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Summary

Stepwise induction of CD69 and CD103 marks distinct differentiation stages of
mucosal Trms. But the majority of non-mucosal Trm lacks CD103 expression.
The expression of CD69 alone cannot faithfully define Trm cells in heavily vascu-
larized non-mucosal tissues, such as the kidney. Here, we found that a subset of
kidney Trms downregulated IL-18 receptor during differentiation. Via global
transcriptional analysis and parabiosis experiments, we have discovered that
the downregulation of interleukin-18 receptor (IL-18R) is associated with
the establishment of tissue residency. Together with the expression of CD69,
IL-18Rlo exclusively identify tissue-resident cells whereas IL-18Rhi population con-
tains both tissue-resident and migratory ones. Local cytokines including trans-
forming growth factor b (TGF-b) and interferon a (IFN-a)/b as well as TGF-
b-dependent suppression of transcription factor Tcf-1 are essential for IL-18R
downregulation during kidney Trm differentiation. Together, we identified a
convenient surface marker to distinguish bona fide kidney-resident CD8+ T cells
as well as underlying molecular mechanisms controlling this differentiation
process.

Introduction

Tissue-resident memory T (Trm) cells represent a distinct memory T cell population that is separated from

the circulation and provides immediate protection against local reinfection (Cauley and Lefrancois, 2013;

Clark, 2015; Iijima and Iwasaki, 2015; Mueller et al., 2013; Mueller andMackay, 2016; Park and Kupper, 2015;

Schenkel and Masopust, 2014; Thome and Farber, 2015). With variable accuracy, only a handful of surface

markers, including CD69 and CD103, have been established to distinguish Trms from circulating T cells.

The two-step differentiation model has been proposed for skin Trms (Mackay et al., 2013). After exiting

bloodstream, effector CD8+ T cells induce CD69 expression as the first step followed by the acquisition

of CD103 as the second step. It is generally accepted that CD103hi phenotype is tightly linked with the

establishment of tissue residency and the loss of migratory capacity. However, the expression of CD103

is largely restricted to mucosal or barrier tissues, such as the intestines, skin, salivary glands, and lung.

The vast majority of non-mucosal Trms do not express CD103 (Steinert et al., 2015). Whether CD69+

Trms within a non-mucosal tissue represent a homogeneous or heterogeneous cell population remains un-

known. Because the upregulation of CD69 on Trm precursors is a very early event, whether additional dif-

ferentiation steps exist after the induction of CD69 remains unknown.

Because the expression of CD69 alone cannot accurately identify tissue resident T cells, intravascular label-

ing technique is widely used in Trm field to distinguish blood borne versus tissue-resident cells (Anderson

et al., 2014). However, intravascular labeling can only provide localization information of a cell population at

a given time (i.e., when intravascular labeling is performed). The results from intravascular labeling cannot

tell the migratory history or migratory potential of a cell. Indeed, it has been reported that a blood-borne

CD8+ T cell can be a tissue-resident cell, especially in densely vascularized organs, such as the kidney (Stei-

nert et al., 2015). It is unknown whether a cell surface marker exists to accurately identify bona fide tissue-

resident T cells in the kidney.
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Transforming growth factor b (TGF-b) is mainly involved in the acquisition of CD103 expression while dispens-

able for the initial induction of CD69 during Trm differentiation (Bergsbaken and Bevan, 2015; Thom et al.,

2015). Even though TGF-b-independent induction of CD103 has been reported (Pizzolla et al., 2017), most pre-

vious research on TGF-b have been focused on CD103hi eTrm cells (i.e., Trm cells reside in the epithelial layers

of barrier tissues) (Hu et al., 2015; Mackay et al., 2013; Mani et al., 2019; Sheridan et al., 2014; Zhang and Bevan,

2013). The function of TGF-b in non-barrier Trm differentiation remains less well defined.

Here, we discovered that kidney-resident CD8+ T cells downregulated IL-18 receptor (IL-18R) after induc-

tion of CD69 during differentiation. Compared with IL-18Rhi counterparts, IL-18Rlo cells carried more

common Trm signatures at transcription level. Via parabiosis experiments, we discovered that the down-

regulation of IL-18R was tightly associated with the establishment of kidney residency regardless of

vascular location. TGF-b and suppression of transcription factor Tcf-1 (T cell factor-1) were required for

IL-18R downregulation, whereas type I interferon (IFN) signals inhibited this process. Together, we have

established IL-18Rlo as a convenient surface marker to identify kidney-resident CD8+ T cells as well as

the molecular mechanisms controlling the downregulation of IL-18R.

Results

Kidney Trm downregulates IL-18 receptor

Mucosal Trm cells induce the expression of CD69 and CD103 in a progressive order, i.e., the induction of

CD69 occurs usually before turning on CD103 (Mackay et al., 2013). The expression of CD103 is often asso-

ciated with limited migratory capacity and tissue-resident phenotype. However, the expression of CD103 is

usually not detectable or substantially delayed in non-mucosal and non-barrier tissues, such as the kidney

(Casey et al., 2012). To investigate the differentiation of kidney-resident T cells, we employed the well-es-

tablished LCMV (lymphocytic choriomeningitis virus) infectionmodel. Briefly, congenically marked P14 TCR

transgenic CD8+ T cells specific for an LCMV epitope were adoptively transferred into unmanipulated

C57BL/6 (B6) mice followed by acute LCMV Armstrong (LCMV Arm) infection (illustrated in Figure 1A).

To distinguish blood-borne versus tissue-resident CD8+ T cells, intra-vascular labeling of CD8+ T cells

was performed before euthanasia (Anderson et al., 2014). In both CD8a staining positive (intravascular,

i.v.) and CD8a staining negative (extravascular, e.v.) compartments, a donor-derived P14 T cell population

was clearly identified by congenic marker CD45.1 (Figure 1B). A subset of e.v. P14 T cells downregulated IL-

18R after the induction of CD69. CD69+ Trm cells could be further divided into two differentiation stages,

namely IL-18Rhi and IL-18Rlo subsets (Figures 1B and 1C). There was a slight increase in the percentage of

IL-18Rlo subset at memory time points (e.g., day 42–62 in Figure 1D). Intriguingly, at a later memory time

point (e.g., day 45), even though Trm cells were highly enriched in the e.v. compartment, we could consis-

tently detect Trm-like cells (CD69+IL-18Rhi and CD69+IL-18Rlo) in the i.v. compartment (Figures 1C and 1E).

