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Summary

Background Regional lymph node (LN) acts as a pivotal organ for antitumor immunity. Paradoxically, tumor-drain-
ing LNs (TDLNs) are usually the first site of tumor metastasis in lung cancer. It is largely unknown about the associ-
ation between the status of TDLNs and the response of primary tumor beds to immune checkpoint inhibitors (ICIs)
in lung cancer patients. Also, studies characterizing the TDLNSs in response to IClIs are scarce.

Methods We characterized and compared the radiological, metabolic (18F-FDG) and pathologic responses between
primary tumor beds and paired TDLNs (invaded/non-invaded) from 68 lung cancer patients who underwent neoad-
juvant ICIs plus surgery. Additionally, we performed the spatial profiling of immune and non-immune cells within
TDLNs using multiplexed immunofluorescence. Therapy responses (e.g., pathologic complete (pCR) or major
response (MPR)) of primary lung tumor beds and paired TDLNs were investigated separately.

Findings We observed that responses of TDLNs to ICIs markedly differ from their paired primary lung tumors
regarding the radiological, metabolic (18F-FDG uptake), and pathologic alterations. Neoadjuvant ICIs therapy specif-
ically decreased 18F-FDG-reflected metabolic activity in the primary tumor beds with pCR/MPR but not their TDLNs
counterparts. Furthermore, the presence of invaded TDLNs was associated with poor pathologic responses in the
matched primary tumor beds and predictive of rapid post-treatment tumor relapse. Spatial profiling demonstrated
exclusion of T cell infiltrates within the metastatic lesions of invaded TDLNs, and diminished multiple immune and
non-immune compositions in non-involved regions surrounding the metastatic lesions.

Interpretation These results provide the first clinically-relevant evidence demonstrating unique response patterns of
TDLNs under ICIs treatment and revealing the underappreciated association of TDLNs status with the response of
their paired primary tumors to ICIs in lung cancer.

Funding This work was supported by the National Natural Science Foundation of China (82072570 to F. Yao;
82002941 to B. Sun), the excellent talent program of Shanghai Chest Hospital (to F.Y), the Basic Foundation Pro-
gram for Youth of Shanghai Chest Hospital (2021YNJCQ2 to H.Yang), and the Innovative Research Team of High-
level Local Universities in Shanghai (SHSMU-ZLCX20212302 to F. Yao).

Copyright © 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Lung cancer; Immune checkpoint inhibitors; Neoadjuvant immunotherapy; Tumor-draining lymph
nodes; Pathologic response; Biomarker

*Corresponding authors at: Shanghai Chest Hospital, Shanghai Jiao Tong University, West Huai 241, Shanghai 200030, China.

E-mail addresses: yanghaitang@shchestorg (H. Yang), xujianlin@shchestorg (J. Xu), wzxigsz@shchestorg (Z. Wang),
yaofeng@shsmu.edu.cn (F. Yao).
" H.Y., B.S., W.M,, and L.F. contributed equally to this work.

www.thelancet.com Vol 84 October, 2022

Check for
updates

eBioMedicine 2022;84:
104265

Published online xxx
https://doi.org/10.1016/j.
ebiom.2022.104265


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2022.104265&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:yanghaitang@shchest.org
mailto:xujianlin@shchest.org
mailto:wzx1953@shchest.org
mailto:yaofeng@shsmu.edu.cn
https://doi.org/10.1016/j.ebiom.2022.104265
https://doi.org/10.1016/j.ebiom.2022.104265

Articles

Research in context

Evidence before this study

Immunotherapy has profoundly changed the treatment
paradigm for patients with lung cancer. However, het-
erogeneous therapy responses exist, which can be
caused by various factors, e.g., cancer cell itself or tumor
microenvironment. Although considerable biomarkers
have been identified to stratify patients who may bene-
fit from the immune checkpoint inhibitors (ICls) treat-
ment, their performance varies from patient to patient.
Thus, there is still a growing need to understand the
pathobiology of tumor evasion from immune surveil-
lance and elucidate the mechanisms of drug action, ulti-
mately facilitating tailored treatment.

It is a long-held notion that the regional draining
lymph nodes (LN), enriched for various immune compo-
nents, act as pivotal organs for antitumor immunity.
Recent evidence also demonstrates tumor-draining LNs
(TDLNs) as a reservoir of tumor-specific T cells, driving
their infiltration into the primary tumors. However,
TDLNs are frequently observed as the first site of tumor
metastasis in lung cancer. The underlying molecular
mechanisms that promote the adaption of cancer cells
to the immune-proficient microenvironment within
TDLNs remain to be explored. Particularly, the impact of
TDLNs status (tumor-free vs. tumor-invaded) on the
response of their primary tumors to ICls treatment in
lung cancer patients is largely unknown. Furthermore,
studies characterizing the spatial profiling of the
immune and non-immune compositions between the
invaded and paired non-invaded TDLNs in the context
of ICls treatment are lacking.

Added value of this study

Neoadjuvant ICls therapy, followed by surgery, provides
an ideal situation to simultaneously evaluate the thera-
peutic responses of primary tumors and paired TDLNs
to ICls. Based on a clinical cohort of lung cancer patients
undergoing neoadjuvant ICls plus surgery, we first char-
acterized and compared the clinicopathological charac-
teristics of patients who had good or poor responses.
Strikingly, our work showed that cases with poor
response to neoadjuvant ICls treatment were mostly
associated with more tumor-invaded TDLNs, and the
presence of invaded TDLNs was identified as the only
independent biomarker predicting the therapeutic
response of their paired primary tumors. These observa-
tions indicate that invaded TDLNs might render a
restrained antitumor immunity despite the activation
under ICls treatment. More importantly, the presence of
invaded TDLNs was predictive of rapid tumor relapse in
these patients after neoadjuvant ICls treatment, sug-
gesting that the residual tumor cells within the invaded
TDLNs might represent a special subset, which is not
only able to escape the immune surveillance and resist
ICls treatment but also is a critical source of tumor recur-
rence. Further, spatial profiling revealed a remarkable
difference in the immune and non-immune composi-
tions between the invaded and the paired non-invaded

TDLNSs, providing certain interpretations for the com-
promised therapy response associated with the invaded
TDLNs.

Implications of all the available evidence

Our findings highlighted the presence of metastatic
TDLN as a previously underappreciated biomarker pre-
dictive of ICls response and as a potentially critical
source of ICls treatment failure, which advances our
knowledge of the importance of TDLNs-mediated local
immunity to effective immunotherapy. Particularly, this
might be instrumental to guide the rationalized design
of improved immunotherapies in the clinic. For
instance, systematic/unselected removal of TDLNs is a
clinical routine for surgical treatment of lung cancer.
Instead, our findings support the precise/selected
removal of invaded TDLNs while leaving the non-
invaded TDLNs intact to improve the therapeutic out-
comes of subsequently adjuvant ICls treatment, given
that TDLNs are critical sites for antitumor immunity and
the generation of an effective response to ICls. Also,
strategies using TDLNs-directed local therapy combined
with systematic ICls may provide more therapeutic
benefits.

Introduction

Immune checkpoint inhibitors (ICIs) have greatly revo-
lutionized the treatment of various cancer types at late
stages, including lung cancer. Recent evidence also
highlighted the promises of neoadjuvant ICIs followed
by surgery in resectable lung cancer.” Nonetheless, clini-
cal evidence has demonstrated heterogeneous responses
in patients receiving ICIs, and primary or secondary
therapy resistance is common.” These observations sug-
gest an urgent need to understand the pathobiology of
the immunotherapy failure to guide better management
of ICIs in the clinic.

