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SUMMARY
CD8+ T cell responses are critical for anti-tumor immunity. While extensively profiled in the tumor microen-
vironment, recent studies in mice identified responses in lymph nodes (LNs) as essential; however, the
role of LNs in human cancer patients remains unknown. We examined CD8+ T cells in human head and
neck squamous cell carcinomas, regional LNs, and blood using mass cytometry, single-cell genomics,
and multiplexed ion beam imaging. We identified progenitor exhausted CD8+ T cells (Tpex) that were abun-
dant in uninvolved LN and clonally related to terminally exhausted cells in the tumor. After anti-PD-L1 immu-
notherapy, Tpex in uninvolved LNs reduced in frequency but localized near dendritic cells and proliferating
intermediate-exhausted CD8+ T cells (Tex-int), consistent with activation and differentiation. LN responses
coincided with increased circulating Tex-int. In metastatic LNs, these response hallmarks were impaired,
with immunosuppressive cellular niches. Our results identify important roles for LNs in anti-tumor immune
responses in humans.
INTRODUCTION

Immune checkpoint blockade (ICB) immunotherapy targeting

the PD-1/PD-L1 axis has revolutionized oncology, but the un-

derlying mechanisms remain incompletely understood, espe-

cially in humans. CD8+ T cells are central effector cells that

mediate the efficacy of ICB and have been extensively studied

in the tumor microenvironment (TME). However, recent studies

found that CD8+ T cells in the periphery, such as in secondary

lymphoid organs (SLOs) including tumor-draining (td) lymph

nodes (LNs), are integral for ICB response in mouse models.

During the initiation of CD8+ T cell responses, naive CD8+
Cell 186, 1127–1143, Ma
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T cells are typically primed by dendritic cells (DCs) in the LN

before trafficking through the blood to the tumor.1 Blocking

egress of lymphocytes from SLOs using the S1PR-blocking

agent FTY720 abrogates ICB efficacy,2,3 and targeted adminis-

tration of anti-PD-L1 to the tdLN is sufficient to control tumor

growth in mice.4 In humans, analysis of CD8+ T cell receptor

clonotypes in patient blood and tumors revealed the expansion

of novel clones in the tumor after ICB that did not exist pre-

treatment, supporting a model where new clones are recruited

from the periphery.5–8 Despite the potential importance of the

tdLN in ICB-driven CD8+ T cell responses, a lack of LN sam-

pling in clinical datasets leaves many unanswered questions
rch 16, 2023 ª 2023 The Authors. Published by Elsevier Inc. 1127
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about the relationship between immune responses in the LN

and tumor in human cancer patients.

In settings of chronic antigen exposure, such as cancer and

chronic infection, antigen-specific CD8+ T cells can become

exhausted or dysfunctional, exhibiting elevated expression of

inhibitory receptors such as PD-1.9 In mice, progenitor or precur-

sor exhausted cells (Tpex) expressing the transcription factor

TCF-1 undergo self-renewal and have high proliferative capac-

ity.10,11 Tpex can differentiate into transitional intermediate ex-

hausted cells (Tex-int) and subsequently into terminally exhausted

cells (Tex-term), losingproliferative capacityandeffector functions

as theydifferentiate.12–17 Inmice, Tpexare necessary for themain-

tenance of antigen-specific CD8+ T cell responses in settings of

chronic antigen stimulation.10,18 In response to ICB in mice, Tpex

are the primary exhausted subset that expands and differentiates

into Tex-term, driving an increase of Tex-term in the tumor.12,14

Tex-term themselves do not substantially proliferate in mice with

ICB treatment,12,14,19 though theymay becomemore activated.20

Ofnote, the tdLN is theprimarysitewhereTpexaremaintainedand

stimulated in mouse models of cancer,21,22 suggesting that ICB-

responsive CD8+ T cells may reside in the tdLN.

It remains unclear to what extent these findings translate to

humans. Tpex and Tex-term have been identified within tumor-

infiltrating lymphocytes (TILs) in multiple cancer types.23–28 A

higher ratio of TCF-1+CD8+ TILs to TCF-1�CD8+ TILs in mela-

noma was associated with longer survival after anti-PD-1 treat-

ment.24 However, the abundance of tissue-resident memory

T cells (Trm) in human tumors has also been associated with

improved overall survival.29–31 Furthermore, in addition to ex-

hausted cells, potential tumor-reactive CD8+ T cells in human tu-

mors and peripheral blood have been identified as Trm and

Temra cells, respectively.28 Given that most patients do not

currently exhibit durable responses to ICB,32 identifying which

CD8+ T cell subsets are targeted by ICB in patients, and where

activation takes place anatomically, will be necessary to improve

therapeutic efficacy.

In this study, we examined the relationship between CD8+ T cell

responses across key anatomic sites, including TME, tdLN, and

blood in human cancer patients. Patients with advanced head

and neck squamous cell carcinoma (HNSCC) are routinely treated

with surgery, including resection of regional LN, providing a

unique opportunity to address these open questions. Through

a combination of single-cell analyses by mass cytometry

(CyTOF), single-cell RNA sequencing and TCR sequencing (sc-

RNA+TCR-seq), sc-RNA and protein sequencing (CITE-Seq),

and multiplexed ion beam imaging (MIBI), we examined CD8+

T cells across tissues from patients treated with surgery as

standard of care (SOC) and patients treated with perioperative

anti-PD-L1 ICB (atezolizumab) enrolled in a clinical trial at UCSF

Medical Center (NCT03708224). We identified a subset of Tpex

in uninvolved, regional lymph nodes (uiLNs) that were clonally

related to Tex-term in the TME. Patients treated with ICB shortly

before surgery exhibited a decrease in Tpex frequency in uiLNs

with a concomitant increase in more differentiated Tex-int, which

were localized in proximity to DCs. Changes in uiLNs correlated

with an increase in proliferating Tex-int in peripheral blood. More-

over, regional lymph nodes with tumor metastasis (metLNs) ex-

hibited an impairment in these responses to ICB associated with
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immunosuppressive cellular niches around Tpex and a reduction

in the circulating CD8+ T cell response. These results highlight a

central role for uiLNs in mediating responses to ICB, which may

create new opportunities for next-generation immunotherapies

focused on optimally harnessing these responses.

RESULTS

Tpex are increased in uninvolved lymph nodes of HNSCC
patients
Using mass cytometry, we profiled immune cells in the TME and

LNs of 10 patients with locally metastatic HNSCC who had both

tumor and matched uiLNs and/or metLNs available for analysis

(Figure 1A; Table S1). All tissue specimens were collected imme-

diately following tumor resection and neck dissection for each

patient. To understand the immune composition present within

each tissue, we manually gated major immune cell subsets

(Figures S1A and S1B). As expected, CD4+ T cells and B cells

were more frequent within uiLNs, while other immune cell

subsets were more frequent in the tumor as a percentage of total

immune cells (Figure 1B). CD8+ T cells were present at similar

frequencies in both tissues (Figure 1B).

Wehypothesized that the functional statesofCD8+ T cellsmight

differ between the tumor and uiLNs. We performed unsupervised

clustering of CD8+ T cells by FlowSOM,33 which partitioned cells

into 20 clusters based on protein expression (Figures 1C, 1D,

S1C, and S1D). In addition to naive (CD45RA+CCR7+), central

memory (Tcm: CD45RA�CCR7+), and effector memory (Tem:

CD45RA�CCR7�) cells, we also identified Tpex (PD-1+TCF-1+),

Tex-int (PD-1+TCF-1�CD69�), and Tex-term (PD-1+TCF-

1�CD69+) (Figure 1C).16 Tpex cells expressed CD27 and TIGIT

as well as variable expression of CD39 and CD69 (Figures 1C

and 1D). After dimensionality reduction by UMAP, the Tpex clus-

ters were positioned between abundant Tem cells, including a

cluster expressing the protein CD39 associated with tumor reac-

tivity34,35 and cells expressing the integrin CD103 associated

with Trm (Figure 1D). Among non-naive CD8+ T cells, differential

abundance analysis revealed that both Tpex clusters (c8, c14)

were significantly more frequent in uiLNs comparedwithmatched

tumors (Figures 1E and 1F). In contrast, clusters representing Tex

(c1, c12) and Tem (c16, c19) were enriched within the tumor (Fig-

ure 1E). Tpex clusters in uiLNs were positively correlated with

Tpex clusters in matched tumors as well as a Tex cluster (c1),

various Tem clusters (c16, c17, c19), and a Tcm cluster (c18) (Fig-

ure 1G). These results show that uiLNs in HNSCC patients harbor

increased frequenciesofCD8+Tpexcells,whileCD8+Texcells are

present at greater frequencies within primary tumors. Together

with the literature, these results suggest that this reservoir of

Tpexcells in the LNmayplay an important role in human therapeu-

tic responses.

Tpex in LNs are clonally related to Tex within the TME
If anti-tumor CD8+ T cell responses are coordinated across

tissues, we would expect clonally related CD8+ T cells to be pre-

sent in both LN and tumor. Therefore, we hypothesized that

CD8+ Tpex cells in the LN are clonally related (i.e., share the

same T cell receptor [TCR] sequence) to more exhausted CD8+

T cells within the TME. To assess CD8+ T cell clonality, paired
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Figure 1. Tpex cells are increased in uninvolved lymph nodes of HNSCC patients

(A) Overview of cohort. Paired tumor and lymph node samples (uninvolved [uiLN] and/or metastatic [metLN]) were obtained from patients with HNSCC (n = 10).

Samples were analyzed by mass cytometry.

(B) Paired differential abundance (DA) of main immune cell populations between uiLN and tumor (n = 9; pairedWilcoxon rank-sum test). The log2 fold changes are

plotted against the negative log10 (nominal p values). Colors indicate if cell populations are significantly more abundant in uiLN (purple), tumor (blue), or not

differentially abundant (False, gray) after Benjamini-Hochberg correction, FDR < 0.1.

(C) Heatmap of markers used for CD8+ T cell clustering. Scaled median expression per marker is shown for cluster annotation.

(D) UMAP of non-naive CD8+ T cell clusters and expression for a subset of markers.

(E) Paired differential abundance analysis of non-naive CD8+ T cell subsets between uiLN and tumor (n = 9; generalized linear mixed models). See color scheme

for (B).

