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Tissue-resident memory T cells (TRMs) accelerate pathogen clearance through rapid and enhanced
functional responses in situ. TRMs are prevalent in diverse anatomic sites throughout the human
lifespan, yet their phenotypic and functional diversity has not been fully described. Here, we
identify subpopulations of human TRMs based on the ability to efflux fluorescent dyes [efflux(+)
TRMs] located within mucosal and lymphoid sites with distinct transcriptional profiles, turnover,
and functional capacities. Compared with efflux(-) TRMs, efflux(+) TRMs showed transcriptional
and phenotypic features of quiescence including reduced turnover, decreased expression of
exhaustion markers, and increased proliferative capacity and signaling in response to homeostatic
cytokines. Moreover, upon activation, efflux(+) TRMs secreted lower levels of inflammatory
cytokines such as IFN-y and IL-2 and underwent reduced degranulation. Interestingly, analysis

of TRM subsets following activation revealed that both efflux(+) and efflux(-) TRMs undergo
extensive transcriptional changes following TCR ligation but retain core TRM transcriptional
properties including retention markers, suggesting that TRMs carry out effector function in situ.
Overall, our results suggest a model for tissue-resident immunity wherein heterogeneous subsets
have differential capacities for longevity and effector function.

Introduction
Memory CD8" T cells provide long-lived protection and exist as heterogeneous subsets differing in
tissue homing and self-renewal properties (1). Tissue-resident memory T cells (TRMs) are a noncir-
culating subset maintained in peripheral tissues that mediate optimal in situ protection against invad-
ing pathogens (2—4). In mouse models, TRMs are distinguished from circulating memory subsets by
expression of the early T cell activation marker CD69, along with the integrin CD103 for CD8* TRMs
(for a review, see ref. 4). Protective TRMs in mice can be generated by diverse viral and bacterial
pathogens and following site-directed vaccination (2, 3). However, TRMs can also direct pathogenic
immune responses to allergens in the lung (5, 6) and have been implicated in diseases such as psori-
asis and vitiligo in skin (7). Given their potential to participate in protective and pathogenic immune
responses in tissues, TRMs are an important target for immunomodulation. However, recent stud-
ies have demonstrated that TRMs are highly heterogeneous, encompassing multiple unique subsets
(8-12). Understanding the role of these different subsets in immune responses is therefore necessary
before therapeutic modulation of TRMs can be achieved.

We previously demonstrated through transcriptome profiling that human TRM-phenotype cells share
a core signature with key homology with mouse TRMs (13), including expression of specific homing/
adhesion molecules (CD49a and CXCR®6), negative regulators (PD-1 and CD101), and elevated production
of IL-2 and IL-10 compared with circulating effector-memory T (TEM) cells (12). However, our study also
revealed phenotypic heterogeneity within human TRMs, as has been found in other studies (9, 10). TRM
subsets identified by markers such as CD49a and CD103 have been shown to be transcriptionally and
developmentally distinct and can occupy nonoverlapping subanatomic niches (9-11); this suggests that the
TRM compartment actually comprises multiple distinct subsets with tissue-retention properties.
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Like memory T cells, hematopoietic stem cells (HSCs) exhibit long-term persistence and are largely main-
tained in tissues — specifically in bone marrow (BM) niches. HSCs are endowed with self-renewal capacities
and are resistant to chemotherapeutic agents, associated with an enhanced expression of ATP-binding cas-
sette (ABC) family multidrug transporters, which efflux proteins and small molecules, and maintain cellular
homeostasis (14-16). Recently, subsets of memory T cells with the ability to efflux fluorescent dyes have been
identified in human tissues including BM (17) and intestines (18). Another recent study identified effluxing
TRM populations in human tissue sites and showed in a mouse model of LCMYV infection that effluxing
TRMs are associated with quiescence (19). Nonetheless, the distribution of effluxing T cells across human
tissues, within TRMs, and their functional role in tissue immunity are unclear.

Here, we identify a population of memory CD8" T cells with the ability to efflux fluorescent dyes
[efflux (+)] in multiple lymphoid and nonlymphoid sites. Efflux(+) cells predominate within the TRM
compartment, are enriched for TRM core signature markers, and maintain a TRM profile when stimulated,
yet represent a functionally and transcriptionally distinct subpopulation. Notably, efflux(+) TRMs exhibit
reduced turnover, transcriptional signatures associated with longevity and quiescence, and an increased
capacity to proliferate compared with efflux(—-) TRMs, which have a higher effector capacity. Together,
these results demonstrate that dye efflux identifies a population of TRMs present in multiple tissues with a
unique role in the tissue immune response.

