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Background Cyclin-dependent kinase 4/6 inhibitors (CDK4/6i) are innovative small target molecules that, in com-
bination with endocrine therapy, have recently been employed in the treatment of patients with HR+/HER2� meta-
static breast cancer (mBC). In this prospective study, we investigate the impact of CDK4/6i on the immune profile
of patients with HR+/HER2� mBC.

Methods Immune cell subsets were analysed using flow cytometry of peripheral blood mononuclear cells
(PBMCs) isolated from patients with HR+/HER2� mBC, both before and during treatment. Regulatory T cells
(Tregs) were identified using the markers CD4, CD25, CTLA4, CD45RA, and intracellular FOXP3. Monocytic
and polymorphonuclear myeloid-derived suppressor cells (M-MDSCs and PMN-MDSCs) and other immune
populations were analysed using CD45, CD14, CD66b, CD11c, HLA-DR, CD3, CD8, CD28, CD137, PD1,
CD45RA, CCR7, and Ki67.

Findings The percentage of circulating Tregs and M/PMN-MDSCs was significantly downregulated from baseline
during CDK4/6i-treatment (p<0.0001 and p<0.05, respectively). In particular, the effector Treg subset
(CD4+CD25+FOXP3highCD45RA�) was strongly reduced (p<0.0001). The decrease in Treg levels was significantly
greater in responder patients than in non-responder patients. Conversely, CDK4/6i treatment was associated with
increased levels of CD4+ T cells and anti-tumour CD137+CD8+ T cells (p<0.05).

Interpretation CDK4/6i treatment results in downregulation of Tregs, M-MDSCs, and PMN-MDSCs, thus weaken-
ing tumour immunosuppression. This decrease is associated with response to treatment, highlighting the impor-
tance of unleashing immunity in cancer treatment efficacy. These results suggest a novel mechanism of
immunomodulation in mBC and provide valuable information for the future design of novel treatments combining
CDK4/6i with immunotherapy in other cancer settings.
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Research in context

Evidence before this study

CDK4/6 inhibitors (CDK4/6i) have dramatically changed
the landscape of treatment in HR+/HER2� metastatic
breast cancer (HR+/HER2� mBC). Palbociclib, abemaci-
clib, and ribociclib, in combination with hormone ther-
apy (HT), have improved survival outcomes and quality
of life for patients with mBC and can also delay the use
of chemotherapy in this setting. The on-target effect of
these drugs is inhibition of the kinase activity of CDK4/6
that arrests progression through the G1/S phase of the
cell cycle, potentially causing apoptosis or permanent
arrest in the G0 phase. Preclinical studies have demon-
strated that CDK4/6 inhibition in mouse models can
selectively reduce regulatory T cells (Tregs), which seem
to preferentially utilise CDK4/6 to progress through the
cell cycle. Tregs are a CD4+ T cell subpopulation that
induce immunological tolerance and suppress the
immune response. In the tumour microenvironment,
Tregs are involved in tumour development and progres-
sion, and high Treg levels are associated with poor sur-
vival in several cancer settings.

Added value of this study

Our aim was to investigate the effect of CDK4/6i on the
immune system of patients with HR+/HER2� mBC. We
evaluated the immune profile of patients with mBC
from baseline until the first clinical evaluation by analy-
sing circulating myeloid-derived suppressor cells
(MDSCs) and distinct T cell subsets. We demonstrated
for the first time that CDK4/6i treatment led to an early
reduction in the Treg population from baseline, whereas
CD4+ T cells increased. Moreover, we found that CDK4/
6i also impacts other immunosuppressive cells such as
MDSCs. Most importantly, we showed that a significant
reduction in circulating Tregs was associated with an
objective response to treatment. In fact, only responder
patients had a significant reduction in circulating Tregs
compared to patients with stable or progressive disease.

