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Local Inflammatory Cues Regulate Differentiation and
Persistence of CD8* Tissue-Resident Memory T Cells
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SUMMARY

Many pathogens initiate infection at mucosal surfaces and tissue-resident memory T (Trm) cells
play an important role in protective immunity, yet the tissue-specific signals that regulate Trm
differentiation are poorly defined. During Yersiniainfection, CD8* T cell recruitment to areas of
inflammation within the intestine is required for differentiation of the CD103"CD69" Trm subset.
Intestinal proinflammatory microenvironments have elevated IFN- and IL-12, which regulated
Trm markers including CD103. Type | interferon receptor- or IL-12 receptor-deficient T cells
functioned similarly to WT cells during infection; however, the inability T cells to respond to
inflammation resulted in defective differentiation of CD103~CD69* Trm cells and reduced Trm
persistence. Intestinal macrophages were the main producers of IFN-p and IL-12 during infection
and deletion of CCR2" IL-12-producing cells reduced the size of the CD103~ Trm population.
These data indicate intestinal inflammation drives phenotypic diversity and abundance of Trm
cells for optimal tissue-specific immunity.
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INTRODUCTION

During infection, effector CD4* and CD8™ T cells enter a variety of peripheral tissues and
differentiate into a population of tissue-resident memory T cells (Trm) that persist locally for
extended periods and are unable to re-enter the circulation (Mueller and Mackay, 2016;
Schenkel and Masopust, 2014). Pathogen-specific Trm cells outnumber those in the
lymphoid organs (Steinert et al., 2015) and play important roles in protecting against
secondary infection (Mueller and Mackay, 2016; Schenkel and Masopust, 2014). Trm cells
can serve as a potent alarm by producing IFN+y, leading to the recruitment of additional
innate and adaptive immune cells into the tissue (Schenkel et al., 2014; 2013) and priming
the tissue to enhance pathogen resistance (Ariotti et al., 2014). Therefore, it is of significant
interest to identify the signals that drive the differentiation and maintenance of Trm
populations in response to infection and immunization.

Clustering of CD4* and CD8* Trm cells with other immune cells around areas of microbial
invasion is commonly observed during tissue infection, and these immune cell aggregates
constitute distinct microenvironments that support Trm responses. These structures have
been identified in the brain (Wakim et al., 2010), female reproductive tract (lijima and
Iwasaki, 2014), skin (Collins et al., 2016; Natsuaki et al., 2014), lung (Anderson et al.,
2014), and intestine (Bergsbaken and Bevan, 2015). In addition to T cells, immune cell
clusters are comprised of macrophages and dendritic cells, but lack blood/lymphatic
vasculature and B cells, distinguishing them from tertiary lymphoid structures (Bergsbaken
and Bevan, 2015; lijima and Iwasaki, 2014; Wakim et al., 2010). The production of
chemokines by macrophages in these clusters is required for the recruitment and
differentiation of Trm cells (Bergsbaken and Bevan, 2015) and their long term retention
within the tissue (Collins et al., 2016; lijima and Iwasaki, 2014). Presentation of microbial
antigens in these structures can affect Trm differentiation and survival in some tissues
(Wakim et al., 2010; Khan et al., 2016). T cell clustering may also limit the spread of
infection, as they form around areas of pathogen invasion and replication (Bergsbaken and
Bevan, 2015; Hickman et al., 2015; Wakim et al., 2010). We are only beginning to
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understand the signals that are required for the formation and maintenance of these
structures and the signals they provide to Trm cells.

Trm cells are phenotypically distinct from memory T cells in lymphoid tissues, and
expression of CD69 and the integrin CD103 are often used to define T cells as tissue-
resident. In some tissues, CD103*CD69™" cells make up the majority of the Trm population
and CD103™ T cells are only transiently present and quickly re-enter the circulation
(Gebhardt et al., 2011). Some tissues, including the intestine, contain subsets of T cells that
lack CD103 and/or CD69 expression, but are nonetheless capable of maintaining tissue
residence (Bergsbaken and Bevan, 2015; Hondowicz et al., 2015; Steinert et al., 2015). This
phenotypic heterogeneity among Trm populations often depends on the tissue of residence
and whether Trm cells are generated by local tissue infection. Currently, it is unclear
whether these distinct Trm populations differentially contribute to pathogen control. CD103
has been shown to alter migration of T cells within the intestinal epithelium (Edelblum et al.,
2012) and enhance killing of E-cadherin-expressing antigen presenting cells (Le Floc’h et
al., 2007), suggesting differential expression of CD103 may regulate Trm function. Cytokine
and chemokine receptors are also differentially regulated in CD103* and CD103~ Trm
subsets (Mackay et al., 2013; Wakim et al., 2012), suggesting CD103 expression may divide
Trm cells into functionally distinct subsets.

During local infection with the bacterial pathogen Yersinia pseudotuberculosis, two
populations of CD8" Trm cells are present in the lamina propria (LP), a CD103*CD69* and
a CD103-CD69* subset. Immune cell clustering in areas of bacterial infection leads to the
differentiation of the CD103~CD69* CD8* Trm subset (Bergsbaken and Bevan, 2015), but
the inflammatory signals regulating this process are unknown. Here we identify IFN-p and
IL-12 as important regulators of CD103~CD69* Trm differentiation in proinflammatory
microenvironments. Absence of IFNAR1 or IL-12Rp2 on T cells allowed proper expansion
and trafficking of T cells, but once in the intestine, cytokine receptor-deficient cells failed to
differentiate into the CD103~CD69* Trm population and did not persist after infection.
Intestinal macrophage populations produced IFN-B and IL-12 during infection, and deletion
of IL-12-producing CCR2" cells also reduced CD103"CD69" Trm differentiation. These
studies identify type | IFN and IL-12 in intestinal proinflammatory microenvironments as
key regulators of the differentiation and persistence of Trm cells. Maximizing the number
and function of Trm cells within the tissue during immunization may be critical for
resistance to mucosal infection and a determinant of mucosal vaccine efficacy.