Results
CD8" TRMs efflux fluorescent dyes. We investigated the efflux capacity of memory CD8* T cells in different tissues
based on their ability to be labeled with fluorescent mitochondrial dyes, as done previously with HSCs (20). As
the predominant phenotype of memory (CD45RO*) CD8" T cells across human tissues is TEM (CD45RA~
CCR7) (21, 22), our studies are focused on this subset. T cells isolated from healthy human tissues obtained from
organ donors (see Methods) were labeled with MitoTracker Green, a fluorescent dye that labels total mitochon-
drial mass (23), revealing cells with high and low levels of mitochondrial dye (Mito" and Mito") (Figure 1A).
Similar fractions of Mito™ and Mito® cells were observed using either MitoTracker Green or CMXRos, a dye
dependent on mitochondrial membrane potential (Figure 1B), suggesting that changes in mitochondrial state are
not responsible for the observed staining patterns. To determine whether the Mito® subset was due to dye efflux,
we stained cells in the presence of increasing concentrations of cyclosporine A (CSA), a competitive inhibitor of
efflux pumps (24). A single Mito" population was observed when cells were labeled in the presence of CSA (Fig-
ure 1C). Similar results were obtained when using verapamil (Figure 1C), another competitive inhibitor of efflux
pumps that has been shown to have no effect on mitochondrial mass (19). Moreover, the 2 inhibitors used and
the mitochondrial dye staining did not have any effect on cell viability (Supplemental Figure 1A; supplemen-
tal material available online with this article; https://doi.org/10.1172/jci.insight.123568DS1). Thus, the Mito™
subset constitutes a population with dye efflux capacity and will be referred to hereafter as “efflux(+),” with the
corresponding Mito" subset referred to as “efflux(-).” Compared with efflux(-) cells, efflux(+) cells expressed
higher levels of MDR1 (4BCBI) (Supplemental Figure 1B), a cell surface transporter that mediates efflux of
fluorescent dyes and xenobiotics in HSCs (25), suggesting that ABC transporters may contribute to dye efflux.
Compiling data from several donors, we found that the frequency of efflux(+) compared with efflux(-)
populations differed between tissue sites, with the lowest frequency of efflux(+) memory T cells observed in the
blood (<40%) and the highest frequency observed in spleen and lung (>60%) (Figure 1D). Building on prior
work in which we found that cytomegalovirus-specific (CMV-specific) T cells were maintained long-term in sev-
eral tissue sites (26), we investigated whether efflux(+) T cells were present in CMV-specific populations. Indeed,
efflux(+) cells were detected within CMV-specific memory T cells in multiple tissue sites in frequencies similar
to the total efflux(+) frequency for that tissue (Figure 1E). Together, these results indicate that the proportion of
efflux(+) cells is a feature of the tissue site and that efflux(+) cells can be generated following infection.
Tissue-resident phenotype of efflux(+) CD8" T cells. Given the abundance of efflux(+) cells in tissues com-
pared with blood, we investigated whether efflux(+) T cells in tissues exhibited features of human TRMs.
‘We first assessed whether efflux(+) cells were differentially distributed within CD69* and CD69- fractions,
as CD69 is a phenotypic marker that distinguishes human TRMs from circulating memory T cells (9, 13,
18). In spleen, BM, and lung, efflux(+) cells were more highly represented among the CD69* compared
with the CD69- fraction of memory CD8* T cells across multiple donors (Figure 2, A and B). Importantly,
CD69* memory CD8* T cells were highly enriched for efflux(+) cells, comprising an average of 70% CD69*
T cells across multiple tissues and donors (Figure 2B). We also assessed whether the efflux(+) CD69* T
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Figure 1. A subset of memory CD8"* T cells across human tissues efflux fluorescent dyes. Human T cells from the indicated tissue sites were loaded with
mitochondrial dyes and analyzed by flow cytometry. (A) MitoTracker fluorescence within memory (CD45RA-CCR7-) CD8* T cells in tissues of a represen-
tative donor. Numbers within plots indicate percentage of cells that are Mito" (right) or Mito" (left). (B) Comparison of CMXRos (upper) and MitoTracker
Green (lower) staining of memory CD8* T cells from the spleen and lung of a representative donor. (C) Inhibition of dye efflux by cyclosporine A (CSA) and
verapamil. CD8* T cells from spleen were labeled with MitoTracker green as in panel A in the presence or absence of CSA (top row) or verapamil (bottom
row) at the indicated concentrations. Results are representative of 3 different donors. (D) Fraction of memory CD8* T cells that are efflux(+) from the
indicated tissue sites. LN, lymph node. Bar graph shows mean + SEM with individual samples shown from 4-20 donors for each tissue. (E) A subset of
CMV-specific CD8* T cells across tissues efflux dyes. Upper: Detection of CMV-specific CD8* T cells within memory CD8* T cells from indicated tissue sites.
Lower: Frequency of efflux(+) and efflux(-) cells within the CMV tetramer* population. Results are representative of 2 donors.
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cells were mucosa-associated invariant T (MAIT) cells, which have previously been shown to efflux dyes
(27, 28). We detected only a small fraction (<10%) of T cells within tissues expressing the canonical phe-
notype of MAIT cells (CD161*/Va7.2*) among CD69* T cells (Supplemental Figure 2), indicating that the
majority of efflux(+) T cells across healthy human tissues are polyclonal memory CD8" T cells.