Implications of all the available evidence

To the best of our knowledge, our study provides the
first evidence for the impact of CDK4/6i on the immune
system of patients with HR+/HER2� mBC by strongly
down-modulating immunosuppressive cell subsets.
CDK4/6i-induced Treg suppression was associated with
objective response, and this finding will be evaluated as
a predictive biomarker in larger prospective trials.
Finally, these results make a strong argument for the
use of CDK4/6i in other tumours with a strong immuno-
suppressive environment, with the objective of selec-
tively targeting immunosuppression and preparing the
patient for successful immunotherapy.
Introduction
Breast cancer (BC) is one of the most common tumours
in women worldwide.1 Among the various subgroups of
advanced BC, hormone receptor-positive (HR+)/human
epidermal growth factor receptor 2 negative (HER2�)
metastatic BC (HR+/HER2� mBC) is the most com-
mon.2 Dysregulation of the cell cycle is a key hallmark
of cancer cells,3 making it a rational and important tar-
get for the new era of targeted therapy in anticancer
treatment. The mammalian cell cycle is a highly regu-
lated pathway driven by a group of proteins called
cyclins, which bind and activate cyclin-dependent kin-
ases (CDKs). CDKs 2, 4, and 6 (CDK2/4/6) are essen-
tial drivers of the cell cycle. Cyclin E-CDK2 and cyclin
D-CDK4/6 promote progression from the G1-phase to
the S-phase by triggering phosphorylation of several
intracellular transduction cascades. The most important
event is Rb protein hyperphosphorylation, which
releases the E2F transcription factor, promoting pro-
gression through the cell cycle.4

Clinical trials led to the approval of CDK4/6 inhibi-
tors (CDK4/6i; ribociclib, abemaciclib, and palbociclib)
in combination with endocrine therapy (ET) by the
Food and Drug Administration (FDA) and European
Medicines Agency (EMA), after showing a significant
improvement in progression-free survival (PFS) in first-
or second-line treatment of both premenopausal and
postmenopausal patients with HR+/HER2� mBC.5,6

Recently, all three clinically available CDK4/6i demon-
strated a benefit in overall survival (OS) in combination
with fulvestrant in aromatase inhibitor (AI)-resistant
patients.7�9

Evidence of the physiological roles of CDK4/6 in
immune cells has been demonstrated in vivo in mouse
models. Preclinical studies have shown a critical role for
these kinases in T-cell proliferation and differentiation.
In particular, CDK4/6 inhibition led to the preferential
effect of depleting regulatory T cells while promoting
cell differentiation.10

Regulatory T cells (Tregs) are a CD4+ T cell subpopu-
lation that enforce immunological tolerance by
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suppressing the immune response and maintaining
immunological homeostasis. They are characterised by
high expression of the CD25 receptor, which binds to
the cytokine IL-2, controlling T cell homeostasis and
dysregulation. The FOXP3 transcription factor is a Treg-
specific marker that functions as a key regulator of
immune tolerance and modulates T cell differentiation.
In the tumour microenvironment, Tregs are involved in
tumour development and progression. They cooperate
with tumour cells by suppressing anti-cancer immune
responses through several mechanisms, such as inhibit-
ing dendritic cell (DC)-derived costimulatory CD80/
CD86 signals via cytotoxic T-lymphocyte antigen-4
(CTLA4),11 IL-2 consumption by high CD25 expression,
and direct killing of effector T cells.12,13

From a clinical point of view, a high concentration of
Treg cells in the tumour microenvironment is associated
with poor survival in several cancers.14,15 Thus, better
comprehension of the Treg subsets and the development
of specific therapeutic strategies to target them are envis-
aged to improve anti-cancer immunotherapy.

The aim of this study was to investigate whether
CDK4/6i treatment affects the immune system of
patients with mBC. We analysed Treg and other
immune cell subsets before (T0) and within the first six
months of treatment (>T0) and assessed their associa-
tion with clinical response. Moreover, modulation of
myeloid-derived suppressor cells (MDSCs) was analysed
in a subset of patients. These results suggest that
CDK4/6i can modulate the immune system, affecting
the immunosuppressive Treg and MDSC subpopula-
tions, while promoting the activated T cells.
Materials and methods

