 signaling on the
airway and parenchyma Trv populations in the lung was likely due to the localization of
CXCL16, the ligand for CXCR6, to the respiratory epithelium. As airway Trm are known

to be critical for cellular immunity in the lung, developing vaccination strategies that
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induce CXCR6 expression on antigen-specific T cells may increase airway Trm and
improve the efficacy of vaccination against respiratory pathogens.
Methods

Mouse Models. C57BL/6J (B6), B6.PL-Thy12/CyJ (CD90.1), B6.SJL-
Ptprc2Pepc?/Boyd (CD45.1), C.129P2-Cxcrétmilitt/J (CXCR67/-), and C57BL/6-
Tg(TcraTerb)1100Mjb/J (OT-I) mice were purchased from The Jackson Laboratory.
Mice were housed and bred under specific pathogen-free conditions at Emory
University. B6 and CD45.1 mice were bred and the F1 mice were used as controls for
CXCR67/- mice for congenic identification. OT-I mice were crossed with CD9o.1 or
CXCR67/- mice to give congenic WT OT-I (CD9o0.1*) and CXCR67/- OT-I (CD90.2*). Mice
were assigned to experimental groups in the order they were weaned and all
experiments used both male and female mice at 8-12 weeks of age. The mice were
healthy, immune competent, influenza-naive, with no previous procedures. Mice were
housed 5 to a cage in autowater racks before transfer to sterile static cages for infection.
All animal procedures and experiments were approved by the Emory University or
Kindai University Animal Care and Use Committees.

Human Lungs. Non-transplantable but otherwise healthy human lungs were
provided by LifeLink of Georgia. Lungs were explanted by LifeLink personnel after
transplantable organs were harvested and transported on ice to Emory University for
further processing. Informed consent was obtained from next-of-kin prior to explant.
This study was exempt from IRB review since the donors were deceased at time of
collection.

Virus Strains. Sendai virus, Influenza A/PRS8, Influenza A/HK-x31, and Influenza

A/HK-x31-Ova; were grown in embryonated chicken eggs for 72 hours before harvest
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and pooling of the allantoic fluid. The 50 % egg infectious dose (EIDso) or plaque
forming units (PFU) of pooled virus stocks was determined prior to use. For PRS8, the
LD5o was determined previously by infection of WT C57BL6/J mice with varying
amounts of virus.

2,2 2-tribromoethanol solution. To make 2,2,2-tribromoethanol solution, 12.5 g
2.2 2-tribromoethanol was slowly dissolved in 25 mL of tert-amyl alcohol using a
magnetic stir bar and stir plate. Following complete dissolution, 1 L deionized water
was added in 100 mL fractions every 5 minutes with continued stirring. The solution
was sterile filtered, aliquoted into brown glass bottles, and stored in the refrigerator
until use.

Ack buffer. To make Ack lysis buffer, 32.96 g ammonium chloride, 4 g potassium
bicarbonate, and 0.149 g sodium EDTA were dissolved in 4 L deionized water. The
solution was sterilized by autoclave before use.

MACS buffer. To make MACS buffer, 16 mL of 0.5-M sodium EDTA was
combined with 20 mL fetal bovine serum, 400 mL 10x PBS, and 3.564 L deionized water
and mixed completed. The solution was filter sterilized before use.

Digestion media for mouse lungs. For digestion media, Hank’s Balanced Salt
Solution was armed in a 37-degree C water bath. 1imL DNase stock solution (2E3
units/mL in PBS) and 5 mL Collagenase D stock (5g/mL in RPMI with 10% FBS, 1%
Penn/Strep/Glut) were added to 44 mL of warm Hank’s and used immediately.

Intranasal animal infection. For sub-lethal infection with influenza HK-x31 or
Sendai viruses, mice were anesthetized with 300-400 uL 2,2,2-tribromoethanol solution
and virus was administered dropwise intranasally in 30 puL of PBS. Sendai was used at

3x103 EIDs, per mouse, influenza A/HK-x31 and Influenza A/HK-x31-Ovar were used at
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3x104 EIDso. For challenge experiments with PR8, mice were anesthetized with
isoflurane before intranasal dosage of virus in 50 puL. Primary infection with PR8 was at
250 PFU (1x LD;o) and secondary infection with PR8 was at 1250 PFU (5x LDso).
During lethal infection, mice were monitored daily for weight loss and euthanized at 25
% weight loss as required by Emory IACUC.

Intramuscular animal infection and “pull”. To establish a circulating pool of
influenza-specific T cells, mice were infected intramuscularly in the right thigh with
1x10¢ EID5o influenza A/HK-x31 in 50 uL. HBSS. The thighs were wiped with 70 %
ethanol following injection to prevent intranasal infection. 7 days after infection, mice
were anesthetized with 300-400 pL 2,2,2-tribromoethanol and dosed intranasally with
50 puL of PBS containing 5 pg ODN-1826 with or without 5 pg of the immunodominant
CD4 and CD8 influenza peptides NP 311-325 and 366-374.