We previously determined that human TRMs are enriched within the CD69* fraction of tissue memory
T cells and exhibit a core phenotypic and functional profile (12). We therefore investigated the expres-
sion of core TRM-associated markers by efflux(+) and efflux(-) subsets of CD69* memory CD8" T cells
(TRMs). Strikingly, expression of CD103, a canonical CD8* TRM marker (29), was enriched within the
efflux(+) compared with efflux(-) fraction in both spleen and lung, with some interdonor variability for the
lung (Figure 2C). Similarly, expression of the integrin CD49a and CD101, both part of the human TRM
core signature (12), was increased within the efflux(+) compared with efflux(—) TRM subset in multiple
donors (Figure 2D). Overall, these results suggest that efflux(+) cells predominate within the TRM com-
partment and express canonical TRM markers at high levels compared with their efflux(—) counterparts.

Efflux(+) TRMs but not circulating TEMs have a unique surface receptor phenotype. We next investigated the phe-
notype of efflux(+) and efflux(-) cells. Given the relative enrichment of efflux(+) cells within TRMs, we sought
to determine if efflux status is associated with unique properties specifically for TRMs or more generally across
memory subsets. We first measured CD127 (IL-7 receptor) expression, as IL-7 is critical for memory T cell
homeostasis, and high CD127 expression is associated with long-lived memory CD8" cells, while low CD127
expression can indicate chronic activation and exhaustion (30, 31). Efflux(+) TRMs had elevated CD127 expres-
sion compared with efflux(—-) TRMs (Figure 3A), while no differences were observed between efflux(+) and
efflux(-) TEMs. We then assessed the expression of the coreceptors CD27 and CD28, which are downregulated
following TCR stimulation. Within the TRM compartment, efflux(+) TRMs had a significantly reduced fre-
quency of CD27*" and CD28" cells compared with efflux(—-) TRMs (Figure 3, B and C). For circulatory TEMs,
CD27 and CD28 expression was similar for both efflux(+) and efflux(-) subsets (Figure 3, B and C).

Expression of PD-1, which inhibits T cell responses and is associated with exhaustion and chronic acti-
vation (32), was reduced in efflux(+) compared with efflux(—) TRMs (CD69*) (Figure 3D). Within TEMs,
some differences were seen within spleen and BM; however, the differences were of reduced magnitude as
compared with the TRM fraction. Additionally, efflux(+) TRMs had lower expression of CD57, a marker
of replicative senescence and cytotoxicity (33), compared with efflux(—-) TRMs, while no significant dif-
ferences were seen in circulatory TEMs (Figure 3E). Further supporting a core tissue-resident phenotype,
efflux(+) cells also expressed higher levels of CD39 (Figure 3F), a marker of liver-resident TRMs (34) that
has also been proposed to mark functionally distinct CD8" T cells with immunomodulatory function (35).
Overall, these results suggest that efflux status is associated with unique phenotypic properties within the
TRM compartment but not for circulatory memory T cells. Efflux(+) TRMs appear to have a distinct acti-
vation history and potentially enhanced capacity for cytokine responses and longevity.

TRM subsets differing in efflux capacities exhibit a distinct transcriptional profile. Given that efflux status was
associated with a unique phenotype primarily within TRMs, we performed whole transcriptome profiling of
efflux(+) and efflux(-) CD69* memory CD8* T cells from 3 organ donors by RNA-sequencing (RNA-Seq)
to further characterize these subsets (Supplemental Table 1). Principal component analysis (PCA) revealed
that the efflux(+) subset is transcriptionally distinct from the efflux(-) subset across all donors, based on the
second principal component accounting for 21% of the variation in gene expression between these subsets
(Figure 4A). We used DAVID online functional annotation analysis on the top 500 differentially expressed
genes to interpret their biological significance (36, 37). This analysis reveals enriched pathways that contain
genes differentially expressed within our data set. These results indicate fold enrichment and significance but
do not give information about the directionality of the pathways. The pathway with the greatest enrichment
within our gene set was phospholipid translocation, and significant enrichment for pathways controlling T
cell costimulation, signaling, cytokine responses, adhesion, and migration was also observed (Figure 4B).

We identified 133 genes differentially expressed between efflux(+) and efflux(-) TRMs by DESEQ
analysis applying criteria for significance (false discovery rate [FDR] < 0.05 and absolute value of log2
fold change > 1; see Methods). Notably, the number of genes distinguishing efflux(+) and efflux(-) TRMs
was much lower than the 300400 differentially expressed genes we previously reported when comparing
TRM-enriched (CD69") to circulating CD69- memory CD8" T cells in human blood and tissues (12).
Expression levels of these 133 genes were consistent across all 3 donors (Figure 4C) and comprised several
major pathways (Figure 4D). Genes associated with nutrient, ion, and xenobiotic transporters including
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Figure 2. Efflux(+) memory CD8* T cells are enriched in the TRM fraction across human tissues. (A) Upper: CD69 expression by efflux(+) (Mita"®) and efflux(-)
(Mito") subsets of memory CD8* T cells in the indicated tissues. Lower: Compiled frequency of efflux(+) cells within the CD69* (TRM-enriched) and CD69" sub-
sets of memory CD8* T cells in each tissue site, with each line connecting subsets from 1individual donor (spleen, 17 donors; bone marrow, 7 donors; lung, 6
donors). (B) Frequency of TRMs that are efflux(+) in each tissue site, with bars showing mean + SEM and individual donors represented by single dots. (C)
Upper: CD103 expression by efflux(+) and efflux(-) TRMs in spleen and lung. Lower: Compiled frequency of CD103 expression among efflux(+) and efflux(-)
TRMs in the spleen (n =10) and lung (n = 6), with each line connecting subsets within individual donors. (D) Upper: Expression of CD49a and CD101 among
efflux(+) and efflux(-) TRMs (CD69") from the spleen of a representative donor. Lower: Compiled frequency of CD49a- and CD101-expressing cells within
efflux(+) and efflux(-) splenic TRMs (n = 6). For all panels, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by paired t test.

