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Human Lymph Nodes Maintain TCF-1™ Memory T Cells
with High Functional Potential and Clonal Diversity
throughout Life

Michelle Miron,*" Brahma V. Kumar,* Wenzhao Meng,"t Tomer Granot,*

Dustin J. Carpenter,* Takashi Senda,* Dora Chen,” Aaron M. Rosenfeld,§

Bochao Zhang,® Harvey Lerner,’ Amy L. Friedman,¥ Uri Hershberg,® Yufeng Shen,'*
Adeeb Rahman,** Eline T. Luning Prak,1E and Donna L. Farber* ™"

Translating studies on T cell function and modulation from mouse models to humans requires extrapolating in vivo results on mouse
T cell responses in lymphoid organs (spleen and lymph nodes [LLN]) to human peripheral blood T cells. However, our understanding
of T cell responses in human lymphoid sites and their relation to peripheral blood remains sparse. In this study, we used a unique
human tissue resource to study human T cells in different anatomical compartments within individual donors and identify a subset
of memory CD8"* T cells in LN, which maintain a distinct differentiation and functional profile compared with memory CD8"
T cells in blood, spleen, bone marrow, and lungs. Whole-transcriptome and high-dimensional cytometry by time-of-flight profiling
reveals that LN memory CD8* T cells express signatures of quiescence and self-renewal compared with corresponding populations
in blood, spleen, bone marrow, and lung. LN memory T cells exhibit a distinct transcriptional signature, including expression of
stem cell-associated transcription factors TCF-1 and LEF-1, T follicular helper cell markers CXCRS and CXCR4, and reduced
expression of effector molecules. LN memory T cells display high homology to a subset of mouse CD8" T cells identified in chronic
infection models that respond to checkpoint blockade immunotherapy. Functionally, human LN memory T cells exhibit increased
proliferation to TCR-mediated stimulation and maintain higher TCR clonal diversity compared with memory T cells from blood
and other sites. These findings establish human LN as reservoirs for memory T cells with high capacities for expansion and diverse

recognition and important targets for immunotherapies. The Journal of Immunology, 2018, 201: 000-000.

cells mediate adaptive immune responses and long-lived

protective immunity through their differentiation to ef-

fector and memory T cell populations, respectively. Al-
though the majority of effector T cells are short-lived in vivo, a
subset of primed effector cells differentiate and persist as pop-
ulations of long-lived memory T cells. In humans, T cell subset
differentiation and memory maintenance have been extensively
characterized from peripheral blood, revealing subsets of memory
T cells that differ in phenotype and proliferative potential (1, 2).
However, the majority of T cells in the body are localized in tissue
sites, particularly in lymphoid tissues, including bone marrow
(BM), spleen, and an estimated 700 lymph nodes (LN) (3), where
T cell responses are initiated, regulated, and maintained. How
human T cells in lymphoid sites function and persist relative to

subsets in blood is not well understood; defining their nature is
important for monitoring and modulating immune responses and
translating findings from mouse models in which T cells from
spleen and LN are the predominant sites of investigation.

In human tissues, a significant fraction of memory T cells ex-
press markers, including CD69 and CD103, which denote tissue-
resident memory T (TRM) (4-6). In human lymphoid tissue, a
lower proportion of memory T cells express CD69 and CD103
compared with mucosal sites (4). It is not known whether lym-
phoid memory T cells persist with similar functional properties
across tissues or adopt compartment-specific attributes. Moreover,
memory T cells in secondary lymphoid organs of laboratory mice
generally do not exhibit TRM phenotypes (7), suggesting that
lymphoid memory T cells in humans may exhibit features distinct
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from those in mouse tissues because of their longevity and/or
increased exposure to diverse Ags encountered over human life.

T cell differentiation to effector and memory cell fates is reg-
ulated by key transcription factors (8). T cell factor-1 (TCF-1) is
essential for memory T cell formation and maintenance in the
periphery through regulation of pathways for survival and quies-
cence (9, 10), whereas T-bet promotes effector over memory
T cell generation (11). In mice, differential expression of TCF-1
by memory T cells can influence their function and localization. In
mouse models of chronic viral infection, several groups identified
a TCF-1" subset of memory CD8" T cells to be the responding
population mediating viral clearance following anti—PD-1 therapy
(12, 13). This TCF-1" memory subset was absent from peripheral
blood and only detected in lymphoid sites (12—16). For human
T cells, the role of specific transcription factors in the differenti-
ation, maintenance, and localization of effector and memory
T cells has not been defined.