Generation of mixed bone marrow chimeras. To generate mixed bone marrow
(BM) chimeras, donor mice were euthanized and the femurs were harvested into
complete RPMI. BM was washed out of the femur and stored in complete RPMI until
just before transfer, when the cells were spun down and suspended in PBS at 1x108 cells
per mL and the two genotypes were mixed at a 1:1 ratio. BM was transferred i.v. to
recipient mice via the tail vein. Before receiving BM, recipient mice were given two
doses of 475 rads of gamma irradiation from a 3:Cs irradiator with 6 hours between
doses. Chimeras were maintained on a solid food diet with 1.2% sulfamethoxazole and
0.2% trimethoprim (Purina TestDiet 5TYG) for four weeks and given wet food and Napa
Nectar every other day for the first two weeks. Mice were rested for an additional two

weeks prior to use, allowing for immune reconstitution.
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General mouse harvest, cell isolation, staining, and flow cytometry. When
appropriate, mice were injected i.v. with 1.5 mcg CD3e-PE/CF594 in 200 uL sterile PBS
via the tail vein. After 5 minutes, mice were injected with 500 pL 2,2,2-tribromoethanol
solution i.p. and exsanguinated brachially. Bronchoalveolar lavage (BAL) was harvested
directly from euthanized mice via insertion of an 18-ga catheter into an incision in the
trachea and 5 x 1-mL washes were performed with RPMI 1640 supplemented with 10%
fetal bovine serum, and 1x penicillin/streptomycin/glutamine (complete RPMI). Lung,
mediastinal lymph node, and spleen were harvested and placed into appropriate tubes
filled with 5 mL Hank’s balanced saline solution (HBSS).

Spleens were inserted into sterile mesh pouch in a tissue culture dish and
homogenized with tweezers before transferring back to tube. Cells were pelleted via
centrifugation and resuspended in 3 mL ACK buffer and allowed to sit at r.t for 3 min.
The reaction was quenched with 10 mL HBSS and spun down. The cells were
resuspended in 5 mL complete RPMI for counting and staining. Cells were resuspended
to a final concentration of 1x107 cells/mL in complete RMPI and 200 pL of cells were
stained for flow (2x10° cells).

Mediastinal lymph nodes were processed similarly except for the Ack lysis step.
Lymph nodes were resuspended in 200 pL. complete RPMI for counting and the entire
sample was stained.

BAL samples were spun down and resuspended in 200 pL of complete RPMI for
counting and staining.

Lungs were transferred to a 6-well plate, and media was aspirated. Lungs were
chopped with scissors before digestion with 5 mL digestion media. Samples were

further homogenized by syringing up and down with a 3-mL syringe 10 times per well.
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Lungs were incubated at 37°C for 30 minutes, syringing every 10 minutes. Lung
suspension was transferred back to original tubes, the reaction was quenched by
addition of 10 mL HBSS, and cells were pelleted. Pellets were resuspended in 3 mL of
80 % isotonic Percoll at r.t. and overlaid with 40 % isotonic Percoll at r.t. Tubes were
spun for 25 minutes with low brake (setting 3 on Sorvall ST-40R). Lung cells were
resuspended in 200-600 pL of complete RPMI for counting and staining. 2E6 cells were
stained per well.

For staining, samples were transferred to a 96-well V-bottom plate and spun
down. For live/dead staining, cells were resuspended 200 pL PBS and spun down. Cells
were washed with additional 200 mcl PBS. Cells were resuspended in 100 pL PBS with
Zombie UV or Zombie NIR at a 1:200 dilution and stained 30 minutes at r.t. in the dark.
Following staining, 100 puL PBS was added and the cells were spun down. Cells were
washed with 200 uL FACS wash (PBS with 2 % BSA and 0.05 % sodium azide) and spun
down. For blocking of Fc receptors, 100 uL. murine FC block 2.4G2 (1 meg/mL) in FACS
wash was added and cells were incubated on ice for 25 min. Cells were spun down and
50 uL of tetramer cocktail was added to each well and stained for 60 min at r.t. in the
dark. 150 uL FACS wash buffer was added and cells were spun down. 50 pL of antibody
cocktail was added to each well and samples were stained for 30 min on ice in the dark.
150 uL FACS wash buffer was added and cells were spun down. Cells were fixed for 20
minutes in the dark using 100 pL of 1% paraformaldehyde. The fixation was quenched
with 100 pL. FACS wash and cells were spun down and resuspended in 150 uL. FACS
wash for flow cytometry.

Specific cell staining procedures. For experiments using the CXCL16-hFc fusion

protein to stain cells, the fusion protein solution was mixed 1:1 with Fec block solution
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and cells were incubated for 30 minutes before addition of 150 uL FACS ash and
spinning down cells. 50 pL of secondary reagent (anti-human FCy-APC, 1:50) was
added to cells and incubated on ice for 20 minutes before addition of 150 puL. FACS wash
and spinning down of cells. The staining continued with the surface antibody stain as
above.

Staining of CCR5 required intracellular staining. Following surface stain, cells
were incubated with 100 pL Cytofix/Cytoperm for 20 minutes at room temperature in
the dark before the addition of 100 puL. Perm/Wash Buffer and spinning down cells.
Cells were resuspended in 50 uL. Perm/Wash buffer containing antibodies against
intracellular antigens and incubated on ice for 30 minutes in the dark. An additional
150 pL of Perm/Wash was added and the cells were spun down. The cells were washed
twice more with 200 pL of Perm/Wash before resuspension in FACS wash for flow
cytometry.

Isolation of human lung leukocytes. Digestion media was made with 300 mL
RMPI 1640, 3 mL non-essential amino acid solution, 3 mL 100x sodium pyruvate, 30
mL collagenase D solution, 6 mL DNase I solution, and 7.5 mL of trypsin inhibitor
solution (40 mg/mL in PBS). Digestion media was warmed to 37 degrees C in a water
bath.

