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Retinoic acid signaling during priming licenses
intestinal CD103+ CD8 TRM cell differentiation
Zhijuan Qiu1, Camille Khairallah1, Timothy H. Chu1, Jessica N. Imperato1, Xinyuan Lei1, Galina Romanov1, Amha Atakilit2,
Lynn Puddington3, and Brian S. Sheridan1

CD8 tissue-resident memory T (TRM) cells provide frontline protection at barrier tissues; however, mechanisms regulating TRM
cell development are not completely understood. Priming dictates the migration of effector T cells to the tissue, while factors
in the tissue induce in situ TRM cell differentiation. Whether priming also regulates in situ TRM cell differentiation uncoupled
from migration is unclear. Here, we demonstrate that T cell priming in the mesenteric lymph nodes (MLN) regulates CD103+

TRM cell differentiation in the intestine. In contrast, T cells primed in the spleen were impaired in the ability to differentiate into
CD103+ TRM cells after entry into the intestine. MLN priming initiated a CD103+ TRM cell gene signature and licensed rapid
CD103+ TRM cell differentiation in response to factors in the intestine. Licensing was regulated by retinoic acid signaling and
primarily driven by factors other than CCR9 expression and CCR9-mediated gut homing. Thus, the MLN is specialized to
promote intestinal CD103+ CD8 TRM cell development by licensing in situ differentiation.

Introduction
Memory CD8 T cells can be divided into three populations based
on their migratory patterns: circulating central and effector
memory T cells and tissue-resident memory T (TRM) cells
(Gebhardt et al., 2009; Masopust et al., 2010; Mueller and
Mackay, 2016; Park and Kupper, 2015; Sallusto et al., 1999;
Sheridan and Lefrançois, 2011). TRM cells primarily reside in
non-lymphoid tissues and are phenotypically, functionally,
transcriptionally, and metabolically distinct from circulating
memory T cell subsets (Kumar et al., 2017; Mackay et al., 2016;
Mackay et al., 2013; Masopust et al., 2006; Pan et al., 2017;
Wakim et al., 2012). CD8 TRM cells predominately express CD69,
and the majority of those that reside within epithelium also
express the αE integrin, CD103. CD69 promotes the residency of
CD8 TRM cells in non-lymphoid tissues by inhibiting sphingo-
sine-1-phosphate receptor-mediated egress of CD8 TRM cells
from non-lymphoid tissues (Bankovich et al., 2010; Mackay
et al., 2015; Shiow et al., 2006; Skon et al., 2013). CD103 binds
to E-cadherin expressed in adherens junctions of epithelial cells
and plays an important role in the accumulation and retention of
CD8 TRM cells in barrier tissues (Casey et al., 2012; Lee et al.,
2011; Mackay et al., 2013; Sheridan et al., 2014). CD8 TRM cells
play a critical role in protective immunity against infections and
cancer (Ganesan et al., 2017; Gebhardt et al., 2009; Jiang et al.,

2012; Malik et al., 2017; Nizard et al., 2017; Sheridan et al., 2014;
Shin and Iwasaki, 2012; Wu et al., 2014). They are prepositioned
in the tissue to respond immediately to pathogen re-encounter
and mediate protective immunity through multiple mechanisms
like direct lysis of infected cells, induction of broadly active
antimicrobial genes, or by activating innate immune cells and
recruiting circulating memory cells through the release of cy-
tokines IFNγ, IL-2, and TNFα (Ariotti et al., 2014; Cheuk et al.,
2017; Schenkel et al., 2014; Schenkel et al., 2013). Thus, it is
important to understand the mechanisms regulating the devel-
opment and maintenance of CD8 TRM cells in specific tissues.

The development of CD8 TRM cells involves several steps
including T cell priming in draining lymphoid organs, T cell
migration to non-lymphoid tissues, and in situ TRM cell differ-
entiationmediated by environmental signals. Priming in specific
lymphoid organs instructs the migration of effector CD8 T cells
to appropriate tissues, providing a critical point of regulation for
the induction of proper tissue T cell responses (Park and Kupper,
2015; Sheridan and Lefrançois, 2011). Inherent factors in the
tissue environment are essential for in situ CD8 TRM cell dif-
ferentiation (Masopust et al., 2006). TGFβ activated by αv in-
tegrins on stromal cells in the tissue environment is crucial for
inducing CD103 expression on CD8 TRM cells (Casey et al., 2012;
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Lee et al., 2011; Mackay et al., 2013; Mohammed et al., 2016; Qiu
et al., 2021; Sheridan et al., 2014; Zhang and Bevan, 2013). Local
extrinsic factors such as pathogen-induced inflammation and
cognate antigen can have additional impacts on CD103+ CD8 TRM

cell differentiation, although the findings are often dictated by
the environment these cells reside in and the pathogen or in-
fection route utilized (Bergsbaken and Bevan, 2015; Bergsbaken
et al., 2017; Casey et al., 2012; Khan et al., 2016; Kohlmeier et al.,
2007; Lee et al., 2011; Mackay et al., 2012; Muschaweckh et al.,
2016; Slutter et al., 2017;Wakim et al., 2010).While the impact of
local environment on CD103+ CD8 TRM cell differentiation has
been extensively studied, whether CD8 T cell priming in drain-
ing lymphoid organs regulates in situ CD103+ TRM cell differen-
tiation has not been established. The site of T cell priming is
determined by the route of immunization. As the route of im-
munization is a critical factor in vaccine development, under-
standing the role of T cell priming in regulating CD103+ CD8 TRM
cell differentiation will provide important insights into CD8 TRM
cell biology that can be applied to improving vaccine strategies.

While priming in the mesenteric lymph nodes (MLN) has
long been known to promote T cell homing to gut tissues, we
report an additional distinct mechanism by which priming in
theMLN promotes intestinal CD8 TRM cell formation. Priming in
the MLN licensed CD8 T cells to respond to factors in the in-
testine to differentiate into CD103+ TRM cells. In contrast, CD8
T cells primed in the spleen were remarkably inefficient at
differentiating into CD103+ TRM cells after migration into gut
tissues. Moreover, priming in the MLN, rather than pre-
conditioning during homeostasis, was the major determinant of
in situ CD103+ CD8 TRM cell differentiation after migration into
the intestine. We further demonstrate that MLN priming initi-
ated CD103+ TRM cell gene signature before emigration out of the
MLN, and retinoic acid (RA) signaling provided during priming
licensed intestinal CD103+ TRM cell differentiation. While CCR9
contributed to CD103+ CD8 TRM cell development, the impact of
RA signaling on licensing CD103+ CD8 TRM cell development
appears primarily driven by factors other than CCR9 induction
and gut homing. Therefore, our study establishes a distinct
property of MLN priming to license CD103+ CD8 TRM cell de-
velopment in the intestine.

Results
Priming in the MLN promotes CD103+ CD8 TRM precursor cell
differentiation in the intestine
To study the impact of priming on intestinal CD103+ CD8 TRM

cell differentiation, we first utilized an i.v. vs. foodborne infec-
tion model with a murinized recombinant Listeria monocytogenes
strain containing a mutation in the internalin A protein (InlAM

rLm) that allows efficient invasion of the murine intestinal ep-
ithelium (Wollert et al., 2007). One of the major differences
between i.v. and foodborne L. monocytogenes infection is the
priming site for T cells (Qiu et al., 2018). While it is well docu-
mented that the spleen is the primary priming site after i.v. L.
monocytogenes infection (Khanna et al., 2007), the MLN is the
draining lymph node and a major priming site after foodborne L.
monocytogenes infection (Imperato et al., 2020). We employed a

two-step adoptive transfer system to assess CD8 T cells primed
in distinct lymphoid organs (Fig. 1 A). 1 × 104 naive OT-I cells
(which express a transgenic T cell receptor that recognizes
OVA257-264 presented in H2-Kb) were isolated from the spleen of
OT-I Rag1−/− mice and transferred into congenic mice 1 d prior to
infection. Mice were i.v. or foodborne infected with InlAM Lm
expressing OVA (InlAM Lm-OVA). At 5.5 d postinfection (dpi),
effector OT-I cells were isolated from the spleen of i.v.-infected
mice (spleen-primed T cells) or the MLN of foodborne-infected
mice (MLN-primed T cells) by FACS sorting based on congenic
marker expression. 5 × 105 sorted effector OT-I cells were
transferred into congenic recipient mice that were foodborne
InlAM Lm-OVA infected 5.5 d previously, providing similar in-
testinal environments for effector cells primed at distinct lym-
phoid organs. 1 and 3 d after transfer, donor OT-I cells in
recipient mice were analyzed. Priming in specific lymphoid
organs dictates the migratory pattern of effector CD8 T cells
(Park and Kupper, 2015; Sheridan and Lefrançois, 2011). In this
manner, as previously reported (Johansson-Lindbom et al.,
2003), priming in the MLN instructed CD8 T cells to express
α4β7 and CCR9 (Fig. 1 B). CD8 T cells primed in the spleen also
expressed α4β7, but to a significantly lesser extent (Fig. 1 B).
Moreover, they failed to express CCR9 (Fig. 1 B). Consistent with
previous studies (Masopust et al., 2010), MLN-primed T cells
preferentially migrated to the lamina propria (LP) and intraep-
ithelial lymphocytes (IEL) compartment compared with spleen-
primed T cells (Fig. 1 C). These data demonstrate that priming in
the MLN induced greater α4β7 and CCR9 expression on CD8
T cells and promoted their migration to the intestine.

Our previous study demonstrated that foodborne InlAM Lm
infection induces rapid differentiation of CD103+ CD8 TRM pre-
cursor cells in the intestine (Sheridan et al., 2014). We next
examined whether priming regulated this rapid CD103+

CD8 TRM precursor cell differentiation. 1 d after transfer, MLN-
primed T cells that migrated into the intestine started to upre-
gulate CD69 and CD103 co-expression, while spleen-primed
T cells failed to coupregulate CD69 and CD103 (Fig. 1 D). Donor
cells did not express CD69 or CD103 prior to transfer (Fig. S1 A),
suggesting that entry into the intestines led to upregulation of
CD69 and CD103 on MLN-primed but not spleen-primed CD8
T cells. 3 d after transfer, MLN-primed T cells in the LP and IEL
compartment had efficiently differentiated into CD103+ TRM

precursor cells (Fig. 1 E). In comparison, spleen-primed cells
failed to differentiate into CD103+ TRM precursor cells in either
tissue (Fig. 1 E). Additionally, MLN-primed T cells that migrated
to the spleen did not differentiate into CD103+ TRM precursor
cells (Fig. 1 E), suggesting that factors existing in the intestine
were critical for CD103+ TRM precursor cell differentiation.