To be noted, compared with mucosal Trms (small intestine intraepithelial lymphocyte, SI-IEL) isolated from

the same animals, we could not detect CD103 expression on kidney Trms (Figure 1F). Together, kidney Trm

cells downregulate IL-18R during differentiation. Both IL-18Rhi and IL-18Rlo cells co-exist for a prolonged

period of time in the kidney. Intravascular labeling cannot fully distinguish Trm versus non-Trm in the kid-

ney, especially at later time points.

Downregulation of IL-18R is a common feature of Trms

Next, we investigated whether this phenomenon was kidney specific or not. To this end, we examined Trm

cells isolated from salivary glands (SG) and SI-IEL of LCMV-infected animals. Both SG and SI-IEL Trms

induce the expression of CD103 and downregulate circulating memory T cell marker Ly6C during differen-

tiation. In both SG and SI-IEL, by first gating Trm cells based on their expression of IL-18R and CD69, it was

clear that IL-18Rlo Trms carried higher levels of CD103 and lower levels of Ly6C compared with their IL-18Rhi

counterparts (Figures 2A and 2B). Together, Trm cells downregulate IL-18R during differentiation, and IL-

18Rlo cells may represent a mature subset in both mucosal and non-mucosal tissues.

IL-18R is not required for Trm differentiation

To determine whether IL-18R signaling is involved in Trm differentiation or maturation, we generated con-

genically marked Il18r1�/� P14 TCR transgenic mice. As illustrated in Figure S1A, naive P14 T cells were iso-

lated from both control and Il18r1�/� mice, mixed at a 1:1 ratio and adoptively co-transferred into B6

recipients followed by LCMV Arm infection. We examined Trm differentiation in both mucosal (SI-IEL)

and non-mucosal tissues (kidney). In SI-IEL, we could not detect any significant changes in the
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differentiation of CD103+ Trms in Il18r1�/� cells, including the upregulation of CD73 and downregulation of

Cmah (cytidine monophospho-N-acetylneuraminic acid hydroxylase) activities (Figures S1B and S1C).

When focused on the kidney, we did not detect any significant defects in CD69 induction, Ly6C downregu-

lation, or CD38 induction in both intravascular and extravascular compartments (Figures S1D–S1F). There-

fore, we concluded that the lack of IL-18R did not impact Trm differentiation and maintenance, which was

consistent with a previous report focused on intestinal Trm (Bergsbaken et al., 2017). In addition, we

confirmed that in a different systemic viral infection model (Vesicular Stomatitis Virus), similar subsets of

CD69+IL-18Rhi and CD69+IL-18Rlo kidney Trm cell can be identified (not depicted). Thus, even though

IL-18 signaling is not required for the formation of Trms, the expression of IL-18R can be used as a

biomarker to separate Trm cells into various differentiation stages.

Memory CD8+ T cells exert effector functions in response to both antigen-specific and non-specific

bystander stimulations. Cognate antigen induces robust activation of memory T cells, which represents

the hallmark of immunological memory (Williams and Bevan, 2007). In the absence of cognate antigen,

memory T cells rapidly produce inflammatory cytokines (e.g. IFN-g) in response to type I IFN, IL-15, IL-

12, and IL-18 (Berg et al., 2003; Berg and Forman, 2006; Kohlmeier et al., 2010; Kupz et al., 2012; Lauvau

et al., 2016; Raue et al., 2013; Richer et al., 2015; Ruiz et al., 2014; Soudja et al., 2012). In contrast to type

I IFN, IL-12, and IL-15, IL-18 is unique, as it is only required for bystander inflammatory responses without

apparent involvement in antigen-elicited CD8+ T cell responses (Haring and Harty, 2009). However, this

conclusion about bystander response of memory CD8+ T cells is almost exclusively based on the results

Figure 1. Downregulation of IL-18R during kidney Trm differentiation

(A) Experimental design. 104 congenically marked naive P14 T cells were transferred into B6 recipients followed by LCMV

Arm infection on the next day.

(B and C) (B) Fourteen days after infection and (C) 45 days after infection, representative FACS profiles of kidney CD8+

T cells are shown. (i.v., intravascular and e.v., extravascular).

(D) The percentage of IL-18Rlo cells in e.v. CD69+ P14 T cells.

(E) The composition of i.v. (left) versus e.v. (right) P14 T cells at day 45 post-infection.

(F) The percentage of CD103+ cells in kidney P14s versus SI-IEL P14s at day 45. Pooled results from five independent

experiments are shown in (D).

Representative results from two to three independent experiments are shown in (B), (C), (E), and (F). Each symbol in (D)

and (F) represents the results from an individual mouse. **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001 by one-way

ANOVA with Tukey multi-comparison post-test. See also Figure S1. Bar graphs indicate the mean (GS.D.).
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from circulating cells residing in the secondary lymphoid organs. Whether Trm cells from non-lymphoid tis-

sues respond to bystander inflammation in a similar manner as circulating memory T cells remains unclear.

To probe the functional consequences of IL-18R downregulation during Trm differentiation, we examined

their response to bystander inflammation. Because the largemajority of SI-IEL Trms downregulate IL-18R at

later time points (Figure 2B), we focused on SI-IEL Trms for this purpose. In contrast to splenic counterparts

who responded to both cognate peptide (i.e., GP33-41 for P14 TCR) and bystander inflammation (i.e., IL-

12+IL-18), SI-IEL Trm cells completely lost the response to bystander inflammation while maintaining the

capacity to elicit a robust response to cognate antigen during ex vivo stimulation (Figure S2A). Using

Il18r1�/� cells, we were able to demonstrate that the bystander response of splenic memory CD8+

T cells was largely IL-18R dependent. In contrast, both WT and Il18r1�/� SI-IEL Trms could not respond

to bystander stimuli (Figure S2B). Interestingly, TCR signal induced both IFN-g and tumor necrosis factor

(TNF) production, whereas bystander inflammatory cytokine only induced IFN-g (Figure S2A), which is likely

due to the fact that TNF production requires Ca2+ signaling (Falvo et al., 2010). Together, we propose that

IL-18R downregulation in Trms may be related to the loss of response to IL-18-mediated bystander inflam-

mation, which warrants future investigation.