Cytotoxic T cells are the fundamental effectors in the
antitumor immune response and form the backbone of
effective cancer immunotherapies. Previously, ICIs
were presumed to work Dby directly reinvigorating
exhausted CD8+ T Cells that pre-exist within the tumor
microenvironment. However, emerging evidence
highlighted the importance of newly primed and
expanded effector T cells outside of the tumor microen-
vironment that play a key role in mediating the antitu-
mor response.>* One of the most critical sources is the
regional tumor-draining lymph nodes (TDLNs) that are
highly enriched for T cells and other immune compo-
nents and play an essential role in antitumor immu-
nity.> Specifically, antigen-presenting cells, e.g.,
dendritic cells, capture tumor antigens in the primary
tumor tissues and then migrate to the TDLNs, where T
cells are subsequently primed. Ultimately, primed T
cells infiltrate into the primary tumor sites and mediate
tumor eradication. Mounting evidence has highlighted
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the necessity of various components within TDLNs for
the efficacy of ICIs, including the immune and non-
immune cells within TDLNs,*®7 which, however, was
mainly based on pre-clinical mouse models of other can-
cer types with a lack of clinical evidence on lung cancer.
Moreover, most of these preclinical studies focused on
the tumor-uninvolved TDLNs, whereas the impact of
involved TDLNs on tumor immunity remains to be
defined.

The lung is a highly immunological organ rich in
multiple stations of draining lymph nodes.* Paradoxi-
cally, tumor cells metastasizing to TDLNs have been
frequently observed, either macroscopically or micro-
scopically, in surgically-resected lung cancer cases
despite the absence of detectable distant dissemina-
tion,"® and the presence of metastatic TDLNs is also
proposed as a strong dismal prognosis factor.” Consis-
tently, previous preclinical models and recent single-
cell-based lineage tracing analyses support the local
lymphatic system as an early metastatic route of lung
cancer, prior to distant metastasis.”"* These phenom-
ena appear to challenge the presumably classical anti-
tumor functions of TDLNs. Supporting this notion,
systematic dissection of TDLNs is a standard surgical
procedure, leading to improved survival of patients
with resectable lung cancer.'® Furthermore, in pre-
clinical models, recent evidence also showed a tumor-
promoting role of TDLNs in cancer progression.”'®
Together, these observations suggested that TDLNs
execute complex and seemingly contradictory functions
during tumor pathogenesis. Therefore, the role of
TDLNs in shaping tumor immunity warrants further
studies, particularly in the scenario of ICIs treatment
whose efficacy is closely related to the immune and
non-immune cells within the TDLNs.>"9**

Pathologic complete response (pCR) or major
response (MPR) in the primary tumor beds is a widely-
accepted surrogate marker for the therapeutic benefits
and survival prediction for lung cancer patients after
neoadjuvant ICIs"*3; however, the therapeutic response
in the TDLNs has not been well characterized.** Partic-
ularly, whether the presence of invaded/metastatic
TDLNs (referred to as TDLNs+) affects the treatment
response in the primary tumor beds remains elusive.

Thus, in the present study, to characterize and com-
pare the therapeutic responses between primary tumors
and their paired TDLNSs, as well as reveal the potential
biological role of TDLNs in mediating the efficacy of ICI
treatment, we separately characterized and compared
the therapeutic responses of the primary tumor beds
with their paired TDLNs in patients with locally-
advanced lung cancer who underwent neoadjuvant ICIs
plus surgery. Interestingly, we observed markedly dif-
ferent response patterns concerning changes in the
radiographical size, metabolic activity, and pathologic
responses between the primary tumor beds and their
paired TDLNs. Strikingly, the presence of TDLNs+
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independently predicts poor response to ICIs in the pri-
mary tumor beds, with more TDLNs+ being associated
with a higher frequency of poor therapy response. Spa-
tial profiling using multiplexed immunofluorescence
(mIF) staining revealed differential profiling of immune
and non-immune compartments between TDLNs+
and their paired non-invaded TDLNs (referred to as
TDLNs-). Collectively, our data demonstrated unique
response patterns of TDLNs under ICIs treatment and
revealed the underappreciated association of TDLNS sta-
tus with the response to neoadjuvant ICIs in lung can-
cer, which might facilitate our treatment decision-
making.

Methods

Study design and patients

Clinicopathological data of patients with locally-advanced
non-small cell lung cancer (NSCLC) (clinically staged as
TN M, or T, ,N\M, (x stands for any stages)) who
received neoadjuvant immunotherapy or chemo-immuno-
therapy followed by surgery were retrieved from the clinical
records. The study design was summarized in Figure 1.

Ethics statements for animal experiments

This study was approved by the institutional review
board of Shanghai Chest Hospital (#KS(Y)22139). All
patients had signed informed consent for inclusion of
their clinical data and specimens in the institutional
Lung Biobank and use in research projects, according to
the recommendation of the institutional review board.
The study was conducted in accordance with the Decla-
ration of Helsinki (as revised in 2013).

Experimental reagents and antibodies
The reagents and antibodies used were listed in Table S1.

Pretreatment and preoperative examinations

The clinical stage of patients who received neoadjuvant
treatment was assessed by positron emission tomography
with 2-deoxy-2-[fluorine-18] fluoro-D-glucose integrated
with computed tomography (18F-FDG PET-CT) scan or
other whole-body examinations. Detailed information
regarding the pretreatment and preoperative examina-
tions were shown in the Supplemental Methods.

The measurement of radiographic size and metabolic
activity of abnormal TDLNs

Abnormal TDLNs were defined as TDLNs with patho-
logically-confirmed metastasis by pre-treatment biopsy
of regional nodes (N = 28) or radiological suspicion of
regional nodal metastasis (N = 40) indicated by the size
(shortest diameter > 10 mm) and/or elevated pre-treat-
ment maximum standardized uptake value (SUVmax)
on 18F-FDG PET-CT scan. If there are multiple
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Locally-advanced NSCLC Study Design
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Figure 1. Study design. Patients with locally-advanced non-small cell lung cancer (NSCLC) who received neoadjuvant immune
checkpoint inhibitors (ICls) followed by surgery were included. Separately analyzing the therapeutic responses, e.g. radiological size,
metabolic activity (reflected by 18F-FDG PET-CT), and the degree of pathologic response, were performed in primary tumor beds
and paired tumor-draining lymph nodes (TDLNs). Additionally, we divided the TDLNs into two groups according to their pathologic

status: TDLNs with residual tumor cells (metastatic; TDLN+) and tumor-free TDLNs (TDLN-). Multi-parameters between the TDLNs+
and TDLNs- were then compared.
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suspicious TDLNs with metastasis, the shortest diame-
ter or SUVmax of the two largest TDLNs was used to
compare the changes in size or tumor metabolism
before and after treatment.

Neoadjuvant immunotherapy

Neoadjuvant therapy-related information, such as
agents, courses, doses, and duration of final neoadju-
vant treatment to surgery,>° was collected and sum-
marized in Supplementary Methods and Table S1.

Operation and TDLNs dissection
After completion of neoadjuvant treatment, 18F-FDG
PET-CT or whole-body examination was performed to
evaluate therapeutic response and resectability, prefera-
bly 2 weeks after the last dose of therapy. Then, patients
who did not have disease progress underwent surgery,
given that radiographic evaluation poorly reflects the
truly pathologic response after ICIs."*> Posterolateral
thoracotomy (open) or video-assisted thoracic surgery
(VATS) with systemic lymphadenectomy, routinely cov-
ering N1 (> 3 stations) and N2 (> 3 stations), was per-
formed.”” N1 refers to a lymph node metastasis to a
peribronchial or ipsilateral hilar lymph node; N2 repre-
sents a lymph node metastasis to an ipsilateral mediasti-
nal lymph node and/or a subcarinal lymph node.
Clinical and pathologic staging of patients were judged
according to the American Joint Committee on Cancer
(AJCC) Lung Cancer Staging (8th edition). TDLNs sta-
tus was classified as TDLNs+ or TDLNs-, based on the
absence or presence of metastatic tumor cells after ICIs
treatment.

