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ABSTRACT

Background Presence of cytotoxic T lymphocytes

(CTL) in the tumor microenvironment (TME) predicts the
effectiveness of cancer immunotherapies. The ability of
toll-like receptor 3 (TLR3) ligands, interferons (IFNs) and
COX2 inhibitors to synergistically induce CTL-attracting
chemokines (but not regulatory T cell (Treg)-attractants)
in the TME, but not in healthy tissues, observed in

our preclinical studies, suggested that their systemic
application can reprogram local TMEs.

Methods Six evaluable patients (33-69 years) with
metastatic triple-negative breast cancer received

six doses of systemic chemokine-modulating (CKM)
regimen composed of TLR3 ligand (rintatolimod; 200 mg;
intravenous), IFN-¢:2b (20 MU/m?; intravenous) and COX2
inhibitor (celecoxib; 2x200 mg; oral) over 2 weeks. The
predetermined primary endpoint was the intratumoral
change in the expression of CTL marker, CD8a, in the
post-CKM versus pre-CKM tumor biopsies. Patients
received follow-up pembrolizumab (200 mg, intravenously,

every 3 weeks), starting 3-8 days after completion of CKM.

Results Post-CKM biopsies showed selectively increased
CTL markers CD8ox (average 10.2-fold, median 5.5-fold,
p=0.034) and granzyme B (GZMB; 6.1-fold, median 5.8-
fold, p=0.02), but not FOXP3 (Treg marker) relative to
HPRT1 expression, resulting in the increases in average
CD8o/FOXP3 ratio and GZMB/FOXP3 ratio. CKM increased
intratumoral CTL-attractants CCL5 and CXCL10, but

not Treg-attractants CCL22 or CXCL12. In contrast,

CD8* T cells and their CXCR3* subset showed transient
decreases in blood. One clinical response (breast tumor

autoamputation) and three stable diseases were observed.

The patient with clinical response remains disease free,
with a follow-up of 46 months as of data cut-off.
Conclusions Short-term systemic CKM selectively
increases CTL numbers and CTL/Treg ratios in the TME,
while transiently decreasing CTL numbers in the blood.
Transient effects of CKM suggest that its simultaneous
application with checkpoint blockade and other forms of
immunotherapy may be needed for optimal outcomes.

1,2

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Our preclinical work demonstrated that the com-
bination of toll-like receptor 3 (TLR3) ligands and
interferon (IFN)-o has two unique levels of selec-
tivity: (1) Enhancement of the desirable cytotoxic T
lymphocytes (CTL) attractants and decrease of reg-
ulatory T cell /myeloid-derived suppressor cell at-
tractants in the tumor microenvironment (TME); and
(2) preferential impact on TME, rather than healthy
tissues.

WHAT THIS STUDY ADDS

= This proof-of-concept study is the first demon-
stration that systemic infusion of TLR3 ligands and
IFN-o. has such two levels of selectivity in clinical
settings, offering an alternative to local treatments.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Since immunotherapies depend on the presence
of intratumoral CTLs, our demonstration that sys-
temic chemokine-modulating (CKM) can selective-
ly enhance CTL homing to multiple tumor lesions
provides rationale for its use as an immunotherapy-
sensitizing regimen. The transient nature of its
effects suggests that CKM should be used simulta-
neously with anti-programmed death-1 (anti-PD-1)
or other immunotherapies for optimal outcomes.

BACKGROUND
Intratumoral CD8" T cell (cytotoxic T
lymphocytes (CTL)) infiltration predicts

clinical outcomes in patients with multiple
cancer types,” including breast,"”® and
their responsiveness to programmed death-1
(PD-1) /programmed cell death ligand 1
(PD-L1) blockade”'* and Chemotherapy.n_15
In contrast, intratumoral regulatory T cells
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(Tregs) predict poor outcomes,”'*? indicating the need

for new means to selectively enhance intratumoral CTL
densities, relative to Tregs.6 20 While local (intratumoral)
injection of cytokines,”’ ** TLR agonists® ** or STING
activators,%_29 were shown to promote local infiltration
of CTLs and suppress tumor growth and/or enhance
the effectiveness of PD-1 and cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) blockade in mouse models
and early phase clinical trials, there is a need for systemic
treatments to promote local and selective accumulation of
CTLs in the tumor microenvironment (TME) of patients
with multiple lesions which cannot be targeted individu-
ally. Since CTLs versus Tregs are known to be attracted by
different sets of chemokines, we developed strategies to
selectively enhance intratumoral production of chemok-
ines attracting CTLs (such as CXCL9, CXCL10, CXCL11,
and CCL5, which bind to CTL-expressed receptors CXCR3
and CCRb),'?* while suppressing the Treg-attractants
and myeloid-derived suppressor cell (MDSC)-attractants
(such as CCL22 and CXCLI12; respective ligands for
Treg/MDSC-expressed CCR4 and CXCR4).**°

Our preclinical data from ex vivo human tumor models
and mouse in vivo studies™ demonstrated that a chemokine
modulatory regimen (CKM), composed of toll-like receptor
3 (TLR3) agonists (such as poly-IC or rintatolimod), type-1
interferons (such as IFN-0) and COX2 blockers (such as
celecoxib or indomethacin), synergistically induces selective
production of CTL attractants (but not Treg- attractants)
in tumor tissues, promoting selective attraction of CTL,
without Treg attraction.” * * Moreover, the preferential
activation of the nuclear factor kappa-ight-chain-enhancer
of activated B cells (NFkB) system in the TME (compared
with surrounding tissues) allows for preferential induction
of the CTL attractants in the TME, rather than surrounding
tissues.” This suggests that CKM may induce local intratu-
moral effects, even on its systemic application, eliminating
the need for direct intratumoral injection and allowing
simultaneous targeting of multiple tumor lesions in patients
with metastatic disease. We have recently shown that local
administration of the CKM regimen (rintatolimod, IFN-o
and celecoxib) in patients with ovarian cancer receiving
intraperitoneal chemotherapy (cisplatin) can elevate the
local expression of interferon-stimulated genes, including
CTL-attracting chemokines (CXCL9, CXCL10, CXCLI11),
major histocompatibility complex I/II, perforin and gran-
zymes,” but the local impact of systemic application of CKM
has not been evaluated in the clinical settings. This pilot study
provides proof of principle that systemic CKM can indeed be
used to enhance local CTL infiltration in advanced cancer
lesions, without the need for its local administration. Further,
to evaluate the potential of CKM for prospective use jointly
with PD-1 inhibitors, as the initial step, we tested if it can be
safely applied before PD-1 blockade.

