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Very late antigen-4 (VLA-4; also known as integrin a4[31) is expressed
at high levels in aggressive and metastatic melanoma tumors and
may provide an ideal target for imaging and targeted radionuclide
therapy (TRT). 177Lu-DOTA-PEG,-LLP2A (77Lu-LLP2A) is a TRT that
shows high affinity for VLA-4 and high uptake in B16F10 mouse
melanoma tumors in vivo. Here, we report efficacy studies of 177Lu-
LLP2A, alone and combined with immune checkpoint inhibitors (ICls)
(anti-PD-1, anti-PD-L1, and anti-CTLA-4 antibodies), in B16F10 tu-
mor-bearing mice. Methods: Tumor cells (1 x 106) were implanted
subcutaneously in C57BL/6 mice. After 8-10 d, the mice were ran-
domized into 8 groups. '77Lu-LLP2A was injected intravenously on
day 8 or 9 (single dose), and ICI antibodies were administered in-
traperitoneally in 3 doses. Tumor growth was monitored over time
via calipers. Terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) staining for apoptosis was performed on fixed tu-
mors. In a separate study, Cy3-LLP2A or Cy3-scrambled LLP2A was
injected in tumor-bearing mice, and tumors were collected 4 h after
injection and then analyzed by flow cytometry and immunofluores-
cence microscopy using different immune cell markers. Results: TRT
alone showed efficacy comparable to the dual-ICl anti-PD-1 + anti-
CTLA-4 or anti-PD-L1 + anti-CTLA-4, whereas TRT + ICls signifi-
cantly enhanced survival. TUNEL staining showed that the highest
levels of apoptosis were in the TRT + ICI groups. In addition to
targeting tumor cells, TRT also bound immune cells in the tumor
microenvironment. Flow cytometry data showed that the tumors con-
sisted of about 77% tumor cells and fibroblasts (CD45-negative/
CD49d-positive) and about 23% immune cells (CD45-positive/
CD49d-positive) and that immune cells expressed higher levels of
VLA-4. Cy3-LLP2A and CD49d colocalized with macrophages
(CDe8), T cells (CD8, CD4), and B cells (CD19). Immunohistochemical
analysis identified a significant colocalization of Cy3-LLP2A and
CDe68. Conclusion: Combination treatment with TRT + ICls targets
both tumor cells and immune cells and has potential as a therapeutic
agent in patients with metastatic melanoma.
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Melanoma is one of the most serious types of skin cancer
and can develop from pigmented cells in the skin, eyes, and mu-
cosal organs, causing high morbidity and mortality in patients (/).
Surgical excision is usually curative for early-stage melanoma;
however, aggressive melanomas may quickly metastasize to distal
organs (2). Over the past decade, immunotherapy with immune
checkpoint inhibitors (ICIs) (anti-CTLA-4, anti-PD-1, and anti-
PD-L1 antibodies) has demonstrated dramatic therapeutic efficacy
in many patients with metastatic melanoma, and there are now
several Food and Drug Administration—approved ICI-based drugs
(3). However, the therapeutic response in patients is uneven be-
cause of the many molecular mechanisms regulating antitumor
immune responses in cancer patients (4). Novel therapeutic ap-
proaches, including combination therapies (5,6), are needed to
improve overall survival rates. It was reported that combining
anti-PD-1 + anti-CTLA-4 or anti-PD-L1 + anti-CTLA-4 dual-
ICI therapy with external-beam irradiation improved efficacy in
melanoma-bearing mice when compared with treatment with dual-
ICI therapy alone (5). Radiation is not ideal, however, for treating
patients with disseminated melanomas, as it cannot be applied to
microscopic metastatic disease and can damage normal tissues or
organs surrounding the tumors. Therefore, a systemically targeted
radionuclide therapy (TRT) would be preferred to enhance the
combined antitumor efficacy of radiation with ICI therapy.

Very late antigen-4 (VLA-4; also known as integrin o4f3;) plays
an important role in tumor growth, angiogenesis, and metastasis
by promoting adhesion and migration of cancer cells. VLA-4 is
expressed in many types of cancer, including melanoma, lym-
phoma, and multiple myeloma (7,8). VLA-4 also plays a crucial
role in lymphocyte differentiation and trafficking (9) and has been
a highly studied therapeutic target because of its immunomodula-
tory activity (10,11).