IFN-B and IL-12 suppress TGF-p-mediated CD103 expression

Simultaneous exposure to TGF-p and certain inflammatory cytokines ex vivo can inhibit
CD103 expression by LCMV primed CD8* T cells (Casey et al., 2012). These data suggest
inflammatory signals sensed by T cells entering the intestine could override the
developmental program initiated by TGF-B and lead to differentiation of the CD103"CD69*
Trm subset. The ability of inflammatory cytokines to control CD103 expression in Yersinia-
primed effector CD8* T cells was examined. OT-1 T cells were isolated from mice 7 days
after Yptb-OVA infection and cultured in the presence of cytokines for 20 hours. As
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expected, /n vivo primed cells cultured in the presence of TGF-f alone increased expression
of CD103 compared to untreated T cells (Figure 1A, 1B). Addition of IFN-B or I1L-12 to
these cultures prevented CD103 expression; however, 1L-18 did not significantly alter the
TGF-p-mediated upregulation of CD103 (Figure 1A, 1B). Other cytokines were tested, and
only IFN-p and IL-12 were able to completely prevent the expression of CD103 (data not
shown). CD69 expression was also examined under these conditions, and expression of
CD103 and CD69 were not mutually exclusive. Culture of /n vivoprimed T cells with TGF-
B and IFN-B, 1L-12, or IL-18 all resulted in a significant increase in the expression of CD69
compared to TGF-p alone (Figure 1C).

To determine whether the regulation of CD103 and CD69 expression by cytokine
stimulation was T cell-intrinsic, wild-type (WT) and /fnar’~ OT-1 T cells were primed /n
vivo with Yptb-OVA and then cultured with IFN-B and TGF-B. WT OT-I T cells did not
express CD103 after culture with TGF-B and IFN-B, but /fnar’= OT-1 T cells maintained
CD103 expression under these conditions (Figure 1D, 1E). A similar percent of WT and
Ifnar”’= cells upregulated CD103 when cultured with TGF- alone (Figure 1E). IFN-B also
directly regulated CD69 levels on effector T cells (Figure S1). These data indicate IFN-p
and IL-12 can negatively regulate expression of the Trm marker CD103 in response to TGF-
B, while positively affecting the expression of CD69 on effector CD8* T cells.

IFN-B and IL-12 are produced in intestinal proinflammatory microenvironments

IFN-B-YFP and IL12p40-YFP reporter mice were utilized to track cytokine production
within the intestinal tissue during Yersinia infection. We observed small numbers of YFP*
cells in the intestine of uninfected control mice (Figure 2A, left panels, 2B). Seven days after
Yptb-OVA infection, we observed large clusters of YFP* cells in the LP near the crypts in
both IFN-B- and I1L-12-YFP reporter mice (Figure 2A, right panels, 2B). Fewer YFP* cells
were seen in the villi, consistent with proinflammatory microenvironments previously
observed during Yersinia colonization of the intestinal tissue (Bergsbaken and Bevan, 2015).
At this timepoint, antigen-specific T cells are beginning to enter the intestine, and CD8g™*
cells were enriched in areas that contain cytokine producing cells (Figure 2C), indicating
local IFN-B and IL-12 production could influence Trm differentiation.

To determine whether CD103~CD69* CD8* Trm cells are exposed to lower levels of TGF-
as a consequence of their localization, 7gfb expression was examined in intestinal
microenvironments using laser capture microdissection. LP regions containing CD8* T cell
clusters were compared to areas lacking T cell clusters, and 7g7fb mRNA was present at
higher levels in areas containing CD8* T cell clusters compared to other areas of the LP
(Figure S2A\). In addition, at 9 days post infection, CD103* and CD103~ LP T cells express
similar levels of Tgfbr2 (Figure S2B). These data indicate T cells entering these intestinal
microenvironments are exposed to TGF-p but that high local concentrations of inflammatory
cytokines would prevent CD103*CD69* Trm differentiation.
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CD103* and CD103~ CD8" Trm populations adopt and maintain unique gene expression

profiles

Regulation of T-box transcription factor expression is critical for the differentiation of CD8*
Trm cells in both the lung and skin (Laidlaw et al., 2014; Mackay et al., 2015). T-bet has
been shown to negatively regulate CD103 expression in lung Trm cells via direct binding of
T-bet to the /fgae (CD103) promoter (Laidlaw et al., 2014). Exposure of CD8* T cells to
IFN-B and 1L-12 could lead to elevated T-bet expression, preventing the upregulation of
CD103 in this Trm subset. The expression of 7bx21 (T-bet) was analyzed in LP Trm cells by
qRT-PCR, and 7hx21 expression was similar in both CD103* and CD103~ populations at
days 9 and 32 post infection (Figure 3A). This was confirmed by intracellular staining for T-
bet protein (Figure 3B); about 40% of Trm cells in both CD103* and CD103~ Trm
populations expressed elevated levels of T-bet at >30 days post infection (Figure 3C). Thus,
altered expression of T-bet alone is not sufficient to regulate the differentiation of
CD103-CD69* intestinal Trm population.