34-37

METHODS

Patient eligibility

Eligible patients (=18 years) had histologically confirmed,
surgically unresectable, metastatic triple-negative breast
cancer (mMTNBC), Eastern Cooperative Oncology Group
performance status <1, measurable disease per Response
Evaluation Criteria in Solid Tumors (RECIST) V.1.1,
no cancer directed therapy for at least 3 weeks prior to
study treatment, biopsy-accessible lesion, adequate bone
marrow reserve and hepatic and renal function. Patients
were excluded if they had received prior anti-PD-1/PD-L1
therapy, were on systemic immunosuppressive agents
(including steroids), had active autoimmune disease or
history of transplantation, or had known serious mood
disorders. Patients were also excluded if they had cardiac
event within 3 months of signing consent (including
acute coronary syndrome, myocardial infarction, or isch-
emia), New York Heart Association III or IV heart failure,
history of upper gastrointestinal ulceration, bleeding
or perforation within 3 years, prior allergic reaction, or
hypersensitivity to nonsteroidal anti-inflammatory drugs
(NSAIDs) or any drugs administered on the protocol. An
amendment to exclude patients with positive antinuclear
antibodies was introduced in September 2019.

Study design

This is a pilot, open-label, single-arm, single-center clin-
ical trial (NCT03599453) approved by the Roswell Park
Institutional Review Board (IRB; STUDY00000629) that
primarily evaluated the intratumoral efficacy of systemic
CKM regimen in selectively enhancing CD8" T-cell infil-
tration into the TME in patients with mTNBC. The prede-
termined primary endpoint of the NCT03599453 trial was
the inpatient (fold) change in CD8a relative to HPRTT1,
comparing post-treatment versus pretreatment tumor
tissues from each patient. The secondary endpoints
included assessment of overall response rate (ORR) to
CKM plus pembrolizumab treatment per RECIST V.1.1,
progression-free survival (PFS), overall survival (OS), and
disease-control rate (DCR). In addition, the safety profile
of CKM was assessed using the National Cancer Insti-
tute (NCI) Common Terminology Criteria for Adverse
Events (CTCAE) V.5.0. The attribution to CKM and/or
pembrolizumab (unrelated, unlikely, possible, probable,
definite) was based on the side effect profiles in the Inves-
tigator Brochure. The exploratory endpoints include
examination of the immune profile, and correlation of
the immune analysis results with clinical outcomes and
comparison of response assessments using RECIST V.1.1
and immune-related RECIST (irRECIST).

Drug administration

Figure 1A shows the study schema. All eligible patients
underwent a pretreatment biopsy from an accessible
lesion. This was followed by 200mg celecoxib orally,
20 million units/m? IFN-02b (over 20min), 200 mg intra-
venous rintatolimod (over 2.5hours). A second daily dose
of 200mg celecoxib was given 12 hours after the initial
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Figure 1 Study design. (A) Systemic chemokine modulation
(CKM) was given as six doses over 2 weeks (days 0, 1, 2, 7,
8, and 9). Each daily CKM consisted of intravenous IFN-o2b
(20 MU/m?; over 30 min) followed by rintatolimod (200 mg;
over 2.5hours) and oral celecoxib (two doses of 200mg; 12
hours apart). Tumor biopsies were performed before and
after CKM, with the second biopsy performed 1-3 days post-
CKM. As a follow up to CKM, patients received two cycles

of pembrolizumab (200 mg intravenous), starting 3-8 days
after completion of the second course of CKM. Following
completion of pembrolizumab, tumors were assessed using
RECIST V.1.1 guidelines. Patients continued treatment

per physician discretion following completion of the trial.

(B) Consolidated Standards of Reporting Trials flow diagram
depicting screening, enroliment, and follow up of participants
in the trial. The trial enrolled eight patients, six of whom

were evaluable for the primary endpoint of CD8c. changes in
pre-CKM and post-CKM biopsies. IFN, interferon; RECIST,
Response Evaluation Criteria for Solid Tumors.

dose. This CKM regimen was administered on days 0, 1,
241 day and then repeated on days 7, 8, 9+1 day. All doses
of CKM were administered within 14 days of initiation.
Prior to each CKM treatment, patients were administered
500mL normal saline with pre-medications (acetamin-
ophen, prochlorperazine). Post-treatment biopsy was
performed on day 10, 11 or 12, prior to pembrolizumab
administration (1-3days after completion of the second
course of the CKM). Follow-up pembrolizumab (200 mg
intravenous) was administered, starting on days 3-8 after
CKM (3-14days allowed as per-protocol), in all cases after
the post-CKM tumor biopsy, every 3 weeks for two cycles
until toxicities or disease progression. After two cycles,

patients were considered off active study but followed for
adverse events for 90 days. Additional off-study treatment
was per physician discretion. Patients who do not have
both pretreatment and post-treatment biopsies or were
unable to complete at least five doses of CKM were not
evaluable for the primary endpoint. Figure 1B shows the
Consolidated Standards of Reporting Trials (CONSORT)
diagram of screening, enrollment, and follow-up of
participants.

