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Local delivery of low-dose anti-CTLA-4
to the melanoma lymphatic basin leads to systemic T,eq
reduction and effector T cell activation
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Preclinical studies show that locoregional CTLA-4 blockade is equally effective in inducing tumor eradication as
systemic delivery, without the added risk of immune-related side effects. This efficacy is related to access of the
CTLA-4 blocking antibodies to tumor-draining lymph nodes (TDLNs). Local delivery of anti-CTLA-4 after surgical
removal of primary melanoma, before sentinel lymph node biopsy (SLNB), provides a unique setting to clinically
assess the role of TDLN in the biological efficacy of locoregional CTLA-4 blockade. Here, we have evaluated the
safety, tolerability, and immunomodulatory effects in the SLN and peripheral blood of a single dose of tremelimumab
[a fully human immunoglobulin gamma-2 (IgG2) mAb directed against CTLA-4] in a dose range of 2 to 20 mg, in-
jected intradermally at the tumor excision site 1 week before SLNB in 13 patients with early-stage melanoma
(phase 1 trial; NCT04274816). Intradermal delivery was safe and well tolerated and induced activation of migra-
tory dendritic cell (DC) subsets in the SLN. It also induced profound and durable decreases in regulatory T cell
(Treg) frequencies and activation of effector T cells in both SLN and peripheral blood. Moreover, systemic T cell
responses against NY-ESO-1 or MART-1 were primed or boosted (N =7), in association with T cell activation and
central memory T cell differentiation. These findings indicate that local administration of anti-CTLA-4 may offer a
safe and promising adjuvant treatment strategy for patients with early-stage melanoma. Moreover, our data
demonstrate a central role for TDLN in the biological efficacy of CTLA-4 blockade and support TDLN-targeted

delivery methods.

INTRODUCTION

Systemic immune checkpoint blockade (ICB) induces robust clini-
cally effective T cell immunity in patients with metastatic melano-
ma, which is associated with better patient survival (1-4). However,
the risk of autoimmune-related side effects so far has precluded its
application in patients with early-stage melanoma (5). Of all patients
with newly diagnosed melanoma, the majority present with local-
ized early-stage melanoma (i.e., clinical stage I/II) (6). According to
current guidelines, these patients are treated with a curative-intent
resection with additional sentinel lymph node biopsy (SLNB), sub-
ject to melanoma Breslow thickness > 0.8 mm or < 0.8 mm with
ulceration (7). In case of sentinel lymph node (SLN)-positive dis-
ease, adjuvant systemic treatment with a programmed cell death-1
(PD-1) monoclonal antibody (mAb) is now approved by the U.S. Food
and Drug Administration (FDA) for patients with high-risk stage
III melanoma and for patients with pathology-confirmed high-risk
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stage IIB or IIC melanoma (8, 9). Recurrence rates in early-stage
patients run as high as 16 to 30% (10, 11), and the 10-year melanoma-
specific survival can run as low as 75%, depending on risk factors
such as Breslow thickness, tumor ulceration, and mitotic rate. Pa-
tients with SLN-negative disease and pathology-confirmed stage I-ITA
localized melanoma have no standard adjuvant treatment available
(12). Because of the sheer number of patients first presenting with
early-stage thin melanoma (<1 mm, stage I), more of these patients
will eventually die compared with patients initially diagnosed with
thick melanoma (>4 mm) (13). All this considered, there is a good
rationale for adjuvant treatment also in patients with pathologically
confirmed early-stage melanoma to prevent spread.

New insights into the mechanism of action underlying ICB efficacy
point to the importance of immunomodulation in tumor-draining
lymph nodes (TDLN) rather than the tumor microenvironment (TME)
(14-17). Effective PD-1 blockade involves the CD28-mediated ex-
pansion of tumor-reactive T cell clones by antigen-presenting den-
dritic cells (DCs) in TDLN, rather than just the reversal of T cell
exhaustion in the TME as originally thought (18-20). In line with
this, cytotoxic T lymphocyte-associated protein-4 (CTLA-4) block-
ing antibodies expand the diversity of tumor-reactive T cell clones
through their induction in TDLN (21, 22). This may entail increased
antitumor effector T cell priming in the TDLN through facilitated
CD28-mediated co-stimulation as well as regulatory T cell (Treg)
depletion or impairment of suppressive Treg function (23-28). As
the first-line TDLN, the SLN represents not only the site where
naive T cells are first primed but also the site where even in early-
stage melanoma immunosuppression is found and shapes the pre-
metastatic niche (29). Consequently, the SLN is an attractive target
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for local immune therapeutic intervention in patients with early-
stage melanoma, aiming to counteract tumor-induced immuno-
suppression, boost an antitumor immune response, and prevent
disease recurrence. Moreover, the SLN provides a clinical platform
to assess the selective effects of immunomodulatory agents on
TDLN in the absence of tumor (30, 31).

Preclinical studies indicate that intratumoral administration
of CTLA-4 blocking antibody in a low dose is as effective in induc-
ing tumor eradication as systemic delivery, without the risk of
immune-related adverse events (irAEs) (32, 33). We hypothesized
that, in melanoma patients with clinically node-negative disease,
local administration of anti-CTLA-4 would be able to reshape
the immune landscape of tumor-conditioned SLN, leading to the
release of CTLA-4-mediated inhibitory effects on DC-T cell in-
teractions and ultimately to increased systemic anti-melanoma
T cell reactivity. Here, we present the clinical tolerability data of a
phase 1 dose escalation study of a single intradermal injection of
tremelimumab, a fully human immunoglobulin gamma-2 (IgG2)
mAD directed against CTLA-4, at the primary tumor excision site
of patients with clinical stage I/II melanoma. We also report its
immunological effects as evaluated in the SLN and peripheral
blood collected from these patients. Our results showed that local
anti-CTLA-4 administration was well tolerated and did not coin-
cide with any serious irAEs. In terms of immunological activity,
we demonstrated that locally administered tremelimumab selec-
tively activated migratory DC subsets in the SLN and induced full-
range T cell activation while attenuating activated Ty4 levels both
locally and in peripheral blood. In addition, we showed that local
and low-dose tremelimumab was able to boost systemic anti-
melanoma T cell responses and increase central memory T cell
(Tcm) formation by specifically conditioning the TDLN. Hence,
local administration of tremelimumab aimed at optimal access to
and conditioning of the TDLN may serve as a safe and effective
adjuvant treatment option for patients with early-stage melanoma
at risk for tumor recurrence.

RESULTS
Patient characteristics, safety, and toxicity
Patients with clinical early-stage melanoma were enrolled in this
phase 1 study between July 2012 and December 2014. In four dose-
escalating cohorts of three patients each, anti-CTLA-4 (tremelimumab)
was injected around the scar of the primary tumor excision site,
1 week before the SLNB at doses of 2, 5, 10, and 20 mg. The dose
range was based on extrapolation from dose levels of locally applied
anti-CTLA-4 in preclinical studies and the highest doses with ac-
ceptable low-grade side effects in a clinical study of a single-dose
intravenous administration of tremelimumab (32), as outlined in
detail in the “Study design and objectives” section of Materials and
Methods. The average interval between primary tumor excision and
tremelimumab administration was 40.2 days (range, 23 to 72 days),
with no significant differences between dose level cohorts (see
Table 1). Because of the unforeseen transition of the global develop-
ment rights of tremelimumab as monotherapy during accrual of the
highest dose level cohort, only four patients were enrolled in this
cohort rather than the originally planned eight patients. As a result,
data of a total of 13 patients are described in this report.
Clinicopathological characteristics of each individual study pa-
tient are shown in Table 1 (left column). Of the 13 patients, 9 were
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male (69%) and the average age was 55 years (range, 25 to 76 years).
Primary tumor size according to the American Joint Committee on
Cancer (AJCC) seventh edition (34), in force at time of this study,
was <1.0 mm (pT1, 3 of 13; 23%), >1.0 to 2.0 mm (pT2, 7 of 13;
54%), >2.0 to 4.0 mm (pT3, 2 of 13; 15%), or >4.0 mm (pT4, 1 of 13;
8%). Pathologic examination revealed 5 of 13 (38%) patients with
stage III melanoma based on the presence of tumor cells in the
SLN. On the basis of the Melanoma Risk Assessment Tool (www.
melanomarisk.org.au/SNLForm), the anticipated risk of metastatic
involvement of the SLN showed a trend to be higher for the pa-
tients with pathologically proven metastases in the posttreatment
SLN biopsy (fig. S1), suggesting that there was no obvious treatment-
related interference with staging. All patients with metastasis-
positive SLN underwent a subsequent completion lymph node
dissection. Median follow-up was 44 months (range, 8 to 79 months).
Two patients experienced disease recurrence (both local and dis-
tant, unrelated to disease stage or dose level) and received adju-
vant treatment with a combination of dabrafenib and trametinib
(Table 1). A schematic study outline with treatment schedule and
timing of blood and SLN sampling for immune monitoring is
shown in Fig. 1A.

