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ABSTRACT

ARTICLE HISTORY

A high concentration of circulating vascular endothelial growth factor (VEGF) in cancer patients is
associated with an aggressive tumor phenotype. Here, serum levels of 27 cytokines and blood cell counts
were assessed in breast cancer patients receiving neoadjuvant chemotherapy with or without
bevacizumab (Bev) in a randomized cohort of 132 patients with non-metastatic HER2-negative tumors.
Cytokine levels were determined prior to treatment and at various time-points. The cytotoxic
chemotherapy regimen of fluorouracil, epirubicin, and cyclophosphamide (FEC) had a profound impact on
both circulating white blood cells and circulating cytokine levels. At the end of FEC treatment, the global
decrease in cytokine levels correlated with the drop in white blood cell counts and was significantly
greater in the patients of the Bev arm for cytokines, such as VEGF-A, IL-12, IP-10 and IL-10. Among patients
who received Bev, those with pathological complete response (pCR) exhibited significantly lower levels of
VEGF-A, IFN-y, TNF-o and IL-4 than patients without pCR. This effect was not observed in the
chemotherapy-only arm. Certain circulating cytokine profiles were found to correlate with different
immune cell types at the tumor site. For the Bev arm patients, the serum cytokine levels correlated with
higher levels of cytotoxic T cells at the end of the therapy regimen, which was indicative of treatment
response. The higher response rate for Bev-treated patients and stronger correlations between serum
cytokine levels and infiltrating CD8T cells merits further investigation.
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Introduction

The tumor microenvironment considerably influences tumor
progression and clinical outcome.' Immune cell infiltration has
been associated with disease progression, estrogen receptor
(ER) activity, and genomic complexity in breast cancer
patients.” We and others have further demonstrated that
immune responses in breast adenocarcinoma and adjacent
normal tissue are dependent on patient age and estrogen
availability.” Characterizing the relationship between a tumor
and its microenvironment will increase our understanding of
cancer pathogenesis.*

Analyses of interactions between tumor cells and the immune
system may have prognostic value in the assessment of patient
survival and treatment response.” However, it remains challeng-
ing to accurately measure the extent of immune cell infiltration
into a tumor. In addition, immune cells can mediate both pro-
tumorigenic and anti-tumorigenic effects.*”

Factors secreted by stromal, immune, and/or tumor cells may
affect the composition of a patient’s serum. As such, these fac-
tors may represent interesting targets in the detection of cancers
or in the monitoring of pathogenesis. Cytokines and chemokines
are small molecules (10-30 kDa) which regulate the develop-
ment, maturation, localization, interactions, activation, and life
span of immune cells.®'° Furthermore, cytokines play an essen-
tial role in regulating both adaptive and innate immunity. It was
recently demonstrated that assays which facilitate a multiplex
format and high-throughput analysis of cytokine concentrations
in biomaterials, such as those that employ Luminex technology,
can help monitor the immune system and provide exceptional
insight into disease pathogenesis and immunity.""

Vascular endothelial growth factor type A (VEGF-A) is a
key cytokine produced by both normal cells and tumor cells
and it regulates angiogenesis, as well as vascular permeability,
by activating two receptors: VEGFR-1 and VEGFR-2.">"? Both
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receptors are present on the plasma membrane of endothelial
cells and their expression is regulated by hypoxia.'

In the serum of cancer patients, including breast cancer
patients, a marked increase in VEGF-A and its receptors’
levels has been found to be an indicator of poor
prognosis.'>'® Therefore, it has been proposed that target-
ing of VEGF-driven angiogenesis in combination with
standard chemotherapy in a neoadjuvant setting may
improve patients’ prognosis.'” Recently, two trials using
bevacizumab (Bev): MERIDIiAN and GeparQuinto investi-
gated whether plasma level of VEGF-A or SNPs in VEGF-
A pathway may be predictive biomarkers for Bev efficacy
in breast cancer.'®'® However, the overall benefit of such
a combinatorial therapy has been difficult to interpret due
to variability in patients’ treatment response.'®**?* For
example, the NSABP B49 trial found that Bev significantly
increased overall survival of patient with advanced HER2-
non-amplified invasive breast adenocarcinoma.** While,
the GeparQuinto trial studies reported that for HER2 neg-
ative breast tumors, Bev improved pathological complete
response (pCR) but not disease-free survival.>’

Consequently, a defined need exists for the identification of
markers which can help predict and improve our understand-
ing of patient response to antiangiogenic therapy. It has been
observed that antiangiogenic therapy affects the immune sys-
tem and endothelial cell migration,'*?® as well as plasma levels
of cytokines, including IL-10 and transforming growth factor
(TGF)-ﬂ.28’29

Using Luminex technology, we systematically assessed the
levels of 27 cytokines and chemokines in the serum of breast
cancer patients in a randomized phase II neoadjuvant trial.
This trial compared response to treatment with chemotherapy
in combination with or without Avastin (bevacizumab (Bev);
Neo-Ava; ClinicalTrials.gov: NCT00773695).*° We measured
serum cytokine levels at diagnosis, during surgery, and at key
time points during each treatment course. These data were ana-
lyzed according to clinical parameters such as treatment type
and patient response. In addition, cytokine concentrations
were correlated to the counts of circulating white blood cells
(WBCs) and cells inferred to be infiltrating immune cells.

Results
Cytokine co-expression during therapy

Serum levels of 27 cytokines were measured in breast cancer
patients at four time points during a neoadjuvant clinical trial
(chemotherapy with or without Bev).