Very high affinity and specificity for activated VLA-4 has been
shown by the peptidomimetic LLP2A (N-[[4-[[[(2-ethylphenyl)
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amino]carbonyl]amino]phenyl]acetyl]-N¢-6-[(2E)-1-0xo-3-(3-pyridinyl-
2-propenyl)]-L-lysyl-L-2-aminohexanedioyl-(1-amino-1-cyclohexane)
carboxamide; Supplemental Fig. 1 [supplemental materials are
available at http://jnm.snmjournals.org]) (/2). LLP2A has been
labeled with the B-emitter '77Lu (half-life, 6.7 d; maximum 3~ energy,
0.49 MeV) and the positron emitter ®Ga (half-life, 68 min; maximum
B* energy, 1.92 MeV) for therapy and PET imaging, respectively.
77Lu is an attractive radionuclide for TRT, as it has a moderate B~
energy that is effective for treatment of smaller metastatic tumors. The
half-life of %8Ga is amenable to imaging with peptides and small
molecules. We previously reported that ®Ga- and !7’Lu-labeled
LLP2A have high uptake in B16F10 mouse melanoma tumors (/3).

The primary objective of this study was to investigate the
antitumor efficacy of combining the TRT '7’Lu-LLP2A with ICIs
in B16F10 tumor—bearing mice versus using either as a single-
modality treatment. We also identified VLA-4—expressing cell
types within the tumor microenvironment (TME) and determined
expression levels of VLA-4 in immune cells in the TME, with a
particular interest in those known to have a strong impact on
tumor progression and metastasis (/4).

MATERIALS AND METHODS

Reagents

All chemicals were purchased from Sigma-Aldrich unless other-
wise specified. Aqueous solutions were prepared using ultrapure water
(resistivity, 18.2 M(Q)-cm). Rink amide 4-methylbenzhydrylamine resin
(loading, 0.77 mmol/g) and all fluorenylmethyloxycarbonyl-protecting-
group (Fmoc)—protected amino acids were purchased from Chem-
Impex International, Inc. DOTA was purchased from Chematech.
Fmoc-polyethylene glycol (PEG,) carboxylic acid was purchased from
ChemPep Inc. Cy3 carboxylic acid was purchased from Lumiprobe. All
flow cytometry antibodies were obtained from BD Biosciences.
77LuCl; was purchased from the University of Missouri Research
Reactor. Anti-PD-L1 (clone, 10E.9G2), anti-PD-1 (clone, RMP1-14),
and anti-CTLA-4 (clone, 9H10) antibodies were obtained from Bio-
XCell. C57BL/6 mice were purchased from Charles River Laboratories.

Instrumentation

Analytic and semipreparative reversed-phase high-performance liquid
chromatography was performed on a Waters 1525 Binary Pump with a
Waters 2489 UV/Vis detector and a model 106 Bioscan radioactivity
detector. LLP2A analogs were purified on a semipreparative Jupiter C18
column (Phenomenex). Radiochemistry reaction progress and purity
were monitored on a Jupiter C18 column. Radioactive samples were
counted using either an automated Packard Cobra II ~y-counter or a
PerkinElmer 2470 Wizard? automatic vy-counter. PET/CT data were ac-
quired on an Inveon Preclinical Imaging Station (Siemens Medical So-
lutions). Microscopy images were acquired by immunofluorescence
(Zeiss Microscopy) and analyzed with ZEN 2009 software (Zeiss Mi-
croscopy). Tumor cells and immune cells were analyzed with an LSRII
flow cytometer (BD Biosciences) and FlowJo software (BD Biosciences).

Peptide Synthesis and Radiolabeling Studies

DOTA-PEG,-LLP2A (i12,13), scrambled LLP2A (sLLP2A) (12),
and Cy3-PEGy-conjugated LLP2A and sLLP2A (15) were synthesized
as previously described. '77Lu- and ©8Ga-labeled DOTA-PEG,-
LLP2A (77Lu-LLP2A; %3Ga-LLP2A) were prepared in greater than
99% purity as previously described (/3).