In this study, we used our unique tissue resource from which we
obtain blood and multiple lymphoid and mucosal tissues from
individual organ donors of all ages (6, 17, 18) to investigate how
T cells in lymphoid sites are transcriptionally and functionally
related to those in blood and peripheral sites. By studying T cells
across multiple tissues within and between individuals, we dem-
onstrate in this study that memory CD8" T cells are maintained
in human LN in an organ-specific manner throughout the human
lifespan. Notably, LN memory CD8"* T cells maintain expres-
sion of transcription factors TCF-1 and LEF-1 (associated with
self-renewal) and exhibit distinct transcriptional and protein
expression signatures involved in T follicular helper (Tth) cell
differentiation (with downregulation of effector function and
inflammatory signals) compared with memory T cells in blood
and other lymphoid (spleen, BM) and peripheral (e.g., lungs)
sites. LN memory CD8" T cells also exhibit higher proliferative
capacity and increased TCR clonal diversity compared with
memory T cells in other sites. Together these findings establish
human LN as reservoirs for maintenance of high-potential memory
T cells and LN memory CD8" T cells as novel targets for immune
modulation and adoptive immunotherapies.

Materials and Methods

Acquisition of human tissue

Human tissues were obtained from deceased (brain-dead) organ donors at
the time of organ acquisition for lifesaving clinical transplantation (6, 17,
18) through an approved protocol with LiveOnNY, the organ procurement
organization for the New York metropolitan area. Donors were free of
chronic disease and cancer and negative for hepatitis B, hepatitis C, and
HIV. The study does not qualify as human subjects research, as confirmed
by the Columbia University Institutional Review Board, because samples
were obtained from deceased individuals. See Supplemental Table 1 for
donors used in this study.

Isolation of lymphocytes from human tissues

Tissue samples were maintained in cold saline and brought to the laboratory
within 2—4 h of procurement. Mononuclear cells were isolated from blood
and BM with Lymphocyte Separation Medium (Corning) and RBC lysis
using ACK lysing buffer (Lonza). LN (lung draining, mesenteric, and
iliac), spleen, and lung were digested as previously described (6, 18); the
resulting suspension was passed through a tissue sieve (10-150 mesh size),
and dead cells and debris were removed via centrifugation through 30%
Percoll (GE Healthcare Life Sciences, Pittsburgh, PA).

Flow cytometry and sorting

For surface staining, cells were incubated with Abs (see Supplemental
Table II for a list) for 30 min at 4°C in the dark along with DAPI
(BioLegend). For intracellular staining, cells were incubated in fixation/
permeabilization buffer (eBioscience) and stained with Abs for 60 min at
20-25°C. Cells were acquired on a BD LSRII flow cytometer or sorted

with a BD Influx cell sorter (BD Biosciences) and analyzed using FlowJo
(Tree Star, Ashland, OR).

Whole-transcriptome profiling by RNA sequencing

Total RNA was isolated from sorted cells (gating strategy in Supplemental
Fig. 1) using AllPrep DNA/RNA Mini Kit (QIAGEN, Valencia, CA) and
quantitated using the Bioanalyzer (Agilent). A library was prepared using a
poly-A pull-down and Illumina TruSeq RNA Library Prep Kit and se-
quenced using Illumina HiSeq 2000. Sequencing data are available online
through Gene Expression Omnibus at accession no. GSE106420. Analysis
was done using R programming language package DESeq2 (19). For
multidimensional scaling analysis, we used the cmdscale and dist functions
in R. For heatmaps, Z-score of rlog-normalized values were plotted using
pheatmap. For analysis in Fig. 2, CD69" and CD69~ RNA sequencing
(RNA-seq) samples were analyzed together by calculating the average of
the counts for each gene, normalized using DeSeq2, to examine all
CD45RO" cells and analyzed separately in Supplemental Fig. 1.