Similar results were observed when spleen-primed and
MLN-primed T cells were transferred into naive congenic re-
cipient mice (Fig. 1, F–H), suggesting basal intestinal inherent
factors alone were sufficient to drive MLN-primed but not
spleen-primed T cells to rapidly differentiate into CD103+ TRM
precursor cells. Thus, our data demonstrate that MLN, but not
splenic priming, promotes CD8 T cell responsiveness to envi-
ronmental signals present in the small intestine for CD103+ TRM
precursor cell differentiation.
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Figure 1. Priming in the MLN promotes CD103+ CD8 TRM precursor cell differentiation in the intestine. (A) Experimental design for B–E. 1 × 104 naive
OT-I cells were transferred into congenic naive first recipient mice. 1 d later, mice were i.v. or foodborne infected with InlAM Lm-OVA. At 5.5 dpi, effector OT-I
cells were isolated from the spleen of i.v.-infected mice (spleen donors) or the MLN of foodborne-infected mice (MLN donors) by FACS sorting based on
congenic marker expression. 5 × 105 sorted effector OT-I cells were transferred into congenic second recipient mice that were foodborne InlAM Lm-OVA

Qiu et al. Journal of Experimental Medicine 3 of 18

Retinoic acid licenses gut CD103+ CD8 TRM cells https://doi.org/10.1084/jem.20210923

https://doi.org/10.1084/jem.20210923


We next examined whether priming regulated CD103− TRM

precursor cell differentiation. Regardless of whether effector
T cells were transferred into previously infected recipient mice
or naive mice, while MLN-primed T cells were slightly more
efficient at differentiating into CD103− TRM precursor cells in the
LP, they were less efficient at differentiating into CD103− TRM
precursor cells in the IEL compartment (Fig. S1, B and C). Overall,
the impact of priming on CD103− TRM precursor cell differenti-
ation is less substantial and appeared compartmentalized.

To determine whether the intrinsic environment of the MLN
had an impact on CD103+ TRM precursor cell differentiation,
effector T cells were sorted from the spleen and MLN of i.v.-
infected mice or from the spleen andMLN of foodborne-infected
mice and transferred into naive congenic recipient mice for
analysis 3 d later (Fig. S1 D). Since CD8 T cells are primed in the
MLN but not spleen after foodborne infection (Imperato et al.,
2020; Sheridan et al., 2014), effector T cells isolated from the
spleen after foodborne infection are likely migrants. Addition-
ally, L. monocytogenes did not invade the gut or MLN after i.v.
infection (Fig. S1 E), suggesting that effector T cells isolated from
the MLN after i.v. infection are not primed there but are mi-
grants. Compared to foodborne MLN donor cells, foodborne
spleen donor cells had reduced α4β7 and CCR9 expression (Fig.
S1 F). Compared with i.v. spleen donors, i.v. MLN donors had
higher α4β7 and CCR9 expression, suggesting the MLN envi-
ronment enhanced gut-homing receptor expression on migrant
effector T cells (Fig. S1 F). Foodborne spleen donors lost some
ability to differentiate into CD103+ TRM precursor cells in the
intestine compared to foodborne MLN donors (Fig. S1 G). Sur-
prisingly, i.v. MLN donors gained the ability to differentiate into
intestinal CD103+ TRM precursor cells compare to i.v. spleen
donors, albeit to a lesser degree than foodborne MLN donors
(Fig. S1 G). Thus, the MLN imparts an environment signal in
addition to priming that promotes effector CD8 T cell differen-
tiation into CD103+ TRM precursor cells in the intestine.

Rapid intestinal CD103+ CD8 TRM precursor cell differentiation
is independent of activation stage, intestinal homing, and
KLRG-1 expression
While i.v. and foodborne L. monocytogenes infection induced a
similar magnitude of circulating OVA-specific CD8 T cells, the
initiation and peak of the CD8 T cell response were delayed by
1 d after foodborne infection (Fig. S2 A). We sought to determine
whether the difference in intestinal CD103+ TRM precursor cell
differentiation between spleen-primed and MLN-primed T cells
was due to a difference in activation stages at the time of

transfer. To address this, effector OT-I cells were isolated from
the spleen at 4.5 d after i.v. infection and from the MLN at 5.5 d
after foodborne infection for adoptive transfer into mice that
were foodborne-infected 5.5 d previously (Fig. S2 B), putting
spleen-primed and MLN-primed T cells at a comparable acti-
vation stage based on the time to peak response. 4.5-d spleen-
primed T cells did not express CCR9; however, they expressed a
higher frequency of α4β7 (Fig. S2 C and Fig. 1 B) and accumulated
in the LP as efficiently as 5.5-d MLN-primed T cells (Fig. S2 D),
suggesting that splenic priming was as capable of inducing LP-
migrant T cells as MLN priming. However, rescued LPmigration
did not restore the migration to the IEL compartment (Fig. S2 D),
consistent with a role for CCR9 inmediating the accumulation of
antigen-specific T cells in the epithelium (Johansson-Lindbom
et al., 2003). Regardless, 4.5-d spleen-primed T cells failed to
rapidly differentiate into CD103+ TRM precursor cells after mi-
gration into the LP or IEL compartment (Fig. S2 E), indicating
that spleen-primed CD8 T cells have an inherent and limited
capacity to differentiate into CD103+ TRM precursor cells in the
intestinal LP that is independent of activation stage and intes-
tinal homing ability. To confirm that the inability of spleen-
primed T cells to differentiate into CD103+ TRM precursor cells
was independent of their ability to accumulate in the intestine,
eight times more spleen-primed T cells were transferred into
recipient mice (Fig. S2 F). Although a greater number of spleen-
primed T cells accumulated in the LP and IEL compartments with
an increased number of transferred cells (Fig. S2 G), spleen-
primed T cells remained largely unable to differentiate into
CD103+ TRM precursor cells (Fig. S2 H). Thus, inability of spleen-
primed T cells to differentiate into CD103+ TRM precursor cells
was independent of their intestinal homing and accumulation.

Previous studies have demonstrated that CD103+ CD8 TRM
cells are derived from KLRG-1− cells (Mackay et al., 2013;
Sheridan et al., 2014). It is plausible that priming in the MLN
may promote KLRG-1− cells. Indeed, 5.5-d MLN-primed T cells
had a slightly but significantly higher percentage of KLRG-1−

cells than 5.5-d spleen-primed T cells (Fig. S2 I); however, they
had a slightly but significantly lower percentage of KLRG-1− cells
than 4.5-d spleen-primed T cells (Fig. S2 J). As both 4.5- and 5.5-
d spleen-primed T cells failed to rapidly differentiate into
CD103+ TRM precursor cells (Fig. S2 E and Fig. 1 E), the inability
of spleen-primed CD8 T cells to differentiate into CD103+ TRM

precursor cells did not correlate with the proportion of KLRG-1−

cells among donor cells. To further confirm that the propor-
tion of KLRG-1−cells did not impact CD103+ TRM precursor cell
differentiation, KLRG-1− effector cells were isolated from the

infected 5.5 d previously. 1 and 3 d after transfer, donor OT-I cells in the second recipient mice were analyzed. (B) The expression of α4β7 and CCR9 by effector
OT-I cells prior to adoptive transfer into the second recipient mice. (C) Numbers of donor OT-I cells in indicated tissues at 1 and 3 d after transfer. (D) The
expression of CD69 and CD103 by donor OT-I cells in the LP and IEL compartment at 1 d after transfer. (E) The expression of CD69 and CD103 by donor OT-I
cells in the LP and IEL compartment at 3 d after transfer. (F) Experimental design for G and H. 1 × 104 naive OT-I cells were transferred into congenic naive first
recipient mice 1 d prior to i.v. or foodborne infection with InlAM Lm-OVA. At 5.5 dpi, 5 × 105 spleen donors or MLN donors were sorted and transferred into
congenic naive second recipient mice. 3 d after transfer, donor OT-I cells in the second recipient mice were analyzed. (G) Numbers of donor OT-I cells in
indicated tissues at 3 d after transfer. (H) The expression of CD69 and CD103 by donor OT-I cells in the LP and IEL compartment at 3 d after transfer. The data
in B are pooled from five independent experiments, n = 5 experiments. For each experiment, 2–18 mice were pooled for spleen donors and 18–34 mice were
pooled for MLN donors. The data in C–E and G–H are representative of three independent experiments, n = 4–5 mice/experiment. The data are expressed as
mean ± SEM. Unpaired t tests were performed (B–D, G, and H). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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spleen at 4.5 d after i.v. infection and from the MLN at 5.5 d after
foodborne infection for adoptive transfer into naive mice (Fig.
S2 K). While 4.5-d KLRG-1− spleen-primed T cells accumulated
in the LP as efficiently as 5.5-d KLRG-1− MLN-primed T cells
(Fig. S2 L), they failed to rapidly differentiate into CD103+ TRM

precursor cells after migration into the LP and IEL compart-
ments (Fig. S2M). These data are consistent with the notion that
rapid CD103+ TRM precursor cell differentiation is independent
of KLRG-1 expression.