In Vivo TRT

All animal studies were conducted under protocols approved by
the University of Pittsburgh Institutional Animal Care and Use Com-
mittee. B1I6F10 tumor cells (1 x 10°) were injected subcutaneously in
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the left flank of female and male C57BL/6 mice (4-6 wk old). Therapy
studies commenced when tumors were palpable (8-10 d after tumor
injection). Mice receiving single- or dual-ICI therapy without TRT were
injected intraperitoneally with anti-CTLA-4, anti-PD-L1, or anti-PD-1
antibodies (200 wg) on days 9, 12, and 15 after tumor cell injection.
Mice receiving TRT were injected intravenously with 30 MBq of '7’Lu-
LLP2A either alone or before ICI therapy.

The dose scheduling for all groups of mice is summarized in Figure
1. Body weight and tumor volume were measured every 2 d until 13
d after the start of therapy. After day 13, the tumors were measured
daily. The tumor volumes were based on caliper measurements and
estimated using the equation [volume = (7 <+ 6) X L X W X H], where
L is the longest axis, W is the axis perpendicular to L, and H is the axis
perpendicular to the L and W planes. The mice were sacrificed when
the tumor ulcerated or reached a volume of 1.5 cm? in the longest axis.
The mice showed no signs of pain, distress, or morbidity (scruffy coat,
diarrhea, lethargy, 20% weight loss).

PET/CT Imaging

Tumor-bearing mice were injected intravenously with 8Ga-LLP2A
(200 wCi; 7.4 MBq) and anesthetized with 2% isoflurane, and static
PET/CT images were obtained at 1 and 2 h after injection. The PET
and CT images were coregistered and analyzed with Inveon Research
Workstation software as previously described (/3).

Immunofluorescence Microscopy

Tumor-bearing mice were injected intravenously with either Cy3-
LLP2A or Cy3-sLLP2A (50 pg; n = 2 for each group). At 4 h after
injection, the mice were euthanized, and the tumors were collected
and frozen. Sections (6 wm) were obtained, and nonspecific blocking
was performed (2% bovine serum albumin). Sections were then
stained with antimouse CD49d-FITC (clone, R12), antimouse
CD68-APC (clone, FA-11), and 4',6-diamino-2-phenylindole (DAPI).
After washing in phosphate-buffered saline, coverslips were mounted
using Prolong Diamond Antifade Mountant (Thermo Fisher). The
slides were imaged with a Zeiss Apotome system equipped with a
Zeiss plan Apochromat x63 high-performance objective with an oil
immersion lens (numeric aperture, 1.4-0.6).

Terminal Deoxynucleotidyl Transferase dUTP Nick-End
Labeling (TUNEL) Staining

At the time of euthanasia after therapy, tumors from 6 treatment groups
(1. Control [nontreated]; 2. '77Lu-LLP2A [TRT alone]; 3. anti-PD-1 and

B16F10 tumor cells (1 x 105)
TRT
7L u-LLP2A-A group
Day 1 8 9 12 15
TRT
177 u.LLP2A-B group l’
Day 1 8 9 12 15
icl icl Icl
Single/Dual ICI ‘ ; "
Anti-PD-L1, PD-1 and CTLA-4
Day 1 8 9 12 15
TRTICI Icl [e]]
Combination (TRT + ICI)
17TLy-LLP2A + anti-PD-1 and CTLA-4 l‘ l’ ‘ ‘
Day 1 8 9 12 15
TRTICI Icl icl
Combination (TRT + ICl)
177Ly-LLP2A + anti-PD-L1 and CTLA-4 l ‘ ‘ ‘
Day 1 s 10 13 16

