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CHAPTER 7

ABSTRACT

PD-1/PD-L1 checkpoint therapy for cancer is commonly considered to act by
reactivating T cells in the tumor microenvironment. Here, we present data from 2
mouse tumor models demonstrating an essential involvement of tumor-draining
lymph nodes in PD-1 and PD-L1 therapeutic efficacy. Immune activation induced by
checkpoint treatment was predominantly observed in the tumordraining, but not
nondraining, lymph nodes and was reflected in local accumulation of CD8+ T cells.
Surgical resection of these lymph nodes, but not contralateral lymph nodes,
abolished therapy induced tumor regressions and was associated with decreased
immune infiltrate in the tumor microenvironment. Moreover, inhibitor FTY720, which
locks lymphocytes in lymph organs, also abrogated checkpoint therapy, suggesting
that the tumor-draining lymph nodes function as sites of T cell invigoration required
for checkpoint blockade therapy. Now that PD-1/PD-L1 checkpoint treatment is
applied in earlier clinical stages of cancer, our preclinical data advocate for enrolling
patients with their tumor-draining lymph nodes still in place, to optimally engage
the antitumor immune response and thereby enhance clinical benefit.
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INTRODUCTION

Blocking antibodies against PD-1 and PD-L1, named checkpoint molecules, shows
exceptional clinical responses in cancer patients and has already become a standard-
of-care treatment in a still-increasing number of cancer types [1]. Generally, PD-1/
PD-L1 checkpoint blockers are thought to invigorate T cells within the tumor
microenvironment (TME), where PD-L1 is expressed on tumor cells and infiltrating
myeloid cells. Indeed, therapeutic responses generally correlate with high T cell
infiltrate, PD-L1 expression, and tumor mutational load [2]. More recent studies
have pointed to systemic factors, such as frequencies of myeloid cells, lymphocytes,
and eosinophils in peripheral blood [3-5], and we and others have shown that PD-
L1 expression on tumor cells is not a prerequisite for successful checkpoint therapy
[6-9]. However, the exact mode of action in vivo is still poorly understood. Thus far,
studies on the role of tumor-draining lymph nodes (TDLNs) for checkpoint therapy
are limited. TDLNs are the first sites of metastasis and are therefore often resected
when invaded by tumor cells. Lymph nodes (LNs) play important roles in the
generation and regulation of immune responses to pathogens and autoantigens
[10]. TDLNs have been described to contain both tumor effector as well as suppressor
immune components [11], and it has been shown that tumor antigens drain primarily
to TDLNs, more specifically via transportation by CD103+ DCs, which leads to priming
of T cells [12-14]. We here investigate the role of TDLNs in checkpoint therapy of
solid tumors in preclinical mouse models, by analyzing effects of checkpoint therapy
on TDLN immune content and surgically resecting TDLNs before checkpoint therapy.

RESULTS

We set out to evaluate the role of TDLNs in PD1/PD-L1 therapy by analyzing immune
cell composition of TDLNs and nondraining lymph nodes (NDLNs). MC38 colon
carcinoma cells were inoculated subcutaneously in the flank of syngeneic mice, and
TDLNs (inguinal and axillary LNs) were isolated for in vitro analyses, after verification
of drainage with fluorescent imaging (data not shown). LNs at the opposite flank of
the mice served as internal, nondraining controls. We observed that CD11b+ myeloid
cells in the TDLNs of untreated tumor-bearing mice expressed higher PD-L1 levels
as compared with levels in NDLNs, suggesting that active immune suppression is
ongoing (Figure 1A). A strong increase in cellularity was observed in TDLNs 3 days
after the start of PD-1-blocking treatment (Figure 1B). This swelling did not cause
gross irregularities in LN architecture (Supplemental Figure 1; supplemental material
available online with this article; https://doi.org/10.1172/ jci.insight.124507DS1).
PD-1 treatment resulted in an increase of the total number of CD8+ T cells in TDLNSs.
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Figure 1. Immune activation takes place in tumor-draining, but not in nondraining, lymph nodes. (A)
TDLNs (inguinal and axillary) and NDLNs (opposite flank) were isolated when subcutaneous MC38 tumors
reached an average size of 100 mm? and were analyzed with flow cytometry. Mean fluorescence expression
of PD-L1 on myeloid cells (CD19-CD11b*) is shown. Statistical difference was calculated with a paired 2-tailed
t test. (B and C) Three days after PD-1 Ab treatment, lymph nodes were analyzed for (B) immune cell counts
and numbers of (C, left) CD8* T cells, (C, middle) proliferating CD8* T cells, and (C, right) T-bet+ CD8* T cells.
Statistical differences were analyzed with 2-way ANOVA. All data represent mean + SEM from 1 experiment (n
=4 per group) out of 3 independent experiments with similar outcome (*P < 0.05, **P < 0.01).