(F) Cluster 8 and 14 abundances (as percentage of non-naive CD8+ T cells) in paired samples from uiLN and tumor. p values obtained by generalized linear mixed

models.

(G) Spearman correlation between clusters in uiLN and clusters in tumors. Tpex clusters are highlighted in red boxes.

See also Figure S1.
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tumor and LN tissues surgically resected as SOC treatment from

5 patients with HNSCC (Table S2) were subjected to sc-RNA-

seq, of which paired TCR-seq data were generated from 4 pa-

tients and paired single-cell protein expression data (CITE-seq)

were generated from 3 patients. Unsupervised clustering identi-
fied major cell populations in the TME and LN (Figure S2A),

annotated based on the expression of canonical marker genes

(Figure S2B). We identified CD8+ T cells based on a combination

of RNA expression, protein expression (when available), and

cluster annotation and sub-clustered these cells (Figures 2A,
Cell 186, 1127–1143, March 16, 2023 1129
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Figure 2. CD8+ T cells in the tumor and LN are clonally related

(A–E) UMAP of 8,245 CD8+ T cells from 5 paired tumor and LN samples (10 samples total) colored by (A) Leiden cluster, (B) tissue of origin, (C) TCF7 exhaustion

score, (D) Tex-term score, or (E) highlighting shared clones between the tumor (red) and lymph node (blue).

(F and G) Violin plot of expression of (F) TCF7 exhaustion score and (G) Tex-term score in CD8+ T cells with shared clones in the LN versus tumor. p values

obtained by generalized linear mixed models.

(H) Scatterplot of average TCF7 exhaustion score – average terminal exhaustion score for each shared clone in the LN (x axis) versus tumor (y axis). Dashed line is

the identity line. Dots are sized according to the number of cells in LN and tumor for the clone.

See also Figure S2.
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S2C, and S2F). Clustering and visualization of the CD8+ T cells

revealed phenotypes that were shared between the TME and

LN and phenotypes specifically enriched in the TME

(Figures 2B and S2G). To confirm the identity of exhausted cell
1130 Cell 186, 1127–1143, March 16, 2023
subsets, we computed gene expression scores derived in a

recent meta-analysis of sc-RNA-seq data from human CD8+

TILs, which identified TCF7+ exhausted cells (resembling Tpex;

the TCF7 gene encodes the transcription factor TCF-1) and



(legend on next page)
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Tex-term (Figures 2C, 2D, and S2H).28 Indeed, our cluster anno-

tations for Tpex and Tex mirror the clusters with the highest

expression of these scores, respectively. In addition, cluster 7

exhibited higher expression of both scores, reminiscent of Tex-

int, which was confirmed by analysis of differentially expressed

genes (Table S3).

Based on TCRCDR3 sequences, we identified clonally related

CD8+ T cells (termed ‘‘shared clones’’) in the LN and TME of each

participant with available TCR-seq data (3–29 clones per partic-

ipant; Figures 2E and S2I). Shared clones from cells localized in

the LNweremore likely to belong to the TCF7+ exhausted cluster

(cluster 6), while their counterparts in the TMEweremore likely to

belong to the Tex-int/Tex-term clusters (p = 0.0005, odds ratio =

5.71 by Fisher exact test) (Figure 2E). Moreover, cells belonging

to shared clones in the LN exhibited significantly higher TCF7+

exhausted gene set scores (Figure 2F), while their counterparts

in the TME exhibited significantly higher Tex-term gene set

scores (Figure 2G). At the individual clone level, the difference

between the average TCF7+ exhausted (Tpex) and average

Tex-term scores was higher for cells located in the LN compared

to those in the TME for the majority of clones (Figure 2H). Collec-

tively, these results indicate that shared CD8+ T cell clones exist

in the LN and TME across patients, albeit in different functional

states. CD8+ T cells in the LN were more likely to be in a state

resembling Tpex, while their counterparts in the TME were

more likely to be in a Tex-term state. Because CD8+ T cells

lose functional capacity as they differentiate from Tpex to Tex-

term,12–17 these results underscore the importance of the LN in

maintaining a reservoir of functional anti-tumor CD8+ T cell

clones in humans, which could represent an important target

for immunotherapies.

Tpex are primarily localized in the T cell zone in
human uiLNs
We next sought to understand the Tpex architectural niche in the

uiLN as well as what effect ICB might have on their organization.

We recently treated 10 patients with human papilloma virus

(HPV)-negative HNSCCwith 1–2 cycles of the PD-L1 inhibitor ate-

zolizumab prior to surgery through clinical trial NCT03708224

(Table S4). We obtained uiLN specimens from 9 of these patients

and LN with tumor metastasis (metLN) from 4 patients. Addition-

ally,weobtaineduiLNresectedasSOCtreatment fromHPV-nega-

tive HNSCC patients who were not treated with immunotherapy

(n = 22). LN tissue cores were randomized across two tissue
Figure 3. Localization of Tpex in human uiLN

(A) Overview of cohort. uiLN samples were obtained from patients with HNSCC

treatment prior to surgery (n = 9). For anti-PD-L1-treated patients that had meta

distributed across two tissue microarrays for analysis by multiplexed ion beam im

(B) Overview of the image analysis pipeline.

(C) Heatmap of scaled median marker expression for cell lineage assignments.

(D) Relative abundance ofmain immunecell types in uiLN (global, n = 23) fromSOC-

(E) Heatmap of markers used for CD8+ T cell clustering. Scaled median expressi

(F) Relative abundance of non-naive CD8+ T cell clusters in uiLN (T cell zone, n =

(G and H) Percentage of (G) cluster 18 and (H) cluster 16 cells with a specific cel

(I) Representative image of an uiLN from a SOC-treated patient (patient 23) showin

int (cluster 16). Cell identity overlaid onto the segmentation mask. Highlighted reg

(cyan), CD11c (purple), Ki-67 (yellow), CD4 (cyan), and FoxP3 (purple).

See also Figure S3.
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microarrays, of which sections were stained and analyzed by

multiplexed ion beam imaging (MIBI) (Figure 3A, Table S5).

Following image acquisition, pixels were clustered according to

their intensity values for each measured parameter (Figure S3A),

individual cells were segmented using the Mesmer algorithm,36

and LN tissue regions were identified, including B cell follicles-/B

cell-rich zones, T cell-rich zones, and metastatic tumor regions,

when present (Figure 3B). Single cells were then clustered by

FlowSOM based on their overall clustered pixel composition (Fig-

ure S3B), identifying major cell populations (Figures 3C, 3D, S3C,

and S3D).

We first focused our analysis on CD8+ T cells within untreated

uiLNs. CD8+ T cells were sub-clustered by FlowSOM and parti-

tioned into 18 clusters based on their protein expression

(Figures 3E, 3F, and S3E). Consistent with our prior results, a

population of PD-1+TCF-1+ Tpex (c18) was identified in the

uiLN in addition to two clusters of Tex-int (c16, c5), which were

distinguished by their differential expression levels of PD-1 and

TCF-1. Leveraging this high-dimensional spatial information,

we assessed where these cells were localized in uiLNs and

with which other cell types they were adjacent. Tpex cells can

express CCR7,14 which promotes migration to T cell zones of

LNs,37 as well as CXCR5,12 which in contrast drivesmigration to-

ward B cell zones.38 Tpex were more likely to be localized in the

T cell zones, though a fraction were also localized in B cell zones

(Figure S3F). Within the T cell zone, Tpex (c18) and Tex-int (c16)

were often found neighboring CD4+ T cells, Tregs, CD4+CD8+

(double-positive) T cells, and DCs, which was readily observable

in the MIBI images (Figures 3G–3I).

anti-PD-L1 ICB impacts the frequency of Tpex and Tex-
int cells and their cellular neighborhoods in uiLNs
The identification of Tpex in uiLNs prompted the question of

whether and how Tpex and their surrounding cell neighbors

respond to ICB in humans. Therefore, we also evaluated uiLN tis-

sues from patients who received anti-PD-L1 ICB prior to surgery.

Compared with the SOC uiLN (Figures 3D and S3D), the fre-

quency of major cell populations was not dramatically altered

by therapy (Figure S4A). However, changes in the composition

of CD8+ T cell subsets were clearly evident (Figures 4A, 4B,

and S4B). We therefore hypothesized that anti-PD-L1 ICB may

change the frequency and activation state of Tpex and Tex-int

in uiLNs. Indeed, in the T cell zone, Tpex (c18) had the

largest decrease in frequency among CD8+ T cell clusters in
that received standard of care (SOC; n = 23) or 1 to 2 cycles of anti-PD-L1

static disease (n = 4), metLN samples were also obtained. Tissue cores were

aging (MIBI).

treated patients (n = 22). Sample ID represents patient ID followedbyLNnumber.

on per marker is shown for cluster annotation.

23) from SOC-treated patients (n = 22).

l type as its neighbor in uiLN (T cell zone) from SOC-treated patients.

g the spatial localization of CD4 T cells, Tregs, DCs, Tpex (cluster 18), and Tex-

ions 1 and 2 are colored by the expression of CD8+ (red), PD-1 (green), TCF-1
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Figure 4. Anti-PD-L1 ICB impacts Tpex and Tex-int in uiLN

(A) Relative abundance of non-naive CD8+ T cell clusters in uiLNs (T cell zone, n = 20) from anti-PD-L1-treated patients (n = 9). Sample ID represents patient ID

followed by LN number.

(B) Non-naive CD8+ T cell cluster ratios represented as log2 fold changes between uiLNs (T cell zone, n = 20) from anti-PD-L1-treated patients and uiLNs (T cell

zone, n = 22) from SOC-treated patients.

(C) Cluster 18 and 16 abundances (as percentage of non-naive CD8+ T cells) in the T cell zone of uiLNs from SOC- and anti-PD-L1-treated patients.