Patients’ assessment

Adverse events were evaluated throughout the treatment
period using CTCAE V.5.0. Tumor measurements were
obtained using the CT at baseline (within 31 days prior to
treatment initiation), after two cycles of pembrolizumab,
and when the study was completed. End of treatment
assessment was performed at the end of study treatment
or at the time of treatment discontinuation. Imaging
schedule off-study was per physician discretion and the
date of the first scan documenting disease progression
was recorded. Tumor response was evaluated per RECIST
V.1.1, which was used to inform treatment decision, and
PES of each patient was assessed based on RECIST V.1.1
guidelines. ORR was defined as the proportion of patients
with the best overall response of complete response (CR)
or partial response (PR). In addition, response was also
assessed using irRECIST which was used as an exploratory
endpoint for correlation between RECIST and irRECIST
for response assessment. PFS was defined as the time
from the date of study initiation until the date of disease
progression or the date of death due to any cause, which-
ever occurred first. OS was defined as the time from the
date of study initiation until the date of death due to any
cause. DCR was defined as the proportion of patients
with the best overall response of CR, PR, or stable disease
(SD). Tumor biopsy was conducted before treatment
initiation and after completion of CKM pretreatment,
on days 10, 11 or 12 prior to starting pembrolizumab. To
capture possible delayed immune-related adverse events,
follow-up safety assessments were performed at least
monthly for 90 days after the last dose of pembrolizumab
or until resolution of any drug-related toxicity. Survival
status was monitored every 6 months until January 24,
2023.

Patient samples

Fresh biopsy was performed at baseline and after comple-
tion of CKM regimen, prior to starting pembrolizumab.
Four tumor cores and one core of non-tumor surrounding
tissue were obtained. Three cores of tumor and one core
of non-tumor surrounding tissue were placed in Dulbec-
co’s phosphate-buffered saline. One core of the tumor
was processed to formalin-fixed paraffin-embedded
(FFPE) block per institutional standards. Peripheral
blood was obtained at baseline; on day 0 prior to start of
CKM, 2hours post completion of rintatolimod on day 2
(after three doses of CKM), prior to start of CKM on day
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7, and before pembrolizumab administration on day 1 of
cycles 1 and 2.

Quantitative gene expression

Gene expression was evaluated using real-time quanti-
tative PCR (RT-qPCR) using TagMan platform. Biopsy
strings of tumor or non-tumor tissue are cut into three
pieces and placed into Lysing Matrix E Tubes (MP
Biologicals) containing RLT buffer (RNeasy Kit; Qiagen)
and agitated using an FP120 homogenizer (MP Biolog-
icals). The total RNA was extracted using the RNeasy
kit (Qiagen), 250ng of RNA were used for complemen-
tary DNA (cDNA) synthesis (qScript; QuantaBio), and
25-50ng of subsequent cDNA were used to quantify
messenger RNA (mRNA) expression. All analysis was
performed on the CFX 96 system (Bio-Rad). Commer-
cially available TagMan primers (Thermo Fisher Scien-
tific Life Technologies) were used to evaluate local
expression of immune cells markers (CD80., granzyme B,
FOXP3) and key chemokines involved in the attraction
of the effector cells (CCL5 and CXCL10), Treg (CCL22)
and MDSCs (CXCL12). The expression of each gene was
normalized to the HPRT1 housekeeping gene.

Multicolor flow cytometry

Peripheral blood mononuclear cells from eight subjects
who received interventions at day 0, day 2, day 7, and cycle
1 day 1 were cryopreserved. The frozen cells were thawed,
processed, and acquired on the same day by flow cytom-
etry. Frozen cells were thawed in RPMI 1640 with L-glu-
tamine (Corning Cellgro) supplemented with DNase
(12 units/mL; Worthington Biochemical) at 37°C for
20min, washed, and resuspended in FCM buffer (Leinco
Technologies) containing 0.5% bovine serum albumin,
0.1% sodium azide, and 0.04g/L tetrasodium EDTA in
phosphate-buffered saline at pH 7.2. Samples were stained
for flow cytometry as previously described.*’ Briefly, for
each sample, three 12x75mm polystyrene round-bottom
tubes were prepared to include an autofluorescence
control, backbone panel, and fully stained panel. To each
tube, 200 mL of washed cells were transferred and incu-
bated with mouse IgG (Invitrogen) for 10min to block
Fc receptors. The cells were surface labeled for 30 min
at room temperature in the dark. All antibodies were
tittered and used at saturating concentrations. The cells
were washed and resuspended in 500 pL. of FCM buffer
and immediately acquired on a Cytek Aurora full spec-
trum flow cytometer (Cytek Biosciences) equipped with
355nm (20mW), 405nm (100mW), 488nm (50 mW),
638nm (80mW) excitation lasers. The instrument was
quality-controlled using SpectroFlow QC Beads (Cytek
Biosciences) daily to ensure consistent performance on
a day-to-day basis. The acquired composite fluorescence
data were spectrally unmixed into the individual contrib-
uting fluorescent markers using the SpectroFlo software
V.2.2.04 (Cytek BioSciences). All flow cytometry results
presented in this study were analyzed using FCS Express
V..

