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Abstract

PURPOSE—This study examined the feasibility, efficacy (abscopal effect) and immune effects
of TGF blockade during radiotherapy in metastatic breast cancer patients.

EXPERIMENTAL DESIGN—Prospective randomized trial comparing two doses of TGFf
blocking antibody fresolimumab. Metastatic breast cancer patients with at least three distinct
metastatic sites whose tumor had progressed after at least one line of therapy were randomized to
receive 1 or 10 mg/kg of fresolimumab, every 3 weeks for 5 cycles, with focal radiotherapy to a
metastatic site at week 1, (3 doses of 7.5 Gy), that could be repeated to a second lesion at week 7.
Research bloods were drawn at baseline, week 2, 5 and 15 to isolate PBMCs, plasma and serum.

RESULTS—Twenty-three patients were randomized, median age 57 (range 35 to 77). Seven
grade 3/4 adverse events occurred in 5/11 patients in the 1mg/kg arm and in 2/12 patients in the
10mg/kg arm, respectively. Response was limited to 3 stable disease. At a median follow up of 12
months, 20/23 patients are deceased. Patients receiving the 10mg/kg had a significantly higher
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median overall survival than those receiving 1mg/kg fresolimumab dose (hazard ratio: 2.73 with
95% CI: 1.02, 7.30; p=0.039). The higher dose correlated with improved peripheral blood
mononuclear cell counts and a striking boost in the CD8 central memory pool.

CONCLUSIONS—TGF blockade during radiotherapy was feasible and well tolerated. Patients
receiving the higher fresolimumab dose had a favorable systemic immune response and
experienced longer median overall survival than the lower dose group.

Keywords
Radiation Therapy; Metastatic Breast Cancer; Tumor Immunity; TGF@

INTRODUCTION

Transforming growth factor-beta (TGF) is a pleiotropic cytokine that maintains
homeostasis in many organ systems by limiting the growth of epithelial, endothelial,
neuronal, and hematopoietic cell lineages (1-4). TGF is secreted by cells in a biologically
inactive form by virtue of its association with latency-associated protein (LAP) and stored in
the extracellular matrix as a complex.

TGFp suppresses the growth of epithelial cells, including those in the early stages of tumor
development (premalignant conditions), but in advanced cancers TGFf promotes tumor
growth and metastasis, through increased tumor cell motility, migration, and invasiveness (1,
4). Increased production of TGFp was demonstrated in many neoplasms including breast
cancer, and elevated plasma TGFp levels in patients correlate with worse outcome (5-7).

In addition, TGFp alters the tumor microenvironment and has broad immune suppressive
activity across natural killer (NK) cells, T cells, and myeloid cells. TGFB hinders the
initiation of immune responses and the development of anti-tumor effector cells (8-12).
Neutralizing antibodies can reverse TGFp-mediated immune suppression, favoring
activation of NK- and T cell-mediated tumor rejection (8-10, 12, 13). Thus, blocking TGFp
merges the advantages of disrupting a key promoter of tumor growth with those of
counteracting immune-suppression.

Our group introduced the notion of combining radiotherapy (RT) and immunotherapy in the
treatment of cancer (14), the underlying idea for this trial. Radiation generates “danger”
signals in tissues (15), that, under certain conditions, enhance immune presentation of tumor
antigens liberated from radiation-damaged cells, thus working as a vaccine (16). lonizing
radiation induces TGFp activation /n vitro and in vivo, in normal and cancer cells (17-21),
at least in part through a redox mechanism that acts directly on the secreted latent protein
(22). The recognition that radiation triggers activation of TGF, which in turn promotes
DNA damage repair, mediates EMT and suppresses anti-tumor effector cells provides a
strong rationale for testing TGFp inhibition during radiotherapy (23).

Fresolimumab (GC1008) is a human 1gG4 kappa monoclonal antibody that neutralizes all
mammalian isoforms of TGFB (i.e., p1, B2, and B3) with half-life ranging from 21-30 days
(24). Supported by our preclinical data in pre-clinical models of metastatic breast cancer (25,
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26), we conducted a clinical trial to test in metastatic breast cancer patients, with tumors
refractory to standard treatment, the feasibility and efficacy of combining TGFB blockade by
fresolimumab with focal radiotherapy, while performing immunomonitoring in peripheral
blood.