(legend continued on next page)
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anti-PD-L1-treated patients compared to SOC-treated patients

(Figures 4B and 4C). This change was specific to the T cell

zone, as Tpex frequencies were not meaningfully altered in the

B cell zone (Figure S4C). In contrast to Tpex, Tex-int (c16) had

one of the largest increases among CD8+ T cell clusters in the

T cell zone after treatment, though frequencies were somewhat

variable across patients and LNs (Figures 4B and 4C). As a result

of these effects, the ratio of Tpex to Tex-int significantly

decreased in uiLNs from ICB-treated patients (Figure 4D),

consistent with a shift toward more differentiated phenotypes

(e.g., Tex-int) within the exhausted CD8+ T cell compartment

after ICB. Other clusters with similar increases included a

CD45RO�TIM3+PD-1� cluster (c17) and a CD45RO�HLA-DR+

cluster (c12), the latter of whichmay represent recently activated

CD8+ T cells (Figure 4B). While the proportion of Tpex that were

proliferating (Ki-67+) did not change for most patients post-treat-

ment, strikingly, 100% of Tpex were Ki-67+ in an uiLN resected

from the only patient who experienced a major pathological

response to therapy (patient 11) (Figure 4E). In contrast, Tex-

int exhibited a trend toward increased proliferation in patients

treated with anti-PD-L1 (Figure 4E).

Next, we evaluated whether the spatial localization of Tpex

and Tex-int cells was altered within uiLNs following ICB by as-

sessing each cell’s local neighborhood (STAR Methods).39,40

Notably, both Tpex (c18) and Tex-int (c16) were more frequently

localized in proximity to DCs (Figures 4F and 4G). Several clus-

ters of CD8+ T cells had significantly higher numbers of DC

neighbors after anti-PD-L1 treatment (Figure S4D), including

Tpex and Tex-int, which exhibited the largest fold-change and

the most significant p value, respectively (Figures 4H and S4D).

These data are consistent with mouse cancer models in which

DCs in the LN mediate responses to ICB.41 However, the fre-

quency of DCs was not different after anti-PD-L1 treatment (Fig-

ure S4E), nor did DC frequencies significantly correlate with Tpex

or Tex-int frequencies (Figures S4F and S4G). Additionally, Tpex

were more likely to be near Tex-int after treatment, consistent

with ongoing activation and differentiation into a Tex-int func-

tional state (Figure 4I). Interestingly, both Tpex and Tex-int had

more neighboring PD-1+ and Ki-67+ cells around them after

treatment (Figures 4J and 4K), suggestive of cellular niches con-

taining activated and proliferating cells. Indeed, Tpex and Tex-int

in proximity to DCs exhibited higher expression of PD-1 after

treatment, suggesting that they were activated and/or differenti-

ating, which was evident when visualizing MIBI images

(Figures 4L and 4M). In summary, uiLNs resected after anti-

PD-L1 ICB treatment exhibited a decrease in Tpex frequency
(D) Cluster 18/cluster 16 ratio in uiLNs (T cell zone) from SOC- and anti-PD-L1-tr

(E) Percentage of cluster 18 and 16 proliferating cells in uiLNs (T cell zone) from

(F and G) Percentage of (F) cluster 18 and (G) cluster 16 cells with a specific cell

(H) Number of DC neighbors for cluster 18 and cluster 16 cells in uiLNs (T cell zo

(I) Number of cluster 16 neighbors for cluster 18 cells in uiLNs (T cell zone) from

(J and K) Number of (J) PD-1-positive and (K) Ki-67+ neighbors for cluster 18 and c

(L) Expression of PD-1 on cluster 18 and cluster 16 cells with a DC neighbor in u

(M) Representative image of an uiLN from an anti-PD-L1-treated patient (patient 0

and Tex-int (cluster 16). Cell identity overlaid onto the segmentation mask. Highl

(cyan), CD11c (purple), Ki-67 (yellow), CD4 (cyan), and FoxP3 (purple).

(C–E and H–L) p values obtained by Wilcoxon rank-sum test.

See also Figure S4.
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with a concomitant increase in Tex-int that were localized close

to Tpex, raising the possibility that treatment caused Tpex to

transition to Tex-int. Furthermore, both Tpex and Tex-int were

more likely to be located near DCs and exhibited elevated

PD-1 expression compared to patients who had not received

anti-PD-L1 immunotherapy, supporting a role for DCs in uiLNs

in mediating anti-tumor CD8+ T cell responses.

Tex-int increase in the blood following ICB
Given the significant CD8+ T cell responses within uiLNs of

treated patients, we wanted to determine whether similar

changes could be detected within the blood and tumor, as an

expansion of activated CD8+ T cells in the blood has been previ-

ously associated with clinical response to ICB across several

types of solid tumors,6,7,42–45 though the source of these cells

has remained speculative. For all 10 patients treated with neoad-

juvant anti-PD-L1 ICB, blood was collected at baseline just prior

to their first infusion as well as on the day of surgery, and re-

sected tumor tissue was available for analysis from 6 patients

(Figures 5A and S5A). For 6 patients, blood was also collected

at a follow-up visit approximately one month after their surgery.

Fresh uiLN tissue was also available from one patient (11),

collected during surgery (Figure S5A). As expected, mass cy-

tometry analysis revealed clear differences in the frequency of

major immune cell populations between matched tumor and

blood from the same patients, regardless of when blood was

collected, as well as in the uiLN sample (Figures S5B and S5C).

Unsupervised clustering of CD8+ T cells from all samples

partitioned cells into 20 clusters, which reflected distinct differ-

entiation states (Figures 5B and 5C). Cluster 6 expressed the

highest levels of TCF-1 among the PD-1+ clusters, correspond-

ing to Tpex, and was present in the uiLN sample; however, it

was detected only at low levels in blood and tumor samples

(Figures 5B, 5C, and S5E), implying that the decreased fre-

quency of Tpex observed in treated uiLNs was not due to Tpex

egress from LNs. In contrast, Tex-int clusters (c5, c9) were

detectable in the blood (Figure 5D) and significantly increased af-

ter treatment (at the time of surgery) compared to baseline, along

with a Temra cluster (c1) (Figures 5E and 5F). At the 1 month

follow-up, similar changes were observed (Figures 5G and 5H).

While most patients had some increase in Tex-int frequency at

follow-up compared with baseline, two patients (3 and 11) had

substantially larger increases (Figure 5H). Although the neoadju-

vant clinical trial design precluded assessment of clinical

response by radiology (RECIST criteria), patient 11 was the

only patient with significant tumor treatment response
eated patients.

SOC- and anti-PD-L1-treated patients.

type as its neighbor in uiLNs (T cell zone) from anti-PD-L1-treated patients.

ne) from SOC- and anti-PD-L1-treated patients.

SOC- and anti-PD-L1-treated patients.

luster 16 cells in uiLNs (T cell zone) from SOC- and anti-PD-L1-treated patients.

iLNs (T cell zone) from SOC- and anti-PD-L1-treated patients.

1) showing the spatial localization of CD4 T cells, Tregs, DCs, Tpex (cluster 18),

ighted region is colored by the expression of CD8+ (red), PD-1 (green), TCF-1
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microscopically (i.e., most of the tumor was necrotic) and is still

alive nearly a year after surgery. Additionally, patient 3 has not

had signs of tumor recurrence and is still alive nearly three years

after surgery.

Tex-int cells express Ki-67 in the blood after anti-PD-
L1 ICB
To further evaluate the activation state of Tex-int (c5, c9) and

Temra (c2) in the blood, we assessed the proportion of cells ex-

pressing the proliferation marker Ki-67. Consistent with their

increased frequencies within blood after treatment, Tex-int (c5)

and Temra (c2) exhibited significant increases in their prolifer-

ating fraction after ICB (Figure 5I), while the other Tex-int cluster

(c9) did not (Figure S5F). Comparing the phenotypes of the Tex-

int clusters, c5 expressed higher levels of the memory-associ-

ated co-stimulatory receptor CD27, while c9 expressed higher

levels of the effector-associated transcription factor Tbet and

TIM3, suggesting that c9 may be at a later differentiation state

compared to c5 (Figure 5B).

It is plausible that Ki-67+ Tex-int in circulation could originate in

uiLNs or the tumor. Because we previously found increased

proliferation in the uiLN, we also investigated whether there

was evidence of proliferating Tex-int in the TME. Tex-int (c5)

were significantly more proliferative in the blood than in the

tumor of the same patients, where little proliferation was

evident (Figure 5J). This was also true for the proliferative Temra

population (c2) observed in the blood (Figure 5J). Consistent

with a peripheral origin of Tex-int, these cells were also more

frequent in blood compared to matched tumors after treatment

(Figures S5G and S5H). Finally, we assessedwhether these pop-

ulations were correlated across uiLN, blood, and tumor from the

same patients (Figures S5I and S5K). Indeed, both Tpex (c18)

and Tex-int (c16) in the uiLN were positively correlated with

both Tex-int clusters (c5, c9) in the blood (Figures 5K and S5J).

While Tex-int (c16) in the uiLN were also positively correlated

with Tex-int clusters in the tumor (c5, c9), Tpex (c18) in the

uiLN exhibited negative correlations with these clusters in the tu-

mor (Figures 5K and S5K). Therefore, increased frequencies of

Tex-int in the tumor after treatment were associated with fewer
Figure 5. Tex-int are present at higher levels in the blood following ICB
(A) Overview of cohort. Blood samples were collected pre-treatment (baseline, 2–

surgery) from patients with HNSCC that received anti-PD-L1 treatment prior to sur

a few patients, additional samples were collected (see complete overview in Fig

(B) Heatmap of markers used for CD8+ T cell clustering. Scaled median express

(C) UMAP of non-naive CD8+ T cell clusters and expression for a subset of mark

(D) Frequencies of non-naive CD8+ T cell clusters.

(E) Paired differential abundance analysis of non-naive CD8+ T cell subsets betw

models). The log2 fold changes are plotted against the negative log10(nominal p

blood at time of surgery (purple) or baseline (blue) or not differentially abundant (

(F) Cluster 5 and 9 abundances (as percentage of non-naive CD8+ T cells) in p

generalized linear mixed models.

(G) Paired differential abundance analysis of non-naive CD8+ T cell subsets betw

models). See color scheme for Figure 6C.

(H) Cluster 2, 5, and 9 abundances (as percentage of non-naive CD8+ T cells) in pa

linear mixed models.

(I and J) Percentage of cluster 2 and 5 proliferating cells in paired blood samples a

values obtained by paired Wilcoxon rank-sum test.