Blocks of tissue from the lung parenchyma were removed and flash frozen using
liquid nitrogen in OCT for microscopy. The remainder of the lung was cut into 1 inch
pieces and homogenized by mechanical disruption with a meat grinder. Approximately
20 mL of homogenized lung was transferred to a 50-mL conical tube and 20 mL of
digestion media was added. The lungs were digested for 2 hours at 37 degrees C with

shaking at 100 rpm. The digested lungs were filtered through a mesh strainer with 1 x
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100-mL wash using complete RPMI. The suspension was aliquoted into 50 mL conical
tubes and spun down. Red blood cells were lysed using 5 mL of warm Ack media for 5
minutes and the reaction was quenched with 25 mL HBSS and spun down. The cell
pellets were resuspended in 12 mL of 80 % isotonic Percoll and moved to 2x15-mL
conical tubes. The suspension was overlaid with 40 % isotonic Percoll and tubes were
spun as above. The cells were counted and resuspended at 2x107 cells/mL in 90%
FBS/10% DMSO and frozen at -80°C before transfer to a liquid nitrogen tank for long-
term storage.

Staining of human lung leukocytes. For staining, samples were thawed,
immediately transferred to 14 mL of warm complete RPMI, and spun down. Cell pellets
were transferred to a 96-well V-bottom plate and spun down.

For live/dead staining, cells were resuspended 200 pL PBS and spun down. Cells
were washed with additional 200 pL PBS. Cells were resuspended in 100 uL PBS with
Zombie UV at a 1:200 dilution and stained 30 minutes at r.t. in the dark. Following
staining, 100 uL PBS was added and the cells were spun down. Cells were washed with
200 pL FACS wash and spun down.

50 pL of antibody cocktail containing human Fe blocking reagent was added to
each well and samples were stained for 30 min on ice in the dark. 150 pL. FACS wash
buffer was added and cells were spun down. Cells were fixed for 20 minutes in the dark
using 100 pL of 1% paraformaldehyde. The fixation was quenched with 100 puL. FACS
wash and cells were spun down. Cells were resuspended in 150 uL FACS wash for flow
cytometry.

Cell isolation, sorting, and RNA isolation for Cxcr6 gPCR. Mice were euthanized,

BAL and lungs were harvested, and lungs were digested as described in “General Mouse
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Harvest” section with the inclusion of the i.v. antibody. For staining, cells were
resuspended in 200 pL PBS and spun down. Cells were resuspended in 100 uL PBS with
Zombie NIR, CD8a-BV510, CD103-BV421, CD62L-BV605, CD69-PE, CD3-APC, CD44-
A700, CD4-APC/Cy7, CD11b-APC/Cy7, F4/80-APC/Cy7, CD19-APC/Cy7 and stained 30
minutes on ice in the dark. Following staining, 100 uL. PBS was added and the cells
were spun down. Cells were sorted into buffer RLT containing 1% beta-mercaptoethanol
on a BD FACS Aria II for live CD4-CD11b-F4/80-CD19-CD3+CD4-
CD8a+CD44+CD62L-CD3eiv- cells. These were further divided into three populations
based on CD69 and CD103 expression.

RNA was extracted using the QTAGEN RNeasy Kit. cDNA synthesis was
performed using the High Capacity cDNA Reverse Transcription Kit from
ThermoFisher. Briefly, 10 uL. RNA sample was added to 10 pL 2X RT master mix.
Thermocycler conditions for RT reaction: 25°C for 10 minutes, 37°C for 120 minutes,
85°C for 5 minutes.

Real time qPCR was performed using SYBR Green PCR Master Mix for Cxcr6
gene expression using the following primers: Cxcr6-F, 5’-CTT CTC TTC TGA TGC CAT
GGA-3’ and Cxcr6-R, 5-GAA ACA CAT CTG TCA GAG TCC-3’. Expression levels were
normalized to hypoxanthine guanine phosphoribosyl transferase (Hprt) using the
following primers: Hprt-F 5°-CAT TAT GCC GAG GAT TTG GAA-3’ and Hprt-R, 5° CAC
ACA GAG GGC CAC AAT GT-3’. Amplification parameters were as follows: 1) 95°C for
10 minutes, 2) 95°C for 15s, 3) 60°C for 30s, 4) 68°C for 30s, repeat steps 2-4 forty
times.

OT-I transfer. WT and CXCR6/- OT-I mice were euthanized by 2,2,2-

tribromoethanol overdose and brachial exsanguination. Spleens were harvested into 5
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mL HBSS and homogenized by mechanical disruption. Cells were pelleted via
centrifugation. Cells counted and resuspended at 1x108 cells/mL in a 5-mL FACS tube.
CDS8 T cells were purified via negative section using Stem Cell CD8+ T cell negative
selection kit. 50 pL of CD8 isolation cocktail was added per 1mL of cell suspension and
incubated at r.t. for 10 minutes. Anti-biotin beads were resuspended by vigorous
vortexing before adding 125 mL per mL of sample and incubation at r.t. for 5 minutes.
Cells were brought up to 2.5 mL of media and placed in the Stem Cell magnet for 5
minutes. Liquid was transferred to a new tube via stripette and the cells were spun
down. The cells were resuspended in 1 mL complete RPMI for counting and a 20 pL
aliquot was stained for purity with TCRVa2-PE, CD45.1-PE/CF594, CD11b-
PerCP/Cys.5, TCRVB5-APC, CD90.1-A700, CD45.2-BV421, CD4-BV510, CD90.2-
BV785, and CD8a-BV711. Cells were resuspended at 1x105 OT-I cells per mL and the
two suspensions were mixed 1:1 for injection of 200 uL of cells (1x104 per genotype) i.v.
tail vein. A small aliquot of the injection mixed was stained with the same antibodies to
determine the exact ratio of the infected cells.

Lung harvest for immunofluorescence microscopy. Mice were euthanized with
500 uL 2,2,2-tribromoethanol i.p. and brachially exsanguinated. The skin was removed
from the upper body and the ribcage was removed to allow for removal of the organs en
bloc. The trachea was exposed and a small incision made. The lungs were inflated with
0.7 mL OCT via an 18 gauge i.v. catheter. Silk suture was used to tie off the trachea
before removal of the catheter. The trachea was cut above the suture and the lungs were
removed and placed in a plastic mold with OCT and covered in OCT. The lungs were
floated in a cell culture dish on liquid nitrogen until set and then transferred to dry ice.