FIGURE 1. TRT and ICI schedule. 68Ga-LLP2A imaging of TRT + anti-
PD-L1 + anti-CTLA-4 group was performed 22 d after tumor cell
implantation.
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anti-CTLA-4 [ICI dual]; 4. anti-PD-L1 and anti-CTLA-4 [ICI dual]; 5.
I77Lu-LLP2A + anti-PD-L1 and anti-CTLA-4 [combination TRT+ICI];
and 6. '77Lu-LLP2A + anti-PD-1 and anti-CTLA-4 [combination
TRT+ICI]) were excised and fixed in 4% formaldehyde (in phosphate-
buffered saline) for 30 min at room temperature, followed by embedding
in paraffin. The paraffin blocks were sectioned (5 pm), and apoptotic cell
death was assessed via TUNEL staining (Sigma Aldrich) on the Apotome
system. Nuclei were counterstained with DAPI. For analysis, the DAPI-
counterstained cells (representing total cells) for an entire x10 field of
view were counted using ZEN software, followed by counting of TUNEL-
positive cells. The percentage of apoptotic cells in the field was based on
the ratio of TUNEL-positive and DAPI-counterstained cells. Scores were
averaged for 3 fields of view for control, TRT alone, dual ICI (anti-PD-1
+ anti-CTLA-4 or anti-PD-L1 + anti-CTLA-4), and TRT + ICI (TRT +
anti-PD-1 + anti-CTLA-4 or TRT + anti-PD-L1 + anti-CTLA-4).

Flow Cytometry

Cy3-LLP2A (50 pg) or Cy3-sLLP2A (50 pg) was injected intra-
venously into tumor-bearing mice (n = 2 per group). At 4 h after
injection, the mice were euthanized, and the tumors were collected,
incubated with a mixture of collagenase D (2 mg/mL) and DNase-I (1/
100, stock solution at 1 mg/mL) in RPMI 1640/fetal bovine serum
(2%) for 45 min at 37°C, and passed through a mesh filter (70 pm) to
create a single-cell suspension. Red blood cells were lysed with am-
monium-chloride-potassium buffer (Thermo Fisher), and nucleated
cells were washed with phosphate-buffered saline. The cells were then
labeled with a mixture of the following antimouse fluorescein isothio-
cyanate (FITC)—conjugated antibodies for 30 min at room temperature:
CD49d FITC (clone, R12), CD45 PE (clone, 104), CD4 PE (clone,
RM4-5), CD8 FITC (clone, 53-6.7), CD11c FITC (clone, 6D5), CD68
FITC (clone, FA-11), FoxP3 FITC, PD-1 FITC (clone, CD279), PD-L1
FITC (clone, 10F.9G2), and NK FITC (clone, 29A1.4). The cells were
analyzed by flow cytometry using LSRFortessa (BD Biociences). Gating
first was done on the forward-light-scatter/side-scatter characteristics of
the cells and then was based on VLA-4 expression. For all Cy3-LLP2A—
positive live cells, tumor cells were identified as CD45-negative/CD49d-
positive. Immune cells were identified as CD45-positive/CD49d-positive
and were then stained with the antibodies listed above.

Human Dosimetry

177Lu-LLP2A (5-6 MBg/nmol) was injected intravenously into ICR
non—tumor-bearing mice, and biodistribution was measured from 1 h
to 7 d after injection (n = 5 per group). Time—activity curves weighted
by organ masses (to facilitate scaling to human values (/6)) per the
injected dose for 20 organs (Table 1) were determined and integrated
to determine organ residence times. Mouse organ residence times were
rescaled to human values (/6) and then used as input data to OLINDA/
EXM, version 1.0, to estimate male and female human absorbed radiation
doses. Fat and blood are not source organs in OLINDA/EXM, and
surveyed activity for these components was treated as “remainder,”
assumed to be distributed throughout the body. It was assumed that for
each time point, 95% of the actual activity present was accounted for in
the organ assay; the remaining 5% was added to the remainder. Conver-
sion of mouse to human remainder assumed that the ratio of mouse re-
mainder to activity in OLINDA source organs was constant between
humans and mice. Although activity in bone as a whole was surveyed,
the distribution of activity between bone marrow, trabecular bone,
and cortical bone was not determined. In the conversion to human
values, it was assumed that activity was distributed among these
components on the basis of their relative masses in humans.