(K) Spearman correlation between cluster 16 and 18 in LN (MIBI data) and cluste

See also Figure S5.
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Tpex within the treated uiLN and an increase in the frequency

of Tex-int in the uiLN. These data are consistent with a model

in which Tpex differentiate to Tex-int within the uiLN after treat-

ment, which then transit through the blood to the TME.

Metastases within LNs alter immune composition
As with many solid tumors, HNSCC frequently metastasize to

regional lymph nodes. Having established an important role for

uiLNs in anti-tumor CD8+ T cell responses, we asked whether

metastases in LNs (metLNs) would impact this response. Using

mass cytometry, we profiled the immune cells present in paired

metLNs and uiLNs from the same SOC patients with locally

advanced disease, overlapping with the patients we had previ-

ously analyzed (n = 7). Paired metLNs and uiLNs were regional

and ipsilateral to the same primary tumor; distant metastases

were not identified at the time of surgery. Immune composition

within metLNs was very similar to the tumor and distinct from

paired uiLNs from the same individuals (Figures S6A–S6C).

This pattern extended to CD8+ T cells, in which Tpexwere almost

absent in metLNs, while Tex-term were more abundant (Figures

6A and 6B). In contrast, no significant differences were observed

between CD8+ T cell composition in metLNs and paired tumors

(Figure S6D). Thus, metLNs exhibit a distinct immune environ-

ment as compared to paired uiLNs but recapitulate a similar im-

mune microenvironment to the primary tumor from which they

originated.

Having established that uiLNs are an important site for CD8+

T cell responses to ICB, we evaluated whether these responses

remained intact or differed in metLNs. Of the 9 patients treated

with anti-PD-L1 from whom uiLNs were collected, 4 patients

also had at least one LN with evidence of metastasis, with met-

astatic cores (met-cores) from 3 patients available for MIBI anal-

ysis. Differences in major cell population frequencies mirrored

the results from mass cytometry (Figures S6E and S6F).

Within the non-naive CD8+ T cell compartment, Tpex (c18) and

Tex-int (c16) were also among the clusters with the largest

relative reductions in frequency within met-cores as compared

to ui-cores after treatment (Figures S6G and S6H). Though these

differences were not statistically significant, perhaps due to the
29 days before surgery), at time of surgery, and at follow-up (27–38 days post-

gery (n = 10). Additionally, tumor samples were collected at time of surgery. For

ure S6A). Samples were analyzed by mass cytometry.

ion per marker is shown for cluster annotation.

ers.

een blood at time of surgery and baseline (n = 10) (generalized linear mixed

values). Colors indicate if cell populations are significantly more abundant in

False, gray) after Benjamini-Hochberg correction, FDR < 0.1.

aired blood samples at time of surgery and baseline. p values obtained by

een blood at time of follow-up and at baseline (n = 7) (generalized linear mixed

ired blood samples at follow-up and baseline. p values obtained by generalized

t time of surgery and baseline (I) and in blood and tumor at time of surgery (J). p

r 5 and 9 in blood (CyTOF data) at time of surgery.
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smaller sample size, median Tpex (c18) abundancewas reduced

in met-cores compared to ui-cores from either immunotherapy-

treated or -naive patients, and the median frequency of Tex-int

(c16) was even lower in met-cores from treated patients

compared to ui-cores of patients who had not received immuno-

therapy (Figure S6I).

metLNs exhibit immunosuppressive niches surrounding
Tpex and Tex-int after ICB
We next evaluated the cellular neighbors of these CD8+ T cell

clusters of interest in met-cores after treatment. Similar to

uiLNs, Tpex and Tex-int were most likely to be localized

next to CD4+ T cells, Tregs, and DCs (Figures S6J and

S6K). However, in contrast to uiLNs, Tpex were less likely to

be near Tex-int in met-cores after treatment (Figure 6C), and

neither of these populations upregulated PD-1 when in prox-

imity to DCs (Figure 6). These results are consistent with a fail-

ure of Tpex to become activated and differentiate into Tex-int

in the metLNs. Therefore, we further evaluated whether

their neighboring cells may exhibit more immunosuppressive

properties. Indeed, DCs neighboring both Tpex and Tex-int

in met-cores after treatment expressed significantly higher

levels of the regulatory molecules CD39, IDO, TIM3, and

PD-L1 (Figures 6E and S6L), all associated with a tolerogenic

DC state.46–49 Moreover, Tregs neighboring both Tpex and

Tex-int exhibited higher expression of the master regulator

transcription factor, FoxP3, elevated levels of CD39 and

TIM3 (Figures 6F and S6M) associated with enhanced sup-

pressive function,50–54 and increased Ki-67. In addition, neigh-

boring CD4+ T cells expressed significantly lower levels of

CD45RO and PD-1 along with higher levels of TCF-1, indica-

tive of a more naive or quiescent phenotype (Figures 6G and

S6N). These results collectively indicate that Tpex and Tex-

int are localized in more immunosuppressive niches in metLNs

compared to uiLNs after ICB (Figure 6H).
Figure 6. Immunosuppressive niches surround Tpex and Tex-int in me
(A) Paired differential abundance (DA) analysis of main immune cell populations be

changes are plotted against the negative log10 (nominal p values). Colors indicate

or not differentially abundant (False, gray) after Benjamini-Hochberg correction,

(B) Cluster 8 and 14 abundances (as percentage of non-naive CD8+ T cells) in pa

mixed models.

(C) Number of cluster 16 neighbors for cluster 18 cells in ui-cores (global) and m

(D) Expression of PD-1 on cluster 18 and cluster 16 cells with a DC neighbor in

patients.

(E) Expression of CD39, IDO1, PD-L1, and TIM3 on DCs neighboring Tpex (cluster

treated patients.

(F) Expression of FOXP3 and TIM3 on Tregs neighboring Tpex (cluster 18 cells)

patients.

(G) Expression of CD45RO and TCF-1 on CD4+ T cells neighboring Tpex (cluster

treated patients.

(H) Representative images of a metLN (patient 10) and uiLN (patient 01) from anti

DCs, Tpex (cluster 18), Tex-int (cluster 16), and keratin+ cells. Cell identity overlaid

CD4+ (cyan), CD45RO (red), CD11c (purple), PD-L1 (red), TCF-1 (yellow), IDO1 (y

(I) Log2 fold changes of cluster 5 and 9 abundances at time of surgery vs. ba

metastatic LNs (No met).

(J) Log2 fold changes of cluster 2 and 5 frequencies of proliferating cells at time

patients without metastatic LNs (No met).

(C–G) p values obtained by Wilcoxon rank-sum test.

See also Figure S6.

1138 Cell 186, 1127–1143, March 16, 2023
Given these differences, we hypothesized that perhaps pa-

tients with metLNs would exhibit muted CD8+ T cell responses

in the blood after ICB. Indeed, patients with metLNs exhibited

more modest increases in the frequencies of circulating Tex-int

(c5, c9) as compared to patients with no evidence of LN metas-

tases (Figure 6I). Moreover, patients with LNmetastases also ex-

hibited smaller changes in Ki-67+ Tex-int (c5, c9) and Temra (c2)

cells in the blood after treatment (Figures 6J and S6O). Collec-

tively, these data indicate that the changes in Tpex frequencies

and cellular neighborhoods in metLNs are associated with

blunted responses to ICB in the blood.

DISCUSSION

It has remained unclear whether regional LNs are important hubs

of anti-tumor immunity and ICB response in patients with cancer.

This information is critical to understanding the mechanistic ba-

sis of current immunotherapies in humans and for identifying

new opportunities to improve responses by optimally harnessing

the right cell subsets.

Given prior work showing the proliferative burst of

Tpex observed in the tdLNs and tumor of mice after ICB treat-

ment,12,14,18 we originally hypothesized that the frequency of

Tpex in the uiLNs of human patients might increase after ICB

treatment. Surprisingly, the frequency of Tpex in the uiLNs

decreased after immunotherapy in patients. Our data support a

model in which ICB causes Tpex in human uiLNs to differentiate

further into Tex-int, ultimately resulting in a decrease in the fre-

quency of Tpex in the uiLNs at the post-treatment time points

analyzed in this study. ICB has been shown to drive the differen-

tiation of Tpex into Tex-int and/or Tex-term cells in mice,12–17

and in humans, CD8+ T cells in the TME have been observed

to adopt Tpex, Tex-int, or Tex-term fates.25,27 Indeed, we

observed an increase in the frequency of PD-1+TCF-1�CD8+

T cells with low expression of inhibitory receptors, resembling
tLNs after anti-PD-L1 ICB
tween uiLNs and metLNs (n = 9; paired Wilcoxon rank-sum test). The log2 fold

if cell populations are significantly more abundant in uiLN (purple), tumor (blue),

FDR <0.1.

ired samples from uiLNs and metLNs. p values obtained by generalized linear

et-cores (global) from SOC- and anti-PD-L1-treated patients.

ui-cores (global) and met-cores (global) from SOC- and anti-PD-L1-treated

18 cells) in ui-cores (global) andmet-cores (global) from SOC- and anti-PD-L1-

in ui-cores (global) and met-cores (global) from SOC- and anti-PD-L1-treated

18 cells) in ui-cores (global) and met-cores (global) from SOC- and anti-PD-L1-

-PD-L1-treated patients showing the spatial localization of CD4 T cells, Tregs,

onto the segmentationmask. Highlighted region is colored by the expression of

ellow), FoxP3 (purple), TIM-3 (green), and CD39 (green).

seline stratified into patients with metastatic LNs (Met) and patients without

of surgery vs. baseline stratified into patients with metastatic LNs (Met) and
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Tex-int, with increased Ki-67 expression in the uiLNs after ICB.

Based on the kinetics of Ki-67 expression as a function of the

cell cycle,55 these cells may be actively proliferating or have

recently differentiated from dividing cells, such as Tpex. Consis-

tent with this notion, Tpex and Tex-int were in closer proximity to

one another in uiLNs after ICB. In blood samples, we also

observed a corresponding increase in the frequency of Tex-int,

but not Tpex, between baseline and post-treatment surgery

timepoints. Tpex themselves were rare in blood, while Tex-int

were not proliferative in paired tumors. Thus, our data suggest

a model in human cancer patients in which ICB drives Tpex in

the uiLNs to differentiate into Tex-int, which then transit through

the blood and ultimately arrive at the tumor, where they become

more terminally exhausted.