Study design

Chemicals

The study (NCT01401062) was an open label randomized trial at two centers
(Supplementary Figure S1). Fresolimumab was administered under IND 1111874. Patients
with metastatic breast cancer after at least one course of systemic therapy who had evidence
of disease progression at two consecutive clinical/radiological assessments (at an interval of
at least 2 weeks) and at least three distinct metastatic sites were eligible for enrollment.
After informed consent, patients were randomized within site by the Biostatistics Shared
Resource (BSR) of NYU cancer institute using established procedures to either 1 mg/kg or
10 mg/kg of fresolimumab. Imaging by PET/CT was performed at baseline, 5 weeks and 15
weeks. The study drug was administered every 3 weeks (weeks 0, 3, 6, 9, 12). A metastatic
site was chosen to receive conformal external beam radiation of 3 fractions of 7.5 Gy, to a
total of 22.5 Gy, on alternating days over the course of week 1 and 7. In patients in which 2
lesions were available, lesion 1 was irradiated at week 1 (RT started 1 week after 15t dose of
fresolimumab); lesion 2 was irradiated at week 7, starting 1 week after the 3" dose of
fresolimumab. Fresolimumab was administered as 1V infusions, after pre-medication with
diphenhydramine and acetaminophen. Response was assessed at week 15 and patients were
followed until death. The primary endpoint of the study was abscopal response at week 15
based on Immunological Response Criteria (irC) (27). The sum of the longest diameter (LD)
for all target lesions was calculated and reported as the baseline sum LD.

Ficoll-Paque (GE Healthcare Bio-Sciences; Uppsala, SE), human AB serum (OmegaSci.;
Tarzana, CA), fetal bovine serum (Sigma-Aldrich, St. Louis, MO), dimethyl sulfoxide and
DNAse (Sigma; St. Louis, MO), RPMI-1640 medium with L-glutamine (Mediatech, Inc.,
Manassas, VA) were used.

Sample collection

Approximately 60ml of blood was drawn into heparinized BD vacutainer® tubes (BD,
Franklin Lakes, NJ) at baseline, after the first cycle of antibody infusion and radiation (week
2), after the second cycle of antibody infusion (week 5) and after completion of treatment
(week 15) and processed for isolation of peripheral blood mononuclear cells (PBMCs) by
gradient centrifugation within 3h of blood draw and controlled-rate frozen in aliquots in
human AB serum containing 10% (v/v) DMSO at —80°C before storage in liquid nitrogen.
Additionally, a SST serum tube and a CTAD plasma tube were also drawn and processed
according to manufacturer’s recommendation before storage in aliquots at —80°C. Batches
of frozen PBMCs, serum and plasma were shipped between UCLA and NYU overnight on
dry ice. PBMCs from 11 healthy volunteers were isolated on Ficoll-Paque Premium™ at
UCLA as above and served as controls.
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Multimer-binding assay & Immunophenotyping

Serial samples of individual patients were assayed on the same day for dextramer binding
and for levels of 20 major immunophenotype markers (28). PBMCs were thawed by dilution
in pre-warmed RPMI-1640 medium with 10% (v/v) FBS, treated with DNAse, washed and
re-suspended in PBS.

HLA-A*0201 positivity was confirmed by staining 1-2x10° PBMCs in 2% FBS/PBS
staining buffer (BD Pharmingen, San Diego, CA) with 1ul of BB515 anti-HLA-A2 antibody
for 30 minutes at 4°C and analyses by flow cytometry (LSRFortessa; BD Biosciences, San
Jose, CA). 1x108 aliquots from HLA-A*0201-positive subjects were tested for binding of
HLA-A2-restricted survivin-specific dextramers and prepared with fixable viability stain
510 (BD Horizon) according to manufacturer’s instructions prior to incubation with 10ul of
the MHC dextramer-PE for the HLA-A2-restricted survivin epitope SurlM2
(LMLGEFLKL) (Immudex, Copenhagen, DK) in 5% FBS/PBS (29, 30). Alternatively, a
tetramer with the identical survivin epitope (Beckman Coulter, Fullterton, CA) was used.
Sample volume permitting, an additional 1x10 aliquot was stained with a MHC dextramer
mix containing 10ul of each of the HLA-A2-restricted epitopes for Jarid1B (QLYALPCVL-
FITC), Mucin-1 (STAPPVHNV-PE) and Her2/neu (KIFGSLAFL-APC) (Immudex,
Copenhagen, DK) (31-36). After an initial 10 minutes room temperature incubation with the
dextramers, 4ul PerCP-Cy5.5 anti-CD8 (clone RPA-T8) was added for an additional 20
minute incubation on ice before washing and flow cytometric analysis. 2-3x10° events were
collected and analyzed with FlowJo (Supplementary Methods S1, Supplementary Table S1).
Quality control required =10,000 viable events and >2,000 CD8* T cells. PBMCs from a
single healthy volunteer with confirmed HLA-A*0201* status served as staining control at
all times (internal control). The arbitrary nature of the dextramer/tetramer CD8" gating was
addressed by setting a consistent 0.03% lower limit according to the historic binding of the
negative tetramer to the internal control (30, 37). The resulting average positivity of this
control sample reached 0.122% =+ 0.082 survivin reactive CD8+ T cells which was also
adopted for dextramer staining.