All patients received postoperative adjuvant immu-
notherapy or immuno- chemotherapy after a discussion
with the multidisciplinary tumor board was carried out.

Smoking and PD-L1 subgroups

Cumulative smoking exposure was determined in terms
of pack-years by multiplying the number of years
smoked with the average number of packs per day.
Based on pack-years of smoking, participants were clas-
sified as never smokers (0.0 pack-years), light-moderate
smokers (0.1—40.0 pack-years), and heavy smokers (>
40 pack-years).>>*® Tumoral PD-Lt expression from the
clinical records (retrospectively reviewed) was scored by
a senior pathologist according to the programmed
death-ligand 1 (PD-L1) tumor proportions score (TPS)
before neoadjuvant immunotherapy, and samples were
divided into 3 subgroups: high (>50%), moderate [1-
50%), and low (< 1%) PD-L1.

Treatment response assessments

The neoadjuvant treatment response, retrospectively
reviewed of the clinical records, was assessed based on
the Response Evaluation Criteria in Solid Tumors

www.thelancet.com Vol 84 October, 2022

(RECIST; version 1.1). Of note, in this study, to analyze
the impact of TDLNs status on the therapeutic response
of the primary tumor beds (“tumor bed” refers to the
area where the pretreatment tumor was originally
located) to neoadjuvant ICIs, we separately analyzed the
pathologic responses of primary lung tumor beds and
paired TDLNSs, given that in lymph node metastases, it
is often difficult to assess tumor stromal inflammation
owing to the background lymphocytes.”® Overall, the
pCR referred to the absence of viable tumor cells
(ypToNxMo) in the surgically resected primary tumors;
MPR was defined as 10% or less viable tumor cells in
the surgically resected primary tumors. pCR/MPR in
the primary tumors and TDLNs were referred to as
PCR-P/MPR-P and pCR-LN/MPR-LN, respectively.

Histopathologic evaluation

Histopathologic data were retrieved from the clinical
records. Besides, hematoxylin and eosin (H&E)-stained
slides of paraffin-embedded sections of the primary
tumor and paired TDLNs were additionally retrospec-
tively reviewed by one senior pathologist blinded to the
patients’ treatments and outcomes. The final histopath-
ologic evaluation would be then determined.

Regarding the histopathologic examination of the
primary tumor beds, multiple sections of the tumor bed
(including the longest diameter) were entirely sam-
pled.*® In this study, the number of tumor slides per
sample ranged from 4 to 77, which is dependent on the
residual tumor size. Generally, the 5—7 slides (median:
6) that almost cover entire primary tumors were used
for histologic examination if the size was small (<
3 cm), in that small size is associated with dramatic
tumor shrinkage and fewer tumor residuals (good
response) after neoadjuvant treatment, thus requiring
careful examinations. For tumors with a large size (>
3 cm) that is commonly related to more tumor cell resid-
uals (poor response) after neoadjuvant treatment, it is
easy to detect the residual tumor cells with a smaller
number of slides (median: 5). Concerning the lymph
nodes, the TDLNs were entirely examined if the size
was small (1.0 cm) in the longest diameter. The number
of lymph node slides ranged from 3 to 5.

The evaluation of primary tumor response was pet-
formed as previously described: % of residual
tumor = viable tumor area/total tumor bed area, whereby
the total tumor bed = residual viable tumors + regression
bed + necrosis. >

Multiplexed immunofluorescence staining, image
acquisition and data quantification

Serial 5-pm tissue sections from the matched resected
TDLNs+ and TDLNs- were deparaffinized, rehydrated,
pretreated for antigen retrieval, and then stained with
hematoxylin and eosin and subjected to multiplexed
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immunofluorescence staining (see the detailed informa-
tion in the Supplementary Methods). The primary anti-
bodies used were listed in Table St.

For HE and common IHC sections, whole slide
images were acquired using Grundium Ocus® micro-
scope scanners, as previously described. The staining
intensities of cancer and stromal cells in the images of
full tissue sections were automatically analyzed and
quantified using QuPath open-source software (version
0.3.2), where the DAB channel intensity of stained
markers (membrane, cytoplasm or nuclear OD value
according to their intracellular locations) was extracted
for each section.’*** For the classification of cancer
cells, stromal cells, and necroptosis, multiple training
regions representing typical morphologies of cancer
and stromal cells as well as necroptotic regions are
annotated first. Based on this, the unique parameters of
each cell type were generated, which were then applied
to the whole slide images.

For multiplexed IF, slides were scanned and
imaged using the Pannoramic MIDI® platform and
were analyzed in batches using QuPath open-source
software (version 0.3.2) for the quantification of posi-
tively stained cells as previously described. Conse-
quently, we were able to quantify the positively-stained
cells with one or combination markers. With this, we
know how many cells are positive for single (e.g., CD8+
only), double (e.g., PD1+CD&+), or triple (e.g., CDig
+CDric+CD21+) staining, as described previously.>*> For
the spatial staining analysis in this study, we selected
TDLN+ and paired TDLN- from 6 LUSC patients, includ-
ing pCR (n=2), MPR (n=2), and non-pCR/MPR (n=2) in
the primary tumor beds. Of note, for the case selection,
we excluded the TDLNs that have been almost completely
taken up by the metastatic tumor cells, because there is
no sufficient material in the adjacent lymph node area to
analyze.

Follow-up, events definition and survival time analysis
The first follow-up visit was scheduled 4 weeks after dis-
charge. Adjuvant therapies were then typically started 1
month postoperatively. Later, follow-up visits were sched-
uled every 3 months. Follow-up information was obtained
from patients by telephone calls or clinic revisit records.
No patients were lost to follow-up in this cohort.

The survival time is defined as the time from the day
of surgical removal of the primary tumor to the occur-
rence of the events (tumor recurrence or patients‘ death)
or the date of last follow-up (at the end of March 2022).
The survival time of patients who have not experienced
the events by the time of the last follow-up was defined
as censoring. Specifically, recurrence-free survival (RFS)
was defined as the interval between the day of surgery
and the date of detected tumor relapse by any cause or
the last follow-up date. Overall survival (OS) was defined
as the interval between the day of surgery and the date
of death by any cause or the last follow-up date.

Statistical analysis
Data were analyzed from January 2018 to December
2021. Normally distributed continuous variables are
presented as mean + SD; otherwise, they are presented
as median and range. Categorical variables are shown
as numbers and percentages. Baseline characteristics
were compared between tumors with TDLNs+ or
TDLNs- cohorts by using chi-square or Fisher’s exact
test (expected frequencies < 5) for categorical data.
Multivariable Logistic regression (by generalized lin-
ear model [GLM] function in R software) was used to
adjust the relevant variables to get the association
between the specific factor of interest and the measure-
ment outcomes (e.g., pathologic status in the TDLNs
(TDLNs+ vs. TDLNs-) and/or pathologic response in the
primary tumor beds (pCR/MPR-P vs. non-pCR/MPR-
P)). Similarly, the multivariable Cox proportional-hazards
model (using the “survminer” and “survival” R packages)
was used to adjust the relevant variables to get the predic-
tive effects of some specific factors of interest on survival.
For the Cox proportional-hazards model, the proportional
hazard (PH) assumption is generally tested (Schoenfeld
residuals) at first. If the PH assumption is met (p-value
> 0.05) and there is no intersection between the two
groups-represented lines, we consider the hazards are
proportional over time; otherwise, we perform the analy-
sis only during time periods when the PH assumption is
met. Strategies used for the selection of variables
included in the multivariable analysis (Logistic or Cox
regression model) were as follows: 1) the variables found
to be significant on invariable analysis (defined as poten-
tial confounders and determined by a probability value of
less than 0.2); 2) clinically relevant factors that have been
reported to influence the measurement outcomes
(TDLNs status after ICI treatment, response of the pri-
mary tumor beds, or patients‘ survival), e.g., sex, age,
smoking history, clinical tumor stage, tumor histology,
resection type, and treatment regimens (immunother-
apy alone vs. chemo-immunotherapy); 3) among the
above candidates, variables whose frequency is less
than 5 in any comparative subgroups will be excluded;
4) finally, the above selected variables in the multivari-
able analysis models will be further modified to
exclude the intermediate variables (mediators) and
thus achieve the minimal sufficient adjustment sets by
drawing the directed acyclic graph (DAG).>® There was
no formal sample size calculation in this study, and
the sample size in this study was determined according
to the previous simulation study, recommending that
Logistic and Cox models should be used with 5-9 out-
come events per predictor variable (EPV).” Since we
included 9 variables in our study, thus a minimum of
45 samples were needed to detect the association of the
influencing factors and measurement outcomes in
each model. Data summary and statistical analysis
were performed using R software (version 3.4.1). A
p-value < o0.05 was considered statistically significant.
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Role of the funding source

