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Abstract

Background Epirubicin/cyclophosphamide (EC) and docetaxel (D) are commonly used in a sequential regimen

in the neoadjuvant treatment of early, high-risk or locally advanced breast cancer (BC). Novel approaches to increase
the response rate combine this treatment with immunotherapies such as PD-1 inhibition. However, the expected
stimulatory effect on lymphocytes may depend on the chemotherapy backbone. Therefore, we separately compared
the immunomodulatory effects of EC and D in the setting of a randomized clinical trial.

Methods Tumor and blood samples of 154 patients from the ABCSG-34 trial were available (76 patients received four
cycles of EC followed by four cycles of D; 78 patients get the reverse treatment sequence). Tumor-infiltrating lympho-
cytes, circulating lymphocytes and 14 soluble immune mediators were determined at baseline and at drug change.
Furthermore, six BC cell lines were treated with E, C or D and co-cultured with immune cells.

Results Initial treatment with four cycles of EC reduced circulating B and T cells by 94% and 45%, respectively. In
contrast, no comparable effects on lymphocytes were observed in patients treated with initial four cycles of D. Most
immune mediators decreased under EC whereas D-treatment resulted in elevated levels of CXCL10, urokinase-type
plasminogen activator (UPA) and its soluble receptor (suPAR). Accordingly, only the exposure of BC cell lines to D
induced similar increases as compared to E. While treatment of BC cells with E was associated with cell shrinkage
and apoptosis, D induced cell swelling and accumulation of cells in G2 phase.

Conclusion The deleterious effect of EC on lymphocytes indicates strong immunosuppressive properties of this
combination therapy. D, in contrast, has no effect on lymphocytes, but triggers the secretion of stimulatory proteins
in vivo and in vitro, indicating a supportive effect on the immune system. Underlying differences in the induced cell
death might be causal. These divergent immunomodulatory effects of epirubicin/cyclophosphamide and docetaxel
should be considered when planning future combinations with immunotherapies in breast cancer.
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Background

Despite ongoing improvements in screening programs
and increasing awareness, breast cancer (BC) remains a
significant cause of death [1]. Thus, research on therapeu-
tic options as well as further development of personalized
treatment approaches is urgently needed. Neoadjuvant
chemotherapy (NAC) with a sequential administration
of anthracyclines and taxanes is currently one standard-
of-care therapy option in patients with early, high-risk
or locally advanced hormone receptor positive or triple
negative BC. NAC is nowadays widely applied, but not
all patients profit from this treatment. Continuous rise
of interest in the immune system as a potent anti-tumor
defense was observed. A strong infiltration of the tumor
with immune cells correlates with a better prognosis in
certain cancer types [2-5]. Especially cytotoxic CD8* T
cells and NK cells have been associated with beneficial
anti-cancer immune response. In BC, a higher num-
ber of stromal CD8* lymphocytes were associated with
improved survival [4]. Increasing tumor-infiltrating lym-
phocytes (TILs) during taxane-based NAC correlated
with favorable tumor response [6]. TNBC is known to
provoke the most abundant immune cell infiltration in
breast cancer. This underlines the utmost importance
of cytotoxic immune cells in BC control. The balance
between anti- and pro-inflammatory molecules in the
tumor microenvironment and in the circulation and their
interaction with immune cells determine the activity level
of T cells. On the one hand, the tumor microenvironment
can shift T cells into an anergic state whereas on the
other hand, pro-inflammatory mechanisms—provoked
by chemotherapy-induced immunogenic cell death or by
other immunomodulatory factors — can stimulate them
[7]. Immunogenic cell death activates the immune system
and also promotes a tumor-specific adaptive immune
response [8]. Several studies showed that chemotherapy-
induced cell death was associated with increased tumor
immune cell infiltration [9].

Immunotherapies such as immune checkpoint inhibi-
tors, adoptive T-cell immunotherapy, and tumor vac-
cine immunotherapy became promising novel treatment
approaches in TNBC [10]. Complementing traditional
chemotherapy with immunotherapy may exert synergis-
tic effects. The KEYNOTE-522 trial confirmed that the
addition of pembrolizumab, a PD-1 inhibitor, to anthra-
cycline and taxane chemotherapy can increase patho-
logic complete response (pCR) rates in early stage TNBC
[11] while the combination of carboplatin and taxane
based chemotherapy with atezolizumab in the NeoTRIP
Michelangelo trial showed no advantages [12]. Similarly,
the combination of chemotherapy with a PD-L1 inhibitor
in the phase II GeparNuevo trial was also negative for the
primary endpoint pCR, but suggested improved invasive
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DEFS, distant DFS, and OS in PD-L1 immune cell-positive
BC [13, 14].

Activity of immunotherapy might be influenced by the
chemotherapy backbone and particular attention must be
paid to the complex interplay of chemotherapy and the
immune system. The question arises, if chemotherapeu-
tic agents differ in their influence on immune cells and
hence, if the administered chemotherapeutic agents are
equally compatible with immune-related therapies. For
the here presented analysis, aiming to determine the
particular effects of either epirubicin/cyclophosphamide
(EC) or docetaxel (D) on immune cells without the inter-
ference of previous treatments, the ABCSG-34 study
served as a basis. In this trial patients with BC of lumi-
nal or triple negative subtype were included and received
either upfront EC followed by D or a reverse sequence
with upfront D and then EC [15]. Although no differ-
ences in terms of pCR rates or residual cancer burden
(RCB) score were observed between the two sequencing
groups [16], the study design and a comprehensive pre-
planned translational program render the ABCSG 34
cohort an ideal platform to study cytotoxic and immune-
mediated therapy effects. The present analysis focused
on the effects of EC and D on lymphocytes in the tumor
microenvironment as well as in the circulation and on
soluble immunomodulatory molecules. Therefore, we
analyzed the initial cycles of NAC before the switch of
drugs. This unique design allowed for a direct compari-
son of the distinct chemotherapeutic agents in the setting
of a randomized clinical trial.