Priming in the MLN licenses intestinal CD103+ CD8 TRM
cell development
As MLN priming promoted rapid in situ CD103+ TRM precursor
cell differentiation, we next evaluated its impact on CD103+ TRM

cell development at memory. The basal intestinal environment
was sufficient to support CD103+ TRM precursor cell differenti-
ation (Fig. 1 H and Fig. S3, A and B), and more effector CD8
T cells could be recovered from a naive host than an infected
host (Fig. S3 C), enhancing our ability to detect transferred cells
at memory. As such, spleen-primed and MLN-primed CD8
T cells were adoptively transferred into naı̈ve mice to assess
their capacity to become CD103+ TRM cells (Fig. 2 A). At >30 d
after transfer, spleen-primed andMLN-primed CD8 T cells were
detected in all tissues examined, but significantly more MLN-
primed T cells were present in the LP and IEL compartments
(Fig. 2 B), suggesting MLN priming led to a significantly larger
memory CD8 T cell pool in the intestine. Consistent with the
enhanced CD103+ TRM precursor cell differentiation among
MLN-primed cells, the majority of MLN-primed T cells in the LP

and IEL compartments became CD103+ TRM cells (Fig. 2 C). In
stark contrast, spleen-primed T cells remained largely incapable
of differentiating into CD103+ TRM cells after 30 d (Fig. 2 C).
Importantly, most spleen-primed T cells acquired a CD127+

KLRG-1− memory phenotype in the intestine at this time (Fig.
S3 D), suggesting that they are capable of becoming cells with a
memory phenotype but not upregulating CD103. Consistent with
transfer into naive mice, spleen-primed T cells were inefficient
at CD103+ TRM cell differentiation after adoptive transfer into
previously infected mice (Fig. S3 F), suggesting that the local
environment is insufficient to induce CD8 TRM cell differentia-
tion in the absence of appropriate licensing. Altogether, these
data demonstrated that priming in the MLN licensed CD103+

TRM cell development in the intestine.
While spleen-primed T cells were not efficient at differenti-

ating into CD103+ TRM cells, they were readily detectable in
the intestine at memory. We next determined whether these
memory cells were resident cells or a transient migratory pop-
ulation. Spleen-primed T cells were adoptively transferred into
naive mice (Fig. S3 G). 6 d later, after these effector cells had
completely downregulated α4β7 expression, recipient mice were
treated with vehicle control or FTY720 daily for 3 wk to block
tissue egress of T cells (Hirai et al., 2019). The numbers of CD69−

CD103− cells in the LP and IEL compartments were significantly
increased in FTY720-treated mice compared to vehicle-treated
mice, while the numbers of CD69+ CD103− and CD69+ CD103+

cells were largely comparable between these two groups (Fig.
S3 H). These data suggest that while CD69+ populations are
likely resident cells, CD69− CD103− cells represent a transient

Figure 2. Priming in the MLN licenses intestinal CD103+ CD8 TRM cell differentiation. (A) Experimental design. 1 × 104 naive OT-I cells were transferred
into congenic naive first recipient mice 1 d prior to i.v. or foodborne infection with InlAM Lm-OVA. At 5.5 dpi, 5 × 105 spleen donors or MLN donors were sorted
and transferred into congenic naive second recipient mice. >30 d after transfer, donor OT-I cells in the second recipient mice were analyzed. (B) Numbers of
donor OT-I cells in indicated tissues at >30 d after transfer. (C) The expression of CD69 and CD103 by donor OT-I cells in the LP and IEL compartment at >30 d
after transfer. The data in B and C are representative of two independent experiments, n = 4 mice/experiment. The data are expressed as mean ± SEM.
Unpaired t tests were performed (B and C). **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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migratory population, which is consistent with previous studies
(Hirai et al., 2019; Mackay et al., 2015; Takamura et al., 2016).

Priming, but not preconditioning, promotes rapid CD103+ TRM
cell differentiation in the intestine
A recent study demonstrated that migratory dendritic cells
(DCs) activate TGFβ through αV integrins and present it to naive
CD8 T cells in lymph nodes to precondition them for CD103+ TRM

cell differentiation in the skin (Mani et al., 2019). We set to
determine the respective contribution of preconditioning versus
priming to the differentiation of CD103+ TRM cells in the intes-
tine. CD103 expression on naive T cells indicates TGFβ-mediated
preconditioning occurred in lymph nodes (Mani et al., 2019). As
such, CD103+ and CD103− naı̈ve OT-I cells were sorted from the
spleen of OT-I Rag1−/− mice and transferred into naive congenic
mice (Fig. 3 A and Fig. S4 A). Recipient mice were i.v.- or
foodborne-infected with InlAM Lm-OVA 1 d after transfer. At 5.5
dpi, effector OT-I cells were sorted from the spleen of i.v.-in-
fected mice or the MLN of foodborne-infected mice and trans-
ferred into naive congenic recipient mice. Of note, CD103+ naive
OT-I cells completely downregulated CD103 expression after acti-
vation (Fig. S4 B). 3 d after transfer, CD103 status of naive T cells
did not significantly affect the accumulation of either spleen-
primed or MLN-primed T cells in the intestine (Fig. 3 B). In-
terestingly, regardless of whether donor CD8 T cells were
preconditioned (CD103+) or not (CD103−), as long as they were
primed in the MLN, they were equally efficient in differentiating
into CD103+ TRM precursor cells in the intestine (Fig. 3 C). Thus,
priming, but not preconditioning, appears to be the major deter-
minant of rapid CD103+ TRM precursor cell differentiation in the
intestine. While CD103 expression depends on TGF-β signaling
and is used as a surrogate marker of TGFβ-mediated pre-
conditioning (Mani et al., 2019; Zhang and Bevan, 2012), it does
not preclude that CD103− naive T cells are not preconditioned by
TGF-β. Since TGF-β activation and TGFβ-mediated precondition-
ing in lymph nodes rely on αvβ8 expressed by migratory DCs
(Mani et al., 2019; Qiu et al., 2021), anti-αvβ8 was used to block
TGF-β activation and TGFβ-mediated preconditioning. Naive OT-I
Rag1−/− mice were treated with PBS or anti-αvβ8 weekly for 3 wk
(Dodagatta-Marri et al., 2021; Hirai et al., 2021; Fig. 3 D). Anti-αvβ8
treatment led to a 50% reduction in CD103 expression in naive T cells
(Fig. 3 E). Naive OT-I cells were then isolated and transferred into
congenic mice 1 d prior to infection. At 5.5 dpi, effector OT-I cells
were sorted from the spleen of i.v.-infected mice or the MLN of
foodborne-infected mice and transferred into naive congenic recipi-
ent mice. Anti-αvβ8 treated and untreated effector T cells accumu-
lated similarly in the intestine of recipient mice 3 d after transfer
(Fig. 3 F). More importantly, they both efficiently differentiated
into intestinal CD103+ TRM precursor cells (Fig. 3 G) and CD103+ TRM
cells (Fig. 3 H), if they were primed in the MLN. These results are
consistent with the notion that priming, but not preconditioning,
promotes CD103+ TRM cell differentiation in the intestine.

A CD103+ TRM cell gene signature is initiated prior to
emigration from the MLN
We next attempted to determine how priming regulated intes-
tinal CD103+ TRM cell differentiation. Naive, spleen-primed, and

MLN-primed OT-I cells were isolated and sequenced for tran-
scriptional profiling (Fig. 4 A). Principle component analysis
showed that the transcription profile was distinct between
MLN-primed and spleen-primed T cells (Fig. 4 B). Based on the
criteria for significance (P ≤ 0.05 and fold change ≥2), 158 genes
were differentially expressed, of which 52 genes were upregu-
lated and 106 genes were downregulated in MLN-primed T cells
compared with spleen-primed T cells (Fig. 4 C and Table. S1). Of
the top 10 most upregulated genes in the MLN-primed T cells,
two were associated with the core CD103+ CD8 TRM cell signa-
ture (Itgae and Xcl1) and four were associated with the gut
CD103+ CD8 TRM cell signature (Ccr9, Itgae, Xcl1, and P2rx7;
Fig. 4 D; Mackay et al., 2013). Moreover, T cell-intrinsic ex-
pression of Hic 1 has been shown to promote CD103+ resident LP
lymphocytes and IEL during homeostasis (Burrows et al., 2017).
A recent study further identified Hic1 as a critical regulator of
TRM cell differentiation in the IEL compartment (Crowl et al.,
2022). Since gene expression profile changes temporally during
T cell activation (Best et al., 2013), and 5.5-d spleen-primed
T cells and 5.5-d MLN-primed T cells were likely at different
activation stages (Fig. S2 A), we determined whether differen-
tially expressed genes resulted from distinct priming environ-
ments or a difference in their activation stage. Quantitative PCR
was performed using both 4.5- and 5.5-d spleen-primed T cells
in comparison with 5.5-d MLN-primed T cells. 7 out of the 10
indicated genes (Ccr9, Hic1, Car2, Itgae, Lztfl1, Xcl1, and P2rx7) had
at least twofold higher expression in 5.5-d MLN-primed T cells
compared with both 4.5- and 5.5-d spleen-primed T cells (Fig. 4
E). Overall, these data suggest that MLN priming initiated a
CD103+ CD8 TRM cell gene signature before effector CD8 T cells
emigrated from the MLN.

CCR9 expression contributes to intestinal CD103+ TRM
cell differentiation
Itgae, which encodes CD103, was one of the most upregulated
genes in MLN-primed T cells compared with spleen-primed
T cells (Fig. 4, D and E). We next examined whether this re-
duced Itgae gene expression in spleen-primed T cells contributed
to their inability to upregulate CD103 protein expression in re-
sponse to TGF-β. 4.5- and 5.5-d spleen-primed T cells and 5.5-d
MLN-primed T cells were cultured with TGF-β in vitro for 24 h
followed by flow analysis of CD103 protein expression (Fig. S4
C). While 5.5-d spleen-primed T cells had impaired ability
to upregulate CD103 protein expression, 4.5-d spleen-primed
T cells were equally efficient as 5.5 d MLN-primed T cells to
upregulate CD103 protein expression in response to TGF-β
in vitro (Fig. S4 D). Nevertheless, neither 4.5-d spleen-primed
T cells nor 5.5-d spleen-primed T cells were able to differentiate
into CD103+ TRM precursor cells in vivo (Fig. 1 E and Fig. S2 E).
These data collectively suggest that reduced Itgae gene expres-
sion was not a major contributor to the inability of spleen-
primed CD8 T cells to differentiate into CD103+ TRM precursor
cells in the intestine.