IL-12 and type | IFN result in phosphorylation of STAT4 in CD8* T cells (Nguyen et al.,
2002), and we examined the expression of several genes that are regulated by I1L-12/IFN-p/
pSTAT4 (Good et al., 2009; Wei et al., 2010) in CD103* and CD103~ LP Trm subsets at 9
and 34 days after Yptb infection. This included genes regulating I1L-18 responsiveness
(1118r1, 1118rap), Kirk1 (encoding NKG2D), and Cad244, a marker of Trm cells from a
variety of tissues (Mackay et al., 2013) that is often associated with T cell dysfunction
(Schietinger and Greenberg, 2014). We determined these genes were differentially expressed
by gRT-PCR, while CD69 is expressed equivalently by CD103* and CD103~ LP Trm
populations (Figure 3D). We also observed differential surface expression of NKG2D and
CD244 in LP Trm populations at >30 days post infection. CD103™ LP T cells expressed
elevated levels of NKG2D:; in contrast, the CD103* subset had increased expression of
CD244 (Figure 3E, left panels, 3F). NKG2D and CD244 were both expressed on a subset of
splenic OT-I T cells (Figure 3E, right panels). Taken together, these data indicate that Y ptb-
OVA-primed CD8" T cells are exposed to IFN-B and IL-12 and adopt and maintain a
transcriptional signature that suggests differential exposure to these cytokines.

Both CD103* and CD103~ Trm populations persist long after infection is cleared
(Bergshaken and Bevan, 2015); however, to confirm the stability of these populations,
CD103*CD69* and CD103-CD69* LP Trm cells were sorted from the intestine at >30 days
post infection and stimulated for 24 hours with anti-CD3/CD28 beads in combination with
IL-12 or TGF-B. These stimuli failed to alter the expression of CD103 on LP Trm cells
(Figure S3A,B), indicating that delivery of early, transient signals to T cells during infection
results in stable Trm populations.

Cytokine receptor-deficient T cells enter the intestine and display enhanced expression of
Trm markers

To analyze the role of inflammatory cytokines in the differentiation of Trm cells /n vivo,

118r17!=, Ifnar1™~, and 1112627~ OT-1 T cells were transferred into mice at a 1:1 ratio with
WT T cells. Mice were infected with Ypth-OVA and the expansion and trafficking of T cells
into the LP were analyzed at 9 days post infection. Cytokine receptor-deficient and WT OT-I
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T cells expanded to a similar degree in the spleen (Figure 4A, left) and both entered the
intestinal tissue in response to infection (Figure 4A, right). After local infection, CD8" T
cells that enter the intestine quickly acquire a Trm phenotype (Bergsbaken and Bevan, 2015;
Sheridan et al., 2014), and 25-60% of WT cells in the LP were CD103* at 9 days post
infection (Figure 4B, top panel, 4C). There was no significant difference in the expression of
CD103 on //18r17'~ and WT OT-I T cells, and /fnar1~/~ T cells had slightly elevated CD103
expression, although this was not statistically significant (Figure 4B, top panel, 4C).
However, CD103 was significantly elevated on //12rb27'= LP T cells, with 55-85% of cells
expressing CD103 (Figure 4B, top panel, 4C). CD69 expression was similar between all
groups (Figure 4B, bottom panel, 4D). We analyzed other markers differentially regulated in
CD103" and CD103~ LP Trm subsets to determine if they were similarly altered in the
absence of IL-12RB2. We found that CD244 expression was slightly increased in CD103*
WT cells at 9 days post infection (Figure 4E), and an increased percentage of //72rb27!~
CD103* LP T cells had already upregulated CD244 at 9 days post infection compared to
WT cells (31% vs. 14%, Figure 4E). Cytokine signaling is not required for expansion or
intestinal trafficking of CD8" T cells, but in the absence of IL-12 signaling, LP T cells show
enhanced differentiation into the CD103* subset and early expression of other Trm markers,
including CD244.

I112rb2~~ T cells enter proinflammatory microenvironments and exhibit normal effector

function

We hypothesized that cytokine receptor-deficient T cells were localizing to proinflammatory
microenvironments during Yptb-OVA infection, but their inability to respond to cytokines
led to aberrant differentiation into the CD103*CD69* Trm subset. We have previously
demonstrated that CXCR3 mediates recruitment of CD8" T cells to proinflammatory
microenvironments and this localization is required for differentiation of the CD103™ Trm
population (Bergsbaken and Bevan, 2015). We confirmed similar expression of CXCR3 on
splenic WT and //22rb27~ OT-I T cells after Ypth-OVA infection (Figure 5A). Localization
of T cells was analyzed directly using immunohistochemistry; CD8" T cell clusters in the
ileum of infected mice contained similar numbers of WT and //22r627/~ OT-1 T cells (Figure
5B). There was no significant difference in the ratio of WT to //22r62'~ OT-I T cells in
clustered populations compared to non-clustered populations (Figure 5C). A greater
percentage of //12rb2”"~ OT-1 T cells within proinflammatory microenvironments expressed
CD103 when compared to WT cells (Figure S4), confirming that cytokine receptor-deficient
T cells enter proinflammatory microenvironments, but their failure to respond to 1L-12 in
these areas leads to elevated CD103 expression.