Because Tpex are critical to sustain endogenous and ICB-

mediated CD8+ T cell responses, determining the cellular niche

that regulates Tpex in human patients will be critical for harness-

ing them more reproducibly across cancer patients. Our data

suggest that Tpex and Tex-int are localized closely with DCs in

the uiLN, and this interaction increases with ICB treatment.

These observations parallel previous studies demonstrating

that Tpex and Tex-int in the TME reside near antigen-presenting

cells in human and mouse tumors.25,56,57 In mouse studies of

chronic infection, DCs promote Tpex maintenance in the

spleen.58 CD28 expression, the ligands of which are typically ex-

pressed on DCs, is necessary for the proliferative burst of CD8+

T cells after ICB.59 DC expression of PD-L1 also restricts CD8+

T cell responses in mouse tumor models.41 Thus, in human

cancer patients, our data support the notion that ICB results in

greater interactions between Tpex and DCs, promoting prolifer-

ation and differentiation of Tex-int cells.

Our data also add to a developing understanding of the impact

of metastases in LN on the anti-tumor immune response. In a

mouse model of melanoma, LN metastasis drove immunosup-

pression, including induction of Tregs and alterations in DC

phenotypes, resulting in impaired CD8+ T cell responses.60

Moreover, in human melanoma patients, metLNs exhibited

higher expression of immunosuppressive genes and reduced

lymphocyte activation associated with distant recurrence.60,61

Our data indicate that cellular niches surrounding Tpex and

Tex-int become more immunosuppressive in metLNs from

recently treated patients, including elevated expression of inhib-

itory proteins on DCs and Tregs as well as more naive and quies-

cent CD4+ T cells. Patients with metLNs also experienced

weaker CD8+ T cell responses in the blood following treatment,

supporting an important role for LNs in generating circulating

CD8+ T cell responses that associate with clinical response.

In summary, our data highlight the important role of CD8+ T cell

responses in human LNs at steady-state and after ICB immuno-

therapy while also revealing the disruption of these key pro-

cesses by LN metastasis. These results lay a foundation for the

future development of immunotherapies that optimally harness

anti-tumor immunity in human LNs and inform immune-moni-

toring strategies for cancer patients treated with ICB.

Limitations of the study
While our results indicate that key CD8+ T cell subsets in human

LNs havemore DC neighbors after PD-L1 blockade, we have not
yet determined the mechanisms responsible. It is possible that

DC migration from the tumor into the LN is enhanced or that

these cells change their relative localization with one another

after treatment. Because we did not observe an increase in the

total frequency of DCs after anti-PD-L1 treatment (Figure S4E),

we favor the latter possibility. Additionally, the specific chemo-

kines or adhesion molecules that regulate this remain to be

determined. Several studies of Tpex in mouse models of cancer

and chronic infection identified their expression of the gene

Xcl1,62–64 which encodes a DC chemoattractant that could

play a role. The clusters annotated as Tex-int in the mass cytom-

etry analysis and MIBI analysis had minor differences in their

expression of some proteins, though the key proteins used to

annotate these cell subsets were consistent. These differences

may be attributable to distinct antibody clones and sample

preparation methods between the assays; for instance, intracel-

lular protein stores are accessible for staining by MIBI, while

cell-surface antigens are stained for mass cytometry before

cell permeabilization. Moreover, the molecular mechanisms

that result in the observed reduction of Tpex and suppression

of Tpex and Tex-int responses after ICB in metLNs remain to

be determined.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

For a list of antibodies used for analysis by mass

cytometry (CyTOF), multiplexed ion beam imaging

(MIBI), and CITE-seq, please see Table S5.

Various Various

Human TruStain FcX (Fc Receptor Blocking Solution) Biolegend Cat#422301

Chemicals, peptides, and recombinant proteins

Collagenase IV Worthington Cat#LS004188

Deoxyribonuclease I Sigma-Aldrich Cat#DN25

cis-Diammineplatinum(II) dichloride (Cisplatin) Sigma-Aldrich Cat#P4394

Paraformaldehyde aqueous solution Electron Microscopy Sciences Cat#15710

Zombie Aqua Fixable Viability Dye Thermo Fisher Cat#L34966

Candor PBS Antibody Stabilization solution Candor Bioscience Cat#13150

Maxpar 10X Barcode Perm Buffer Fluidigm Cat#201057

Cell-ID Intercalator-IR Fluidigm Cat#201192A

Maxpar Cell Acquisition Solution Fluidigm Cat#201240

Target Retrieval Solution Dako Agilent Cat#S1699

PBS IHC Wash Buffer + Tween 20 Cell Marque Cat#934B-06

EQ Four Element Calibration Beads Fluidigm Cat#201078

ACK Lysing Buffer Thermo Fisher Cat#A1049201

Cell Staining Buffer Biolegend Cat#420201

Normal Donkey Serum Sigma-Aldrich Cat#566460

Critical commercial assays

Chromium Next GEM Single Cell 50 Library Kit 10X Genomics Cat#PN-1000265

Chromium Single Cell V(D)J Enrichment kit 10X Genomics Cat#PN-1000005

50 Feature Barcode Kit 10X Genomics Cat#PN-1000256

MaxPar X8 Antibody Labeling Kits Fluidigm Various

Metal-Loaded MIBItags IonPath Various

Avidin/Biotin Blocking System Biolegend Cat#927301

Deposited data

Single-cell genomics data Generated by current

investigators

Deposited into GEO under

accession number GSE212797

Mass cytometry and multiplexed

ion beam imaging data

Generated by current

investigators

Deposited into Mendeley Data under

https://doi.org/10.17632/2zgppyr2rr.1

Software and algorithms

R Core Team (v.4.0.5) The R Project for Statistical

Computing

https://www.r-project.org/

RStudio Posit https://posit.co/

Python (v.3.88) Python Software Foundation.

Python Language Reference,

version 3.8.

http://www.python.org

ParkerICI/Premessa Parker Institute for Cancer

Immunotherapy

https://github.com/ParkerICI/premessa

CellEngine CellCarta https://cellcarta.com/cellenginesoftware/

CytoNorm Van Gassen et al.65 https://github.com/saeyslab/CytoNorm

Flowcore Ellis et al.66 https://bioconductor.org/packages/

release/bioc/html/flowCore.html

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CATALYST Nowicka et al.67;

Chevrier et al.68
https://github.com/HelenaLC/CATALYST

FlowSOM Van Gassen et al.33 https://github.com/SofieVG/FlowSOM

Diffcyt Weber et al.69 https://github.com/lmweber/diffcyt

Mesmer Greenwald et al.36 https://github.com/vanvalenlab/kiosk-console

scanpy (v.1.7.1) Wolf et al.70 https://github.com/scverse/scanpy

Harmony (v.0.05) Korsunsky et al.71 https://github.com/immunogenomics/harmony

sklearn (v.0.24.1) Pedregosa et al.72 https://github.com/scikit-learn/scikit-learn

Corrplot Simko73 https://github.com/taiyun/corrplot

scipy (v.1.6.1) Virtanen et al.74 https://github.com/scipy/scipy

pandas (v.1.2.3) McKinney75; Pandas

Development Team76

https://github.com/pandas-dev/pandas

numpy (v.3.3.4) Harris et al.77 https://github.com/numpy/numpy

matplotlib (v.3.3.4) Hunter78 https://github.com/matplotlib/matplotlib

statsmodels (v.0.12.2) Seabold and Perktold79 https://github.com/statsmodels/statsmodels

Dplyr Wickham et al.80 https://github.com/tidyverse/dplyr

reshape2 Wickham81 https://github.com/cran/reshape2

ggplot2 Wickham82 https://github.com/tidyverse/ggplot2

RColorBrewer Neuwirth83 https://cran.r-hub.io/web/packages/

RColorBrewer/index.html

Other

gentleMacs C Tubes Miltenyi Biotec Cat#130-093-237

Gold-Coated Slides IonPath 567001
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Matthew

Spitzer (matthew.spitzer@ucsf.edu).

Materials availability
No new materials were generated during the course of this study.

Data and code availability
d All mass cytometry and multiplexed ion beam imaging data are available on Mendeley Data under https://doi.org/10.17632/

2zgppyr2rr.1. Single-cell genomics data have been deposited into GEO under accession number GSE212797.

d This paper does not report original code, however available software packages used for analysis are described in the STAR

Methods section and key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reason-

able request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subject consent and biospecimen collection
Subjects were enrolled using a consecutive sampling approach and provided informed consent under UCSF IRB approved protocols

(UCSF IRB# 14-15342 and IRB# 18-25114) for collection of blood before and after surgery as well as collection of tumor, lymph node,

and blood on the day of their surgery. Tissue samples were obtained from tumor resection specimens on the day of surgery by UCSF

Pathology Assistants; bloodwas collected in EDTA coated vacutainer tubes in the operating room prior to surgery. Tissue specimens

were placed in ice cold Leibovitz’s L-15 medium in a 50 mL conical tube and along with blood samples immediately transported on

ice to the laboratory for preparation for either mass cytometry or single-cell RNA sequencing and TCR sequencing (see additional

tissue and blood processing details below). Demographic information, including age and sex, and all clinical information for each

subject cohort can be found in Tables S1, S2, and S4.
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Pathologic review of formalin fixed paraffin embedded tissues
All formalin fixed paraffin embedded tissues used in this study were reviewed by a board certified oral and maxillofacial patholo-

gist (K.B.J.).

METHOD DETAILS

Tumor, lymph node, and blood processing for mass cytometry
Tumor and lymph node samples were finely minced and digested in Leibovitz’s L-15 medium with 800 U/ml collagenase IV and

0.1 mg/ml DNase I with gentle agitation for 45 min at 37�C. After digestion, cells were filtered through a 70mm filter into PBS/5mM

EDTA solution, spun down at 500g for 5 min at 4�C, the supernatant aspirated, and resuspended in fresh PBS/EDTA solution and

kept on ice.

Blood samples were mixed with Ammonium-Chloride-Potassium Lysis Buffer at room temperature for 3 to 5 min to lyse red blood

cells, centrifuged at 300g for 5 min at 4�C, the supernatant aspirated, and resuspended in fresh PBS/EDTA solution and kept on ice.

