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Abstract

Background: While combinations of immune checkpoint (ICP) inhibitors and neo-adjuvant chemotherapy (NAC)
have begun testing in patients with breast cancer (BC), the effects of chemotherapy on ICP expression in circulating
T cells and within the tumor microenvironment are still unclear. This information could help with the design of
future clinical trials by permitting the selection of the most appropriate ICP inhibitors for incorporation into NAC.

Methods: Peripheral blood samples and/or tumor specimens before and after NAC were obtained from 24 women
with operable BC. The expression of CTLA4, PD-1, Lag3, OX40, and Tim3 on circulating T lymphocytes before and at
the end of NAC were measured using flow cytometry. Furthermore, using multi-color immunohistochemistry (IHO),
the expression of immune checkpoint molecules by stromal tumor-infiltrating lymphocytes (TILs), CD8+ T cells, and
tumor cells was determined before and after NAC. Differences in the percentage of CD4+ and CD8+ T cells
expressing various checkpoint receptors were determined by a paired Student’s t-test.
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Trial registration: NCT04022616.

Results: This analysis showed decreased ICP expression by circulating CD4+ T cells after NAC, including significant
decreases in CTLA4, Lag3, OX40, and PD-1 (all p values < 0.01). In comparison, circulating CD8+ T cells showed a
significant increase in CTLA4, Lag3, and OX40 (all p values < 0.01). Within tumor samples, TILs, CD8+ T cells, and PD-
L1/PD-1 expression decreased after NAC. Additionally, fewer tumor specimens were considered to be PD-L1/PD-1
positive post-NAC as compared to pre-NAC biopsy samples using a cutoff of 1% expression.

Conclusions: This work revealed that NAC treatment can substantially downregulate CD4+ and upregulate CD8+ T
cell ICP expression as well as deplete the amount of TILs and CD8+ T cells found in breast tumor samples. These
findings provide a starting point to study the biological significance of these changes in BC patients.
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Background

Breast cancer (BC) is the most common malignancy in
women, with over 1.3 million cases worldwide and 240,
000 cases in the United States annually [1-3]. Approxi-
mately 93% of all newly diagnosed cases of BC in the
United States are operable, but many patients require
systemic chemotherapy in order to decrease the risk of
locoregional and systemic recurrence [4]. Recently, there
has been an increase in the use of neoadjuvant chemo-
therapy (NAC), especially for patients with triple-
negative (TNBC) and human epidermal growth factor
receptor 2 (HER?2) + disease [5]. Randomized, controlled,
prospective studies that compared NAC with adjuvant
chemotherapy have shown that patient survival is similar
between these two approaches [6, 7]. However, NAC
offers several advantages over adjuvant chemotherapy,
including the ability to increase the rate of breast
conservation and to monitor for chemotherapy response
[5, 8]. Notably, pathologic complete response (pCR) fol-
lowing NAC has emerged as a reliable surrogate marker
of improved disease free survival (DFS) and overall
survival (OS), especially in patients with TNBC and
hormone receptor (HR)-/HER2+ disease [9].

Several studies have shown that the presence of
tumor-infiltrating lymphocytes (TILs) is associated with
higher rates of pCR to NAC [1, 10-12]. Furthermore,
many studies have revealed that TIL levels are predictive
of response to NAC and that for individuals with TNBC
and HER2+ BC, TIL levels were positively associated
with a survival benefit [10, 11, 13-15]. These data sug-
gest that the immune system may play a role in control-
ling breast cancer and that the cytotoxic agents used in
NAC may function in part through modulation of the
immune system. This observation opens up the possibil-
ity that immune therapies could be incorporated into
NAC for BC. Several such approaches are currently
under investigation in multiple clinical trials [16].

In the metastatic setting, the IMpassion130 trial showed
a 7 month improvement in OS when the PD-L1 inhibitor
atezolizumab was added to nab-paclitaxel chemotherapy

in the front line setting for patients with TNBC and posi-
tive expression of PD-L1 on the immune cells within the
tumor microenvironment [17, 18]. Similarly, results from
the Keynote-522 trial have shown that addition of an im-
mune checkpoint (ICP) inhibitor to standard BC NAC
can improve the rate of pCR in TNBC patients [19]. Other
studies that combine ICP inhibitors and NAC backbones
are currently ongoing. For example, study NCI10013 adds
atezolizumab to carboplatin and paclitaxel [20] and study
NCT03289819 tests the addition of the PD-1 inhibitor
pembrolizumab to neo-adjuvant nab-paclitaxel followed
by epirubicin and cyclophosphamide.

Thus far, only antibodies targeting PD-1, PD-L1, and
CTLA4 have received FDA approval for the treatment of
cancer. However, it is likely that drugs targeting additional
ICPs, such as Tim3, Lag3, and OX40, could be approved
in the future [21, 22]. Tim3 is an inhibitory receptor that
has been found to inhibit Thl T cell responses, and there
are several antibodies targeting Tim3 in development [21].
Lag3 is another checkpoint receptor expressed by regula-
tory T cells and TILs that has been shown to dampen
anti-tumor immune responses [21]. Finally, OX40 is a co-
stimulatory molecule expressed by activated CD4+ and
CD8+ T cells [21]. Agonists of OX40 can induce T cell
proliferation and expansion [23].

In order to effectively incorporate immune therapy into
NAC for BC, it will be important to understand the
changes that occur in the expression of ICP proteins during
NAC, both in circulating T cells and within the tumor.
Thus, the goal of this study was to evaluate the changes that
occur in the expression of PD-1, CTLA4, Tim3, Lag3, and
0OX40 by circulating CD4+ and CD8+ T cells in response
to NAC. Levels of stromal TILs and tumor PD-1/PD-L1 ex-
pression were also evaluated in BC patients receiving NAC.

Methods

Study design

Specimens for this analysis were obtained under an IRB-
approved, single-arm correlative study that was con-
ducted at The Ohio State University Comprehensive
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Cancer Center between May 2012 and March 2014 (IRB
protocol No. 2010C0036). Eligible patients included
adult women (>18 years old) with biopsy proven, non-
metastatic BC who, in the opinion of the treating phys-
ician, were suitable for NAC. Exclusion criteria were the
presence of inoperable BC or receipt of chemotherapy
for breast cancer prior to study enrollment. All patients
were required to sign an IRB-approved informed consent
form prior to enrollment.