The lungs were stored at -80°C until sectioning.



125

Immunofluorescent microscopy staining. Lungs were sectioned at 7 microns on a
cryostat and transferred to positively-charged microscope slides. Slides were stored at -
80°C until staining.

For staining, slides were removed from the freezer and dried on the grate of a
biosafety cabinet (BSC) for 10 minutes. Slides were then fixed in 75:25 acetone/ethanol
for 10 minutes and washed 4 x 30 seconds in PBS. Slides were dried on the BSC and
outlined with a pap pen. The slides were blocked with FACS wash with 1ug/mL anti-
mouse CD16/32 clone 2.4G2, 10% mouse serum, 10% rat serum and 10% donkey serum
for 30 minutes at room temp in the dark. The blocking buffer was flicked off and
primary stain was added. Slides were incubated at room temp in the dark for 30
minutes. If necessary, slides were washed 4 x 30 seconds in PBS and a secondary stain
was performed for 15 minutes. The slides were washed 4 x 30 seconds in PBS and dried
on the BSC. Coverslips with Prolong Gold were applied and the slides were cured
overnight before imaging.

CXCL9/10/16 ELISA. Serum and BAL (1 mL) were harvested from naive or x31-
infected mice at indicated time points. Chemokine concentration was determined using
Quantikine ELISA Kit for CXCL9 and CXCL10, and mouse CXCL16 ELISA Kit according
to the manufacturer's instructions.

Cxcl16 gPCR. Lungs are harvested from x31-infected mice at day 30 postinfection
and digested by collagenase. Lung cell suspensions were fractionated into
CD45/TER119* hematopoietic cells (HPC) and CD45/TER119- non-HPC by MACS
system (Miltenyi Biotec). HPC and non-HPC were then fractionated into CD11c*Siglec-
F+ alveolar macrophages (AM) and non-AM or CD31+endothelial cells, CD31-EpCAM-1+

epithelial cells, CD31"PDGFRa* fibroblasts and CD31-EpCAM-1-PDGFRa- other stromal
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cells, respectively, by cell sorting with a MoFlo Astrios cell sorter (Beckman Coulter).
Purity of the isolated cells was more than 92%.

For the quantification of Cxcl16 expression in lung tissue cell compartments, total
RNA was isolated using TRIzol reagent (Life Technologies) and reverse transcribed to
cDNA with ReverTra Ace® qPCR RT Master Mix with gDNA Remover (Toyobo).
Quantitative PCR was performed on an ABI 7500 Real-Time PCR system (Life
Technologies) with THUNDERBIRD SYBR or Probe qPCR Mix (Toyobo). Rps3 mRNA,
a gene equally and stably expressed throughout a variety of lung cell populations and
inflammatory conditions (unpublished transcriptome analysis), was used for
normalization. Primers and Tagman probes used were as follows: Rps3 forward, 5'-
CGGTGCAGATTTCCAAGAAG-3’, Rps3 reverse, 5- GGACTTCAACTCCAGAGTAGCC -3’;
Cxcl16 forward, 5-TGTGGAACTGGTCATGGGAAG-3’, Cxcl16 reverse, 5'-
AGCTTTTCCTTGGCTGGAGAG-3’; Cxcl16 probe, 5-
TGCCTCAAGCCAGTACCCAGACCC-3'.

CXCL16 blockade. Anti-SR-PSOX/CXCL16 mAb IgG1 12-81 was generated as
described previously (Shimaoka et al., 2004a). Mice were infected i.n. with x31.
Twenty-eight to 35 days later, mice were administered either anti-SR-PSOX/CXCL16
mAb (30 ug/30 ul) or PBS i.n. twice by three days interval. Tissues were harvested,
processed and stained as described in the “General Mouse Harvest” section six days
after initial treatment.

Statistics. Flow cytometry data was analyzed using Flowjo. Relevant populations
were identified and the percent of parent or gMFI statistics were exported to Microsoft
Excel. Cell numbers were calculated by using percent of parent data and the live cell

count on a hemocytometer. Calculated values were analyzed for significance using
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Gaussian distributions were tested using the Kolmogorov-Smirnov test of normalcy,

parametric tests were used with data that was Gaussian and non-parametric tests were

used on non-Gaussian data. Significance was defined as p<0.05; * denotes p<0.05, **

denotes P<0.01, *** denotes p<0.001, and **** denotes p<0.0001.
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Supplemental Figure 3: Gating strategy for human lung T cells.
Example gates for the donor shown in Figure 1. Live singlet lymphocytes were then

gated on CD45*CD3* and T cells were divided in CD4+ and CD8*. The effector memory
CD8 T cells were then selected based on CCR7 and CD45RA expression.
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CXCL16

Collagen IV EPCAM

Supplemental Figure 4: Fluorescence microscopy of naive mouse lungs.
Immunofluorescence microscopy of mouse lung showing CXCL16 (green), EpCAM (red)
and Collagen IV (grey). Original image is at 200x magnification.
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Supplemental Figure 5: Method of measuring distance to the nearest airway
by fluorescence microscopy.

Example image of a mouse lung section showing WT (red X) and Cxcr6/- (green X) OT-I
T cells. All transferred cells are CD45.2+ (green) and WT cells are CD9o.1* (red).
EpCAM (cyan) and DAPI (white) were used to define airways. Cells were marked and
the distance to the nearest EpCAM+ airway was measured using Zen Pro software.
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Chapter 4. Discussion, insights, and future directions.