Intradermal administration of anti-CTLA-4 was well tolerated.
No inadmissible toxicities were observed; all AEs were mild to mod-
erate, were unrelated to disease stage, and were most frequent in the
10- and 20-mg cohort (Table 1). Grade 1 hepatotoxicity and grade 1
anemia developed in three and two patients, respectively. In one
patient with pretreatment low white blood cell count, grade 2 leuko-
penia occurred. Other grade 1 AEs included wound dehiscence
and nausea, each in one patient. Furthermore, one patient devel-
oped grade 1 local depigmentation of the right nipple after intra-
dermal injection of tremelimumab around the excision site of the
primary melanoma located at the upper right arm (fig. S2). None
of the patients with reported AEs required supportive treatment.
To ascertain whether higher AE rates in the higher dose level co-
horts could be due to systemic spread of tremelimumab, we deter-
mined tremelimumab titers in posttreatment plasma samples over
time (fig. S3). Low dose-dependent concentrations ranging between
0.15 and 0.65 pg/ml were detectable at 1 week after injection, which
declined to undetectable levels by 3 months after injection. This
contrasted sharply with reported plasma concentrations of be-
tween about 10 and 200 pg/ml at 1 week after infusion of a single
dose of intravenous tremelimumab in a range that was associated
with grade 1 to 3 irAEs (1 to 15 mg/kg); in all these patients, plasma
concentrations exceeding 1 ug/ml are still detectable at 3 months
after infusion (35). Patients receiving the lowest systemic dose
level, which resulted in detectable tremelimumab plasma levels in
that study (0.1 mg/kg), had plasma levels that still exceeded those
measured in the highest dose level in this study. Among those pa-
tients, only one case of grade 1 weight loss was reported (35). Thus,
the exceedingly low but nevertheless slightly elevated plasma lev-
els at the highest dose levels in this study might have accounted
for some of the observed side effects, but these were all mild and
deemed acceptable.

Immune monitoring

The effect of intradermally administered tremelimumab on various
immune cell populations was assessed by means of fluorescence-
activated cell sorting (FACS) analysis of freshly isolated SLN single-
cell and cryopreserved peripheral blood mononuclear cell (PBMC)
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Fig. 1. Study flowchart and T4 frequencies in SLN and
PBMLC. (A) Study design and flowchart. Patients eligible for trial
inclusion were scheduled for an intradermal (i.d.) tremelimumab
(treme) injection within 4 to 10 weeks after diagnostic ex-
cision of the primary melanoma. Subsequently, 1 week after
the intradermal tremelimumab administration, patients un-
derwent re-excision and SLNB. Sampling forimmune monitor-
ing: gray text boxes. Peripheral blood sampling also included
hematology and chemistry testing for safety assessments.
Peripheral blood sampling at time point +1 week (day of sur-
gery) was carried out before the start of surgery. (B) Gating
strategies for Tyeq subsets in PBMC and SLN cell samples. Tyeg
subsets were all pregated by forward scatter/side scatter
(FSC/SSC) lymphocyte live and CD3*CD4* gating. Both CTLA-4
and FoxP3 were detected as intracellular (i.c.) antigens; i.c.
indicated for CTLA-4. Bottom right: Correlation in four un-
treated SLN samples of aT 4 frequency according to gating
as shown in (A) or as proposed by Miyara et al. (37) with
additional CD127"CD45RA™ pregating. (C) Frequencies of
CD25"FoxP3™ aT,eqs and CD25™FoxP3™ rTeqs and aTy in
tremelimumab-treated versus untreated SLN. (D) Frequencies
of CD25"CTLA-4" aT,eqs and CD25""CTLA-4™ IT,eqs and aTy in
tremelimumab-treated versus untreated SLN. Tremelimumab-
treated SLN, n=12; matched control SLN, N=12. aT,y and
rTreg + aTy frequencies according to (E) FoxP3 and (F) intracel-
lular CTLA-4 expression in PBMC samples of patients (N=13)
before tremelimumab and 1 week, 3 weeks, and 3 months after
intradermal tremelimumab administration. (G) CD25"FoxP3"
(aTreg) frequencies in PBMC samples of individual patients at
tremelimumab doses of 2, 5, 10, and 20 mg, measured before
tremelimumab and 1 week, 3 weeks, and 3 months after in-
tradermal tremelimumab administration. Frequencies are all
expressed as percentage of total CD3*CD4" T cells, and means
are shown. *P=0.01 to 0.05, **P=0.001 to 0.01, ***P =0.0001
t0 0.001, and ****P < 0.0001, unpaired t test or Mann-Whitney
U test (C and D); repeated-measures one-way ANOVA or
Friedman, with post hoc Dunnett’s or Dunn’s multiple com-
parison test (E and F); two-way ANOVA (within dose level co-
hort), with post hoc Dunnett’s multiple comparison test (G).
Images from Servier Medical Art and iStock.

samples. Of all 13 patients, PBMC samples from
all time points were available [i.e., day 0 (before
tremelimumab administration), +1 week (before
SLNB), +3 weeks, and +3 months; Fig. 1A]. In
three patients, the SLN cell yield was limited and
only partial FACS panels were applied, prioritiz-
ing Treg and T cell analyses. In one additional case
(patient 9), the SLN was smaller than 0.5 cm and
found to be unsuitable for SLN cell harvesting by
the pathologist (Table 1). A full overview of fre-
quency and activation state of all analyzed im-
mune cell subsets is shown in tables S1 (SLN) and
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S2 (PBMC). For the SLN analyses, we matched the tremelimumab-
treated SLN with a historical control SLN group (i.e., untreated or
placebo treated) available from previous studies conducted by our
research group (36), using the same panels and the same FACS
machine; for statistical justification of the selected patients and
matching, we refer to the “Matching with historical control SLN”

section of Materials and Methods.
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Effector or activated aT eg werepreviouslx defined as CD25hiFoxP3hi
cells (FoxP3"™ aTyeg) or CD25" CTLA-4" (CTLA-4" aT,.) within
the CD3*CD4" T cell population (36, 37). The FoxP3™ and CTLA-4™
populations described in this study likely comprised both resting
Tregs (rTregs) and activated T helper cells (aTy) (37). For the applied
gating strategy, see Fig. 1B. In four untreated and off-study SLN
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samples, we applied a post hoc aT,g subset gating procedure ac-
cording to Miyara et al. (37), including pregating of CD4" T cells on
CD25" and CD127 status and excluding CD45RA™ cells from the
FoxP3" population. A near-perfect correlation with the classical
CD25"FoxP3" gating applied in the study samples confirmed the
aTyeq status of the CD25"FoxP3" population (see Fig. 1B, bot-
tom right).