PBMCs from all subjects, regardless of the HLA status, were assayed for surface markers in
2 separate 11 and 12 color panels to capture major T cells subsets (panel 1) as well as B
cells, monocytes, myeloid-derived suppressor cells (MDSCs), dendritic cells (DCs) and NK
cells (panel 2) (Supplementary Methods S1, Supplementary Table S1) (28). 2-4x108 aliquots
of PBMCs from all subjects were prepared with fixable viability stain 510, as above, prior to
assaying for surface markers. Panel 1 was premixed in brilliant stain buffer (BD Horizon/BD
Biosciences) containing FITC anti-human CD4, PE anti-human CD25, PE-CF594 anti-
human CXCR3, PerCP-Cy5.5 anti-human CD3, PE-Cy7 anti-human CD127, APC anti-
human CD45RA, Alexa Flour 700 anti-human CD8, BV421 anti-human PD-1 and BV650
anti-human CCR6 (Supplementary Table S1). 1-2x108cells in 50ul 2% FBS/PBS staining
buffer were heat activated at 37°C in the presence of BV605 anti-human CCR7 alone before
20 minutes at room temperature with all other antibodies. Washed cells were analyzed
within 2 hours and 1-2x10° events collected on a LSRFortessa with UltraComp eBeads
compensation (eBioscience, Inc., SanDiego, CA). The second panel comprised FITC anti-
human HLA-DR, PE anti-human CD14, PE-CF594 anti-human CD56, PerCP-Cy5.5 anti-
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human CD11b, PE-Cy7 anti-human CD19, APC anti-human CD15, Alexa Flour 700 anti-
human CD11c, APC-H7 anti-human CD20, BV421 anti-human CD123, BV510 anti-human
CD3, and BV650 anti-human CD16 (Supplementary Table S1) premixed in brilliant stain
buffer as above. 1-2x106cells were stained in 50ul 2% FBS/PBS staining buffer for 30
minutes at room temperature, washed and submitted to flow cytomety as above. FlowJo was
used for a gating strategy based on Maecker et al. (Supplementary Figure S2 and S3) (28).
Quiality control required =50% viability and 2,000 CD3*CD8*, CD3*CD4™" T cells and/or
>2,000 viable myeloid cells and PBMCs from one volunteer served as an internal control
(see above).

Plasma levels of tryptophan and kynurenine

Frozen CTAD-treated plasma was tested for tryptophan and kynurenine by liquid
chromatography/tandem mass spectrometry based on a method by Midttun et al. (38).
Solutions of internal standards, namely 500pmol 2Hs-kynurenine and 2nmol 2H3-
tryptophan, both in 10uL of water, were added to 100ul aliquots of plasma and vigorously
mixed. Samples were then treated with 300ul methanol, vigorously mixed again followed by
a 30 minute incubation at RT. After a 5 minute centrifugation at 16,060 x g the supernatants
were transferred to clean microcentrifuge tubes and dried in a vacuum centrifuge. Dilute
hydrochloric acid (0.1N, 100uL) was added to the dried residues and then vigorously
agitated. These samples were centrifuged again for 5min at 16,060 x g (RT) and
supernatants transferred to LC injector vials. 5ul aliquots of the supernatants were injected
onto a reverse phase HPLC column (Scherzo C18 100 x 2.1mm, 1.7 particle size and
100A), equilibrated in solvent A (water/acetonitrile/formic acid, 100/3/0.1, all by vol) and
eluted (200uL/min) with an increasing concentration of solvent B (45mM ammonium
formate/acetonitrile, 65/35, vol/vol: min/%B; 0/0, 5/0, 30/32, 35/0, 45/0). The effluent from
the column was directed to an electrospray ion source connected to a triple quadrupole mass
spectrometer (Agilent 6460) operating in the positive ion multiple reaction monitoring
(MRM) mode. The intensities of peaks in selected MRM transitions were recorded at
previously determined retention times and optimized instrumental settings (kynurenine m/z
209.0=192.0 at retention time (rt) 20.6 min; 2Hg-kynurenine m/z 214.0=96.0 at rt 20.6
min; tryptophan m/z 205.0=>188.0 at rt 22.4 min; 2Hs-tryptophan 208.0=>147.0 at rt 22.4
min).

The samples were divided into four batches (23 samples/batch), each sample was analyzed
in duplicate, and each batch included ten standards (five dilutions, each in duplicate). The
standards were prepared as above with pH 7.2 phosphate-buffered saline substituting for
plasma, the same amount of internal standards, and increasing amounts of kynurenine (0, 50,
100, 200, and 400 pmol) and tryptophan (0, 1.25, 2.5, 5, and 10 nmol). The data from the
standards was used to construct standard curves in which the ratio of peak intensities
(ordinate; kynurenine/2Hs-kynurenine or tryptophan/2Hs-tryptophan) was plotted against
amount of kynurenine or tryptophan (abscissa); the kynurenine and tryptophan content of
each sample was interpolated from the respective standard curves. The values for the
duplicate samples were averaged. The limit of detection for kynurenine and tryptophan was
around 50 fmol injected.
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Humoral Immune Responses

Frozen serum samples drawn at baseline, week 5 and week 15 were shipped on dry ice to
Seramatrix Corp. (Carlsbad, CA) and tested for antibody reactivity against 34 different
putative tumor-antigens, namely CABYR, CSAG2, CTAG1B, CTAG2, CYCLINB1,
CYCLIND1, GAGEL, HER2, HSPA4, HSPD1, HTERT, LDHC, MAGEA1, MAGEAS,
MAGEB6, MICA, MUC1, MYCPB, NLRP4, P53, PBK, PRAME, SILV, SPANXAL, SSX2,
SSX4, SSX5, SURVIVIN, TRIP4, TSSK6, TULP2, WT-1, XAGE and ZNF165. A positive
score was returned for any measurement that was above 2x the 25t percentile of all
antigens, patients and time points.