Cytometry by time of flight sample preparation and analysis

Cryopreserved cell suspensions were thawed and labeled with Rh103
intercalator as a viability marker. Cells from each tissue were barcoded
using CD45 Abs conjugated with monoisotopic cisplatin, pooled, and
stained with a panel of Abs (see Supplemental Table II). Samples were then
incubated in 0.125-nM Cell-ID Intercalator-Ir and acquired on a CyTOF2
(Fluidigm). The data were deconvolved for each tissue by Boolean gating
on CD45 barcodes, leaving DNA*CD45"Rh103™ singlets for analysis.
Data were visualized using principal component analysis (PCA) and
viSNE (19) and implemented using FCS Express v6 (De Novo Software,
CA). For heatmaps, samples were clustered by unsupervised hierarchical
clustering with the R function Aclust.

T cell proliferation assays

Memory CD8* T cells from BM, LN, spleen, or lung tissues were sorted
(Supplemental Fig. 1) and stained with Proliferation Dye eFluor 450
(eBioscience). Cells were plated (5 X 105 cells/ml) in medium (RPMI
1640, 10% FBS, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 pg/ml
streptomycin, 2 mM L-glutamine, and 100 pM 2-ME) with Human
CD3/CD28 T Cell Activator (STEMCELL Technologies) and analyzed
4-5 d later by flow cytometry. In some cases, whole mononuclear cells
from blood, BM, or LN were cultured with 0.3 pg/ml human CMV pp65
peptide mixture (JPT Peptide Technologies). IL-2 (100 U/ml) was added
on day 2, and cells were analyzed at day 8 or 9 after stimulation. Cells
were stained with HLA multimer reagents containing epitopes of CMV
(CMV-multimer) (Supplemental Table II) as previously described (20).

Human TCR sequencing and analysis

DNA was extracted from cells using the Gentra Puregene Tissue Kit
(QIAGEN). TCR-Vp sequences were amplified from the indicated DNA
quantities (Supplemental Table III) with specific primers as published
previously (21). Amplicons were purified using the AMPure XP system
(Beckman Coulter, Indianapolis, IN); libraries were generated using the
QIAGEN Multiplex PCR Kit and sequenced using Illumina MiSeq. Raw
sequence data (FASTQ files) were filtered as previously described (22),
and clone assemblies were processed by MiXCR (v2.1) (23). Clonality was
measured for all TCR clones by normalizing the entropy values of each
sample to the number of unique TCR sequences, resulting in a value ranging
from 0 (most diverse) to 1 (least diverse). Given a clonotype x, the fre-
quency of that clonotype, denoted as p(x), was used to calculate Shannon
entropy (H) of a TCR repertoire X as follows:

H(X) ==} p(z)log: p(x)
reX
Normalized entropy (H,,,,,,) is calculated to control for set size, where L is
the total number of unique clonotypes in the sample, as follows:
H(X)
]

Hn,orm(X) = *l()gz 1
L

Next, clonality is calculated as follows: Clonality (X) = 1 — H,,p,,n(X) (24).
For clonality and diversity analysis, the same input T cell DNA was used
and calculated using different orders (25, 26).

Statistical analysis

Bar graphs depict the mean = SEM or = SD as indicated. Statistical
analyses were performed with Prism 6.0 (GraphPad Software). Paired
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and nonpaired 7 tests (two tailed) were used as indicated. The p values
=0.05 were considered significant; p values >0.05 were nonsignificant.

Results
Human memory T cells exhibit increased TCF-1 expression in
LN compared with other tissues

Human T cells can be subdivided into major subsets based on
CD45RA and CCR7 expression: naive (CD45RA*CCR7"), central
memory T (TCM) (CD45RA ™~ CCR7%), effector memory T (TEM)
(CD45RA ™ CCR7 ), and terminally differentiated effector T
(TEMRA) cells (CD45RA*CCR7") (6). For CD8" T cells, TEM
phenotype cells are the predominant memory T cell subset in
blood and diverse tissue sites, with low frequencies of TCM-
phenotype cells (6), as shown in this study in BM, spleen, lung,
and LN (Fig. 1A). We examined whether CD8" TEM cells
exhibited tissue-specific variations in expression of TCF-1, a
transcription factor associated with stem cell-like function (9). In
all donors, TCF-1 expression by CD8* TEM in LN was signifi-
cantly higher than that found in CD8* TEM derived from blood,
BM, spleen, and lung (Fig. 1B). TCE-1"CD8* TEM cells were
observed in LN draining different anatomical sites (lungs, in-
testines, groin; Fig. 1B) and across all ages (9-76 y; Fig. 1C).
Moreover, TCF-1 expression was comparably high within CD69*
and CD69  subsets of LN memory T cells (Supplemental Fig. 1),
delineating circulating and tissue-resident memory populations
(4). These results suggest that increased TCF-1 expression is an
organ-specific (rather than subset-specific) feature of memory
CDS8* T cells within LN.