Neo-adjuvant chemotherapy

Eligible participants received intravenous NAC as deter-
mined by the treating physician. The chemotherapy regimens
employed in this study have previously been described and
are listed in Additional File 1 [2]. Briefly, the majority of pa-
tients received 4 cycles of doxorubicin and cyclophospha-
mide given every 2weeks at standard doses, followed by
either 12 treatments of paclitaxel given weekly or 4 cycles of
dose-dense paclitaxel given every 2 weeks. For patients with
HER2+ BC, trastuzumab was administered alone or in com-
bination with pertuzumab along with the paclitaxel. For all
chemotherapy regimens, dexamethasone was utilized as
an anti-emetic agent (frequency and timing detailed in
Additional File 1). Peripheral blood samples were all ob-
tained prior to administration of chemotherapy. All blood
draws were performed 7 days or more from the last dose
of dexamethasone. Residual post-NAC tumor samples
were obtained three or more weeks after the last dose of
dexamethasone.

Sample collection and procurement

Peripheral blood was collected prior to the first and last
cycle of NAC for this study. Peripheral blood mono-
nuclear cells (PBMCs) were isolated from peripheral
venous blood via density gradient centrifugation with
Ficoll-Paque (Amersham Pharmacia Biotech, Uppsala,
Sweden), as previously described [24, 25]. PBMCs were
cryopreserved and stored at — 80 °C until 1 x 10° PBMCs
from all compared samples could be concurrently
thawed and analyzed by flow cytometry. Assessment of
ICP expression on CD4+ and CD8+ T cells was per-
formed at baseline and at the time of the last chemo-
therapy treatment. Archived formalin-fixed, paraffin-
embedded pre-NAC biopsies and post-NAC resection
specimens were retrieved for analysis of TILs, CD8+ T
cells and PD-L1 and PD-1 expression.

Flow cytometry for expression of ICPs on circulating T
cells

PBMCs were stained with fluorescent antibodies to CD4,
CD8, CTLA4, PD-1, Lag3, OX40, and Tim3. Specific
antibodies and fluorophores were as follows: CD4 FITC,
CD8 APC, PD-1 PE, Lag3 PE, Tim3 PE, CTLA4 PE,
OX40 PE. To perform flow cytometry compensation and
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verify fluorescent antibody efficacy, the AbC Total Anti-
body Compensation Bead Kit (Thermo Fischer Scientific,
Waltham, MA) was utilized according to manufacturer’s
instructions to determine positive and negative cell pop-
ulations. Gating on CD4+ cells identified T helper lym-
phocytes and gating on CD8+ cells identified cytotoxic
T lymphocytes. CD4+ and CD8+ T cells were subse-
quently analyzed separately for expression of CTLA4,
PD-1, Lag3, OX40, and Tim3. All samples were run on a
BD LSR-II flow cytometer and data was analyzed with
FlowJo software (Tree Star, Inc.). Differences in the ex-
pression of ICP receptors before and after NAC were de-
termined by comparing the percentage of CD4+ or
CD8+ T cells expressing a given ICP.

Analysis of tumor immune infiltrate

A multi-color immunohistochemistry (IHC) multiplex
assay simultaneously detecting PD-1, PD-L1, and CD8
expressing cells (Roche Tissue Diagnostics) was per-
formed on whole sections from formalin-fixed, paraffin-
embedded pre-NAC biopsies or post-NAC resected
tumor specimens. In this assay, PD-L1 staining is brown,
PD-1 staining is red, and CD8 staining is green. Mem-
branous staining was considered to be specific. A cut off
of 21% was employed to define PD-1 or PD-L1 positive
expression, as this was previously determined to be an
appropriate measure of PD-L1 positivity and associated
with improved outcomes for the addition of PD-L1 in-
hibitors to chemotherapy in several clinical trials [17,
26]. PD-L1 positive expression in the tumor is reported
as the percentage of PD-L1 positive tumor cells amongst
total tumor cells. Similarly, within the stroma, the
amount of PD-L1 positive stromal/immune cells is re-
ported as the percentage of PD-L1 positive stromal/im-
mune cells amongst total stromal/immune cells. Total
PD-L1 positive cells are reported as the total percentage
of PD-L1 positive tumor and stromal/immune cells
amongst total tumor and stromal/immune cells. The
amount of CD8+ T cells within the tumor, stroma, and
the total sample was calculated by comparing CD8+ im-
mune cells to total immune cells within tumor area,
stromal area, and entire area respectively. TILs were
identified on hematoxylin and eosin stained whole sec-
tions and defined as the percent of stromal area within/
surrounding tumor containing infiltrating lymphocytes
compared to the total area. Analysis of tumor specimens
was performed by an experienced pathologist specializ-
ing in BC and tumor microenvironment (ZL).

Statistical analysis

Statistical differences between treatment groups were
determined using paired (when comparing pre- and
post-NAC samples) and unpaired (when comparing be-
tween tumor subtypes) Student’s t-tests. On presented
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graphs, bars represent group means and each pair of
connecting circles signify individual patient values pre-
and post-NAC.

Results

Patient characteristics

Twenty-four women with operable BC were enrolled in
this study. Two patients did not complete all of the re-
quired blood draws and were therefore only included in
the tumor specimen analysis. Patient characteristics are
summarized in Table 1. The median patient age was 48
years (range 32-70). All patients were Eastern Coopera-
tive Oncology Group (ECOG) performance status of 0
or 1, indicative of all patients being completely ambula-
tory. The majority of patients were Caucasian (n=17)
and pre-menopausal (n = 15). Eleven patients had TNBC,
eight had HR+/HER2- BC, three patients had HR
-/HER2+ BC, and two patients had HR+/HER2+ BC.
Only one patient had stage I disease, while 20 and 3