Statistical methods

Twenty-eight patients with metastatic breast cancer were to be randomized within each of
the two study sites (NYU and UCLA) to arm 1 or arm 2 and were to be followed for
evaluation of abscopal responses based on irC at 15 weeks. Each arm is considered
separately in this report. With 14 patients in a single arm, we could test the null hypothesis
that the abscopal response rate is less than or equal to 2% versus the alternative that the
response rate is 20% or greater with a power of 80% and 2-sided alpha=0.032 (target=0.05)
using a single stage design (calculations from PASS, NCSS, 2008). If we observed 2 or more
abscopal responses in these 14 patients, we could conclude that the dose/schedule of the arm
is feasible.

The baseline characteristics of patients were summarized using descriptive statistics.
Fisher’s exact tests were used to compare the distributions of the qualitative variables
between the two arms, and two sample t tests were used to compare the means of the
quantitative variables between the two arms. No adjustments for multiple testing were used.
The overall survival of patients in the two arms was compared with a log-rank chi-square
test and the hazard ratio of the two groups was provided with 95% CI.

A repeated measures analysis of variance was used to assess differences between patients for
each serological marker at baseline and for each patient over time of treatment, expressed as
log, fold changes (logy[value/value at baseline]). Longitudinal immune responses for each
patient were assessed in the context of survival data and summarized through quantile
regression and compared as cohorts of the 2 treatment arms with the Wilcoxon test.
Statistical significance was at the 5% level.

RESULTS

Study patients

Among 53 patients who were screened 24 were eligible and 23 were randomized in the
study: 16 at NYU and 7 at UCLA. One patient withdrew consent before entering the study.
Reason for exclusion of 29 patients included ascites, unstable brain metastases, ongoing
anticoagulant therapy, poor liver function, and only one site of measurable disease. The trial
stopped after 23 patients were accrued because fresolimumab was no longer available.
Among the 23 patients who were treated 11 were randomized to 1mg/kg of fresolimumab
(arm 1) (8 at NYU; 3 at UCLA) and 12 to 10mg/kg (arm 2) (8 at NYU, 4 at UCLA) (Figure
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1). There were no significant differences in the distributions of the baseline patient
characteristics, between the two arms (Table 1). All patients’ tumors had demonstrated
progression to at least two previous treatment lines (range 2-7).

Toxicity of combined radiotherapy and fresolimumab

For both arms toxicity was acceptable. Overall, 7 Grade 3-4 adverse events possibly related
to treatment occurred in 5/11 patients in arm 1 and in 2/12 patients in arm 2, respectively.
The only grade 4 toxicity was fatigue, observed in 1 patient in each arm. Grade 3 toxicities
occurred in 4/11 patients assigned to arm 1 but and consisted of liver enzyme elevations in 3
patients and anemia in 1 patient. Fatigue was the only grade 3 toxicity among the 12 patients
in arm 2 (Supplementary Table S2). Grade 1 skin lesions, in the form of keratoacanthoma or
“keratoacanthoma-like” squamous cell carcinomas (Figure 2) were observed in 2/23 patients
and occurred only among patients assigned to the higher dose of fresolimumab.

Response to combined radiotherapy and fresolimumab

Objective responses were limited to stable disease in 1 patient in arm 1 and 2 patients in arm
2. Figure 2 describes one patient with stable disease who had triple negative breast cancer
that had progressed after 5 lines of chemotherapy. The first radiation course during
fresolimumab treated a liver metastasis, and the second course a breast metastasis. At week
15, the patient achieved a 28% reduction of un-irradiated lesions without any new lesions,
consistent with a limited abscopal response during irSD. She maintained stable disease for
12 months, until she succumbed to AML, likely anthracycline-induced based on
cytogenetics assessment.

Despite the general lack of abscopal responses, patients in arm 2 had significantly lower risk
of death compared with arm 1 (HR arm 1 to arm 2: 2.73 with 95% ClI: 1.02, 7.30; p=0.039)
(Figure 2F). There were 11 deaths in arm 1 and the median survival time in this group was
7.57 months (95% CI: 1.67, 14.93 months); and there were 9 death events in arm 2 and the
median survival time was 16.0 months (95% CI: 1.57, 55.03 months).