Methods

Patient populations, study design and sample collection
The already completed ABCSG-34 trial, conducted by the
Austrian Breast Cancer and Colorectal Surgery Group
(ABCSG), served as basis [15]. The trial addressed pre-
and postmenopausal female patients with early primary
invasive BC without HER2-overexpression. It was a pro-
spectively, randomized, open, 2-arm, multicentre, phase-
II study in 400 breast cancer patients, treated with or
without a therapeutic cancer vaccine (L-BLP25, Stimu-
vax®) in the preoperative setting. Patients were 1:1 rand-
omized to preoperative standard of care (SoC) treatment
with or without vaccine-BLP25. The preoperative SoC
consisted of chemotherapy or endocrine therapy with
an aromatase inhibitor (AI). Al therapy was considered
as SoC in postmenopausal women with intermediate
(++) or high (+++) estrogen receptor (ER) expression,
a grading of 1, 2 or X, and a Ki67 of<14%. Women with
TNBC, premenopausal women, patients with absent (-)
or low ER expression (+) and patients with G3 tumors
were treated with anthracycline and taxane-based NAC
as SoC. The chemotherapy, consisting of EC and D, was
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either administered in a conventional (CON) or in a
reverse (REV) sequence. In the conventional sequence,
4 cycles of EC were followed by 4 cycles of D in 3-week
intervals whereas 4 cycles of D were followed by 4
cycles of EC in 3-week intervals in the reverse scheme.
For the assessment of tumor response to preoperative
therapy, the residual cancer burden (RCB) — prognostic
for long-term survival in BC patients after NAC — was
used [17]. RCB O (i.e. pathological complete response)
was confirmed by central pathological review. The here
presented study is a post hoc biomarker analysis con-
ducted in the subset of patients accrued to the chemo-
therapy cohort and randomized to SoC. We created two
investigational sets, the “lymphocyte function & infiltra-
tion” and the “immunoassay” subsets (see Fig. 1). Patients
were selected for the “lymphocyte function & infiltration”
subgroup if whole blood analysis as well as lymphocyte
subtyping data was available at baseline, midterm and the
time point operation. In this set we analyzed the influ-
ence of NAC on white blood cells, leukocyte subtypes,
the IFNy production and stromal (s) as well as invasive
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(i) TILs. In the “immunoassay” subset we investigated
the effect of NAC on 14 different soluble parameters in
plasma samples. For this subset, patients of the “lym-
phocyte function & infiltration” group were selected if
plasma samples at all three time points (i.e. baseline, mid-
term, operation) were available. Research biopsies as well
as blood samples were obtained before treatment (base-
line or B), at midterm (M; i.e., after either 4 cycles of EC
or 4 cycles of D), and after the second 4 cycles of therapy
before surgery (S). Blood was collected in two different
types of tube: (i) in EDTA containing tubes (Greiner Bio-
one, Kremsmiinster, Austria) for white blood cell (WBC)
counting, leukocyte subtyping and plasma preparation
(ii) in BD CPT" tubes (BD, Heidelberg, Germany) for
lymphocyte stimulation assays.

Quantification of iTILs and sTILs

Tumor-infiltrating lymphocytes (TILs) were quantified
according to the recommendations by the International
TILs Working Group published in 2014 [18] with modi-
fications according to Denkert et al. 2018 [19]. TILs were
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Fig. 1 Patient selection diagram. This study was based on the ABCSG-34 trial which included a total of 400 patients. Half of them got a vaccination,
which was out of the scope of the current study, and they were therefore excluded. Additionally, we excluded non-vaccinated patients treated

with aromatase inhibitors (Al). The remaining 154 patients were randomly assigned to two treatment arms with different sequences of neoadjuvant
chemotherapy (NAC): the conventional sequence (CON, n=76) with 4 cycles of EC followed by 4 cycles of D and the reverse sequence (REV,

n=78) with first D then EC. From this collective (n=154) we determined lymphocyte function (i.e. PHA-induced IFNy production of circulating
lymphocytes) and infiltration (i.e. TILs). Immunoassays for characterization of lymphocyte subpopulation (e.g. CD3 and CD19) and for quantification
of soluble immune mediators were started later and were therefore only determined in a subgroup (n=81)
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quantified on H&E sections of core biopsies obtained at
the indicated time. Intratumoral and stromal TILs (iTILs
and sTILs, respectively) were measured as percentage of
mononuclear immune cells within or in between tumor
cell nests, respectively. Three predefined categories were
used: low TILs (0-10%), intermediate TILs (11-59%), or
high TILs (60—-100%). Examples are shown in Supple-
mentary Figure S1.

White blood cell counting and leukocyte subtyping

The total WBC count was determined in an aliquot of the
EDTA blood using a Sysmex hematologic analyzer (Sys-
mex Austria, Vienna, Austria). For leukocyte subtyping
red blood cells were lysed in another aliquot of the EDTA
blood, and the remaining leukocytes were stained with
fluorescently labelled antibodies against CD3, CD4, CDS8,
CD14, CD15, and CD19 (all from Thermo Fisher Scien-
tific, Vienna, Austria). Sample acquisition was performed
on a Gallios Flow Cytometer (Beckman Coulter, Indian-
apolis, IN, USA) and data was analyzed using the Kaluza
2.1 software (Beckman Coulter). See Supplementary Fig-
ure S2 for the gating strategy.