ABCAI, which encodes the protein MDRI1, were expressed at higher levels in efflux(+) TRMs, as were
those involved in cell adhesion such as ITGAE (encoding CD103), ITGAI (encoding CD49a), NCAMI,
MCAM]I, CDH4, and ANK (Figure 4D); efflux(+) TRMs additionally upregulated CCR9, CCR1, and CCRS6,
and downregulated CCR4 and CCRS, receptors involved in chemotaxis (Figure 4D).
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Figure 3. Efflux(+) TRMs have a unique phenotype. (A) Left: CD127 expression by efflux(+) and efflux(-) TRMs and TRMs from the spleen of 1 representa-
tive donor. Right: Compiled frequencies of CD127* efflux(+) and efflux(-) TRMs and TEM subsets from spleen (n = 5) and bone marrow (BM, n = 7). (B and C)
Left: CD27 (B) and CD28 (C) expression by efflux(+) and efflux(-) TRMs and TRMs from the spleen of 1 representative donor. Right: Compiled frequencies
of CD27* (B) and CD28* (C) efflux(+) and efflux(-) TRMs and TEM subsets from spleen (n = 7). (D) Left: Expression of PD-1 by efflux(+) and efflux(-) TRM
and TEM subsets from the spleen of a representative donor. Right: Compiled expression of PD-1 by efflux(+) and efflux(-) TRMs from spleen (n = 8), lung
(n=7), and BM (n = 6). (E) Left: Histograms of CD57 expression by efflux(+) and efflux(-) TRMs and TEM subsets from the spleen of 1 representative donor.
Right: Compiled frequencies of CD57* TRMs and TEMs from spleen (n = 7) and BM (n = 3). (F) Left: Plots show CD39 expression by efflux(+) and efflux(-)
TRM and TEM subsets from the spleen of 1 representative donor. Right: Compiled frequencies of CD39* TRMs and TEMs from spleen (n = 6). For all panels,
*P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by paired t test. ns and n.s., not significant.
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Expression of key transcription factors regulating differentiation and function differed between efflux-
ing subsets (Figure 4D), with efflux(+) TRMs exhibiting increased expression of TLEI, a transcriptional
regulator associated with Notch/RBPJ signaling (38), which regulates TRM differentiation (39). Moreover,
efflux(+) cells had elevated RORC and RORA expression, two transcription factors that drive Tcl7-type
responses in CD8" T cells (40), and expressed high levels of IL174, and genes encoding IL-23 and IL-17
receptors (Figure 4D), all associated with type 17 responses. Notably, levels of the nuclear receptor NR4A1,
which is upregulated in blood efflux(+) cells (19), did not differ significantly between efflux(+) and efflux(-)
TRM subsets. Analysis of genes associated with cell cycle and apoptosis control showed elevated levels of
CD101, SPRY1, and SPRY2, genes with documented roles in suppressing T cell proliferation and TCR-me-
diated calcium signaling (41, 42), coupled with reduced levels of cyclin B2 (CCNB2). Overall, these data
indicate that efflux(+) TRMs have a unique transcriptional program composed of genes controlling adhe-
sion and migration, as well as T cell activation, function, and proliferation.

Distinct functional profile and proliferative capacity of efflux(+) TRMs. Differential expression of key genes
involved in cell cycle, quiescence, and T cell function suggested distinct proliferative and functional capacities
of efflux(+) and efflux(-) TRMs. Before examining the function of these TRM subsets, we chose to investigate
the stability of these subsets after stimulation. After 48 hours of stimulation, the majority of efflux(+) TRMs
retained their ability to efflux dyes, and similarly the majority of efflux(—) TRMs remained efflux(-) (Figure
5A). However, a small fraction of each subset did convert to the opposite subset (Figure 5A), suggesting some
plasticity following stimulation. We then measured the ability of these TRM subsets to produce cytokines fol-
lowing 48 hours of stimulation. Efflux(—~) TRMs produced higher levels of multiple cytokines compared with
efflux(+) TRMs, including proinflammatory mediators TNF-o, (1.7-fold difference) and IFN-y (1.4-fold dif-
ference), IL-2 (2.2-fold difference), and the Th2-associated cytokine IL-4 (8.7-fold difference) (Figure 5B). By
contrast, efflux(+) TRMs produced increased levels of IL-17 compared with efflux(—) TRMs (Figure 5B), con-
sistent with transcriptome profiling results. Interestingly, levels of IL-10 production were comparable between
the 2 subsets. Along with increased effector cytokine production, efflux(—) TRMs exhibited markedly higher
degranulation measured by CD107a (LAMP1) expression compared with efflux(+) TRMs (Figure 5C).