Table 1 Patient demographics

Characteristic N pCR rate
All Patients 26 46.2%
Race White 19 52.6%
African American 6 16.7%
Hispanic 1 100%
Age (years) Median 48
Range 32-70
ECOG performance status 0 21 47.6%
1 5 40%
Menopause status Pre-menopausal 16 37.5%
Post-menopausal 7 85.7%
Unknown 3 0%
Tumor size (cm) Median 28
Range 06-8.7
Clinical node stage 0 14 35.7%
1 1 54.5%
2 1 100%
Clinical stage 1A 1 100%
IIA 14 35.7%
1B 8 50%
A 3 66.7%
Grade 1 0
2 7 0%
3 17 63.2%
Receptor status HR+ and HER-2- 8 37.5%
HR+ and HER-2+ 3 33.3%
HR- and HER-2+ 4 75%
Triple Negative 11 45.5%
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patients had stage II and III BC, respectively. All 24 pa-
tients had invasive ductal carcinoma as the tumor hist-
ology. These characteristics are felt to be representative
of a typical patient population that is offered NAC [27].
The overall rate of pCR, which is defined as no patho-
logic evidence of residual invasive cancer in the breast
and sampled regional lymph nodes, was 41.7% (45.5% in
patients with TNBC, 37.5% for patients with HR+/HER-
BC, 66.7% in patients with HR-/HER2+ BC, and 0% for
patients with HR+ HER2+ BC). The rates of pCR and re-
sidual cancer burden indexes [28] by NAC regimen are
reported in Additional File 1. The surgical management
of the patients’ BC following NAC are detailed in
Additional File 2.

Circulating CD4+ and CD8+ T cell expression of ICP
receptors

Flow cytometry was used to assess the overall frequency
of peripheral blood CD4+ and CD8+ T cells and their
expression of ICP receptors (CTLA4, Lag3, OX40, PD-1,
and Tim3) in 22 patients (see Fig. 1 for representative
flow cytometry plots and gating strategy) and individual
patient expression levels pre- and post-NAC were com-
pared in a paired t-test. Following NAC, there was found
to be a significant decrease in the percentage of CD4+ T
cells expressing CTLA4 (29.4% vs. 23.4%, p <0.01), Lag3
(32.7% vs. 25.7%, p < 0.001), OX40 (16.1% vs. 7.9%, p <
0.001), and PD-1 (21.8% vs. 12.2%, p < 0.001) (Fig. 2a-d).
Additionally, there was a numerical trend toward fewer
CD4+ T cells expressing Tim3 which did not reach stat-
istical significance (17.0% vs. 13.5%, p = 0.109) (Fig. 2e).
In contrast, there was a significant increase in the per-
centage of CD8+ T cells expressing CTLA4 (34.0% vs.
36.7%, p<0.01), Lag3 (35.6% vs. 38.6%, p =0.001), and
0X40 (15.7% vs. 21.7%, p < 0.001) after NAC (Fig. 3a-c).
There was also a trend towards increased PD-1 (32.2%
vs. 35.9%, p=0.317) and Tim3 expression (14.4% vs.
16.8%, p=0.165) on CD8+ T cells following NAC, but
neither of these values reached statistical significance
(Fig. 3d-e).

Differences in ICP expression dependent upon breast
tumor subtype were also examined. In Additional File 3,
TNBC patients’ peripheral blood CD4+ and CD8+ T cell
expression of ICPs were compared to patients with other
breast cancer subtypes. In this analysis, the only statisti-
cally significant difference seen was greater pre-NAC
CD8+ T cell Tim3 expression in TNBC patients over pa-
tients with other breast cancer subtypes (p <0.05). HR+
and HR- patient levels of ICP expression were also com-
pared in Additional File 4. In accordance with the prior
analysis, pre-NAC CD8+ T cell Tim3 expression was
lower in HR+ blood specimens than HR- samples (p <
0.01). No other statistically relevant differences were seen.
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Fig. 1 Representative flow cytometry plots demonstrating gating
strategy to identify CD4+ and CD8+ T cells as well as expression of
various immune checkpoint receptors. (a) Representative scatter
plots to show gating for CD4+ and CD8+ T cells. (b) Histograms of
isotype controls are shown in gray and checkpoint receptor (CTLA4,
Lag3, OX40, PD-1, and Tim3) expressions are shown in blue. Positive
measurement of each checkpoint receptor is demonstrated within
brackets. (c) Representative histograms for pre-NAC (blue) and post-
NAC (red) checkpoint receptor expression are shown

Tumor infiltrating lymphocytes in tumor samples before
and after NAC

Biopsy specimens prior to NAC were available from 6
patients, and resection samples after NAC were available
from 17 patients. A representative H&E slide demon-
strating the areas defined as tumor (black) and stroma
(red) for TIL determination is shown in Fig. 4a. In the
pre-NAC samples, an average of 29.8% of the stroma
contained TILs, compared to 24.9% TILs in the stroma
of post-NAC samples (Table 2).
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Fig. 2 Changes in the frequency of CD4+ T cells expressing immune
checkpoint receptors. Pre- and post-NAC levels of specified CD4+ T
cells are shown with each pair of connecting circles representing
individual patient levels of (a) CTLA4+, (b) Lag3+, (c) OX40+, (d) PD-
1+, or (e) Tim3+ cells at these time points. Bars are representative of
mean ICP levels. Paired Student's t test was used to compare pre-

and post-NAC levels of specified T cell subsets
J

In the pre-NAC group, the range of stromal area contain-
ing TILs was 1-80%, with 3/6 samples having more than
10% and 2/6 samples having greater than 50% TILs. In the
post-NAC group, the range of TILs was similar at 2-70%,
with 11/17 samples having greater than 10% and 3/17 sam-
ples having greater than 50%. It should be noted that of the
patients with available pre-NAC specimens, only one (16.7%)
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Fig. 3 Changes in the frequency of CD8+ T cells expressing immune
checkpoint receptors. Pre- and post-NAC levels of specified CD8+ T cells
are shown with each pair of connecting circles representing individual
patient levels of (@) CTLA4+, (b) Lag3+, (c) OX40+, (d) PD-1+, or (e) Tim3+
cells at these time points. Bars are representative of mean ICP levels. Paired
Student’s t test was used to compare pre- and post-NAC levels of specified
T cell subsets

ended up having pCR. Of the patients with available post-
NAC specimens, three (17.6%) had pCR. No analysis for stat-
istical significance was performed due to limited sample size.