Pathology

Multispectral immunofluorescent (mlF) staining was
performed on 4pm sections of FFPE tumor tissue which
was cut and placed on charged slides. Slides were dried
at 65°C for 2hours. After drying, the slides were placed
on the BOND RX"™ Research Stainer (Leica Biosystems)
and deparaffinized with BOND Dewax Solution (AR9222,
Lecia Biosystems). The mlIF staining process involved
serial applications of the following for each biomarker:
epitope retrieval/stripping with ER1 (citrate buffer pH
6, AR996, Leica Biosystems), blocking buffer (Akoya
Biosciences,), primary antibody, Opal Polymer horse-
radish peroxidase (HRP) secondary antibody (Akoya
Biosciences), Opal Fluorophore (Akoya Biosciences).
All Akoya reagents used for mIF staining come as a kit
(NEL821001KT). Spectral 4',6-diamidino-2-phenylindole
(DAPI) stain (Akoya Biosciences) was applied once
slides were removed from the BOND. They were cover
slipped using an aqueous method and Diamond Antifade
mounting medium (Invitrogen). The mIF panel consisted
of the following antibodies (clone, company, and opal
fluorophores): CD3 (P7, Abcam, Opal Polaris 480), CD8
(C8/144B, Agilent DAKO, Opal 690), granzyme B1 (11F1,
Leica Biosciences, Opal 570), FOXP3 (236A/E7, Abcam,
Opal 520), PD-1 (EH33, Cell Signaling, Opal 620), Pan
Cytokeratin (AEIAE3, Agilent DAKO, Opal Polaris
780). The antibody-stained slides were imaged using
the Vectra Polaris Automated Quantitative Pathology
Imaging System (Akoya Biosciences). Image analysis was
performed using inForm Software V.2.4.11 (Akoya Biosci-
ences). Whole slide spectral unmixing was performed
using the synthetic spectral library within inForm. From
the unmixed images, representative regions of interest
(ROIs) were selected by the study pathologist and used
to train tissue and cell segmentation. A unique algorithm
was created for each biomarker, using a machine learning
technique, in which the operator selects positive and
negative cell examples. These algorithms were then batch
applied across all ROIs across the project slides.

Statistics

Sample size determination

The primary objective of the study was to determine the
impact of CKM on CD8'T cells in the TME pre-CKM and
post-CKM, measured by CD8c expression. An interim
analysis was planned at N=3, with a final analysis at N=6.
The overall o was set at 0.10, with the Fleming-Harrington-
O’Brien spending function used to determine the levels
at the interim (0,=0.003) and final (0,=0.084) analyses.
Based on our recent study’* we assumed a coefficient of
variation of 0.75 for CD8a. expression and a pre to post-
treatment correlation of 0.5. Under these conditions, if
the post-treatment mean CD8" T-cell count at least triples
relative to pretreatment, then the study design (N ,=3and
N,=3) has a power of 0.48 at the interim analysis (N=3)
and >0.99 at the final analysis (N=6) to detect such an
effect.
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Statistical analyses

Patient characteristics, safety data, and antitumor activity
were summarized using the appropriate descriptive statis-
tics. OS was summarized using standard Kaplan-Meier
methods. The biomarker expressions and cell percent-
ages were averaged across replicates (N=2or 3) to create a
single score. The pretreatment and post-treatment mRNA
expression levels were compared using a two-sided one-
sample t-test about the log-fold change. The normality of
the log-fold change was assessed using the Wilks-Shapiro
test. Correlations between biomarker expression or cell
percentages were evaluated using the Spearman correla-
tion coefficient and displayed graphically using scatter
plots. A longitudinal assessment of CTLs was done by
modeling each log-CTL expression as a function of time
and a random subject effect using a linear mixed model.
Tests about the appropriate contrasts of model estimates
were used to compare mean expression between time
points. All model assumptions were verified graphically.
Statistical analyses were performed using SAS V.9.4 soft-
ware (SAS Institute, Cary, North Carolina, USA). Since the
interim analysis of CD8c was non-significant at o.=0.03,
all final analyses were conducted at a significance level of
0,=0.084 (per the Fleming-Harrington-O’Brien spending
function). Therefore, p values<0.084 are considered
statistically significant.

RESULTS

Patient characteristics, study design and tolerability

Eight patients with mTNBC with lesions amenable to
biopsy were enrolled in the study between March 2019
and July 2020 to receive two 3-day-long cycles of systemic
CKM (see figure 1A for study schema and figure 1B for
CONSORT diagram). Table 1 shows the patient charac-
teristics at baseline.

Table 1
Characteristic

Baseline characteristics of the study population
Total (%)

8 (100)

52.9 (32.8-74.5)

Number of patients
Median age in years (min — max)

Race
Caucasian 7 (87.5)
African-American 1(12.5)
ECOG PS
0 7 (87.5)
1 1(12.5)
Prior systemic treatments for metastatic disease
0 6 (75)
1 2 (25)
PD-L1>1%* 5 (62.5)

*Measured by Ventana SP142 assay.
ECOG PS, Eastern Cooperative Oncology Group performance
status; PD-L1, programmed cell death ligand 1.

Six patients (PT1, PT2, PT3, PT5, PT6, PT7) had
received prior anticancer therapy (neoadjuvant/adjuvant
therapy) and two patients had received prior anticancer
therapy in the metastatic setting (PT2, PT3). Patients had
a median follow-up time of 33.8 months (90% CI: 20.6
to 46.1 months) at the time of reporting. Six patients
(PT8, PT4, PT5, PT6, PT7, PT8) were evaluable for
primary endpoint as they underwent both pre-CKM and
post-CKM treatment biopsies. Two patients were not eval-
uable because post-treatment tumor tissue was necrotic
resulting in lack of intact RNA (PT1) or refusal of post-
treatment biopsy (PT2). All eight patients were evaluable
for toxicities and blood correlates. Follow-up pembroli-
zumab was started in all patients 3-8 days after the end of
the second cycle of CKM and was associated with mostly
grade 1 and 2 adverse events. Four grade 3 adverse events
(neutropenia, fatigue and malaise, immune thrombocyto-
penic purpura, pneumonitis) were reported of which only
two were clinically significant (pneumonitis and immune
thrombocytopenic purpura), leading to pembrolizumab
discontinuation in two patients (table 2).