Chapter 1 of this thesis introduced cytokines and chemokines and how they
function in the immune system. Additionally, an overview of influenza virus infection
and the resulting immune response were presented. An extensive review of the functions
of IL-36y and CXCR6 was included since knowledge of these proteins is necessary to
understand the context of Chapters 2 and 3 and evaluate the claims to be made in
Chapter 4. However, synthesis of the existing knowledge of these two proteins was
reserved until Chapter 4 to allow for the incorporation of new discoveries contained in
Chapters 2 and 3.

Chapter 2 explored the role of IL.-36y in the immune response to influenza
infection. We showed that I136¢ is upregulated throughout the course of infection and
that I136g~- mice have increased viral titers, pathology, proinflammatory cytokines,
morbidity, and mortality following influenza infection. This striking phenotype
correlated with the loss of alveolar macrophages in I1136g~- mice. The alveolar
macrophages in I136g~- mice had increased apoptosis and M2-like gene expression and
surface protein markers, but transfer of 1136g~- alveolar macrophages to a WT mouse
reduced this skewing. Finally transfer of WT alveolar macrophages to I136g~- mice
rescued the mortality of these mice. Therefore, I1.-36y is a key mediator of alveolar
macrophage phenotype at baseline and survival during influenza infection.

Chapter 3 defined CXCR6 as a chemokine receptor responsible for homing of
CD8+* T cells to the airways. CXCR6 was expressed at higher levels in lung-resident cells
than cells in the lung vasculature and expression was highest in the canonical
CD69+*CD103* CD8* Tru cells in mice and humans. Increased expression was observed

over the duration of the immune response to influenza infection and was dependent on
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antigen encounter in the lung. Cxcr6~/- mice had decreased numbers of influenza-
specific CD8* T cells in the airways during the acute infection and this defect continued
out to memory. The defect was also seen using Sendai virus, generalizing the findings to
respiratory virus infection. CXCL16 protein is produced by the bronchial epithelium in
mice and humans. Cxcli67- mice had a similar defect to Cxcr6~- mice and blockade of
CXCL16 after memory was established showed that the chemokine is required for
maintenance of the airway-resident cells at steady state. Together, these data
demonstrate the importance of CXCR6 and CXCL16 in CD8+ T cells trafficking to the

airways. Several outstanding questions related to these finding will now be discussed.

Function of individual I1.-36 members
Defining the role of individual IL.-36 agonists has been difficult since knockout

mice for the individual IL-36 cytokines have only recently been reported (Aoyagi et al.,
2017a; Kovach et al., 2017; Milora et al., 2015; Ngo et al., 2018). Data from this paper,
as well as other works, suggest that different IL-36 family members have different
effects in several contexts including lung immunity. One possible explanation is gene
regulation instead of gene function. Several of the works reviewed in Chapter 1 showed
differential expression of 1136 genes. In depth analysis of transcription factor binding
has only been performed for I136a (Nerlich et al., 2015). Data from in vitro and ex vivo
experiments (many of which are described in Chapter 1) that tested treatments to induce
IL-36 proteins give some insight into possible regulatory mechanisms for 1/36b and
1136g, but there is no direct evidence on the topic. In the lungs of naive mice, the mRNA
levels of the three 1136 genes varied by greater than 100-fold, implying a difference in
regulation of these three genes. Examination of the promotors of 1136b and I136g to

identify transcription factors binding motifs would be a first step in the process.
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Additional work could include in vitro knockdown of specific transcription factors or
deletion of transcription factor binding sites to identify the most important regions and
proteins for I136b and 1136g.

A second possibility is a difference in the activity of the various IL-36-activating
proteases, which would prevent full activity of one or more IL-36 proteins. The presence
of enzyme inhibitors, including breakdown products, may block the activity of one or
more of the activating proteases (Tyagi and Simon, 1993). This could be tested by use of
lung homogenate to inhibit the proteases in vitro, or more specifically but also more
expensively, by proteomic evaluation of the lungs of mice following influenza infection.
Differences in expression of the proteases are another possible mechanism as PU.1 has
been shown to control the expression of all three azurophil proteases, but leukocyte
elastase is additionally controlled by GABPa and possibly MYB (Sturrock et al., 1996;
2004). ELISA of neutrophil supernatants or RNAseq of neutrophils during influenza
infection could provide data on the regulation of the azurophil proteases. Pathogen-
specific differences in I1136g~- mice may represent downregulation due to pathogen
immune evasion mechanisms or differences in induction of various innate immune
pathways by PAMPs (Rivera-Marrero et al., 2004). A difference in release is unlikely
since all three proteases are contained in azurophil granules. This line of research also
needs to address the activation of IL-36 proteins in the absence of infection.
Neutrophils are not present in the airways or lung parenchyma at steady-state, thus it is
not clear if the I1.-36 proteins are being cleaved in naive mice. This could be addressed
by western blotting of BAL fluid or lung homogenate to determine the size of the IL-36
proteins. If they are indeed cleaved, then other proteases may be acting on the proteins

in the absence of neutrophils.
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Another possible mechanism is an inherent difference in the three I1.-36 proteins
that modulate their affinity for the receptor or co-receptor or half-life in the
microenvironment. IL-36a has approximately 4-fold higher affinity for IL-36R than IL-
36y, but the affinity of IL-36f has not been reported. Differences in affinity do not
appear to affect EC5o values of the proteins in vitro, but may have an as yet unknown
effect in vivo (Towne et al., 2011). The stability of the proteins in the local environment
has not been studied, but could also affect the strength and duration of IL-36R
signaling. Administration of the three cytokines to the lungs or skin of mice would show
whether the cytokines have overlapping effects in vivo and exclude any differences from
gene regulation. If done using tagged proteins or in knockout mice, this would also
allow for the tissue half-life of IL-36 cytokines to be determined by serial harvest of
tissues for detection of the administered proteins.