Patients’ characteristics
From September 2019 to May 2021, 50 consecutive
women with HR+/HER2� mBC were enrolled in this
prospective monocentric study. Clinical staging was per-
formed at baseline using contrast-enhanced computed
tomography (CT) and, if clinically indicated, magnetic
resonance imaging (MRI) or positron emission tomog-
raphy (PET). All patients were treated with a CDK4/6i
agent, palbociclib, ribociclib, or abemaciclib, in combi-
nation with a hormone therapy (HT), aromatase inhibi-
tor (AI) or fulvestrant, according to the respective
approved schedule until unacceptable toxicities or dis-
ease progression was observed. Endocrine sensitivity
and resistance were defined following ESMO guide-
lines.16 Patients with primary or secondary endocrine
resistance were treated with CDK4/6i plus fulvestrant,
while others received first-line CDK4/6i plus AI as per
clinical practice. Pre- or peri-menopausal women
received a gonadotropin-releasing hormone agonist
(leuprorelin or triptorelin). Patients received at least one
month of treatment before being considered for
www.thelancet.com Vol 79 Month May, 2022
statistical evaluation. Baseline conditions were defined
using the ECOG Performance Status (PS). Response
evaluation was performed every 12-16 weeks or as clini-
cally indicated and defined according to response evalu-
ation criteria in solid tumours (RECIST 1.1)17 and PET
response criteria in solid tumours (PERCIST),18 if
needed. All patients had reached at least the first radio-
logical evaluation. The ‘best response’ was defined as
the best radiological objective response (OR) according
to RECIST 1.1 criteria, obtained from the patients dur-
ing the treatment. An OR was defined as the presence
of complete or partial response (CR or PR), and patients
who obtained an OR were classified as responders (R).
Those who showed a worsening according to the criteria
were classified as having progressive disease (PD), while
those who did not fall into these categories were classi-
fied as having stable disease (SD). Written informed
consent was obtained from all patients. The study
was conducted in accordance with the Declaration of
Helsinki.
Peripheral blood sample collection and isolation of
Peripheral Blood Mononuclear Cells (PBMCs)
Peripheral blood samples were collected from 20
healthy donors (HDs) and 50 female patients with mBC
at baseline, before the first administration of CDK4/6i
(defined as T0) and during treatment (defined as >T0).
The first on-treatment blood sample (>T0) was col-
lected after the first 28-day treatment cycle for 41
patients (82%). However, due to difficulties during the
COVID-19 pandemic, for nine patients the blood sam-
ples were taken any way within six months from base-
line; therefore, all >T0 samples were collected before
the first radiological evaluation. Blood samples were
processed within 1 h of blood sampling. Every patient
signed a specific informed consent form, and
clinical data were collected from the medical reports
and transferred to an anonymous database for statistical
processing.

Peripheral blood samples of mBC patients and
healthy donors were collected using ethylenediaminete-
traacetic acid (EDTA) anticoagulated vacutainers (BD
Biosciences). Before separation, blood was mixed with
the same volume of PBS and then overlaid on a Ficoll-
Hypaque gradient (1,077 g/mL; Cedarlane, Cat
CL5020). Density centrifugation was performed at
room temperature at 1800 rpm for 30 min with no
brake. Peripheral blood mononuclear cells (PBMCs)
were collected and stored at -196°C (1 £ 107 cells in
10% DMSO + 90% FCS) or were freshly analysed in
case of MDSCs.
Immune phenotypic profiles
The following immune cell subsets were analysed using
flow cytometry; T-cell subsets: anti-CD3-BV510 (BD,
3
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Cat: 564713, clone HIT3a), CD8-APC-H7 (BD, Cat:
560179, clone SK1), CD45RA-BB515 (BD, Cat: 564552,
clone HI100), CCR7-PE (BioLegend, Cat: 353204, clone
G043H7), CD28-PeCy7 (BD, Cat: 560684, clone
CD28.2), CD137 (4-1BB)-APC (BD, Cat: 550890clone
4B4-1), PD1-BB700 (BD, Cat: 566460, clone EH12.1),
intracellular Ki67-BV420 (BD, Cat. 562899, clone
B56); Treg cells: anti�CD4-APC-H7 (BD, Cat: 560158,
clone RPA-T4); CD25-PE (BioLegend, Cat: 356134, M-
A251), CD45RA-BB15 (BD, Cat: 564552, clone HI100),
CTLA-4-PerCp-Cy5.5 (BD, Cat: 561717, BNI3); FOX-
P3OX-APC (Thermo Fisher Scientific, Cat: 17-4776-42;
PCH101); MDSCs and DC CD14-BB700 (Biolegend,
Cat: 566465, MFP9); CD66b-PeCy7 (BioLegend, cat:
305116, G101F5); HLA-DR-FITCH (BioLegend, Cat:
307604, L243); CD45-AF700 (BioLegend, Cat: 368514
2D1); CD11c-BV421 (BioLegend, Cat: 301628, 3.9). Cell
autofluorescence and fluorescence minus one (FMO)
were used as negative controls. Flow cytometric acquisi-
tion was performed using a FACSCantoII flow cytometer
running FACS Diva data acquisition. FACS DIVA analy-
sis software (version 8.0.2, BD Biosciences) and FlowJo
(version 10.8.8, BD) were used to analyse the data.
Gating strategy. To characterise the different T cell
subpopulations, lymphocytes were first identified on
FSC-A and SSC-A and then selected for the expression
of the CD3 marker.