Basic blood composition

Most patients had PBMC’s counts that were well below the healthy cohort (Supplementary
Figure S4A), median (med) and interquartile range (IQR) 0.9+0.48 vs 1.9+0.45; p=0.001)
although still within normal range (0.8-3.2x108/ml). Interestingly, 7/9 patients in the
10mg/kg-arm responded with stable or rising PBMC counts whereas only 5/10 did when
treated with 1mg/kg (W=70.0/p=0.051, Figure 3A).

Tumor-specific CD8" T cells

Survivin was chosen as a surrogate universal tumor-specific antigen. Of 22 patients available
for immune monitoring, 11 (50%) were HLA-A*0201 positive and therefore eligible for the
multimer binding assay as were 6/11 healthy controls (54.5%). One patient (NO1) had a
significant treatment delay of almost 9 months before starting again with the full course
(NO1%*), which led to repeated blood draws at baseline and week 2. In total, there were 12
samples at baseline, 10 samples each at week 2 and 5, and 5 samples remaining by week 15.
The threshold for positivity was based on healthy controls having a med/IQR of survivin-
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reactive CD8* T cells of 0.12+0.06% (Figure 3B). At baseline, excluding one who did not
go past week 2, there were 3/11 patients (27%), namely NO1, NO3 and NO5, all in the
1mg/kg GC1008 arm, who had pre-existing levels of survivin-reactive CD8* T cells above
the threshold which increased further during treatment in a couple of cases. The third
patient, NO5, experienced a transient decline in survivin-specific CD8* T cells during the
trial before returning to near pre-treatment levels by week 15. The majority of patients
maintained survivin-specific CD8" T cell levels within the normal, negative range
throughout the course of treatment with the exception of patients N02, NO3, N014 and U03
who had positive values at least at one point, either during or at the end of treatment (Figure
3B), although such responses were weak compared to those with pre-existing levels.

A small number of patients (6) were tested for reactivity towards other, putative tumor
antigens Muc-1, Her2/neu and Jarid1B (Supplementary Table S3) (31-36). Remarkably, 4/5
patients (80%) had pre-existing T cell reactivity against JARID1B considering the healthy
volunteer’s values as the lower limit (0.11+0.02%, see above). The frequency of these cells
appeared to fluctuate significantly during treatment but remained above the threshold for the
most part (Supplementary Figure 4B). Only two patients (40%) had anti-Her2 T cell
reactivity at baseline (N10 and U07, cut-off=0.17%), and both fell progressively during
treatment. Meaningful Mucl-specific T cell levels (cut-0ff=0.17%) could be detected in two
individuals before treatment (N10 and N14) but only one patient (N14) was able to respond
with a transient Muc-1 T cell spike at week 2. In fact, patient N14 appeared to respond with
a transient rise in tumor-specific T cells for all 4 tumor antigens (Supplementary Table S3).
Clearly, the number of patients in each treatment arm is insufficient to evaluate any epitope
spreading.

Humoral responses

Antibody-responses against 34 putative tumor-antigens were limited in this set of patients
and they mostly failed to change significantly following treatment (Supplementary Table
S4). Four patients had pre-existing responses to >5 of these antigens. Two of these patients,
namely NO9 and NO3 significantly decreased their tumor-specific antibody load with time
and both were in the 1mg/kg arm. Of the remaining 11 patients who started with low
antibody reactivity, 3 increased in responsiveness to a score of >1 and all 3 had received
10mg/kg doses (U03, N11, and U05). Of note, the 2 patients who converted to positive
survivin-specific responses in the tetramer analysis (U03 and NO2, Figure 3B) also had
rising survivin antibody titers (not shown). Patient NO3 had both high pre-existing survivin-
specific T cells (Figure 3B) and pre-existing survivin-reactive antibodies (not shown) but T
cell and B cell responses against survivin were generally not correlated (not shown).

Memory subsets

Analysis of 10 patients for CD45RA and CCRY expression revealed the classic T cell
differentiation along the naive-effector-memory axis, with many effector cells in the CD8
compartment (Figure 3C) but relatively few in the CD4 T cell pool (Figure 3D). Perhaps the
most striking finding in the 10mg/kg fresolimumab treatment group was an increase in the
memory pool, especially of the central memory type. This came largely at the expense of
effector CD8 cells and stood in stark contrast to the responses in the 1mg/kg arm where the
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memory pool began to diminish relative to a rising effector pool (Figure 3E) (1mg vs 10mg,
week 0-2: CMW=16.0/p=0.027; EMW=15.0/p=0.014 and Effector W=10.0/p=0.014; week
0-5: CMW=10.0/p=0.021; EMW=10.0/p=0.021 and Effector W=10.0/p=0.021). This was
echoed by similar tendencies in the CD4 compartment, although here there was less
consistency (Figure 3F).