Human LN memory T cells exhibit a distinct phenotype and
transcriptional profile

We used whole-transcriptome profiling by RNA-seq to investigate
whether increased TCF-1 expression by LN memory CD8* T cells
indicated a distinct transcriptional program compared with memory
CD8* T cells in blood and other lymphoid sites. We initially
analyzed differential gene expression between memory CD8”"
T cells in LN and BM of three individuals (see sorting strategy;
Supplemental Fig. 1), identifying over 2000 differentially expressed
(DE) genes conserved between individuals, many of which included
markers associated with T cell differentiation by pathway analysis
(Supplemental Table IV). In particular, LN memory CD8" T cells
had increased expression of transcripts associated with self-
renewal (LEF1, TCF7), Tth cell differentiation (27-29) (BCL6,
CXCRS5, CXCR4, CCR?), costimulation (CD28, ICOS), and re-
duced expression of effector transcripts (GZMA, PRFI) (Fig.
2A). Genes involved in Wnt signaling (WNT10A, CD44, SOX13)
and cell cycle control (CDKNIA, CDKN2C) were also DE in LN
compared with BM memory CD8* T cells (Fig. 2A). Analysis of
protein expression confirmed increased CXCR4 and LEF-1 ex-
pression and decreased expression of perforin and T-bet in hu-
man LN compared with BM CD8 memory T cells (Fig. 2B).
We further compared the transcriptional profile of LN memory
CD8™ T cells to that in blood and other tissues, including spleen
and lungs, for which we previously obtained RNA-seq profiles
(4). Based on the DE genes derived from Fig. 2A, the tran-
scriptional profile of LN memory CD8" T cells clustered to-
gether by PCA, distinct from that of memory CD8" T cells in
blood, BM, spleen, and lung for all donors analyzed (Fig. 2C).
Through paired analysis of gene expression between LN and
these other sites, we identified a gene signature of 348 upregu-
lated and 349 downregulated genes in LN memory CD8" T cells
compared with the corresponding subset in blood, spleen, or BM
(Supplemental Table V). Notably, genes involved in Tth cell
differentiation (30) were upregulated in LN (/L2/R, LEF1, and
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FIGURE 1. Tissue-specific lifelong maintenance of TCF-1 expression
by human LN memory CD8* T cells. (A) CD3*CD8* T cell subset com-
position showing frequencies of TEM (CD45RACCR77) in blood and
tissues from a representative individual (D251; see Supplemental Table I
for donor information). (B) TCF-1 expression is restricted to LN TEM
cells. Left, TCF-1 expression by CD8* TEM cells in representative his-
tograms from one donor (D334). Right, Compiled frequencies from mul-
tiple donors (n = 11). (C) LN-specific TCF-1 expression is maintained with
age. Ratio of TCF-1 geometric mean fluorescence intensity (gMFI) by
CD8* TEM in tissues to that in blood. Error bars indicate SEM. NS by
two-tailed ¢ test. **p < 0.01, ***p < 0.001, ****p < 0.0001. ILN, iliac-
draining LN; LLN, lung-draining LN; Lng, lung; MLN, mesenteric-
draining LN; Spl, spleen.

ICOS), and genes involved in homing and cytotoxic function were
downregulated (S/PR5, FCERIG, GRMH, and NKG7) in LN
compared with blood, spleen, and BM memory CD8" T cells
(Fig. 2D).