Initially, a co-expression analysis was performed on the
measured cytokines. Heatmaps for Spearman rank correlations
were generated to visualize the degree of cytokine association at
each time point (Fig. 1). Independent of treatment arm, groups
of cytokines were found to be highly correlated in the serum of
breast cancer patients at each time point (Fig. 1). Co-expression
between cytokines may indicate a common role for these cyto-
kines in regulating inflammatory and immune responses.

In the combination treatment arm (e.g. chemotherapy +
Bev), the number of significant (Bonferroni corrected) correla-
tions between the 27 cytokines decreased between screening: (n

= 160) and 12 weeks (n = 128). Then in the Bev arm, the num-
bers of significant correlations gradually increased (12 weeks:
128, 25 weeks: 157, 31 weeks: 205). By week 25, 21 out of 27
cytokines were significantly correlated (Fig. 1E). At week 31
(6 weeks after therapy), correlations among the 27 cytokines
remained high in this arm (Fig. 1G). These results indicate that
Bev therapy may have profound effects on the immune system
and cytokine levels.

In the chemotherapy-only arm, we observed a different
behavior of cytokine correlations during treatment: the
number of significant inter-correlations (Bonferroni cor-
rected) increased from week 0 to week 12 (Fig. 1, A and B;
screening (n = 128), 12 weeks (n = 179) and then
decreased between 12 (n = 179) and 25 weeks (n = 146).
These results further suggest that remodeling of the
immune system occurred in response to the cytotoxic effects
of FEC therapy within the first 12 weeks of treatment and
may be affected by addition of Bev.

Overall, the co-expression analysis of serum cytokine levels
suggests that FEC treatment reshaped the immune response by
the end of the 12-week treatment regimen. Furthermore, these
effects were more prominent in the patient group receiving
Bev, as demonstrated by the continuously increased cytokine
co-expression up until week 31.

Changes in cytokine levels at two successive time points

To assess changes in cytokine levels according to chemotherapy
type, differences between cytokine levels at two successive time
points were examined (Fig. 2 and Table 1).

Between the initial time point (screening) and 12 weeks after
FEC =+ Bev, the levels of most of the cytokines examined
decreased in both treatment arms. Most notably, when consid-
ering samples from both arms, IL-17A and PDGF-BB concen-
trations significantly decreased (P = 0.014 and P < 0.001
respectively; Fig. 2A and Table 1). Levels of VEGF-A also
decreased when considering samples from both arms (P =
0.022, Fig. 2A and Table 1), yet this result is driven by the
important decrease in VEGF-A in the combination (Bev) arm
of treatment. In general, the decrease in cytokine levels after
FEC administration may reflect a global loss of circulating
leukocytes.

While the levels of most of the cytokines decreased in both
treatment arms during the first treatment period (i.e. between 0
and 12 weeks), after treatment with taxane & Bev (between 12
and 25 weeks), PDGF-BB and IP-10 levels increased in both
arms (P = 0.001 and P < 0.001 respectively; Fig. 2B and
Table 1). In addition, treatment-arm specific variations in cyto-
kines levels were observed during the second treatment course.

Six weeks after the completion of neoadjuvant treatment (i.e.
between weeks 25 and 31), the levels of IL-10 increased in both
treatment arms (P = 0.055, Fig. 2C and Table 1).

Blood cell counts during treatment

These initial results led us to hypothesize that the global
decrease in serum cytokine levels observed at 12 weeks was
due to the cytotoxic effects of FEC chemotherapy on
immune cells. Hence, we assessed the changes in blood cell
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Figure 1. Co-expression of 27 cytokines in the serum of breast cancer patients during therapy. Correlation heatmaps assess the strength of correlation between the 27
cytokines measured by the Luminex assay. Correlations are assessed by Spearman rank test, only significant correlations (Bonferroni corrected P < 0.05) are shown. An ini-
tial correlation heatmap included cytokine levels is shown for all samples at screening (A, n = 88). Both arms of the randomized control trial are represented: left panel:
chemotherapy, right panel: Combination (+ Bev) arm at the different time points of measurement, (A, week zero) pre-treatment; (B & C, week 12, n = 41 and 44) after
FEC therapy; (D & E, week 25, n = 40 and 40) after taxane; and (F & G, week 31, n = 45 and 45) six weeks after surgery.

counts. Circulating white blood cells (WBCs) and neutro- weeks 12 and 25 (Fig. 3C). Similar observations were made
phil counts significantly decreased between the initial when the patients were subdivided according to treatment
screening and the end of therapy at 25 weeks (Fig. 3, A and arm or response to treatment (Supplementary Fig. 2). To
B, respectively). In contrast, platelet counts increased further investigate the relationship between circulating
between week 0 and week 12, and then decreased between immune cells and serum cytokines, we correlated serum



e1457598-4 (&) S.JABEENETAL.

1.44 A Bl Chemo [ Chemo +Bev
i
Q
3§
E§0.4-
c 0-
£9
£ ~-0.6 -
o —
< *
-1.6 I L L L D D D D D O D e e D D e e
______________ mToO0 S VA<
CEREGGUKGESEEEC0RS2RE2208 2R
@ 5 eNWUuNE TRTToSPPOZTO
> »X T IO RppRpT=HsT
5 ] voolf " »
o
144 B @ Chemo [0 Chemo + Bev
o _ |
23 x X
v @
2 § 04 i i&m& IJII
[ V]
c 0- dip
EN LY L& & w "P“’ff
o 1
-0.6-
S8
<
& T T 1T 1T T T T T T 1T 1T T T T T T 1T 1T T T T1TT
—————————————— mTToO0 S VO H<
CEREGRSEEESEEEga22ZR35508 2R
© 5 oNwuNg TR Tol3PPazTO
> > X om0 HHI—IT';QTI
3 k4 Do oy P
o
C ] Chemo [l Chemo + Bev
234
EA
[T
> = J
281.3
3 3 E‘ j
c
< ~ 0.3 j ‘* # JI
£ 0 rh+-5=+ S b ‘*ﬁﬂ' r.'im{-.,? b P B 4
i
G & 0.7
<Q
-1.7
LL.‘LLLLLLLL_LL,{,J"&’&,LLII‘JU,IULE
EEREGGSGkGEEEEES O RS ZREEE052R
e oNwuNST TRTToSPPOZTO
> X om0 REppTHs T
S Lo mu‘gm >