Cells from both tissue and blood were then washed with PBS/EDTA and re-suspended 1:1 with PBS/EDTA and 50 mM cisplatin

for 60 s at room temperature before quenching 1:1 with PBS/5mM EDTA/0.5% BSA to determine viability as previously described.84

Cells were centrifuged at 500g for 5 min at 4�C and re-suspended in PBS/EDTA/BSA at a density between 13 10^6 and 103 10^6
cells per ml. Suspensions were fixed for 10 min at room temperature using 1.6% paraformaldehyde (PFA) and frozen at �80 �C until

ready to be run for CyTOF.

Tumor and lymph node processing for single-cell sequencing
Tumor and lymph node samples were thoroughly minced with surgical scissors and transferred to GentleMACs C Tubes containing

800 U/ml Collagenase IV and 0.1 mg/ml DNase I in L-15/2% FCS per 0.3 g tissue. GentleMACs C Tubes were then installed onto the

GentleMACs Octo Dissociator (Miltenyi Biotec) and incubated for 20 min (lymph node) or 35 min (tumor) according to the manufac-

turer’s instructions. Samples were then quenched with 15 mL of sort buffer (PBS/2% FCS/2mM EDTA), filtered through 100mm filters

and spun down. Red blood cell lysis was performed with 175 mM ammonium chloride, if needed.

Cells were then incubated with Human TruStain FcX Receptor Blocking Solution to prevent non-specific antibody binding before

staining with Zombie Aqua Fixable Viability Dye and anti-humanCD45 antibody in PBS/2%FCS/2mMEDTA/0.01%sodium azide and

incubated for 25 min on ice in the dark. Live CD45+ and CD45- cells were sorted on a BD FACSAria Fusion. CD45+ and CD45- cells

were pelleted and resuspended at 1x10^3 cells/ml in 0.04%BSA/PBS buffer before mixing in an 8:2 CD45+:CD45- ratio and loaded

onto the Chromium Controller (10X Genomics) to generate 50 v1.1 gel beads-in-emulsions (GEM). For CITE-Seq samples, pooled 8:2

CD45+:CD45- cells were resuspended in Cell Staining Buffer (BioLegend) and stained with a pool of 137 TotalSeq-C antibodies

(Table S5) according to the manufacturer’s protocol before loading onto the Chromium Controller (10X Genomics) for GEM gener-

ation. The cDNA libraries were generated using all or a subset of Chromium Next GEM Single Cell 50 Library Kit for gene expression

(GEX), Chromium Single Cell V(D)J Enrichment kit (10X Genomics) for T cell receptor (TCR), and Chromium Single Cell 50 Feature
Barcode Library kit for antibody derived tag (ADT) according to the manufacturer’s instructions. The libraries were subsequently

sequenced on a Novaseq S4 sequencer (Illumina) to generate fastqs with the following mean reads per cell: 42,000 (GEX), 34,000

(TCR), and 5,700 (ADT).

Tissue microarray fabrication for multiplexed ion beam imaging
For all patient lymph node samples used for MIBI analysis, hematoxylin and eosin (H&E) stained tissue sections prepared by the

UCSF Department of Pathology as part of normal patient care were retrieved and reviewed by K.B.J. In general, lymph nodes

used in the studywere selected fromneck levelsmost likely to represent areas of lymphatic drainage frompatient tumors. 2mmdiam-

eter cores in both the cortex and paracortex regions of each lymph node weremanually annotated on the H&E slides. In lymph nodes

with metastatic disease, 2mm cores were also obtained from the tumor-lymph node interface. The slides were then used to select

2mm cores from their corresponding paraffin blocks using a 3D-Histech TissueMicroarrayMaster II robot computer assisted/image-

guided production system. We created two, 5 3 12 tissue microarrays following the manufacturer’s instructions. Cores of a single

sample of normal human tonsil were also included in duplicate as controls on each microarray.

Antibody heavy metal conjugation for mass cytometry
The sources for all mass cytometry antibodies can be found in Table S5. Antibodies were conjugated to their associated metals with

MaxPar X8 labeling reagent kits according tomanufacturer instructions, dilutedwith Candor PBS Antibody Stabilization solution sup-

plemented with 0.02% sodium azide, and filtered through an UltrafreeMC 0.1-mm centrifugation filter (Millipore) before storage at

4�C. Surface and intracellular master antibody cocktails were made and kept at �80�C.

Antibody heavy metal conjugation for multiplexed ion beam imaging
Antibodies were conjugated to metal-loaded MIBItags (Ionpath) according to manufacturer instructions, and stored at 4�C prior

to use.
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Mass-tag cellular barcoding for mass cytometry
Prior to antibody staining, mass tag cellular barcoding of prepared samples was performed by incubating cells with distinct combi-

nations of isotopically-purified palladium ions chelated by isothiocyanobenzyl-EDTA as previously described.85 After counting, 1 3

10^6 cells were barcoded with distinct combinations of stable Pd isotopes for 15 min at room temperature on a shaker in Maxpar

Barcode Perm Buffer. Cells were washed twice with cell staining media (PBS with 0.5% BSA and 0.02% NaN3), and pooled into

a single 15 mL tube for subsequent staining and washing steps.

Mass cytometry staining
Barcoded cells were stained with Human TruStain FcX Receptor Blocking Solution at 20 mg/mL for 5 min at RT on a shaker. Surface

antibody cocktail was then added with a 500ul final reaction volume for 30 min at RT on a shaker. Following staining, cells were

washed twice with cell staining media. Before intracellular staining, cells were permeabilized for 10 min with methanol at 4�C. Meth-

anol was then removed by washing the cells 2 times with cell staining media. The intracellular cocktail was then added to the cells for

a 500uL final reaction volume for 1 h at RT on a shaker. Cells were washed twice in cell staining media to remove unbound antibodies

and then stained with 1mL of 1:4,000,191/193Ir Cell-ID Intercalator Solution diluted in PBS with 4% PFA overnight. Before mass

cytometry was run, cells were washed once with cell staining media, and twice with Cell Acquisition Solution.

Multiplexed ion beam imaging tissue section staining
Tissue sections (5 mm thick) were cut from FFPE blocks of the tissue microarrays and mounted on gold- and tantalum-sputtered mi-

croscope slides (IonPath). Slides were baked at 70�C for 1 h followed by deparaffinization and rehydration with sequential washes in

xylene (2x), 100% ethanol (2x), 95% ethanol (2x), 80% ethanol (1x), 70% ethanol (1x), and ddH2O (2x) with a Leica ST4020 Linear

Stainer (Leica Biosystems) programmed for 30 s each. Tissues next underwent antigen retrieval by submerging slides in Target

Retrieval Solution (pH 9) and incubating them at 97�C for 40 min and cooled down to 65�C in a Lab Vision PT Module (Thermo Fisher

Scientific). Slides were further cooled to room temperature and washed in 1x phosphate-buffered saline (PBS) IHC Washer Buffer

with Tween 20. Next, endogenous biotin and avidin proteins were successively blocked using an Avidin/Biotin Blocking System,

for 10 min each. Tissues were then washed with wash buffer and blocked for 1 h at room temperature with 1x PBS IHC Wash Buffer

with Tween 20 and 5% (v/v) normal donkey serum (Sigma-Aldrich). Two antibody panels were prepared. The first antibody cocktail

was prepared in 1x PBS IHCWash Buffer with Tween 20 with 5% (v/v) normal donkey serum and 0.5 mMEDTA and filtered through a

0.1-mm centrifugal filter (Millipore) prior to incubation with tissue overnight at 4�C in a humidity chamber. Following the overnight

incubation, slides were washed twice for 5 min in wash buffer. The secondary antibody cocktail was prepared as described above

and incubated with the tissues for 1 h at room temperature in a humidity chamber. Slides were dried under vacuum prior to imaging.

Mass cytometry data acquisition
Mass cytometry samples were diluted in Cell Acquisition Solution containing bead standards to approximately 13 10^6 cells/mL and

then analyzed on a Helios mass cytometer (Fluidigm) equilibrated with Cell Acquisition Solution. A minimum of 103 10^6 cell events

were collected for each barcoded set of samples at an event rate of 400–500 events/second.

Multiplexed ion beam imaging data acquisition
Imaging was performed using a MIBI-TOF instrument (IonPath) with a Hyperion ion source. Xe+ primary ions were used to sequen-

tially sputter pixels for a given field of view. The following imaging parameters were used: acquisition setting: 80 kHz; field size: 8003

800 mm, 2048 3 2048 pixels; dwell time: 1 ms; median gun current on tissue: 5.5 nA Xe+.

Data normalization and de-barcoding for mass cytometry
Bead standard data normalization and de-barcoding of the pooled samples into their respective conditions was performed using the

R package from the PICI institute available at https://github.com/ParkerICI/premessa.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mass cytometry batch normalization
Each group of barcoded samples was runwith a control sample (replicates of a single normal human tonsil) to validate staining and for

normalization between groups of barcoded samples. Bead standard data normalization and de-barcoding of the pooled samples into

their respective conditions was performed using the R package Premessa from the PICI institute available at https://github.com/

ParkerICI/premessa. All manually gated live, intact, single cells were downloaded as FCS files from CellEngine (CellCarta, Montreal,

Canada). CytoNorm65 (https://github.com/saeyslab/CytoNorm) was utilized to correct for batch effects. All markers were used for

batch effect normalization.

Mass cytometry manual gating
Batch effect normalized FCS files were uploaded to CellEngine for manual gating (Figure S1A).
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Mass cytometry clustering
Manually gated CD8+ T cells were downloaded as FCS files fromCellEngine, and flowCore66 was used to import FCS files into R. The

FlowSOM clustering algorithm,33 available through the CATALYST R/Bioconductor package,67,68 was used to generate clusters

based on CD8+ T cell specific markers (Granzyme B, CD38, CD127, CD45RA, TIM3, TIGIT, PD-L1, CD27, CD39, Tbet, CD103,

FoxP3, CD69, CCR7, CD25, TCF-1, Pan-HLA-DR, PD-1, CD56, CD16, CD7, CD95). We ran FlowSOMwith a 103 10 grid and utilized

the built-in ConsensusClusterPlus86 metaclustering step to obtain 20 CD8+ T cell clusters. Clusters were visualized using UMAPs via

the umap package87 and heatmaps via the ComplexHeatmap package,88 both available through CATALYST. For paired differential

abundance analyses, we used generalized linear mixed models implemented in the diffcyt R package.69

Low level image processing for multiplexed ion beam imaging
To remove background generated from gold, oxides and adducts, aswell as compensate for channel cross talk.We used the Rosetta

algorithm, which uses a flow-cytometry style compensation approach to remove spurious signals. All compensation parameters

were first evaluated in a subset of 10 images to ensure contaminant signal was removedwhile preserving target signal. Next, finalized

parameters were applied to the full image set.