Frequency and location of CD8+ T cells in tumor samples
before and after NAC

To evaluate changes in CD8+ T cell localization, the
percentage of stromal or tumor areas containing CD8+
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cells was calculated by dividing the area containing
CD8+ cells by the total area in either the stroma or the
tumor. In addition, the percentage of CD8+ cells within
the entire sample was determined by combining stromal
and tumor analysis for each sample (i.e. tumor and
stroma together). Representative images of the IHC ana-
lysis of CD8+ T cells are available in Fig. 4. In the
stroma alone, an average of 24.6% of cells were CD8+ in
the pre-NAC specimens, while an average of 21.2% of
stromal cells were CD8+ following NAC. Within the
tumor alone, an average of 12.0% of cells were CD8+
prior to NAC, and in the post-NAC samples, only 7.9%
of cells were CD8+. In the pre-NAC samples, 18.3%
(range 0.5-60%) of cells in the stroma and tumor com-
bined were CD8+, while 15.7% (range 1-50%) in the
post-NAC group were CD8+ (Table 2).

PD-L1 and PD-1 expression in biopsy and residual tumor
samples

PD-L1/PD-1 expression was evaluated in the pre-NAC
(n=6) and post-NAC (n = 17) samples, with PD-L1/PD-1
positive patients defined as having >1% of cells staining
positively for PD-L1/PD-1. Representative images of the
IHC analysis of PD-L1 and PD-1 are provided in Fig. 4.
Among the pre-NAC samples, 4/6 patients (66.7%) were
positive for overall PD-L1 expression (stroma and tumor
together), 3/6 (50%) were positive for tumor PD-L1 ex-
pression, and 4/6 (66.7%) were positive for stromal PD-L1
expression. Among the post-NAC samples, 9/17 patients
(52.9%) were positive for overall PD-L1 expression, 5/17
(29.4%) were positive for tumor PD-L1 expression, and
10/17 (58.8%) were positive for stromal PD-L1 expression.
PD-1 expression was similarly evaluated in these tumor
tissues. For PD-1 expression, 2/6 (33.3%) patients in the
pre-NAC tumor specimens were positive for overall PD-1
expression, while 4/17 (23.5%) post-NAC specimens were
positive. These results are summarized in Table 3. The in-
tensity of PD-L1/PD-1 expression in the tumor, stroma,
and overall cells are listed in Additional File 5.

Analysis by breast cancer subset and patients with
paired samples
There were three pre-NAC specimens and nine post-
NAC specimens available for analysis of samples from
patients with TNBC (Additional File 6). Additionally,
there were two pre-NAC specimens and seven post-
NAC samples from patients with hormone receptor
positive breast cancer that were obtainable for study
(Additional File 7). Overall, the levels of TILs, CD8+ T
cells, and PD-L1/PD-1 expression in both of these
groups remained stable after NAC.

Four paired pre-NAC and post-NAC tissue samples
were available for comparison and revealed amounts of
TIL and CD8+ T cells, as well as PD-L1/PD-1 expression,
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Fig. 4 Representative images for immuno-histochemical (IHC) analysis of CD8, PD-L1, and PD-1 expression. (a) Representative H&E staining showing a portion
of tumor outlined in black and a portion of stroma outlined in red. (b) Representative image showing multicolor IHC staining for all three markers: PD-L1, PD-1,
and CD8. Brown staining identifies PD-L1 expression, red identifies PD-1 expression, and green represents CD8 expression. Percentage of cells expressing various
markers was determined as the area expressing the marker divided by the total tumor area, total stromal area, or tumor and stromal area together. (c)
Additional representative H&E staining showing tumor outlined in black and stroma outlined in red. (d) Representative multicolor IHC staining showing PD-L1
(brown) and CD8 (green) staining in the stroma only with no staining in the tumor. (e) Representative H&E staining. (f) Representative multicolor IHC staining
showing only rare CD8 (green) staining within the stroma and no PD-L1 (brown) or PD-1 (red) staining

to be mostly unchanged prior to and after NAC (Fig. 5).
Since these patients by definition did not exhibit a pCR fol-
lowing neoadjuvant chemotherapy;, it is not possible to in-
terpret these paired results in the context of the full study
population in which the pCR rate was 42%. However,
visualization of individual patient levels of peripheral blood
T cell ICP expression next to the same patient’s intra-
tumoral PD-L1 intensity was completed (Additional File 8).

Due to the small number of samples, no formal statistical
analyses were performed to compare peripheral blood ICP
levels to intra-tumoral levels of PD-L1 and no clear trends
are seen on graphics.

Discussion
NAC is an increasingly adopted treatment strategy for
women with early-stage operable BC. Importantly, the
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Table 2 Changes in TILs and CD8+ T cells following NAC

Pre-NAC cohort (n =6) Post-NAC cohort
(n=17)

Percentage of TILs

Stromal TILs 29.8% (1-80%) 24.9% (2-70%)
Percentage of CD8+ T cells
Overall CD8+ T cells

Stromal CD8+ T cells

18.3% (0.5-60%)
24.6% (1-70%)
12.0% (0-50%)

Values are denoted as means with ranges in the parentheses

15.7% (1-50%)
21.2% (1-60%)

Intratumoral CD8+ T cells 7.9% (0-40%)

development of new combinations of cytotoxic chemo-
therapy and ICP inhibitors in the neo-adjuvant setting
may improve pCR rates, DFS, and OS. However, the in-
fluence of NAC on immune checkpoint expression has
yet to be studied in a comprehensive manner. To ad-
dress this issue, we present the results of a study that
used flow cytometry and multi-color IHC to characterize
expression of PD-1, CTLA4, Tim3, Lag3, and OX40 by
circulating CD4 and CD8 T cells, as well as the level of
TILs, infiltrating CD8+ T lymphocytes, and PD-1/PD-L1
expression within tumor samples obtained before and
after NAC. Overall, this study found that NAC resulted
in a decrease in checkpoint receptor expression (CTLA4,
Lag3, OX40, and PD-1) by circulating CD4+ T helper
lymphocytes. In contrast, when looking at CD8+ T cyto-
toxic lymphocytes, there was an increase in CTLA4,
Lag3, and OX40 expression following NAC. Only ex-
pression of Tim3 was not statistically different between
baseline and post- chemotherapy samples on circulating
CD4+ and CD8+ T cells. Intratumorally, we observed
that less of our samples were considered to be positive
for the expression of either PD-L1 or PD-1 following
NAC. The percentage of stromal TILs, CD8+ lympho-
cytes, and PD-L1 positivity in these patients decreased
after NAC. In contrast, these values were relative stable
between baseline and post-chemotherapy in the triple-
negative tumors although the small sample size (n=3
for pre-NAC baseline biopsy and #n =9 for post-NAC re-
section residual tumors) precluded formal statistical
comparisons. Furthermore, the small sample size did not
allow for the testing of the association between pCR rate