Figure 2. Changes in serum cytokine levels between two consecutive time points. Differences in cytokine levels between two successive time points are presented as bar-
plots in both treatment arms, (A) Differences between 0 and 12 weeks, n = 85, (B) between 12 and 25 weeks n = 80, (C) between 25 and 31 weeks, n = 80. Error bars
represent =+ 1 standard deviation. * P < 0.05 (FDR adjusted P < 0.1), t-test showing significant differences of cytokine levels between two time points independently of

the treatment arm.

cytokine levels and blood cell counts across all patients
within a treatment arm and at a given time point. At the
initial screening, no or negative correlations were observed
between cytokine levels and blood cell counts (Fig. 3D). In
contrast, significant positive correlations were observed
between WBC and cytokine levels at 12 weeks in both treat-
ment arms (Fig. 3E), suggesting that the decrease in both
WBC and cytokine levels between 0 and 12 weeks could be
interrelated. After 25 weeks of treatment, different patterns
of correlations between WBCs and cytokines were observed
according to treatment arm, which suggests that a global

depletion of WBCs because of FEC administration was fol-
lowed by further reshaping of the immune response during

taxane treatment.
Taken together, these results indicate that FEC chemother-

apy drastically decreased the counts of circulating leukocytes in
the cohort examined, affecting cytokine levels.

Effect of Bev on serum cytokine levels

We next wanted to test the hypothesis that Bev may induce spe-
cific changes in cytokine levels (Table 2).
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Table 1. One-way ANOVA to compare log cytokine levels between time points of treatment, independent of treatment arm (F-tests). Cytokines with FDR-adjusted p-val-
ue<0.1 in the global three-way ANOVA with time points, treatment arm and treatment response as factors (and TNF-alpha in addition) are highlighted. Only these
highlighted cytokines are investigated further in post-hoc tests, if the ANOVA F-test was significant (p < 0.05).

Post-hoc p-values”

Global three-way ANOVA

Cytokines ANOVA p-value Oto12W 12t0 25W 25t031W Raw p-value® FDR-adjusted p-value®
IL1B 0.843 0.503 0.679
IL1-RA 0.792 0.539 0.693
L2 0.115 0.062 0.152
L4 0.373 0.025 0.075
IL5 0.79 0.013 0.044
IL6 0.856 0.716 0.773
IL7 0.388 0.079 0.178
L8 0.819 0.487 0.679
IL9 0.722 0.343 0.579
IL10 0.018 0.472 1 0.055 0.006 0.023
IL12 (P70) 0.042 0.16 1 1 <0.001 <0.001
IL13 0.327 0.255 0.492
IL15 0.983 0.955 0.955
IL17-A 0.024 0.014 0.356 1 0.037 0.1
Eotaxin (CCLT1) 0.666 0.131 0.272
FGF-basic 0.657 0.485 0.679
G-CSF (CSF3) 0.002 0.014 1 0.299 0.004 0.022
GM-CSF (CSF2) 0.806 0.649 0.762
IFN-gamma 0.207 0.006 0.023
IP10 (CXCL10) <0.001 1 <0.001 0.598 <0.001 <0.001
MCP-1 (CCL2) 0.451 0.627 0.762
MIP-1a (CCL3) 0.676 0.317 0.571
MIP-Ib (CCL4) 0.445 0.706 0.773
PDGF-bb <0.001 <0.001 0.001 1 <0.001 <0.001
RANTES (CCL5) 0.784 0.931 0.955
TNF-alpha 0.94 0.447 0.679
VEGF-A 0.009 0.022 1 1 0.003 0.02

*Post-hoc t-tests for pairwise comparisons with multiple testing adjusted by Bonferroni; performed only if ANOVA P<0.05 (and if global three-way ANOVA FDR-adjusted

p<0.1, or if TNF-alpha). W = week.

Global F-test in three-way ANOVA with treatment (2 levels), timepoint (4 levels) and treatment response (2 levels) as fixed factors.

PFDR-adjustment with the method of Benjamini-Hochberg.

Administration of Bev was associated with a significant decrease
in the levels of VEGF-A at 12 and 31 weeks (P < 0.001 and P =
0.008 respectively; Fig. 4A and Table 2). A concomitant significant
decrease in IL-12 levels was also observed (week12, P = 0.041, week
25, P = 0.002 and week 31, P = 0.01, Fig. 4B and Table 2), suggest-
ing that the decrease in VEGF-A may directly influence the level of
IL-12. In addition, levels of IP-10 (CXCL10), a cytokine involved in
the chemoattraction of monocytes/macrophages, cytotoxic T cells,
natural killer (NK) cells, and dendritic cells, as well as the levels of
IL-10, an anti-inflammatory cytokine, both had significantly lower
levels at week 25 in the serum of patients treated with Bev compared
to patients without Bev treatment (P = 0.023, Fig. 4C; P = 0.028,
Fig. 4D respectively and Table 2). Lower serum levels of IL-4 and
IL-5 were also detected during the treatment course of Bev-treated
patients (ANOVA P = 0.013 and P = 0.033 respectively; Supple-
mentary Fig. 3 and Table 2).