Both FoxP3" and CTLA-4" aT,q frequencies were significantly
lower in the tremelimumab-treated SLN compared with the matched
control SLN (Fig. 1, C and D, left). Consistent with this, FoxP3" and
CTLA-4" aTyg frequencies in PBMC profoundly decreased after
local tremelimumab administration, with significant decreases, pooled
across all dose levels, lasting as long as 3 weeks after treatment
(Fig. 1, E and F, left). Although not significant, even after 3 months
aT,eg frequencies in peripheral blood did not appear to have re-
turned to pretreatment levels. As tremelimumab did not change
(relative) CD4" or CD8" T cell frequencies, the observed decreased
T\ frequencies led to significantly increased CD8* T cell/ aTreg
ratios in both SLN and PBMC after tremelimumab treatment (ﬁ%:
S4). Although in all dose level cohorts decreased levels of FoxP3™
aTregs in posttreatment PBMC samples were observed (Fig. 1G),
these only reached statistical significance in the highest two dose
levels (i.e., 10 and 20 mg). In the SLN, no such dose level effects
were observed (table S1). In contrast, higher FoxP3™ (i.e., rTeg and
aTy) frequencies were observed in SLN after tremelimumab admin-
istration, suggesting that tremelimumab induced a relative shift
from a suppressive to a nonsuppressive Tre; phenotype in the SLN
(Fig. 1C, right). CTLA-4™ frequencies in tremelimumab-treated
SLN were lower than in control SLN (Fig. 1D, right). Of note though,
CTLA-4"™ rates in control SLN were twice as high as FoxP3™ rates,
suggesting that they comprised additional CTLA-4-expressing Ty
without FoxP3 expression, which might have decreased upon local
tremelimumab delivery. In PBMC, posttreatment levels of both
FoxP3™ and CTLA-4™ (nonsuppressive) CD4" T cell subsets re-
mained similar to pretreatment levels, consistent with selective tar-
geting of aT g To ascertain whether this selective targeting could
be due to increased membrane expression of CTLA-4 on aTregs, we
compared intracellular with membrane staining of CTLA-4 within
Th, rTreg and aTreg subsets, based on CD4, CD25, CD127, and
FoxP3 staining, according to Miyara et al. (37), in four off-study
SLN samples. As shown in fig. S5A, intracellular levels of CTLA-4
were significantly higher in aT egs than in 1Tyegs and in rT g than in
Ty, whereas membranous extracellular levels were only significantly
higher in aTegs over rTreg or Ty, consistent with the selective post-
treatment loss of aTyeg. Higher extracellular expression levels of
CTLA-4 on intracellular CTLA-4™ aT g are also demonstrated in
fig. S5B, showing representative extracellular and intracellular dou-
ble stains in aT egs versus rTreg.

Also, significantly lower frequencies of both circulating mono-
cytic myeloid-derived suppressor cells (mMDSCs) and polymor-
phonuclear MDSCs (PMN-MDSCs) were observed 1 week after
tremelimumab administration, and these rates remained signifi-
cantly decreased up to 3 months after treatment (Fig. 2, A and B).
These systemic MDSC decreases appeared dose dependent (Fig. 2C),
but variability in baseline frequencies between the 20-mg cohort
and the other cohorts (particularly for PMN-MDSC), and the low
patient numbers call for caution in drawing too firm conclusions.
This variability in baseline frequencies was not significantly related
to time since primary tumor resection or age/sex distribution (see
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fig. S6 and Table 1). Again, no dose-dependent effect was observed
in MDSC subset levels measured in tremelimumab-treated SLN
(N =9; table S1). Data from untreated SLN in our historical control
group did not include MDSC analyses, precluding comparative
analyses.

Local and systemic T cell activation and systemic memory

T cell differentiation

To evaluate the influence of intradermal tremelimumab adminis-
tration on lymphocyte activation state, we analyzed expression of
the activation markers human leukocyte antigen-DR (HLA-DR)
and inducible T cell costimulator (ICOS) and the checkpoint mole-
cules CTLA-4 and PD-1 on CD4" and CD8" T cells (see Fig. 3A for
gating). In SLN, tremelimumab induced a dose-dependent increase
in HLA-DR and ICOS levels on CD4" and CD8" T cells, respectively
(Fig. 3B). Corresponding data from historical control SLN were not
available. In PBMC, pooled analyses of all study patients revealed
significantly increased HLA-DR and ICOS expression levels in both
the CD4" and CD8" T cell compartment, with highest T cell activa-
tion 3 weeks after tremelimumab administration, whereas post-
treatment checkpoint molecule expression levels were not increased
compared with pretreatment levels, with the exception of a slight
increase in PD-1 levels in CD4" T cells at 3 months (Fig. 3C). Sys-
temic up-regulation of T cell activation and checkpoint molecules
was dose dependent, with significant increases observed at the highest
dose of 20 mg (shown for ICOS in Fig. 3D). Similar trends were
found for HLA-DR and PD-1, but not for CTLA-4 (fig. S7).

Next, we assessed the effects of intradermally administered
tremelimumab on T cell differentiation. Memory T cells were iden-
tified on the basis of CD45RO expression. In addition, three mem-
ory subsets were characterized on the basis of CD45RA and CD27
expression, including CD27"CD45RA™ Tcy, CD27 CD45RA™ ef-
fector memory (Tgy), and CD27 CD45RA" effector memory ex-
pressing CD45RA (Tgmra) T cells (38, 39). See Fig. 4A for gating
procedures. Because analysis of T cell effector/memory marker sub-
sets was not carried out in our historical control SLN samples, a
direct comparison between untreated and tremelimumab-treated
SLN could not be made. No clear dose-dependent effects for T cell
differentiation states were found in tremelimumab-treated SLN
(Fig. 4B). Systemically, increased posttreatment levels of CD45RO™
memory T cells were observed across all dose levels at 1 and 3 weeks,
whereas no shifts in Tgy and Tey subset frequencies were observed
and only CD4 Tgyra levels significantly increased at 3 months
(Fig. 4C). Thus, locally administered tremelimumab was able to in-
duce memory CD4" and CD8" T cell differentiation, leading to in-
creased CD45RO" T cell rates in peripheral blood.

Selective activation of migratory DC subsets
in tremelimumab-treated SLN
In the SLN, we identified four conventional DC (cDC) subsets (40).
These include two migratory CD1a* cDC subsets, i.e., CD1 1¢™CD1a™
Langerhans cells (LCs) and CD1 1c"CD1a™ dermal-like DCs (dDCs),
and two lymph node-resident (LNR) CDIla™ ¢DC subsets, i.e.,
CD11c"CD14” LNR-cDC and CD11¢*CD14" LNR-cDC (for gat-
ing, see Fig. 5A). The CD11c"CD14~ LNR-cDC population consists
mostly of a CD1¢"CD141" ¢<DC2 subset (about 75%) and of a minor
CD1c CD141" cDC1 subset (about 25%) (41).

In tremelimumab-treated SLN, LCs were detected at significantly
lower frequencies and CD11c"CD14~ LNR-cDCs were detected at
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unaffected (Fig. 5C, right column). In
conclusion, intradermally administered
tremelimumab induced up-regulation of
‘ the costimulatory CTLA-4 ligands CD80
. and CD86, as well as the activation
markers CD83 and CD40, selectively on
migratory cDC subsets in the SLN.
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Locally administered
tremelimumab induces systemic
melanoma-specific T cell reactivity
To assess the effect of intradermal in-
jection of tremelimumab on systemic
melanoma-specific T cell reactivity, we
assessed antigen-specific T cell responses
directed against the melanoma-associated
antigens (MAAs) NY-ESO-1 and MART-1
by means of in vitro restimulation and
an interferon-y (IFN-y) enzyme-linked
immunosorbent spot (ELISpot) assay in
pre- and posttreatment PBMC samples;
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reactivity against a pool of recall antigen-
derived peptides [CEFT (CMV, EBV, Flu
and Tetanus)] was taken to assess gen-
eral immune competence (see Fig. 6A for
a schematic overview of the methodology
and representative raw ELISpot data—
from patient 13). On the basis of the
NY-ESO-1/MART-1 ELISpot data, among
the 13 patients enrolled in this study,
we distinguished tremelimumab im-
mune responders (i.e., patients with a
tremelimumab-induced or tremelimumab-
enhanced T cell response) and non-
responders (i.e., patients with no detectable
or an unaltered T cell response after
tremelimumab). Tremelimumab immune