Statistics
SAS/STAT software, version 9.4 (SAS Institute, Inc.), and Prism
software, version 7 (GraphPad), were used for statistical analysis.
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TABLE 1
Estimated Human Dosimetry of '77Lu-LLP2A Calculated
Using OLINDA/EXM Program

Dose (Sv/MBq)

Organ Male Female

Adrenals 1.53E-02 1.96E-02
Brain 1.94E-03 2.45E-03
Breasts 2.61E-03 3.11E-03
Gallbladder wall 1.03E-02 1.16E-02
Lower large intestine wall 1.31E-02 1.68E-02
Small intestine 2.25E-02 2.88E-02
Stomach wall 5.93E-03 7.25E-03
Upper large intestine wall 1.53E-02 1.94E-02
Heart wall 1.09E-02 1.39E-02
Kidneys 3.69E-02 4.76E-02
Liver 4.52E-02 5.82E-02
Lungs 2.67E-02 3.45E-02
Muscle 2.38E-02 3.06E-02
Ovaries 3.99E-03 4.69E-03
Pancreas 2.52E-02 3.23E-02
Red marrow 8.49E-02 8.34E-02
Osteogenic cells 3.14E-01 4.46E-01
Skin 2.67E-03 3.15E-03
Spleen 3.15E-01 4.08E-01
Testes 2.91E-03

Thymus 6.01E-02 7.74E-02
Thyroid 1.38E-02 1.74E-02
Urinary bladder wall 7.15E-03 8.86E-03
Uterus 3.77E-03 4.38E-03
Total body 2.27E-02 2.75E-02
Effective dose equivalent 5.36E-02 6.71E-02
Effective dose 3.15E-02 3.02E-02

Average survival from the first day of treatment (day after palpation
for control groups) was compared between treatment groups using a
linear mixed-effects regression model with log(survival days) as
outcome, days from injection to palpation as a covariate, treatment
group as the covariate of interest, and random experiment effects.
Multiple comparisons were adjusted using the Dunnett test, separately
for comparison of each group to the control group, to the TRT + anti-
PD-1 + anti-CTLA-4 group, and to the TRT + anti-PD-L1 + anti-
CTLA-4 group. Biodistribution was performed using the unpaired
2-tailed 7 test. Two-sided P values (=0.05) were considered significant.

RESULTS

Radiolabeling Chemistry

The radiochemical yields of "’Lu-LLP2A and %%Ga-LLP2A
were 99% and showed greater than 98% stability in phosphate-
buffered saline at 37°C for 6 h.

Therapeutic Efficacy
The TRT (30 MBq), either alone or in combination with ICIs,
was administered to tumor-bearing mice in 4 series of experiments
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FIGURE 2. (A) Survival curves for control, single-ICl, and dual-ICI
groups. (B) Survival after TRT alone and TRT + ICI. (C) Fold change in
tumor size for control, single-ICl, and dual-ICI groups. (D) Fold change in
tumor size for control, TRT alone, and TRT + ICI groups.

(Fig. 1). The mice were monitored for tumor size (Fig. 2) and for overt
toxicity (scruffy coat, diarrhea, lethargy). All sacrifice times were de-
termined by tumor size or ulceration rather than morbidity criteria.
The 3 single-agent ICI groups (anti-CTLA-4, anti-PD-1, and
anti-PD-L1) did not show improved survival compared with the

control group (Fig. 2; adjusted P > 0.9). Combination TRT + ICI
using TRT + anti-PD-1 + anti-CTLA-4 and using TRT + anti-
PD-L1 + anti-CTLA-4 had a median survival time of 22 and 23 d,
respectively, from tumor cell injection (Table 2). Survival from
combination TRT + ICI was superior to that from other treatments
(adjusted P = 0.002), except for dual-ICI (anti-PD-1 + anti-
CTLA-4 or anti-PD-L1 + anti-CTLA-4) versus TRT + ICI using
TRT + anti-PD-1 + anti-CTLA-4 (adjusted P = 0.29). Those 2
treatment groups were part of the same experiment, and the ani-
mals assigned to dual-ICI had inherently more indolent tumors,
with 9 d from injection to palpation compared with 7 for the
animals receiving TRT + ICIL 8Ga-LLP2A imaging (2 h after
injection) of tumor-bearing mice 6 d after dual-ICI using TRT +
anti-PD-L1 + anti-CTLA-4 showed high tumor uptake (Fig. 3).