Transcriptional and functional distinction of IL-18Rhi versus IL-18Rlo Trms

To further characterize IL-18Rhi and IL-18Rlo kidney T cells, we FACS sorted both populations as well as

CD69� kidney P14 T cells and performed RNA-seq analysis. Taking advantage of published transcriptional

signatures of both tissue-resident and circulating memory T cells (Mackay et al., 2013, 2016; Milner et al.,

2017), we focused our analysis on these sets of resident and circulating signature genes. As shown in Fig-

ure 3A, for most circulating signature genes, their expression exhibited a steady decrease from CD69� and

CD69+IL-18Rhi to CD69+IL-18Rlo populations. Conversely, a dramatic induction of the majority of resident

signature genes occurred in CD69+IL-18Rlo cells (Figure 3B).

In addition to IL-18Ra, several Trm-associated genes were differentially expressed at the protein level in

CD69+IL-18Rhi versus CD69+IL-18Rlo kidney CD8+ T cells (Figure 3C). The downregulation of Ly6C and

Cmah activity were largely restricted to CD69+IL-18Rlo cells. In contrast, the induction of CD38 and

CXCR4 exhibited a stepwise increase during kidney Trm differentiation. Together, IL-18Rhi versus IL-18Rlo

Figure 2. Downregulation of IL-18R during SG and SI-IEL Trm differentiation

Similar experimental setup to Figure 1. Day 25 (A) or day 45 (B) post-infection, SG P14 (upper row) and SI-IEL P14 (lower

row) were isolated and subjected to flow cytometry analysis. Donor P14 T cells were first gated based on the expression of

CD69 and IL-18R. The expression of Ly6C (left) and CD103 (right) on each subset were shown. Each group of connected

symbols in (A) represents the results from an individual animal. *, p < 0.05; ***, p < 0.001; and ****, p < 0.0001 by one-way

ANOVA with Tukey multi-comparison post-test. See also Figures S1 and S2.

ll
OPEN ACCESS

4 iScience 24, 101975, January 22, 2021

iScience
Article



cells represent distinct kidney-resident T cell subsets. Compared with IL-18Rhi ones, IL-18Rlo cells carry

more common Trm signatures.

To probe whether Trm differentiation stages impact their effector function during recall responses, we

stimulated P14 memory T cells with their cognate peptide in vivo and measured their effector molecule

Figure 3. Transcriptional and functional distinction between IL-18Rhi and IL-18Rlo kidney Trms

Similar to Figure 1A, 12 days later, CD69�, CD69+IL-18Rhi, and CD69+IL-18Rlo P14 T cells were FACS sorted from the

kidney and subjected to RNA-seq analysis. The expression of (A) circulating signature genes and (B) resident signature

genes are shown. Frequently identified Trm-associated genes are marked by arrows.

(C) Day 12–14 post-infection, kidney CD8+ T cells are pre-gated on CD69�, CD69+IL-18Rhi, and CD69+IL-18Rlo cells, and

the histograms of representative surface markers are shown. Each column in (A) and (B) represents a biologically

independent replicate. Representative results from at least two independent experiments are shown in (C).

(D) Experimental design. Briefly, similar to Figure 1A, day 30 post-LCMV infection, the mice received GP33-41 peptide via

an intravenous route together with Brefeldin A. Mice were euthanized 4 h later.

(E) MFI of IFN-g (left) and MFI of granzyme B (right) on pre-gated P14 subsets isolated from the spleen and kidney.

(F) Representative FACS profiles to show IFN-g and granzyme B expression in kidney P14 subsets. Dotted lines, without

GP33-41; Solid lines, with GP33-41.

Each symbol in (E) represents the results from an individual mouse. Representative results from two independent

experiments are shown in (E). N.S., not significant, *, p < 0.05; **, p < 0.01; and ***, p < 0.001 by one-way ANOVA with

Tukey multi-comparison post-test. See also Figure S3. Bar graphs indicate the mean (GS.D.).
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production 4 h later before massive proliferation or before recruitment of circulating memory T cells

occurred (illustrated in Figure 3D) (Beura et al., 2018; Park et al., 2018). To be noted, to avoid ex vivo incu-

bation-induced confounding factors, cognate peptide and Golgi inhibitor were delivered in vivo and the

production of effector molecules were measured on freshly isolated cells without further in vitro manipu-

lation. As shown in Figure 3E left and Figure 3F, both IL-18Rhi and IL-18Rlo kidney Trm cells produced similar

levels of IFN-g upon re-stimulation. Consistent with recent findings that non-lymphoid tissue Trm cells are

reactivated less efficiently than their lymphoid tissue counterparts (Low et al., 2020), both IL-18Rhi and IL-

18Rlo Trms produced less IFN-g than splenic memory T cells. Alternatively, this findingmay be explained by

inefficient access to cognate peptide for Trms in vivo. Indeed, when kidney Trms were isolated and stim-

ulated ex vivo with peptide, we did not detect significant reduction of IFN-g production (Figure S3).

Different from IFN-g, IL-18Rlo Trms produced significantly increased amount of granzyme B both at base-

line and after re-stimulation (Figure 3E right and Figure 3F). In summary, compared with IL-18Rhi cells, IL-

18Rlo Trms produce similar levels of IFN-g and increased amounts of granzyme B upon reactivation in vivo.

IL-18Rlo Trm cells represent the bona fide tissue-resident population

To directly test the tissue residency of IL-18Rhi versus IL-18Rlo Trms, we performed parabiosis experiments.