Ccr9 was the most upregulated gene in MLN-primed T cells
compared with spleen-primed T cells (Fig. 4, D and E). A pre-
vious study demonstrated that CCR9 promotes the induction of
CD103 expression on CD8 T cells following their entry into the
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Figure 3. Preconditioning is not a major determinant of rapid CD103+ CD8 TRM cell differentiation in the intestine. (A) Experimental design for B and C.
2 × 104 FACS sorted naive CD103+ or CD103− OT-I cells were transferred into congenic naive first recipient mice 1 d prior to i.v. or foodborne infection with
InlAM Lm-OVA. At 5.5 dpi, 3 × 105 sorted spleen donors or MLN donors were transferred into congenic naive second recipient mice. 3 d after transfer, donor
OT-I cells in the second recipient mice were analyzed. (B) Numbers of donor OT-I cells in indicated tissues at 3 d after transfer. (C) The expression of CD69 and
CD103 by donor OT-I cells in the LP and IEL compartment at 3 d after transfer. (D) Experimental design for E–H. OT-I Rag1−/− mice were intraperitoneally
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IEL compartment (Ericsson et al., 2004). To determine the im-
pact of CCR9 on CD103+ CD8 TRM cell differentiation in the in-
testine, naive CD45.1/2+ WT and CD45.2+ Ccr9−/− OT-I cells were
co-transferred (1:1 ratio) into CD45.1+ recipient mice 1 d prior to
foodborne or i.v. infection with InlAM rLm-OVA. At 8 dpi and
memory (>30 d), WT and Ccr9−/− T cells were analyzed in re-
cipient mice (Fig. 5 A). Consistent with previous studies that
demonstrated a role of CCR9 in directing effector CD8 T cells to
the LP and epithelium of the small intestine (Johansson-
Lindbom et al., 2003; Stenstad et al., 2007; Wurbel et al.,
2007), Ccr9−/− OT-I cells were two- and eightfold less efficient
than WT OT-I cells in migrating into the LP and IEL compart-
ment after foodborne infection, respectively (Fig. 5 B). Compared
with WT OT-I cells, Ccr9−/− OT-I cells had a significantly reduced
ability to differentiate into CD103+ TRM precursor cells (Fig. 5 C)
and CD103+ TRM cells (Fig. 5 D) in the intestine after foodborne
infection. Thus, CCR9 promoted intestinal CD103+ CD8 TRM cell
differentiation. In line with the observations that spleen-primed
OT-I cells did not express appreciable levels of CCR9 (Fig. 1 B and
Fig. S2 C), lack of Ccr9 gene expression did not hinder competi-
tive migration into the LP or IEL compartment or the differen-
tiation of CD103+ CD8 TRM cells after i.v. infection (Fig. 5, B–D).

To further confirm the role of CCR9 in promoting effector
CD8 T cell migration to the intestine and the subsequent CD103+

TRM cell differentiation, α4β7− CCR9−, α4β7+ CCR9−, and α4β7+

CCR9+ effector OT-I cells were sorted from the MLN after
foodborne infection and transferred into naı̈ve mice followed by
analysis 3 and 30 d (memory) later (Fig. 5 E). α4β7+ CCR9− but
not α4β7− CCR9− OT-I cells migrated efficiently into the LP
(Fig. 5 F), substantiating a critical role for α4β7 in CD8 T cell
migration to the LP (Lefrançois et al., 1999). In addition, sig-
nificantly more α4β7+ CCR9+ OT-I cells accumulated in the LP
and IEL compartment compared with α4β7+ CCR9− OT-I cells
(Fig. 5 F), corroborating that CCR9 promoted CD8 T cell migra-
tion to the LP and especially the IEL compartment. Importantly,
α4β7+ CCR9+ OT-I cells more efficiently differentiated into
CD103+ TRM precursor cells at 3 d (Fig. 5 G) and CD103+ TRM cells
at 30 d (Fig. 5 H) than α4β7− CCR9− and α4β7+ CCR9− OT-I cells,
confirming that CCR9 contributed to the development of CD103+

TRM cells in the intestine. However, it should be noted that al-
though not as efficient as α4β7+ CCR9+ OT-I cells, both α4β7−

CCR9− and α4β7+ CCR9− OT-I cells were similarly capable of
differentiating into intestinal CD103+ TRM precursor cells and
CD103+ TRM cells, especially in the IEL compartment (Fig. 5, G
and H), suggesting that the differentiation of CD103+ TRM cells
in the intestine is regulated by both CCR9-dependent and

-independent mechanisms and that α4β7 expression did not
impact CD103+ TRM cell differentiation.

We next determined whether CCR9 promoted CD103+ TRM
cell differentiation by directly regulating CD103 expression.
Naive CD45.1/2+ WT and CD45.2+ Ccr9−/− OT-I cells were co-
transferred into CD45.1+ recipient mice 1 d prior to foodborne
infection with InlAM rLm-OVA. At 5.5 dpi, cells were isolated from
theMLN and in vitro cultured in the presence or absence of TGF-β
for 24 h followed by flow analysis of CD103 protein expression
(Fig. 5 I). In response to TGF-β, Ccr9−/− OT-I cells upregulated
CD103 expression as efficiently as WT OT-I cells (Fig. 5 J), sug-
gesting that Ccr9−/− T cells were fully competent to upregulate
CD103 expression in response to TGF-β in vitro. However, Ccr9−/−

OT-I cells were impaired in their ability to upregulate CD103 ex-
pression and differentiate into CD103+ TRM cells in vivo (Fig. 5, C
and D). Thus, these data suggest that CCR9 contributes to intestinal
CD103+ TRM cell differentiation likely by localizing effector CD8
T cells to microregions in the intestine where TGF-β is abundant.

Licensing of intestinal CD103+ TRM cell differentiation occurs
through RA signaling with minor contribution from CCR9
We next sought to determine the mechanism of intestinal
CD103+ TRM cell licensing. At least five of the most upregulated
genes in MLN-primed T cells (Ccr9, Hic 1, Itgae and Lztfl1, P2rx7)
can be induced by RA (Burrows et al., 2017; Hashimoto-Hill et al.,
2017; Heiss et al., 2008; Iliev et al., 2009; Iwata et al., 2004; Jiang
et al., 2016; Fig. 4 D), suggesting that RA may be important for
gut CD103+ TRM cell licensing. RA is metabolized from retinol
(vitamin A) through a two-step oxidation process (O’Byrne and
Blaner, 2013). Retinol is first oxidized to retinal by retinol de-
hydrogenases and retinal is subsequently oxidized to RA by
retinal dehydrogenases (RALDH). MLN but not spleen DC ex-
press RALDH2 and are capable of converting retinol to RA and
providing RA to instruct CD8 T cells to express α4β7 and CCR9
(Iwata et al., 2004; Svensson et al., 2008). To determine whether
RA signals during T cell priming in the MLN licensed CD103+

CD8 TRM cell differentiation, mice were treated with DMSO or a
pan-RA receptor (RAR) antagonist AGN194310 to block RA sig-
naling during T cell priming in the MLN after foodborne in-
fection (Fig. 6 A). Alternatively, mice were treated with DMSO
or RARα/β agonist AM80 to stimulate RA signaling during T cell
priming in the spleen after i.v. infection. Treated MLN-primed
and spleen-primed T cells were sorted at 5.5 dpi and transferred
into naive congenic recipient mice followed by analysis 3 and
30 d (memory) later. Consistent with the role of RA in inducing
α4β7 and CCR9 expression on CD8 T cells, MLN-primed T cells

injected with PBS control or 10 mg/kg anti-αvβ8 weekly for 3 wk. 1 × 104 naive OT-I cells were isolated from the spleen of PBS or anti-αvβ8 treated OT-I Rag1−/−

mice and transferred into congenic naive first recipient mice 1 d prior to i.v. or foodborne infection with InlAM Lm-OVA. At 5.5 dpi, spleen donors (3 × 105 for
early time point and 5 × 106 for memory time point) or MLN donors (1 × 105 for early time point and 2 × 106 for memory time point) were sorted and transferred
into congenic naive second recipient mice. 3 and 30 d after transfer, donor OT-I cells in the second recipient mice were analyzed. (E) The expression of CD103
and CCR9 by naive OT-I cells after PBS and anti-αvβ8 treatment. (F) Numbers of donor OT-I cells (normalized to 5 × 105 transferred cells) in indicated tissues at
3 d after transfer. (G) The expression of CD69 and CD103 by donor OT-I cells in the LP and IEL compartment at 3 d after transfer. (H) The expression of CD69
and CD103 by donor OT-I cells in the IEL compartment 30 d after transfer. For B and C, n = 3–4 mice/experiment, and similar results were observed in two
other experiments. The data in E are representative of three independent experiments. The data in F and G are pooled from two independent experiments, n =
4 mice total. The data in H are pooled from two independent experiments, n = 3–5 mice total. The data are expressed as mean ± SEM. One-way ANOVA with
Tukey’s multiple comparisons test was performed (B, C, and F–H). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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Figure 4. A CD103+ TRM cell gene signature is initiated prior to emigration from the MLN. (A) Experimental design. 1 × 104 naive OT-I cells were
transferred into congenic naive recipient mice 1 d prior to i.v. or foodborne infection with InlAM Lm-OVA. At 5.5 dpi, sorted spleen donors or MLN donors were
subjected to RNA extraction and RNA sequencing (RNAseq). Naive OT-I cells were used as a control. (B) Principal component analysis comparing spleen-primed
T cells, MLN-primed T cells, and naive T cells. (C) Volcano plot analysis comparing spleen-primed T cells and MLN-primed T cells. (D) Top 10 most upregulated
genes in MLN-primed T cells compared to spleen-primed T cells. Those in red can be induced by retinoic acid. (E)Quantitative PCR confirmation of these top 10
most upregulated genes. Relative expression to the housekeeping gene Hmbs was calculated. The data in B–D were generated using biological replicates from
three independent experiments. The data in E are pooled from three independent experiments and expressed as mean ± SEM, n = 4–10 mice total. Com-
parisons among 4.5-d spleen-primed, 5.5-d spleen-primed, and 5.5-d MLN-primed groups were performed using one-way ANOVA with Tukey’s multiple
comparisons test. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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Figure 5. CCR9 expression contributes to intestinal CD103+ TRM cell differentiation. (A) Experimental design for B–D. 1 × 104 CD45.1/2+ WT OT-I cells
from OT-I Rag1−/− mice and 1 × 104 CD45.2+ Ccr9−/− OT-I cells from Ccr9−/− OT-I Rag1−/− mice were co-transferred into CD45.1+ recipient mice 1 d prior to
foodborne or i.v. infection with InlAM rLm-OVA. At 8 and >30 dpi, WT and Ccr9−/− T cells were analyzed in recipient mice. (B) Numbers of WT and Ccr9−/− OT-I
cells in indicated tissues at 8 dpi. (C) The expression of CD69 and CD103 by WT and Ccr9−/− OT-I cells in the LP and IEL compartment at 8 dpi. (D) The
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treated with AGN194310 had almost completely abolished α4β7
and CCR9 expression, while spleen-primed T cells treated with
AM80 had significantly increased α4β7 and CCR9 expression
(Fig. 6 B). Consequently, treatment with AGN194310 led to im-
paired accumulation of MLN-primed T cells in the LP and IEL
compartment, while treatment with AM80 resulted in enhanced
accumulation of spleen-primed T cells in these compartments
(Fig. S5 A). We next determined whether modulating RA sig-
naling during T cell priming had an impact on intestinal CD103+

CD8 TRM cell differentiation. Of note, neither AGN194310 nor
AM80 treatment affected KLRG-1 expression (Fig. S5 B). Strik-
ingly, AGN194310 treatment inhibited MLN-primed T cells from
differentiating into CD103+ TRM precursor cells at 3 d and CD103+

TRM cells at 30 d in the intestine (Fig. 6, C and D), suggesting RA
signaling is necessary for CD103+ TRM cell licensing. Of note,
AGN194310 treatment also inhibited spleen-primed T cells from
differentiating into CD103+ TRM precursor cells (Fig. S5, C and
D). In contrast, AM80 treatment rendered spleen-primed T cells
the ability to differentiate into intestinal CD103+ TRM precursor
cells at 3 d and CD103+ TRM cells at 30 d to the same level as
MLN-primed T cells (Fig. 6, C and D), suggesting RA signaling is
sufficient to license CD103+ TRM cell differentiation. Of note,
AM80 treatment also enhanced the ability of MLN-primed
T cells to rapidly differentiate into intestinal CD103+ TRM pre-
cursor cells (Fig. S5, C and D). Thus, these data provide com-
pelling evidence that RA signals during MLN priming license
intestinal CD103+ TRM cell differentiation.