Clustered CD103™ LP T cells mediate control of bacterial replication during primary
infection (Bergsbaken and Bevan, 2015), and both cytolytic molecules and cytokines
contribute to control of Yersiniareplication by CD8" T cells (Szaba et al., 2014). The
production of effector molecules by WT and //22rb27"= OT-I T cells from the LP was
analyzed; approximately 50% of each population produced IFN-vy after peptide
restimulation (Figure 5D). Granzyme B expression was also similar between WT and
cytokine receptor-deficient populations in the LP (Figure 5E). This allowed us to determine
if localization per se or localization coupled with proper Trm differentiation is required for
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control of bacterial replication. WT and //22rb27/~ mice were infected with Yptb, and 7 days
later, effector CD8* T cells were isolated from the mesenteric lymph nodes (MLNs) and
spleen. WT and //12rb2”~ CD8* T cells were transferred into separate mice that had been
infected with Yptb 3 days prior. Two days after transfer, the spleen and ileum were isolated
and the number of Yptb colony forming units (CFU) was determined. Transfer of either WT
or //12rb2”'- CD8* T cells reduced bacterial CFU in both the spleen and ileum compared to
mice receiving no T cells (Figure 5F). Thus, localization T cells and not IL-12 signaling is
critical for control of bacterial replication in the intestine, and early expression of markers
(CD103, CD244) restricted to cells outside of CD8" T cell clusters does not inhibit their
antimicrobial function during primary infection.

Cytokine receptor-deficient Trm cells show reduced persistence

To analyze the persistence of Trm populations in the absence of cytokine signaling, the ratio
of WT to cytokine receptor-deficient T cells in the LP on days 9 and >30 post infection was
compared. There was no significant difference in the ratio of WT to //18r17/~ or Ifnar1™!~
OT-I T cells at 9 and >30 days post infection (Figure 6A); however, there was a significant
loss of //12rb27= T cells from the LP over time (Figure 6A). The increased expression of
CD103 by //12rb27'~ LP T cells compare to WT cells was even more pronounced at >30
days post infection (Figure 6B, 6C). At this timepoint, we also observed elevated CD103
expression in /fnarZ™~ T cells compared to WT, while the expression of CD103 by //18r17/
OT-1 T cells remained similar to that by WT cells (Figure 6B, 6C). Cytokine receptor-
deficient and WT T cells all expressed similar levels of CD69 (Figure 6D). Other surface
markers that are differentially expressed in CD103* and CD103~ LP Trm populations were
also regulated by IL-12. WT T cells expressed NKG2D on the CD103™ population, and
1112rb27= LP Trm cells failed to upregulate NKG2D on either the CD103* or CD103~
population (Figure 6E, top). There was also an increase in the proportion of CD244-
expressing //12rb27'~ T cells compared to WT cells (Figure 6E, bottom). These data identify
IL-12 and type | IFN as critical regulators of CD103~CD69* Trm differentiation, with
1112rbZ71= T cells in particular showing an almost complete loss of the CD103"CD69* Trm
population after infection. There was a statistically significant difference in the number of
WT and //12rb27'~ CD103-CD69* LP Trm cells but not in the CD103*CD69* LP Trm
population (Figure 6F). The reduced survival of the //722rb2~ CD103-CD69* LP T cells
correlated with lower expression of the antiapoptotic factor Bcl-2 when compared to WT
CD103-CD69* T cells (Figure 6G). No significant difference in Bcl-2 expression was
observed in WT and //12rb27"~ CD103*CD69* LP T cells (Figure 6G).

It has been hypothesized that T cells are programmed to differentiate into CD103* Trm cells
prior to tissue entry. KLRG1~ T cells preferentially form CD103* Trm cells in the skin and
intestine (Mackay et al., 2013; Sheridan et al., 2014); therefore, one could predict that the
reduced expression of KLRG1 on //22rb27/~ T cells in the lymphoid tissue during Y ptb-
OVA infection (Figure S5A) would result in increased CD103 expression independently of
local cytokines. To more definitively address the role of local versus systemic cytokine
exposure in Trm differentiation, we transferred WT and /f7arz~/~ OT-I T cells into mice and
infected with VSV-OVA, which does not lead to intestinal infection or LP T cell clustering
(data not shown). /fnarZ™'~ T cells have reduced KLRG1 expression when compared to WT
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cells during infection (Figure S5B); however, the percent of CD103* LP T cells was not
significantly different between the two groups (Figure S5C). These data indicate that
reducing the number of terminally differentiated KLRG1™* cells in the lymphoid organs does
not result in a predictable increase in CD103 expression in the tissue. In addition, we do not
observe any difference the persistence of /fnarZ~'~ and WT LP Trm cells after VSV-OVA
infection (Figure S5D). These data indicate that cytokine signaling in lymphoid organs is
less critical for driving Trm differentiation and persistence than is the local cytokine milieu
within the tissue.

IL-12 producing inflammatory monocytes drive CD103™ Trm differentiation

Inflammatory monocytes are recruited into the intestine in response to infection and
monocytes that enter the intestine in this context differentiate into IL-12-, TNFa-, and IL-6-
producing macrophages/dendritic cells, while resident macrophages retain an anti-
inflammatory signature (Zigmond et al., 2012; Bergsbaken and Bevan, 2015). We
hypothesized that this population of newly recruited cells produced IFN-p and IL-12 in
proinflammatory microenvironments. We examined this by evaluating expression of markers
associated with intestinal macrophage populations (CD11b and CD11c) on cytokine-
producing cells identified using reporter mice as described in Figure 2A. IFN-B-and IL-12-
producing cells had characteristics of recently recruited inflammatory monocytes; they were
clustered in the LP near the crypts at sites of infection and expressed both CD11b and
CD11c (Figure 7A).