CD3 naïve T cells were gated through the double
positive expression of the CD45RA and CCR7 markers
and then analysed for CD4 and CD8 expression.

To analyse the CD28+ subpopulation, CD3+ T cells
were evaluated for the expression of CD28 markers.
CD3+CD28+ T cells were positively selected for the
expression of CD45RA and CCR7 markers to identify
CD3+CD28+ naïve T cells, which were subsequently
characterised for CD4 and CD8 markers. A similar
gating strategy was used to select the CD3+CD137+ T
cell subpopulation, which was then evaluated for the
CD4 and CD8 T cell subgroups. The gating strategy
for Tregs and MDSCs is explained in Supplementary
Figure 5.
Statistical analysis
Data are expressed as the average and standard error of
the mean (SEM). The Shapiro-Wilk test was used to
study the normalisation of groups. The Wilcoxon
matched-pairs signed-rank test and paired t-test were
used to analyse the mBC group and compare T0 to
>T0, using nonparametric and parametric tests, respec-
tively. Patients with mBC were stratified according to
the best response at treatment into three groups: R, SD,
or PD, and one-way ANOVA was used to compare these
populations. Student’s t-test or Mann-Whitney test or
was employed to compare parametric and non-
parametric groups/ subgroups, respectively. Chi-square
test was performed to compare response rate among
subgroups. Fold change represents the ratio between
the values obtained at >T0 and T0 (>T0/T0).

The multivariate logistic regression analysis (MVA)
was implemented to assess the early predictor of patient
response based on the investigated biomarkers, while
considering the confounding factors. The variables
resulted associated to the patient response was inserted
in the MVA as confounding factor but not retained in
the final model. The treatment response was used as
the gold standard for non-parametric clustered receiver
operating characteristic (ROC) analysis to evaluate the
predictive utility of a single variable or MVA model. By
comparing observed and calculated response, sensitivity
and specificity were plotted in ROC19 form and 95%
Confidence interval (CI). When a perfect correlation of
predicted versus observed response was found, the area
under the curve (AUC) was equal to 1, whereas random
assignment of outcome led to a ROC/AUC of 0.5.20 A
p-value <0.05 was considered statistically significant.
Ethics
The study was conducted in accordance with the Decla-
ration of Helsinki and good clinical practice guidelines.
The protocol was approved by the Institutional Ethics
Committee of the two “Sapienza” Hospital Centres
(Ethical Committee approval, protocol n° 805/16, RIF.
CE: 4181). Written informed consent was obtained from
all patients.
Role of the funding source
The study was funded by Sapienza (RM120172B803DB14,
RM1181643132016E, and RP120172A7DF1B76). The fund-
ing sources had no role in the study design or in the collec-
tion, analysis, and interpretation of data.
Results

Patients’ characteristics
Fifty female patients with histologically and clinically
confirmed HR+/HER2� mBC who received CDK4/6i
plus HT were enrolled in this trial. The baseline clinical
and pathological characteristics are summarised in
Table 1. The median age was 62 years (range, 36�80
years). Forty (80%) patients had a baseline Eastern
Cooperative Oncology Group (ECOG) performance sta-
tus (PS) of 0. 36 patients were postmenopausal. No-spe-
cial type (NTS) ductal carcinoma was the most common
histology (86.8%), and LUM B-like was the most com-
mon BC subtype in the studied population (74%). All
patients tested positive for estrogen receptor (ER+),
while 36 patients tested positive for progesterone recep-
tor (PR+) (72%). More than half of the patients (54%)
received adjuvant HT. Bone was the most common site
www.thelancet.com Vol 79 Month May, 2022