We next examined whether RA signaling regulated CD103−

TRM cell differentiation. While blocking RA signaling using
AGN194310 significantly inhibited the differentiation of MLN-
primed T cells into CD103− TRM precursor cells in the LP at 3 d
(Fig. S5 E), stimulating RA signaling using AM80 significantly
inhibited the differentiation of spleen-primed T cells into
CD103− TRM cells in the IEL compartment at 30 d (Fig. S5 F).
Overall, the impact of RA signaling on CD103− TRM cell differ-
entiation appears less substantial and more variable.

Since RA plays a crucial role in inducing CCR9 expression on
CD8 T cells, and both CCR9-dependent and -independent
mechanisms contributed to CD103+ TRM cell differentiation
(Fig. 5, G and H), we sought to determine the relative contri-
bution of CCR9-dependent and -independent mechanisms to
RA-licensed intestinal CD103+ TRM cell differentiation. To this
end, WT and Ccr9−/− naive OT-I cells were transferred into

congenic mice 1 d prior to i.v. infection (Fig. 6 E). Mice were
treated with DMSO or AM80 during T cell priming. At 5.5 dpi,
spleen-primed T cells were sorted and transferred into naive
congenic recipient mice followed by analysis at 3 and 30 d
(memory) later. As expected, while AM80 treatment drastically
increased α4β7 expression in both WT and Ccr9−/− T cells, it only
induced CCR9 expression inWT but not Ccr9−/− T cells (Fig. 6 F).
As a result, AM80 treatment led to a significantly enhanced
accumulation of WT T cells in both the LP and IEL compartment
(Fig. S5 G). However, the accumulation of Ccr9−/− T cells in the
LP and IEL compartment was only slightly enhanced (Fig. S5 G),
consistent with the findings that CCR9 promotes CD8 T cell
migration to both compartments. AM80 treatment during T cell
priming rendered spleen-primed WT T cells the ability to dif-
ferentiate into intestinal CD103+ TRM precursor cells at 3 d and
CD103+ TRM cells at 30 d (Fig. 6, G and H). Intriguingly, AM80
treatment also enabled Ccr9−/− T cells to differentiate into in-
testinal CD103+ TRM precursor cells at 3 d and CD103+ TRM cells
at 30 d (Fig. 6, G and H). The ability of Ccr9−/− T cells to differ-
entiate into CD103+ TRM precursor cells and CD103+ TRM cells in
the IEL compartment was at ∼75% of the level of WT T cells
(Fig. 6, G and H). Thus, RA signaling licensed intestinal CD103+

TRM cell differentiation, primarily driven by factors other than
CCR9 induction and CCR9-mediated gut homing.

RA signaling modulates intestinal CD103+ TRM cell formation
after infection
As RA signaling is sufficient and necessary for intestinal CD103+

TRM cell differentiation, we next determined whether we could
modulate RA signaling to alter CD103+ TRM cell formation in the
intestine without secondary transfer to determine whether this
pathway has the potential for therapeutic manipulation. 1 × 104

naive OT-I cells were transferred into congenic naive recipient
mice. 1 d later, mice were i.v. or foodborne infected with InlAM

Lm-OVA. For i.v. infection, mice were treated with DMSO or
AM80 at 0.5, 2.5, and 4.5 dpi. For foodborne infection, mice
were treated with DMSO or AGN194310 at 0.5, 2.5, and 4.5 dpi.
Donor OT-I cells were analyzed at >30 dpi (Fig. 7 A). Compar-
isons between DMSO-treated groups demonstrated that i.v. in-
fection led to significantly less CD103+ TRM cells in the LP and
IEL compartment than foodborne infection (Fig. 7 B). Impor-
tantly, stimulation of RA signaling with AM80 significantly
enhanced CD103+ TRM cell formation after i.v. infection, and

expression of CD69 and CD103 byWT and Ccr9−/−OT-I cells in the LP and IEL compartment at >30 dpi. (E) Experimental design for F–H. 1 × 104 naive OT-I cells
were transferred into congenic naive first recipient mice 1 d prior to foodborne infection with InlAM Lm-OVA. At 5.5 dpi, α4β7− CCR9−, α4β7+ CCR9−, and α4β7+

CCR9+ effector OT-I cells were sorted from the MLN and transferred into congenic naive second recipient mice. 3 and 30 d after transfer, donor OT-I cells in the
second recipient mice were analyzed. (F) Numbers of indicated donor OT-I cells in the LP and IEL compartment at 3 d after transfer. (G) The expression of
CD69 and CD103 by indicated donor OT-I cells in the LP and IEL compartment at 3 d after transfer. (H) The expression of CD69 and CD103 by indicated donor
OT-I cells in the LP and IEL compartment 30 d after transfer. (I) Experimental design for J. 1 × 104 CD45.1/2+ WT OT-I cells and 1 × 104 CD45.2+ Ccr9−/− OT-I
cells were cotransferred into CD45.1+ recipient mice 1 d prior to foodborne infection with InlAM rLm-OVA. At 5.5 dpi, MLN cells were in vitro cultured in the
presence or absence of TGF-β for 24 h followed by flow analysis of CD103 protein expression. (J) The expression of CD103 by WT and Ccr9−/− T cells. The data
in B and C are pooled from two independent experiments, n = 6–8 mice total. The data in D are pooled from two independent experiments, n = 6–7 mice total.
The data in F and G are representative of three independent experiments, n = 3 mice/experiment. The data in H are pooled from three independent ex-
periments, n = 3 mice total. The data in J are representative of two independent experiments, n = 3 mice/experiment. Each dot in C and D depicts one individual
mouse. The data in B, F, G, H, and J are expressed as mean ± SEM. One-way ANOVA with Tukey’s multiple comparisons test was performed (B, F, G, and H).
Paired t tests were performed (C and D). Two-way ANOVA with Sidak’s multiple comparisons test was performed between WT and Ccr9−/− groups (J). Only
comparisons between blood and other groups as well as between LP and IEL are shown (B). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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Figure 6. Licensing of rapid intestinal CD103+ TRM cell differentiation occurs through RA signaling that is primarily driven by factors other than
CCR9. (A) Experimental design for B–D. 1 × 104 naive OT-I cells were transferred into congenic naive first recipient mice 1 d prior to i.v. or foodborne infection
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AGN194310 treatment that inhibits RA signaling reduced CD103+

TRM cell formation after foodborne infection (Fig. 7 B). These
data indicated that CD103+ TRM cell formation could be altered
by modifying RA signaling.

Discussion
Developing vaccine strategies to target induction of robust
CD8 TRM cell populations is a topic of ongoing clinical interest.
As such, understanding the mechanisms that regulate the

development of CD8 TRM cells in their unique environments is
paramount to facilitate the ability to generate and manipulate
these cells for therapeutic benefits. This is especially relevant to
current vaccine strategies targeting gastrointestinal infections
and tumors that are primarily delivered parenterally. It is gen-
erally accepted that priming dictates the migratory pattern of
effector CD8 T cells by instruction with tissue-homing receptors
(Park and Kupper, 2015; Sheridan and Lefrançois, 2011). Priming
in the MLN promotes the migration of effector CD8 T cells to the
intestine, providing a crucial layer regulating effector CD8 T cell

with InlAM Lm-OVA. For i.v. infection, mice were treated with DMSO control or AM80 at 0.5, 2.5, and 4.5 dpi. For foodborne infection, mice were treated with
DMSO control or AGN194310 at 0.5, 2.5, and 4.5 dpi. At 5.5 dpi, effector OT-I cells were sorted from the spleen of i.v.-infected mice treated with DMSO
(Spleen_DMSO) or AM80 (Spleen_AM80) or from the MLN of foodborne infected mice treated with DMSO (MLN_DMSO) or AGN194310 (MLN_AGN) and
transferred into congenic naive second recipient mice. 3 and 30 d after transfer, donor OT-I cells in the second recipient mice were analyzed. (B) The ex-
pression of α4β7 and CCR9 by effector OT-I cells prior to adoptive transfer into the second recipient mice. (C) The expression of CD69 and CD103 by donor OT-I
cells in the LP and IEL compartment at 3 d after transfer. (D) The expression of CD69 and CD103 by donor OT-I cells in the LP and IEL compartment 30 d after
transfer. (E) Experimental design for F–H. 1 × 104WT or Ccr9−/−OT-I cells were transferred into congenic naive first recipient mice 1 d prior to i.v. infection with
InlAM Lm-OVA. Mice were treated with DMSO control or AM80 at 0.5, 2.5, and 4.5 dpi. At 5.5 dpi, WT and Ccr9−/− effector OT-I cells were sorted from the
spleen of DMSO treated (WT_DMSO or Ccr9−/−_DMSO) or AM80 treated (WT_AM80 or Ccr9−/−_AM80) mice and transferred into congenic naive second
recipient mice. 3 and 30 d after transfer, donor OT-I cells in the second recipient mice were analyzed. (F) The expression of α4β7 and CCR9 by effector OT-I cells
prior to adoptive transfer into second recipient mice. (G) The expression of CD69 and CD103 by donor OT-I cells in the LP and IEL compartment at 3 d after
transfer. (H) The expression of CD69 and CD103 by donor OT-I cells in the LP and IEL compartment 30 d after transfer. The data in B are pooled from three
independent experiments, n = 5–6 mice total. The data in C are representative of two independent experiments, n = 4 mice/experiment. The data in D are
pooled from four independent experiments, n = 6–8 mice total. The data in F are representative of four independent experiments. The data in G are rep-
resentative of two independent experiments, n = 4 mice/experiment. The data in H are pooled from two independent experiments, n = 5 total. The data are
expressed as mean ± SEM. One-way ANOVA with Tukey’s multiple comparisons test was performed (B–D, G, and H). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001;
****, P ≤ 0.0001.