Overall, these results indicate that combination therapy with
Bev, in addition to the obligate decrease in VEGF-A serum lev-
els can have important repercussions on systemic levels of other
cytokines, which may be involved in angiogenesis and/or the
immune response.

Bev, serum cytokine levels, and pCR

The addition of Bev to neoadjuvant treatment increased the frac-
tion of patients exhibiting pCR from 12% to 26%.’ In patients
with pCR, a number of serum cytokines had lower global levels
than those in non-PCR (ANOVA < 0.05, all time points

considered together) (Table 3 and Supplementary Fig. 4). When
stratified by treatment arm the levels of six cytokines (VEGF-A,
IL-17A, IEN-y, TNF-«, IL-4, and IL-5) were globally lower in
the serum of Bev-treated patients who responded to treatment
(ANOVA < 0.05, Table 3, Fig. 5 and Supplementary Fig. 5).
Moreover, the levels of these cytokines were predictive to
response only in the Bev arm. Lower levels of VEGF-A in the
serum of Bev-treated patients at week 12 after FEC were associ-
ated with pCR (Fig. 5B). Similarly, other cytokines exhibited a
decrease in their levels at week 12 after FEC, and these included:
IL-17A, an inducer of inflammatory and angiogenic growth fac-
tor production®'; INF-y and TNF-a, markers of TH1 activity;
and IL-4, a regulator of TH2 activity Supplementary Figure 5D
and Fig. 5 D, F, H. Furthermore, lower levels of TNF-« and IL-4
were detected at week 25 after taxane treatment (Fig. 5, F and H).
These results indicate that several cytokines had serum levels
associated with treatment response in the Bev arm. Furthermore,
lower levels of VEGF-A, and possibly other related cytokines, at
week 12 may predict treatment response in Bev-treated patients.

Effect of Bev on intratumoral immune infiltration and its
correlation to circulating cytokine levels

To further investigate the possible mechanisms by which Bev,
in combination with chemotherapy, could induce a better
patient response, we assessed whether the observed changes in
cytokine levels correlated with immune cell infiltration of
tumors. Using expression data®® and the algorithm,
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Figure 3. Effects of treatments on blood cell counts and correlation with cytokines levels. Comparison of the blood cell counts (10° per liter): white blood cells (WBC, A),
neutrophils (Neutro, B) and platelets (C), at the different time points of treatment. * indicates t-test P < 0.01 between two successive time points, error bars represent
standard deviation. Heatmap showing Spearman rank correlations between cytokine levels and blood cell counts at screening n = 98, (D), 12 weeks, (n = 44, Bev; n =
41, Chemo) (E) and 25 weeks (n = 40, Bev; n = 40, Chemo) (F). All correlations are shown independently of p values. Heatmaps were obtained using the pheatmap R

package.

CIBERSORT, we inferred the extent of immune cell infiltration
in the tumor at the initial screening and at weeks 12 and 25 in
both treatment arms (Supplementary Table 3). CIBERSORT is
able to predict the relative proportions of 22 types of immune
cells by using a set of 547 reference gene expression values
obtained from bulk tumor samples.’ We then assessed the cor-
relations between the measured serum levels of the 27 cytokines
and the relative immune cell infiltration at each time point with
Spearman rank correlation heatmaps (Supplementary Fig. 6).

At week 12, specific correlations appeared to differ between
the treatment arms. For example, in the chemotherapy arm, a
pattern of significant correlations between the cytokines exam-
ined and naive CD4+ T cells as well as B naive and memory
cells was observed, whereas in the Bev arms, most of the signifi-
cant correlations identified were associated with the levels of
MO macrophages. On the overall, comparing the average of the
significant correlations between the two arms remained insig-
nificant (P = 0.31) at this time point (week 12).
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Table 2. Two-way ANOVA to compare log cytokine levels between the two arms of treatment across all four time-points (F-tests). Cytokines with FDR-adjusted p-val-
ue<0.1 in the global three-way ANOVA with time points, treatment arm and treatment response as factors (and TNF-alpha in addition) are highlighted. Only these
highlighted cytokines are investigated further in subgroup analyses, if the ANOVA F-test was significant (p<0.05).

Sugroup p-values”

Global three-way ANOVA

Cytokines ANOVA P-value ow 12w 25W 31W Raw p-value® FDR-adjusted p-value®
IL1B 0.008 0.503 0.679
IL1-RA 0.424 0.539 0.693
L2 0.241 0.062 0.152
IL4 0.013 0.86 0.72 0.108 0.131 0.025 0.075
IL5 0.033 0.85 0.687 0.15 0.179 0.013 0.044
IL6 0.256 0.716 0.773
IL7 0.039 0.079 0.178
L8 0.625 0.487 0.679
IL9 0.624 0.343 0.579
IL10 0.046 0.95 0.487 0.028 0.297 0.006 0.023
IL12 (P70) <0.001 0.1 0.041 0.002 0.01 <0.001 <0.001
IL13 0.009 0.255 0.492
IL15 0.703 0.955 0.955
IL17-A 0.113 0.037 0.1
Eotaxin (CCLT1) 0.609 0.131 0.272
FGF-basic 0.178 0.485 0.679
G-CSF (CSF3) 0.003 0.6 0.364 0.027 0.255 0.004 0.022
GM-CSF (CSF2) 0.17 0.649 0.762
IFN-gamma 0.134 0.006 0.023
IP10 (CXCL10) 0.042 0.51 0.063 0.023 0.53 <0.001 <0.001
MCP-1 (CCL2) 0.504 0.627 0.762
MIP-1a (CCL3) 0.005 0.317 0.571
MIP-Ib (CCL4) 0.265 0.706 0.773
PDGF-bb 0.781 <0.001 <0.001
RANTES (CCL5) 0.245 0.931 0.955
TNF-alpha 0.271 0.447 0.679
VEGF-A 0.002 0.99 <0.001 0.4 0.008 0.003 0.02

*Subgroup t-tests for comparisons between treatment arms at each time point; performed only if ANOVA P<0.05 (and if global three-way ANOVA FDR-adjusted p<0.1, or

if TNF-alpha). W = week.