Immune Cell Targeting by Immunohistochemistry
Using Cy3-LLP2A

To determine the immune cell types targeted by 17/Lu-LLP2A,
2 mice were injected in vivo with Cy3-LLP2A, and 2 were in-
jected in vivo with Cy3-sLLP2A as a negative control (Supple-
mental Fig. 1). Frozen sections of the tumors isolated from these
mice were stained with DAPI and showed antibodies reactive
against CD68 and CD49d. The CD68 pattern of staining correlated
well with that of Cy3-LLP2A and CD49d (Fig. 4). Macrophages
are known to express VLA-4 on their cell surface, and these cells
are a likely target of !77Lu-LLP2A. Notably, Cy3-sLLP2A
exhibited negligible binding to immune cells in the TME of mel-
anomas (Supplemental Figs. 2 and 3).

TUNEL staining was performed on tumors collected from
euthanized mice. Tumors after TRT alone, ICI alone, or TRT +
ICI showed greater staining than control tumors (P < 0.001 for
each, with Dunnett adjustment). The percentage of apoptotic cells
in the control tumors was about 6% * 4%, compared with 36%—
449 after TRT alone or ICI alone (£12%-14%) and 81% after
TRT + anti-PD-L1 + anti-CTLA-4 (+4%) and TRT + anti-PD-1
+ anti-CTLA-4 (£8%) (Fig. 5).

Immune Cell Targeting by Flow Cytometry Using Cy3-LLP2A
Flow cytometry was used to identify cells coexpressing Cy3-
LLP2A and CD49d, as well as alternate immune cell subpopula-
tion—specific markers in the TME (Supplemental Fig. 4). Cells that
stained positively for Cy3-LLP2A (60.1% sorted by live cells in
the TME) comprised 23% immune cells (CD45-positive/CD49d-
positive) and 75% tumor cells or fibroblasts (CD45-negative/
CD49d-positive) (Fig. 6A). The largest populations of Cy3-
LLP2A—positive cells costained for expression of PD-1 (40%),
CD68 (35%), and PD-L1 (35%) (Fig. 6B). However, B cells

TABLE 2
Median Survival After Single-ICl, Dual-ICIl, TRT, or TRT + Dual-ICI
Single-ICI Dual-ICI TRT + dual-ICI
TRT + TRT +
Anti- Anti- Anti- Anti-PD-L1 + Anti-PD-1 + TRT ("77Lu- anti-CTLA-4 + anti-CTLA-4 +
Control CTLA-4 PD-L1 PD-1 anti-CTLA-4 anti-CTLA-4 LLP2A) anti-PD-L1 anti-PD-1
14 d 155d 155d 155d 18 d 17.5d 19d 23d 22d

All treatment groups were significantly better than control (P < 0.005). No ICI groups significantly differed except anti-PD-L1 vs. anti-
PD-L1 + anti-CTLA-4 (P = 0.0082). TRT + dual-ICl was significantly better than TRT alone (P < 0.001) or dual-ICI (P < 0.0005).
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(CD19), macrophages (CD68), and T cells (CD8 and CD4) stained
most strongly with Cy3-LLP2A, suggesting that these cell types
have the highest levels of VLA-4 expressed on a per-cell basis.
Only 1.6% of the isotype control agent, Cy3-sLLP2A, was taken
up in tumor cells in vivo (n = 12), compared with 58% of Cy3-
LLP2A (n = 12) (Supplemental Fig. 2).

Equivalent Radiation Dose to Humans Estimated from
Mouse Biodistribution

The estimated equivalent doses of radiation from 77Lu-LLP2A
to normal organs in humans were calculated on the basis of the
normal biodistribution in mice (Table 1). The human models pro-
vided by OLINDA/EXM are hermaphroditic in that the male
model contains female organs. These data are similar to the esti-
mated human dosimetry of '77Lu-DOTATATE based on rat bio-
distribution (/7). The equivalent dose to the spleen was higher for
7TLu-LLP2A (female, 0.41 mSv/MBgq; male, 0.32 mSv/MBq)
than for 177Lu-DOTATATE (0.02 mSv/MBq). However, the equiv-
alent doses to the red marrow (female, 0.083 mSv/MBq; male,
0.085 mSv/MBq), adrenals (female, 0.020 mSv/MBq; male, 0.015
mSv/MBq), and kidneys (female, 0.048 mSv/MBq; male, 0.037
mSv/MBq) were lower for '77Lu-LLP2A than for !'7’Lu-DOTA-
TATE (red marrow, 0.097 mSv/MBq; adrenals, 1.4 mSv/MBgq; kid-
neys, 0.68 mSv/MB(q). However, the red marrow dose determined in
the present study was an estimate.