Characteristics Patients N %

Menopausal status

pre 14 28%

post 36 72%

Previous adjuvant ET

yes 27 54%

no 23 46%

Histology

IDC 43 86%

ILC 7 14%

Luminal-like subtype

A 13 26%

B 37 74%

Sites of metastases

Bone 34 68%

Lymph nodes 20 40%

Liver 10 20%

Skin/soft tissues 11 22%

Lung 7 14%

CNS 2 4%

Other 3 6%

Treatment Line

First 44 88%

Second or subsequent 6 12%

CDK 4/6i

palbociclib 13 26%

ribociclib 20 40%

abemaciclib 17 34%

HT companion

AI 33 66%

Fulvestrant 17 34%

Best Response

CR 2 4%

PR 21 42%

SD 16 32%

PD 10 20%

NV 1 2%

Table 1: Summarisation of baseline clinical and pathological
characteristics.
IDC: invasive ductal carcinoma; ILC: invasive lobular carcinoma; CNS:

central nervous system; ET: endocrine therapy; CDK4/6i: CDK 4/6 inhib-

itors; HT: hormone therapy; AI: aromatase inhibitors; CR: complete

response; PR: partial response; SD stable disease; PD: progressive disease;

HT: hormone therapy; NV: Not Valuable.
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of metastasis (68%), followed by lymph nodes (40%).
Palbociclib, ribociclib, and abemaciclib were adminis-
tered in 26%, 40%, and 34% of patients, respectively.
Almost all patients were treated with the combination
CDK4/6i plus HT as the first-line treatment (88%).
CDK4/6i plus AI was the most common combination
(66%). Data regarding the response to CDK4/6i + HT
are summarised in Table 1.

The best response to CDK4/6i was evaluable in 49
out of 50 patients; except for one patient that
www.thelancet.com Vol 79 Month May, 2022
underwent surgery (NV). The objective response rate
(ORR) was 46%, with two patients achieving a CR
(4%) and 21 achieving a PR (42%). Sixteen patients
(32%) experienced SD, while ten patients (20%) had
PD as the best response to CDK4/6i. Subgroup analy-
sis revealed that 59% of patients who received CDK4/
6i plus AI (CDK4/6i+AI) as a first-line treatment
showed a CR or PR, whereas 14% of patients treated
with CDK4/6i plus fulvestrant (CDK4/6i+F) as sec-
ond-line therapy were considered responders. This
difference was statistically significant (chi-square test,
p=0.012). No statistical difference was found accord-
ing to menopausal status.
CDK4/6i reduce immunosuppression by
downregulating Tregs
In this study, PBMC samples from 50 patients with
HR+/HER2� mBC were analysed at baseline (T0) and
during treatment (>T0). Immune phenotype analysis
showed that the percentage of circulating Treg cells
(CD4+CD25+FOXP3+) was significantly lower after
CDK4/6i administration (p<0.0001; Figure 1A). Tregs
can be stratified according to the pattern of expression
of CD45RA and FOXP3 into the distinct functional sub-
sets; effector (or activated), non-suppressive (or not acti-
vated), and naïve (or resting).21 CDK4/6i treatment was
accompanied by downregulation of each Treg subset
and was particularly remarkable for the
CD25+FOXP3highCD45RA� (effector) subpopulation
(p<0.0001; Figure 1B), which are effective T suppres-
sor cells. There was no difference between the three
CDK4/6i (palbociclib, ribociclib, and abemaciclib) in
terms of their impact on Tregs (Supplementary Figure
1A). Moreover, Treg reduction was not influenced by
the line of treatment (first or second line) or the hor-
mone therapy administered, aromatase inhibitors or ful-
vestrant (Supplementary Figure 1B and 1C).