Global F-test in three-way ANOVA with treatment (2 levels), timepoint (4 levels) and treatment response (2 levels) as fixed factors.

PFDR-adjustment with the method of Benjamini-Hochberg.

At week 25, however, the correlation heatmaps greatly dif-
fered, the average of the significant correlations between the
two treatment arms (P < 0.001), indicating that Bev therapy
has a profound effect on the immune system in association
with cytokine levels. Most notably only for the Bev-treated
patients, increased correlations between several cytokines and
CD8+ cytotoxic T cells or T follicular helper cells were
observed at week 25 (Supplementary Fig. 6).

Considering the increased positive correlations observed
between the cytokines examined and cytotoxic T cells or the nega-
tive correlations between cytokines and T follicular helper within
the Bev-treated patients, we hypothesized that infiltration of cyto-
toxic T cells or T follicular helper cells may facilitate the treatment
response in the Bev arm. Correspondingly, the Bev-treated
patients that exhibited pCR had higher levels of cytotoxic T cells
at weeks 12 and 25 at their tumor sites (P = 0.07 and P = 0.06,
respectively; Fig. 6A). Responders in the Bev arms also exhibited
higher levels of T follicular helper cells at 25 weeks, which may
also contribute to complete response (Fig. 6B). Furthermore, at
week 25, responders who received Bev, had their levels of INF-y
in their serum associated with higher infiltration in CD8 cytotoxic
T cells as well as serum levels of IL-17A associated to higher infil-
tration of T follicular helper cells in their tumor (Fig. 7).

Discussion
In the present cohort,” treatment with bevacizumab increased the
number of patients with complete response in breast and axillary

nodes from 8 patients (12%) to 15 patients (23%).** Results of the
present study suggest that a certain threshold of VEGF-A inhibi-
tion in serum is necessary for Bev therapy to be effective in breast
cancer (Fig. 5B). For other types of cancer, such as small cell lung
cancer, low serum levels of VEGF also correlated with better sur-
vival.** In addition, Hyodo et al. reported that gastrointestinal can-
cer patients with lower pretreatment plasma levels of VEGF
exhibited better response to treatment.”* The results of the present
study further suggest that targeted depletion of VEGF-A by Bev
influenced the serum levels of other cytokines, and a greater corre-
lation was observed among cytokines in the Bev arm during the
treatment course (Fig. 1). Interestingly, low levels of TNF-« were
also associated with treatment response in the Bev-treated patients.
TNF-« induces VEGF-A production and can trigger metastasis
through inflammatory pathways.”>® Further studies are needed to
confirm these findings and to investigate a possible correlation.

In Silwal-Pandit et al., we reported the association of hor-
mone receptor status (ER status) to pCR: of the 132 patients,
23 (17%) achieved pCR. Among the estrogen receptor—positive
patients, 11 of 54 (20%) treated with bevacizumab and chemo-
therapy achieved pCR, while in the arm treated with chemo-
therapy only 3 of 57 (5%) reached pCR.*® We also recently
showed that cytokine levels in the tumor interstitium were
associated with breast tumor subtype,”” it is therefore conceiv-
able that ER status may influence the results described here.
However, in the present study, there were only few ER negative
samples, eight in the chemotherapy only arm and ten in the
Bev arm, which did not allow to assess thoroughly the effect of
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bars represent + 1 standard deviation.

the ER status on cytokine serum levels. The number of ER neg-
ative patients achieving pCR in each arm is even lower and ER
status specific analysis underpowered.

The levels of 27 cytokines in serum during neoadjuvant che-
motherapy with or without concomitant bevacizumab are
reported here. In the assessment of a breast cancer patient
cohort randomized for chemotherapy with or without the
humanized anti-VEGF monoclonal antibody, Bev, serum levels
of VEGF-A were observed to decrease significantly following
treatment with Bev. The decrease in circulating levels of VEGF-
A was most significant after 12 weeks of FEC therapy and was
most prominent in patients, which exhibited good treatment
response. Moreover, these effects were sustained for at least six
weeks after the therapy ended.

Levels of IL-12 also decreased in the Bev arm at weeks 12 and
25. IL-12 is mainly secreted by activated B cells, macrophages, and
other antigen presenting cells of myeloid and lymphoid origin.*®
Subsets of CD49d+ pro-inflammatory leukocytes also produce IL-
12 and express both VEGFR1 and VEGFR2.**' Bev-induced
depletion of VEGF-A may directly affect the function and produc-
tion of such cells causing decreased production of IL-12. IL-12 can

act as a suppressor of angiogenic activity of VEGFE.***’ In the pres-
ent study, the patients exhibiting good response in the Bev arm
concomitantly exhibited reductions in levels of IL-12, IFN-y, and
VEGEF-A. These results suggest that the interaction of VEGF-A
with IL-12 and IFN-y, as well as their effect on IP-10 (CXCL10)
should be examined in future studies of resistance to antiangiogenic
treatment.