Briefly, B6 mice carrying P14 T cells with distinct congenic markers were surgically connected 30 days post-

LCMV infection and examined 19–21 days later (Figure 4A). In the kidney, CD69+IL-18Rlo subset was almost

exclusively derived from the hosts. Interestingly, in both i.v. and e.v. compartments, CD69+IL-18Rlo cells

were similarly host-derived (Figures 4B and 4C). As expected, the vast majority of splenic P14 T cells

were migratory and exhibited a roughly 50:50 ratio between host- and partner-derived cells, which was

similar to CD69�IL-18Rhi cells in the kidney. In contrast, SI-IEL compartment was mostly occupied by

host-derived Trm cells (Figure 4C). For both i.v. and e.v. compartments, the transition from CD69+IL-

18Rhi to CD69+IL-18Rlo stages was associated with significantly improved tissue-residency (Figure 4C).

Importantly, using mucosal SI-IEL as a well-established Trm reference, the percentage of tissue residency

was comparable among SI-IEL, kidney i.v. CD69+IL-18Rlo, and e.v. CD69+IL-18Rlo subsets (Figure 4C).

These findings clearly demonstrate that the results from intravascular labeling does not tell the migratory

history of a T cell. In stark contrast, the downregulation of IL-18R can be used as a convenient marker to

faithfully define kidney-resident CD8+ T cells.

Because we have demonstrated that IL-18Rlo kidney-resident CD8+ T cells are formed at early stages after

acute viral infection (i.e., day 12–14 post-infection, see Figures 1B and 1D), to further prove that IL-18R

downregulation defines tissue residency even at these early stages, we performed another set of parabiosis

experiments at an early time point (illustrated in Figure 4D). Briefly, B6 mice carrying P14 T cells with distinct

congenic markers were surgically connected 12 days post-LCMV infection and examined 15 days later. As

shown in Figure 4E, CD69+IL-18Rlo kidney CD8+ T cells were exclusively derived from the hosts, indistin-

guishable from SI-IEL counterparts. In contrast, CD69+IL-18Rhi cells contained a mixed population of

both migratory and resident T cells.

Local cytokines control the downregulation of IL-18R in kidney Trms

Cytokine signals (e.g., IL-33, TNF and TGF-b) control the differentiation and maintenance of mucosal Trm

cells (Bergsbaken et al., 2017; Hu et al., 2015; Mani et al., 2019; Skon et al., 2013; Slutter et al., 2017). To

pinpoint the signals controlling IL-18R downregulation, we first used an ex vivo culture system. Day 4.5

post-infection when effector CD8+ T cells started to migrate from the secondary lymphoid organs to the

periphery (Masopust et al., 2010), splenic P14 T cells were cultured overnight in the presence of a panel

of different stimuli and the expression of IL-18R was measured. Both TCR and TGF-b significantly reduced

the expression of IL-18R (Figure S4). IFN-b dramatically enhanced the expression of IL-18R, whereas IL-18,

IL-33, and TNF did not yield significant changes (Figure S4). Based on this observation, we set up in vivo

systems to investigate the involvement of TGF-b and type I IFN in the downregulation of IL-18R in kid-

ney-resident CD8+ T cells.

TGF-b is specifically required for the downregulation of IL-18R during kidney Trm

differentiation

TGF-b provides an essential signal for the induction of mucosal or epithelial Trm marker CD103 (El-Asady

et al., 2005). Further, we have demonstrated that TGF-b promotes the formation of kidney Trms via

enhancing effector CD8+ T cell extravasation at early stages (Ma et al., 2017). To investigate the possible

roles of TGF-b in the downregulation of IL-18R during kidney Trm differentiation, we employed TGF-b
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receptor conditional knockout (i.e., Tgfbr2f/fdLck-cre (Zhang and Bevan, 2012), hereafter referred to as

Tgfbr2�/�) P14 T cells. Similar to the experimental design illustrated in Figure S1A, congenically marked

naive control and Tgfbr2�/� P14 T cells were purified, mixed, and adoptively co-transferred into B6 recip-

ients followed by LCMV infection. At day 14 post-infection, the percentage of CD69+IL-18Rhi subset was

comparable between control and Tgfbr2�/� P14 T cells (see blue numbers in Figure 5A), consistent with

the results from the gut and salivary glands (Bergsbaken and Bevan, 2015; Thom et al., 2015). We did detect

a slight but significant decrease of total number of CD69+IL-18Rhi Tgfbr2�/� cells in the e.v. compartment

(see blue symbols in Figure 5B), most likely due to defective extravasation of Tgfbr2�/� cells (Ma et al.,

2017). However, the downregulation of IL-18R was significantly impaired in Tgfbr2�/� P14 T cells (see

Figure 4. IL-18Rlo T cells represent a bona fide kidney-resident population

(A) Parabiosis experimental design for (B) to (D). Naive P14 T cells with distinct congenic markers were separately

transferred into B6 mice followed by LCMV Arm infection. D30 p.i., pairs of mice carrying congenically different P14s were

surgically connected and examined 19–21 days later.

(B) Representative FACS profiles of kidney CD8+ T cells (n = 10).

(C) The composition (host- versus partner-derived) of each indicated P14 subset.

(D) Parabiosis experimental design for (E). D12 p.i., pairs of mice carrying congenically different P14s were surgically

connected and examined 15 days later.

(E) Percentage of host-derived versus partner-derived cells within different P14 subsets are shown (n = 8).