Activated CD8+ T cells were more abundant in TDLNs compared with NDLNs as
indicated by the proliferation marker Ki67 and transcription factor T-bet (Figure 1C).
In contrast, hardly any T cell activation was found in NDLNs or LNs from tumor-free,
PD-1-treated mice, indicating that vigorous T cell immune activation after PD-1-
blocking Ab treatment within TDLNs depends on the presence of tumors. This
suggested that PD-1 immunotherapy could activate T cells in the TDLNs, which may
contribute to the antitumor response. By surgically resecting inguinal and axillary
TDLNs just before the start of PD-1 treatment, we evaluated the actual contribution
of TDLNs in therapeutic efficacy. In the absence of TDLNs, the treatment efficacy
was strongly diminished (Figure 2, A and B), compared with mock surgery controls.
We previously demonstrated that local administration, close to the tumor site, of
immunomodulatory Abs, such as agonistic anti-CD40 and blocking anti-CTLA-4,
decreased toxicity but sustained the treatment effect (15, 16). PD-1-blocking Ab was
also operational in this setting (Figure 2C), suggesting that neighboring
communication between tumor and TDLN is critical. We then reasoned that draining
of tumor-derived antigens to the TDLNs might be involved in this system and
resected the TDLNs even before tumor inoculation. In this setting, PD-1 efficacy was
completely abrogated, whereas resection after tumor settlement, as applied thus
far, still showed residual tumor control (Figure 2C). To control for a nonspecific effect
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Figure 2. Essential role of TDLNs in checkpoint therapy. Mice bearing subcutaneous tumors in the right
flank were treated with checkpoint blocker therapy immediately following lymph node resection surgery or
mock surgery. (A-D) C57BL/6 mice bearing MC38 tumors were treated with PD-1-blocking Ab immediately
following lymph node resection surgery. (A) Average outgrowth of mice treated with PD-1 Ab systemically (2
x 100 mig i.p.). Average + SEM are depicted. Statistical analysis of average tumor outgrowth difference on day
14 was calculated by 1-way ANOVA, 10 mice per group. Res: resection. (B) Survival of mice treated with PD-1
Ab systemically (2 x 100 mig i.p.). Statistical difference was analyzed with log-rank test, 10 mice per group. (C)
Survival of mice treated with PD-1 Ab systemically (2 x 100 Ttg i.p.). TDLNs were resected 7 days after (“res
after”) or 1 day before (“res before”) tumor inoculation. Pooled data of 2 independent experiments, with 16
mice per group. Statistical difference was analyzed with log-rank test. (D) Average tumor outgrowth of mice
treated with local injection of low-dose PD-1 Ab (1 x 50 mig s.c.), with TDLNs or NDLNs resected before PD-1
treatment, 8 mice per group. Average + SEM are depicted. Statistical difference in average tumor size on day
20 was calculated by 1-way ANOVA. (E) BALB/c mice bearing subcutaneous CT26 tumors in the right flank
were treated with PD-L1 Ab systemically. Average tumor outgrowth + SEM are depicted. One representative
experiment is shown from 2 performed, with 8 mice per group. Statistical analysis of average tumor size on
day 20 was calculated with 1-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.005, NS: nonsignificant).
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of disrupting the lymphoid system, we resected the NDLN at the opposite flank,
which did not influence the therapeutic efficacy (Figure 2D and Supplemental Figure
2). Finally, we applied this treatment setting with PD-L1-blocking Ab in another colon
tumor model on a distinct genetic background, CT26 in BALB/c mice. In this
independent model, PD-L1 blockade displayed an identical dependency on the
presence of the TDLNs (Figure 2E). These results suggested that T cell trafficking was
required for therapeutic efficacy; we therefore treated tumor-bearing mice with
PD-1 therapy in the presence of the S1P receptor inhibitor FTY720, which locks T
cells in lymphoid organs. Efficacy of FTY720 administration was shown by decrease
in T cell content of peripheral blood (Figure 3A). Importantly, FTY720 mitigated the
therapeutic efficacy of PD-1 treatment (Figure 3B), suggesting that therapeutic
efficacy is not solely based on reactivation of T cells within the TME but that influx
of T cells from elsewhere dominantly contributes to this therapy. Next we analyzed
the TME of tumor-bearing mice treated with PD-1-blocking Ab with or without TDLN
resection. We found a strong decrease of CD45+ immune infiltrate in the TME of
TDLN-resected mice, pointing at a role for TDLNs in trafficking of immune cells to
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Figure 3. Increase of intratumoral CD8"* T cell numbers after PD-1 treatment is abrogated in the absence
of TDLNSs. (A) CD3*CD8" content in peripheral blood of mice treated with FTY720. Mean + SEM are depicted.
Statistical differences were calculated with 1-way ANOVA. (B) Survival of mice treated with PD-1-blocking
Ab with or without FTY720. Pooled data of 2 comparable experiments with 16 mice per group are shown.
Statistical analysis was done by log-rank test. (C-E) Analysis of subcutaneous MC38 tumors at day 13 after PD-1
treatment, with or without TDLN resection immediately before PD-1 treatment. (C) Percentage of CD45* cells
out of live gate. (D) Percentage of CD8"* cells out of CD45* gate. (E) Percentage of Ki67* cells out of CD8"* cells.
Statistical analysis was performed with 1-way ANOVA, 5-8 mice per group (*P < 0.05, **P < 0.01, ***P < 0.005);
1 representative experiment is shown out of 2 performed.
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the tumor (Figure 3C). Additionally, significantly more CD8+ T cells were found in
the TME of TDLN-proficient versus TDLN-deficient mice after PD-1 treatment.
Proliferation marker Ki67 did not differ between CD8+ T cells of these groups,
suggesting that influx of cells, rather than enhanced proliferation of T cells within
the TME, caused this difference. Together, our data indicated that PD-1 blockade
reinvigorates CD8+ T cells in the TDLNS, resulting in an influx of these effector cells
to the TME.