Levels of IL-17A and PDGEF-BB were highly correlated in
both treatment arms, and these correlations were stronger
after the second line of treatment that combined taxane
with Bev. IL-17A is a hallmark of Thl7 immunoactivity
and is a pro-inflammatory cytokine which triggers the
release of inflammatory and angiogenic growth fac-
tors.”*>** PDGF-BB has two subunits and binds to PDGF
receptor beta to activate the mTOR/JAK/STAT pathway
and initiate cell growth and proliferation.*>*® Here, FEC
affected the levels of both inflammatory cytokines and
growth factors concomitant with significant reductions in
blood levels of IL-17A and PDGF-BB. High levels of IL-
17A have previously been associated with resistance to anti-
VEGF therapy,”” with induction of VEGF-A production®
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Table 3. ANOVA to compare log cytokine levels between pathological complete response (pCR) groups, for both treatment arms, as well as within each arm separately,
across four time-points. Cytokines with FDR-adjusted p-value<0.1 in the global three-way ANOVA with time points, treatment arm and treatment response as factors
(and TNF-alpha in addition) are highlighted. Only these highlighted cytokines are investigated further in subgroup and post-hoc tests, if the ANOVA F-test for pCR in

both arms was significant (p<0.05).

Post-hoc p-values”

Post-hoc p-values”  Global three way ANOVA

ANOVA P-value pCR in ANOVA pCR ANOVA pCR Combination Raw p- FDR-adjusted p-
Cytokines both arms Chemotherapy-onlyarm OW 12W 25W 31 W (+Bev) arm OW12W 25W 31 W value® value
IL1B 0.044 0.503 0.679
IL1-RA 0.077 0.539 0.693
L2 0.109 0.062 0.152
L4 0.003 0.402 0.021 0.3 0.028 0.053 0.27 0.025 0.075
IL5 0.001 0.205 0.012 0.6 0.1510.055 0.14  0.013 0.044
IL6 0.137 0.716 0.773
IL7 0.072 0.079 0.178
L8 0.136 0.487 0.679
L9 0.13 0.343 0.579
IL10 0.039 0.405 0.31 0.006 0.023
IL12 (P70) <0.001 0.202 0.45 <0.001 <0.001
IL13 0.059 0.255 0.492
IL15 0.569 0.955 0.955
IL17-A 0.031 0.539 0.022 0.7 0.067 0.19 0.12 0.037 0.1
Eotaxin 0.034 0.131 0.272
(ccerm
FGF-basic 0.093 0.485 0.679
G-CSF (CSF3) 0.002 0.419 0.12 0.004 0.022
GM-CSF 0.233 0.649 0.762
(CSF2)
IFN-gamma <0.001 0.154 0.003 0.6 0.0380.086 0.08  0.006 0.023
IP10 0.006 0.014 0.1 0.037 0.33 0.6 0.725 <0.001 <0.001
(cxcLio)
MCP-1 0.366 0.627 0.762
(ccL2)
MIP-1a 0.011 0317 0.571
(ccL3)
MIP-Ib 0.127 0.706 0.773
(ccL4)
PDGF-bb 0.529 <0.001 <0.001
RANTES 0.565 0.931 0.955
(CCLS)
TNF-alpha 0.008 0.289 0.006 0.6 0.027 0.046 0.22 0.447 0.679
VEGF-A 0.006 0.358 0.7 0.158 0.86 0.033 0.034 0.9 0.0150.103 0.21 0.003 0.02

*Post-hoc t-tests for pairwise comparisons with multiple testing adjusted by Bonferroni; performed only if ANOVA P<0.05 (and if global three-way ANOVA FDR-adjusted

p<0.1, or if TNF-alpha). W = week.

“Global F-test in three-way ANOVA with treatment (2 levels), timepoint (4 levels) and treatment response (2 levels) as fixed factors.

PFDR-adjustment with the method of Benjamini-Hochberg.

leading to induction of PDGF-BB, and both molecules syn-
ergistically promoting neo-angiogenesis.’"*®** In the
present study, patients achieving pCR in the Bev arm had
significantly lower serum levels of IL-17A at 12 weeks after
FEC administration, and these levels remained lower up to
31 weeks after the start of treatment. These results indicate
that counteracting the effects of IL-17A during anti-angio-
genesis therapy may also increase treatment response.

The serum levels of PDGF-BB, IL-17A, and IP-10, which
decreased at week 12 (Fig. 2A) were increased again at week 25
(Fig. 2B, marked with *). IP-10 recruits cytotoxic T cells and
NK cells, which express a receptor for IP-10, CXCR3.7%*
Therefore, the induction of higher levels of IP-10 may account
for the observed increase in levels of CD8+ T cells that were
found in the Bev-responsive tumors.

Paclitaxel, the chemotherapy used in the second stage of
treatment in this study, has been shown to inhibit mitosis by
affecting microtubule dynamics.”* The administration of taxane
has also been reported to increase T-cell blastogenesis and NK
cell cytotoxicity.>® Consistent with the present findings, another

study recently reported that paclitaxel upregulates IP-10.°°
Based on these observations, it is possible that higher levels of
inflammatory cytokines and greater NK cell invasion as a result
of taxane administration may result in greater immune related
toxicity/ adverse events.””™’

TH2 related cytokines stimulate antibody production and may
also activate eosinophils and inhibit macrophages.”® In the current
study, the TH2 related cytokines, IL-4 and IL-5, remained at stable
levels or were present at lower levels after treatment with taxane in
the Bev arm. It has been hypothesized that a TH2 dominant
immune response at a tumor site can stop tumor rejection and/or
promote factors involved in tumor recurrence.” Consistent with
this concept, a decrease in IL-4 and IL-5 levels was observed in the
serum of patients achieving pCR.