To more definitively assess the role of monocytes/monocyte-derived cells in the
differentiation of Trm cells in the intestine, we generated mixed bone marrow chimeras
reconstituted with a 1:1 ratio of WT or //12p357'~ to CCR2-DTR (Hohl et al., 2009) bone
marrow. This allowed deletion of I1L-12-producing CCR2™ cells at defined timepoints after
infection. These mice received OT-I T cells, were infected with Ypth-OVA, and treated with
diphtheria toxin (DT) from 5 to 12 days post infection. At 12 days post infection, the
expansion and intestinal trafficking of OT-1 T cells did not require IL-12 production by
CCR2* cells using this experimental system (Figure S6A). The expression of CD103 on LP
T cells was increased in the absence of 1L-12 production by CCR2* cells when compared to
T cells exposed to IL-12 (Figure 7B, left, 7C). As expected, the expression of CD69 was not
significantly different between the two groups (Figure 7B, right, Figure S6B). In addition,
expression of CD244 was enhanced on LP T cells generated in the absence of IL-12-
producing CCR2* cells when compared to those from mice that had WT CCR2* cells
(Figure 7D, top). Expression of CD244 on splenic OT-1 T cells was similar in both groups
(Figure 7D, bottom). These data highlight the importance of recently recruited inflammatory
monocytes in producing IL-12 and driving differentiation of CD103~ Trm cells in the
context of intestinal infection.

DISCUSSION

Work presented here identifies IL-12 and type | IFN as critical regulators of Trm
differentiation. These cytokines act on effector T cells to prevent CD103 expression in
response to TGF-B, which is abundantly expressed in the intestinal tissue. The ability of
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CD8™ T cells to respond to these cytokines /n vivo was not required for localization or
effector function of CD8* Trm cells during acute infection; however, cytokine receptor-
deficient T cells showed impaired differentiation into the CD103~CD69* Trm subset and
failed to persistent long term. Type I IFN and IL-12 were produced by intestinal macrophage
populations and depletion of these cells also resulted in reduced CD103~ CD69* Trm
differentiation. These data indicate intestinal inflammation during infection is required for
the differentiation and persistence of the full complement of Trm cells, and this should be an
important consideration in the design of immunization strategies to combat mucosal
pathogens.

IL-12 and type | IFN both result in phosphorylation of STAT4 in CD8" T cells (Nguyen et
al., 2002) and we hypothesize pSTAT4 may contribute to the regulation of intestinal Trm
differentiation. Upon their entry into the tissue, CD8* T cells express transcription factors
that are Trm-specific (Hobit) while maintaining factors associated with both effector
memory (Blimp-1, T-bet) and central memory (Eomes, KLF2) differentiation (Mackay et al.,
2015; 2016; Wakim et al., 2012). The balance of these factors regulates the differentiation of
intestinal Trm subsets, and our data indicate this is also influenced by exposure to local
inflammatory cues. /fgae (the gene that encodes CD103) and other genes differentially
regulated in CD103* and CD103~ Trm subsets are bound and/or regulated by pSTAT4
(Good et al., 2009; Wei et al., 2010). Expression of CD103 and other markers is maintained
after inflammation and T cell clustering is resolved (Bergshaken and Bevan, 2015) and
CD103" and CD103™ populations are remarkably stable ex vivo. CD103 expression is
negatively regulated by DNA methylation at the promoter in naive and effector T cells
(Scharer et al., 2013), suggesting a potential mechanism for regulation of Trm differentiation
and maintenance. The stability of Trm populations /n vivo in response to secondary infection
by the same pathogen or in response to inflammation induced by other pathogens is
currently unclear.

CD103* and CD103~ Trm subsets localize differently and therefore carry out distinct
functions during acute infection; however, CD103 itself does not seem to play a role in Trm
retention (Sheridan et al., 2014) and questions still remain about the unique roles played by
these Trm subsets during subsequent infections. However; many additional genes are
differentially regulated in these populations. CD244 is upregulated in CD103* Trm cells
from a variety of tissues (Mackay et al., 2013; Wakim et al., 2012), and while it is often
associated with T cell dysfunction (Schietinger and Greenberg, 2014), the increased
expression of CD244 by //12rb27'= LP T cells did not adversely affect their function.
Expression of NKG2D, which can act as a costimulatory molecule and mediate TCR-
independent cytotoxicity (Meresse et al., 2004; Chu et al., 2013), was upregulated along
with that of IL-18 receptor in CD103~ Trm cells. These expression patterns suggest that
CD103™ Trm populations could display innate function during infection by unrelated
pathogens. Identification of strategies to specifically deplete CD103* and CD103~ Trm
subsets in the intestine will be required to address this further.

Infection of the intestinal tissue is not required for trafficking or long term maintenance of
Trm cells (Masopust et al., 2001); however, local immunization has proven more effective
than systemic immunization in driving protective immunity against mucosal pathogens in a
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variety of settings (Mueller and Mackay, 2016; Schenkel and Masopust, 2014; Sheridan et
al., 2014). Several aspects of tissue infection have been implicated in maximizing Trm-
mediated immunity: tissue inflammation leads to increased recruitment of Trm precursors
into the tissue (Mackay et al., 2012), local antigen presentation enhances the differentiation
of Trm populations (Wakim et al., 2010; Khan et al., 2016), and clusters of lymphoid cells
that are formed during local infection support the persistence of Trm cells by enhancing their
survival and retention within the tissue (Collins et al., 2016; lijima and Iwasaki, 2014). In
the context of intesintal infection, antigen does not lead to preferential differentiation of
either intestinal Trm subset. In addition, CD8* T cell clustering is not required for
maintenance of intestinal CD8* Trm populations; intestinal lymphoid cell clusters do not
persist indefinitely and loss of clustering does not result in a concomitant loss of CD103~
Trm populations (Bergsbaken and Bevan, 2015). Here we show that although T cell
clustering is not required indefinitely, early localization to these areas and exposure to
inflammatory cytokines is important for differentiation and survival of intestinal Trm cells. It
is becoming increasingly clear that although local infection is not absolutely required for the
differentiation of Trm cells, the inflammation, antigen presentation, and tissue
microenvironment established during tissue infection drives superior Trm responses.
Although mucosal inflammation is not thought of as a desirable side effect during
immunization, our data suggest that some degree of inflammation may be necessary to
achieve optimal protective immunity. Local tissue inflammation, specifically recruitment of
inflammatory monocytes and induction of I1L-12 or type | IFN, may be required for
differentiation and maintenance of the full complement of CD8* Trm cells in the intestine
and possibly other mucosal sites.