Systemic CKM selectively increases CD8" T-cell infiltration in
the TME, and local ratios between CTLs and Tregs

Since CD8" T-cell infiltration is an important prognostic
marker that predicts improved disease outcomes in
triple-negative breast cancer (TNBC)," ** our predeter-
mined primary endpoint of efficacy was the change in
the treatment-associated CD80, as the reliable average
marker of CTL infiltration in the total biopsy volume™
(figure 2A). Comparison of the mRNA in baseline biop-
sies with the biopsies performed after systemic CKM
infusion showed an average 10.2-fold increase in CD8a.
(p=0.034; median 5.5-fold). Quantitative mRNA anal-
ysis of the key cytotoxic granule component granzyme
B (GZMB), expressed by effector-type CD8" T cells and
natural killer cells, demonstrated an average 6.1-fold
increase (p=0.02), confirming the increased CD8" T-cell
signature in the post-CKM biopsies. In contrast, the levels
of a Treg marker, FOXP3, showed a downward trend
but were not significantly reduced by CKM (p=0.203).
These reciprocal changes resulted in an average 358.1-
fold average increase (p=0.06; median 8.6-fold) in the
ratio of CD8a/FOXP3 and 97.8-fold average increase
(p=0.04; median 4.9-fold) in the GZMB/FOXP3 ratio in
post-CKM versus pre-CKM biopsies (figure 2A and online
supplemental table 1). No consistent changes in PD-L1
expression in post-treatment versus pretreatment tumor
samples (measured by real-time quantitative polymerase
chain reaction [RT-qPCR]) were observed (online supple-
mental figure 1 and table 1).

In three patients, we could additionally obtain paired
pre-CKM and post-CKM biopsies of peritumoral tissues.
Among these three paired samples, we did not observe
significant post-CKM increases in CD8a. levels, although
the numbers are too small to be conclusive (online supple-
mental figure 2). In paired tumor biopsies, we performed
multispectral imaging with a panel consisting of GZMB,
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Table 2 Treatment-related adverse events

Adverse event Any grade (%) Grade 3/4 (%)
Blood and lymphatic
ITP 12.5 12.5
Leukopenia 12.5 -
Lymphopenia 12.5 =
Neutropenia 12.5 12.5
Thrombocytopenia 12.5 12.5
Gl/nutrition
Decreased appetite 12.5 -
Mouth hemorrhage 12.5 -
Nausea 50 -
Taste disorder 12.5 -
Vomiting 125 -
Investigations
ALT increase 37.5 =
AST increase 37.5 =
General
Chills 75 -
Eye disorder 12.5 -
Fatigue 62.5 -
Headache 125 -
Hot flashes 37.5 -
Malaise 12.5 12.5
Night sweats 12.5 —
Pain 12.5 -
Fever 12.5 -
Vascular
Dizziness 12.5 -
Hypotension 12.5 -
Respiratory
Dyspnea 125 12.5
Hypoxia 12.5 12.5
Pneumonitis 12.5 12.5
Cutaneous
Petechiae 12.5 -
Pruritus 25 -
Rash 25 -

ALT, alanine aminotransferase; AST, aspartate transaminase; Gl,
gastrointestinal; ITP, immune thrombocytopenic purpura.

CD8, CD3, PD-1 and FOXP3 and the tumor component
marker, AE1AE3 (figure 2B). While this method did not
allow us to demonstrate statistically significant absolute
increases of CD3"CDS8" cell counts, the ratios of CD3"CD8"
cells to CD3"CD8FOXP3" cells increased by the average
of 4.5-fold (p=0.009; median 3.29-fold) from 11.5+3.26 to
51.6+42.94. The average ratios of CD3'CD8'PD-1" cells
to CD3'CD8FOXP3" cells also significantly increased

3

4.05fold (p=0.062; median 2.32-fold) from 7.2+3.82to
29.24+30.77.

Systemic CKM selectively enhances CTL-attracting
chemokines in the TME

To gain insight into the mechanism of the CKM-driven
enhancement of the CTL signature, we analyzed changes
in expression of CD8" T cell-attracting and Treg-attracting
chemokines. The average intratumoral expression levels of
CCL5 mRNA (chemokine binding to the CTL-expressed
CCR5) increased 4.1-fold (p=0.019; median 4.5-fold)
(figure 3A and online supplemental table 1), accompa-
nied by a minor 1.9-fold increase in CXCL9 (p=0.767;
median 1.2-fold); and a 4.1-fold average increase in
CXCLI10 (ligand for CTL-expressed CXCR3) expression
(p=0.104; median 2.7-fold). In contrast, the levels of both
CCL22 (ligand for Treg expressed CCR4) and CXCL12
(ligand for CXCR4) remained unchanged (figure 3A
and online supplemental table 1). These changes were
associated with an increase in the ratios of CCL5/CCL22
and CXCL10/CCL22 (p=0.044, p=0.172, respectively).
Interestingly, the CXCL10 increases post-CKM strongly
correlated with the increases in CD8o and GMZB, while
CCL5 increases post-CKM showed a reduced correla-
tion with these markers of enhanced CTL infiltration
(figure 3B). Because intratumoral CTLs do not produce
CXCR3 ligands, such as CXCLl(),35 the enhanced
CXCL10—CD8a correlations in post-CKM tumor biop-
sies may suggest the dominant role of enhanced intra-
tumoral CXCLI10 production in CKM-driven increase in
CTL attraction to the TME. Since effector CD8" T cells
(which also express CCR5™) can be attracted by CCL5,
but also produce this factor themselves,” ** ** intratu-
moral increases of CCL5 may be both causative but also
secondary to CTL enhancement.