We recently showed that CD8* TRMs can vary in proliferative capacity (43). When fractionated based
on efflux capacity, efflux(+) memory cells exhibited increased proliferation compared with efflux(-) cells
following stimulation (Figure 6A). TCR stimulation induces metabolic reprogramming and expression of
key transcription factors that regulate proliferation and effector cell differentiation such as IRF4 (44-47).
While proliferating efflux(+) and efflux(—) TRMs expressed increased levels of IRF4 compared with non-
dividing cells, IRF4 levels in proliferating efflux(-) cells were higher than those in efflux(+) cells across
multiple divisions and in multiple donors (Figure 6B). As IRF4 is associated with effector differentiation,
these results are consistent with the findings above showing that efflux(—) TRMs produce higher levels of
TNF and IFN-y compared with efflux(+) TRMs (Figure 5B).

The reduced effector function and increased proliferative capacity of efflux(+) compared with efflux(-)
TRMs suggested that these subsets may likewise differ in their homeostatic maintenance. Consistent with
this hypothesis, efflux(+) TRMs expressed lower levels of Ki67 (Figure 6C) compared with efflux(—) TRMs,
suggesting that efflux(+) TRMs persist in a more quiescent state. Efflux(+) TRMs also exhibited increased
IL-7 signaling following IL-7 stimulation ex vivo as shown by enhanced STATS5 phosphorylation (Figure
6D), a key effector of IL-7 signals (31), consistent with our finding of increased CD127 expression by
efflux(+) compared with efflux(-) TRMs (Figure 3). These results indicate that efflux(+) TRMs have an
increased capacity to respond to homeostatic cytokines important for memory cell longevity. Overall, these
results demonstrate that while efflux(+) TRMs have increased capacity to proliferate and produce IL-17,
efflux(—) TRMs exhibit high effector and cytotoxic potential and reduced proliferation.

https://doi.org/10.1172/jci.insight.123568 7
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Figure 4. Efflux(+) cells are a transcriptionally distinct subset of TRMs. Whole transcriptome profiling by RNA sequencing was performed on efflux(+) and
efflux(-) CD69* (TRM) memory CD8* T cells from the spleen of 3 donors. (A) PCA of efflux(+) and efflux(-) TRM samples, based on the global transcriptome.
(B) Functional annotation analysis by DAVID software. Select gene ontology (GO) terms with significant adjusted P values (Adj. p) are displayed, along with
fold enrichment. (C) Heatmap of normalized expression levels of all genes with significant differential expression between the 2 groups, defined as FDR <
0.05 and absolute value of log2 fold change > 1. (D) Select significantly differentially expressed genes that are upregulated [“up in efflux(+)"]or downreg-
ulated [“down in efflux(+)"] grouped by category. Shown are the log2 fold changes (log2FC) of select genes between efflux(+) and efflux(-) cells for each
donor, designated by a unique shape (see legend in bottom left panel). Genes marked with a “*” did not meet FDR criteria (0.05), but had log2FC > 1 and
significant P values and were included for potential biological relevance.
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The transcriptional response of TRM subsets to TCR stimulation. To investigate the bases for the different
functional response of efflux(+) and efflux(—) TRM subsets to TCR/CD3 stimulation, we examined their
activation-induced transcriptional profile. We performed RNA-Seq on efflux(+) and efflux(-) TRM sub-
sets as in Figure 4 following 12-hour TCR stimulation. Applying the criteria for significance as above, we
found 865 and 487 genes to be differentially expressed between stimulated and unstimulated efflux(+) and
efflux(—) TRMs, respectively (Figure 7A). Interestingly, more genes were downregulated than upregulat-
ed following stimulation for both efflux(+) and efflux(-) cells (Figure 7A). Further, the number of genes
differentially expressed by either subset was substantially higher than the number of genes differentially
expressed between memory and naive T cell subsets (48) or between TRMs and TEMs in humans (12).
These data suggest that TRMs are poised for a robust and rapid transcriptional response to stimulation.

The magnitude of the transcriptional response to stimulation raised the question of whether efflux(+) or
efflux(-) cells lose TRM-like properties after stimulation, particularly those associated with tissue retention.
To address this, we compared the genes that were differentially expressed following stimulations (from our
current data set) to the genes that are differentially expressed between TRMs and TEMs (using our previously
published data set in ref. 12). Interestingly, very few genes overlapped between these 2 data sets (Figure 7B),
implying that transcriptional changes following stimulation in either efflux(+) or efflux(-) cells are unrelated
to the genes that define the TRM subset. TRMs are characterized by low expression of the homing receptors
S1PR1 and CCR7 and reduced expression of the associated transcription factor KLF2, which together help
TRMs avoid egress cues (4, 49). Following stimulation, both efflux(+) or efflux(—) TRMs further downregulat-
ed these genes (Figure 7C), implying that the migratory program of TRMs is reinforced to allow these cells to
carry out functions in situ. Taken together, these results suggest that while TRMs undergo large transcription-
al changes upon activation, these cells remain TRM and do not lose defining features of the subset.