The median percentage of circulating Treg cells in
patients with mBC was 5.75% (SEM§0.35), which was
significantly higher than that in HDs (3.98% [SEM§
0.16]) (p<0.001, Figure 1A). Interestingly, following
CDK4/6i treatment (>T0), the percentage of circulating
Tregs in patients with mBC decreased to the same per-
centage as observed in HDs. These results were also
consistent with those of the effector Treg subsets
(p<0.0001, Figure 1B).
Modulation of circulating Treg levels correlates with
clinical outcome
We evaluated the association between the best response
to CDK4/6i + HT treatment and circulating Treg varia-
tion (summarised in Table 1). Flow cytometry analysis
revealed that, regardless of the clinical outcome, the R
and SD patient groups had significantly higher levels of
Tregs at baseline (T0) compared to HDs (Figure 2A;
5



Figure 1. Regulatory T cells decrease during CDK4/6i treatment in patients with metastatic breast cancer (mBC). (A) Scatter plots
show the percentage of circulating Tregs in 20 healthy donors (HDs) and 50 patients with mBC at baseline (T0) and during CDK4/6i
treatment (>T0). Red line indicates the mean percentage of Tregs, evaluated as CD4+CD25+FOXP3+ cells (mean values: HDs: 3.97%;
mBC, at T0: 5.75% and at >T0: 4.70%). Immune cells were evaluated using flow cytometry and analysed by FlowJo software. (B) Scat-
ter plots show the percentages of circulating Treg subpopulations in 20 HDs compared to 50 patients with mBC as evaluated at T0
and >T0. Red line indicates the mean values of the following Treg cell subsets: effector Tregs (median values: HDs 2.13%, mBC, at
T0 6.26% and at >T0 3.59%), not activated/not suppressive Tregs (median values: HDs 7.65%, mBC, at T0 11.02% and at >T0 8.26%),
naïve/resting Tregs (median values: HDs 4.52%, mBC, at T0 3.57% and at >T0 2.89%). To analyse the Treg subpopulations, the
CD4+CD25+FOXP3+ cells were analysed for expression of the CD45RA and FOXP3 markers. The effector Tregs were identified as
CD25+FOXP3highCD45RA�not activated/not suppressive Tregs as CD25+FOXP3lowCD45RA� and naïve/resting Tregs as CD25+FOX-
P3lowCD45RA+. The gating strategy for the different Treg subsets is shown in Supplementary Figure 5A. Statistical significance was
determined by t-test: * p<0.05; **p<0.01; ***p<0.001; **** p<0.0001.
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Treg: HDs vs. R p<0.01; vs SD p<0.01). During treat-
ment, R and SD patients showed a significant decrease
in the overall Treg population (Figure 2A; R p<0.0001;
SD p<0.01). Moreover, only R patients reached levels
similar to those observed in HD patients.

Furthermore, these results were confirmed with fold
change analysis, which revealed significantly less circu-
lating Tregs and effectors in R patients than those with
SD (p<0.05 and p<0.01; Figure 2C). In contrast, the
PD group did not show this variation.

The effector Treg subset in patients with HR+/
HER2� mBC displayed a distribution with higher val-
ues for every patient in each group at baseline compared
to the control HD group (Figure 2B; HDs vs. R
p<0.0001; vs SD p<0.001; vs PD p<0.01).

It is interesting to note that only in R patients, the
decrease in Tregs observed during treatment was
mainly due to a decrease in the effector Treg cells
(p<0.0001; Figure 2), while in the resting and non-acti-
vated Treg subsets there was a slightly significant
downregulation (Supplementary Figure 3). Surpris-
ingly, SD patients showed a lower level of resting Tregs,
both at T0 and >T0, compared to R patients, which dis-
played a similar level to that of HDs (Supplementary
Figure 3).

In the SD patient group, a significant reduction in
the number of effector Tregs was observed during treat-
ment (p<0.05; Figure 2B). Nevertheless, in SD and R
patients at >T0 the effector Treg levels were still higher
than that in the HD controls (p<0.05; Figure 2B). In
patients with PD, a significant reduction in the effector
Treg subset was observed (p<0.05; Figure 2B); never-
theless, the overall Treg levels were not modified by the
treatment.