Regulatory networks

Powerful regulatory networks exist to moderate immune responses and can mirror immune
activation, both in timing and magnitude. Enumeration of suppressor subsets is not restricted
by HLA and therefore more samples (19 in total and 20 response patterns because of NO1’s
treatment delay) were available for analysis, increasing statistical rigor. For most patients
baseline levels of T regulatory cells (Tregs) were below those of 11 healthy volunteers
(med/IQR 2.55+1.57% vs 4.6+1.5%; p<0.001, Figure 4A). Many showed an early rise 2
weeks after treatment initiation (2.84+0.378 vs 3.93+0.454; p=0.005, Figure 4B), which was
more common in the 10mg/kg-arm (6/7; 86%) compared to 6/11 (55%) in the 1mg/kg arm
(W=73.0/p=0.004; Figure 4B). This is also reflected in the extent of co-tracking for Tregs
alongside survivin-reactive T cells, which appeared more common in the higher antibody
dose group (Figure 4C).

Suppressor cells of the myeloid compartment followed a pattern diametrically opposed to
Tregs. Most patients in the 10mg/kg group (5/7; 71%) responded with declining monocytic
myeloid-derived suppressor cells (MMDSCs) within 2 weeks whereas only 36% (4/11) of
patients in the 1mg/kg group (Tregs/mMDSC ratio, W=80.0/p=0.026 week 0-2 and W=48.0/
p=0.036 week 0-5, Figure 4D). In other words, 64-75% of all patients had Treg and mMDSC
trends that contrasted one another, at least initially (Supplementary Figure SSA-C). The
early treatment-related decline in MDSCs was also true for the granulocytic subset
(gMDSCs) regardless of the drug dose given (13/18, 72%, Figure 4E). The overall levels of
gMDSCs varied widely at baseline around a med/IQR of 0.54+1.23% for all patients
(Supplementary Figure S5B), which was somewhat above what was seen in healthy
volunteers (0.36+0.21%; p=0.53).

L-Tryptophan catabolism

Activity of indoleamine 2,3-dioxygenase (IDO) or tryptophan 2,3-dioxygenase (TDO)
results in a deficit in L-tryptophan and an excess in kynurenine which is commonly observed
in cancer patients, presumably decreasing their T cell viability and function. The balance of
plasma tryptophan and kynurenine can be a biomarker for disease activity and response to
therapy but also a gage of general inflammatory status. Carefully collected plasma in highly-
inert CTAD-tubes allowed us to detect L-tryptophan and kynurenine at the expected micro-
molar range of 20-98uM and 2-9uM, respectively (Supplementary Figure S6A). Samples
were analyzed in two separate batches according to the study location and varied
significantly. Patients treated at UCLA tended to have higher L-tryptophan and lower
kynurenine than NYU’s patients, resulting in lower kynurenine-to-L-tryptophan ratios at
baseline (Supplementary Figure S6A bottom). Reasons for this difference are not clear.
Regardless of location and/or treatment arm, the majority of patients responded with an early
and progressive fall in plasma levels of L-tryptophan (Supplementary Figure S6B top, mean
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61.3+3.13 vs 51.91+4.09 vs 43.48+4.4; p=0.003). Many, but not all, patients had a
concomitant decline in kynurenine and those that did not were all treated at NYU
(Supplementary Figure S6B middle, mean=3.53+0.52 vs 2.91+0.44 vs 2.89+0.45; p=0.025).
Ultimately, it is the balance between these metabolites that determines the extent of immune
suppression and the proportion of patients showing an encouraging shift of this balance in
favor of L-tryptophan and presumably lessened suppression was higher in the 10mg group
with 5/7 (71%) falling K/T ratio at week 2 versus 6/11 (55%) in the 1mg group, though
outside statistical significance (Supplementary Figure S6B bottom).

Summary of response patterns

The aim to find patterns of responses within complex immune monitoring data can be
rewarding and challenging in equal measures. In an attempt to dissect the impact of
treatment on each endpoint we used polar graphs to provide a summary of the most striking
and consistent response patterns (Figure 5). This gives us a bird’s eye view of the median
relative change for each endpoint between 0-2 weeks (Figure 5A) and 0-5 weeks (Figure
5B). Clearly, trends in Tregs (W=73.0/p=0.004), in the Tregs/mMDSC ratio (W=80.0/
p=0.026), in central memory CD8s (W=16.0/p=0.027), effector CD8s (W=10.0/p=0.014), in
the ratio of kynurenine to tryptophan (n.s.) and in PBMC counts (W=70.0/p=0.051) yielded
some of the biggest differences between the treatment arms.

DISCUSSION

Many tumors make large amounts of TGFf that is highly immunosuppressive and
effectively blocking of TGFp is as a result challenging. Targeting TGFp function is even
more difficult due to the diverse roles this cytokine plays. The rationale to examine TGFf
blockade by antibody in the context of metastatic breast cancer irradiation came from
preclinical studies that suggested increased potential of /7 s/tutumor vaccination and
abscopal effects at distant tumor (26).