T T
Pre- +1 wk +3 wk +3 mo Pre- +1 wk +3 wk +3 mo Pre- +1 wk +3 wk +3 mo Pre- +1 wk +3 wk +3 mo

treme treme treme

Fig. 2. Decreased systemic MDSC frequencies after intradermal tremelimumab. (A) Gating strategy for
MDSC subsets: (top row) mMDSC defined as HLA-DR"Lin"CD33*CD14" and (bottom row) PMN MDSC defined as
CD33*CD11b*CD14 CD15". Frequencies of mMMDSC and PMN MDSC in PBMC cell samples before tremelimumab and
1 week, 3 weeks, and 3 months after intradermal tremelimumab administration (B) of patients pooled across all dose
levels (N=13) and (C) of individual patients at dose levels 1 to 4 (i.e,, 2, 5, 10, and 20 mg). Frequencies are all expressed as
percentage of total PBMC, and means of pooled data are shown. *P=0.01 to 0.05, **P=0.001 to 0.01, ***P =0.0001 to
0.001, and ****P < 0.0001, repeated-measures one-way ANOVA or Friedman, with post hoc Dunnett’s or Dunn’s multiple
comparison test (B); two-way ANOVA (within dose cohorts), with post hoc Dunnett’s multiple comparison test (C).

higher frequencies compared with control SLN, whereas tremelimumab
did not induce changes in frequency of the other two cDC sub-
sets (Fig. 5B). Tremelimumab significantly augmented matura-
tion and activation of both migratory cDC subsets, but not of the
LNR-cDC subsets (Fig. 5C). The CD1 1cMCD14” LNR-cDC displayed
significantly decreased levels of CD83 and CD86 in tremelimumab-
treated SLN compared with control SLN, which may be related to
suppressive cross-talk with tremelimumab-induced ICOS" T cells
(42-44), borne out by an observed negative correlation between
T cell ICOS up-regulation and LNR-cDC activation (fig. S8). The

van Pul et al., Sci. Inmunol. 7, eabn8097 (2022) 15 July 2022

responders were considered to have (i)
a de novo response, when a positive re-
sponse to either NY-ESO-1 or MART-1
could be detected after treatment only,
or (ii) a preexistent, augmented re-
sponse, when a positive NY-ESO-1- or
MART-1-specific T cell response was
measurable before treatment, but further
significantly enhanced after treatment
(see Fig. 6B for representative examples).
In Fig. 6C, pretreatment MAA-specific
T cell frequencies, as measured by IFN-y ELISpot readout, of each
patient were plotted against the highest measured posttreatment
MAA-specific T cell frequencies. In total, 7 of 13 patients (54%)
were identified as tremelimumab immune responders and the re-
maining 6 as nonresponders. In table S3, a complete overview of the
pre- and posttreatment T cell responses against NY-ESO-1 and
MART-1 per patient, as well as reactivity against the CEFT recall
peptide pool, is shown. A CEFT-specific T cell response was found in
all patients and served as a measure of general immune competence.
In one patient, posttreatment CEFT-specific spots per 100,000 T cells

treme
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Fig. 3. T cell activation and checkpoint expression levels A
after intradermal tremelimumab. (A) Gating strategy for
HLA-DR, ICOS, CTLA-4 (intracellular), and PD-1 expression on

CD4* and CD8* T cells. FSC/SSC gating was performed to deter- «— >
mine viable lymphocytes as shown in Fig. 1B. Because of four- oo gIicells CDEgIcells Chigncells CDg: T cells
color staining, for HLA-DR and ICOS expression, CD8™ T cells g g o B g & jex 3 zox Toox | L I~
were designated “CD4" T cells”and, for intracellular CTLA-4 and 38 3 ] > 4 5 8 5l ) H 5
PD-1, CD4™ T cells were designated “CD8" T cells.” Frequencies 1 L AL - i T 1L ¥ 5 1L 1L § - t1e 11 L] ;
of CD4" and CD8" T cells expressing activation molecules €3 co3 co3 co3
(HLA-DR and ICOS) and checkpoint point molecules (CTLA-4 2 %’ 0% 2 8% % 0% 2 j“’“ 5 & o i e % o% : 6.7%
and PD-1) in (B) tremelimumab-treated SLN were displayed e 2 ¥ Q. & 2 . |2 & a 3 3 a & a @ a @
according to dose cohort and (C) PBMC samples of patients 1 1 o1 1 y 1= I 7Y 15—1 >
(n=13) before tremelimumab and 1 week, 3 weeks, and 3 months D3 co3 cD3 €3
after intradermal tremelimumab administration. (D) Frequency B HLA-DR ICOos i.c.CTLA-4 PD-1
of ICOS-expressing CD4* and CD8™ T cells in PBMC samples of
individual patients at doses of 2, 5, 10, and 20 mg, measured L * v * “ . * .
before tremelimumab and 1 week, 3 weeks, and 3 months after cpar 2 . : T 20 . * ®
intradermal tremelimumab administration. Frequencies are ex- 1 ©®!1S é R L e T * .
pressed as percentage of total CD4" T cells or CD8* T cells, and 3 51° B 0T e & 5 . % i
means are shown. *P=0.01 to 0.05, **P=0.001 to 0.01, ***P= $
0.0001 to 0.001, and ****P < 0.0001, one-way ANOVA with post o . %0 » 4 .
hoc Dunnett’s multiple comparison test (B); repeated-measures cDs* E 30 . » 15 . 30
one-way ANOVA or Friedman, with post hoc Dunnett's orDunn’s  Tcells & = . o 10 . = 2 .
multiple comparison test (C); two-way ANOVA (within dose level 95 e T . ° . " e - 10 ~ -
cohort), with post hoc Dunnett’s multiple comparison test (D). & ~ " " * i i

2mg 5mg 10 mg 20 mg 2mg 5mg 10 mg 20 mg 2mg 5mg 10 mg 20 mg 2mg 5mg 10 mg 20 mg
were <100; corresponding MAA T cell reactivity in ~ C HLA-DR Icos i.c.CTLA-4 PD-1
this patient revealed a nonresponder profile (pa- 301 154 20 304

tient 7; see table S3). Both patients who experienced

recurrences (patients 1 and 9) were nonresponders

(see Table 1 and table S3). TC;‘:;S
As a measure of humoral immunity, we also as-

sessed IgG responses to NY-ESO-1 in an enzyme-

% of CD4* T cells

KN

linked immunosorbent assay (ELISA) with full-length
NY-ESO-1 (see fig. S9). In general, titers were low
and declining over time, likely reflecting elimination ..
of the antigen source by primary tumor resection.  Tcells
Only two patients showed a marginally positive re-
sponse: one T cell tremelimumab responder (patient 4) X
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»
3
T

.
LA

'$: geed 00

ke

teoe

—T T T
and one nonresponder (patient 9) (ﬁg 59) Pre- +1wk +3 wk +3 mo Pre- +1 wk +3 wk +3 mo Pre- +1 wk +3 wk +3 mo Pre- +1 wk +3 wk +3 mo

treme

treme treme treme

ICOS

Tremelimumab-induced melanoma-specific
T cell responses are associated with
increased T cell activation and memory

T cell differentiation cD4*
To identify a possible immune signature in the T cells