Determining the exact reason(s) for differences in the function of IL-360a, IL-36p,
and IL-36y in the lung and elsewhere will require a systematic and comprehensive
approach that examines all three IL-36 proteins under the same conditions, which has
not been done to date. To extend findings from these experiments in vivo, crossing of
individual 1136 knockout mouse lines to generate double-knockout mice which only
express one of the cytokines would be a good tool to complement the single knockout
models currently available; i.e. experiments with WT mice, I136g~- mice, and I136a~-
1136b7/- mice. Additionally, crossing the three 1136 knockout lines to generate a triple-
1136 knockout mouse would allow for testing of IL-36R-dependence of various

phenotypes and effects. While initial characterization of the cytokines showed that IL-
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36R and IL-1RAcP were required for the effects of IL-36 cytokines, these studies did not
rule out that the cytokines act on the cells producing them without being released.
Development of additional models and tools would also aid the field. Currently,
there are no commercially available antibodies against IL-36 proteins that are validated
in flow cytometry or immunofluorescence microscopy. This greatly impairs the field
since experiments as simple as ELISA cannot be performed correctly without
monoclonal antibodies. Additionally, a floxed 1136 mouse would be useful in
determining tissue- and cell type-specific effects. This would be complimented by a lox-
STOP-lox I136 knock in that would specifically restore expression of cytokine in specific
tissues. As interest in these proteins grows, more tools will become available to study the

function of IL-36 proteins.

CXCR6 and HIV/AIDS
The effect of SNPs on the function of CXCR6 in humans is not well known. Given

the work in this dissertation as well as previous studies on the role of CXC6 in T cell
trafficking, those SNPs that negatively affect protein structure, function, or stability
could be risk factors for respiratory or skin infection. For example, the CXCR6-E3K
allele has been linked to a faster time from Pneumocystis carinii pneumonia (PCP)
diagnosis to death in a dominant fashion (Duggal et al., 2003). It is unlikely that the
E3K allele affects HIV fusion with cells as the time from AIDS diagnosis to death was
not affected. We show that CXCR6 deficiency has an effect on morbidity in respiratory
viral infection and CXCR6 has been shown to be important in protection against
bacterial infection of the lung as well (Lee et al., 2011). The association between
CXCR6-E3K and increased mortality in PCP was prior to the field’s understanding of the

important role of CXCR6 in lung immunity and the authors did not link the mortality to
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CD8+* T cell function. It is likely that CXCR6 is important in the response to many
respiratory pathogens, including PCP, that require an effective CD8+ T cell response for
clearance. However, the dominant nature of CXCR6-E3K suggests that another
mechanism could be at play since Cxcr69%/+ mice do not have trafficking defects seen in
Cxcr67/- mice.

The effect of CXCR6-E3K on the function of the protein could be tested by several
in vitro methods. The allele could be introduced into a T cell line and tested for its
ability to induce migration on a CXCL16 gradient. Surface expression levels of CXCR6-
E3K and CXCR6-E3 should be compared for any differences in protein folding, half-life
or localization in the cell. Additionally, purified CXCR6-E3K should be tested for
binding to CXCL16 by surface plasmon resonance. These studies should give insight
into the effects of the E3K variant on the function of CXCR6 as a chemokine receptor
and if they show no defect in the variant CXCR6, then other factors may be at play.

While SNP rs2234358-T in CXCR6 has shown to be predictive of status as a long-
term nonprogressor, the mechanism of the effect is not known (Limou et al., 2010).
CXCRS6 can serve as a coreceptor for the virus, but the efficiency of CXCR6 seems to be
lower than CCR5 or CXCR4 and fewer viruses have been shown to utilize CXCR6 (Deng
et al., 1997; Liao et al., 1997; P6hlmann et al., 1999). rs2234358-T likely influences
expression of CXCR6 via one of several other SNPs in the promoter of CXCR®6 that are in
linkage disequilibrium with rs2234358-T or by altering mRNA stability or processing
since rs2234358-T lies in the 3° UTR.

CXCRS6 has not been shown to recruit cells to the female reproductive tract, but
the possibility has not been excluded. Altered expression of CXCR6 may play a role in

homing of either permissive or cytotoxic cells to sites of HIV replication, thus increasing
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or decreasing transmission, respectively. Additionally, CXCR6 seems to be important
for DC-T cell interaction and changes in expression of the cytokine could affect the
duration or quality of the interaction. These changes in expression could be beneficial
to control if they lead to greater induction of cytotoxic T cells or prevent DCs from
ferrying infectious virus to CD4* T cells early in infection.

Testing of rs2234358-T should begin with in vitro work to determine the effect of
the SNP on gene expression and mRNA stability. This should focus on rs2234358-T in
conjunction with the promoter SNPs that it is associated with, and also test each SNP
individually to determine their relative effect on expression of CXCR6. Given the unique
status of long-term non-progressors and the lack of rodent models of HIV infection,
testing of the SNP would need to be done in primates. Genetic alteration of primates is
still in its infancy, but it is possible this SNP already exists in one or more primate
species which would allow for testing of its effect using SIV models. Otherwise,
protection studies involving human subjects to test this SNPs effect are difficult since

they are limited to ex vivo and in vitro methods with human cells.