Figure 7. RA signaling modulates intestinal CD103+ TRM cell formation after infection. (A) Experimental design. 1 × 104 naive OT-I cells were transferred
into congenic naive recipient mice. 1 d later, mice were i.v. or foodborne infected with InlAM Lm-OVA. For i.v. infection, mice were treated with DMSO control or
AM80 at 0.5, 2.5, and 4.5 dpi. For foodborne infection, mice were treated with DMSO control or AGN194310 at 0.5, 2.5, and 4.5 dpi. Donor OT-I cells were
analyzed at >30 dpi. (B) The percentage and number of CD69+ CD103+ donor OT-I cells in the LP and IEL compartment at 30 dpi. The data are representative of
two independent experiments, n = 6–8 mice/experiment. The data are expressed as mean ± SEM. One-way ANOVA with Tukey’s multiple comparisons test
was performed. **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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responses in the gut. While spleen-primed CD8 T cells are less
efficient at gut homing, CD8 T cells that are primed in the spleen
are still detectable in gut tissues. Here, our data established that
priming in the MLN also promotes in situ CD103+ CD8 TRM cell
differentiation in the intestine, providing an additional regula-
tory layer for the development of effector and memory CD8
T cell responses in the gut. MLN priming but not spleen priming
promoted CD8 T cell differentiation into CD103+ TRM cells in the
intestinal LP and epithelium. Consistent with previous studies
(Masopust et al., 2006), unique cues from the intestinal envi-
ronmental induced CD103+ TRM cell differentiation asMLN-primed
T cells that migrated to the spleen after adoptive transfer did not
become CD103+ TRM cells. Importantly, spleen-primed CD8 T cells
that migrated to the intestine were inefficient at becoming CD103+

TRM cells in the intestinal environment. Thus, compelling evidence
was provided to demonstrate that priming in the MLN licensed
effector CD8 T cells to respond to environmental cues in the in-
testine to efficiently differentiate into CD103+ TRM cells.We further
demonstrated that MLN priming initiated a TRM cell signature
before emigration from the MLN and licensed rapid CD103+ TRM
cell differentiation through RA signaling. Although CCR9 promoted
CD103+ TRM cell differentiation to some extent, RA signaling pri-
marily regulated intestinal CD103+ TRM cell differentiation through
other CCR9-independent mechanisms. Therefore, our study es-
tablished that RA signaling during T cell priming in the MLN
promotes CD103+ TRM cell differentiation in the gut.

Our data also demonstrated that in addition to priming, the
MLN could impart an environment signal to promote effector
CD8 T cell differentiation into CD103+ TRM precursor cells in the
intestine. However, this mechanism was not as efficient as
priming in the MLN for the induction of intestinal CD103+

CD8 TRM cells. MLN stromal cells can also express high levels of
RALDH and convert retinol to RA to support the induction of
gut-homing T cells (Hammerschmidt et al., 2008; Molenaar
et al., 2009). Therefore, it is possible that RA derived from
stromal cells contributes to the intrinsic environment of the
MLN that contributes to CD103+ TRM precursor cell licensing.

Previous studies demonstrated that intranasal infection of
InlAM rLm is inefficient at promoting gut CD103+ TRM cell dif-
ferentiation (Sheridan et al., 2014), corroborating the critical
role of MLN priming in regulating intestinal CD103+ TRM cell
differentiation. However, whether this is unique to the gut and
gut-draining lymph nodes requires further studies. The skin
environment alone appears sufficient for CD103+ TRM cell dif-
ferentiation regardless of whether CD8 T cells are primed in vivo
or activated in vitro (Mackay et al., 2013; Mackay et al., 2012). A
recent study demonstrated that αV-expressing migratory DC ac-
tivate and present TGF-β to naive CD8 T cells during homeostasis
to precondition them to become skin CD103+ TRM cells upon
priming (Mani et al., 2019). Spleen-primed effector CD8 T cells
generated with i.v. rLm-OVA infection efficiently differentiated
into CD103+ TRM cells after being pulled into the skin epidermis by
topical treatment with an inflammation-inducing agent. However,
our study provides strong evidence that preconditioning does not
contribute to CD103+ TRM cell differentiation in the intestine.
These distinctions highlight the complexity and unique biology
that individual tissues contribute to TRM cell development.

TGF-β is essential for the differentiation of CD103+ CD8 TRM
cells in the intestine as CD8 T cells deficient in TGF-β receptor II
are not able to differentiate into intestinal CD103+ TRM cells
(Casey et al., 2012; Sheridan et al., 2014; Zhang and Bevan, 2013).
Our data showed that RA plays an important role in licensing
effector CD8 T cell responsiveness to factors in the intestinal
environment for differentiation into CD103+ TRM cells. However,
how RA signaling received during MLN priming regulates
CD103+ CD8 TRM cell differentiation in the intestine in response
to TGF-β needs further exploration. Our data demonstrate that
MLN priming provided RA signaling to license CD103+ TRM cell
differentiation to a limited extent through a CCR9-dependent
mechanism. In addition to directing the migration of effector
CD8 T cells to the intestine, CCR9 likely further direct effector
T cells that have already infiltrated the intestine to micro-
anatomical areas where TGF-β is abundant, although the
detailed mechanism requires further studies. However, a
CCR9-independent mechanism appears to play the major role in
licensing CD103+ TRM cell development as CCR9− MLN-primed
effector CD8 T cells as well as AM80-treated spleen-primed
Ccr9−/− effector CD8 T cells were capable of differentiating into
CD103+ TRM cells. RA has been shown to directly induce CD103
expression on DC (Iliev et al., 2009), although this is unlikely to
be the case for CD8 T cells as effector CD8 T cells that received RA
signaling either through MLN-priming or RARα/β agonism did
not upregulate CD103 expression after entering the spleen. RA
has been shown to induce Hic1 expression on T cells, and
T cell–intrinsic expression of Hic1 promotes CD103+ resident LP
lymphocytes and IEL during homeostasis (Burrows et al., 2017).
A recent study also showed that Hic1 is upregulated in TRM cells
in the IEL compartment after infection and regulates TRM cell
formation (Crowl et al., 2022). Since our data showed that Hic1
expression was upregulated in MLN-primed but not spleen-
primed CD8 T cells prior to migration to the intestine, it is
possible that RA signaling received during priming in the MLN
promotes the differentiation of CD103+ TRM cells in the intestine
through Hic1. RA is produced both in the intestinal epithelium
and the MLN (Iliev et al., 2009; Iwata et al., 2004); therefore,
effector CD8 T cells can receive RA signaling either during
priming or after migration into the intestine to upregulate Hic1.
Our data clearly showed that RA signaling received during
priming is critical for intestinal CD103+ TRM cell differentiation.
However, it is unclear whether RA signaling received in the
intestine also contributes to TRM cell formation or homeostasis.
Furthermore, AM80 treatment rendered the ability of spleen-
primed CD8 T cells to differentiate into CD103+ TRM cells, indi-
cating that spleen-primed CD8 T cells can respond to RA.
However, whether their inability to differentiate into CD103+

TRM cells is due to the lack of RA signaling during priming or
their inability to see RA after migrating into the intestine re-
quires further investigation. RA has also been shown to induce
P2rx7 expression (Hashimoto-Hill et al., 2017; Heiss et al., 2008),
and P2rx7 promotes CD103+ CD8 TRM cell generation and
maintenance by upregulating CD103 and enabling the ability of
CD8 T cells to respond to TGF-β (Borges da Silva et al., 2020).
Our data showed that P2rx7 was one of the top 10 most upre-
gulated genes in MLN-primed T cells. Therefore, RA signaling
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received during priming in the MLN may also contribute to
intestinal CD103+ TRM cell differentiation through P2rx7. A re-
cent study showed that changes in Hic1 expression lead to
changes in P2rx7 expression (Crowl et al., 2022), suggesting that
RA regulation of P2rx7 expression can be both direct and indirect.
In all, it is possible that RA signaling orchestrates multiple
pathways collectively contributing to the differentiation of in-
testinal CD103+ TRM cells.

Overall, our study provides crucial insight into the mecha-
nism regulating intestinal CD103+ CD8 TRM cell development
that may shed light on rational vaccine design targeting in-
fections and cancers of gastrointestinal tract. It emphasizes the
importance of utilizing oral immunization route to target MLN
priming for generating robust CD103+ CD8 TRM cell population
in the intestine and provides a new regime to modulate RA
signaling to tailor the development of these cells for potential
therapeutic applications.

Materials and methods
Mice
C57BL/6 mice for experiments without OT-I cell transfer were
purchased from The Jackson Laboratory. C57BL/6 mice ex-
pressing the congenic markers CD45.1 or CD45.2 for experi-
ments with OT-I cell transfer were purchased from the Charles
River-National Cancer Institute. OT-I Rag1−/− mice expressing
CD45.1, CD45.2, or both and Ccr9−/− OT-I Rag1−/−mice expressing
CD45.2 were bred and maintained at Stony Brook University
under specific-pathogen-free conditions. For experiments using
Ccr9−/− OT-I Rag1−/− mice, WT OT-I Rag1−/− mice were used as
controls. 8–12-wk-old, age-matched female mice were used in
experiments. All animal procedures were carried out in accor-
dance with National Institutes of Health (NIH) guidelines and
approved by the Stony Brook University Institutional Animal
Care and Use Committee.

Bacteria
L. monocytogenes strain 10403s carrying a mutation in the in-
ternalin A protein and expressing a truncated form of OVA
(InlAM rLm-OVA) have been described previously (Plumlee
et al., 2013). Prior to infection, mice were deprived of food and
water for 6 h. Foodborne infection was performed by providing
∼1 cm3 piece of bread inoculated with 2 × 109 cfu of InlAM rLm-
OVA in PBS to individually housed mice (Chu et al., 2022). I.v.
infection was performed by tail vein injection of 2 × 103 cfu of
InlAM rLm-OVA in PBS.