DISCUSSION

In conclusion, we show that TDLNs are key regulators in the antitumor immune
response and control the magnitude of therapeutic efficacy of PD-1- and PD-L1-
blocking Ab treatment in mouse models. This is in agreement with a previous study
analyzing the role of VEGF-C. Increased VEGF-C in the tumor caused enhanced lymph
drainage, which was associated with increased antitumor immune response and
stronger effect of immunotherapy [17]. These data strongly support our findings,
suggesting a potential reservoir of activating tumor-specific immune cells within
TDLNs. Harnessing this empowering effect of TDLNs might benefit the clinical
outcome of checkpoint blockade therapy and might ideally be tested in early-stage
cancer patients where the tumor and TDLNSs are still in place. Applying therapy
before resection surgery, often termed neoadjuvant treatment, is already performed
for chemotherapy and radiotherapy to reduce tumor size before surgery and to
pre-evaluate therapy response. For immunotherapy, this strategy is only starting to
be explored [18-21]. The potential of TDLNs is demonstrated in the clinical study of
Koster et al in which stage | and Il melanoma patients were treated with immune-
stimulating TLR9 agonist CpG in the scar of tumor resection, before TDLN resection.
Patients displayed stronger tumor-specificimmune responses and longer recurrence-
free survival than placebo-injected patients [22]. Recently, in a preclinical mouse
study, treatments with PD-1 combined with other agents in an adjuvant (the tumor
and TDLN are resected) or neoadjuvant setting (the tumor and TDLN are in place)
were compared and showed improved outcomes for neoadjuvant treatment [18].
The enhanced tumor-specific T cell response and decrease of metastatic recurrence
was attributed to the activation of immune cells within the TME. In light of our
findings, it is conceivable that the TDLNs, which were also surgically resected in the
adjuvant group, were responsible for this, but this was not taken into account.
Sentinel LN resection is still common clinical practice in many forms of cancer to
determine disease staging and consecutive therapy options, and when metastases
are detectable in the sentinel LN, resection of several, if not all, draining LNs is often
performed. There is ongoing debate on the value of this strategy, with regard to
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predictive value, metastasis risk, and consequences for treatment options [23].
However, the immunological implications of LN resection are not evaluated here.
We now show that ignoring a potential positive role of TDLNs in immunotherapy for
cancer should be studied with care in clinical settings.