24

2mg 5mg 10 mg 20 mg
121 12 129 ——
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and immune checkpoint expression levels on Tregs

were similar in tremelimumab responders and non-

responders (fig. S10). However, hierarchical cluster analysis based
on treatment-related increases in SLN T cell activation, checkpoint
and memory markers, generated two main clusters: patients with
both high T cell activation and highly increased memory T cell rates
(“high” group) and patients with both low T cell activation and less
pronounced T cell memory increases (“low” group) (Fig. 7A). All four
patients in the high group were tremelimumab immune responders

van Pul et al., Sci. Inmunol. 7, eabn8097 (2022) 15 July 2022

treme treme treme

(all with de novo detectable responses), whereas only three of eight
patients in the low group were responders. Two of these patients
(patients 2 and 3) had a preexisting MAA-specific T cell response
that was augmented after tremelimumab treatment (Fig. 7A and
table S3). Although the designation of “de novo response” is arbitrary
to a certain extent, as it is defined by a preset cutoff and statistical
considerations, these data do support previous evidence that T cell
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Fig. 4. Intradermal tremelimumab
induces a systemic memory T cell
response. (A) Gating strategy of
memory T cell subsets in PBMC cell
samples, with examples represent-
ing CD8" memory subsets (i.e., pre-
gated as CD3*CD8"); for gating of
cD4* memory subsets, cells were
pregated as CD3*CD8". FSC/SSC
gating was performed to deter-
mine viable lymphocytes before
subsequent subset gating, as shown
in Fig. 1B. (Band C) Columns repre-
sent memory T cells and subsets:
CD45R0O* memory T cells, the CD27*
CD45RA™ Tem cell subset, the CD27~
CD45RA™ Tgm cell subset, and the
CD27 CD45RA" terminally differen-
tiated effector T cell subset (Temra).
Frequencies (with bars representing
means) of CD4* and CD8* memory
T cell subsets are shown in (B) SLN
of patients 1 week after delivery of
different cohort assigned dose levels
of intradermal tremelimumab (i.e.,
2,5,10,and 20 mg) and (C) in PBMC
of patients before tremelimumab
and 1 week, 3 weeks, and 3 months
after intradermal tremelimumab
administration (all dose cohorts com-
bined). *P=0.01 to 0.05, repeated-
measures ANOVA or Friedman, with
post hoc Dunnett’s or Dunn’s multi-
ple comparison test (C).

activation upon CTLA-4 block-
ade preferentially leads to the
induction of de novo T cell re-
sponses and thus broadens the
antitumor T cell repertoire (45).
Because of limited SLN cell
yield and prioritizing of T cell
subset analyses, natural killer
(NK), MDSC, and DC FACS
data were available for only nine
patients (two nonresponders
and seven tremelimumab im-
mune responders), thereby pre-
cluding reliable subgroup or
hierarchical cluster analyses for
these subsets.

Next, to assess whether
phenotypic PBMC immune
profiles could also serve as a

potential biomarker for tremelimumab efficacy, baseline rates and
posttreatment changes in PBMC immune subsets were compared
between tremelimumab immune responders and nonresponders.
No significant association with tremelimumab response was found
for any of the baseline PBMC parameters. The pattern of posttreat-
ment decreases in Tr; and MDSC frequencies did not differ be-
tween tremelimumab immune responders and nonresponders, nor

A

CcD4*
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were any changes in NK cell or DC subsets, or in PD-1 or CTLA-4
expression levels associated with either group (fig. S11). In accor-
dance with findings in the SLN, tremelimumab immune responders
showed marked elevation of posttreatment CD4" and CD8" T cell
activation in the peripheral blood, evidenced by significantly increased
HLA-DR and ICOS expression levels, whereas nonresponders did
not (Fig. 7B). Likewise, there was only significant augmentation of
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Fig. 5. Intradermal tremelimumab selectively enhances activation
and maturation of migratory cDC subsets in the SLN. (A) Gating strate-
gies for the four cDC subsets in the SLN, i.e., two CD1a" migratory cDC
subsets [CD11c"CD1a™ (dDC) and CD11c¢™CD1aM (LO) (left plots) and
two CD1a” LNR DC subsets (CDHchiCDM' and CD11chiCD14') (right
plots). Viable cells were gated on the basis of forward scatter and side scat-
ter, and LNR and cDC were pregated on CD1a". (B) cDC subset frequency
(top row) and expression levels of maturation markers (rows 2 to 5) of

A

CD1a* cDC subsets (migratory cDC) CD1a” cDC subsets (LNR cDC)

CD11c"CD14~

CD11chCD14*

CD11cM CD1a™ (dDC)  CD11c" CD1a" (LC)

—— CD11c

tremelimumab-treated SLN (N=9) compared with data from matched
control SLN (N =9). Columns represent the different DC subsets. Left: Two
CD1a* migratory c¢DC subsets (LC and dDC). Right: Two CD1a™ LNR-cDC
subsets (CD11c"CD14™ and CD11c"CD14* LNR-cDC). Frequencies of DC
subsets are expressed as percentage of total LN cells; expression levels of
maturation (CD83) and costimulatory (CD80 and CD86) and activation
(CDA40) surface receptors on different DC subsets are expressed as percent-
age of positive cells within each subset. Bars represent means. *P=0.01 to
0.05, **P=0.001 to 0.01, ***P=0.0001 to 0.001, and ****P < 0.0001, unpaired
t test or Mann-Whitney U test.

% of leukocytes

the CD4" and CD8" T cell CD45RO" and central memory
compartment in responders; in nonresponders, posttreatment
frequencies of Tcy cells were decreased and coincided with
increased Tgrmra rates, indicative of a more senescent T cell
state (Fig. 7C). Thus, local tremelimumab administration re-
sulted in a coordinated systemic T cell memory shift and
(MAA-specific) T cell activation.

% Within cDC subset

DISCUSSION

The standard of practice is to administer CTLA-4 and PD-1
immune checkpoint inhibitors systemically. This is in keep-
ing with the long-held conventional wisdom that cytostatic
treatments in metastatic cancer need to act systemically to
eliminate distant metastases. This practice negates the basic
principle that adaptive immunity is primed locally (e.g., in
response to infection, tissue damage, or a tumor) and can sub-
sequently provide systemic and durable protection through
recirculating effector and memory T and B cells. Pivotal in
this basic concept is the role of locoregional lymph nodes
where T cells are primed by migrating and/or LNR-cDC. By
local administration of immune checkpoint inhibitors in or
around the primary tumor, high concentrations and bio-
availability of these drugs in the tumor and TDLN can be
reached, allowing for priming of effector and memory T cells
while minimizing actual systemic exposure and subsequent
toxicity (15, 33, 46-48). Although the concept of intratumoral
immunomodulation and/or ablation to achieve in vivo vac-
cination has long been proposed and pursued (46, 49-52), there
are very few clinical studies that have explored the effects of
local delivery of immune checkpoint inhibitors (NCT03889912,
NCT03316274, NCT04090775, and NCT03755739).

With this phase 1 clinical trial, we demonstrated that in-
tradermal administration of a single low-dose anti—-CTLA-4
(tremelimumab) around the scar of the primary tumor excision site
in patients with early-stage melanoma was well tolerated and did
not coincide with any serious toxicity. Furthermore, local treatment
with tremelimumab reshaped the immune microenvironment in
the melanoma-draining SLN and also and bolstered the systemic
anti-melanoma T cell response. The clinical setting of this study,
i.e., subsequent to surgical removal of the primary tumor and prior