CKM induces transient selective decreases in blood CXCR3*
CTLs, but not CXCR4* Tregs

In contrast to the increases in CTL markers in CKM-
treated patients, the longitudinal flow cytometry and
RT-qPCR analysis of circulating blood cells (figure 4
and online supplemental figure 3A) demonstrated tran-
sient decreases in the numbers of circulating effector-
type CD3°CD4 CD8" CTLs and the CXCR3" CTL subset
(figure 4A), consistent with CTLs transition from blood
to tumor tissues. In contrast to CTLs, the numbers of
circulating CD3°CD4°CD8 CD25"8"CD127""™/"¢ Tregs
and the CXCR4" subset of Tregs were not affected by
CKM treatment (figure 4B), confirming the selectivity of
CKM action. The decreases in CTL post three consecutive
doses of CKM (between day 0 and day 2) were transient
and returned to pretreatment levels by day 7 (directly
before the second cycle of CKM), as shown by flow cytom-
etry (online supplemental figure 3A) and RT-qPCR anal-
ysis (online supplemental figure 3B). Interestingly, PT3,
who showed elevated numbers of peripheral CD8" T cells
at baseline and after CKM, developed grade 3 immune
thrombocytopenic purpura with platelet count <5000/
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Figure 2 Local increases in CTL markers in tumor lesions after systemic application of the CKM. (A) CD8a and granzyme

B (GZMB) transcripts (normalized for HPRT1 and shown as mean and median (MED) fold-increases over pre-CKM baseline

for each patient; N=6); were measured using RT-gPCR (see online supplemental table 1 for raw data). Statistically significant
increases in CD8o. MRNA and GZMB mRNA following CKM treatment were observed. In contrast, FOXP3 message trended
down following CKM. Statistically significant increases in ratios of CD8a/FOXP3 and GZMB/FOXP3 were also observed.
Statistical significance by a two-sided one-sample t-test of the log-fold change was determined to be p<0.084. (B) (top)
Representative biopsy image stained with a multispectral panel consisting of GZMB, CD8, CD3, PD-1, and FOXP3 and tumor
compartment marker, AE1AE3. The multiplex image depicts the spatial layout of the tumor environment, with monoplex images
shown below. CTLs were defined as CD3"CD8*, Tregs were defined as CD3*FOXP3*. Examples of colocalization of biomarkers
are depicted on the right. (bottom) Image analysis of biopsy pairs demonstrating a statistically significant difference is shown
as mean (SD). The table describes the changes in the ratios of CTL/Treg and PD-1*CTL/Treg significantly increased in the
post-treatment versus the pretreatment tumor tissues. P value<0.084, determined by a two-sided one-sample t-test of the log-
fold change was considered as statistically significant. CKM, chemokine modulatory; CTL, cytotoxic T lymphocytes; mRNA,
messenger RNA; PD-1, programmed death-1; RT-qPCR, real-time quantitative polymerase chain reaction; Treg, regulatory T

cells.

mm®  after subsequent initiation of pembrolizumab,

resulting in discontinuation of treatment.

CKM pretreatment does not change the toxicity profile of
subsequent pembrolizumab treatment

Data cutoff for the safety and efficacy analyses was
January 24, 2023. Seven patients discontinued follow-up
pembrolizumab during the study period: two due to
treatmentrelated adverse events (pneumonitis and
immune thrombocytopenic purpura) and five due to
disease progression. No unexpected toxicities of the
follow-up pembrolizumab therapy were observed in
any of the eight patients. The most common treatment-
related adverse events of any grade were chills (75%),
fatigue (62.5%), nausea (50%), hot flashes (37.5%),
alanine aminotransferase increase (37.5%) and aspar-
tate transaminase increase (37.5%), all grade 3 or below.
One event of non-clinically significant grade 3 neutro-
penia was also observed, possibly related to combination

of rintatolimod and IFN-o.. One event of grade 3 pneu-
monitis resulted in hospitalization and was described as
definitely related to pembrolizumab. The only grade 3
event attributed to the combination was immune throm-
bocytopenic purpura in which the patient’s platelets
decreased from 222x10°/mm? to 64x10°/ mm? after CKM
and partially rebounded to 68x10°/mm® but decreased to
<5000/mm” following pembrolizumab implementation.
It was treated with steroids, intravenous immunoglobulin
and rituximab and fully resolved. This patient was diag-
nosed with a positive antinuclear antibody, suggestive of
autoimmunity or potential unmasking of an underlying
autoimmune condition. Online supplemental tables 2
and 3 show the treatment-related adverse events (all toxic-
ities) in all eight patients in the study that were definitely,
probably, or possibly related to CKM or pembrolizumab,
respectively.
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Figure 3 Selective increases in CTL-attracting chemokines, but not Treg attractants, in post CKM tumor biopsies. Chemokine
expression in pre-CKM and post-CKM tumor biopsies was measured using RT-gPCR. (A) Transcripts (normalized to HPRT1 and
shown as mean and median (MED) fold-increases over pre-CKM baseline for each patient) of CCR5 ligand (CCL5) and CXCR3
ligands (CXCL9 and CXCL10) increased following CKM treatment (N=6 patients). See online supplemental table 1 for raw data.
P value<0.084, determined by a two-sided one-sample t-test of the log-fold change was considered as statistically significant.
(B) Pretreatment and post-treatment CD8a and GZMB expression levels in the tumor biopsies were correlated with CXCL10 and
CCL5 expression at each of these time points. CKM, chemokine modulatory; CTL, cytotoxic T lymphocytes; GZMB, granzyme
B; RT-gPCR, real-time quantitative polymerase chain reaction; Treg, regulatory T cells.