Comparison of the transcriptional response to stimulation between efflux(+) and efflux(-) TRMs
revealed a similar set of genes that was differentially regulated (Figure 7D). Following stimulation, there
was significant downregulation of genes involved in pathways for cytokine signaling and TCR-coupled
signaling, with the sirtuin pathway, which controls metabolism and cell cycle progression/apoptosis (50),
emerging as the top result for both subsets (Figure 7E). Other pathways included cell cycle regulation and
metabolism (Figure 7E). Genes related to T cell function and cytokine signaling were also differentially
expressed, including proinflammatory cytokine genes (/L17F, LTA [lymphotoxin o], and IL13), the cytotox-
ic gene GZMB (encoding granzyme B), and a number of chemokines (Figure 7F).

A limited number of genes exhibited divergent upregulation/downregulation in activated efflux(+) com-
pared to efflux(-) cells (Figure 7G). Of note, efflux(+), but not efflux(-), TRMs upregulated expression of
ITGBS, an integrin critical for local activation of latent TGF- complexes on Tregs (51). Efflux(+) TRMs also
upregulated expression of TACRI, encoding neurokinin-1-R, a receptor with a role in type 17 responses that
is potentiated by TGF-f signaling (52). Taken together, these results suggest that TGF-f signaling and type 17
responses may be differentially regulated by efflux(+)/efflux(-) subsets. Finally, efflux(+) cells downregulated
ABCAI upon activation (Figure 7G). As this transporter may mediate dye efflux (Supplemental Figure 1 and
ref. 25), this suggests that at a least a fraction of efflux(+) cells give rise to efflux(-) progeny.

Discussion

It has become increasingly clear that long-term immunity is regulated locally at the tissue level through the
establishment and persistence of TRMs. Using healthy primary human tissues, we provide evidence for func-
tional heterogeneity within the CD8" TRM compartment based on differential capacity to efflux fluorescent
dyes. Critically, efflux(+) and efflux(—) TRM subsets were transcriptionally and functionally distinct, both at
steady state and following TCR stimulation. Efflux(+) cells differentially express transcription factors related
to type 1 and type 17 inflammatory responses, indicating that key regulators of lymphocyte cell fate decisions
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CD28/CD2 beads, and efflux capacity was reassessed after 48 hours along with CD25 expression. Plots show MitoTracker and CD25 expression from the
spleen of 1donor for the indicated subsets. (B) Cytokine production following TCR stimulation. Efflux(+) and efflux(-) TRMs were sorted and stimulated
with anti-CD3/CD28/CD2 beads for 72 hours, and cytokines in supernatant were quantified using cytometric bead array (see Methods). Graphs show levels
of indicated cytokines in supernatants compiled from 8 donors. (C) Degranulation of efflux(+) and efflux(-) TRM subsets. Sorted cells were pulse labeled
with CD107a antibody followed by PMA/ionomycin stimulation. Representative plots and quantification of CD107a* from splenic efflux(+) and efflux(-)
TRM subsets from 4 donors. For all panels, *P < 0.05. **P < 0.01 ****P < 0.0001 by paired t test. ns, not significant.
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may also program distinct subsets of TRMs. These TRM subsets also exhibited a differential capacity for
IFN-y/TNF-o and IL-17 production as well as a differential propensity toward degranulation. This stratifica-
tion of function suggests that different TRM subsets may preferentially mediate specific functions.

Previous studies have found that effluxing memory T cells were enriched among certain TRM popu-
lations in specific sites (19). Here, we show through an extended functional and transcriptional analysis of
TRMs in multiple human tissues that TRMs comprise both effluxing and non-effluxing populations, with
each playing distinct roles. Efflux(+) cells retain a higher proliferative potential following TCR stimulation
and may constitute a resting pool of cells that repopulates the more effector-like efflux(-) subset to promote
type 1 inflammatory responses. Differences in the expression of genes controlling cell cycle progression and
proliferation, as well as different levels of inhibitory receptor expression, may together explain the observed
differences in proliferative capacities. Additionally, efflux(+) TRMs exhibited increased responses to IL-7, a
cytokine associated with memory maintenance. These results demonstrate that a portion of TRMs are not
fully terminally differentiated and can undergo substantial proliferation during re-activation. This prolifer-
ation of human TRMs identified here is consistent with 2 recent reports showing that mouse TRMs could
proliferate in situ to antigenic peptide and pathogen challenge (53, 54).

Our analysis of transcriptional responses to TCR stimulation has implications for TRM biology as a whole.
‘We found that TRMs preserve their core profile of downmodulated tissue egress molecules (e.g., SIPR1, CCR7,

https://doi.org/10.1172/jci.insight.123568 10
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panels, *P < 0.05. **P < 0.01 ****P < 0.0001 by paired t test. n.s., not significant.

and KLF2) after TCR stimulation, while undergoing a rapid and extensive transcriptional response. Notably,
TRM stimulation preserved a tissue-retentive profile and was accompanied by extensive downmodulation of
genes involved in cytokine and TCR signaling, with a focused upregulation of specific cytokines and chemok-
ines. We propose that this narrowing of transcriptional response in activated TRMs enables them to promote
effective and specific responses in situ, without triggering overt tissue damage and inflammation.