DISCUSSION

Metastatic melanoma is challenging to treat with standard
chemotherapy and radiation therapy (/8). Recently, dual-ICI ther-
apy (anti-PD-1 + anti-CTLA-4 or anti-PD-L1 + anti-CTLA-4)
has exhibited enhanced efficacy in patients with metastatic mela-
noma compared with single-ICI therapy (3,19). However, the re-
sponses to these ICIs remain uneven, and only a subset of patients
receives durable clinical benefit from ICIs (20,21). To overcome
these limitations, combination protocols, such as ICIs + radiation,
have emerged as second-line or co—first-line treatment option (5).
Combining PD-1 or PD-L1 blockade with radiation was shown to
yield improved treatment benefit versus radiation alone (22-24),

TumoR- AND IMMUNE-CELL-TARGETED THERAPY ¢

putatively by promoting the expansion and recruitment of tumor-
reactive T cells to tumor sites, thereby facilitating antitumor re-
sponses in vivo (25,26). Although the mechanisms have not been
fully elucidated, studies have shown that surface PD-L1 expres-
sion on some cancers is upregulated after a single high dose of
radiation (23) or after lower doses of fractionated radiation
(22,27). Here, we investigated combinations of TRT + ICIs
against melanoma in mice to determine whether survival benefits
might be equivalent to or exceed those for radiation + ICIs.

The B16F10 melanoma model is highly resistant to ICI
monotherapy; however, therapeutic synergy was observed in this
model when a single 20-Gy dose of radiation was combined with
ICIs (5). Our current data do not show as dramatic a benefit for
TRT + ICIs, likely because the number of tumor cells implanted
previously (5) was 20-fold less than currently (5 x 10* vs. 1 x 10°
cells). Additionally, radiation therapy was performed on day 8 in
the previous study, when there most likely was a nonpalpable
tumor, whereas here we started therapy after a tumor nodule had
formed. The survival benefit of 3 or more days for TRT + ICIs
compared with other therapies (Table 2) is modest; however, it
reflects the impact of only single doses of each therapy. Addition-
ally, the levels of apoptosis between TRT alone and TRT + ICIs is
consistent with improved survival (Fig. 5).

Although radiation is often used to treat a range of localized
tumors, it is not applicable for the treatment of disseminated,
micrometastatic disease that cannot be visualized by standard
radiologic techniques. TRT may represent an alternative systemic
treatment for metastatic disease (28—30). Miao et al. investigated a
177Lu-DOTA-labeled a-melanocyte—stimulating hormone peptide
in B16/F1 tumor-bearing mice (37). With a single dose of 37
MBgq, they saw only modest improvement in survival (mean of
16.2 d, vs. 13.3 d for the control). We hypothesized that when TRT
targeting VLA-4—positive melanoma and immune cells within the

E

FIGURE 4. Immunofluorescence microscopy images of tumor after
injection of Cy3-LLP2A in vivo (x64). Merged staining shows colocaliza-
tion of Cy3-LLP2A with CD49d (a4 integrin subunit) and macrophages
(CD68).
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numbers of tissue-associated macrophages
correlate with strong Cy3-LLP2A staining,
suggesting colocalization in macrophages,
consistent with results reported for tubercu-
losis granulomas in a macaque model (15).

The immune response appears critical in
protecting the host against the develop-
ment, progression, and metastasis of tu-
mors and is responsible for immunoediting

. 7 - »

ta } Anti-RD-1 +
CTLA-3

and immune surveillance (36). Studies have

ﬁbé\f"‘ é\«“h év“‘ also shown that certain immune cells in
\_é"""s@?’ 80-’" the TME can promote tumor progression

§F 03‘17 and metastasis, suggesting dual roles for
5 immune cells in the TME (37,38). CDS8-

positive T cells and natural killer cells are

FIGURE 5.

after treatment. (B) Percentages of apoptotic cells in treatment groups.

TME was combined with ICI, efficacy against B16 melanomas in
mice would improve. In this regard, the presence of activated
VLA-4 on melanoma cells correlates strongly with an aggressive,
metastatic phenotype (32), as does expression of the VLA-4 integ-
rin with melanoma progression or metastasis (32-35). Further-
more, '77Lu-LLP2A, a high-affinity peptidomimetic ligand, displays
selective targeting in mouse models of melanoma (/3), and ther-
apeutic efficacy is enhanced when this agent is combined with
ICI therapy.