Clinical status of CKM-pretreated patients receiving follow-up
pembrolizumab

Each of the eight CKM-pretreated patients received
follow-up pembrolizumab, starting 3-8days after the
end of the second CKM cycle. Online supplemental
table 4 shows the details of the demographic, tumor
characteristics and tumor response to treatment in
the intention-to-treat population. One patient (PTI)
with initial progressive disease (PD) per RECIST V.1.1,
showed PR with continued pembrolizumab (figure 5).
Three patients (PT3, PT6, PT7) developed transient SD
and continued follow-up pembrolizumab until progres-
sion, although the duration of stable disease was limited
to 3.5 months or less (figure 5B,C). PD-L1 expression at
baseline was measured by Ventana SP142 assay. Interest-
ingly, all the three patients with SD (PT3, PT6, PT7) had
PD-L125% and the only other patient with PR (PT1) had
PD-L1 10%. There were no responses observed among
patients with PD-L1 0 (PT2, PT4, PT5) or 1% (PTS).
DCR was 37.5%. Figure 5A shows the maximum per cent
change in tumor size from baseline measured according
to RECIST V.1.1. The longitudinal changes in tumor size
are shown in figure 5B. The timelines of each individual
patient’s clinical status are shown in figure 5C and the
OS in figure 5D. Except for PT1, other patients eventu-
ally progressed and started the next line, standard of care
treatment, per physician discretion. One patient with SD

died, while the other two continue to receive standard
treatments. At the data cut-off (January 24, 2023), four
patients were alive and median OS was not reached (NR;
90% CI: 12.9 to NR).

PT1 showed evidence of tumor necrosis in post-CKM
biopsy, prior to initiation of pembrolizumab. She
initially developed PD by RECIST V.1.1, but subsequent
PR evidenced by breast tumor mass autoamputation
and continued shrinkage in the pulmonary nodules
(figure H5E and online supplemental table 4). However,
this patient was not evaluable for primary endpoint due
to lack of viable tissue in post-treatment tumor biopsy.
The patient underwent resection of a recurrent chest wall
mass at 6.5 months. The pulmonary nodules continued
to respond to pembrolizumab, and the patient remains
disease-free at data cut-off (currently 46 months since the
start of treatment).

DISCUSSION/CONCLUSION
Our data demonstrate the ability of the systemically
applied shortterm combinatorial CKM regimen

composed of rintatolimod, IFN-02b and celecoxib, to
reprogram local TME of mTNBC for selectively enhanced
CTL accumulation, without concomitant enhancement
of Treg infiltration, with the opposite effects on the CTLs
in patient’s peripheral blood. These in vivo observations
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Figure 4 CKM induces transient decreases of circulating
CTLs in the blood. Changes in the immune cell subsets
circulating in the peripheral blood were measured by
multiparameter flow cytometry (N=7). A statistically significant
decrease in the percentages of (A) CD8" T cells and
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Tregs, 2 days post-CKM compared with day 0 was observed.
P value<0.084, determined by t-test was considered as
significant. CKM, chemokine modulatory; CTL, cytotoxic T
lymphocytes; Treg, regulatory T cells.

from our study are in line with the predictions from our
preclinical studies (references™ *® and manuscript in prepa-
ration) which showed two levels of selectivity of action of
the combinatorial CKM: (1) its selective induction of CTL
attractants (but not Treg attractants) in the tumor tissues
and (2) its preferential impact on tumor (rather than
healthy tissues), due to selective NF-kB activation within
tumor tissues.”> While the preliminary data from the
current trial is in line with our preclinical observations™
that peritumoral non-cancer tissues do not respond to
the CKM treatment (online supplemental figure 2) to
the same extent as the tumor tissues, the limited number
of non-tumor samples with detectable CD8c (only three
of six biopsies), makes these data not conclusive and in
need of further validation in a larger study. However,
the reciprocal effect of CKM on blood versus the tumor
tissues indicate its unique potential for its systemic use to
reprogram local TME of multiple tumor lesions, even if
not accessible to direct injections.

Additionally, these in vivo observations are in line with
strong synergy between rintatolimod and IFN-o in the
induction of CTL attractants: all three CXCR3 ligands,
CXCL9, CXCL10, and CXCL11, as well as CCR5 ligand,
CCL5, and suppression of CCL22 (Treg attractant), we

observed in vitro our preclinical models.” *® In vitro data
from us and others indicate that these synergistic effects
are mediated by (1) enhancement of TLR3 expression
by IFN-0,, and (2) the ability of rintatolimod to block
the effects of tumor-associated suppressive factor, PGE2
(which enhances CCL22 and suppresses CTL attracting
chemokines) by downregulation of PGE2 receptor, EP4
(refs.37 16 and data not shown). The addition of celecoxib
further enhances the desirable immunomodulatory prop-
erties by suppressing the COX-2-dependent production
of PGE2.%

Despite its small size, our study met its primary efficacy
endpoint (increases in CD8a used as a compound marker
of CTL infiltration in whole biopsy volume™) highlighting
the consistency of the CKM-driven reprogramming of the
breast cancer TME. In contrast to the striking immuno-
logical changes induced by systemic CKM in the TME
(including increases in CD8c, GZMB, CD8a/FOXP3
and GZMB/FOXP3), we did not observe consistently
improved clinical outcomes. One potential explanation
of this discrepancy is an unclear antigen specificity of
CKM-driven CD8" T=cell infiltration. The second limiting
factor may be a short duration of CKM-driven effects, as
suggested by only transient decreases in blood CD8" T
cells. Based on these observations, our upcoming clinical
trials will test the clinical activity of concomitant, rather
than sequential, application of CKM combined with PD-1
blockade over a prolonged period of time, to evaluate its
clinical benefit. While the low dose of rintatolimod used
in this clinical trial represents the recommended dose in
patients with chronic fatigue syndrome*” ** and, as shown
in this trial, it was sufficient to consistently reprogram
mTNBC TME, it also remains to be tested if higher doses
may be beneficial.