Relative roles of CXCR3 and CXCR6 in airway homing of T cells
Both CXCR3 and CXCR6 have been reported to traffic memory T cells to the

lungs following respiratory viral infection (this work and (Sliitter et al., 2013)).
Chemokine-dependent homing of cells to a tissue requires production of the chemokine
in the destination tissues as well as expression of the chemokine receptor on the cells
that are destined to home to the tissue. CXCR6 and CXCR3 are co-expressed on
memory T cells in the lungs of mice, fulfilling one half of the requirement for both
signaling axes. However, while Slutter et al. found that mRNA of CXCR3 ligands Cxcl9

and Cxcl10 are expressed within the lung at memory, we find that at the protein level
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CXCL9 and CXCL10 are upregulated during inflammation, but they are not detectable in
the airways of naive or memory mice. Slutter et al. proposed that low level
inflammation drive Cxclg and Cxcl10 in the absence of frank immunological insults, but
our data in mice contradicts that hypothesis. It is quite possible that humans produce
CXCL9 and CXCL10 based on antigen exposures in the environment, but mice in
specific pathogen free housing do not. We show that CXCL16, the ligand for CXCR6, is
constitutively produced by bronchial epithelial cells the airways of mice and humans,
indicating that it is more likely to serve as a homing chemokine in the absence of
inflammation.

Direct comparison between the present work and Slutter 2013 is complicated by
the different systems used. While we used infection with the actual influenza virus to
prime memory, that paper used either L. monocytogenes or Vaccinia expressing the
influenza peptide NP147-155. The authors noted differences in the quantity and quality
of the responses to the two pathogens, which would also presumably differ from the
response with the natural pathogen. That work also predates intravenous antibody
labeling to distinguish true lung resident cells from those in the circulation. Perfusion of
the tissue does not fully remove T cells from the capillary beds of the lungs and greater
than 90 % of the cells that remain in the lung following perfusion are within the
capillary beds (Anderson et al., 2012). Thus, the differences seen in the airway
compartment of CXCR3-defiencent mice may be based on differences in the lung-
resident compartment.

Slutter et al. suffers from several drawbacks. The authors do not specify why they
chose to look at mRNA levels of Cxclg and Cxcl10 in the lungs but not confirm this

experiment with measurement of protein levels. They also did not divide T cells by the
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then known markers CD69 and CD103 in order to eliminate any contaminating non-
resident T cells. This would have been a simple method that was used at the time to
identify resident cells in the lung. The authors also did not directly examine the role of
CXCR3 in recruiting CD8+* T cells to the lungs or airways during acute infection whereas
we find that CXCR6 is involved in T cell homing to the airways at acute and memory
phases of the immune response. In addition, we show that genetic deletion of Cxcr6 and
blockade or genetic deletion of CXCL16 also shows an effect on the recruitment of cells
to the airways following influenza infection. Investigation of Cxclg/- and Cxclio”/- as
well as Cxclg/-Cxclio7/- mice or blockade of CXCR3 signaling would have been beneficial
to support the conclusion of Slutter.

We are planning additional studies with i.v. antibody labeling of circulating cells
of Cxcr3”/- mice following influenza infection to determine if there is a difference in the
truly lung resident cells in the absence of CXCR3. If this experiment shows that there is
no difference in the lung-resident cells of WT and Cxcr3~- mice yet the BAL of Cxcr3-
mice has decreased antigen-specific cells following influenza infection, then CXCR3
does play a role in the migration of cells from the lung to the airway. However, if there
is also a difference in the lung-resident population, then CXCR3 likely plays a role in
homing cells to the lung and without sufficient cells in the lung, the BAL population is
also affected. This would be an important finding because it establishes the cytokines
that regulate the partitioning of memory T cells between the lung and airways.

Neither this work with Cxcr6~- and Cxcl167/- mice nor Slutter et al.’s paper with
Cxcr3”/- mice showed a complete absence of T cells within the airways. It is possible that
both findings are true and we are in the process of crossing Cxcr3~-and Cxcr6~- mice to

generate mice lacking both chemokine receptors. These mice can be used to test if there



139

are additional chemokine receptors involved in recruitment of T cells to the airways of
mice. Itis also possible that there is some level of stochastic migration to the airways in
the absence of chemokine receptor signaling and that the one-way nature of airway

migration retains these cells that randomly enter the airways.

Potential for vaccine design
The creation of a universal influenza vaccine remains one of the holy grails of the

infectious disease community. The current vaccination strategy is of limited
effectiveness and costs 2-4 billion dollars each year (Cohen and Dolin, 2015; Nabel and
Fauci, 2010). Given that antibody responses are necessary for preventing infection, the
field has concentrated on developing vaccines that generate broadly neutralizing
antibodies against viral HA; however, internal T cell epitopes are conserved within
influenza genera since T cell responses are directed, in part, against the NP and M
proteins that are used to define genera (Nabel and Fauci, 2010). Thus, vaccines designed
to induce T cell immunity may give much broader protection than the current regimen
that is designed to induce humoral immunity.

The ability of pre-existing T cells to decrease viral shedding has been known since
the 1980’s, but vaccine design has largely ignored this finding (McMichael et al., 1983).
The current trivalent inactivated vaccine continues to focus on antibodies to HA and
NA, but contaminating M1 protein in the vaccine can induce a CD8+* T cell response in
individuals carrying HLA-A*02, which is found in 35 % of African-Americans and 50 %
of Caucasian-Americans (Ellis et al., 2000; Terajima et al., 2008). The M15s-66 peptide
is a well-characterized HLA-A*02 restricted antigen that can confer immunity to
influenza infection in humans (Gotch et al., 1987). During the 2009 pandemic, numbers

of CD8+* T cells specific for M153.66 and other conserved internal genes correlated with
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decreased severity of symptoms (Sridhar et al., 2013). Additionally, T cells may mediate
asymptomatic influenza infections in humans and preexisting T cell immunity to
conserved epitopes decreased viral shedding (Hayward et al., 2015). This gives real-
world evidence that effective immunity to pandemic influenza strains can be mediated
by CD8 T cells; however, localization of T cells within the respiratory mucosa is of the
utmost importance in mediating protection against influenza infection (Zens et al.,
2016).