On the basis of flow cytometry data, the B16F10 tumors
consisted of 75% tumor cells and fibroblasts (CD45-negative/
CD49d-positive) and 23% immune cells (CD45-positive/CD49d-
positive), and the immune cells showed higher levels of VLA-4
expression in vivo (Fig. 6). These experiments support the high
avidity and specificity of LLP2A within the TME, targeting mac-
rophages, T cells, and B cells. Although the percentage of B cells
in the tumor is lower than that of T cells and macrophages, B cells
have a high binding capacity for Cy3-LLP2A based on flow
cytometry data. Immunofluorescence microscopy data from tu-
mors in mice injected in vivo with Cy3-LLP2A suggest that
CD68-positive cells are most commonly CD49d-positive
(ay integrin subunit) and bind Cy3-LLP2A (Fig. 6A). The high

(A) Immunofluorescence microscopy images showing apoptosis (TUNEL staining) in
control and all treated groups (x40). TUNEL staining confirmed significant increase in apoptosis

both well appreciated for their abilities to
prevent or limit cancer metastasis (39,40).
Conversely, regulatory (VLA-4—positive)
immune cell populations may facilitate tu-
mor metastasis through their immunosuppressive and proangiogenic
activities (/4,41). Indeed, VLA-4—positive myeloid cells have been
reported to play a crucial role in mediating protumorigenic signals
in nearly every aspect of cancer progression (42). In this regard, our
data advance the field by providing important information on the
types of VLA-4—positive immune cells found in the progressive
TME, as well as on the relative abundance of VLA-4 expression
among the various types of immune cell infiltrates.

VLA-4—-targeted TRT to immune-cell-rich tissues (spleen, thy-
mus, bone marrow) elicits concern about a collateral negative
impact on the targeting of T cells. We moved forward with these
studies despite this issue, as immune cells will regenerate, and in
cases of extreme tumor burden in metastatic melanoma, damage to
organs such as the spleen can be tolerated to save the patient.
Conversely, transient ablation of VLA-4—positive T cells has the
positive impact of allowing for their compensatory homeostatic
expansion and the development of a more effective, less exhausted
antitumor immune response, such as has been reported for non-
myeloablative, lymphodepletion regimens (43). Future studies will
determine the extent to which 77Lu-LLP2A damages protective
versus regulatory immune cells in the TME as well as damage to
normal tissues such as spleen, thymus, and bone marrow.

CONCLUSION

The data presented here suggest a thera-
peutic advantage (and no discernable toxic-
ity) to combining TRT and ICIs in mice with
well-established B16F10 melanomas. We
believe that systemically delivered TRT
may have advantages over external-beam
irradiation in treating disseminated disease,

adAy @2 9,

. 8,000 100 20,000
= =
c
3 80 3
E 6,000 . £ 15000 .
E 60 © .2 A
- @ =
S 4000 = g 1000, 4
5 40 <= E A
@ - bt
2 2,000 - ® & 5000
E o * e T
0 = ol
g N D9 s NN
& & P 2
o7 & TIPS E
S &
& &
& A

leading to improved overall survival in
patients with metastatic melanoma. How-
ever, further preclinical studies are war-
ranted to determine the optimum dose

FIGURE 6. Mean florescence intensity of immune cells and tumor cells in TME (gated on live
Cy3-LLP2A-positive cells). (A) Percentage of Cy3-LLP2A-positive immune cells (CD45-positive/

regimen (single vs. multiple doses of TRT)
and the timing of the 2 therapies.

CD49d-positive) and tumor cells in TME was 23% and 75%, respectively. Tumor cells (CD45-

negative/CD49d-positive) had 1.4-fold higher mean fluorescence intensity than immune cells

DISCLOSURE

(CD45-positive/CD49d-positive). (B) Geometric mean florescence intensity of LLP2A-positive

immune cells in TME. Data show that of CD49d-positive cells, immune cells expressing CD19,
CD68, PD-1, and CD8 bind most Cy3-LLP2A, indicating high levels of VLA-4.
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