% Within cDC subset

% Within cDC subset

% Within cDC subset
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to the SLNB, allowed for the specific assessment of the role of TDLN
in the biological efficacy of CTLA-4 blockade. The mode of action
of CTLA-4 blockade is generally believed to involve targeting of the
CD28 ligands CD80/CD86, which are mostly restricted to professional
antigen-presenting cells (APCs) that typically reside in peripheral
lymphoid tissues. The higher avidity of CTLA-4 for these costimu-
latory ligands would lead to interference with proper costimulation
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Fig. 6. Systemic MAA-specific T cell responses
after intradermal tremelimumab administration.
(A) Schematic overview of melanoma-specific T cell
stimulation to quantify the induction of systemic
MAA-specific T cell responses by means of an IFN-y
ELISpot assay. Cryopreserved PBMCs were thawed
and incubated at a 1:1 stimulator-to-responder ratio
with irradiated autologous PBMC pulsed with MAA-
specific peptides (NY-ESO-1, MART-1) or CEFT pep-
tides as positive recall control. Cells were harvested
atday 10 and seeded in 2x four to six replicate wells at
a density of 1 x 10° to 2.5 x 10° per well for 24-hour
restimulation with DMSO vehicle, MAA peptides
(NY-ESO-1 and MART-1), or CEFT peptides in an anti—
IFN-y—coated multiscreen 96-well plate followed by
ELISpot development. An example of a typical ap-
pearance of IFN-y—positive spots in an ELISpot assay
of one tremelimumab immune responding patient
before tremelimumab administration (Pre-treme) and
after tremelimumab treatment (+3 weeks) with raw
counts is shown. (B) Representative data of three
individual patients each with a different pattern of
T cell reactivity against MAA (overlapping peptides
covering NY-ESO-1 and/or MART-1 sequence) mea-
sured by IFN-y ELISpot readout in PBMC samples
before tremelimumab and 1 week, 3 weeks, and
3 months after tremelimumab administration. * in-
dicates positive T cell response according to preset
criteria (see Materials and Methods). Patients were
considered tremelimumab immune responders when
(i) a de novo positive response to either NY-ESO-1 or
MART-1 could be detected after treatment or, (i) in
case of a preexisting (i.e., pretreatment) positive re-
sponse to either NY-ESO-1 or MART-1, posttreatment
antigen-specific T cell frequencies were significantly
increased compared with pretreatmentin a post hoc
test of a one-way ANOVA. (C) MAA-specific (i.e., either
against MART-1 or NY-ESO-1) T cell responses before
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and thereby dampen the priming of tumor-
specific effector T cells. Thus, CTLA-4
blockade would primarily restore effective
T cell priming (23). Our data are consistent
with this notion and support a model in which
interference in CTLA-4-mediated interactions
between migratory DC and aTeg in TDLN
results in enhanced locoregional and systemic antitumor immunity.

CTLA-4 is able to capture B7 ligands (i.e., CD80 and CD86)
from APCs by transendocytosis, followed by degradation of these
ligands in the CTLA-4-expressing cell (27). This CTLA-4-mediated
transendocytosis of CD80 and CD86 primarily targets migratory
cDC subsets in peripheral LN (25) and is mediated by T through
their constitutive surface expression of high levels of CTLA-4. Our
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current findings in patients with early-stage melanoma support the
idea that Tr.g-mediated transendocytosis can be abrogated by CTLA-4
blockade, resulting in increased CD80 and CD86 expression of mi-
gratory cDCs in LN. The increased expression of CD83 and CD40
on migratory cDC subsets in tremelimumab-treated SLN in our study
was likely an indirect result of enhanced pro-inflammatory cyto-
kine signaling and/or decreased aTg rates at the dermal injection
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site. The finding that CTLA-4 blockade preferen-
tially interferes with migratory cDC is in keeping
with their higher expression levels of CD80 and
CD86 (40) and their reported cross-talk with Tregq
during or right after their migration to skin-draining
lymph nodes, which is involved in the maintenance
of self-tolerance (53-57). We thus provide clinical
evidence that CTLA-4-mediated interactions between
migratory cDC and aTyeg in TDLN (with elevated
surface levels of CTLA-4) are pivotal in setting the
levels of both local and systemic aT' g, High num-
bers of aTegs in melanoma TDLN may interfere with
migratory cDC activation and consequently with
proper priming of anti-melanoma effector T cells.
CTLA-4 blockade appears to redress this disbalance.

Whereas the above proposed mechanism of ac-
tion provides a strong rationale to clinically explore
local CTLA-4 blockade for optimal access to TDLN,
more recent insights hold that CTLA-4 efficacy, at
least in part, depends on antibody-dependent cel-
lular cytotoxicity (ADCC)-mediated depletion of
Thregs (24, 26, 58) or interference with their suppres-
sive functionality in the TME (25, 27). Others show
no decrease in absolute T, numbers in the TME
by quantitative immunohistochemistry (48). Dif-
ferences may in part be explained by assessment of
Treg levels at different time points after CTLA-4
blockade (24, 53, 54, 58). Previous studies, limited
to patients with advanced or metastatic melanoma,
have not reported a consistent pattern of change
in peripheral blood T4 frequency after systemic
anti—-CTLA-4 treatment (59-62). Our study demon-
strated consistent decreases in Trg frequencies in
both peripheral blood and melanoma-draining LN
after local anti-CTLA-4 treatment, specifically aimed
at TDLN conditioning. Although we can only spec-
ulate as to whether these observations were due to
aTyeg conversion or depletion, we did show signifi-
cantly higher CTLA-4 surface expression on aT g
than on either 1Ty or conventional Ty. A high
turnover rate of CTLA-4 is reported, accounting for
its predominant intracellular localization in acti-
vated effector T cells (63). Higher membrane levels in
aT\eqs may be due to storage of CTLA-4 in recycling
submembrane vesicles rather than in the more re-
mote trans-Golgi compartment, which may account
for higher surface expression at any given moment
(63). As a consequence, increased tremelimumab
binding as well as a higher likelihood of subsequent
ADCC-mediated depletion of aT g may result.

It is unclear how our observations of the systemic
immunomodulating effects of intradermal delivery
of anti-CTLA-4 compare with systemic administra-
tion. Unfortunately, there are no data available for
the systemic use of tremelimumab in patients with
early-stage melanoma. However, in keeping with
our observations, increased expression levels of acti-
vation (i.e., ICOS and HLA-DR) and memory markers
(CD45R0) on CD4" and CD8" T cells in peripheral
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blood of patients with urothelial carcinoma and/or metastatic melano-
ma are detected upon systemic CTLA-4 blockade (44, 58-60, 64-67).
These parameters, and increased levels of CD4" ICOS* T cells in partic-
ular, are also linked to clinical response and overall survival (58, 64, 68).
Although decreased Ty, rates are reported in the TME upon systemic
CTLA-4 blockade, in peripheral blood no such decreases were observed
(59-62), which contrasts starkly with our findings for local CTLA-4
blockade. As for MDSCs, conflicting findings in terms of on-treatment
systemic increases or decreases are reported (69), but in general lower
baseline or posttreatment frequencies are related to favorable clinical
outcome upon systemic CTLA-4 blockade (70). mMDSC rates in pe-
ripheral blood are unaffected by intradermal injection of a saline placebo
(71), providing further evidence that local injection of tremelimumab
in this study was responsible for the observed decline in systemic
mMDSC rates.

One could speculate that the systemic biological efficacy that we
observed in our study could have been due to systemic spread of the
locally delivered tremelimumab, which would also be in keeping
with the dose dependence that we often observed for these effects.
However, the exceedingly low levels of tremelimumab that we de-
tected after treatment argue against this. Plasma levels that are equated
to efficacy of systemic tremelimumab treatment exceed 30 pg/ml at
4 weeks after infusion (35), whereas we found 0.4 ug/ml by 3 weeks
after injection—even for the highest dose level. More likely, the
observed systemic effects in our study were due to relatively high
tremelimumab levels in the TDLN, resulting in decreased aTy,
rates and increased frequencies of activated and memory effector
T cells. A similar observation was made in a mouse model of pan-
creatic cancer, where local low-dose anti-CTLA-4 delivery resulted
in profoundly lower serum levels of the antibody as compared with
systemic high-dose administration, but antitumor efficacy and ef-
fector T cell infiltration were comparable between both treatment
strategies. Whereas Tg rates in this tumor model were significantly
elevated in TDLN and spleen upon systemic delivery, they remained
low upon local delivery (72).