T cell stimulation

Peripheral blood mononuclear cells (PBMCs) were pre-
pared from the BD CPT" tubes (BD, Heidelberg, Ger-
many) according to the instructions by the manufacturer.
Then phytohemagglutinin (PHA) was added for T cell
stimulation and the tubes were incubated at 37 °C for
18 h. Stimulated T cells were defined as the percent-
age of IFNy producing CD8* T cells. Therefore, PBMCs
were first stained with antibodies against CD3 and CDS8,
then permeabilized and stained for intracellular IFNy. All
antibodies were from Thermo Fisher Scientific (Vienna,
Austria). The percentage of CD3'/CD8/IFNy" cells
was determined by flow cytometry using a Gallios Flow
Cytometer (Beckman Coulter, Indianapolis, IN, USA)
and data was analyzed using the Kaluza 2.1 software
(Beckman Coulter). See Supplementary Figure S2 for gat-
ing strategy.

Soluble immunomodulatory factors

Plasma was prepared by centrifugation of the remain-
ing EDTA blood and stored in aliquots at -80 °C. In a
pilot experiment, EDTA plasma of eight non-vaccinated
patients before treatment initiation with Al was investi-
gated. Therefore, an Olink® assay was performed which
used matched pairs of oligonucleotide-labelled antibod-
ies that were subsequently quantified by standard real-
time PCR (Olink AB, Uppsala, Sweden). This enabled the
simultaneous analysis of 92 different immunomodulatory
parameters (for a detailed list of all factors see Supple-
mentary Figure S3). The assay was performed according
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to the instructions of the manufacturer. Referring to the
30 most abundant molecules determined in the Olink®
pilot assay, we selected 14 immunomodulatory param-
eters according to their oncological relevance and their
association with BC as revealed by the literature. The
resulting list included urokinase (uPA) and its soluble
receptor (suPAR), vascular endothelial growth factor
(VEGF-A), osteoprotegerin (OPG), monocyte chemoat-
tractant protein 1 (MCP1 or CCL2), monocyte chem-
oattractant protein 2 (MCP2 or CCLS8), macrophage
colony-stimulating factor (M-CSF or CSF1), TNF-related
weak inducer of apoptosis (TWEAK or TNFSF12), TNE-
related apoptosis-inducing ligand (TRAIL or TNFSF10),
interferon gamma-induced protein 10 (IP-10 or
CXCL10), eotaxin-1 (or CCL11), T cell immunoglobulin
and mucin-domain containing-3 (TIM-3), soluble CD27
(sCD27), and programmed cell death 1 ligand 2 (PD-L2).
The majority of the selected immunomodulatory factors
were analyzed by ProcartaPlex’ multiplex immunoas-
say (Thermo Fisher Scientific, Vienna, Austria). Plates
were assessed using the Luminex 200 System (Luminex
Corp. Austin, TX, USA). Two factors, uPA and suPAR,
were analyzed by individual ELISA assays (Thermo Fisher
Scientific, Vienna, Austria). The ELISA and the multiplex
assays were performed in accordance with the manufac-
turer’s instructions.

Cancer cell line treatment and analysis

To represent the different BC subtypes, six cell lines were
selected for in vitro experiments: MCF-7 and ZR-75-1
(both luminal A), BT-474 (luminal B), HCC-197 and
HCC-1143 (both TNBC) and SK-BR-3 (HER2+) [20, 21].
The cell lines were obtained from ATCC (https://www.
atcc.org), and were tested for mycoplasma contamination
regularly, within two weeks before the cell culture mod-
els were established. MCF-7 and SK-BR-3 were grown in
DMEM containing 10% fetal bovine serum (FCS) whereas
all other cells were cultured in RPMI medium containing
10% ECS. The duration of the cell culture assay was five
days. On day 1, cells were washed with phosphate-buff-
ered saline (PBS, 1x, pH 7.4), counted and 40.000 cells
were seeded in 500puL culture medium with 10% FCS in
24-well plates. On day 2, cells were washed with PBS, and
chemotherapy was added into the appropriate wells at
a final concentration of 2 uM for epirubicin, 15 pM for
the cyclophosphamide metabolite 4OOH-CY, and 1 uM
for docetaxel (diluted with the respective medium). Per
cell line, two wells remained untreated. On day 4, 48 h
after incubation with chemotherapy, pictures were taken
and WBCs were isolated by red cell lysis. Per well, 500
000 WBCs were added. WBCs were added either onto a
BC cell culture or into the supernatant of the respective
cell culture. On day 5, the supernatants were transferred
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from wells into pre-cooled pFACS tubes. Per well,
2% 120 pl aliquots were stored at -80 °C. Supernatants of
untreated tumor cells, treated tumor cells, treated tumor
cells in co-culture with WBCs and of WBCs alone were
analyzed for soluble immunomodulatory factors by mul-
tiplex bead array immunoassay or ELISA (see above). The
cell cycle of tumor cells was analyzed using a Propidium
Iodide Flow Cytometry Kit according to the instructions
by the manufacturer (Abcam, Cambridge, UK). Caspase
3 activation was determined using specific antibodies
(559,565, BD Pharmingen, Franklin Lanes, NJ, USA) as
described previously [22, 23].