Region masks for multiplexed ion beam imaging
Regionmaskswere generated to define histologic regions of each FOV including the T-cell-zone, B-cell-zone, tumor, endothelium, or

other. The tumor mask was first generated by applying smoothing (Gaussian blur, radius 2 px) and a pixel thresholder to Keratin

signal. To generate the B-cell-zone mask, tumor mask was subtracted from the FOV. In the remaining area, smoothing and pixel

thresholder were applied to CD20 signal. T-cell zone and Endothelium masks were similarly generated using CD3 and CD31 signal,

respectively and any remaining area of the FOV was classified as ‘‘Other’’. For each region, all holes were filled.

Single-cell segmentation for multiplexed ion beam imaging
To delineate the location of single cells in MIBI-TOF images, we performed cell segmentation using the pre-trained Mesmer convolu-

tional neural network architecture.36 We used dsDNA as the nuclear marker and HLA Class 1, ABC as the membrane marker as input

to the network. The output of Mesmer is the location of each cell in the image. Cells with area larger than 200 mm2were frequently due

to out-of-focus regions of an image and therefore excluded from analysis. Additionally, FOVs with fewer than 3500 total cells were

excluded from analysis.

Single-cell phenotyping for multiplexed ion beam imaging
Single cell phenotyping was accomplished using a previously described method.89 Pre-processed MIBI-TOF images were first

Gaussian blurred using a standard deviation of 2 for the Gaussian kernel. To account for both technical and biological confounders,

pixels were normalized by their total expression, such that the total expression of each pixel was equal to 1. A 99.9% normalization

was applied for each marker. Pixels were clustered into 100 clusters using FlowSOM33 based on the expression of 24 phenotypic

markers: Foxp3, CD11b, CD11c, CD138, CD14, CD16, CD163, CD20, CD21, CD3, CD31, CD4, CD45, CD56, CD68, CD8,

E-Cadherin, HLADR, Keratin, MPO, PD-1, T-bet, Vimentin, BDCA3. The average expression of each of the 100 pixel clusters was

found and the z-score for each marker across the 100 pixel clusters was computed. Using these z-scored expression values, the

100 pixel clusters were meta-clustered using consensus hierarchical clustering. These meta-clusters were manually inspected

and adjusted by comparing with the MIBI-TOF images. Next, by applying the segmentation masks that delineate the boundaries

of all cells in the images, we counted the number of each of the pixel clusters in each cell. This resulted in a pixel cluster by cell count

table. These counts were then normalized by cell size. Using these frequency measurements as the feature vector, the cells were

clustered using FlowSOM into 100 cell clusters. Similarly to the pixel clusters, the average expression of each of the 100 cell clusters

was found and the z-score was computed. Using these z-scored values, the 100 cell clusters were meta-clustered using consensus

hierarchical clustering. Each of the cell meta-clusters was then manually inspected and adjusted by comparison with the images,

then annotated with its cell phenotype. Clustering in this manner resulted in better cluster definition than clustering using integrated

expression.89 Cell populations were refined by inspecting biaxial plots of integrated marker expression for each single cell.

CD8+ T cells were further subclustered using integrated marker expression for each single cell normalized by cell size. The

following markers were used: CD103, CD16, CD27, CD39, CD45RO, CD56, CD69, Foxp3, Granzyme B, HLADR, IFNG, PD-1, PD-

L1, T-bet, TCF-1, TIM3. Cells were clustered using FlowSOM into 100 clusters and meta-clustered using consensus hierarchical

clustering. The final meta-clusters were manually inspected and adjusted by comparing with MIBI-TOF images.

Neighborhood analysis for multiplexed ion beam imaging
Cell neighborhoods were produced as previously described.40 A cell neighbor matrix was generated, in which each row represents

an index cell and columns indicate the number of each cell phenotype within a 50-pixel radius of the index cell. A similar approach

was used to generate a cell neighbor matrix of cells positive for functional markers. Functional marker thresholds were determined by

manually visualizing images. Each cell in the dataset was determined to be positive or negative using these manual thresholds, then

the number of cells positive for each functional marker within a 50-pixel radius of each cell was determined.
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Alignment of single-cell sequencing libraries
The raw fastq files were aligned using Cell Ranger v.3.0.2 and v.6.0.2 software with the default settings to the hg38 transcriptome and

the TotalSeq-C Feature Reference provided by BioLegend for the GEX and ADT fastqs, respectively. The raw TCR fastq files for each

participant from the lymph node and tumor were aligned jointly in order to call shared clonotypes across the tissues using Cell Ranger

v.7.0.0 to the vdj GRCh38 v.7.0.0 reference.

Demultiplexing pooled single-cell samples
The GEX BAM alignment files from each of the pools were used as the input for dsc-pileup v.0.1beta to generate pileup files which

were then used as input for freemuxlet v.0.1beta for doublet identification, inferred genotypes for individuals in each pool, and singlet

assignment to those inferred genotypes. The percentage of shared single nucleotide polymorphism (SNP) assignments from the free-

muxlet genotypes was used to match samples from the two individuals in the lymph node pool and the tumor pool to each other. The

two samples in each pool were from a male and a female participant so the sex assignment (based on XIST expression and the per-

centage of total counts based on unique molecular identifiers (UMIs) mapping to Y chromosome genes; Figure S2J) was used to

match the freemuxlet IDs to the clinical trial participant IDs.

Single-cell sequencing full dataset clustering
We filtered out 747 cells with less than 100 or more than 3,000 genes detected and filtered out 4,883 genes detected in less than 3

cells. We also filtered out 1,943 cells with more than 10% of total counts (UMIs) mapping to mitochondrial genes and 70 cells iden-

tified as red blood cells (based on HBB expression) or platelets (based on PF4 expression). For the multiplexed samples, we also

filtered out genetic doublets (629 cells) identified by freemuxlet. The raw counts were normalized to 10,000 counts per cell and log

(count + 1) transformed. We identified 1,098 highly variable genes which were scaled and used with the default settings in scanpy

v.1.7.170 for PCA analysis. We used Harmony v.0.0.571 for batch correction in the PC space with each sample as a batch. The

top 20 corrected PCs from Harmony were used for nearest neighbor detection followed by leiden90 clustering and UMAP91 projec-

tion. This analysis identified 22 clusters which we collapsed into 13 cell types based on marker gene expression.

Single-cell sequencing CD8 T cell clustering
For the ADT data, we filtered out isotype control antibodies (7 total in the 137 panel) and normalized the raw counts with CLR (count +

1) by cell. To identify CD8 T cells by protein, we used a Gaussian mixture model tool from sklearn v.0.24.1 to create positive and

negative gates for CD3 protein, CD8 protein, and CD4 protein on the normalized expression for each marker. We assigned CD8

T cells by including 1) cells that expressed CD3 (CD3E or CD3D) and CD8 (CD8A or CD8B) by RNA and did not express CD4 by

RNA or protein, 2) cells gated as CD8 T cells by protein [CD3+CD8+CD4-], and 3) cells in the clusters annotated ‘‘CD8 T cell’’ that

did not express CD4 by RNA or protein. After removing 11 tumor cells (based on KRT14 expression) from the resulting cells, we sub-

setted the raw countmatrix from the CD8 T cells (8,245 cells) and removed 9,251 genes that were not expressed in at least three cells.

The counts from the remaining 13,305 genes were normalized to 10,000 counts per cell, log (count + 1) transformed, and scaled. We

used the default settings in scanpy v.1.7.1 for PCA dimensionality reduction. We iteratively usedHarmony v.0.0.5 for batch correction

in the PC space with sex, cell cycle phase, and sample as the batch IDs. The top 20 corrected PCs were used for nearest neighbor

detection followed by leiden clustering andUMAPprojection. This identified 13 clusters whichwe collapsed into 9CD8 cell sub-types

based on marker gene expression.

CD8 T cell gene set scoring
Weused the 43 gene S phase gene set excluding 1 gene (MLF1IP) and the 54 gene G2Mphase gene set excluding 2 genes (FAM64A,

HN1) to assign cells to S, G1, and G2M cell cycle phase with the score_genes_cell_cycle function from scanpy v.1.7.1. We used the

399 gene TCF7+ Tex gene set excluding 15 genes (LHFP, IGFL2, C1orf228, UNQ6494, SEPT6, C16orf45, ATP5G2, GPX1, NTRK2,

ATP5A1, TMEM2, C6orf48, C20orf196, TMEM256-PLSCR3, ATP5D) to assign single cell Tpex scores and the 1,261 gene terminal

Tex gene set excluding 24 genes (UNQ6494, C16orf45, LHFP, ATP5G3, ATP5J2, ATP5C1, SEPT2, ASNA1, ATP5G1, ATP5J,

ATP5A1, ATP5G2, NTRK2, ATP5D, PLA2G16, RTFDC1, C19orf24, ATP5B, SEPT7, FAM96A, ATPIF1, FAM96B, C20orf24,

C17orf62) to assign single cell Tex-term scores with the score_genes function from scanpy v.1.7.1. All excluded genes were not de-

tected in our CD8 T cells. S phase gene set andG2Mphase gene set were from92 TCF7+ Tex gene set and terminal Tex gene set were

from.28

Shared clone assignment
Cells with%2 TRA chains and%1 TRB chains were used in the TCR clonotype analyses. Clonotypeswere assigned to CD8 T cells for

the four paired tumor and lymph node samples with a TCR library. Cells were marked as having a ‘‘shared clone’’ status if the cells

from a paired lymph node and tumor were assigned the same clonotype by Cell Ranger.