Adoptive transfers
1 × 104 CD45.1+ OT-I cells isolated from the spleen of OT-I Rag1−/−

mice were i.v. transferred into naive CD45.2+ recipient mice 1 d
prior to i.v. or foodborne infection with InlAM rLm-OVA. 5.5 d
after infection, unless otherwise specified, effector OT-I cells
were isolated from the spleen of i.v.-infected mice and the MLN
of foodborne-infected mice based on the congenic marker
CD45.1. Briefly, tissues were mashed through 70-µm cell
strainers (Falcon) to obtain single-cell suspension. Cells were
stained with anti-CD45.1-biotin (A20; BioLegend) followed by

incubation with anti-biotin microbeads (Miltenyi Biotec) and
enrichment on a MACS Separator (Miltenyi Biotec). After en-
richment, cells were stained with the following fluorophore-
conjugated antibodies from BioLegend or Invitrogen: anti-CD4
(GK1.5), anti-MHC II (M5/114.15.2), anti-CD8α (53–6.7), anti-
CD45.1 (A20), anti-CD45.2 (104), and live/dead dye (Invitrogen)
for fluorescence-activated cell sorting. Single, live, CD4−

MHC II− CD8α+ CD45.2− CD45.1+ effector OT-I cells were
sorted using a FACSARIA III cell sorter (BD). The purity after
sorting was consistently >95%. 2-5 × 105 (for early time point) or
2-5 × 106 (for memory time point) effector OT-I cells were
transferred intravenously into indicated CD45.2+ recipient mice
unless otherwise indicated. Alternatively, CD45.2+ OT-I cells
and CD45.1+ recipient mice were used. For WT and Ccr9−/− OT-I
cotransfer experiments, 1 × 104 CD45.1/2+ WT OT-I cells from
OT-I Rag1−/− mice and 1 × 104 CD45.2+ Ccr9−/− OT-I cells from
Ccr9−/− OT-I Rag1−/− mice were cotransferred into CD45.1+

recipient mice.

Lymphocyte isolation
To isolate lymphocytes from the spleen and MLN, tissues were
mashed through 70-µm cell strainers. Small intestine LP lym-
phocytes and IEL were isolated as previously described (Qiu and
Sheridan, 2018; Sheridan and Lefrançois, 2012). Briefly, small
intestines were cut into 1-inch long pieces after removal of
Peyer’s patches and luminal content. Intestinal tissues were
treated twice with 1 mM dithioerythritol (Sigma-Aldrich) solu-
tion in a shaker at 220 rpm and 37°C for 20 min. Supernatants
were collected, combined, and subjected to 44%/67% Percoll
(GE Healthcare) gradient for the isolation of IEL. The re-
maining intestine tissues were treated twice with 1.3 mM
ethylenediaminetetraacetic acid (Invitrogen) solution in a
shaker at 220 rpm and 37°C for 30 min to remove intestinal
epithelial cells, followed by digestion with 100 U/ml of col-
lagenase (Invitrogen) in a shaker at 300 rpm and 37°C for
45 min. Supernatants were collected after collagenase diges-
tion and the undigested tissues were mashed through 70-µm
cell strainers into the collected supernatant, which was then
subjected to 44%/67% Percoll gradient for the isolation of LP
lymphocytes.

Flow cytometry and antibodies
The following fluorophore-conjugated antibodies from BioLegend,
Invitrogen, or BD Biosciences were used: anti-CD45 (30-F11), anti-
TCRβ (H57-597), anti-CD8α (53–6.7), anti-CD11a (M17/4), anti-
CD45.1 (A20), anti-CD45.2 (104), anti-CD103 (2E7), anti-CD69
(H1.2F3), anti-α4β7 (DATK32), anti-CCR9 (CW-1.2), and anti-
KLRG-1 (2F1/KRLG1). Live/dead dye was purchased from
Invitrogen. H-2 Kb OVA257 monomer was obtained from the
NIH Tetramer Core Facility and tetramerized in-house using
fluorophore-conjugated streptavidin (Invitrogen). Cells were
stained with antibodies at 4°C in the dark for 20 min. If tetramer
was used, staining was performed at room temperature in the
dark for 1 h. After staining, cells were fixed with 2% parafor-
maldehyde (Electron Microscopy Sciences) for 20 min prior to
acquisition on a LSRFortessa (BD) or an Aurora (Cytek). Data
were analyzed with FlowJo software (Tree Star).
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FTY720 treatment
FTY720 (Cayman Chemical) was dissolved in PBS with 25%
DMSO. Mice were injected intraperitoneally with vehicle con-
trol or 1 mg/kg FTY720 daily for 3 wk.

Anti-αvβ8 treatment
Anti-αvβ8 (ADWA-11) was kindly provided by Dr. Dean Sheppard
(University of California, San Francisco). Mice were injected intra-
peritoneallywith PBS control or 10mg/kg anti-αvβ8 weekly for 3wk.

RNA sequencing and data processing
RNA was extracted using QIAGEN RNeasy Plus Micro Kit. Li-
braries were prepared using Illumina TruSeq Stranded mRNA
library kit at the Center for Genome Innovation at UCONN
Storrs, CT, USA. RNA sequencing and data analysis were per-
formed by Macrogen. Fold changes were calculated based on
log2(FPKM+1). Principle component analysis and volcano plot
analysis were performed using R.

Quantitative PCR
RNA was isolated using RNeasy Plus Micro Kit (QIAGEN) and
cDNAwas generated using iScript Advanced cDNA Synthesis Kit
(Bio-Rad). Real-time RT-PCRwas performed on a Bio-Rad CFX96
using PrimePCR Assays purchased from Bio-Rad (qMmuCID0009067
for Ccr9, qMmuCED0040393 for Hic1, qMmuCID0019169 for
Car2, qMmuCID0020840 for Batf3, qMmuCID0039603 for
Itgae, qMmuCID0026896 for Lztfl1, qMmuCID0006409 for Xcl1,
qMmuCID0040113 for P2rx7, qMmuCED0041023 for Npm1,
qMmuCED0061466 for Rangrf, and qMmuCID0022816 for Hmbs).

In vitro culture
4 × 106 cells isolated from the MLN after foodborne infection or
from the spleen after i.v. infection were cultured in the absence or
presence of 5 ng/ml TGF-β1 (Peprotech), unless otherwise speci-
fied, in a 48-well plate with 250 µl culture medium per well for
24 h. RPMI medium 1640 (Gibco) supplemented with 10% FBS
(Gibco), 1% GlutaMAX (Gibco), 10 mM Hepes (Gibco), 1 mM so-
dium pyruvate (Gibco), 100 units/ml penicillin (Gibco), 100 µg/ml
streptomycin (Gibco), 20 µg/ml gentamicin (Gibco), and 50 µM 2-
mercaptoethanal (Sigma-Aldrich) was used as culture medium.

Chemical modulation of RA signaling
Mice were injected intraperitoneally with DMSO, 5 mg/kg
RARα/β agonist AM80 (Sigma-Aldrich), or 1 mg/kg pan-RAR
antagonist AGN194310 every other day starting at day 0.5 until
euthanization. The dosage was determined based on previous
studies and our own titration experiments (Allie et al., 2013;
Matsushita et al., 2011).

Bacterial burdens
Spleen and MLN were mashed through 70-µm cell strainers
(Thermo Fisher Scientific) using sterile 1% saponin (Calbio-
chem). Gut tissues were disassociated using C Tubes and gen-
tleMACS Dissociator (Miltenyi Biotec) in nine volumes of sterile
PBS. After disassociation, 1 volume of sterile 10% saponin was
added. Tissue homogenates were incubated at 4°C for 1 h before
plating on BHI agar plates supplemented with 200 µg/ml

streptomycin. Bacterial colonies were enumerated 24–48 h after
incubation at 37°C.

Statistical analysis
All statistical analyses were performed in Prism (GraphPad
Software) using two-tailed Student’s t test for comparisons of
two groups and one-way ANOVA for comparisons of more than
two groups. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.

Online supplemental material
Fig. S1 shows the expression of CD69 and CD103 by effector OT-I
cells prior to entry into the intestine, the impact of priming on
CD103− TRM precursor cell differentiation, and the impact of
intrinsic environment of the MLN on CD103+ TRM precursor cell
differentiation. Fig. S2 shows that rapid intestinal CD103+

CD8 TRM precursor cell differentiation is independent of acti-
vation stage, intestinal homing, and KLRG-1 expression. Fig. S3
demonstrates the impact of infection on intestinal CD103+ TRM
cell differentiation and the residency of intestinal memory CD8
T cells derived from spleen-primed T cells. Fig. S4 demonstrates
the sorting strategy for CD103− and CD103+ naive OT-I cells, the
expression of CD69 and CD103 by transferred CD103− and
CD103+ naive OT-I cells after activation, and the ability to up-
regulate CD103 expression in response to TGF-β by spleen and
MLN donors. Fig. S5 shows the effect of RA signalingmodulation
on effector T cell migration to the intestine, KLRG-1 expression,
and TRM precursor cell differentiation.