Table 3 Number of patients with PD-L1/PD-1 positive tumors
and stroma

Pre-NAC cohort (n =6) Post-NAC cohort (n =17)

Overall PD-L1+ 4 (66.7%) 9 (52.9%)
Intratumoral PD-L1+ 3 (50.0%) 5 (29.4%)
Stromal PD-L1+ 4 (66.7%) 10 (58.8%)
Overall PD-1+ 2 (33.3%) 4 (23.5%)

Values are denoted as the number of patients in each group with percentage
of cohort that is PD-L1 or PD-1 positive in the parentheses
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and levels of stromal TILs, CD8+ lymphocytes, and PD-
L1/PD-1 expression.

Several investigators have noted that the frequency of
TILs is associated with increased rates of pCR. It has
also been shown that TILs are associated with a survival
benefit in patients with TNBC and HER2+ BC [13-15,
29]. Furthermore, several of the agents currently used in
NAC regimens have been shown to modulate aspects of
the immune system. For example, doxorubicin has been
shown to promote antigen presentation by dendritic
cells and help drive antigen-specific CD8+ T cell re-
sponses in mouse models [30-32]. Cyclophosphamide
can stimulate natural killer cell anti-tumor responses, as
well as promote macrophage recruitment to tumors and
skew them towards an anti-tumor M1 like phenotype
[33-36]. There are also several reports supporting the
notion that administration of cyclophosphamide en-
hances the action of tumor-specific adoptive T cell ther-
apy [37-39]. Finally, paclitaxel has been shown to
promote the cytotoxicity of tumor-associated macro-
phages, increase natural killer cell activity, and stimulate
tumor specific CD8 T cell responses [40—42]. These
findings suggest that incorporation of therapies aimed at
leveraging the immune system against BC could lead to
more effective NAC regimens and improve the rate of
pCR. It should also be pointed out that all patients in
this study received intravenous dexamethasone as a
standard pre-chemotherapy medication to prevent nau-
sea and vomiting during the anthracycline portion of
chemotherapy and/or to minimize the risk of severe
hypersensitivity reactions prior to paclitaxel administra-
tion. While the impact of episodic steroid use is unclear,
it is possible that any use of steroids may also affect the
immune tumor microenvironment.

To date, the knowldege about influence of NAC
on the expression of targetable checkpoint receptors
has been limited. In order to optimally incorporate
immune therapies into NAC regimens it will be im-
portant to understand how these agents affect the
host immune system as well as the ability of tumor
cells to impact infiltrating T cells. Recently, a report
published by Pelekanou et al. found that following
NAC use in breast cancer cases there was a decrease
in the frequency of TILs, while PD-L1 expression
was relatively stable [1, 43]. These results are con-
sistent with the present analysis of pre- and post-
treatment tumor specimens except that this study
found a decrease in the PD-L1 expression in residual
tumors following NAC. Furthermore, Pelekanou and
colleagues showed that higher pre-treatment levels of
TILs and PD-L1 expression were significantly associ-
ated with higher pCR rates [1]. These findings pro-
vide information that can be useful for incorporating
immune therapies into NAC regimens for BC.
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Fig. 5 Percentage of TlLs, CD8+ T cells, and PD-L1+/PD-1+ cells in patients with paired samples. Pre- and post-NAC levels of specified CD8+ T
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PD-1 intensity at these times points. N =4 for each group, if a sample is not graphed it is due to values being 0

The current work helps expand on these findings by In contrast, the frequency of CD8+ T cells expressing
determining the expression of targetable checkpoint re- CTLA4, Lag3, and OX40 increased following NAC. The
ceptors on circulating CD4+ and CD8+ T cells before reason for the dichotomous change in the frequency of
and after NAC. This analysis revealed a significant de- CD4+ and CD8+ T cells expressing checkpoint receptors
crease in the frequency of circulating CD4+ T cell ex- is unclear. However, this effect could be driven by differ-
pressing CTLA4, Lag3, PD-1, and OX40 following NAC. ences in the activation status of circulating CD4+ and
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CD8+ T cells after NAC or differences in the effect of
chemotherapy agents on cytokine production by the T cell
subsets. The decreased expression of the co-stimulatory
molecule OX40 by CD4 T cells and its increase in CD8 T
cells makes it an intriguing target as well.

The present study has several limitations that should
be noted. First, the study was a single institutional ex-
perience and was limited by a small sample size in both
the analysis of tumor specimens and circulating T cells.
Also, the high rate of pCR contributed to the issue of
not having substantial post-surgical samples. Further-
more, only four patients had paired tumor samples since
many patients enrolled in the study had their biopsy per-
formed at an outside institution and thus these samples
were unavailable for review. Additional Files 5-7 docu-
ment the recorded pre- and post-NAC changes in stro-
mal TILs, CD8+ T cells, and PD-L1/PD-1 expression.
Due to the small sample size, a meaningful statistical
analysis of the correlation between pCR and TIL/ICP
levels would not be possible. Nevertheless, these findings
should serve as stimulus to investigate these changes in
larger patient cohorts.

Conclusions

In conclusion, this study shows that NAC use results in
significant but opposite changes in the expression of ICP
proteins by circulating CD4+ and CD8+ T cells in BC
patients. In addition, the few tumor samples available
post-NAC treatment appeared to have smaller frequen-
cies of stromal TILs and intratumoral CD8+ T cells.
Also, fewer of these post-NAC tumor samples were posi-
tive for PD-L1 or PD-1 following NAC To our know-
ledge, this study is the first to systematically assess
peripheral blood expression of various ICPs together
with changes in tumor immune infiltrates in women
with non-metastatic BC. Understanding the effect of
NAC on circulating and tumor-infiltrating immune cells
will be important for optimally incorporating immune
therapies into the NAC setting for BC. Furthermore, this
work and that done by others serves as important data
for the initiation of further studies to understand the
mechanism and biological significance of these immuno-
logic changes.
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Additional file 1. Neo-adjuvant chemotherapy regimens. Table of the
various neo-adjuvant chemotherapy regimens received by the patients in
this study. N denotes the number of patients in each group. pCR repre-
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pathologic complete response. RCB represents the median residual can-
cer burden score (and ranges) in each group.
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of patients in each group.