IEN-y and TNF-« polarize mesenchyme stromal cells into
THI type cells.”” In addition, IFN-y enhances IL-12 expression,
and vice versa.”® Lower levels of IL-12 between weeks 12 and 25
affected IFN-y production by TH1, and this correlation contin-
ued to be observed up to week 31. TH1 cells activate macro-
phages and phagocytes, and these interactions mediate
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Figure 5. Cytokine levels associated with pathological complete response. Cytokine levels were assessed in the patients with pathological complete response in both
treatment arms: chemotherapy (left panel) and combination arm (right panel). To find the most relevant and significant differences between responders and non-res-
ponders, we first tested for global differences using ANOVA (Table 3) and only for the significant values (ANOVA P < 0.05) that also showed a significant result in the
global three-way ANOVA (FDR-adjusted P < 0.1) (and TNF-alpha), we further tested for significant difference at each time point using t-test. (A & B) VEGF-A, (C & D) IFN-
¥, (E & F) TNF-o and (G & H) IL4, we found a global difference between responders and non-responders in the combination arm (ANOVA P < 0.05) and further identified
significant differences at the indicated time points. * P < 0.05, ** P < 0.01. Error bars represent + 1 standard deviation.

phagocyte-dependent immune responses.’’ Consequently, it is
hypothesized that TH1-mediated immunity leads to tumor
rejection.”

The results of the present study suggest that cytotoxic ther-
apy radically affects WBC counts, and this facilitates a remodel-
ing of the immune system to enhance treatment response by an
increase in cytotoxic T cell infiltration to a tumor site. The cur-
rent assessment further demonstrates that complex interactions
within the immune system may influence the levels of various
cytokines. It is important to recognize that the pro-inflamma-
tory agents and growth factors that were examined in this study
may be produced by epithelial, endothelial, stromal, and/or
hematopoietic cells, as well as by cancers cells. Additional stud-
ies are needed to understand the interactions between the

cytokines examined, especially regarding the interplay between
IL-12 and VEGEF-A which was identified in this study.

In the present cohort, the administration of bevacizumab in
combination with chemotherapy suppressed levels of VEGF-A as
well as levels of functionally related cytokines, particularly IL-12.
Furthermore, patients who achieved pCR in the Bev treatment
arm had lower serum concentrations of VEGEF-A, as well as lower
serum concentrations of cytokines previously shown to regulate
adaptive immunity, including IFN-y, TNF-¢, IL-4, and IP-10. In
contrast, expression data indicated an increase in CD8T cells at
the tumor site. Here we demonstrate the potential for cytokine
level monitoring during treatment to contribute to treatment deci-
sions in breast cancer. These results will require confirmation in a
separate cohort of patients in another clinical trial.
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Figure 6. Levels of CD8T and T follicular helper cells according to response and treatment. Levels of infiltrating CD8T cells and T follicular helper cells were inferred using
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The global levels of CD8 and follicular T cells appeared significantly different only in the combination (4-Bev) arm (ANOVA P < 0.001 in both cases).

Materials and methods
Patient material

Patients with large primary breast tumors (> 2.5 cm) (T2-T4) were
recruited between November 2008 and July 2012 at Oslo University
Hospital or St. Olav’'s Hospital, Trondheim. The few patients who
received hormonal therapy in the trial were excluded from this sub-
study. The trial was approved by our institutional protocol review
board, the regional ethics committee, the Norwegian Medicines
Agency, and carried out in accordance with the Declaration of Hel-
sinki, International Conference on Harmony/Good Clinical practice.
The study is registered at http://www.ClinicalTrials.gov/ database
with the identifier NCT00773695. Available blood/ serum sam-
ples were collected: prior to treatment (screening: SC, week 0),
after 4 cycles of FEC regimen (at 12 weeks from the beginning
of chemotherapy), after subsequent 4 cycles of taxane therapy
(week 25 from start of chemotherapy) and at 6 weeks after the
end of chemotherapy (week 31, also corresponding to the time
of surgery). WBC, neutrophil, and platelet counts were
recorded at the same time points at week 0, 12 and 25.

A block randomization procedure was used, and the ran-
domization was performed by the centralized research support
facility at Oslo University Hospital. The randomization list was
not known to the personnel responsible for providing informa-
tion or treatment to the patients. The patients were stratified
based on their tumor size (2.5 <T <5 cm, T > 5 cm) and hor-
mone receptor status (positive for estrogen (ER), progesterone,
or both), and randomized 1:1 to receive bevacizumab and che-
motherapy (combination-therapy arm) or chemotherapy alone
(chemotherapy arm). Of the 138 patients treated with chemo-
therapy, 66 in each group were included in the primary efficacy
analysis.’® The findings and results for pCR relative to hor-
monal status are included in the recent study, and therefore not
included here.”

Treatment

A total of 132 breast cancer cases were included in the trial, of
these, serum was available for 98 patients. Patients were ran-
domized to treatment with (n = 50) or without Bev (n = 48),


http://www.ClinicalTrials.gov/

e1457598-12 (&) S.JABEEN ET AL.