Data availability
RNA sequencing data in Fig. 4 has been deposited in Gene Ex-
pression Omnibus with the accession number GSE223983. All
other data are available from the corresponding author.
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Figure S1. The expression of CD69 and CD103 by effector OT-I cells prior to entry into the intestine, the impact of priming on CD103− TRM precursor
cell differentiation, and the impact of intrinsic environment of the MLN on CD103+ TRM precursor cell differentiation. (A) The expression of CD69 and
CD103 by effector OT-I cells prior to adoptive transfer into second recipient mice. (B) The percentage of CD69+ CD103− population in indicated donor OT-I cells
in the LP and IEL compartment at 3 d after transfer into second recipient mice that were foodborne InlAM Lm-OVA infected 5.5 d previously. (C) The percentage
of CD69+ CD103− population in indicated donor OT-I cells in the LP and IEL compartment at 3 d after transfer into naive second recipient mice. (D) Ex-
perimental design for F and G. 1 × 104 naive OT-I cells were transferred into congenic naive first recipient mice 1 d prior to i.v. or foodborne infection with InlAM

Lm-OVA. At 5.5 dpi, effector OT-I cells were sorted from the spleen and MLN of i.v. infected mice (i.v. spleen donors and i.v. MLN donors) or from the spleen
and MLN of foodborne infected mice (f.b. spleen donors and f.b. MLN donors) and transferred into congenic naive second recipient mice. 3 d after transfer,
donor OT-I cells in the second recipient mice were analyzed. (E) Bacterial burdens in the spleen, MLN, and small intestine (gut) at indicated days after i.v.
infection with InlAM Lm-OVA. (F) The expression of α4β7 and CCR9 by i.v. spleen donors, i.v. MLN donors, f.b. spleen donors, and f.b. MLN donors prior to
adoptive transfer into second recipient mice. (G) The expression of CD69 and CD103 by donor OT-I cells in the LP and IEL compartment at 3 d after transfer
into second recipient mice. The data in A are representative of three independent experiments. The data in B are pooled from three independent experiments,
n = 12–14 mice total. The data in C are pooled from three independent experiments, n = 12 mice total. The data in E are representative of three independent
experiments, n = 4–5 mice/experiment. The data in F are pooled from five independent experiments, n = 5 experiments and for each experiment 2–18 mice
were pooled for spleen donors and 18–34 mice were pooled for MLN donors. The data in G are representative of two independent experiments, n = 3 mice/
experiment. The data are expressed as mean ± SEM and unpaired t tests were performed (B, C, F, and G). *, P ≤ 0.05; **, P ≤ 0.01; ****, P ≤ 0.0001.
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Figure S2. Rapid intestinal CD103+ CD8 TRM precursor cell differentiation is independent of activation stage, intestinal homing, and KLRG-1 ex-
pression. (A) The longitudinal OVA-specific CD8 T cell responses in the blood measured by OVA257 Kb tetramer after i.v. and foodborne infection. (B) Ex-
perimental design for C–E. 1 × 104 naive OT-I cells were transferred into congenic naive first recipient mice. 1 d later, mice were i.v. or foodborne infected with
InlAM Lm-OVA. Spleen donors and MLN donors were isolated from the spleen at 4.5 d after i.v. infection and from the MLN at 5.5 d after foodborne infection,
respectively. 5 × 105 sorted donor OT-I cells were transferred into congenic second recipient mice that were foodborne InlAM Lm-OVA infected 5.5 d previously.
3 d after transfer, donor OT-I cells in second recipient mice were analyzed. (C) The expression of α4β7 and CCR9 by effector OT-I cells prior to adoptive transfer
into second recipient mice. (D) Numbers of donor OT-I cells in indicated tissues at 3 d after transfer. (E) The expression of CD69 and CD103 by donor OT-I cells
in the LP and IEL compartment at 3 d after transfer. (F) Experimental design for G and H. 1 × 104 naive OT-I cells were transferred into congenic naive first
recipient mice 1 d prior to i.v. infection with InlAM Lm-OVA. At 5.5 dpi, 5 × 105 or 4 × 106 sorted Spleen donors were transferred into congenic second recipient
mice that were foodborne InlAM Lm-OVA infected 5.5 d previously. 3 d after transfer, donor OT-I cells in second recipient mice were analyzed. (G) The ac-
cumulation of donor OT-I cells in the LP and IEL compartment at 3 d after transfer. (H) The expression of CD69 and CD103 by donor OT-I cells in the LP and IEL
compartment at 3 d after transfer. (I and J) The percentage of KLRG-1− population in indicated effector OT-I cells prior to adoptive transfer into second
recipient mice. (K) Experimental design for L and M. 1 × 104 naive OT-I cells were transferred into congenic naive first recipient mice 1 d prior to i.v. or
foodborne infection with InlAM Lm-OVA. KLRG-1− Spleen donors and MLN donors were isolated from the spleen at 4.5 d after i.v. infection and from the MLN at
5.5 d after foodborne infection respectively. 5 × 105 sorted donor OT-I cells were transferred into congenic naive second recipient mice. 3 d after transfer, donor
OT-I cells in second recipient mice were analyzed. (L) Numbers of donor OT-I cells in indicated tissues at 3 d after transfer. (M) The expression of CD69 and
CD103 by donor OT-I cells in the LP and IEL compartment at 3 d after transfer. The data in A are from one experiment, n = 7–10 mice per infection route and
time. The data in C are pooled from three independent experiments, n = 6 mice total. The data in D and E are representative of two independent experiments,
n = 4mice/experiment. The data in G and H are from one experiment, n = 4 mice/experiment. The data in I are pooled from five independent experiments, n = 5
experiments, and for each experiment 2–18 mice were pooled for spleen donors and 18–34 mice were pooled for MLN donors. The data in J are pooled from
three independent experiments, n = 6 mice total. The data in L and M are pooled from two independent experiments, n = 6 mice total. The data are expressed
as mean ± SEM. Unpaired t tests were performed (C, D, E, and I–L). **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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Figure S3. The impact of infection on intestinal CD103+ TRM cell differentiation and the residency of intestinal memory CD8 T cells derived from
spleen-primed T cells. (A) Experimental design for B and C. 1 × 104 naive OT-I cells were transferred into congenic naive first recipient mice. 1 d later, mice
were foodborne infected with InlAM Lm-OVA. At 5.5 dpi, effector OT-I cells were isolated from the MLN and transferred into congenic second recipient mice
that were foodborne infected with InlAM Lm-OVA or treated with sham PBS 5.5 d previously. 3 d after transfer, donor OT-I cells in second recipient mice were
analyzed. (B) The expression of CD69 and CD103 by donor OT-I cells in the LP and IEL compartment of indicated second recipient mice. (C) Numbers of donor
OT-I cells in tissues of indicated second recipient mice. (D) The expression of CD127 and KLRG-1 by donor OT-I cells in indicated tissues at >30 d after transfer
into congenic naive second recipient mice. (E) Experimental design for F. 1 × 104 naive OT-I cells were transferred into congenic naive first recipient mice 1 d
prior to i.v. infection with InlAM Lm-OVA. At 5.5 dpi, effector OT-I cells were isolated from the spleen and transferred into congenic second recipient mice that
were uninfected or foodborne infected with InlAM Lm-OVA 5.5 d previously. 3 d after transfer, donor OT-I cells in second recipient mice were analyzed. (F) The
expression of CD69 and CD103 by donor OT-I cells in the IEL compartment of indicated second recipient mice. (G) Experimental design for H. 1 × 104 naive OT-I
cells were transferred into congenic naive first recipient mice 1 d prior to i.v. infection with InlAM Lm-OVA. At 5.5 dpi, effector OT-I cells were isolated from the
spleen and transferred into congenic naive second recipient mice. 6 d after transfer, second recipient mice were treated with vehicle control or FTY720 daily for
3 wk followed by analysis of donor OT-I cells. (H) The expression of CD69 and CD103 by donor OT-I cells in the LP and IEL compartment of indicated second
recipient mice. The data in B and C are pooled from two independent experiments, n = 8–9 mice total. The data in D are representative of two independent
experiments, n = 4 mice/experiment. The data in F are pooled from two independent experiments, n = 3–4 mice total. The data in H are pooled from two
independent experiments, n = 5–6 mice total. The data are expressed as mean ± SEM. Unpaired t tests were performed (B–D, F and H). *, P ≤ 0.05; **, P ≤ 0.01;
***, P ≤ 0.001; ****, P ≤ 0.0001.
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Figure S4. The sorting strategy for CD103− and CD103+ naive OT-I cells, the expression of CD69 and CD103 by transferred CD103− and CD103+ naive
OT-I cells after activation, and the ability to upregulate CD103 expression in response to TGF-β by Spleen and MLN donors. (A) The gating strategy for
sorting CD103− and CD103+ naive OT-I cells. (B) The expression of CD69 and CD103 by spleen donors and MLN donors depicted in Fig. 3 A. (C) Experimental
design for D. 1 × 104 naive OT-I cells were transferred into congenic naive recipient mice 1 d prior to i.v. or foodborne infection with InlAM Lm-OVA. 4.5 and 5.5 d
spleen-primed T cells and 5.5 d MLN-primed T cells were cultured with TGF-β in vitro for 24 h followed by flow analysis of CD103 protein expression. (D) The
CD103 expression by 4.5 and 5.5 d spleen-primed T cells as well as 5.5 d MLN-primed T cells. The data in A are representative of four independent experiments.
The data in B are from one experiment. The data in D are representative of two independent experiments and expressed as mean ± SEM, n = 4 mice/
experiment.
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Figure S5. The effect of RA signaling modulation on effector T cell migration to the intestine, KLRG-1 expression, and TRM precursor cell differ-
entiation. (A) The normalized percentage of indicated donor OT-I cells in the LP and IEL compartment at 3 d after transfer. (B) The percentage of KLRG-1−

population in indicated effector OT-I cells prior to adoptive transfer. (C) Experimental design for D. 1 × 104 naive OT-I cells were transferred into congenic naive
first recipient mice 1 d prior to i.v. or foodborne infection with InlAM Lm-OVA. Mice were treated with DMSO control, AM80, or AGN194310 at 0.5, 2.5, and
4.5 dpi. At 5.5 dpi, effector OT-I cells were sorted from the spleen of i.v.-infected or the MLN of foodborne-infected mice and transferred into congenic naive
second recipient mice. 3 d after transfer, donor OT-I cells in second recipient mice were analyzed. (D) The expression of CD69 and CD103 by indicated donor
OT-I cells in the LP and IEL compartment at 3 d after transfer. (E) The percentage of CD69+ CD103− population in indicated donor OT-I cells in the LP and IEL
compartment at 3 d after transfer. (F) The percentage of CD69+ CD103− population in indicated donor OT-I cells in the LP and IEL compartment at 30 d after
transfer. (G) The normalized percentage of indicated donor OT-I cells in the LP and IEL compartment at 3 d after transfer. The data in A are representative of
two independent experiments, n = 4 mice/experiment. The data in B are pooled from three independent experiments, n = 5–6 mice total. The data in D are
pooled from two independent experiments, n = 4–5 mice total. The data in E are representative of two independent experiments, n = 4 mice/experiment. The
data in F are pooled from four independent experiments, n = 6–8 mice total. The data in G are representative of two independent experiments, n = 4 mice/
experiment. The data are expressed as mean ± SEM. One-way ANOVA with Tukey’s multiple comparisons tests were performed (A, B, and D–G). *, P ≤ 0.05; **,
P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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Provided online is Table S1, which lists differentially regulated genes between spleen-primed and MLN-primed T cells.
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