To dissect mechanisms for the distinct gene expression profile of
LN memory CD8* T cells, we analyzed pathways and upstream
regulators. Pathway analysis showed conserved upregulated (Tth
cell, cell cycle, stem cell) and downregulated (T cell activation,
signaling, and inflammation) pathways in memory CD8* T cells
from LN compared with BM, spleen, and blood (Supplemental
Table IV). Potential upstream regulators of LN memory cells were
associated with cell survival and growth factors (i.e., FOXO1,
NOTCHI, and EGFR), whereas molecules involving IFN signal-
ing and type I IFN responses (i.e., STAT1, IFNA2, and IFNB1)
were enriched in memory CD8* T cells derived from blood, BM,
and spleen (Table I). Therefore, LN memory CD8" T cells exhibit
a distinct transcriptional program marked by quiescence and
survival, whereas memory CD8* T cells in BM, spleen, and blood
exhibit cellular signatures associated with effector function and
inflammatory signals.
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FIGURE 2. Human LN memory CD8" T cells are phenotypically and transcriptionally distinct from peripheral blood and lymphoid-derived T cells. (A)
Heatmap of RNA-seq data showing relative expression of key genes DE between BM and LN (B and L, respectively) CD8* TEM cells from three donors.
(B) Protein expression of markers identified in (A), shown as histograms from one donor (top, from left to right: D259, D304, D227, D273; Supplemental
Table I) and compiled (bottom: CXCR4 [n = 8], perforin [n = 5], Lef [n = 7], T-bet [n = 13]). (C) PCA of transcriptional profiles of CD8" TEM cells from
blood (Bld), BM, lung (Lng), spleen (Spl), and LN from nine individuals (1-9) based on the 2521 DE genes between LN and BM memory CD8" T cells.
(D) Relative transcript expression of indicated genes among CD8" TEM cells from blood and tissue sites of nine individuals in (C). Error bars indicate

SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by two-tailed ¢ test.

Human LN memory T cells are transcriptionally similar
to murine TCF-1" CD8" T cells that respond to
checkpoint blockade

We investigated whether the distinct transcriptional profile of LN
memory CD8" T cells was due to enrichment of a specific subset,
such as TCM or TRM within the LN, or was organ specific. The
LN-specific memory CD8" T cell profile identified in Fig. 2 was
not significantly similar to that previously defined for blood CD8"
TCM cells (18 shared genes of 785 TCM-associated genes) (31,
32). Moreover, the LN-specific gene signature identified in Fig. 2
was conserved within both CD69" (TRM phenotype) and CD69 ™
(circulating) memory subsets (Supplemental Fig. 1). Therefore,
the distinct transcriptional profile of human LN memory CD8*
T cells is not attributed to an enrichment of TCM or TRM subsets.

We then considered whether the Tth cell-like profile of human
LN memory CD8" T cells could be similar to a recently defined
Tth cell-like PD-1™TCF-1"CXCR5" memory CD8* T cell subset
identified in mouse chronic infection models that mediated viral
clearance and proliferated in response to anti—-PD-1 checkpoint
blockade (12-16). By gene set enrichment analysis (33), we found

significant homology in the complement of up- and downregulated
genes between the human LN-specific gene signature and the gene
signature of mouse TCF-1* memory versus TCF-1~ CD8* T cells
from two independent studies (12, 13) (Fig. 3A). Key genes shared
between mouse and human subsets include those encoding tran-
scriptional regulators (ID3, TCF7, BCL6), homing molecules
(CXCRS, CCRY7), cytokines, effector molecules (GZMB), and cell
cycle regulators (CDCA3, CDC8) (Fig. 3B). Human LN memory
CD8" T cells therefore exhibit an organ-specific transcriptional
profile similar to a T cell subset that maintains and restores immune
responses to persistent pathogens in mice.

Defining an organ-specific protein signature of LN memory
CDS8* T cells by cytometry by time of flight

We used cytometry by time of flight (CyTOF) to define a protein
expression signature of LN memory CD8* T cells relative to
other sites based on the transcriptional profile identified above. We
analyzed CD8" T cells from four tissue sites (LN, BM, spleen, and
lungs) of three individual donors using a 35-marker CyTOF panel,
including markers of T cell differentiation, function, and proliferation
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Table I.  Type 1 IFN pathways are inhibited in LN memory CD8"
T cells compared to blood and other sites

Upstream
Regulators Molecule Type Direction in LN Z-Score
Ifnar Group Inhibited —3.27
IFN-a/B Group Inhibited —2.30
IFNA2 Cytokine Inhibited —2.74
IFNB1 Cytokine Inhibited —2.65
STAT1 Transcription regulator Inhibited —2.67
STAT3 Transcription regulator Activated 1.48
FOXO1 Transcription regulator Activated 0.72
NOTCH1 Transcription regulator Activated 3.16
Vegf Group Activated 3.47
HGF Growth factor Activated 3.11
EGFR Kinase Activated 3.48