I No-pCR
I pCR
A Chemotherapy B Combination (+ Bev)
w 0.257 - 0.25— r n=ngl0.oz 1
E E f E=0.02_‘r_
3 20 3 0.201 ;
g o
= 2
B 0.151 ® 0.15
s ®
"ﬁ T
3010, : =010 T T
- % - T
% 0.05 . . — e 0.05 mm a
S - T Hm B
04 - e )
(n=13) (n=3) (n=13) (n=2) (n=10) (n=6) (n=10) (n=5)
Low INFy High INFy Low INFy High INFy
C D
3 0.06] 5 0067 —— =
a g p=0.03"
2 0.05] 2 0.05 |
s 2
[1+] L
o 0.04] S 0.04]
2 0.03 5 0.03]
m —
< 0.02] £ 0.02-
Z o E g T
2001 2001 : :
RN —_——— : ,mHE - =
(n=13) (n=3) (n=13) (n=2) i (n=10) (n=6) (n=10) (n=5)
LowIl17_A  HighIL17_A LowIL17_A HighIL17_A

Figure 7. Levels of CD8T cells and T follicular helper cells according to levels of INF-y and IL-17A. Levels of infiltrating CD8T cells and T follicular helper cells inferred using
CIBERSORT were analyzed in regard to the circulating levels of INF-y and IL-17A respectively. In each treatment arm, we divided patients for having low or high levels of
circulating cytokines according to the median level of cytokine and further assessed for differences in infiltrating CD8T or T follicular helper cells. Only significant Students

t-test p-values (P < 0.05) are depicted.

Supplementary Table 1. Between 0 and 12 weeks, patients
received chemotherapy: 5-fluorouracil (FEC; 600 mg/mz), epi-
rubicin (100 mg/m?), and cyclophosphamide (600 mg/m?)
three times (every third week). Over the next 12 weeks, patients
received taxane (100 mg/m” docetaxel every third week or
80 mg/m” paclitaxel weekly). Response to treatment was evalu-
ated at time of surgery based on a histopathological assessment
of the remaining tumor. Pathological complete response (pCR),
herein defined as complete eradication of all invasive cancer
cells in both breast and axillary lymph nodes (at time of sur-
gery), was the primary end point. Patients were then catego-
rized as pathological complete responders (pCR) (n = 20),
incomplete responders or non-responders (No-pCR) (n = 78).
Of the 20 complete responders, 14 were in the Bev arm. Of the
78 non-responders, 36 were in the Bev arm and 42 in the
Chemo arm. Tumor measurement prior to treatment was

determined based on magnetic resonance imaging, ultrasound,
and mammography, MR measurements were used if available
for the patient, and otherwise the largest measurement of either
mammography or ultrasound were recorded and used.

Granulocyte colony-stimulating factor (G-CSF; 6 mg/dose)
was administered to 33 patients (Supplementary Table 1) suffer-
ing from neutropenia during the first 12 weeks of therapy, with
by mean 3-4 injections performed over these 12-weeks period.
Detailed treatment information, side effects, and response have
previously been published.® Since G-CSF was administered
mostly between 0 and 12 weeks, specific changes in cytokine lev-
els induced by G-CSF were monitored at the start and end of the
12-week period (Supplementary Fig. 1). No significant changes
in cytokine levels were detected between the groups of patients
receiving G-CSF. However, as some patients received G-CSF the
results concerning G-CSF are only discussed here.



Cytokine measurements

A total of 27 molecules (Supplementary Table 2), including
interleukins, chemokines, growth factors, interferon (IFN), and
tumor necrosis factor (TNF), were measured in a 27-plex com-
mercially available cytokine panel from Bio-Rad and were ana-
lyzed with the Luminex xMAP 200 platform. The assays
included a series of known concentrations to generate standard
curves. The results obtained were collected and processed with
Bio-Plex Manager 6.0 (Bio-Rad). Supplementary Table 2 lists
the log transformed cytokine levels for all of the patients exam-
ined at all of the time points assayed.

Inferred infiltrating immune cells

Normalized gene expression data® was available for 132
patients from the NeoAva trial, of whom 88 patients had also
serum cytokine levels. These were used to infer the relative pro-
portions of 22 types of infiltrating immune cells using CIBER-
SORT, a deconvolution algorithm that uses a set of reference
gene expression values (547 genes) to predict 22 immune cell
type proportions from bulk tumor sample expression data by
using support vector regression.”> To assess the reliability of
the deconvolution method, CIBERSORT derives a P-value for
each sample. CIBERSORT algorithm was dowloaded at [http://
cibersort.stanford.edu/], analyses were performed by using the
default signature matrix at 1000 permutations. Output of this
CIBERSORT analysis is provided in Supplementary Table 3.

Statistical analysis

Statistical analyses done (after natural log transformations of
cytokines levels) were performed with IBM SPSS Statistics 22 or
R version 3.3.2. Three-way analysis of variance (ANOVA) was
performed with time points, treatment arm, and treatment
response as factors to identify cytokines with global significant
differences in log cytokine expression levels for any of the factors
(the results are repeatedly shown in Table 1-3, respectively, to
highlight that only cytokines with global significant differences
according to the three-way ANOVA are considered further in
post-hoc and sub-group analyses). P-values were adjusted for
multiple testing by controlling the false discovery rate (FDR)
according to the method of Benjamini-Hochberg.”> FDR-cor-
rected p-values less than 0.1 were considered significant.

Following the global three-way ANOVA, individual factors
were further analyzed with ANOVA analyses - followed by t-
tests for sub-group analyses and for post-hoc two-group com-
parisons (if appropriate) corrected for multiple testing by Bon-
ferroni - to investigate significant global differences in cytokine
levels: (i) between all four time-points (one-way ANOVA;
Table 1), (ii) between the two arms of treatment at all four
time-points (two-way ANOVA; Table 2), and (iii) according to
PCR versus non-pCR for the patients in each arm at four time-
points (ANOVA followed by t-test for each time point sepa-
rately; Table 3).

Spearman rank correlations among the cytokine expression
levels were assessed with R and were visualized with the corr-
plot package version 0.84. Spearman rank correlations between
cytokine levels and circulating or infiltrating immune cells were

ONCOIMMUNOLOGY e1457598-13

assessed by using R and heatmap (pheatmap package version
1.08) or corrplot packages, respectively.
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