In conclusion, findings in this report demonstrate that intrader-
mal administration of tremelimumab at the primary tumor excision
site of patients with early-stage melanoma is feasible and safe. More-
over, they point to a role for the interference with CTLA-4-mediated
cross-talk between migratory cDC and aTreg in TDLN in the sys-
temic biological efficacy of local CTLA-4 blockade, resulting in de-
creases in aTreg rates and increases in conventional T cell activation
and central memory conversion, ultimately leading to the induction
of systemic anti-melanoma T cell responses. Although caution is
obviously called for in view of the small numbers of patients en-
rolled in this phase 1 trial and the absence of randomized placebo
controls, these observations suggest that local administration of
anti-CTLA-4 may offer a safe and promising adjuvant treatment
strategy for patients with early-stage melanoma. In addition, this
study underscores the importance of immunomodulation of TDLN
in generating de novo antitumor T cell responses and supports the
concept of local instead of systemic anti-CTLA-4 blockade for fu-
ture adjuvant immunotherapeutic strategies in patients with early-
stage melanoma as well as for neoadjuvant approaches (73). This is
in keeping with growing evidence from preclinical studies pointing
to the key role of TDLN in the efficacy of ICB (48) and may allow
for combined treatment with other immunomodulators for optimal
efficacy without increased risk of unwanted side effects. On the basis
of its safety and biological efficacy profile, we would recommend
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the highest tested dose of 20 mg of tremelimumab for further clinical
exploration of locally applied and TDLN-targeted CTLA-4 block-
ade in either adjuvant or neoadjuvant approaches.

MATERIALS AND METHODS

Study design and objectives

This phase 1, two-center, open-label, dose-escalating clinical trial
(NCT04274816) was designed to evaluate the safety, tolerability,
and immunological activity of escalating single doses of intrader-
mally administered tremelimumab in patients with clinical stage I/II
melanoma 7 days before SLN excision. Patients were treated in four
cohort doses of 2, 5, 10, or 20 mg of tremelimumab with three pa-
tients per cohort and an intended expansion phase with five addi-
tional patients at the highest tolerable dose of 20 mg. Patients were
observed for dose-limiting toxicities for 28 days. If no not-acceptable
toxicity (NAT) was experienced during this period by any of the
patients in a cohort, dose escalation proceeded. NAT was defined as
any (drug-related) grade >3 AE or autoimmune-related grade >2
AE not attributable to another etiology. All AEs were graded ac-
cording to the National Cancer Institute Common Toxicity Criteria
(CTC) grading system version 3.0 (NCI-CTCAE v3.0). We based
the selected dose range on extrapolation of findings by Simmons
et al. (32) who compared the effects of systemic high-dose (150 pg)
versus local low-dose (10 pg) anti-CTLA-4 in combination with a
granulocyte-macrophage colony-stimulating factor (GM-CSF)-
secreting cell-based vaccine in a mouse model and demonstrated
antitumor effects with as little as 10 pg of local anti-CTLA-4 with
reduced serological signs of collateral autoimmunity. At clinically
used systemic dose levels of 70 to 350 mg of anti-CTLA-4 (based on
an average of 70 kg human body weight and an applied dose range
of 1 to 5 mg/kg), this would come to an approximate range of 5 to
23 mg for equivalent local dosing. In addition, we selected the dose
range of 2 to 20 mg based on the assumption that no serious toxici-
ties should be expected, which in these patients with early-stage
melanoma would have been unacceptable. Intravenous administra-
tion of comparable doses (0.01 to 0.1 mg/kg) in a previous phase 1
trial of tremelimumab resulted in one case of grade 1 weight loss
and one case of grade 2 nausea (out of six patients with metastasized
melanoma tested) (35).

Study population

Patients >18 years, with clinically stage I/II melanoma (AJCC
seventh edition), who were scheduled for an SLNB, were eligible for
inclusion. For a detailed overview of all inclusion and exclusion crite-
ria, see table S4. The study was approved by the Institutional Review
Boards of the VU University Medical Center and Spaarne Gasthuis,
and written informed consent was obtained from all patients. SLN
samples were collected and handled according to medical ethical
guidelines described in the Code of Conduct for Proper Use of
Human Tissue of the Dutch Federation of Biomedical Scientific
Societies or protocols approved by the Institutional Review Boards
of the participating hospitals.

Treatment and safety assessment

One single dose of tremelimumab was administered intradermally
around the (diagnostic) excision scar of the primary melanoma and
7 days before scheduled re-excision and SLN procedure. Tremelimumab
was provided as an intravenous solution at a 20 mg/ml concentration
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(20 ml per vial), allowing for intradermal injection of 20 mg in 1 ml
at the highest dose of 20 mg. This volume was kept constant for all
dose levels by diluting the needed volume dose from the vials with
saline solution. After tremelimumab administration, patients were
clinically monitored for 1 hour for early autoimmune or allergic re-
actions. Additional safety assessments included monitoring of AEs
and evaluation of laboratory parameters at baseline and during fol-
low-up after 1 week, 3 weeks, and 3 months of the tremelimumab
injection.

Immune monitoring

For immune monitoring purposes, cell samples derived from the
surgically removed SLN (1 week after intradermal tremelimumab
administration) were collected. In addition, 50 ml of heparinized
peripheral blood was collected before tremelimumab administra-
tion and 1 week, 3 weeks, and 3 months after tremelimumab injec-
tion (see Fig. 1A for a structured study flowchart).

Collection and processing of SLN single-cell and peripheral
blood samples

All SLNs were identified and retrieved by the triple technique as
described (74). In short, a lymphoscintigraphy was performed at
least 4 hours before surgery to dynamically determine lymphatic
drainage. Immediately before surgery, a blue inert dye was injected
adjacent to the scar of the primary melanoma excision. On the basis
of blue staining of the draining lymphoid tissues and radiation in-
tensity as monitored by a handheld gamma probe, the SLN was
identified during surgery. Immediately after removal, the SLN was
collected in a dry sterile container and taken to the pathology de-
partment of the participating hospitals for retrieval of viable cells
under sterile conditions. Before routine histopathological examina-
tion and after confirmation by the pathologist that the SLN was
suitable for cell harvesting (i.e., >0.5 cm), viable cells were scraped
from the SLN using a previously described method, without inter-
fering with standard diagnostic procedures (75, 76). Collected SLN
cells were washed twice in complete medium, comprising Iscove’s
modified Dulbecco’s medium (IMDM,; BioWhittaker, Verviers, Belgium)
supplemented with 10% heat-inactivated fetal calf serum (HyClone
Laboratories, Logan, UT, USA), sodium penicillin (100 IU/ml),
streptomycin sulfate (100 ug/ml), 2 mMr-glutamine (P/S/G), and
0.01 mM 2-mercaptoethanol. The obtained viable SLN single-cell
samples were used directly for flow cytometric analysis. PBMCs
were isolated by density gradient centrifugation with Lymphoprep
(Axis-Shield, Oslo, Norway) and cryopreserved until further use as
previously described (77).

Flow cytometric staining and analyses

The effect of intradermally administered tremelimumab on various
immune cell populations was assessed by means of four-color FACS
analysis of freshly isolated SLN and PBMC single-cell samples. A
full overview of the used phenotypic definitions for each of the as-
sessed immune subsets and analyzed activation/checkpoint mole-
cules in SLN and PBMC is presented in tables S1 (SLN) and S2
(PBMC). Gating strategies for T cell and cDC subsets are shown in
Figs. 1 to 5. FACS analysis was performed using fluorochrome-
labeled mAbs; for an overview of specifications of the used mAbs,
see table S5. Stainings were performed in FACS buffer, consisting of
phosphate-buffered saline supplemented with 0.1% bovine serum
albumin and 0.02% sodium azide, for 30 min. For mAbs labeled with
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biotin, an additional incubation step with streptavidin-allophycocyanin
(eBioscience) was performed. For detection of Tregs and activated
conventional T cell subsets, additional intracellular stainings with mAbs
against FoxP3 and CTLA-4 were performed using the eBioscience
anti-human FoxP3 staining set (eBioscience, San Diego, CA, USA),
following the manufacturer’s instructions. Matching isotype anti-
bodies were used as negative controls. Per measurement, a mini-
mum of 1 x 10° (membrane staining) and 2 x 10° (intracellular
staining) cells were required. After incubation, cells were washed in
FACS buffer to remove excess antibodies and used for flow cytometric
analyses. Flow cytometric analyses were performed on a FACSCalibur
flow cytometer (BD Biosciences) equipped with CellQuest data ac-
quisition and analysis software or (for advanced Ty, gating) on an
LSR Fortessa X-20 flow cytometer (BD Biosciences). Data were an-
alyzed using Kaluza or FlowJo (v.10.7.1) analysis software. Match-
ing isotype antibodies were used as negative controls. In three cases,
SLN cell yield was limited and partial FACS panels were applied,
prioritizing Tr.g and T cell analyses. In one additional case, the SLN
was smaller than 0.5 cm and found to be unsuitable for SLN cell
harvesting by the pathologist.