Additional file 3. ICP expression differences between TNBC patients
and other breast cancer subtypes. Pre- and post-NAC levels of CD4+ and
CD8+ T cell ICP expression were compared between the TNBC patients
and other breast cancer subtype patients. Unpaired Student’s t-test was
used to compare these groups. A green box indicates a statistically sig-
nificant difference between TNBC and other breast cancer subtypes’ ICP
expression.

Additional file 4. ICP expression differences between HR positive and
HR negative breast cancer patients. Pre- and post-NAC levels of CD4+
and CD8+ T cell ICP expression were compared between the HR+ and
HR- breast cancer patients. Unpaired Student’s t-test was used to com-
pare these groups. A green box indicates a statistically significant differ-
ence between HR+ and HR- breast cancer patients’ ICP expression.

Additional file 5. Intensity of PD-L1 and PD-1 expression. Table of inten-
sity of tissue staining for PD-L1 and PD-1. Values are denoted as means
with ranges in the parentheses.

Additional file 6. Percentage of TILs, CD8+ T cells, and PD-L1+/PD-1+
cells in TNBC samples before and after NAC. Table of changes in TILs,
CD8+ T cells, PD-L1 expression and PD-1 expression following NAC in
samples from triple-negative breast cancer patients. There were three
pre-NAC samples available and nine post-NAC samples available for ana-
lysis. Values are listed as means (and ranges) or the number of samples
(and percentage of total group these represented). If samples stained <
1%, they were considered to have 0% expression for mean calculation.
PD-L1 and PD-1 positivity was defined as 21% expression.

Additional file 7. Percentage of TILs, CD8+ T cells, and PD-L1+/PD-1+
cells in HR positive breast cancer samples before and after NAC. Table of
changes in TILs, CD8+ T cells, PD-L1 expression and PD-1 expression fol-
lowing NAC in samples from HR positive breast cancer patients. There
were two pre-NAC samples available and seven post-NAC samples avail-
able for analysis. Values are listed as means (and ranges) or the number
of samples (and percentage of total group these represented). If samples
stained < 1%, they were considered to have 0% expression for mean cal-
culation. PD-L1 and PD-1 positivity was defined as 1% expression.

Additional file 8. Comparison of pre- and post-NAC ICP expression in
peripheral blood T cells to intra-tumoral PD-L1 expression. Colored bars
show individual values of (A) CTLA, (B) Lag3, (C) OX40, (D) PD-1, and (E)
Tim3 expression in pre-NAC (solid pattern) and post-NAC (striped pattern)
CD4+ (blue) and CD8+ (red) T cells. Black bars reveal pre-NAC (solid pat-
tern) and post-NAC (striped pattern) levels of intra-tumoral PD-L1 inten-
sity; values are also listed above bars).

Abbreviations

BC: Breast cancer; ECOG: Eastern Cooperative Oncology Group; HER2: Human
epidermal growth factor receptor 2; HR: Hormone receptor (estrogen and/or
progesterone receptors); ICP: Immune checkpoint;

IHC: Immunohistochemistry; NAC: Neo-adjuvant chemotherapy;

pCR: Pathological complete response; PBMC: Peripheral blood mononuclear
cells; TILs: Tumor-infiltrating lymphocytes; TNBC: Triple-negative breast cancer

Acknowledgements
Not applicable.

Authors’ contributions

Acquisition of data (acquired and managed patient information and samples,
ran flow cytometry, performed IHC): RW, AS, DQ, CM, ZL, HN. >Analysis,
interpretation, and preparation of data: RW, AS, DQ, CM, ZL, TM, LY. Accrued
patients to study: RW, BR, ML, RL, EM, WEC. Writing, review, and/or revision
of the manuscript: RW, AS, DQ, CM, ZL, HS, BB, BR, ML, RL, EM, MK, NW, SS,
JV, DS, MC, TM, MD, WEC. Provided funding:> RW, WEC. All authors read and
approved the final manuscript.

Funding
This work has been supported by the National Cancer Institute grants,
2P01CA095426-11, T32 GM068412 (to C. McQuinn) as well as the Ohio State


https://doi.org/10.1186/s12885-020-06949-4
https://doi.org/10.1186/s12885-020-06949-4

Wesolowski et al. BMC Cancer (2020) 20:445

Center for Clinical and Translational Science Richard P. & Marie R. Bremer
Medical Research Fund and William H. Davis Endowment for Basic Medical
Research Pilot Grant (ULTTR000090) and Translational Grant K12 CA 133250
in experimental therapeutics from the National Cancer Institute.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author upon a reasonable request.

Ethics approval and consent to participate

Ethical approval of this study was obtained from The Ohio State University
Comprehensive Cancer Center institutional review board (IRB protocol No.
2010C0036). All patients were required to sign a written, IRB-approved in-

formed consent form prior to enrollment to participate in this study.

Consent for publication
Not applicable.

Competing interests
The authors declare no commercial or financial conflict of interest.

Author details

'The Ohio State University Comprehensive Cancer Center, The Ohio State
University, 410 W 12th Avenue, Columbus, OH 43210, USA. 2Department of
Internal Medicine, Division of Medical Oncology, The Ohio State University,
Starling Loving Hall, 320 W10th Ave, Columbus, OH 43210, USA. 3Division of
Medical Oncology, James Cancer Hospital and the Ohio State University
Comprehensive Cancer Center, 1800 Cannon Drive, 1250 Lincoln Tower,
Columbus, OH 43210, USA. “Department of Surgery, The Ohio State
University, 410 W 10th Ave, N911 Doan Hall, Columbus, OH 43210, USA.
°Department of Pathology, The Ohio State University, 410 W 10th Ave,
N337B Doan Hall, Columbus, OH 43210, USA. ®Roche Tissue Diagnostics,
1910 E. Innovation Park Drive, Tucson, AZ 85744, USA. Center for
Biostatistics, The Ohio State University, 2012 Kenny Rd, Columbus, OH 43221,
USA.