Statistics

All analyses were based on the intention-to-treat prin-
ciple. Hence, patients were analyzed according to their
randomized treatment. Patient characteristics are pre-
sented descriptively for patients with CON and REV
and in total. “Lymphocyte function & infiltration” and
“immunoassay” parameters at baseline, as well as changes
in parameters between baseline and mid-therapy are
presented and compared descriptively between patients
with CON vs REV, RCB 0/ (< 1.36) vs. RCB II/I1I (> 1.36)
and pCR yes vs. no by Wilcoxon tests. Scatterplots and
boxplots show the change over time from baseline to sur-
gery. A possible predictive role of “lymphocyte function
& infiltration” parameters on RCB or pCR was assessed
by logistic regression models. Primary analysis models
included treatment arm only. Covariable models included
treatment arm and the respective covariable (changes
between baseline and mid-therapy) and were adjusted for
the according covariable baseline value. Extended mod-
els additionally included a treatment-by-covariable inter-
action. Odds ratios (OR) with 95% confidence interval
(CI) are provided. Measured parameters in the in vitro
experiment of three BC cell lines in co-culture were pre-
sented descriptively. For each parameter, measurements
were performed twice and the given value represents the
mean. As the main ABCSG-34 study was planned for
different objectives/endpoints, all results found in this
subgroup analysis need to be considered exploratory.
Analyses were carried out using the statistical analysis
system (SAS) software (version 9.3 or higher) and Graph-
Pad Prism (version 8.0.2.).

Results

Of the 400 participating ABCSG-34 trial patients, 246
patients were excluded from the here presented analy-
sis due to their randomization (see Fig. 1). The exclusion
of 200 patients, who were vaccinated with LBLP-25, and
46, who were treated with Al-therapy, resulted in 154
patients that were selected for the “lymphocyte function
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& infiltration” subset. Of those, 81 patients were selected
for further analyses in the “immunoassay” subgroup.

Predictive value of tumor-infiltrating lymphocytes

under NAC

In the “lymphocyte function & infiltration” subset,
76 patients were treated with NAC in a conventional
sequence (CON) whereas 78 were treated reversely (REV,
see Fig. 1). Further patients’ characteristics of this subset
are shown in Table 1.

First, tumor tissue was analyzed for the purpose of
comparing the effect of EC and D on TILs. Regarding
the change of lymphocytes during the first four cycles of
NAGC, neither the initial four cycles of EC nor of D had
effects on lymphocytes in the tumor microenvironment
(see Fig. 2A and Supplementary Table S1). Furthermore,
the response of the tumor to NAC measured by the
RCB-score or the rate of pCR didn't differ between CON
and REV NAC scheme. The CON arm included 34.2%
responders (RCB score of <1.36) and the REV arm 35.9%.
A pCR could be detected in 21.4% of all patients and was
equally distributed between CON and REV (22.4% and
20.4%, respectively). Thus, both treatment arms resulted
in similar response rates.

Independently of the treatment sequence (CON or
REV), responders and non-responders differed greatly
in terms of TILs. During the initial 4 cycles of NAC an
increase of sTILs and iTILs was observable in patients
with an RCB<1.36 (n=12; median= +17.5% and +2.0%,
respectively). Patients with a higher RCB (n=62) showed
a different trend (-1.0% p=0.001 and -1.0% p=0.023,
respectively; see Supplementary Table S2). Patients
with (n=6) and without pCR (n=69) showed a similar
dynamic regarding TILs (STILs:4+20% vs. 0.0% p =0.002;
iTILs 9.5% vs. -1.0% p=0.088). These changes revealed
that the lymphocyte infiltration of the tumor microen-
vironment could be modulated by four cycles of NAC
between baseline and midterm.

As NAC-induced changes of sTILs and iTILs differed
between responders and non-responders, we evaluated
whether they predicted response to therapy applying
two different logistic regression models. The first model
shown in Table 2 included either the treatment effect
alone or combined with NAC-induced changes between
baseline and midterm in sTILs and iTILs, respectively, as
covariables. It showed that higher changes increased the
chance for RCB 0/I and pCR. The second model investi-
gated the interactions between treatment and sTILs and
iTILs, respectively. It revealed that only changes of sTILs
and iTILs in the CON arm were considerable, indicating
an exclusive effect of initial EC, whereas D showed no
effect.
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Table 1 Patient characteristics of the 154 patients selected from
the ABCSG-34 trial

CON(n=76) REV(n=78) Total (n=154)

Age (years)

Median (min—-max) 48 (26-78) 47 (26-75) 47 (26-78)
BMI

Median (min-max) 25 (18-35) 25(19-41)  25(18-41)
Menopausal status — n (%)

Perimenopausal 29 (38.2%) 28 (35.9%) 57 (37.0%)

Postmenopausal 3(3.9%) 3(3.8%) 6 (3.9%)

Premenopausal 44 (57.9%) 47 (60.3%) 91 (59.1%)
T-stage — n (%)

T1 18 (23.7%) 24 (30.8%)  42(27.3%)

T2/T3/T4 58 (76.3%) 54 (69.2%) 112 (72.7%)
Triple negative — n (%)

No 41 (53.9%) 47 (60.3%) 88 (57.1%)

Yes 27 (35.5%) 27 (34.6%) 54 (35.1%)

Missing 8 (10.5%) 4 (5.1%) 12 (7.8%)
N-stage — n (%)

Negative 41 (53.9%) 39(50.0%) 80 (51.9%)

Positive 33 (43.4%) 39 (50.0%) 72 (46.8%)

Missing 2 (2.6%) 0 (0.0%) 2 (1.3%)
M-stage - n (%)

MO 76 (100.0%)  78(100.0%) 154 (100.0%)
Grading - n (%)

G1 1(1.3%) 1(1.3%) 2(1.3%)

G2/Gx 23 (30.3%) 23(29.5%) 46 (29.9%)

G3 49 (64.5%) 52 (66.7%) 101 (65.6%)

Missing 3(3.9%) 2 (2.6%) 5(3.2%)
Her2 — n (%)

Negative 64 (84.2%) 67 (85.9%) 131 (85.1%)

Positive 0 (0.0%) 1(1.3%) 1(0.6%)

Missing 12 (15.8%) 10 (12.8%) 22 (14.3%)
ER-n (%)

Negative 37 (48.7%) 35 (44.9%) 72 (46.8%)