EXPERIMENTAL PROCEDURES

Mice and infections

B6.129- //126M1ky/] (Reinhardt et al., 2006) (IL-12p40-YFP), B6.129- //bm1ky/J (Scheu et
al., 2008) (IFN-B-YFP), B6.129S1-//12rb2M 4|} (1112rb27!7), B6.129P2- //18r11MAK)
(/118r177) and B6.129S1-//12a"™1m]3 (//12p357'~) mice were purchased from The Jackson
Laboratory. B6.129S2-/fnar1!™A9iMmjax (/fnar1™~) mice were provided by Dr. Daniel
Stetson (University of Washington) and CCR2-DTR mice (Hohl et al., 2009) were provided
by Dr. Jessica Hamerman (Benaroya Research Institute). Cytokine receptor-deficient mice
were crossed to OT-1 TCR transgenic mice and recipient C57BL/6 mice were purchased
from The Jackson Laboratory or bred at the University of Washington. For infections, mice
received 1x104 naive OT-1 T cells or 5x103 each of control and cytokine receptor-deficient
OT-I T cells i.v. and were then infected by oral gavage with 2x108 CFU of Yersinia
pseudotuberculosis YPIII (Yptb) or YPIII expressing ovalbumin (Yptb-OVA) (Bergsbaken
and Bevan, 2015). Mice were maintained in specific pathogen free facilities and all
experiments were done in accordance with the Institutional Animal Care and Use
Committee guidelines of the University of Washington.

For transfer experiments, C57BL/6 and //12rb2”~ mice were infected with Yptb and 7 days
after infection, CD8* T cells were isolated to >95% purity by depleting CD4* (RM4-5),
CD19* (1D3), and CD11b* (M1/70) cells by incubating with biotinylated antibodies and
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Streptavidin-Microbeads (Miltenyi) and then passing the cells over a magnetic column.
CDS8™* T cells were transferred into an equal number of C57BL/6 recipent mice that were
infected with Yptb 3 days prior to transfer. An equal number of YopEgg_77-specific CD8* T
cells was confirmed in both donor populations by tetramer staining. Two days after T cell
transfer, the spleen and ileum were homogenized in PBS and plated on cefulosidin-
novobiocin-irgasan agar (Difco) to enumerate bacteria in the tissue.

For monocyte depletion experiments, C57BL/6 mice were lethally irradiated (1000 rads) and
injected i.v. with a total of 106 T cell depleted CCR2-DTR and WT bone marrow cells or
CCR2-DTR and //12p357~ bone marrow cells at a 1:1 ratio. After reconstitution, mice
received 1x10% naive OT-1 T cells and were infected the next day with Yptb-OVA by oral
gavage. Mice were given daily intraperitoneal injection of 150ng of DT (Sigma) beginning 5
days post infection until sacrifice.

Flow cytometry

Single cell suspensions were stained with antibodies from eBiosciences: CD8f (H35-17.2),
CD8a (53-6.7), CD103 (2E7), CD69 (H1.2F3), CD45.1(A20), CD45.2 (104), CD244
(244F4), NKG2D (CX5), CXCR3 (173), KLRG1 (2F1), CD127 (A7R34), and T-bet (4B10),
from Invitrogen: IFN-y (XMG1.2), from Biolegend: Bcl-2 (BCL/10C4), or from BD
Biosciences: Granzyme B (GB11) and Bcl-2 (6C8). Biotinylated YopE monomers were
purchased from the Fred Hutchinson Tetramer Core Facility and tetramerized with
streptavidin-PE (Thermo Fisher). Samples were acquired on a BD FACSCanto Il (BD
Biosciences) and analyzed using FlowJo software (Tree Star). Cell sorting was performed
using a FACSAriall (BD Bioscience).

Isolation of intestinal cells

To isolate intestinal LP cells, Peyer’s patches were removed, the small intestine was cut open
longitudinally, and intestinal contents and mucus were removed. The intestine was cut into
1cm pieces and incubated in HBSS containing 1mM dithiothreitol and 10% FBS at 37°C
with stirring for 20 minutes, then transferred to HBSS containing 1.3mM EDTA and stirred
at 37°C for 20 minutes to remove the epithelium. Intestinal pieces were then incubated in
HBSS containing 5% FBS and 150U/ml collagenase type 2 (Worthington) at 37°C with
stirring for 45 minutes to isolate LP cells. LP cells were further purified by gradient
centrifugation with 44% and 67% Percoll.