We have previously observed that the addition of local
CKM (intraperitoneal rintatolimod and IFN-o plus oral
celecoxib) to intraperitoneal chemotherapy (cisplatin)
in patients with ovarian cancer can elevate local CTL-
attracting chemokines (CXCL9, CXCL10, CXCL11) and
CTL markers perforin and granzymes.” We have also
shown that systemic CKM (intravenous) can be safely
administered in combination with dendritic cell vaccine
in patients with peritoneal carcinomatosis (appendiceal
cancer, colorectal cancer, or peritoneal mesothelioma)
after cytoreductive surgery and hyperthermic intraperito-
neal chemotherapy,* but that study did not involve TME
analysis, precluding the evaluation of its local immuno-
logic effects.

The current study demonstrates that even six doses of
systemic CKM (rintatolimod, IFN-02b, and celecoxib)
administered over 2 weeks show local immunologic
effectiveness in, at least transient, reprograming of the
local immunologic milieu of mTNBC. Because mTNBC
represents a particular clinical challenge, largely due to its
single-agent anti-PD-1 resistance,” * this approach could
significantly benefit patient care. The current demon-
stration that CKM can be safely applied prior to PD-1
blockade, paves the way to concomitant administration of
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CKM and anti-PD-1, the timing determined to be ther-
apeutically optimal in our mouse studies (Kokolus et al
manuscript in preparation).

Although one instance of a massive tumor necrosis trig-
gered by CKM which resulted in breast tumor autoam-
putation following subsequent pembrolizumab infusion
is provocative, the current study was not designed for, and
does not allow conclusions to be drawn on the clinical
activity of the current regimen.

Responses to single-agent checkpoint inhibitors in
mTNBC are rare and seen mostly in the first-line rather
than later-line settings, with KEYNOTE-086 demonstrating
21.4% ORR to first-line pembrolizumab (PD-L1 positive)
but only 5.2% ORR after >1 systemic therapy’' ** (both
PD-L1 positive and negative). Similarly, in KEYNOTE-119,
the ORR to single agent pembrolizumab given in second-
line and beyond was only 9.6%, which increased with
higher PD-L1 expression.”” Interestingly, in our study,
the four patients with SD or PR had PD-L1>5%, while no
responses were observed among the four patients with
PD-L1 of 0 or 1%. It is therefore possible that pembroli-
zumab as a single agent would be similarly effective in this
population. Although IFN-o has been reported to elevate
the levels of PD-L1 expression, our preliminary TagMan
analyses did not identify any consistent changes in PD-L1
expression in the tumor biopsies obtained before and
after CKM (online supplemental figure 1). The design
of our current study where pembrolizumab was given
sequentially after CKM reflected our primary goal to eval-
uate the local immunologic impact of CKM on the CTL
signature in the TME prior to PD-1 administration, rather
than its clinical activity. Our follow-up study with clinical
endpoint will involve concomitant prolonged application
of CKM and PD-1 blockade, due to the transient nature
of the CKM-induced changes in CD8" T cells, and a much
larger number of patients. Poor median OS for mTNBC of
only 17.2 months’* makes mTNBC a particularly compel-
ling target of CKM-based therapies. On KEYNOTE-119,
14% patients developed grade 3-4 pembrolizumab-
related adverse events, such as increased liver enzymes,
fatigue, anemia, leukopenia, while 20% experienced
serious adverse events, including, pleural effusion, pneu-
monia, and febrile neutropenia. On KEYNOTE-086,
12.9% patients experienced grade 3-4 pembrolizumab-
related fatigue, nausea, diarrhea, pneumonitis and type
1diabetes mellitus (DM). In our study, CKM-attributed
grade 3—4 adverse events were observed in 37.5% (3/8)
patients while pembrolizumab-related grade 3—4 adverse
events were observed in 25% (2/8) patients. While these
percentages are numerically higher, the interpretation is
limited by small number of patients in this study.

Recent approval of PD-1 blockade as an addition to
chemotherapy in mTNBGC,” ** * raises the question
whether CKM could be combined with chemotherapy to
promote optimal responsiveness of mTNBC (including
PD-L1 negative mTNBC) to PD-1 blockade; potentially
alsoin earlier stages of TNBC. Recent clinical data showing
that the effectiveness of chemotherapy and immune

checkpoint inhibitor in mTNBC is enhanced in patients
with high PD-L1 expression,11 2 known to correlate with
CTL infiltration, and mouse data showing that tumor-
infiltrating type-1 immune cells sensitize cancer to chemo-
therapy” strongly supports this possibility.

Our current data demonstrate that even short-term
systemic CKM can reprogram the local TME of advanced
cancer lesions for selectively enhanced CTL attraction,
circumventing the requirement for intratumoral delivery
of TME-reprograming agents, which is possible only in a
small proportion of patients with advanced cancers with
biopsy-accessible lesions. Moreover, the enhanced CTL
infiltration triggered by systemic CKM avoids the intra-
tumoral increases of Tregs, observed after intratumoral
injection of STING activators.”™ These two desirable
levels of CKM selectivity: preferential activation of tumor,
rather than healthy tissues, and selective promotion of
CTL (but not Treg) influx to the TMEs, makes CKM a
particularly interesting option for patients with advanced
multifocal cancers.

Our study has met its primary efficacy objective to
demonstrate the ability of systemic CKM administration
to reprogram the local TME of patients with advanced
TNBC for selectively enhanced CTL influx. The toxicities
with the combination were comparable to those expected
with pembrolizumab monotherapy. While the study was
not designed to analyze clinical efficacy (small size and
delayed rather than simultaneous administration of PD-1
blockade), we are planning a larger phase 2 study to
analyze clinical efficacy of this combination and confirm
the tolerability.
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