This work was supported by the National Natural
Science Foundation of China (82072570 to F.
Yao; 82002941 to B. Sun), the excellent talent program
of Shanghai Chest Hospital (to F.Y), the Basic
Foundation Program for Youth of Shanghai Chest Hos-
pital (2021YNJCQ2 to H.Yang), and the Innovative
Research Team of High-level Local Universities in
Shanghai (SHSMU-ZLCX20212302 to F. Yao). The
funder had no any role in study design, data collection,
data analysis, interpretation, or writing of report.

Results

Neoadjuvant ICls induce differential radiological
changes between primary tumor beds and paired
TDLNs

A total of 68 patients with locally-advanced NSCLCs
who received neoadjuvant immunotherapy or chemo-
immunotherapy followed by surgery were included in
this study. The clinicopathologic characteristics were
shown in Table 1. Of those, 32 had pathologically-con-
firmed residual tumor cells in the TDLNs after ICIs

Factors TDLNs+ TDLNs- p-value
n 32 36
Sex (%) Female 6(18.8) 0(0.0) 0.022
Male 26 (81.2) 36 (100.0)
Age (mean (SD)) 58.12 (7.44) 61.22 (7.94) 0.103
Smoking History (%) Heavy 4(12.5) 13 (36.1) 0.076
Light-Moderate 17 (53.1) 15 (41.7)
Never 11 (34.4) 8(22.2)
Pretreatment tumor size (mean (SD)) 4.82 (2.10) 4.81(2.08) 0.984
PD-L1 TPS (%) > 50% 4(28.6) 11 (64.7) 0.03
1-49% 9 (64.3) 3(17.6)
<1% 1(7.1) 3(17.6)
Clinical stage (%) 1B 1(3.1) 4(11.7) 0.325
A 22 (68.8) 21 (58.3)
1B 8(25.0) 7(19.4)
nc 1(3.1) 4(11.0)
Location (%) LL 2(6.2) 5(13.9) 0.283
LU 8(25.0) 4(11.1)
RL 9(28.1) 8(22.2)
RM 13.9) 0(0.0)
RU 12 (37.5) 19 (52.8)
Histology (%) LUAD 9(28.1) 7(19.4) 0.164
LUSC 22 (68.8) 23 (63.9)
Other 1(3.1) 6(16.7)
Neoadjuvant regimens (%) IClIs alone 5(15.6) 3(83) 0.579
ICls plus Chemotherapy 27 (84.4) 33(91.7)
Resection types (%) Bilobectomy 5(15.6) 3(8.3) 0.144
Lobectomy 23(71.9) 23 (63.9)
Pneumonectomy 2(6.2) 1(2.8)
Sleeve 2(6.2) 9 (25.0)
Surgical approach (%) Open 8(25.0) 11 (30.6) 0.811
VATS 24 (75.0) 25 (69.4)
Resection (%) RO 29 (90.6) 36 (100.0) 0.198
R1 3(94) 0(0.0)
Response of primary tumor beds (%) Non-pCR/MPR-P 17 (53.1) 9 (25.0) 0.012
MPR-P 10(31.2) 10 (27.8)
pCR-P 5(15.6) 17 (47.2)
No. of resected TDLN stations (mean (SD)) 747 (1.61) 6.72 (1.80) 0.077
No. of resected TDLNs (mean (SD)) 16.03 (6.65) 15.61 (9.26) 0.832

Table 1: Invariable analysis of clinical factors associated with pathologic status of TDLNs.

ICI: immune checkpoint inhibitors; PD-L1: Programmed death-ligand 1; TPS: tumor proportions score; TDLNs: Tumor-draining lymph nodes; TDLNs+: tumor
invaded; TDLNs-: tumor-free; LL: left lower; LU: left upper; RL: right lower; RU: right upper; LUAD: lung adenocarcinoma; LUSC: lung squamous cell carci-
noma; VATS: video-assisted thoracoscopic surgery; Ro: radical resection; Rr: microscopically positive resection margin; pCR-P: pathological complete response
in the primary tumor beds.; MPR-P: pathological major response in the primary tumor beds.
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treatment (TDLNs+ group), and the remaining 36 had
tumor-free TDLNs (TDLNs- group). The median num-
ber of resected TDLN stations in this study cohort was 7
(= 3 N1 stations and > 3 N2 stations), covering an aver-
age of 15.8 nodes per case. Of the TDLNs+ cases, the
majority (17 of 32, 53.1%) have residual tumor cells in
both N1 and N2 nodes, followed by 10 cases with N1
nodes involvement only and 5 cases with N2 nodes
involvement only.

After neoadjuvant ICIs, the response patterns in the
primary tumor beds and paired TDLNs were character-
ized by comparing the pre- and post-treatment radiolog-
ical images. The results showed that there was a
significant reduction in the radiological size of the pri-
mary tumor beds after neoadjuvant ICIs treatment,
which was independent of the degree of therapeutic
responses in the primary tumor beds or the pathologic
status of the TDLNs (Figure 2a). In contrast to the pri-
mary tumor beds, neoadjuvant ICIs treatment was over-
all associated with a significant enlargement of the
radiographic size of abnormal TDLNs (the definition of
abnormal TDLNs could be found in the Methods sec-
tion) (Figure 2b). Intriguingly, subgroup analysis dem-
onstrated that the enlargement predominantly exists in
patients who achieved MPR/pCR-p, but not in those
with non-MPR/pCR-P (Figure 2b). These observations
suggested that radiographic changes in the size of pri-
mary tumor beds could not well discriminate patholog-
ically good responders (MPR/pCR-P) from poor
responders, which was in line with previous evidence
demonstrating a poor discordance between the image-
guided and pathologic evaluation of the response to
ICIs in lung tumors."*> Notably, the observed increase
in the size of abnormal TDLNs after neoadjuvant ICI
treatment occurs primarily in MPR-P/pCR-P
(Figure 2b). This argues against the feasibility of using
radiographic size changes in TDLNs as a parameter for
judging the response to ICI treatment, which is typically
included to evaluate the therapy response based on the
widely-used RECIST (vr.1) criteria.*® Conversely, pseu-
doprogression, as indicated by enlargement of abnormal
TDLNs after neoadjuvant ICIs treatment, appears to be
associated with better therapeutic effects of ICIs in the
primary tumors, which warrants further validation.

Primary lung tumor beds and paired TDLNs exhibit
distinct metabolic responses to neoadjuvant ICls
therapy

18F-FDG PET-CT, reflecting the metabolic activity of glu-
cose uptake, is widely used as a powerful tool for the diag-
nosis of malignancies. Also, in the clinic, PET-CT is a
sensitive and indispensable tool to detect the presence of
TDLNs metastasis in various cancer types. More impor-
tantly, considerable evidence has shown that PET-CT
could greatly facilitate the evaluation of treatment
response to neoadjuvant chemotherapy or chemo-

radiotherapy in lung cancer.’® However, evidence that
compares the 18F-FDG-reflected metabolic changes of the
primary tumor beds and their paired TDLNs is lacking.