Pooled results from two independent experiments are shown in (C) and (E). N.S., not significant, **, p < 0.01; ***, p < 0.001

by paired Student t test or one-way ANOVA with Tukey multi-comparison post-test. Bar graphs indicate the mean

(GS.D.).

ll
OPEN ACCESS

iScience 24, 101975, January 22, 2021 7

iScience
Article



red numbers and symbols in Figures 5A and 5B). Further, this defect was not due to delayed downregula-

tion of IL-18R in Tgfbr2�/� cells (Figure 5C). Importantly, at later time points (day 42–45) when there was a

significant population of CD69+ cells in the i.v. compartment of the kidney, we could clearly detect defec-

tive downregulation of IL-18R in Tgfbr2�/� P14 T cells isolated from both i.v. and e.v. compartments (Fig-

ure 5C), suggesting that TGF-b signal can be delivered to induce tissue-resident differentiation at both

extravascular and intravascular sites. Furthermore, we performed another parabiosis experiment using

WT and Tgfbr2�/� P14 T cells. Briefly, congenically distinct WT and Tgfbr2�/� P14 T cells were adoptively

transferred into different B6 recipients followed by LCMV infection. Thirty days later, pairs of mice received

WT, and Tgfbr2�/� P14 T cells were surgically connected. The distribution and differentiation of P14 T cells

were examined 15 days after parabiosis surgery (Figure S5A). As shown in Figure S5B, only host-derivedWT

Figure 5. TGF-b and type I IFN control the downregulation of IL-18R during kidney Trm differentiation

Congenically marked control and Tgfbr2�/� P14 T cells were co-transferred into B6 mice followed by LCMV infection.

Fourteen days post-infection, representative FACS profiles of pre-gated P14 T cells in both i.v. and e.v. compartments are

shown in (A). (B) Day 14 and (C) day 42–45 post-infection, the ratio of (Tgfbr2�/� P14/Control P14) in each pre-gated kidney

P14 subset. (D) Experimental design for (E) to (G). At day 4 and day 7 post-infection, 1 mg anti-IFNAR-1 or isotype control

antibody was given i.p. Kidney P14 cells were examined later. (E) Day 30 post-infection, representative FACS profiles of

kidney CD8+ T cells. (F) Day 12 and (G) day 30 post-infection, the percentage of IL-18Rlo cells in donor P14 (left) or host

CD8+ T cells (right) in the kidney. Each symbol in (B), (C), (F), and (G) represents the results from an individual mouse.

Pooled results from two to five independent experiments are shown in (B), (C), (F), and (G). N.S., not significant, **, p <

0.01, ***; p < 0.001; and ****, p < 0.0001 by Student t test or one-way ANOVA with Tukey multi-comparison post-test. See

also Figures S4–S6. Bar graphs indicate the mean (GS.D.).
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control P14 T cells differentiated into IL-18Rlo kidney Trms, whereas Tgfbr2�/� P14 T cells exhibited indis-

tinguishable differentiation patterns in host versus partner mice.

Here, we demonstrated that using the expression of IL-18R as a marker, CD69+ Trm cells could be further

divided into two differentiation steps. Interestingly, TGF-b signaling is specifically required for the second

stepof Trmdifferentiation in the kidney, i.e., thedownregulation of IL-18R after the inductionofCD69.A similar

scenario exists in mucosal or epithelial Trms, where TGF-b is only required for the induction of CD103 after

acquiring CD69 (Bergsbaken and Bevan, 2015; Thom et al., 2015). Thus, TGF-b may represent the essential

signal to Trm differentiation in both mucosal and non-mucosal tissues after establishing early residency.

Type I IFN inhibits IL-18R downregulation in kidney Trms

Next, we focused on type I IFNs, which provide themajor inflammatory signal in our LCMV infection system.

Interfering IFNa/b during the early stages of LCMV Arm infection (i.e., within the first 2–3 days) significantly

impacted viral clearance and CD8+ T cell priming/expansion (not depicted (Cousens et al., 1999; Kolumam

et al., 2005)). Further, effector CD8+ T cells usually leave secondary lymphoid organs and seed peripheral

tissues around day 4 after LCMV Arm infection (Masopust et al., 2010). Thus, to avoid complications asso-

ciated with early IFNa/b blocking and to specifically target Trm forming stages, we undertook a strategy

illustrated in Figure 5D. Briefly, naive P14 T cells with congenic markers were adoptively transferred into

B6 mice followed by LCMV infection. At day 4 and day 7 after infection, recipient mice were treated by

anti-IFNAR1 blocking antibody or isotype control antibody. Trm cells were examined later. This type I

IFN blocking strategy did not significantly alter the expansion or accumulation of P14 T cells in both sec-

ondary lymphoid and non-lymphoid tissues, including the kidney (Figure S6A) or effector CD8+ T cell dif-

ferentiation in the spleen (Figure S6B). Importantly, we did not detect significant changes in viral clearance

(Figure S6C). Consistent with previous findings that type I IFN was not required for the induction of CD69 on

Trms in vivo (Mackay et al., 2015a), the expression of CD69 was largely intact (Figure 5E). In contrast, as

shown in Figures 5E–5G, type I IFN blockade significantly enhanced the downregulation of IL-18R during

kidney Trm differentiation. The enhanced downregulation of IL-18R can be detected as early as day 12

post-infection (Figure 5F). Interestingly, transient type I IFN blockade had a long-lasting effect on kid-

ney-resident CD8+ T cells, as we could detect significant changes in kidney Trms at day 30 post-infection

(Figures 5E and 5G). This result further supports the model that shortly after arrival at the kidney, CD8+

T cells acquire tissue residency under the influence of local signals. In addition, the effects of type I IFN

were not restricted to monoclonal TCR transgenic P14 T cells; endogenous polyclonal kidney CD8+

T cells were also impacted in a similar manner (Figures 5F and 5G, right panels). Thus, inflammatory signal

type I IFN negatively regulates the downregulation of IL-18R during kidney Trm differentiation.