METHODS

Mice and cell lines

C57BL/6 mice and BALB/c mice were purchased from Charles River and housed
under specified pathogen-free conditions in animal facilities of Leiden University
Medical Center. MC38 and CT26 cells were cultured in IMDM (Lonza) containing 8%
FCS (Greiner), 100 IU/ml penicillin/streptomycin (Gibco), 2 yM glutamin (Gibco), and
25 pM 2-mercaptoethanol. Cell lines were mycoplasma tested and MAP tested before
the start of experiments.

Tumor inoculation

Tumors were inoculated by subcutaneous injection in the right flank of 250,000
MC38 cells or 100,000 CT26 cells in 100 pl PBS. Tumor outgrowth was measured in
3 dimensions, until mice had to be sacrificed due to tumor burden, according to
local ethical guidelines.

Treatments

Tumor-bearing mice were treated on days 7 and 10 after tumor inoculation by
intraperitoneal injection of 200 pg PD-1-blocking Ab (clone RMP1-14 from Bio X Cell
or BioLegend) or PD-L1- blocking Ab (clone 10F.9G2, Bio X Cell), or peritumoral
subcutaneous injection of 50 pg PD-1-blocking Ab (clone RMP1-14, Bio X Cell). Tumor
size was checked 2 or 3 times a week and measured in 3 dimen-sions. FTY720 treatment
was given intraperitoneally, 25 pgin saline, on days 6, 8, 10, 13, 16, and 20. Retention
of lymphocytes in lymphoid organs was confirmed on day 16 (before subsequent
injection) in peripheral blood by flow cytometry (Supplemental Figure 2B).

Surgical resection

Mice received buprenorphine (Temgesic) painkiller preoperatively (3 pg per mouse,
subcutaneously), after which they were anesthetized with isoflurane inhalation and
the right flank was subsequently shaved. Small incisions were made in the groin
area (for inguinal) and armpit (for axillary). Inguinal or axillary LNs were located
using blunt forceps and resected using sharp forceps. Control animals were mock
resected; similar incisions were made but LNs were left in place. Incisions were
sutured using Novosyn Quick suture 6/0 (B. Braun), and mice were placed back in
their cage.
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Flow cytometry

Cell surface staining was performed using the following Abs: CD8a (clone 53-6.7),
CD3e (clone 145-2c11), CD11b (clone M1/70), CD45.2 (clone 104), and PD-L1 (clone
MIHS5). Dead cells were excluded based on 7-aminoactinomycin D (Invitrogen). After
surface staining, cells were fixed with Foxp3 staining kit (eBioscience), and cells were
stained with Ki67 (clone B56) and T-bet (clone eBio4B10). Examples of gating
strategies are depicted in Supplemental Figure 3. Samples were analyzed with LSR
Il cytometer (BD Biosciences) using FACSDiva software (BD Biosciences) and FlowJo
software (Tree Star Inc). For flow cytometry analyses of TME, mice were perfused
with PBS/EDTA (2 pM) to exclude blood content. Tumors were isolated, minced with
scalpels, and incubated with 2.5 mg/ml Liberase TL (Roche) for 20 minutes at 37°C,
and single-cell suspensions were made using 70-pm cell strainers (BD Biosciences).

Histology

MC38-bearing mice were left untreated or received 200 pg of PD-1 Ab intraperitoneally
on day 7 after tumor inoculation. Inguinal TDLNs and NDLNs were isolated 3 days
later and fixed in formalin dehydrated in series of increasing amounts of ethanol.
Tissue was embedded in paraffin, sequentially sectioned, and stained with an H&E.
Photos were taken using an Olympus DX51 light microscope and Olympus cellSens
software. From each organ, the largest section was chosen.

Data availability

All data are available from the corresponding authors upon reasonable request.
Statistics. GraphPad Prism 7 software was used for all statistical analyses. The means
of groups were compared using t test or ANOVA (depending on how many groups,
and survival differences in Kaplan-Meier curves were analyzed by log-rank test; all
tests were 2-tailed. Differences were considered statistically significant at P value
less than 0.05 (*P < 0.05, **P < 0.01, ***P < 0.005). For flow cytometry analysis of
TME, Grubbs' test for outliers was performed on tumor size within their groups, and
significant outliers were removed from all analyses.

Study approval. All animal experimentations were approved by and conducted
according to guidelines of the Netherlands Association of Animal Experimentation
Committees (Central Animal Testing Commission, the Hague, the Netherlands).
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