In this cohort, we were able to analyze the metabolic
changes of the primary tumor beds and their paired
TDLNs in 12 patients that had the matched pre- and
post-treatment PET-CT data. Interestingly, we observed a
significant decline in the 18F-FDG uptake (indicated by
the SUVmax value) in MPR/pCR-P but not in their non-
MPR/pCR-P counterparts (Figure 2c). Additional sub-
group analysis based on the status of TDLNs showed that
TDLN- subgroup was associated with a significantly
lower metabolic activity in its paired primary tumor bed,
which, however, was not observed in the TDLN+ sub-
group (Figure 2c). Concerning the TDLNs, we observed
that neoadjuvant ICI treatment induces a dramatic
decrease in the metabolic activity of the TDLNs-, but not
in the TDLNs+ subgroup (Figure 2d). Furthermore,
changes in the metabolic activity of the TDLNs are irre-
spective of the pathologic responses in their paired pri-
mary tumor beds (Figure 2d). Notably, in some cases
whose primary tumor beds have a pCR or MPR, there is
a prominent increase in the metabolic activity of the
paired TDLNs after ICI treatment (Figure 2d, e; Supple-
mentary Fig. 1a). These lines of evidence suggested that
TDLNSs and their paired primary tumor beds vary widely
in response to ICIs treatment. Particularly, the tumor-
free status of TDLNSs, namely TDLNs-, appears to have a
significant and positive impact on the metabolic response
of their paired primary tumors to ICIs (Figure 2c).

In some other cases, only pre- or post-ICIs PET-CT
data are available. We then integrated these data and
separately analyzed the association of pre- or post-ICls
SUVmax values with pathologic responses in the pri-
mary tumor beds or abnormal TDLNs. Interestingly,
the analyses showed that the MPR/pCR-P events were
only significantly related to the SUVmax value of the
primary tumor beds after rather than before treatment
(Figure 2f), and were also regardless of the TDLN sta-
tus (Supplementary Fig. 1b). These observations
highlighted the postICIs SUVmax in the primary
tumor beds as a potential indicator of the degree of path-
ologic responses. The optimal cut-off value of post-ICIs
SUVmax to distinguish MPR/pCR-P from non-MPR/
pCR-P in this study population was 11.5 (sensitivity:
0.83; specificity: 0.90) (Figure 2g), which requires fur-
ther studies with a large cohort.

In sum, neoadjuvant ICIs induce differential radiologi-
cal and metabolic changes between primary tumor and
paired TDLNs, which also has distinct implications for the
therapy response in the primary lesions of lung cancer.

TDLNs+ cases are associated with poor response to
neoadjuvant ICls in the primary tumor beds

We next sought to investigate the differences in the clin-
icopathological characteristics between TDLNs+ and
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Figure 2. ICls induced different changes in the radiological size and metabolic activity in primary tumor beds and paired
TDLNSs. a, b, ICIs-induced changes in the radiological size in the primary tumor beds (a) or paired abnormal tumor-draining lymph
nodes (TDLNs) (b). pCR-P: pathological complete response in the primary tumor beds; MPR-P: major pathological response in the
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TDLNs- subgroups after surgery. Compared with
TDLNs- group, the TDLNs+ group had a significantly
higher proportion of female patients, a lower frequency
of high PD-L1 score (ITPS > 50%) in the pretreatment
biopsies, and poorer response (lower incidence of pCR/
MPR-P and higher incidence of non-pCR/MPR-P) to
ICIs (Table 1; Figure 3a, b). Recent biological experi-
mental evidence has verified that TDLN and immune
response in the paired primary tumors are reciprocally
interplayed,>>'?"*° we then sought to know how much
these two factors affect each other. After adjusting for
the confounding factors (age, smoking, clinical stage,
resection type and No. of resected TDLN stations) based
on the DAG (Supplementary Fig. 2a), multivariable
logistic regression analysis identified that pCR/MPR-P
occurrence was associated with a significantly lower risk
of TDLNs+ events (odds ratio [OR] = 0.26; 95% confi-
dence interval [CI]: 0.086—o0.77) (Table 2). Likewise,
based on the multivariable logistic analysis that adjusts
for the potential confounders (age, smoking, clinical
stage, resection type and No. of resected TDLN stations)
(Supplementary Fig. 2b), the occurrence of TDLNs+
was associated with significantly lower risk of pCR/
MPR-P events in the primary tumor beds (OR = o.27;
95%CI: 0.09—0.79) (Table 3; Table S3;). Remarkably, a
higher number of invaded TDLNs was associated with a
greater frequency of non-pCR/MPR-P (Figure 3c).
Together, these results implied that the presence of
TDLNs+ appeared to negatively affect the ICIs response
in the primary tumor beds of lung cancer, which was in
conformity with the above metabolic response data
(Figure 2c).

Notably, 22.7% (5 of 22) of cases with pCR-P
(Figure 3a), suggesting that tumor cells in the TDLNs+
have different therapeutic responses to the same ICI
treatment, compared to their paired primary tumors,
which reinforces the above idea that primary tumor
beds exhibit different response patterns from their
paired TDLNs (Figure 2). Also, these observations sug-
gest that metastatic tumors within TDLNs+ might rep-
resent a special population capable of evading immune
surveillance and developing resistance to ICIs treat-
ment, consequently leading to the failure of ICIs and
tumor relapse.

The presence of TDLNs+ after neoadjuvant ICls
treatment predicts a poor post-surgical prognosis
Next, we sought to know the association between
TDLNSs status after neoadjuvant ICIs treatment and the
post-surgical prognosis of these patients. In this cohort,
one case died on postoperative day 29 due to the bron-
chopleural fistula and was excluded for subsequent sur-
vival analysis. The median follow-up time was 806 days
(range 133—1399 days). At the end of follow-up, 23.9%
(16 of 67) patients had a tumor relapse, and 17.9% (12
of 67) patients died, including 3 with MPR-P and 2 with
PCR-P. Three-year RFS and OS were 70.0% and 79.0%,
respectively (Figure 4a).

Overall, the presence of TDLNs+ after neoadjuvant
ICIs treatment was associated with significantly shorter
RFS compared with that of TDLN- cases (Figure 4b). Fur-
thermore, multivariable Cox analysis identified the pres-
ence of TDLNs- was significantly (hazard ratio
[HR] = 0.20; 95%CI: 0.051—0.76) associated with longer
RFS after adjusting for the covariates (age, smoking, clini-
cal stage, resection type, response of the primary tumor
beds, and No. of resected TDLN stations) (Supplementary
Fig. 3a; Figure 4¢). There is a trend toward a longer OS in
the TDLN- cases, although the difference did not reach a
statistical significance (Figure 4b; Supplementary Fig. 3b,
3¢), which might be due to the small sample size and short
follow-up duration. Therefore, further studies are required
to investigate the impact of TDLNs+ on the long-term
prognosis of patients receiving neoadjuvant ICIs.

More importantly, even in the cases with pCR-P, we
also observed the presence of TDLNs+ as an unfavorable
factor for RFS and OS (Figure 4d), suggesting that its
predictive role is not related to the degree of the
response of primary tumor beds to ICIs treatment.
These observations indicated that the residual tumor
cells within TDLNs+ after neoadjuvant ICIs treatment
represent a potentially critical source of tumor relapse.
Besides, a high PD-L1 TPS score was also associated
with a better prognosis (Figure 4e).