Repression of transcription factor Tcf-1 is involved in the downregulation of IL-18R during

Trm maturation

During Trm differentiation, TGF-b-mediated downregulation of T-box transcription factors T-bet and

Eomes plays an essential role (Mackay et al., 2015b). To determine the transcription factors underlying

TGF-b controlled Trm differentiation, we first focused on T-box transcription factors. However, neither

Tbx21 nor Eomes deficiency could rescue defective IL-18R downregulation in Tgfbr2�/� cells in the kidney

(unpublished observations). Instead, consistent with our own RNA-seq results (Figure 3) and published

RNA-seq results (Mackay et al., 2016; Milner et al., 2017), the expression of Tcf-1 (T cell factor-1, encoded

by Tcf7) was suppressed during kidney Trm differentiation at the protein level (Figure 6A). Interestingly,

compared with their WT control counterparts, both Tgfbr2�/� CD69+IL-18Rhi and residual Tgfbr2�/�

CD69+IL-18Rlo cells expressed significantly higher levels of Tcf-1. To elucidate the function of Tcf-1 down-

regulation during Trm differentiation, we used a retroviral system to force express Tcf7 in P14 T cells (Fig-

ure 6B). Consistent with published results of Tcf-1 in circulating effector and memory CD8+ T cells (Zhou

et al., 2010), overexpression of Tcf7 did not significantly impact the expansion of P14 T cells in the spleen,

whereas the differentiation of KLRG-1- memory precursors was enhanced and KLRG-1+ effector cells was

inhibited (Figure S7). Compared with empty GFP control retrovirus, Tcf7 overexpression significantly

dampened the downregulation of IL-18R during kidney Trm differentiation at both early (day 14) and later

(day 30) stages (Figures 6C–6E). At transcription level, suppression of Tcf-1 has been associated with Trm

differentiation (Mackay et al., 2016; Milner et al., 2017). Recently, it has been reported that TGF-b-depen-

dent downregulation of Tcf-1 is essential for lung-resident CD8+ T cell differentiation at functional level (Wu

et al., 2020). Here, we showed that TGF-b suppressed the expression of Tcf-1, which may be essential for

the downregulation of IL-18R associated with kidney Trm differentiation.
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Discussion

Together, we have analyzed Trm differentiation in the kidney and established that the downregulation of

IL-18R is a distinct marker associated with the establishment of tissue residency. Further, this finding can be

extended to other tissues, including SG and SI-IEL. As a convenient biomarker, IL-18Rlo subset precisely

indicates kidney residency regardless of its intra- or extra-vascular location. In contrast, IL-18Rhi subset

carries a mixture of tissue-resident and migratory T cells. TGF-b promotes, whereas type I IFN inhibits,

the downregulation of IL-18R during kidney Trm differentiation. Further, the downregulation of transcrip-

tion factor Tcf-1 is associated with this differentiation step of kidney Trms. Consistent with recent findings

that reveal the heterogeneity of mucosal Trms (Kurd et al., 2020; Milner et al., 2020), our findings demon-

strate that kidney CD8+ T cells contain heterogeneous populations of cells with different levels of tissue

residency.

Limitations of the study

In the current project, we focused on a systemic acute viral infection model and defined a differentiation

process associated with CD8+ tissue residency. Whether this finding could be extended to other infection

models was not determined.

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Nu Zhang (zhangn3@uthscsa.edu)

Materials availability

This study did not generate new unique reagents.

Data and code availability

Original RNA-seq results can be accessed by GSE111801. The raw data supporting the current study are

available from the Lead Contact upon request. All software is commercially available.

Figure 6. The downregulation of transcription factor Tcf-1 is required for IL-18R downregulation in the kidney

(A) Similar to the experimental setup in Figure 5A, day 14 post-LCMV infection, the expression of Tcf-1 was determined in

pre-gated CD69+IL-18Rhi and CD69+IL-18Rlo kidney P14 T cells by flow cytometry.

(B) Experimental design. Activated P14 T cells were spin-infected by control retrovirus (GFP only) or retrovirus carrying

Tcf7 cDNA. One hour after spin infected, GFP-P14 and Tcf7-GFP-P14 were mixed and 2x105 cells co-transferred into

recipient B6 mice followed by LCMV infection. P14 T cells were examined later.

(C) Day 14 post-infection, representative FACS profiles of pre-gated kidney P14 T cells are shown.

(D and E) (D) Day 14 and (E) day 30 post-infection, the percentage of IL-18Rlo cells in GFP+CD69+ P14 kidney T cells is

shown. Each pair of symbols in (A), (D), and (E) represents the results from an individual recipient. Pooled results from two

independent experiments are shown in (A), (D), and (E). *, p < 0.05 and **, p < 0.01 by paired Student t test. See also

Figure S7.
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All methods can be found in the accompanying Transparent methods supplemental file.
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Figure S1. Apparently normal differentiation of Trms in the absence of IL-18R, Related to 
Figure 1 and Figure 2. (A) Experimental design. (B) At different time points after infection, the 
percentage of CD69+CD103+ cells among SI-IEL P14 T cells is shown. (C) Representative FACS 
profiles of SI-IEL P14 T cells at day 15 (upper) or day 30 (lower) after infection. (D) The percentage 
of CD69+ cells among e.v. kidney P14 T cells is shown. (E) Representative FACS profiles of kidney 
P14 T cells at day 16 post infection. (F) The percentage of Ly6C- cells among indicated kidney P14 
populations is shown. Each symbol in (B), (D) and (F) represents the results from an individual 
recipient mouse. Combined results from four independent experiments are shown. No statistical 
significance was detected at any time points between control and Il18r1-/- cells by Student t-test. 
  



	

 
Figure S2. Downregulation of IL-18R is associated with the loss of response to bystander 
inflammation, Related to Figure 2. (A) Same experimental setup as in Figure 1 and 2. Day 30 post 
infection, splenic P14 and SI-IEL P14 were isolated and cultured for 4 hours ex vivo stimulation in 
the presence of Golgi STOP. Cytokine production was determined by intracellular FACS staining. 
Representative FACS profiles of pre-gated live P14 T cells are shown (n=5). (B) Same 
experimental setup as in Figure S1. Day 30 post infection, splenic and SI-IEL P14 were isolated 
and subjected to ex vivo stimulation and IFN-g production was measured by intracellular FACS 
staining. Each symbol represents the results from an individual mouse. N.S., not significant and 
****, p<0.0001 by Student t-test. 



	

 
Figure S3. In vitro recall response of Trm, Related to Figure 3. Same experimental setup as in 
Figure 1. Day 30 post infection, P14 T cells were isolated and cultured with GP33-41 peptide in the 
presence of Golgi STOP for 4 hours. Cytokine production was measured by intracellular FACS 
staining. (A) Representative FACS profiles of pre-gated live P14 T cells are shown. (B) The 
percentage of IFN-g+ P14 T cells. Each symbol in (B) represents the results from an individual 
mouse. N.S., not significant and *, p<0.05 by One-way ANOVA with Tukey multi comparison post-
test. Pooled results from 3 independent experiments are shown in (B). 
  