The stratification of function between TRM subsets suggests a cooperative model for TRM main-
tenance and functional responses. Specifically, efflux(—) TRMs may contribute more to IFN-y/TNF-a
responses and cytotoxic functions, while efflux(+) TRMs may mediate type 17 inflammation to a greater
extent while serving as a proliferative reservoir to replenish the TRM compartment. However, transcrip-
tional data also indicate substantial overlapping functions, suggesting a model in which certain functions
are universal properties of TRMs, while others are primarily mediated by a specific TRM subset. The
division of labor between TRM subsets may also be driven by anatomic differences, as suggested by distinct

adhesion molecule and migratory receptor expression.
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Figure 7. The transcriptional response of efflux(+) and efflux(-) TRMs to stimulation. RNA-Seq analysis was performed on splenic efflux(+) and efflux(-)
TRM subsets isolated as in Figure 3 following stimulation with anti-CD3/CD28 for 12 hours. (A) Differential expression was assessed using DESEQ2, and
plots display the number of significantly upregulated and downregulated genes following stimulation in both efflux(+) and efflux(-) subsets. (B) Both
efflux(+) and efflux(-) TRMs preserve TRM-like characteristics after stimulation. Venn diagrams show overlap between genes that are differentially
expressed when comparing stimulated versus unstimulated TRMs (current data set) and genes that are differentially expressed when comparing human
spleen CD8* TRMs and TEMs (“TRM core genes”; from ref. 12). (C) TRMs downregulate egress receptors after stimulation. Plot shows log2 fold changes
(log2FC) of CCR7, S1PR1, and KLF2 when comparing stimulated versus unstimulated efflux(+) and efflux(-) TRM samples. (D) Scatterplot displays all genes
found to have significant differential expression in either efflux(+) or efflux(-) stimulated versus unstimulated samples as in A. Value on the x axis rep-
resents the log2FC of the gene between stimulated versus unstimulated efflux(+) samples, and the y axis represents the log2FC of the same gene between
stimulated versus unstimulated efflux(-) samples. Samples are color coded by whether the differential expression was significant in only efflux(+) TRMs,
only efflux(-) TRMs, or both groups. (E) Ingenuity Pathway analysis (IPA) analysis. Select pathways that had significant P values (<0.01) when comparing
stimulated versus unstimulated samples in both efflux(+) and efflux(-) TRMs are displayed. Direction of enrichment in stimulated samples is proportional
to the color intensity of each bar. (F) Plot shows log2FC of select genes related to T cell function when comparing stimulated versus unstimulated TRM
samples for both efflux(+) and efflux(-) subsets. (G) Expression of genes (log2FC) from C that have opposite-direction changes for efflux(+) and efflux(-)
samples after stimulation across all 3 donors. Plot shows log2FC of the selected genes, comparing expression by stimulated versus unstimulated samples
for efflux(+) (orange triangles) and efflux(-) (blue circles) TRMs.

While we identified differences in function between these TRM subsets, we have no evidence that efflux
capacity, per se, has direct effects on their function. Rather, it may reflect the physiological state of the cells
and their ability to survive in diverse environments. Efflux pumps expel toxic xenobiotics and have been impli-
cated in the persistence of human lymphocytes during chemotherapy (28). TRMs persist in peripheral tissue
sites for years or even decades, where they are exposed to a range of foreign agents, particularly in sites such
as skin and lung. Given our data that efflux(+) TRMs show evidence of increased quiescence and longevity,
heightened expression of efflux pumps may contribute to TRM survival and homeostasis in peripheral tis-
sues. Efflux capacity may also mediate differential susceptibility to chemotherapy and drug treatments (55).

Given that efflux(+) TRMs exhibit increased IL-17 production as well as Thl7-associated signaling,
specifically targeting efflux(+) cells in IL-17-mediated inflammatory diseases such as psoriasis might be
an optimal therapy that spares protective TRMs while eliminating pathogenic TRMs. Previously, there
has been interest in the possibility of targeted immune therapies that specifically modulate either TRMs or
circulatory T cells while leaving other aspects of the immune system undisturbed (7). Our data suggest that
this specificity can be extended to target specific TRM subsets. Overall, the identification of these distinct
subsets could be leveraged toward next-generation therapies for infection, cancer, and autoimmunity.

Methods

Acquisition of tissue from human organ donors. Human tissues were obtained from deceased organ donors at
the time of organ acquisition for clinical transplantation through an approved research protocol and MTA
with LiveOnNY, the organ procurement organization for the New York metropolitan area. All donors were
free of chronic disease and cancer, hepatitis B, C, and HIV negative. A list of donors from which tissues
were obtained and used in this study is presented in Supplemental Table 1.