Metastatic colonization in TDLNs+ is associated with T
cells exclusion

TDLNSs are enriched for various immune components,
most of which are T and B cells. Beyond the immune

primary tumor beds. TDLN+ represents TDLNs with residual tumor cells (metastatic), and TDLN- indicates tumor-free TDLNs. Of note,
some of these cases with had a size smaller than 10 mm have underwent biopsy, confirming the presence of TDLNs metastasis. As
such, in Figure 2b, we could be able to see that some dots are under 10 mm (y-axis, diameter). p-value was calculated using a paired
two-sided t-test. ¢, d, ICls-induced changes in the metabolic activity (indicated by the SUVmax value on 18F-FDG PET-CT) in the pri-
mary tumor beds (c) and paired abnormal TDLNs (d). p-value was calculated using a paired two-sided t-test. e, Representative con-
ventional CT and 18F-FDG PET-CT images showing that ICls induced an increase in the metabolic activity (indicated by the SUVmax
value on 18F-FDG PET-CT) in one LUSC case with MPR-P. On the right, H&E staining showing ICls induced MPR in the primary tumor
beds but not in the paired abnormal TDLNs. f, The association of SUVmax value measured on the pre-ICls (left) or post-ICls (right) primary
tumors samples (not paired) with the pathologic response in the primary tumor beds. p-value was calculated using an unpaired two-
sided t-test. g, Operating characteristic curve (ROC) analysis showing to determine the best cut-off of post-ICls SUVmax value in predict-
ing pathologic responses in the primary tumor beds. Here, 0.9 represents the sensitivity, and 0.83 indicates the specificity.
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Figure 3. The presence of TDLNs+ is related to a poor response in their paired primary tumor beds. a, Representative CT and
H&E images before (pre-ICls) and after (post-ICls) neoadjuvant immune checkpoint inhibitors (ICls). Three lung squamous cell carci-
noma (LUSC) cases with different degrees of pathologic response were shown. T stands for tumor region. pCR-P: pathological com-
plete response in the primary tumor beds; MPR-P: major pathological response in the primary tumor beds. Scale bar: 200 pm. b, The
association between pathologic response (pCR-P, MPR-P, non-pCR/MPR-P) of the primary tumor beds and the pathologic status of
paired tumor-draining lymph nodes (TDLNs: TDLNs+ vs. TDLNs-). TDLN+ represents TDLNs with residual tumor cells (metastatic),
and TDLN- indicates tumor-free TDLNSs. ¢, The association between pathologic response (pCR/MPR-P vs. non-pCR/MPR-P) and the
number (absolute number of resected nodes and the number of resected nodal stations) of invaded TDLNs across the entire cohort
(left) or TDLNs+ cases (right). p-value was calculated using an unpaired two-sided t-test.
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Exposure variable of primary interest: Adjusted OR" (95%Cl) Pr(>|z|)

Response of primary tumor beds (pCR/MPR-P vs. Non-pCR/MPR-P) 0.26 (0.086—0.77) 0.016°

Table 2: Adjusted association between the primary tumor response and the pathologic state of TDLNs (TDLNs+ vs. TDLNs-) after
neoadjuvant ICI therapy.

OR: odds ratio; CI: confidence interval; TDLNs: Tumor-draining lymph nodes; ICI: immune checkpoint inhibitors. pCR-P: pathological complete response in
the primary tumor beds; MPR-P: pathological major response in the primary tumor beds.; -P: -primary tumor beds.

# The adjusted analysis was done via a design-based binary logistic regression analysis (refer to the directed acyclic graph (DAG) in Figure S2a), adjusted for
age (<60 yrs vs. =60 yrs), smoking (ever vs. never), clinical stage (IIIB-ITIC vs. II-IITA), resection type (standard vs. extended lobectomy) and No. of resected
TDLN stations (<8 vs. more). Here, the factor “Sex” was not included because their sample size in the subgroups was too small (less than 5 cases).

° Significant.

Exposure variable of primary interest: Adjusted OR® (95%Cl) Pr(>|z])

Pathologic nodal status (TDLNs+ vs. TDLNs-) 0.27 (0.09—0.79) 0.017°

Table 3: Adjusted association between the pathologic status of TDLNs and primary tumor responses (pCR/MPR-P vs. non-pCR/MPR-P)
after neoadjuvant ICI therapy.
OR: odds ratio; CI: confidence interval; TDLNs: Tumor-draining lymph nodes; ICI: immune checkpoint inhibitors. pCR-P: pathological complete response in
the primary tumor beds; MPR-P: pathological major response in the primary tumor beds.; -P: -primary tumor beds.

? The adjusted analysis was done via a design-based binary logistic regression analysis (refer to the drawing and analyzing causal diagrams (DAG) in
Figure S2b), adjusted for age (<60 yrs vs. >60 yrs), smoking (ever vs. never), clinical stage (IIIB-ITIC vs. II-IITA), resection type (standard vs. extended lobec-

tomy) and No. of resected TDLN stations (<8 vs. more).

° Significant.

cells, components within the stromal compartment of
TDLNSs, e.g., HEVs, (FRCs) and follicular dendritic cells,
have also been demonstrated to play critical roles in
complementing the proper functions of antitumor
immunity."”*" ICIs can reinvigorate the exhausted
immune cells and/or also enhance the recruitment of
immune cells from the peripheral circulation. However,
there are few studies characterizing the immune and
non-immune compartments between the TDLNs- and
TDLNs+ after neoadjuvant ICIs therapy.

We then performed mIF staining analysis by includ-
ing lymphocyte markers (CD4, CD8, FOXP3 [regulatory
T cells], CD1g [B cells]), HEVs [peripheral node addres-
sin (PNAd); also known as MECA-79]*'), conventional
dendritic cells (CDiic),>* follicular dendritic cells
(CD21),** and the immune checkpoint protein (PD-1).

Characterization of T cells (co-staining CD8 and
PD1) showed that CD&8+ T cells were mostly distributed
around but rarely infiltrating into the metastatic lesions
within the TDLNs+ despite the neoadjuvant ICIs treat-
ment (Figure s5a, 5b; Supplementary Fig. 4a), although
the density of CD8+ T cells in their adjacent intact LN
region (without tumor involvement) was much higher
than that within the paired TDLNs- (Figure sb). The
total number of CD8+ T cells (per tissue slice) within
TDLNs+ was much lower than their paired TDLNs-
(Figure 5b). These observations suggest that the infiltra-
tion of T cells into metastatic lesions within TDLNs+
was drastically restricted. Notably, in TDLNs+ after ICIs
treatment, only a small percentage (mean: 4.9%) of
those peritumoral CD8+ T cells co-express PD-1, and
the number of PD-1+ T cells in the adjacent LN region
within the TDLNs+ is comparable to that within the

paired TDLNs- (Figure 5c; Supplementary Fig. 4b), sug-
gesting that their inability to infiltrate into the meta-
static lesions was less likely due to the exhaustion of
CD8+ T cells.

Similarly, we observed that CD4+ T cells were also
mainly located around with few penetrating into the
metastatic foci within TDLNs+ (Figure 5d, se). There is
no difference in the density of CD4+ T cells in the adja-
cent intact LN region (without tumor involvement),
whereas the total number of CD4+ T cells (per tissue
slice) within TDLNs+ was much lower than their paired
TDLNs- (Figure se, se). Importantly, TDLNs+ had more
FOXP3+CD4+ T cells in the peritumoral intact LN
region, compared with the paired TDLNs- counterparts
(Figure 5d, 5e), which is in line with previous evidence
demonstrating the accumulation of immunosuppres-
sive FOXP3+ Treg cells within the TDLNs.** Besides,
CD19+ B cells were more abundant in TDLNs-
(Figure 5f; Supplementary Fig. 4¢).