	

 

 
Figure S4. TGF-b and Type I IFN impact IL-18R expression of early effector T cells, Related 
to Figure 5. Naïve P14 T cells were adoptively transferred into B6 recipients followed by LCMV Arm 
infection. Day 4.5 post infection, splenic P14 T cells were isolated and cultured overnight with 
indicated stimuli: TCR (1µg/ml GP33-41), 50ng/ml hTGF-b1, 20ng/ml IFN-b, 20ng/ml IL-18, 20ng/ml 
IL-33 and 20ng/ml TNF. All conditions include 5ng/ml IL-2 to keep effector T cell alive. MFI of IL-
18Ra on live P14 T cells were measured by FACS. Each pairs of symbol represents the results 
from an individual recipient mouse. Pooled results from 3 independent experiments. N.S., not 
significant, **, p<0.01, ***, p<0.001 and ****, p<0.0001 by paired Student t-test. 
 
 



	

 
Figure S5. TGF-b is required for the differentiation of IL-18Rlo kidney-resident memory T 
cells, Related to Figure 5. (A) Experimental design. Naïve WT control and Tgfbr2-/- P14 T cells with 
distinct congenic markers were separately transferred into B6 mice followed by LCMV Arm 
infection. D30 p.i., pairs of mice carrying WT control and Tgfbr2-/- P14s were surgically connected 
and examined 15 days later. (B) Representative FACS profiles of kidney CD8+ T cells derived from 
the same parabiosis pair (n=4). Upper row, kidney sample from control P14 host; lower row, kidney 
sample from Tgfbr2-/- P14 host. 
  



	

 

 

Figure S6. Type I IFN blockade at day 4 and day 7 does not impact CD8+ T cell expansion 
and viral clearance, Related to Figure 5. Similar experimental setup to Figure 5D. (A) The 
percentage of donor P14 T cells in spleen, lymph nodes and kidney. (B) The percentage of KLRG1+ 
cells in splenic P14. (C) Viral titer in the serum. Each symbol represents the results from an 
individual recipient. N.D., not detectable. N.S., not significant by Student t-test. 
  



	

 

 
Figure S7. Overexpression of Tcf-1 promotes memory precursor differentiation in the 
spleen, Related to Figure 6. Similar experimental setup to Figure 6. FACS gating strategy is shown 
in (A). (B) Day 14 or (C) day 30 post infection, the percentage of KLRG1-CD127+ cells (left) and 
KLRG1+CD127- cells (right) among GFP+ P14 T cells are shown. Each pair of symbols represents 
the results from an individual recipient. *, p<0.05 and **, p<0.01 by paired Student t-test. Pooled 
results from 2 independent experiments are shown. 
	

  



	

Transparent Methods 
 
Ethics Statement. 
    All the animal handling and experimental procedures performed have adhered strictly to the 
general guidelines of Animal Welfare Act (AWA), AAALAC and IACUC. An Animal Care Protocol 
has been approved by UT Health San Antonio IACUC (protocol# 20150014AR, PI: Nu Zhang). All 
infectious agents used have been approved by UT Health San Antonio Institutional Biosafety 
Committee (protocol# 14-09-6080, PI: Nu Zhang). 
 
Mice, Viruses and Bacteria. 
				Tgfbr2f/f dLck-cre mice were as described before (Zhang and Bevan, 2012, 2013). Il18r1-/- (stock 
no. 004131), and C57BL/6 (stock no. 000664) mice were obtained from The Jackson Laboratory 
and a colony of Db-GP33-41 TCR transgenic (P14) mice was maintained at our specific pathogen-
free animal facilities at the University of Texas Health Science Center at San Antonio (San Antonio, 
Texas). All recipient mice were used at 6 to 12 wk of age. Both male and female mice were used 
in the current project. No influence of gender or age was identified. All experiments were done in 
accordance with the University of Texas Health Science Center at San Antonio Institutional Animal 
Care and Use Committee guidelines. Mice were infected i.p. by 2x105 pfu LCMV Arm. Viruses were 
grown and quantified as described (Ahmed et al., 1984). 
	
Naïve T Cell Isolation and Adoptive Transfer.  
				Naïve CD8+ T cells were isolated from pooled spleen and lymph nodes using MojoSortTM mouse 
CD8 T cell isolation kit (Biolegend) following manufacturer’s instruction. During the first step of 
biotin antibody cocktail incubation, biotin-aCD44 (IM7, Biolegend) was added to label and deplete 
effector and memory T cells. Isolated naïve CD8+ T cells were numerated, 1:1 mixed when 
indicated, 104 cells adoptively transferred into each sex-matched unmanipulated B6 recipient via 
an i.v. route. 
	
Intra-vascular Labeling of CD8+ T Cells.  
    3µg biotin-aCD8a (53-6.7, Tonbo Biosciences) was injected i.v. 5 mins before euthanasia. After 
lymphocyte isolation, fluorescence labeled streptavidin (Thermo Fisher) was used during surface 
staining to identify blood-borne CD8+ T cells. 
	
Lymphocyte Isolation from the Kidney, SG and SI-IEL.  
	   Lymphocyte isolation procedures have been described before (Liao, 2020; Ma et al., 2017; 
Zhang and Bevan, 2013). Briefly, kidney and SG was minced and digested with 1mg/ml 
collagenase B (Roche) in RPMI 1640/2% FCS at 37°C for 45 mins with gentle shaking. Digested 
tissues were further mashed and washed with RPMI 1640/10% FCS. For IEL isolation, small pieces 
of the small intestine were stirred at 800 rpm for 20 min in HBSS buffer containing 
1mM dithiothreitol and 10% FCS at 37°C. Both digested kidney and SG, and released IEL were 
further purified by density gradient centrifugation with PBS-balanced 44% and 67% Percoll (GE 
Healthcare).  
	
Parabiosis Surgery. 