Immunohistochemistry

Intestinal tissues were fixed in 4% paraformaldehyde, rehydrated in 20% sucrose, and frozen
in OCT media (Sakura). Tissues were cut into 7-8um sections and treated with ice cold
acetone. Sections were treated with biotin-avidin blocking (Vector labs) and stained with the
following biotinylated or directly conjugated antibodies:

CD8p (YTS156.7.7, Biolegend), CD45.2 (104, eBioscience), Epcam (G8.8, Biolegend),
CD11b (M1/70, eBioscience), and CD11c (HL3, eBioscience). For identification of YFP-
producing cells, sections were stained with anti-GFP (Abcam, ab6556), anti-rabbit-FITC
(Abcam, ab6108), and anti-FITC-AlexaFlour488 (Invitrogen, polyclonal) antibodies. No
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reactivity was observed in infected YFP-negative mice. Stained slides were mounted with
Prolong Gold antifade reagent (Thermo Fisher Scientific), imaged using a Nikon 90i, and
analyzed using Adobe Photoshop software.

Ex vivo cytokine stimulation

Mice received naive OT-I T cells and were infected with Yptb-OVA as described, and 7 days
post infection, MLNs and spleen were isolated and stimulated with TGF-g (0.5ng/ml, R&D
Systems), IL-12 (20ng/ml, Peprotech), IFN-B (200U/ml, R&D Systems), and 1L-18
(50ng/ml, Peprotech) for 20 hours. Expression of CD103 and CD69 were analyzed by flow
cytometry.

Quantitative RT-PCR

Mice received 1x10% naive OT-1 T cells and were then infected with 2x108 CFU of Y ptb-
OVA. At the indicated timepoints, CD103*CD69" and CD103"CD69* OT-I T cells or
YopEgg_77 tetramer* T cells were sorted to >95% purity. RNA was isolated using an RNeasy
RNA isolation kit (QIAgen). gRT-PCR was performed using SYBR one step RT-PCR kit
(QlAgen) and primers in Table S1.

Statistical Analysis

Statistical significance was determined with GraphPad Prism software using an unpaired
two-tailed t test or paired two-tailed t test when analyzing two populations of cells from the
same animal. Bacterial CFU and distribution of T cells in the intestinal tissue were analyzed
using the Mann-Whitney test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ex vivo stimulation with cytokines negatively regulates TGF-B-mediated upregulation
of CD103
Mice received WT OT-I T cells (A—C) or an equal number of WT and /frarZ™"~ OT-1 T cells

(D-E) and were infected with Yptb-OVA. Seven days post infection, cells from the MLNs
and spleen were cultured with the indicated cytokines for 20 hours and CD103 and CD69
expression were analyzed. (A) Representative histograms of CD103 expression on OT-1 T
cells stimulated with the indicated cytokines in the absence (shaded histograms) or presence
of TGF-B (open histograms). Numbers represent the percent of cells within the CD103*
gate. Mean percent CD103™ cells (B) and CD69 MFI (C) from technical replicates and
representative of 3 experiments. Error bars represent SD. (D) Representative histograms of
CD103 expression on /7 vivo primed WT (shaded histogram) and /farZ~'~ (open histogram)
OT-1 T cells cultured with TGF-f and IFN-B. Numbers represent the percent of cells within
the CD103™" gate. (E) Mean percent CD103" cells from triplicate samples from one
representative experiment of 2. Error bars represent SD. *p<0.05, **p<0.005, ***p<0.0005
by unpaired t-test. See also Figure S1.
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Figure 2. Yersinia infection induces IFN-B and IL-12 upregulation in proinflammatory
microenvironments in vivo

IFNB-YFP and 1L12p40-YFP mice were infected with Ypth-OVA and tissues were isolated
7 days post infection. (A) Expression of YFP (green), Epcam (red), and DNA (bluge) in
control uninfected intestine (left panels) and Yptb-OVA infected intestine (right panels).
Scale bars, 250um. (B) The number of YFP* cells/villus in uninfected control and Y ptb-
infected IFN-B-YFP and IL-12p40-YFP mice. *p<0.0001 by the Mann-Whitney test. (C)
Infiltrating CD8B* T cells (red) are found in areas of cytokine expression (green). Scale
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bars, 40um. All images are representative of 2—4 mice for each condition. See also Figure
S2.
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Figure 3. LP Trm populations differentially express STAT4-regulated genes
Mice received OT-1 T cells and were infected with Yptb-OVA and T cells were analyzed at 9

and >30 days post infection. (A) CD103* and CD103~ OT-I T cells were sorted from the LP
at the indicated timepoints and expression of 7betwas determined by gRT-PCR. Values are
expressed relative to actb expression. Mean and SD represent technical replicates,
representative of 2 experiments. (B) T-bet expression in CD103* and CD103~ LP and
splenic (SP) OT-1 T cells at 30 days post infection. Numbers are the percent of cells in each
quadrant. (C) Percent T-bet"i of CD103* and CD103~ LP Trm populations. Symbols
represent individual mice from one experiment and are representative of 2 experiments. (D)
CD103* and CD103~ T cells were sorted from the LP at the indicated timepoints and gene
expression was determined by gRT-PCR. Values are expressed relative to actb expression
and the fold change in gene expression in CD1037/CD103* populations is shown. The
dashed line indicates equivalent expression by both populations. (E) OT-1 T cells from the
LP and spleen were analyzed for expression of CD103 and NKG2D (top panel) or CD244
(bottom panel) at >30 days post infection. Numbers represent percent of cells in each
guadrant. Representative plots of at least 6 mice from 2 or more experiments. (F) MFI of
NKG2D (top panel) and CD244 (bottom panel) on CD103* and CD103™ LP OT-1 T cells at
>30 days post infection. Lines connect populations from individual mice. *p<0.05 by paired
t-test. See also Figure S3.
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Figure 4. Cytokine receptor-deficient T cells expand, enter the intestine, and show enhanced
early expression of Trm markers