TDLNs+ are associated with abnormal HEVs,
diminished FDCs and ¢DCs

Trafficking of lymphocytes into tumors is critical for
antitumor immunity and the efficacy of ICIs.*" High
endothelial venules (HEVs) function as a route for
immune cell trafficking/transmigration,’**" and are
believed to increase primed T cell infiltration to enhance
antitumor T cell immunity. Characterizing the HEVs
within TDLNs demonstrated that the morphology of
HEVs surrounding the metastatic lesions was highly
compressed and collapsed (Figure 6a), evidenced by a
significantly narrower diameter, compared with that of
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Figure 4. The presence of TDLNs+ is predictive of poor post-surgical survival. a, b, Recurrence—free survival (RFS; left) and over-
all survival (OS; right) of patients receiving neoadjuvant immunotherapy in the entire cohort (A) and TDLN+/TDLN- subgroups (b).
TDLN+ represents TDLNs with residual tumor cells (metastatic), and TDLN- indicates tumor-free TDLNs. ¢, Multivariable COX analysis
showing the predictive effects of TDLNs status on the RFS in patients receiving neoadjuvant immunotherapy in the entire cohort.
The adjusted analysis was done via illustrating a directed acyclic graph (DAG; upper panel), adjusted for age (<60 yrs vs. >60 yrs),
smoking (ever vs. never), clinical stage (IlIB-lIC vs. II-llA), resection type (standard vs. extended lobectomy), primary tumor response
(pCR/MPR-P vs. Non-pCR/MPR-P) and No. of resected TDLN stations (<8 vs. more). The proportional hazard assumption was met
before the Cox regression analysis (refer to Figure S3a, 3b). d, RFS (upper) and OS (lower) of patients receiving neoadjuvant immuno-
therapy in cases with pCR (pathological complete response) in the primary tumor beds. TDLN+ represents TDLNs with residual
tumor cells (metastatic), and TDLN- indicates tumor-free TDLNs. e, RFS (upper) and OS (lower) of patients receiving neoadjuvant
immunotherapy in cases with different programmed death-ligand 1 (PD-L1) tumor proportions score (TPS) in the primary tumor
beds. TDLN+ represents TDLNs with residual tumor cells (metastatic), and TDLN- indicates tumor-free TDLNs.
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Figure 5. Comparing the immune cell profiling between TDLNs- and paired TDLNs+. a, Representative CD8 co-staining with
PD1 in a TDLN- and its paired TDLN+ of a resected LUSC (lung squamous cell carcinoma) (ypT2aN2MO) case. The image acquisition
of all markers occurred simultaneously. T stands for tumor region; LN stands for adjacent intact lymph node region. R1 and R2 repre-
sent the selected regions from the TDLN- and TDLN+ samples, respectively. Scale bar: 200 um (5x, upper panel) and 20 pm (50x,
lower panel). b, ¢, Quantification of CD8+ (b) or PD1+ (c) cells between TDLNs- and their paired TDLNs+ across 6 LUSC samples of
this cohort. The quantification was performed by using QPath software (see the methods). Peri-tumor indicates the intact LN regions
surrounding the metastatic lesions of TDLNs+. p-value was calculated using a paired two-sided t-test. d, Representative triple stain-
ing of CD4, FOXP3, CD19 in a TDLN- and its paired TDLN+ (related to a). The image acquisition of all markers occurred simulta-
neously. R3 (related to Supplementary Fig. 3B) and R4 (related to Supplementary Fig. 3B) represent the selected regions from the
TDLN- and TDLN+ samples, respectively. Scale bar: 20 wm (50x). e, f, Quantification of CD8+ (b) or PD1+ (c) cells between TDLNs-
and their paired TDLNs+ across 6 LUSC samples of this cohort. The quantification was performed by QPath software (see the meth-
ods). Peri-tumor indicates the intact LN regions surrounding the metastatic lesions of TDLNs+. p-value was calculated using a paired
two-sided t-test.
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Figure 6. TDLNs+ are associated with reduced expression of HEVs, FDCs and cDCs. a-d, Characterization of high endothelial
venules (HEVs) between TDLNs- and TDLNs+. Representative H&E and PNAd staining (a, ¢) in a TDLN- and its paired TDLN+ of a
resected LUSC (lung squamous cell carcinoma) (ypT2aN2MO) case. LN stands for adjacent intact lymph node region. The quantifica-
tions (number and diameter of HEVs in b; HEVs expression (MFl: mean fluorescence intensity) in d) across 6 LUSC samples of this
cohort were shown in b. The middle and lower panels in c showing the artificial intelligence-based recognition of all single cells and
PNAd+ HEVs, respectively, by implementing QPath software. p-value was calculated using a paired two-sided t-test. Scale bar:
200 pm (5%, upper panel), 20 wm (50x, middle panel), and 10 wm (100x, lower panel). e, f, Characterization of CD21 (marking follicu-
lar dendritic cells (FDCs)) and CD11c (marking conventional dendritic cells (cDCs)) between TDLNs- and TDLNs+. R1 (related to Sup-
plementary Fig. 4) and R2 (related to Supplementary Fig. 4) represent the selected regions from the TDLN- and TDLN+ samples,
respectively. p-value was calculated using a paired two-sided t-test. Scale bar: 20 pm (50x).
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their paired TDLNs- (Figure Gb). Furthermore, the den-
sity of HEVs within the TDLNs+ was significantly
reduced (Figure 6b). Since the mean fluorescence inten-
sity (MFI) of PNAd staining can well reflect the quality
of HEVs and their degree of maturity/functionality,**
we then quantified the MFI and discovered that the
mean MFI of PNAd was significantly diminished in
TDLNs+ than their TDLNs- counterparts (Figure Gc,
6d). These observations indicated that the metastatic
lesions within TDLNs+ might cause a deformity/dys-
function of HEVs, consequently leading to impaired
access of primed lymphocytes to the primary lung
tumor beds, which might be related to poor pathologic
response of the primary tumor beds in the aforemen-
tioned TDLNs+ cases (Figure 3; Table 2, 3).

Follicular dendritic cells (FDCs) are another critical
subset within the stromal compartment of TDLNs and
are typically located within the B cell follicles and germi-
nal centers of LNs. FDCs are essential for B cell response
that present antigen to B cells, and are fundamentally dif-
ferent from conventional dendritic cells (cDCs) in lineage
and function.¥ After neoadjuvant ICIs, we discovered
that adjacent intact LN regions within the TDLNs+ were
characterized by a significant reduction of FDCs and
cDCs, compared with their TDLN- counterparts
(Figure Ge, Gf; Supplementary Fig. 5).

Together, these data suggested that metastatic
lesions within TDLNs+ might remodel the stromal com-
partment, which might also partly contribute to the
impaired mobilization of anti-tumor immune response
mediated by TDLNs.

Discussion

TDLNs represent pivotal organs for antitumor immu-
nity’ and play key roles in mediating the efficacy of ICIs
therapy.>'924® Although a variety of factors are linked
with resistance to ICIs,* few studies have investigated
the association between TDLNs metastasis, which is fre-
quently observed in the clinic, and therapy resistance/
failure of ICIs in lung cancer. Moreover, studies charac-
terizing the immune profiling between TDLNs+ and
TDLNSs- in the case of ICIs treatment are lacking. More
critically, the mechanisms involved in this process are
unknown. Our study uncovered an underappreciated
role of TDLNs+ in restraining the therapeutic response
of their paired primary lung tumors and the differential
cellular compositions between TDLNs+ and their paired
TDLNs-, which further advances our understanding of
the TDLNS as an essential part of effective ICIs treat-
ment in lung cancer.

The role of TDLNs in tumor immunity and response to
ICIs

Although recent evidence highlights the essential role of
TDLNs in determining the efficacy of ICls,*®7 the

evidence was mainly based on preclinical mouse models
of other cancer types. The relationship between TDLNs
status and therapeutic response to ICIs has not been
well characterized in clinical lung cancer patients. Sur-
gery following neoadjuvant ICIs treatment provides an
ideal setting and a unique opportunity to answer that
question, in that primary tumor and regional TDLNs
can be simultaneously resected and investigated.”> In
our study cohort, we found that 4 out of 22 cases with
PCR-P had pathologically-confirmed metastatic lesions
within the matched TDLNs, especially in the N2 lymph
nodes, which was associated with worse survival after
neoadjuvant immunotherapy plus surgery (Figure 4).
These observations suggest that the residual tumor cells
could not only escape the immune surveillance to
migrate to TDLNs but also develop resistance to IClIs,
which defines a special scenario of dysfunctional antitu-
mor immunity that was incapable to elicit effective anti-
tumor immunity.