Received: 17 January 2020 Accepted: 11 May 2020
Published online: 19 May 2020

References

1. Pelekanou V, Barlow WE, Nahleh ZA, Wasserman B, Lo Y-C, von Wahlde M-K,
et al. Tumor-infiltrating lymphocytes and PD-L1 expression in pre- and
Posttreatment breast cancers in the SWOG S0800 phase Il Neoadjuvant
chemotherapy trial. Mol Cancer Ther. 2018;17:1324-31.

2. Wesolowski R, Duggan MC, Stiff A, Markowitz J, Trikha P, Levine KM, et al.
Circulating myeloid-derived suppressor cells increase in patients undergoing
neo-adjuvant chemotherapy for breast cancer. Cancer Immunol
Immunother. 2017,66:1437-47.

3. Kroemer G, Senovilla L, Galluzzi L, André F, Zitvogel L. Natural and therapy-
induced immunosurveillance in breast cancer. Nat Med. 2015;21:1128-38.

4. Symmans WF, Wei C, Gould R, Yu X, Zhang Y, Liu M, et al. Long-term
prognostic risk after Neoadjuvant chemotherapy associated with residual
Cancer burden and breast Cancer subtype. J Clin Oncol. 2017;35:1049-60.

5. Rubio IT, Wyld L, Cardoso F, Curigliano G, Kovacs T, Poortmans P, et al.
Perspectives on preoperative systemic treatment and breast conservative
surgery: one step forward or two steps back? Breast. 2018;41:133-5.

6. Fisher B, Brown A, Mamounas E, Wieand S, Robidoux A, Margolese RG, et al.
Effect of preoperative chemotherapy on local-regional disease in women
with operable breast cancer: findings from National Surgical Adjuvant Breast
and bowel project B-18. J Clin Oncol. 1997;15:2483-93.

7. Mamounas EP, Bryant J, Lembersky B, Fehrenbacher L, Sedlacek SM, Fisher
B, et al. Paclitaxel after doxorubicin plus cyclophosphamide as adjuvant
chemotherapy for node-positive breast cancer: results from NSABP B-28. J
Clin Oncol. 2005;23:3686-96.

8. Steenbruggen TG, van Ramshorst MS, Kok M, Linn SC, Smorenburg CH,
Sonke GS. Neoadjuvant therapy for breast Cancer: established concepts and
emerging strategies. Drugs. 2017;77:1313-36.

9. Kong X, Moran MS, Zhang N, Haffty B, Yang Q. Meta-analysis confirms
achieving pathological complete response after neoadjuvant chemotherapy
predicts favourable prognosis for breast cancer patients. Eur J Cancer. 2011;
47:2084-90.

20.

22.

23.

24

25.

26.

27.

28.

Page 11 of 12

Salgado R, Denkert C, Campbell C, Savas P, Nuciforo P, Nucifero P, et al.
Tumor-infiltrating lymphocytes and associations with pathological complete
response and event-free survival in HER2-positive early-stage breast Cancer
treated with Lapatinib and Trastuzumab: a secondary analysis of the
NeoALTTO trial. JAMA Oncol. 2015;1:448-54.

Denkert C, von Minckwitz G, Darb-Esfahani S, Lederer B, Heppner BI, Weber
KE, et al. Tumour-infiltrating lymphocytes and prognosis in different
subtypes of breast cancer: a pooled analysis of 3771 patients treated with
neoadjuvant therapy. Lancet Oncol. 2018;19:40-50.

Seo AN, Lee HJ, Kim EJ, Kim HJ, Jang MH, Lee HE, et al. Tumour-infiltrating
CD8+ lymphocytes as an independent predictive factor for pathological
complete response to primary systemic therapy in breast cancer. Br J
Cancer. 2013;109:2705-13.

Loi S, Sirtaine N, Piette F, Salgado R, Viale G, Van Eenoo F, et al. Prognostic
and predictive value of tumor-infiltrating lymphocytes in a phase Il
randomized adjuvant breast cancer trial in node-positive breast cancer
comparing the addition of docetaxel to doxorubicin with doxorubicin-
based chemotherapy: BIG 02-98. J Clin Oncol. 2013;31:860-7.

Adams S, Gray RJ, Demaria S, Goldstein L, Perez EA, Shulman LN, et al.
Prognostic value of tumor-infiltrating lymphocytes in triple-negative breast
cancers from two phase Il randomized adjuvant breast cancer trials: ECOG
2197 and ECOG 1199. J Clin Oncol. 2014;32:2959-66.

Loi S, Michiels S, Salgado R, Sirtaine N, Jose V, Fumagalli D, et al. Tumor
infiltrating lymphocytes are prognostic in triple negative breast cancer and
predictive for trastuzumab benefit in early breast cancer: results from the
FinHER trial. Ann Oncol. 2014;25:1544-50.

Adams S, Gatti-Mays ME, Kalinsky K, Korde LA, Sharon E, Amiri-Kordestani L,
et al. Current landscape of immunotherapy in breast Cancer: a review. JAMA
Oncol. 2019. PMID: 30973611. [Online ahead of print].

Schmid P, Adams S, Rugo HS, Schneeweiss A, Barrios CH, Iwata H, et al.
Atezolizumab and nab-paclitaxel in advanced triple-negative breast Cancer.
N Engl J Med. 2018;379:2108-21.

Schmid P, Adams S, Rugo HS, Schneeweiss A, Barrios CH, Iwata H, et al.
IMpassion130: updated overall survival (OS) from a global, randomized,
double-blind, placebo-controlled, Phase Il study of atezolizumab (atezo) +
nab-paclitaxel (nP) in previously untreated locally advanced or metastatic
triple-negative breast cancer (mTNBC). J Clin Oncol. 2019;37(15_suppl):1003.
Schmid P, Cortes J, Dent R, Pusztai L, McArthur HL, Kuemmel S, et al.
KEYNOTE-522: Phase lll study of pembrolizumab + chemotherapy vs
placebo + chemo as neoadjuvant treatment, followed by pembrolizumab
vs placebo as adjuvant treatment for early triple-negative breast cancer.
ESMO Congress 2019. Abstract LBA8_PR.

Nanda R, Liu MC, Yau C, Asare S, Hylton N, Veer LV, et al. Pembrolizumab
plus standard neoadjuvant therapy for high-risk breast cancer (BC): Results
from I-SPY 2. J Clin Oncol. 2017;35(15_suppl):506.