Parabiosis surgery was performed according to a published protocol (Kamran et al., 2013). 
Briefly, mice were anesthetized and shaved along opposite lateral flanks. Skin was thoroughly 
cleaned. Longitudinal skin incisions were performed on the shaved sides of each mouse. The skin 
of the two animals was connected with 5-0 VICRYL suture. Additional 3-0 sutures were placed 
through the olecranon and knee joints to secure the legs. 
 
Ex vivo Culture of Splenic Effector P14 T Cells. 

Day 4.5 post LCMV Arm infection, total splenocytes containing P14 T cells were cultured in 
complete RPMI with 5ng/ml IL-2 (Tonbo) and one of the following stimuli: 1µg/ml GP33-41 (AnaSpec), 
50ng/ml hTGF-b1, 20ng/ml IFN-b, 20ng/ml IL-18, 20ng/ml IL-33 and 20ng/ml TNF. All tested 



	

cytokines were purchased from Biolegend. 12-16 hours later, the expression of IL-18R on live P14 
T cells were determined by flow cytometry. 

 
Retrovirus Transduction.  
    Tcf7 (p45)-GFP (MSCV vector) was a gift from Dr. Haihui Xue. Helper plasmid pCL-Eco was a 
gift from Dr. Inder Verma (Addgene plasmid#12371). Tcf7-GFP and pCL-Eco were co-transfected 
into 293T cells by FuGENE 6 (Promega). Retrovirus was harvested 48 hours after transfection and 
used freshly. Naïve P14 T cells were stimulated with 10nM GP33-41 peptide (AnaSpec) plus soluble 
1µg/ml aCD28 (E18, Biolegend) in the presence of 5ng/ml IL-2 (eBioscience) overnight. Activated 
P14 T cells were spin infected with retrovirus at 3,000rpm 30°C for 1.5 hours in the presence of 
8µg/ml polybrene (Sigma) and 5ng/ml IL-2. After spin infection, P14 T cells were incubated with 
retrovirus for another hour at 37°C. After extensive wash, 2x105 P14 T cells were adoptively 
transferred into each B6 recipient followed by LCMV Arm infection.  
	
RNA-seq Analysis.  
    Day 12 after infection, pooled kidney P14 T cells from 10-15 recipient mice were FACS sorted 
into CD69-, CD69+IL-18Rhi and CD69+IL-18Rlo cells. Total RNA was extracted from sorted cells 
using a Quick-RNA Miniprep kit from Zymo Research. Sequencing library was constructed 
according to Illumina TruSeq Total RNA Sample Preparation Guide (RS-122-2201). Each library 
was barcoded and then pooled for cluster generation and sequencing run with 50bp single-end 
sequencing protocol on an Illumina HiSeq 3000 platform. Original RNA-seq results can be 
accessed by GSE111801. 
 
Antibodies and Flow Cytometry.  
    For in vivo type I IFN blocking, 1mg anti-IFNAR-1 (MAR1-5A3, BioXcell) was given i.p. on day 4 
and day 7 post LCMV infection. For flow cytometry, single cell suspension from spleen, kidney and 
gut IEL was incubated with FcR blocker (clone 2.4G2, generated in the lab). Cells were typically 
stained with fluorescence labeled streptavidin (Thermo Fisher), IL-18Ra (P3TUNYA, eBioscience), 
CD8b (H35-17.2, eBioscience), CD45.1 (A20, Tonbo), CD45.2 (104, Tonbo), CD11b (M1/70, 
Tonbo) and the following antibodies from BioLegend, CD127 (A7R34), KLRG1 (2F1/KLRG1), 
CD69 (H1.2F3), CD16/32(2.4G2), CD73 (TY/11.8), CD103 (2E7), CD90.1 (OX-7), CXCR3 
(CXCR3-173), Ly6C (HK1.4), CD38 (90) and CXCR4 (L276F12). Cmah activity was determined by 
an anti-Neu5Gc antibody kit from Biolegend. Fixable Viability Dye eFluor 506 (eBioscience) or 
Ghost DyeTM Violet 510 (Tonbo) was used to identify live cells. For Tcf-1 staining, surface stained 
cells were treated by True-Nuclear TF Buffer Set (Biolegend) and stained with anti-Tcf-1 (C63D9, 
Cell Signaling). Washed and fixed samples were analyzed by BD LSRII or BD FACSCelesta, and 
analyzed by FlowJO (TreeStar) software. 
 
In vivo IFN-g Production During Reactivation.  

After 30 days of LCMV infection, we re-challenged the mice with 32µg GP33-41 peptide/mouse 
(Genscript) via an i.v. route together with 250µg Brefeldin A (B6542, Sigma) in 200µl PBS 4 hours 
before euthanasia similar to a previous report (Sega et al., 2014). During the lymphocyte isolation 
procedure of kidney, 5µg/ml Brefeldin A was added to the digestion buffer and density 
gradient centrifugation buffer. Freshly isolated lymphocytes were surface stained, fixed, 
permeablized and intracellular stained by anti-IFN-g antibody (XMG1.2, Biolegend) and anti-
granzyme B (NGZB, Invitrogen).  
 
Ex vivo Stimulation to Detect Cytokine Production. 
    Fresh isolated lymphocytes from various tissues were cultured in complete RPMI in the presence 
of Golgi STOP with or without different stimuli for 4 hours. Stimuli used in current study include 
1µM GP33-41, 20ng/ml IL-12+20ng/ml IL-18 or 20ng/ml IL-12+20ng/ml IL-18+20ng/ml IL-15+ 
20ng/ml IFN-a. All recombinant mouse cytokines were purchased from Biolegend. Stimulated cells 
were surface stained, fixed, permeablized and intracellular stained by anti-IFN-g antibody (XMG1.2, 
Biolegend) and anti-TNF antibody (MP6-XT22, Biolegend). Ghost DyeTM Violet 510 (Tonbo) was 



	

used to identify live cells. Washed samples were analyzed by BD FACSCelesta, and analyzed by 
FlowJO (TreeStar) software. 
 
Statistic Analysis.  
    P value was calculated by two-tail paired or unpaired Student t-test, One-way ANOVA using 
Prism 7 software. 
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