Multiple components including the immune and
non-immune cells within the micro-ecosystem of
TDLNs might be involved. resident memory or progeni-
tor CD&8+ T cells have been reported to be the key
tumor-specific lymphocytes mediating the anti-tumor
immunity.>>***® Beyond that, growing attention has
been recently paid to HEVs that are specialized vessels
that allow lymphocyte recirculation through the TDLNs
and are indispensable for effective ICI therapy.'®+95°
In this study, we discovered that the number and
expression (MFI) of HEVs within the TDLNs+ were
drastically reduced, compared with TDLNs- (Figure Ga,
6b). Besides, HEVs within TDLNs are malformed. In
line with this, recent evidence showed that solid stresses
could remodel HEVs in TDLNs+, resulting in the exclu-
sion of lymphocytes in the metastatic lesions.’" In addi-
tion, other immune cells, e.g., B cells, conventional
DCs, and non-immune cells, e.g., FRCs, which also play
a role in facilitating the immune response,*'? ** are
declined within the TDLNs+ (Figure Gc, 6d).

A better knowledge of the pathobiology of TDLNs
metastasis would assist to devise new intervention strat-
egies aimed at harnessing TDLNs to augment the effi-
cacy of cancer immunotherapy.

The utility of PET-CT in predicting the pathologic
response to ICls

PET-CT has been routinely used in clinical for malig-
nant diagnosis and detection of TDLNs metastasis, as
well as evaluation of treatment response. In lung can-
cer, a poor consistency between the histopathologic
examination and radiological evaluation on the treat-
ment response of primary tumor beds to ICIs has been
extensively reported."*> However, we found that in the
setting of neoadjuvant ICIs, PET-CT provides certain
values in evaluating the therapeutic effects on tumor
response in the primary tumor beds but not in the
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TDLNSs. In this cohort, we observed an enlarged size of
the abnormal TDLNs after neoadjuvant ICIs specifically
in cases that have MPR/pCR-P (Figure 2b). These obser-
vations raised an important issue on the PET-CT-based
evaluation of the pathologic response in the TDLNs,
which are also incorporated for the evaluation of therapy
responses based on the broadly-used RECIST v1.1 guide-
line. Our observations were supported by several other
studies.>#*>°*> Concerning the metabolic activity, in
contrast with the primary tumor beds, we observed an
increasing trend in the SUVmax value after neoadjuvant
ICIs (Figure 2b), which was independent of the degree
of pathologic response in the matched primary tumor
beds. This was also supported by a recent study.”* Nota-
bly, this phenomenon was shown to be specific to ICIs
other than chemotherapy.”® Thus, it is critical to identify
effective strategies to precisely determine the pathologic
response in the TDLNs before surgery, particularly those
with pCR-P, in that surgery might be avoided after ICIs.

18F-FDG PET-CT reflects the metabolic activity of
tumors mainly via measuring glucose uptake because
tumor cells are thought to consume considerably higher
glucose than normal cells to support their unlimited
growth. Why the SUVmax value in tumor-free TDLNs
after ICIs therapy increases has not been investigated.
Strikingly and surprisingly, a recent study demonstrated
that myeloid cells had the greatest capacity to take up
intratumoral glucose, followed by T cells and cancer
cells.>* In contrast, cancer cells mainly take up gluta-
mine and lipids instead.’* These findings might explain
the increased uptake of glucose in the TDLNs after ICIs
therapy, which leads to a highly inflammatory
response.”#*>5* Thus, glutamine rather than glucose-
based PET-CT imaging might facilitate the treatment
response of ICIs.”

Systematic versus selective resection of TDLNs
following neoadjuvant ICls

During curative surgery, the TDLNs are routinely and
systematically resected to provide accurate staging, con-
firm complete resection, predict the prognosis, and
determine the need for postoperatively adjuvant ther-
apy. Accordingly, in the clinical practice of NSCLC sur-
gery, it is recommended to resect a minimum of 6
nodal stations, including 3 from N2 (the mediastinum,
in particular, the subcarinal node (#7)) and 3 from N1
zones.”” This standard surgical procedure has been
long established for many years. Interestingly, recent
clinical evidence in melanoma’® and breast cancer®”’
patients did not support the routine use of completion
dissection of regional LNs, as completion dissection
could not improve the prognosis in these patients.
Thus, whether the indiscriminate resections of all
TDLNs will compromise the benefits from subsequent
ICIs needs to be reconsidered, given that emerging evi-
dence has highlighted TDLNs as the most critical site
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for the generation of effective tumor-specific T cell
response, >>*404%

Recently, a retrospective study encompassing 511y
patients with clinical stage I-III NSCLC demonstrated
that a less rigorous TDLNs resection was associated
with significantly better s-year RFS and 0S.5® These
findings reinvoke our thoughts on the necessity of unse-
lective TDLNs resection, particularly in the setting of
immunotherapy. Notably, studies from other groups
have shown in pre-clinical models that TDLNs play a
pivotal role in PD-1/PD-Li-based immunotherapy, and
that surgical resection of TDLNs before treatment ham-
pers therapeutic outcomes.”?>? In agreement, recent evi-
dence points to the need for the recruitment of newly
primed effector T cells outside of the tumor microenvi-
ronment to ensure the efficacy of ICIs.>*#

The above evidence raises concerns that how to per-
form surgical removal of TDLNs in NSCLC patients
treated with neoadjuvant ICIs. In our study cohort, we
observed that in some cases with pCR at the primary
tumor beds, there are still residual tumor cells in the
TDLNSs. Thus, an optimal way is to selectively resect the
TDLNs with residual tumors but keep intact tumor-free
TDLNs to preserve the regional immunity for subse-
quent adjuvant ICI therapy. A prerequisite for such a
surgical strategy requires a reliable indicator to specifi-
cally localize the metastatic TDLNs pre- or intra-
operation.®®

Conclusions

Overall, TDLNs+ represent a special scenario where the
antitumor immunity is drastically suppressed. The role
of TDLNSs has long been overlooked, and therapeutic tar-
geting of abnormal TDLNs may promote sufficient acti-
vation of antitumor T cells and their subsequent tumor
infiltration to ensure effective ICIs. A comprehensive
understanding of the mechanisms underpinning cancer
migration and growth in TDLNSs is the key to overcom-
ing the resistance to ICIs and developing an effective
therapy for the eradication of TDLN metastases, which
requires further studies.

The major limitations of our study include the small
sample size, and that the cases for neoadjuvant ICIs
treatment were highly selected by a multidisciplinary
team. Besides, we did not have PD-L1 expression data
and genetic information of the primary tumors and/or
paired TDLNs across all cases, given that PD-L1 expres-
sion and the presence of some frequently mutated
genes in LUSC, e.g., KEAP1/NFE2[2, are also related to
the response to ICIs. Another potential issue is that we
did not separately analyze the differences in the
immune cell profiling of TDLNs between paired pri-
mary tumor beds with different degrees of response,
due to the very limited sample size. Also, it is better to
utilize more markers to more precisely define the iden-
tity of immune cells within TDLNs. Moreover, before
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neoadjuvant ICIs treatment, the TDLNs status was not
pathologically confirmed in all samples, which might
affect the accurate clinical staging judgment and subse-
quent analysis of the association between TDLNs status
and ICI therapy response, thus prospective clinical stud-
ies are warranted.
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