At the univariate analysis, the only confounding fac-
tor resulted associated as trend to the patient response
was the subtype (p=0.07). This variable was inserted in
the MVA as confounding factor but not retained in the
final model. The MVA revealed that Treg levels at >T0
and Treg effector at T0 were significant prognostic
www.thelancet.com Vol 79 Month May, 2022



Figure 2. Responder patients have a greater reduction in Tregs than do patients with stable or progressive disease. (A) Histograms
show the mean percentage §SEM of circulating Tregs (CD4+CD25+FOXP3+) in 20 HD controls and 49 patients with mBC at T0 and
>T0. Patients with mBC were analysed according to their best response to CDK4/6i treatment. 23 patients were considered respond-
ers (R), 16 patients had stable disease (SD) and ten patients had progressive disease (PD). The Treg mean values§SEM of each group
at T0 are as follows: for HDs: 3.97%§0.16%; for mBC, R: 5.57%§0.43%, SD: 6.47%§0.84%, and PD: 5.00%§0.43%. The Treg mean val-
ues §SEM at >T0 are, for R: 4.15%§0.34%, SD: 5.54%§0.64%, and PD: 4.53%§0.44%. (B) Histograms show the mean values §SEM
of the percentage of circulating effector Tregs (CD25+FOXP3highCD45RA�) in 20 HD controls (2.13%§0.20%) and 49 patients with
mBC at T0 and >T0. Patients with mBC were divided into responders (R: T0 7.20§0.85%; >T0 3.41§0.45%), patients with stable dis-
ease (SD) (T0: 5.69§102%; >T0: 3.62§0.59%) and those with progressive disease (PD) (T0: 4.99§1.12%; >T0: 2.66§0.66%). (C) Histo-
grams show the mean value§SEM of the Treg and effector Treg fold change evaluated in 49 patients with mBC. The fold change
was calculated by dividing the percentage of Tregs at >T0 with that obtained at T0, considering the three different best responses
to treatment (R, SD, and PD). Statistical significance was determined by non-parametric t-test. *p<0.05; **p<0.01; ***p<0.001;
****p<0.0001.
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factors of response to therapy. The MVA model allows
correctly classifying 74% of mBC patients according to
their response (Supplementary Figure 4, Table 2). The
area under the ROC curve was 0.701 (95%CI=0.553 to
0.823, p= 0.008; Supplementary Figure 4). The MVA
model was also applied to CDK4/6i+AI and CDK4/6i
+F subgroups. The model result was confirmed in the
CDK4/6i+AI with AUC/ROC of 0.714 (95%CI=0.534 to
0.855, p =0.015), but not in the CDK4/6i+F subgroup,
likely due to the limited number of responders (n=2 R).

The time delay between the end of the treatment
cycle and blood sampling was analysed to assess the
robustness of the study findings. In the BC group, Treg
at >T0 was not statistically different in mBC patients
with blood sample collection performed as planned or
delayed (p=0.1392). Analysing responder BC vs. HDs,
the difference of values of Treg, Resting, and Not Acti-
vated at >T0 was not statistically significant in HDs
www.thelancet.com Vol 79 Month May, 2022
and R cancer patients versus irrespective of the blood
sample collection. The Treg effector values at >T0 were
statistically significantly different between HD and
responder patients with blood samples collection per-
formed as planned (p= 0.042; Figure 2B), while the val-
ues showed a trend (p= 0.062) in the subgroup of
responder cancer patients with delayed blood samples
collection. The last trend is likely due to the limited
number of responder patients (i.e., 2) in this subgroup.
Due to the low number of responder patients of this
subgroup, further analyses were not carried out.