Upstream regulators were identified as significantly enriched (p value <0.05).
Z-score indicates predicted direction of regulator activity in memory CD8* T cells
from LN (inhibited or activated) compared with blood, BM, and spleen. Results were
obtained from Ingenuity Pathway Analysis software (QIAGEN) by comparison of
memory T cells isolated from different tissues (LN versus BM, LN versus blood, and
LN versus spleen).

as well as transcription factors (see Supplemental Table II).
Subset- and tissue-specific variations within and between donors
were assessed using f-distributed stochastic neighbor embed-
ding (+-SNE) analysis, a dimensionality reduction algorithm (34),
on combined data for all tissues and donors. A total of 23 markers
were used to generate the r-SNE plot, with the contribution of
each individual marker and its expression density shown in
Supplemental Fig. 2. The concatenated analysis reveals that TCF-1
and CD28 segregate on distinct regions of the #-SNE plots
relative to T-bet and granzyme B expression (Fig. 4A), which
correspond to naive (CD45RA*CCR7%) and TEMRA cells
(CD45RA*CCR7 "), respectively (Fig. 4B). By contrast, CD8"
TEM cells (memory, CD45RACCR7 ") cluster on broader regions
of the #-SNE plot, with the higher-density clusters on regions
distinct from naive and TEMRA cells, indicating heterogeneity of
memory CD8" T cells.

We dissected the heterogeneity of CD8" TEM cells by tissue site
and individual. For both donors shown, CD8" TEM in BM and
lung were most similar to each other and contained regions that
overlapped with regions denoted by TEM and TEMRA cells and
with splenic CD8* TEM cells (Fig. 4B, 4C). In LN, CD8" TEM
occupied a distinct region of the ~-SNE, showing overlap with
CD8" TEM from spleen but not from BM and lung (Fig. 4C). We
further stratified memory CD8* T cells by CD69 expression to
delineate putative tissue residency (4). The -SNE profile of CD69*
TEM cells was similar in the four tissue sites (LN, spleen, BM,
and lung) (Fig. 4D), consistent with the finding that CD69™ tissue
memory T cells exhibit a core signature of TRM (4). However, the
t-SNE profile of CD69~ TEM was distinct in LN and similar in
spleen, lung, and BM (Fig. 4D), and the LN CD69  TEM cell
profile was not observed in blood (Fig. 4E). Interestingly the LN
CD69~ TEM cell profile was similar to LN CD69" TEM cells,
whereas in other sites, these two subsets were distinct (Fig. 4D).
Together, these findings indicate that LN memory CD8* T cells
exhibit a protein expression signature that is organ specific and not
found in circulation or other tissues.

LN memory CD8* T cells exhibit a differentiation signature
with similarities to both naive and memory T cells

To identify which markers were driving the LN-specific signature
identified above, we used clustering analysis, which revealed that
LN memory CD8* T cells express a unique combination of
markers, including those shared with naive T cells (cluster I and
1V) and others with memory CD8" T cells in blood and other sites
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FIGURE 3. Human LN memory CD8" T cells exhibit similarity to
murine stem cell-like T cells. (A) Comparison of mouse stem cell-like
T cell transcriptome to human LN memory T cells by gene set enrichment
analysis based on human DE genes from Fig. 2C compared with ranked
lists of up- or downregulated genes between TCF-1" versus TCF-1" cells
from two mouse studies (M1, M2) (12, 13). From the published studies, we
ranked the top 500 DE genes from microarray or the significantly DE
genes from RNA-seq (false discovery rate =< 0.05, |fold change| = 1). (B)
Heatmap showing relative expression fold change (FC) of genes from
human LN (Hu) versus BM CD8* TEM cells compared with mouse sub-
sets M1 and M2. NES, normalized enrichment score.

(cluster II and III) (Fig. SA). Integrating the CyTOF data from
multiple tissues and donors by multidimensional scaling and
k-means clustering analysis further shows that LN memory CD8*
T cells have a protein expression signature that is distinct from
naive and memory T cells in other sites (Fig. 5B). PCA based on
the protein expression data further reveals that LN TEM cells are
more similar to naive T cells, whereas tissue TEM are more similar
to TEMRA cells, which represent the most differentiated subset
(Fig. 5C). These analyses show that LN memory CD8* T cells
exhibit a less differentiated profile when compared with memory
T cells in blood and other lymphoid and mucosal sites.
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blood were stained with a 35-color panel (Supplemental