Statistical analysis
For CyTOF and MIBI data, all statistical tests were performed in R.93,94 The non-parametric Wilcoxon rank sum test was utilized to

compare samples from anti-PD-L1 treated patients to standard of care treated patients and metLN to uiLN for MIBI data. The paired
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Wilcoxon rank sum test and generalized linear mixed models were used for paired CyTOF data. We used Spearman’s correlation to

measure the correlation between cluster abundances in paired data, which were plotted using the corrplot package.73 For multiple

testing corrections, we applied Benjamini-Hochberg correction and statistical differences were declared significant at FDR < 0.1. For

hypothesis testing, statistical differences were declared significant at p < 0.05.

The R packages dplyr80 and reshape281 were used for data manipulation. Most plots were produced with ggplot282 and

RColorBrewer.83

For single cell sequencing data, all statistical tests were performed in python v.3.8.8.95 We compared Tpex scores and Tex-term

scores in shared clones in the tumor versus lymph node using a linear mixed effect model from statsmodels v.0.12.279 with tissue

origin as a fixed effect and clonotype ID as a random effect. We used a Fisher’s exact test from scipy v.1.6.174 to test for an

association between tissue origin (lymph node or tumor) and cell sub-type assignment (cluster or Tex-term) for the cells in those

cell sub-types that were shared clones. We used pandas v.1.2.375,76 and numpy v.3.3.477 were used for data manipulation in python.

We used scanpy v.1.7.1 and matplotlib v.3.3.4 (Matplotlib: A 2D Graphics Environment) for creating plots in python.

Statistical parameters (e.g., sample size [n], etc.) are detailed in the main text and figure legends for each dataset.

ADDITIONAL RESOURCES

All samples used from subjects treated with atezolizumab were from clinical trial NCT03708224. Additional information about this

clinical trial can be viewed at https://clinicaltrials.gov/ct2/show/NCT03708224.
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Figure S1. Tpex are enriched in uiLNs, related to Figure 1

(A) Gating strategy.

(B) Relative abundance of main immune cell types.

(C) UMAP of all CD8 T cell clusters.

(D) Relative abundance of non-naive CD8 T cell clusters. Numbers below indicate the number of Tpex and non-naive CD8 T cells analyzed from each sample.
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Figure S2. Shared CD8 T clones have higher Tpex signature in the lymph node and higher exhaustion signature in the tumor, related to

Figure 2

(A) UMAP of 35,551 cells from 5 paired tumor and draining lymph node samples (10 samples total). Cells are colored according to annotated cell type.

(B) Dot plot of standard scale (subtract minimum and divide bymaximum) column normalized expression for the indicated genes for each annotated cell type from

all cells indicating percentage of cells with expression greater than zero (dot size) and mean expression for cells with nonzero expression (color).

(legend continued on next page)

ll
OPEN ACCESSArticle



(C) UMAP of 8,245 CD8 T cells from 5 paired tumor and draining lymph node samples (10 samples total) colored by annotated cell subset.

(D) Heatmap of gene expression by cluster.

(E) UMAP of all cells with CITE-seq data colored by normalized expression of CD3 protein, CD8 protein, and CD4 protein.

(F) Heatmap of CITE-seq protein expression by cluster.

(G) Frequencies of non-naive CD8 T cell clusters by tissue.

(H) Gene set scores from Zheng et al. (2021) by cluster.

(I) Bar plots of percentage of total CD8 T cells with TCR clonotype assigned for each sample.

(J) Violin plots of XIST expression and percentage of counts from Y chromosome genes for sample demultiplexing.
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(legend on next page)
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Figure S3. Localization of Tpex in human uiLNs, related to Figure 3

(A) Average marker intensity for each pixel cluster.

(B) Average pixel assigmnent for each cell cluster.

(C) Representative single-parameter images for each antibody used for MIBI analysis.

(D) Relative abundance of main immune cell types per LN in the T cell zone or B cell zone. Sample ID represents patient ID followed by LN number.

(E) Relative abundance of CD8 T cell clusters per LN in the B cell zone and global.

(F) Relative frequency of Tpex (c18) in the B cell zone regions and T cell zone regions of the uiLN. p-value obtained by two-tailed Wilcoxon Rank-Sum Test.
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Figure S4. anti-PD-L1 ICB impacts Tpex and Tex-int in uiLNs, related to Figure 4

(A) Relative abundance of main immune cell types in uiLN (global, T cell zone, and B cell zone) from anti-PD-L1 treated patients. Sample ID represents patient ID

followed by LN number.

(B) Relative abundance of non-naive CD8 T cell clusters in uiLN (global andB cell zone) from anti-PD-L1 treated patients. Sample ID represents patient ID followed

by LN number.

(C) Percent Tpex (c18) of non-naive CD8 T cells in the B cell zone from untreated versus anti-PD-L1 treated patients. p-values obtained by Wilcoxon Rank-

Sum Test.

(D) Difference in the number of DC neighbors between untreated and anti-PD-L1 treated patients for each cluster of CD8 T cells (Wilcoxon Rank-SumTest). Colors

indicate if DC neighbors are significantly more abundant in anti-PD-L1 (purple) or SOC (blue) or not differentially abundant (False, gray) after Benjamini-Hochberg

correction, FDR <0.05.

(E) Percent DC of total immune cells from untreated versus anti-PD-L1 treated patients.

(F and G) Spearman correlation between % DC of total immune cells and (F) % Tpex (c18) or (G) % Tex-int (c16) of total non-naive CD8 T cells in samples from

patients receiving SOC or PD-L1 blockade.
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Figure S5. Transitional exhausted CD8+ T cells are present at higher levels in the blood following treatment with anti-PDL1 ICB, related to

Figure 5

(A) Samples collected from each patient. Time (days) are relative to the first sample collected.

(B) Relative abundance of main immune cell types.

(C) Principal component analysis of gated main immune cell populations.

(legend continued on next page)

ll
OPEN ACCESS Article



(D) UMAP of all CD8 T cell clusters.

(E) Frequencies of non-naı̈ve CD8 T cell clusters.

(F) Percentage of cluster 9 proliferating cells in paired samples from blood at time of surgery and baseline. p-value obtained by paired Wilcoxon Rank-Sum Test.

(G) Paired differential abundance analysis of non-naı̈ve CD8 T cell subsets between tumor and blood at time of surgery (n = 6) (generalized linear mixed models).

See color scheme for Figure 6C.

(H) Cluster 5 abundance (as percentage of non-naı̈ve CD8 T cells) in paired samples from blood and tumor at time of surgery. P-values obtained by generalized

linear mixed models.

(I) Correlation between clusters in tumor and blood at time of surgery (Spearman correlation).

(J and K) Correlation between clusters in LN (MIBI data) and clusters in blood (CyTOF data) (J) and clusters in LN (MIBI data) and clusters in tumor (CyTOF data)

(K) at time of surgery (Spearman correlation).

ll
OPEN ACCESSArticle



(legend on next page)

ll
OPEN ACCESS Article



Figure S6. metLNs exhibit deficient Tpex and Tex-int localization with DCs after anti-PDL1 ICB, related to Figure 6

(A) Principal component analysis of gated main immune cell populations in uninvolved lymph nodes (uiLN), metastatic lymph nodes (metLN), and tumors.

(B) Relative abundance of main immune cell types for patients 11084 and 8158.

(C) Paired differential abundance (DA) analysis of main immune cell populations between uiLN and metLN (n = 7; paired Wilcoxon Rank-Sum Test). The log2 fold

changes are plotted against the negative log10(nominal p values). Colors indicate if cell populations are significantly more abundant in uiLN (purple) or tumor/

metLN (blue) or not differentially abundant (False, gray) after Benjamini-Hochberg correction, FDR <0.1.

(D) Paired differential abundance analysis of non-naı̈ve CD8 T cell subsets between metLN and tumor (n = 8) (generalized linear mixed models). Gray: not

differentially abundant after Benjamini-Hochberg correction, FDR <0.1.

(E) Relative abundance of main immune cell types in met-cores (global) from anti-PD-L1 treated patients. Sample ID represents patient ID followed by LN number

and core number.

(F) Main immune cell type ratios represented as log2 fold changes between met-cores (global) and ui-cores (global) from anti-PD-L1 treated patients.

(G) Relative abundance of non-naı̈ve CD8+ T cell clusters in metastatic cores (global, n = 5) from anti-PD-L1 treated patients (n = 3). Sample ID indicates patient ID

followed by LN number and core number.

(H) Non-naive CD8+ T cell cluster ratios represented as log2 fold changes between met-cores (global, n = 5) and ui-cores (global, n = 39) from anti-PD-L1 treated

patients.

(I) Cluster 18 and 16 abundances (as percentage of non-naive CD8 T cells) in met-cores (global) and ui-cores (global) from anti-PD-L1 treated patients, and ui-

cores (global) from SOC treated patients. p-values obtained by Wilcoxon Rank-Sum Test.

(J and K) Percentage of cluster 18 (J) and cluster 16 (K) cells with a specific cell type as its neighbor in met-cores (global) from anti-PD-L1 treated patients.

(L) Expression of CD39, IDO1, PD-L1, and TIM3 on DCs neighboring cluster 16 cells in ui-cores (global) and met-cores (global) from SOC and anti-PD-L1 treated

patients. p-values obtained by Wilcoxon Rank-Sum Test.

(M) Expression of CD39 and Ki-67 on Tregs neighboring cluster 18 cells (left) and expression of CD39, FoxP3, Ki-67, and TIM-3 on Tregs neighboring cluster 16

cells (right) in ui-cores (global) and met-cores (global) from SOC and anti-PD-L1 treated patients. p-values obtained by Wilcoxon Rank-Sum Test.

(N) Expression of PD1 on CD4+ T cells neighboring cluster 18 cells (left) and expression of CD45RO, PD-1, and TCF-1 on CD4+ T cells neighboring cluster 16 cells

(right) in ui-cores (global) and met-cores (global) from SOC and anti-PD-L1 treated patients. p-values obtained by Wilcoxon Rank-Sum Test.

(O) Log2 fold changes of cluster 9 frequencies of proliferating cells at time of surgery vs baseline stratified into patients with metastatic disease (Met) and patients

without metastatic disease (No met).
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