Positive 36 (47.4%) 42 (53.8%) 78 (50.6%)

Missing 3(3.9%) 1(1.3%) 4 (2.6%)
PgR - n (%)

Negative 36 (47.4%) 35 (44.9%) 71 (46.1%)

Positive 37 (48.7%) 42 (53.8%) 79 (51.3%)

Missing 3(3.9%) 1(1.3%) 4 (2.6%)
Kie7

N 73.0 74.0 147

Median (min-max) 50 (3-90) 50 (3-90) 50 (3-90)
Surgery Type - n (%)

Breast conserving 46 (60.5%) 43 (55.1%) 89 (57.8%)

Mastectomy 21 (27.6%) 24 (30.8%) 45 (29.2%)

Other 6 (7.9%) 6 (7.7%) 12 (7.8%)

Skin sparing mastectomy 2 (2.6%) 3(3.8%) 5(3.2%)

Missing 1(1.3%) 2 (2.6%) 3(1.9%)
Sentinel node biopsy — n (%)

No 29 (38.2%) 27 (34.6%) 56 (36.4%)

Page 6 of 14

Table 1 (continued)

CON(n=76) REV(n=78) Total (n=154)

Yes 47 (61.8%) 49 (62.8%) 96 (62.3%)
Missing 0 (0.0%) 2 (2.6%) 2(1.3%)
Axilla dissection — n (%)
No 33 (43.4%) 29 (37.2%) 62 (40.3%)
Yes 43 (56.6%) 47 (60.3%) 90 (58.4%)
Missing 0 (0.0%) 2 (2.6%) 2(1.3%)
RCB - n (%)
RCBO 16 (21.1%) 15 (19.2%) 31 (20.1%)
RCB 10 (13.2%) 13 (16.7%) 23 (14.9%)
RCBI 34 (44.7%) 30 (38.5%) 64 (41.6%)
RCBIII 10 (13.2%) 15 (19.2%) 25 (16.2%)
Missing 6 (7.9%) 5 (6.4%) 11 (7.1%)
pCR - n (%)
No 58 (76.3%) 59 (75.6%) 117 (76.0%)
Yes 17 (22.4%) 16 (20.5%) 33 (21.4%)
Missing 1(1.3%) 3(3.8%) 4 (2.6%)

N number of patients in ITT analysis set, CON conventional neoadjuvant
chemotherapy scheme, REV reverse neoadjuvant chemotherapy scheme,

SD standard deviation, Min Minimum, Max Maximum, BMI body mass index,
Her2 human epidermal growth factor receptor 2, ER estrogen receptor, PgR
progesterone receptor, RCB Residual Cancer Burden, pCR pathologic complete
response. For patients who experience bilateral cancer information from the
worse side is used for descriptive summaries

Epirubicin-based chemotherapy suppresses lymphocytes
whereas docetaxel maintains their number and function
The differential blood count showed a strong decrease of
lymphocytes in patients treated with the initial four cycles
of EC (from 1.57x10%+0.52 cells/pl to 0.86x 10%+0.42
cells/pl; p<0.001; see Fig. 2B). In contrast, initial D had
no effect on the lymphocyte count. The great majority
of lymphocytes are T cells, followed by B cells and much
fewer natural killer cells. A detailed analysis by flow
cytometry showed an EC-induced decrease of CD19*
B cells which persisted during the subsequent 4 cycles of
D until completion of NAC (see Fig. 2C). A similar drop
was also observed when EC was administered after D.
The reduction of B cells did not differ between respond-
ers and non-responders (see Supplementary Figure S4
and Supplementary Table S3). Hence, EC seemed to have
a sustainable and long-lasting suppressive effect on B
cells. The decrease of CD3™ T cells when EC was admin-
istered initially was less pronounced compared to the one
of B cells and was not observed when EC was given after
D. In contrast, the initial 4 cycles of D in the REV arm
did not reduce the number of circulating T or B cells.
Remarkably, CD15"% granulocytes did not show statisti-
cally significant changes in their cell number in response
to the different chemotherapy treatments. Similarly, we
found no change in CD14% monocytes or CD56" NK-
cells (data not shown). Because T cells are essential for an
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effective anti-tumor immune response, we investigated T
cell function. Therefore, we isolated PBMCs from blood
samples collected at baseline, midterm and surgery. They
were then treated ex vivo with PHA and the ability of
cytotoxic T cells to produce IFNy was measured by flow
cytometry. Neither EC nor D showed any effect on this T
cell function (see Fig. 2D).

Lymphocytes may be regulated by a variety of differ-
ent cytokines, chemokines and other immunomodula-
tory factors. Hence, we investigated such molecules in
our patient collective. For this purpose, 81 patients of
the “lymphocyte function & infiltration” subset were
further selected for the “immunoassay” subgroup. Four-
teen above mentioned factors were measured in blood
samples at baseline, midterm and at surgery. Five fac-
tors (uPA, CXCL10, sTNFSF10, suPAR, and CCLS)
reacted differently to EC as compared to D (see Table 3;
a detailed illustration for every single factor is shown in
Supplementary Figure S5 A+B). All of them decreased
in response to four cycles of EC, which is in accordance
with the suppressive effect of this treatment described
above. Interestingly, uPA and its soluble receptor suPAR
as well as CXCL10 increased in D-treated patients.

Taken together, these data show that the treatment of
BC patients with EC reduces B cells, T cells and several
soluble immunomodulatory factors in the peripheral
blood. Treatment with D, in contrast, maintains lym-
phocyte number and function, even an increase of some
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soluble factors in response to D was observable, sug-
gesting that this treatment might have greater inductive
potential on immune signaling.