Knowledge of the molecules that regulate T cell migration allows the design of
future vaccines that may induce expression of CXCR6 to direct T cells to the airways
where they can provide protection against infection. This could take several forms.
Inclusion of CXCR6-inducing cytokines such as TGF-p may instruct T cells to upregulate
CXCR6, especially in the context of boosting. Another option may be DNA- or RNA-
based vaccines that express T cell epitopes in conjunction with TGF-p or other
cytokines. Novel non-protein adjuvants may be designed in order to shape the immune
response to direct T cells to the lungs. Additionally, use of microneedles to establish
mucosal-homing T cells may work by itself or in conjunction with the above

mechanisms for directing antigen-specific cells to the airways.

CXCR6 as a mechanism of “one mucosa”
Eradication of smallpox is one of the greatest public health achievements of all

time. The unique method of skin scarification to inoculate the vaccinia virus
contributed to the success of this campaign (Liu et al., 2010). This method provided
better protective T cell immunity to challenge at a distant site than intraperitoneal
vaccination and complete protection against respiratory challenge with a pathogenic

vaccinia virus. Other strategies to protect against intranasal vaccinia challenge required



141

intranasal dosage of the vaccine (Braxton et al., 2010; Clark et al., 2011). This raises a
very simple question of how T cells get to the non-skin sites in numbers sufficient to
protect against infection (to be addressed below).

Extending knowledge about respiratory viral infections including influenza to
vaccinia challenge would suggest that Trm are required for protection against intranasal
vaccinia challenge. Following IN vaccination against vaccinia, depletion of CD8+ T cells
using intranasal delivery of anti-CD8 decreased protection against intranasal challenge
with vaccinia (Gilchuk et al., 2016). However, there is no literature on the presence or
phenotype of Tru in the lung following vaccinia skin scarification. A straightforward
experiment to test this would be to use the “pull” system shown in Chapter 3, Figure 2C.
An intramuscular vaccination (which was shown to be non-protective) could be followed
by intranasal dosage of an adjuvant with or without one or more peptide(s)
corresponding to immunodominant CD4 and CD8 vaccinia epitopes. Dosing of antigen
and adjuvant should establish Tru cells against vaccinia in the lungs of mice and then
challenge of these animals in comparison to mice that received skin scarification would
provide insight into the role of Trum cells in protection against intranasal vaccinia
infection. If, as is likely given the protection results, Tru cells are established in the
lungs following skin scarification with vaccinia, then the skin scarification and
adjuvant/antigen groups should show similar levels of protection upon challenge.

It may seem strange that vaccination in the skin would establish Trum in other
tissues; however, CXCR6 is involved in T cell homing to the skin and lung (Lee et al.,
2011; Zaid et al., 2017). Skin scarification that leads to infection of the dermis and
epidermis would generate CXCR6+* memory T cells that are able to home to any tissues

that express CXCL16. Following infection with vaccinia virus, Trum disseminate
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throughout the skin of mice and are not limited to the site of initial infection (Jiang et
al., 2012). During the seeding of the skin, which may be CXCR6-dependent, some of the
Trum progenitors would inevitably end up in the lung and airways. These cells may then
become resident, though the necessity of antigen encounter in the lung would need to be
resolved.

No paper has examined this possibility to date, but flow cytometric analysis of
BAL fluid and lung homogenate from animals vaccinated via skin scarification would
allow for the identification of any cells that may be present in the lungs or airways. It
would also be interesting to examine the liver for vaccinia-specific T cells since that
organ also relies on CXCRG6 for the recruitment and maintenance of T cells. Additionally,
the use of Cxcr6~/- mice would directly test the hypothesis that CXCR6 is required for the
migration of protective T cells to the lungs following skin scarification. Several other
experimental questions would need to be addressed if these experiments are fruitful.
Are there differences in phenotype, half-life, or localization between lung Trm
established by skin scarification vs intranasal infection? Do both types of cells have
equivalent cytokine production and cytolytic potential? Can viruses other than vaccinia
induce this type of response? Does intranasal vaccination also induce skin- and liver-
resident cells?

Complete characterization of the homing of T cells to the lung following skin
scarification is necessary because of the potential benefits to vaccine design. As
previously discussed, T cell memory against influenza mediates protection against novel
pandemic strains, but there are no currently licensed vaccines that are able to induce
such a response in the lung. The “pull” method may be effective in humans, but the risk

of adverse events when administering an adjuvant to the lungs of humans is too great to
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move this method beyond mice. Skin scarification with modified vaccinia viruses (or
other viruses) may be a way to induce protective CD8 T cells in the lung. Use of vaccinia
may actually be a benefit due to its large genome. The virus could be edited to express
antigens from various respiratory viruses including influenza A and B strains, RSV,
parainfluenza virus, and even corona and adenoviruses to generate a single vaccine that

is protective against many pathogens.

Conclusion
Influenza virus is a serious threat to public health and despite decades of research

and progress in our understanding of the pathogen as well as the immune response
against it, there is still much to be learned. Mouse adapted influenza strains provide a
powerful tool to understand the immune response to influenza as well as respiratory
viruses in general. These findings can be tested for applicability to respiratory viruses in
general using Sendai virus, a natural mouse pathogen. To test if the findings apply to
humans is more complicated, but correlation with observational studies or explanted
human lungs can be beneficial. We have shown that IL-36y is important for alveolar
macrophage survival during influenza infection, but whether that applies to humans
remains to be seen. Additionally, we show that CXCR6 is important for homing T cells
to the airways following respiratory viral infection, and correlate that with data from
explanted human lungs. Research into the roles of chemokines and cytokines in the
immune response to influenza infection will remain an active area of investigation for

the foreseeable future.
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