Clinical response was limited to stable disease in three patients. The general lack of abscopal
responses (the main endpoint of the trial) implies that, at this advanced stage of breast cancer
other barriers prevent immune-mediated tumor rejection. However, overall median survival
was longer for patients who received the higher dose of fresolimumab, compared to those
randomized to 1mg/kg, without increased adverse events at the higher dose. Interestingly,
among these women keratoacanthomas occurred, demonstrating an association of the higher
dose with subversion of the TGFB physiological role, as demonstrated before (24, 39, 40).
Genetic variants in the TGFBR1 gene have been associated with multiple self-healing
squamous epithelioma (MSSE), an autosomal dominant skin disease that predisposes to
squamous carcinomas incidence, that then spontaneously resolve (41). The
keratoacanthomas in the patients of this trial also resolved once fresolimumab was
discontinued.

The difference in median overall survival associated with the higher dose needs to be
interpreted with extreme caution, since the number of patients in this study was small and
there was no control arm with best of standard care. In spite of these caveats, several
interesting findings emerged from monitoring the immune status in these patients.
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The detailed immunological analyses shown here indicated that patients in the 20mg/kg arm
responded to TGFB blockade with an early, almost uniform rise in circulating Tregs. This
may seem counterintuitive because TGFp is known to support the survival and maintenance
of Tregs, but it does so while also inhibiting their proliferation (42). The Treg levels
appeared to be oscillating in our patients, which may have been due to the concomitant loss
in survival cues necessary to maintain their levels or due to intermittent recovery in TGFp.
Whether such Treg spikes relate to inadequate anti-tumor immunity and poor outcomes, as
one would expect in breast cancer, remains to be determined (43, 44). Our results also
suggest that TGFP blockade may have interrupted the IDO-Treg-MDSC axis that tends to
move in unison when driving systemic immune suppression (45). Even though circulating
levels of tryptophan fell and Tregs rose in most patients, suggestive of heightened IDO/TDO
activity, this appeared to be uncoupled from the shrinking MDSC pool, especially in the
10mg/kg arm. That there is a cross-talk between Tregs and MDSCs has been suggested by
others (46) but how much this depends on TGF is unclear. Our data suggest it may provide
that link. TGFP undoubtedly drives an extensive regulatory network that strictly controls
central T cell development and tolerance as well as T cell homeostasis and differentiation in
the periphery (42).

Perhaps one of the most intriguing findings of this study pertains to T cell homeostasis and
differentiation and the fact that high-dose anti-TGFp antibody boosted the CD8 memory
pool, especially the central memory type, to the detriment of T effector cells. Similar
findings have been reported in preclinical tumor models where genetic targeting of TGFp
signaling promoted memory T cell development locally as well as systemically (47). The
notion that TGF puts a limit on central memory development in human blood is not new
and clearly speaks to the crucial role this pleiotropic cytokine plays in T cell homeostasis
(48), but it is interesting that this can be seen in humans undergoing TGFp blockade. T cell
inflammation of the memory type also correlates with better prognosis in colorectal cancer
presumably through stronger recall responses (49). In fact, it seems that CD8 memory T
cells infiltration into the tumor site might be part of what is needed to turn an
immunotherapy patient into a responder (50).

It is tempting to ascribe the difference in median overall survival between the 10mg/kg arm
and the 1mg/kg to the immune effects in supporting a memory CD8 T cell response and
decreased MDSCs. In reality the limited patient pool and their relatively short survival times
overall make this debatable. In spite of the altered immunity, it is also clear, that blocking
TGFp alone is unlikely to be sufficient in controlling tumor growth even when combined
with radiation and that this approach is likely to be but one element within a cohesive,
multimodal therapeutic strategy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

Many human tumors present with an active TGFp signature that drives a therapy-resistant
phenotype with an increased propensity for epithelial-mesenchymal transition, and for
immune escape. This study asked whether TGF blockade in combination with local
radiation in patients with metastatic breast cancer could improve survival and the immune
landscape. A multicentric prospective pilot trial randomized chemo-refractory metastatic
breast cancer patients to two doses of fresolimumab (1 or a 10 mg/kg), and focal

radiation to one metastatic site. Favorable changes in circulating PBMC levels, and in
memory CD8 T cells coincided with median overall survival benefits of the patients
treated at the higher dose. Combining radiation with sufficient TGFp blockade can create
a systemic immune landscape that might allow T cells to escape the suppressive grip of
TGFp.
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Figure 1.
Consort Flow Diagram.
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Figure 2. Responseto treatment
(A-E) Example of response and skin toxicity. A 69 y.o. caucasian woman with TNBC, who

had progressed after five lines of systemic chemotherapy was randomized to arm 2. (A)
PET/CT before treatment, showing the lesion in the liver that was chosen for irradiation on
week 1 (red circle). (B) PET/CT on week 5, and breast metastasis that was chosen for
irradiation (red circle) on week 7. (C) Abscopal response in left axilla and bilateral iliac and
inguinal nodes, without new lesions, irSD (28%), last PET/CT on week 15. (D)
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Development of skin keratoacanthomas during treatment. (E) Resolution of skin
keratoacanthoma at week 15. (F) Overall survival by arm of the study

Clin Cancer Res. Author manuscript; available in PMC 2019 June 01.