Docetaxel and epirubicin induce different forms of cell
death

To investigate the source of the D-induced immunomod-
ulatory factors we performed in vitro experiments.
WBCs, breast cancer cell lines and a combination of
both were exposed for 72 h to either epirubicin or doc-
etaxel. PBS served as negative control. Then the above-
mentioned 14 factors were measured in the supernatant.
The heat map in Fig. 3A gives an overview of the results
(for more detailed results see Supplementary Table S4).
Docetaxel induced a secretion of many factors includ-
ing CXCL10, suPAR, and uPA from cancer cell lines,
while WBCs remained unresponsive. Epirubicin, in con-
trast, induced no increase of any of these factors. These
results confirm that the immunomodulatory factors,
which increased after four cycles of D in vivo, originated
from dying tumor cells, rather than immune cells. To
confirm that this is a general effect in breast cancer we
repeated this experiment with six different breast can-
cer cell lines (HCC-1937, HCC-1143, SK-BR-3, BT-474,
ZR-75-1, and MCF-7) investigating those three param-
eters, which showed the highest and most significant dif-
ferential response in the in vivo setting (uPA, suPAR, and
CXCL10). These experiments included also a treatment

Table 3 Parameter changes between baseline and midterm in patients with conventional (CON) or reverse (REV) NAC. A stronger
decrease of some parameters was observed in patients undergoing four cycles of NAC containing epirubicin when compared to
patients undergoing four cycles of docetaxel. M =midterm; B=baseline; N=number of patients, min = minimum; max = maximum

Change between baseline and midterm (M-B)

CON REV
Factor N Median N Median p-value

(Min, Max) (Min, Max)
uPA 39 -79.9(-1391.0, 2168.2) 42 563.0 (-9843.9, 5260.4) 0.0001
CXCL10 (IP10) 39 -12.9(-383.9,26.2) 41 17.7 (-93.8,161.9) 0.0001
STNFSF10 (sTRAIL) 39 -5.9(-12,955.7,95.9) 41 34 (-11135,94.8) 0.0005
SUPAR 39 -381.1 (-4845.4,2106.6) 42 267.5(-6872.9,5487.1) 0.0020
CCL8 (MCP-2) 39 -93(-71.1,14.5) 41 0.5 (-20.7,32.4) 0.0234
CCL2 (MCP-1) 39 -17.4 (-196.8,79.9) 41 1.6 (-256.6, 157.8) 0.0548
sTIM-3 39 -6.9 (-14,467.4,2186.9) 41 71.3 (-460.8,681.8) 0.0823
sCD27 39 -179.5(-2115.8,7743.4) 41 22.9(-3587.8,3397.6) 0.0893
CSF-1 (M-CSF) 39 -25(-226,61.1) 41 0.0(-19.7,14.0) 0.1178
sPD-L2 39 -148.9 (-1145.6, 2076.9) 41 -57.8(-1807.2,1214.8) 0.1224
VEGF-A 39 36.6 (-2937.2,5025.5) 41 -8.9(-228.8,819.9) 0.3681
OPG 39 0.0 (-441.7,116.2) 41 -0.7 (-31.3,29.6) 03729
STNFSF12 (TWEAK) 39 -59.0 (-1449.4,591.2) 41 -39.0 (-2914,608.0) 04216
CCL11 (Eotaxin-1) 39 -04 (-36.7,45.6) 41 49(-138.1,35.1) 0.5097




Wimmer et al. J Exp Clin Cancer Res

A
2-score WBCs Tumor cells

@]

HCC-1143

ZR-75-1

count

(2023) 42:300

Tumor cells + WBCs |

Control
Epirubicin
Docetaxel
CxCL10
ccL
0PG
M-CSF
sPD-L2
ccL1
sTIM-3
STNFSF12
SUPAR
STNFSF10
VEGF-A
uPA
cc2
sCD27

Control

Control Docetaxel

o

uPA
(normalized to control)

Epirubicin (E)

1.5

1.0

0.5

—{h

SuPAR

(normalized to control)
o

-LE?

°
=)
€

8
S
]
°
2%
oN
©
£

£

9]
£

4-00H-CY (C)

4-00H-CY (C)

B Docetaxel
V Epirubicin
@ 4-00H-CcY

G2/G1 ratio

Fig. 3 Effect of docetaxel, epirubicin, and cyclophosphamide on in vitro cultures of breast cancer cells. A Heat map showing the effect

60 —— F 8

EERER!
Active Caspase-3

Control—
Docetaxel-{
Epirubicin-|
OH-CY—
E+C—

4-0

Control+

Docetaxel

Epirubicin—

4-00H-CY—|m#f;

ERY

HCC-1937
HCC-1143
SK-BR-3
BT-474
ZR-751
MCF-7

Page 10 of 14

of epirubicin and docetaxel on the release of soluble immune mediators. Epirubicin, docetaxel, or medium as negative control were added

to three different breast cancer cell lines (SK-BR3, MCF7, and HCC1143) which were then cultured for 48 h then white blood cells (WBC)

were added and the co-culture was cultivated for additional 24 h. The concentration of 14 different immune mediators in the supernatant

was determined using a bead array immunoassay. The red colored dots indicate high concentrations of the respective mediator. B Release of uPA,
SUPAR, and CXCL10 from HCC-1937, HCC-1143, SK-BR-3, BT-474, ZR-75-1, and MCF-7 cells in response to docetaxel, epirubicin, and 4-OOH-CY.