Mice received 5x103 WT and 5x103 /18717, Ifnar1™"~, or 1/12rb27'~ OT-I T cells and were
infected with Yptb-OVA by oral gavage. T cells were analyzed at 9 days post infection. (A)
Ratio of WT to //18r17!=, Ifnar1™=, or 1/12rb27'~ OT-1 T cells in the spleen (left panel) and
LP (right panel). Ratios do not significantly differ from 1.0 using a one sample t-test. (B)
Representative histograms of CD103 (top panels) and CD69 (bottom panels) expression on
LP T cells. Numbers (top panels) are the percent in the CD103* gate. (C) Percent CD103™ of
WT and cytokine receptor-deficient OT-I T cells isolated from the LP. Lines connect data
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points from individual mice. (D) CD69 expression on LP cells expressed as the ratio of
CD69 MFI on WT/cytokine receptor-deficient T cells. (E) Representative plot of CD103 and
CD244 expression on WT and //12rb2'~ LP OT-1 T cells. Data are pooled from 2 or more
experiments (A,C,D) or from one experiment and representative of at least two experiments
(B,E). *p<0.005 by paired t-test.
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Figure 5. Cytokine receptor-deficient T cells localize to proinflammatory microenvironments and
display normal effector function

Mice received 5x103 WT and 5x103 //12rb27/~ OT-1 T cells and were infected with Yptb-
OVA by oral gavage. T cells were analyzed at 9 days post infection (A-E). (A)
Representative histogram of CXCR3 expression on splenic WT and //12rb27~ OT-1 T cells.
(B) Localization of GFP* CD45.2* WT (green and red) and CD45.2* //12rb27~ (red) OT-I
T cells in the ileum. Representative image from one of 4 mice. (C) Ratio of WT to
112rb271= LP OT-I T cells within individual T cell clusters containing at least 10 cells and
non-clustered T cells from individual fields. Data are pooled from 4 mice. p=0.14 by Mann-
Whitney. (D) LP cells were restimulated with SIINFEKL peptide in the presence of
Brefeldin A for 4 hours and IFN+y production was analyzed. IFNy* gates were drawn using
unstimulated controls. Representative plots of 5 mice from 3 experiments. (E) Granzyme B
expression in LP T cells, representative of 5 mice from 3 experiments. (F) Day 7 effector
CD8* T cells from WT and //12rb2""~ mice were transferred into WT mice that were
infected with Yptb 3 days earlier. Two days after T cell transfer, CFU were enumerated in
the ileum (left panel) and spleen (right panel) and compared to infected mice receivingno T
cells. Data are pooled from 4 experiments and geometric mean is shown. *p<0.05,
*#*n<0.005 by the Mann-Whitney test. See also Figure S4.
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Figure 6. Cytokine receptor-deficient T cells show impaired differentiation into CD103~CD69*
LP Trm cells
Mice received 5x10% WT and 5x103 //18r17"~, Ifnar!=, or 1112rb27'~ OT-1 T cells and were

infected with Ypth-OVA by oral gavage. (A) Ratio of WT to //18r17/~, Ifnar!=, or 112rb27!~
OT-I T cells in the LP on 9 and >30 days post infection. (B) Representative CD103
expression on LP T cells. (C) Percent CD103* of LP OT-I T cells at >30 days post infection.
Lines connect data points from individual mice. (D) CD69 expression on LP cells expressed
as the ratio of CD69 MFI on WT/cytokine receptor-deficient T cells. (E) WT and //22rb27!~
OT-1 T cells were analyzed for expression of NKG2D (top panels) and CD244 (bottom
panels) on CD103* and CD103 subsets. Numbers are percent of cells in each quadrant.
Plots are representative of at least 5 mice from 2 or more experiments. (F) Absolute number
of OT-I T cells in the CD103~CD69™ (left) and CD103*CD69* (right) subsets at 9 and >30
days post infection. Numbers represent the fold difference in the number of WT and
112rbZ71= OT-1 T cells at each timepoint. (G) MFI of Bcl-2 in the CD103~CD69* and
CD103*CD69* subsets at 9 days post infection. *p<0.05, **p<0.005 by the Mann-Whitney
(A), paired t-test (C,E,G), or ratio paired t-test (F). Data are pooled from 2 or more
experiments (A,D,F) or from one experiment and representative of at least two experiments
(B,C,E,G). See also Figure S5.
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Figure 7. IL-12 production by CCR2* populations drives differentiation of CD103~ CD69" LP
Trm cells
(A) IFNB-YFP and IL12p40-YFP mice were infected with Yptb-OVA and tissues were

isolated 7 days post infection. Expression of YFP (green) in CD11b* (blue) and CD11c*
(red) cells in the intestinal LP. Images are representative of 3 mice. (B-D) WT:CCR2-DTR
or //12p357'~:CCR2-DTR mixed bone marrow chimeric mice received 1x10* WT OT-1 T
cells and were infected with Yptb-OVA. Mice were given daily injections of DT beginning
at 5 days post infection. Twelve days after infection, OT-1 T cells in the LP and spleen were
analyzed. (B) Representative histograms of CD103 (left) and CD69 (right) expression on
OT-1 T cells from mice containing WT (filled histogram) or //12p357~ (open histogram)
monocytes/monocyte-derived cells. Numbers are the percent of the population in the
CD103* gate or the CD69 MFI. (C) Percent of LP OT-I T cells expressing CD103. Data are
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pooled from 2 experiments. (D) CD103 and CD244 expression on OT-I T cells from the LP
(top panels) and spleen (bottom panels). Numbers are percent of cells in each quadrant.
Representative of 3 or more mice per group pooled from 2 experiments. *p<0.05by
unpaired t-test. See also Figure S6.
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