Cell isolation from human lymphoid and nonlymphoid tissues. Tissue samples were maintained in cold saline
and brought to the laboratory within 2—4 hours of organ procurement. Spleen, lung, and BM samples were
processed using enzymatic and mechanical digestion resulting in high yields of live leukocytes, as described
previously (21, 22). Mononuclear cells were isolated from peripheral blood using centrifugation through
lymphocyte separation medium (Corning). Non-enzymatic isolation was also used for spleen tissue using
the Bullet Blender Tissue Homogenizer (Next Advance). Tissue samples were chopped into small pieces
(<5 mm) using scissors and 4-5 g of tissue was placed in a 50-ml conical tube and complete RPMI was add-
ed to a total volume of 10 ml, followed by addition of 7 or 8 4.8-mm stainless steel beads (product SSB48).
Tissues were homogenized in the bullet blender for 2 minutes at speed setting 3—4. Following homogeniza-
tion, the mixture was filtered through a 70-um Cell Strainer (Corning). ACK buffer was used for RBC lysis,
followed by an additional filtration through a 70-um Cell Strainer.

Efflux dye labeling. T cells were labeled with MitoTracker Green FM (50 nM) or CMXRos (25 nM)
(Thermo Fischer Scientific) for 15 minutes in complete media (10% FBS in RPMI) according to the manu-
facturer’s instructions. Efflux was blocked by performing fluorescent labeling in the presence of 25-50 uM
CSA (24) or in the presence of 25-50 uM verapamil.

Functional assays. For quantification of cytokine production by different subsets, sorted cells were plated
in 96-well round-bottom plates at 10° cells/well in complete RPMI medium and stimulated using anti-CD3/
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CD28/CD2 beads for 72 hours (T Cell Activation/Expansion Kit, Miltenyi Biotec). Cytokine levels in cell super-
natants were measured using a BD Cytometric Bead Array (Human Th1/Th2/Th17 Cytokine Kit). To quantify
degranulation, sorted cells were labeled with fluorochrome-conjugated anti-CD107a antibody before plating
in complete media and subsequently stimulated with PMA/ionomycin for 3 hours. For assays of responses to
cytokines, sorted cells were rested in RPMI medium without serum for 2 hours. Cells were then transferred to
complete media and stimulated for 20 minutes with 50 ng/ml IL-7 (PeproTech) before flow cytometry analysis.
For proliferation assays, cells were labeled with Cell Trace Violet (Thermo Fisher Scientific) according to the
manufacturer’s instructions before stimulation with anti-CD3/CD28/CD2 beads for 4 days.

Flow cytometry. Cells were stained according to standard flow cytometry protocols using antibodies listed in
Supplemental Table 2. For detection of transcription factors, cells were fixed and permeabilized using the eBio-
science Foxp3 kit. For phospho—flow cytometry, cells were first fixed with 4% paraformaldehyde for 15 minutes
followed by permeabilization with ice-cold methanol. All samples were acquired on a BD Fortessa or LSRII
flow cytometer. For isolation of subsets by fluorescence-activated cell sorting (FACS), lymphocyte suspensions
were enriched for T cells using the MojoSort Human CD3 T cell Isolation Kit (Biolegend), stained for surface
markers as indicated, and sorted using a BD Influx high-speed sorter or an Aria ITu sorter (BD Biosciences). For
identification of CMV-specific T cells, samples from HLA-A2 haplotype donors were labeled with IE1-VLE
peptide pentamers (Proimmune) (26). Data were analyzed using FlowJo V.10 software (Tree Star).

RNA-Seq and analysis. FACS was used to isolate CD3*CD8*CD69" memory cells (CD45RACCR7)
that were either efflux(-) or efflux(+). Cells were sorted from the spleen of 3 individual donors (aged 32,
32, and 59 years); some cells were stimulated with anti-CD3/CD28/CD2 beads for 12 hours prior to RNA
isolation. RNA was isolated from cell pellets using the RNeasy Mini Kit (Qiagen) and quantified using an
Agilent 2100 Bioanalyzer (Agilent Technologies). RNA-Seq libraries were prepared using standard TruSeq
with poly(A) pulldown and were sequenced on the Illumina HiSeq 2500 with 101-bp single-end reads at
the Columbia Genome Center. RNA-Seq reads were mapped using TopHat (56) with default parameters
to the human reference genome build hgl9, data quality control was performed using RNA-SeQC (57),
read counts computed using HTSeq (58), and per-gene fragment per kilobases per million reads (FPKM)
estimated using Cufflinks (59). Differential gene expression analysis was performed with DESeq2 (60), and
pathway analysis with Ingenuity Pathway Analysis software (IPA, Qiagen). We considered genes to be sig-
nificantly differentially expressed between 2 groups if FDR < 0.05 and absolute value of log2 fold change >
1. Data were deposited in the NCBI’s Gene Expression Omnibus database (GEO GSE109841).

Statistics. Statistical analyses were performed in GraphPad Prism (v.7). A P value of < 0.05 was consid-
ered significant; statistical tests are specified in each figure legend. All ¢ tests were 2 tailed.

Study approval. Isolation of blood and tissues from organ donors does not qualify as human subjects
research and does not require informed consent, as confirmed by the Columbia University Institutional
Review Board (IRB, Columbia University, New York).
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