Jardim DL, de Melo GD, Giles FJ, Kurzrock R. Analysis of drug development
paradigms for immune checkpoint inhibitors. Clin Cancer Res. 2018;24:
1785-94.

Khalil DN, Smith EL, Brentjens RJ, Wolchok JD. The future of cancer
treatment: immunomodulation, CARs and combination immunotherapy.
Nat Rev Clin Oncol. 2016;13:273-90.

Sharma P, Allison JP. Immune checkpoint targeting in cancer therapy:
toward combination strategies with curative potential. Cell. 2015;161:205-
14.

Stiff A, Trikha P, Mundy-Bosse B, McMichael E, Mace TA, Benner B, et al.
Nitric oxide production by myeloid-derived suppressor cells plays a role in
impairing fc receptor-mediated natural killer cell function. Clin Cancer Res.
2018;24:1891-904.

Stiff A, Trikha P, Wesolowski R, Kendra K, Hsu V, Uppati S, et al. Myeloid-
derived suppressor cells express Bruton’s tyrosine kinase and can be
depleted in tumor-bearing hosts by Ibrutinib treatment. Cancer Res. 2016;
76:2125-36.

Nanda R, Chow LQM, Dees EC, Berger R, Gupta S, Geva R, et al.
Pembrolizumab in patients with advanced triple-negative breast Cancer:
phase Ib KEYNOTE-012 study. J Clin Oncol. 2016;34:2460-7.

Wesolowski R, Budd GT. Neoadjuvant therapy for breast cancer: assessing
treatment progress and managing poor responders. Curr Oncol Rep. 2009;
11:37-44.

Symmans WF, Peintinger F, Hatzis C, Rajan R, Kuerer H, Valero V, et al.
Measurement of residual breast cancer burden to predict survival after
neoadjuvant chemotherapy. J Clin Oncol. 2007,25:4414-22.



Wesolowski et al. BMC Cancer

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2020) 20:445

Loi S, Drubay D, Adams S, Pruneri G, Francis PA, Lacroix-Triki M, et al.
Tumor-infiltrating lymphocytes and prognosis: a pooled individual patient
analysis of early-stage triple-negative breast cancers. J Clin Oncol. 2019;37:
559-69.

Galetto A, Buttiglieri S, Forno S, Moro F, Mussa A, Matera L. Drug- and cell-
mediated antitumor cytotoxicities modulate cross-presentation of tumor
antigens by myeloid dendritic cells. Anti-Cancer Drugs. 2003;14:833-43.
Casares N, Pequignot MO, Tesniere A, Ghiringhelli F, Roux S, Chaput N, et al.
Caspase-dependent immunogenicity of doxorubicin-induced tumor cell
death. J Exp Med. 2005;202:1691-701.

Buttiglieri S, Galetto A, Forno S, De Andrea M, Matera L. Influence of drug-
induced apoptotic death on processing and presentation of tumor antigens
by dendritic cells. Int J Cancer. 2003;106:516-20.

Ghiringhelli F, Menard C, Puig PE, Ladoire S, Roux S, Martin F, et al.
Metronomic cyclophosphamide regimen selectively depletes CD4+CD25+
regulatory T cells and restores T and NK effector functions in end stage
cancer patients. Cancer Immunol Immunother. 2007;56:641-8.

Liu P, Jaffar J, Hellstrom |, Hellstrom KE. Administration of
cyclophosphamide changes the immune profile of tumor-bearing mice. J
Immunother. 2010;33:53-9.

Bryniarski K, Szczepanik M, Ptak M, Zemelka M, Ptak W. Influence of
cyclophosphamide and its metabolic products on the activity of peritoneal
macrophages in mice. Pharmacol Rep. 2009,61:550-7.

Doloff JC, Waxman DJ. VEGF receptor inhibitors block the ability of
metronomically dosed cyclophosphamide to activate innate immunity-
induced tumor regression. Cancer Res. 2012;72:1103-15.

Proietti E, Greco G, Garrone B, Baccarini S, Mauri C, Venditti M, et al.
Importance of cyclophosphamide-induced bystander effect on T cells for a
successful tumor eradication in response to adoptive immunotherapy in
mice. J Clin Invest. 1998;101:429-41.

Vierboom MP, Bos GM, Ooms M, Offringa R, Melief CJ. Cyclophosphamide
enhances anti-tumor effect of wild-type p53-specific CTL. Int J Cancer. 2000;
87:253-60.

Bracci L, Moschella F, Sestili P, La Sorsa V, Valentini M, Canini |, et al.
Cyclophosphamide enhances the antitumor efficacy of adoptively
transferred immune cells through the induction of cytokine expression, B-
cell and T-cell homeostatic proliferation, and specific tumor infiltration. Clin
Cancer Res. 2007;13(2 Pt 1):644-53.

Javeed A, Ashraf M, Riaz A, Ghafoor A, Afzal S, Mukhtar MM. Paclitaxel and
immune system. Eur J Pharm Sci. 2009;38:283-90.

Chang C-L, Hsu Y-T, Wu C-C, Lai Y-Z, Wang C, Yang Y-C, et al. Dose-dense
chemotherapy improves mechanisms of antitumor immune response.
Cancer Res. 2013;73:119-27.

Zhang L, Dermawan K, Jin M, Liu R, Zheng H, Xu L, et al. Differential
impairment of regulatory T cells rather than effector T cells by paclitaxel-
based chemotherapy. Clin Immunol. 2008;129:219-29.

Waks AG, Stover DG, Guerriero JL, Dillon D, Barry WT, Gjini E, et al. The
immune microenvironment in hormone receptor-positive breast Cancer
before and after preoperative chemotherapy. Clin Cancer Res. 2019,25:4644—
55.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions
	Trial registration

	Background
	Methods
	Study design
	Neo-adjuvant chemotherapy
	Sample collection and procurement
	Flow cytometry for expression of ICPs on circulating T cells
	Analysis of tumor immune infiltrate
	Statistical analysis

	Results
	Patient characteristics
	Circulating CD4+ and CD8+ T cell expression of ICP receptors
	Tumor infiltrating lymphocytes in tumor samples before and after NAC
	Frequency and location of CD8+ T cells in tumor samples before and after NAC
	PD-L1 and PD-1 expression in biopsy and residual tumor samples
	Analysis by breast cancer subset and patients with paired samples

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