Melanoma-specific T cell stimulation and IFN-y ELISpot assay
We quantified the induction of systemic MAA-specific T cell re-
sponses by means of IFN-y ELISpot assay after a 10-day in vitro
stimulation of pre- and posttreatment PBMC samples with a pool of
overlapping long peptides spanning the entire sequence of the
NY-ESO-1 (pool of 43 peptides, 15-mers with 11-amino acid overlap;
PepMix Human NY-ESO-1; JPT) and MART-1 (pool of 27 pep-
tides, 15-mers with 11-amino acid overlap; PepMix Human Melan-
A/MART-1; JPT) protein. As a positive recall control, a CEFT pool
consisting of 27 peptides selected from defined HLA class I- and
II-restricted T cell epitopes from Clostridium tetani, Epstein-Barr
virus (HHV-4), human cytomegalovirus (HHV-5), and influenza A
was used (PepMix CEFT; JPT). Cryopreserved PBMCs were thawed
and incubated at a 1:1 stimulator-to-responder ratio with irradiated
autologous PBMC pulsed with either NY-ESO-1, MART-1 (10 ug/ml),
or CEFT peptides (all 1 pg/ml per peptide) with B,-microglobulin
(3 pg/ml) (30C-cp1022U; Fitzgerald Industries, International).
PBMCs were cultured for 10 days at 1 x 10®/ml IMDM + 10% HPS
(Human Pooled Serum) + P/S/G for 10 days in the presence of
interleukin-2 (IL-2) (10 IU/ml; Novartis) and IL-15 (10 ng/ml;
eBioscience). Cells were harvested at day 10 and seeded in 2x four to
six replicate split wells at a density of 2.5 x 10° per well (NY-ESO-1
and MART-1) or 1.0 x 10° per well (CEFT) in a multiscreen 96-well
plate coated with an IFN-y catch antibody (Mabtech). Cells were
either rechallenged overnight with the peptides to which they were
initially stimulated or cultured with a dimethyl sulfoxide (DMSO)
vehicle control. As a technical control, phytohemagglutinin at a con-
centration of 5 pg/ml was tested in duplicate (10,000 cells per well)
for each plate. The following day, cells were removed and the plates
were rinsed and developed according to the manufacturer’s instruc-
tions [Human IFN-y ELISpot PLUS kit (ALP), Mabtech, 3420-4APT-2].
Spots were counted by an automated ELISpot reader (AID Diagnostika).
Specific spots (i.e., antigen-specific T cell frequencies) were calcu-
lated by subtracting the mean number of spots of the DMSO con-
trol from the mean number of spots in the peptide-stimulated wells.
Antigen-specific T cell frequencies were considered to reflect posi-
tive responses when (i) the mean number of spots in the peptide-
stimulated wells was significantly higher than the mean number of
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spots in the DMSO control wells in an unpaired two-sided Student’s
ttest (P < 0.05), (ii) the mean number of spots of peptide-stimulated
wells exceeded the mean number of spots of the DMSO control
wells by at least twofold, and (iii) the absolute difference in mean
number of spots between the peptide-stimulated and DMSO con-
trol wells was at least 5. Patients were considered tremelimumab-
induced MAA-specific immune responders when (i) a de novo
detectable positive response to either NY-ESO-1 or MART-1 could
be detected after tremelimumab treatment or, (ii) in case of a preex-
isting (i.e., before tremelimumab treatment) positive response to
either NY-ESO-1 or MART-1, posttreatment antigen-specific T cell
frequencies were significantly increased compared with pretreat-
ment in a post hoc test of a one-way analysis of variance (ANOVA).

Matching with historical control SLN

As the phase 1 study design did not include a placebo-controlled
arm, we matched the tremelimumab-treated SLN with a historical
control SLN group (i.e., untreated or placebo-treated melanoma
SLN) available from previous studies conducted by our research
group (36) to enable immunological comparisons between “naive”
and anti-CTLA-4-modulated SLN. Because FACS analyses of these
previous studies focused on either T cell or DC subsets, separate
pools were formed of unmatched control SLN with available T cell
data (T cell pool, N = 15) and of SLN with available DC data (DC
pool, N = 22). Unmatched control SLN in the T cell and DC pool
was then matched to tremelimumab-treated SLN, of which DC (N =9)
and/or T cell (N = 12) FACS analyses were performed. Matching
was performed on the basis of SLN status and Breslow thickness.
Because it was not possible to construct well-matched groups using
propensity-score matching due to small sample sizes of both the
tremelimumab and control SLN, we performed exact matching for
SLN status followed by nearest neighbor matching for Breslow thick-
ness. We used standardized mean difference (SMD) as a metric to
assess covariate balance between treatment and control groups. An
SMD of <0.1 was considered to indicate a negligible difference. The
matched cohort showed improved covariate balance compared with
the unmatched cohort, with SMD equal to zero for SLN status and
less than 0.1 for Breslow thickness (table S6).

Statistical analyses

Data were tested for normal distribution using the Shapiro-Wilk
normality test. To assess tremelimumab-induced effects on immune
cell populations in PBMC and SLN, FACS analysis data of post-
treatment samples (for PBMC taken at three different time points,
i.e., 1 week, 3 weeks, and 3 months after intradermal tremelimumab
injection) were compared with pretreatment samples (PBMC) and
with available data of matched historical control samples (SLN).
Data of all dose levels were pooled for a general assessment of
tremelimumab effect and compared using a one-way repeated-
measures ANOVA (normal distribution) or the Friedman test
(nonnormally distributed data) with Dunnett’s or Dunn’s multiple
comparison test as posttest, respectively (PBMC), or alternatively
using an unpaired ¢ test or Mann-Whitney U test (SLN). In addition,
the dose level effect of tremelimumab was assessed by comparing
pre- and posttreatment time points within each dose level cohort
(PBMC) in a two-way repeated-measures ANOVA with the post
hoc Dunnett’s multiple comparison test and also by comparing data
between different dose level cohorts (SLN), in an ordinary one-way
ANOVA (normal distribution) or Kruskal-Wallis test (nonnormally
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distributed data) with Dunnett’s or Dunn’s multiple comparison
test as posttest, respectively. In case of missing values, mixed-effects
analysis was performed, with post hoc Dunnett’s multiple compar-
ison test. Differences were considered statistically significant when
P < 0.05, as indicated with asterisks (*P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001). Statistical analyses were performed using
GraphPad Prism software (version 8). Hierarchical cluster analysis
was carried out using Euclidean distance and Ward.D2 clustering
methods with the function heatmap.2 in RStudio version 1.1.423
(RStudio, USA).
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Under the skin

Although systemic immune checkpoint blockade (ICB) displays therapeutic efficacy in cancers, it induces immune-
related adverse events (irAEs). Avoiding irAEs is crucial for effective ICB. Van Pul et al. performed a phase 1 clinical
trial testing the effects of an intradermal injection of anti-CTLA-4 at the site of primary tumor excision in patients
with early-stage melanoma. Seven of 13 patients immunologically responded to the treatment, with little to no irAEs.
Responders had more tumor antigen—specific T cells in the blood, increased migratory DC activation in the sentinel
lymph node (SLN), and decreased T in both the SLN and blood. Thus, intradermal anti-CTLA-4 after primary tumor
excision in melanoma induced a favorable immune response and has promise as a treatment option for patients with
early-stage melanoma.
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