C Phase contrast microscopic images of HCC1143 and ZR-75-1 cells after a 48 h cultivation in the presence of docetaxel, epirubicin, 4-OOH-CY,

or a combination of the latter two. The white arrows indicate multinucleated giant cells. The black arrows point to apoptotic cells surrounded

by apoptotic bodies. D Cell cycle analysis: Cells were treated as described in C and the intracellular DNA was stained with PIl. The graph shows

the distribution of the fluorescence intensities as assessed by flow cytometry. G1, G2, and S indicate the respective phase of the cell cycle. E
Summary of the data shown in D. The results are expressed as mean G2/G1 ratio of the respective cell line (£ SD, n=3). F Quantification of apoptosis.
Cells were treated as described in C, then the membrane was permeabilized and stained with antibodies against active caspase 3. The fluorescence

was analyzed by flow cytometry. The graph indicates the mean relative distribution normalized to the untreated control (+SD, n=3).The

significance was calculated using a one-way ANOWA overall cell lines
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with 4-OOH-CY, which is an active metabolite of cyclo-
phosphamide. Figure 3B shows that epirubicin induced
less secretion of uPA and suPAR compared to docetaxel,
whereas 4-OOH-CY had no effect. The secretion of
CXCL10 varied strongly between cell lines and there was
no clear difference between epirubicin-treated and doc-
etaxel-treated cells.

To investigate the respective cell death pathways, we
compared the cytotoxic effects of docetaxel, epirubicin
and 4-OOH-CY on six breast cancer cell lines. Figure 3C
shows examples of microscopic images of two BC cell
lines exposed for 48 h to these compounds. Docetaxel-
treated cells increased in size forming multinucleated
giant cells with accumulated intracellular vacuole. In
contrast, epirubicin-treated cells showed classical apop-
totic morphological features such as cell shrinkage and
numerous apoptotic extracellular vesicles, which are
known to be released during the process of apoptotic
blebbing. 4-OOH-CY did not affect the cell viability. Next
we performed cell cycle measurements (see Fig. 3D).
Docetaxel induced an accumulation of cells in G2 phase
and a strong decrease of cells in G1. In contrast, epiru-
bicin-treatment caused an increase of cells in G1 and the
formation of sub-G1 cells, which reflects a DNA ladder-
ing during apoptosis. 4-OOH-CY as a single agent did
not affect the cell cycle and showed no additive effect
in combination with epirubicin. Figure 3E summarizes
the results of the cell cycle measurements. Docetaxel
induced a significant increase of the G2/G1 ratio in all six
cell lines. All other treatments had no significant effect as
compared to control. To further specify the induction of
apoptosis, an active caspase-3 assay was performed. Epi-
rubicin-treated cells showed a significantly higher acti-
vation of caspase-3 as compared to control (see Fig. 3F).
Docetaxel-treated cell showed also some increase, but to
a lower extend. 4OOH-CY had no effect. Taken together
these results confirm that epirubicin and docetaxel dif-
fer in their induction of cell death in breast cancer cell
lines, where docetaxel-treatment is associated with the
release of various immunomodulatory mediators similar
as observed above in vivo.

Discussion

Neoadjuvant anthracyclines and taxanes still represent
one standard-of-care therapy option in women with
early, high-risk or locally advanced breast cancer [24,
25]. In TNBC patients, further substantial benefits can
be achieved by adding immune checkpoint inhibitors
either in the neoadjuvant setting [11, 13, 26] or even in
the locally advanced or metastatic setting [27]. Since
the combination of chemotherapy with immunotherapy
is more and more common, the question arises if there
are agents that should be preferentially combined while
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other combinations may cause mutual interference,
potentially impeding immune modulating characteristics
of a particular agent. The study design of the ABCSG-34
trial allowed for a comparison of the conventional (EC
followed by D) versus reverse (D followed by EC) NAC
scheme with respect to in vivo immune effects. It enabled
a profound investigation of the distinct effects of each
chemotherapeutic agent on its own during the initial 4
cycles of therapy. Although Bartsch et al. overall found no
differences regarding clinical and pathological response
to NAC between patients undergoing conventional or
reverse NAC [16], the here presented study revealed that
EC and D differ fundamentally in their effects on lympho-
cytes and on immunomodulatory molecules in the circu-
lation. Patients on upfront EC developed lymphopenia
with CD19% B cells decreasing to less than 10% of respec-
tive baseline levels, whereas D had no ablating effects.
This effect was long-lasting since the suppression per-
sisted even after the following four cycles of D. A similar
durable inhibitory impact of EC on B cells was observed
in a study by Verma et al. [28]. A major depletion of B
cells was observed, dropping to a median of 5.4% of pre-
chemotherapy levels. After 9 months, a partial recovery
of B and CD4* T cells was observed although their levels
remained significantly lower than before chemotherapy.
Other trials showed similar effects of EC and confirmed
a B cell loss of over 90% after administration of EC in
TNBC patients. Additionally, they reported decreased
numbers of natural killer cells and CD4" T lymphocytes
to 50% while the frequency of CD8% T cells was less
affected [29]. Similarly, we observed that T cells were not
as sensitive to EC as B cells. CD3" T cells decreased after
four cycles of EC by only 50%. EC administered after
D had no detectable effect on CD3* T cells. The latter
probably has to do with the large variation observed in
T cells after treatment with D, which may mask any weak
EC effect. Taken together, EC administration entailed a
strong and long-lasting suppressive effect on B cells and a
more transient effect on T cells while D had only a minor
impact on lymphocytes and their subtypes.