Table II) and analyzed by CyTOF. (A) Expression of

indicated markers on 7-SNE plots of total CD8" T cells
from BM, spleen, LN, and lung of three individuals
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on 20 markers (CD57, CD28, perforin, CD127, PD-1,
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and granzyme B; Supplemental Fig. 2) (B) Density plots
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Enhanced proliferative capacity of LN memory CD8" T cells

Functionally, TCF-1 expression is associated with a higher pro-
liferative capacity to TCR-driven stimulation (35). When stimu-
lated with anti-CD3/anti-CD28 Abs, LN memory CD8" T cells
exhibited greater proliferation compared with counterparts in BM,
spleen, and lung (Fig. 6A, 6C). After CD3/CD28 stimulation,
LN CD8" TEM cell counts were between 98 and 106-fold higher
than BM. T-bet expression was also increased to a greater extent in
LN CD8"* TEM cells following stimulation compared with other
sites, both in the level of expression and the fold change increase
following activation (Fig. 6B, 6D). Increased proliferation by LN
memory CD8" T cells was also observed with Ag stimulation, as
CMV-specific CD8* TEM cells from LN proliferated to a greater
extent in response to CMV peptide Ags compared with BM CD8*
TEM cells (Supplemental Fig. 1). Together, these results demon-
strate that LN memory CD8* T cells have a higher capacity for
proliferation and differentiation compared with memory CD8" T cells
in other sites.

Increased TCR clonal diversity among LN compared with BM
memory T cells

The results above indicate that memory CD8" T cells in LN ex-
hibit a more quiescent state compared with other sites, including
the BM, which is a known reservoir for memory T cells of mul-
tiple specificities (36). To assess whether there was differential
maintenance of clonal populations between LN and BM memory
T cells, we performed sequencing of the TCR CDR3f V regions

of memory CD8" T cells isolated from multiple donors (see
Materials and Methods and Supplemental Fig. 1). We found
more different V region sequences from comparable numbers
of LN compared with BM memory CD8" T cells for all donors
(Supplemental Table III). Importantly, BM memory CD8"
T cells consistently had higher clonality compared with LN
memory CD8* T cells (Fig. 7A). Conversely, an increase in
TCR diversity was observed for LN compared with BM memory
CD8" T cells for all donors, even when controlling for clone size
(Fig. 7B). Together, these results show that memory CD8*
T cells in LN represent a more clonally diverse population than
is maintained in blood and other tissue sites, consistent with
our findings that LN memory CD8" T cells are maintained in a
quiescent state.

Discussion

The majority of human T cells are found in lymphoid sites, al-
though their function and relationship to blood T cells has been
challenging to assess using conventional sampling. By examination
of T cell subsets in human blood and tissue sites of individual organ
donors, we demonstrate in this study that LN memory CD8" T cells
exhibit organ-specific profiles not found in blood or other lym-
phoid (BM, spleen) or mucosal tissues. Specifically, LN memory
T cells exhibit transcriptional and phenotypic signatures as-
sociated with quiescence, high proliferative capacity, and en-
hanced TCR diversity compared with memory T cells in blood
and other tissues that are enriched for effector function and
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FIGURE 5. LN memory CD8" T cells exhibit a differentiation profile
with features of both naive and memory T cells. (A) T cells from LN, BM,
spleen, and lung were stained with a 35-color panel (Supplemental
Table II) and analyzed by CyTOF. Heatmap showing relative expression
of indicated proteins by naive and TEM CD69 " populations in tissues of
three donors from Fig. 4. (B) Multidimensional scaling (MDS) plot of
T cell subsets by k-means clustering. (C) PCA of indicated T cell subsets,
including total memory and TEMRA from LN (blue) and BM, spleen, and
lung (red) from donors, as in (A).

PC2

inflammatory signatures. Our findings reveal that human LN
serve as reservoirs for long-term maintenance of functional
T cell responses and an important source for targeting in vaccines
and immunotherapies.