Page 18



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Formenti et al. Page 19

A _
N8 E
e s, $ie-
= + =
£ =4 2 NOS fmg g 1 Snos |
=3 §
2s WP 0N N3 & 1] >§ * X SN
8 04— P .'.2,(4 .. BNl4 S = 0.5 G * NO?
) & U0t s 5 LA & Noa
= NP < U4 22 0.4 Fol & N15 | 10mg
D E e = g3 i i Lo3
2 b -14 « NO2 g&E 0.3 ;] L) < Uo7
O = NO4 < o\
9= & NO6 $ o0z ] ,,E‘ healthy
-2 2] :m% i0mg ® 0.4 ® '-"“1" controls
s ug3 |19 ’ Qg:fé:::é*\g
T e § i3m b T 2 s % o oz s
0 2 5 15 0 2 5 15 < U07 | time [wk]
time [wk]
c — ranked by increasing survival D —p ranked by increasing survival
1004
;Q, 75 +E &
Q 50 O 50;
S S
= 25 R 259
0 H Naive 0
UO1 NOB UO2 N14 N10 N13 UOS UD4 UOS N15 Ni1 UOT & UO1 NOB U2 N14 N10 N13 UOS UO4 UDS N15 N11 UO7
mg 10mg 10mg 1mg 1mg 1mg 1mg 1mg 10mg 10mg 10mg 10mg EE;::;[";'““’Y 1mg 10mg 10mg 1mg 1mg 1mg 1mg 1mg 10mg 10mg 10mg 10mg
r Memory
B Effector
E F 1mg Fmab 10mg Fmab
1mg Fmab 10mg Fmab cD8 i i CD4
F 1 F ' UO1 N14 N10 N13 U04 U022 UDE N156 N11 U07
U01 N14 N10 N13 UD4 UDZ UOS N1 N11 U07 b
- LR
1 A/ o.0a Fa¥ . - V/\‘\I'!
Vd i1 I B A piat N o \ N
\ 'V ¥ v V o]
2 s
1 r ' ool / /J
+ SRS ., 5 Ir}- A,
T 1Y
J [ N /N/\ cM o] L3 ™ g cM

1.0y

e rialll ial IMA

0.5

+ w3

:/ r[‘j\. I S
AL VV\ W e

VB INIg SHEg Uiy Snig Sndg Endg SAlg SNIy SNg SnIg

log, fold change to baseline
=
<
/
T
E
log, fold change to baseline
H

= \v\'\ﬁ\\“\.ﬂ

T TRIE SHAE SRAT SAEE EAT SRTE IHIE SAIE

r
[ 4

time [weeks] time [weeks]

Figure 3. Effect of TGFB blockade on PBMC levels, survivin-reactive CD8" T cells, and memory
T cells
(A) Individual log2 fold changes in PBMC levels relative to baseline in patients receiving 1

or 10mg/kg fresolimumab. (B) Tetramer binding data are shown as % survivin-positive
CD8+ T cells over the course of a 15 week treatment. The presumed threshold of median +
IQR of n=11 healthy control levels is indicated in gray. (N=NYU patient; U=UCLA patient;
black=1mg and red=10mg fresolimumab, green=11 healthy donors. NO1 and NO1* indicates
repeated draws at week 0 and week 2 due to significant treatment delay). (C-F) T cell
differentiation was assessed within each CD4+ or CD8+ T cell pool giving naive (N,
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CCR7+CD45RA+), central memory (CM, CCR7+CD45RA-), effector memory (EF, CCR7-
CD45RA-) and effector cells (E, CCR7-CD45RA+) T cells. Data are shown as individual
baseline values ranked according to survival in C) the CD8+ compartment or D) the CD4+
compartment or as log2 fold change to baseline in E and F respectively.
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Figure 4. High-dose TGFp blockade combined with radiation reducesregulatory networks

within the myeloid compartment while boosting Tregs

A) Data are % of CD4 cells that highly express CD25 while being low or negative for

CD127 as individual points or B) as log2 fold change to individual’s baseline values.

C)

Individual log2 fold changes in CD4+ Tregs side-by-side survivinreactive CD8+ T cells
changes in patients ranked according to increasing survival within each treatment arm. D)
Myeloid cells with the monocytic (CD14+DR-CD16-) or E) the granulocytic (CD15+DR-
CD14-CD11b+) myeloid-derived suppressor cell profile are shown as relative change over
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time to individual’s baseline values. (N=treated at NYU; U=treated at UCLA, black=1mg
and red=10mg fresolimumab, green=11 healthy volunteers)
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Figure5. Systemic TGFp blockade and local hypofractionated radiation evoke immunological
response patternsthat correlate with antibody dose

Polar graphs illustrating the median log2 fold changes during A) week 0-2 and B) week 0 to
5 for those endpoints that were different between treatment arms (gray circle = 0 (baseline),
>0 increase; <0 decrease, solid red line =10mg fresolimumab; dotted black line = 1mg
fresolimumab).
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