In the here presented study the stimulatory effects of D
on soluble immunomodulatory biomarkers were clearly
observable in vivo as well as in vitro. EC conversely led
to a decrease of plasma levels of diverse soluble immu-
nomodulatory molecules such as CXCL-10, uPA, suPAR,
MCP-1, MCP-2 and Tweak in vivo and to decreasing lev-
els in our in vitro experiments. Of note, we cannot clarify
whether the effects of the initial four cycles of EC can
be attributed either to E or C or to the combination of
both. The alkylating agent C is a well-known immuno-
suppressant, commonly used to prevent graft rejection
or to treat several chronic autoimmune disorders [30].
To adequately assess the cytotoxic effect of C by itself, it
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was investigated separately in the in vitro experiments,
where we used concentrations of E, C and D, which were
in the lower range of published plasma peak concentra-
tion: 2 uM epirubicin (range: 2—-6 uM) [29], 15 uM active
cyclophosphamide metabolite 4-OOH-CY cyclophos-
phamide (range: 15-36 pM) [30], and 1 puM docetaxel
(range: 1-6 uM)s [31]. Although 4-OOH-CY is known to
induce caspase-9 dependent apoptosis in 9L gliosarcoma
cells at a similar concentration as it was used here [32],
no cytotoxic effect was observable in any tested cell line
when compared to E and D. This might be explained by
the finding that the apoptosis-inducing effect of 4-OOH-
CY varies strongly between cell types [33]. Since all of the
six tested BC cell lines reacted similarly to E as well as to
D we concluded that the observed effects were independ-
ent of the BC subtype and may affect other solid tumors
in an analogous way. Even though docetaxel and epiru-
bicin have been reported to ultimately lead to apoptosis
as well [32, 34, 35], the pathway to this differs substan-
tially. Docetaxel prevents microtubule depolymerisation
[31], whereas epirubicin stabilizes the topoisomerase II
DNA complex [36]. The group of Seamus Martin showed
that dying cells release in the very early phase of apop-
tosis various chemokines which serve as “find-me” sig-
nals for immune cells for the clearance of the cell debris
[37]. This involves apoptosis-related proteins such as
RIPK1 and IAPs and depends on the apoptosis-inducing
agent. Similarly, we found recently that apoptotic colo-
rectal cancer cells secrete CXCL1, CXCL5, and CXCL8
in response to chemotherapeutic drugs such as oxalipl-
atin, 5-FU, or bortezomib [23]. The increased release of
uPA, suPAR, and CXCL10 immunomodulatory factors
by D-treated breast cancer cell lines observed here, might
be related to a similar mechanism. From the data shown
here, we cannot conclude whether and how these immu-
nomodulatory factors affect immune cells in the tumor
tissue. A breast cancer model in mice with a humanized
immune system would be necessary for this purpose.
However, this would go far beyond the scope of the pre-
sent study.

In a recently published work Lopes et al. stated that the
immune response is key to successful neoadjuvant chem-
otherapy [38]. In their study they observed higher levels
of plasma immune mediators like VEGF-A, GM-CSF and
IL-2 at baseline in TNBC patients responding to NAC
compared with non-responders. They further observed
that systemic inflammatory cytokines were positively
correlated with levels of TILs in patients achieving pCR.
The predictive relevance of lymphocytes in the tumor
microenvironment, however, is well described in the lit-
erature [39—41]. Herrero-Vicent et al. demonstrated that
TNBC patients with a so-called lymphocyte-predomi-
nant breast cancer receiving NAC with anthracyclines
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and taxanes had higher pCR rates (88%) than those with
a non-lymphocyte-predominant BC (9%) and thus sug-
gested that TILs could be routinely used as biomarker
[42]. The predictive value of TILs irrespective of breast
cancer subtype was confirmed in an analysis performed
by the German Breast Cancer Group, where high lev-
els of TILs predicted for higher pCR rates in patients
with luminal, HER2+and triple-negative disease [43].
In our study cohort, including HR+/HER2- and TNBC
patients, we found that patients with high TILs at base-
line as well as patients with increasing TILs during NAC
had a better response to NAC. This agrees with obser-
vations in other studies. A recent systematic review and
meta-analysis confirmed that higher levels of TILs after
NAC correlated with significantly improved recurrence-
free, metastasis-free and event-free survival in TNBC
patients [44].

Limitations of our study were the retrospective nature
of the study, the lack of long-term outcomes due to cur-
rently missing follow-up data as well as the division into
subgroups depending on the NAC scheme, which led to
a comparison of two smaller groups. With the intention
to investigate the distinct effects of EC and D, ABCSG-
34 patients receiving neoadjuvant Al therapy as well as
all vaccinated patients were excluded. Reasons for this
were the low risk profile of patients who were selected
for neoadjuvant Al therapy in the ABCSG-34 trial and
the unpredictable effect of the Mucin-1 cancer vaccine
on circulating biomarkers and on sTILs or iTILs. Fur-
ther, it has to be pointed out that the selection of immu-
nomodulatory biomarkers was based on preliminary data
from ABCSG-34 patients who received neoadjuvant Al
therapy (see Supplementary Figure S3) although those
patients were excluded from further analysis in the here
presented work. We assume that a potential bias might be
neglectable since this preliminary data was used to define
a large number of measurable parameters in patients with
invasive but low risk BC. Regarding the predictive value
of sTILs and iTILs during NAC, it must be emphasized
that the small number of cases definitely influenced the
power of this analysis with odds ratios only marginally
higher than 1. Thus, the results regarding the predictive
value of NAC-induced changes in sTILs and iTILs have
to be interpreted with caution. Nevertheless, the statisti-
cal significance of these results indicates that EC might
affect lymphocytes in a different way than D does.

As chemotherapy, either in neoadjuvant or adjuvant
manner, is frequently faced with tumor regrowth or drug
resistance, a combination with immunotherapy seems
promising. There is evidence that the form of cell death
induction plays a pivotal role in the level of anti-tumor
immune response. In the here presented study, a strong
inhibitory effect of EC on lymphocytes was observed.
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This may counteract the stimulatory effect of immu-
notherapies, and thus, upfront taxane-therapy may be
the preferred approach for trials of immunotherapeutic
approaches in early-stage breast cancer.
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