We demonstrate in this study that memory T cells derived from
LN maintain expression of the TCF-1 transcription factor asso-
ciated with quiescence over decades of adult life. These results
suggest differential priming of memory CD8" T cells that persist in
LN compared with those that migrate and take up residence in
other tissue sites. Recent studies in a mouse model of influenza
infection showed differential TCF-1 expression by T cells primed
in different LN sites: in the lung-draining LN there was rapid
downregulation of TCF-1 expression, whereas TCF-1 expression
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FIGURE 6. Human LN memory CD8" T cells exhibit enhanced pro-
liferation and effector phenotype in response to TCR stimulation compared
with other lymphoid and mucosal sites. (A) Proliferation of CD8* TEM
cells to anti-CD3/CD28 stimulation shown as percentage of eFluor 450—
negative cells (divided cells) (red) compared with unstimulated cells
(black) from a representative individual (D377) (B) Expression of tran-
scription factor T-bet shown as the percentage positive on stimulated
T cells from indicated tissue sites from a representative individual (D377).
(C) Data from (A) compiled from six individuals by percentage divided
(percentage eFluor 450'°%) and (D) data from (B) compiled from six in-
dividuals by the percentage positive for T-bet expression in stimulated
cells. Error bars indicate SEM. **p < 0.01 by two-tailed ¢ test.

was maintained by T cells primed to proliferate in a nondraining
LN site, with reduced Ag and inflammatory signals (37). We
propose that memory T cells in LN do not receive the full dif-
ferentiation signals to promote LN egress and migration to the
tissue site of infection and therefore get retained and maintained
with increased TCF-1 expression.

LN memory CD8" T cells exhibit a transcriptional and protein
signature with homology to a mouse memory CD8" T cell subset
generated during chronic virus infection that maintained functional
capacity, proliferated, and mediated viral clearance in response to
anti-PD-1 therapy (12-16). Whether human LN memory T cells
provide similar roles in controlling chronic viral infection remains
to be established; however, we previously showed that certain in-
dividuals with persistent CMV infection maintained CM V-specific
CDS8" T cells exclusively in LN but not in circulation or other tissue
sites (20). Additionally, HIV-specific resident memory CD8" T cells
were recently characterized in human LN (38). These results sug-
gest that human LN can maintain reservoirs of antiviral memory
T cells. Moreover, the maintenance of higher TCR diversity among
LN memory CD8" T cells suggests a unique role in maintaining
functional T cell immunity over the lifespan, with the potential to
respond to different pathogens, which is of potential importance for
targeting in vaccines.

The mechanisms by which human LN maintain this distinct
TCF-1" memory subset are not known, although there is evidence
that protection from IFN signaling may play a role. Transcriptionally,
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FIGURE 7. LN memory CD8" T cells maintain high TCR diversity. (A)
Clonality of TCR CDR3 sequences for CD8* TEM in BM and LN among
five individuals. (B) Diversity of TCR sequences at different orders is
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among five individuals. At order zero, diversity is the total number of
clones (richness). As order increases, the most abundant clones are given
more weight. Error bars indicate SEM. *p < 0.05 by two-tailed ¢ test.

LN memory CD8* T cells exhibited downregulation of pathways
involved in type 1 IFN signaling, which were correspondingly
upregulated in blood, BM, and spleen memory T cells. Further-
more, inhibiting type 1 IFN signaling during viral infection in
mice led to higher accumulation of TCF-1" T cells in a T cell-
intrinsic manner (16). Compared with mucosal and barrier sites,
which are constantly exposed to diverse microbial Ags, human
LN are likely exposed to lower levels of inflammation and Ags
and thus provide protective niches for long-term maintenance of
functional memory T cells.

Our results suggest that LN memory CD8" T cells are a po-
tentially important source of functional T cells to target in im-
munotherapies for antitumor immunity. Given their homology to
the mouse subset, LN memory T cells could analogously provide a
source of highly proliferative T cells to respond to anti—-PD-1
therapy. Memory T cells in LN- draining sites of tumors could
therefore be targeted for expansion of highly functional T cells to
infiltrate the tumor site. Isolation of high-potential memory sub-
sets from blood has been a matter of considerable investigation in
the field of adoptive cellular therapy to optimize the persistence of
expanded, differentiated cell populations (39) and to serve as a
source of cells for transfection of targeted molecules for therapies
in hematopoietic malignancies (40). We propose that LN could be
a more optimal source for memory T cells for adoptive immu-
notherapies compared with blood based on their increased pro-
liferative potential and capacity to respond to diverse Ags.

In summary, our results provide evidence for long-term per-
sistence of a distinct, organ-specific T cell subset in human LN.
These findings demonstrate that tissue localization is a major

determinant for human T cell differentiation, with LN providing
long-term reservoirs for quiescent immunological memories im-
portant for targeting in vaccines and immunotherapies.
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