In summary, these results indicate a direct effect of
CDK4/6i in reducing the Treg population, and this effect
appears to be significantly associated with an objective
response to treatment in patients with HR+/HER2�

mBC. Moreover, the MVA suggests that Treg at >T0 and
Treg effector at T0 could be considered as reliable predic-
tors of response in the investigated mBC patients.
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Figure 3. The percentage of M-MDSCs and PMN-MDSCs decreases after CDK4/6i treatment in patients with mBC. (A) Cytofluorimet-
ric analysis of PMN-MDSC and M-MDSC populations at T0 and >T0 (gating strategies can be seen in Supplementary Figure 5). PMN-
MDSC cell subpopulations were identified as CD66b+HLA-DR�, while M-MDSCs were identified as CD66b�CD14+HLADR�. (B) The
histogram groups represent the mean percentages§SEM of circulating PMN-MDSCs, M-MDSCs, and DCs of 22 mBC patients, as ana-
lysed using flow cytometry (PMN-MDSCs T0 0.98§0.35% and >T0 0.44§0.15; M-MDSCs T0 3.57§0.72% and 1.88§0.59; DCs T0
2.13§0.30 and >T0 2.73§0.40). Statistical significance was determined by non-parametric t-test. * p<0.05; **p<0.01; ***p<0.001;
**** p<0.0001.
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CDK4/6i treatment correlates with a decrease in the
MDSC population in patients with HR+/HER2� mBC
We also conducted an exploratory study to evaluate the
impact of CDK4/6i treatment on MDSCs, analysing
both freshly separated monocytic (M-MDSC,
CD14+HLA-DR�) and polymorphonuclear (PMN-
MDSC; CD14�CD66b+HLA-DR�) subsets. The MDSC
population plays a crucial role in cancer development by
suppressing the anti-cancer immune response. The circu-
lating MDSC levels were analysed in 22 patients with
HR+/HER2� mBC at baseline (T0) and at >T0. Both sub-
sets of MDSCs showed a remarkable numerical decrease
during therapy (PMN-MDSCs T0 vs. >T0, p<0.05; M-
MDSCs T0 vs.>T0, p<0.05, Figure 3A, and 3B).
CDK4/6i modulate T cell activation
To investigate whether CDK4/6i could influence effec-
tor T cells, T cell immunophenotyping was performed
by analysing costimulatory profile expression and T cell
subsets. As expected, CDK4/6i treatment affected intra-
cellular Ki67 protein levels in all T cell subsets. How-
ever, the overall percentage of circulating CD8+ and
CD4+ T cells was not reduced during therapy. In con-
trast, CD4+ T cells showed a significant increase
(p<0.001), while the number of CD8+ T cells remained
unchanged (Supplementary Figure 2A). When each T
cell subset was analysed, a significant increase in naïve
CD3+ T cells (CD45RA+CCR7+) was observed
(p<0.001), and CD4+ naïve T cells appeared to predomi-
nantly contribute to this upregulation (T0 18.43% vs.
>T0 21.39%; p<0.001), while a mild increase was
observed for CD8+ naïve T cells (T0 5.62% vs. >T0
6.16%; p<0.01; Figure 4A).
Interestingly, the increase in naïve CD3+, naïve
CD3+CD4+, and CD3+CD8+ cells was associated with an
increase in CD28 expression in these cell subsets
(Figure 4B). Our data revealed that CD8+CD28� T cells
were significantly downregulated by CDK4/6i (p<0.05)
(Supplementary Figure 5A). In contrast, CD3+T cells
showed increased CD28 surface expression with ther-
apy (p<0.05) (Supplementary Figure 5B).

In addition, the CD3+CD137+ cell subset was ana-
lysed, as these cells are regarded as anti-tumour effector
T cells.22 During CDK4/6i treatment, a trend of
increased CD137 expression was observed for CD3+ cells
(p=0.07), but most importantly, CD8+CD137+ cell levels
significantly increased (p<0.01). These results suggest
that CDK4/6i treatment favours the overall activation of
both subsets of CD3+ effector cells involving distinct co-
stimulatory mechanisms. These results were also dem-
onstrated by combining the change in the immune acti-
vation and immunosuppressive T cell subsets by
dividing the percentage of CD8+CD137+ cells with Treg
subsets at T0 and >T0. This ratio significantly
increased after the first month of therapy (p<0.0001)
(Figure 4D).

These results support the hypothesis that CDK4/6i
treatment impacts the immune system, decreasing
immunosuppressive T cells, augmenting the anti-
tumour CD8+CD137+ T cells and stimulating the
renewal of naïve T cells subset ready to activate the anti-
cancer immune response.
Discussion
To the best of our knowledge, our data demonstrated for
the first time, an in vivo correlation between CDK4/6i
www.thelancet.com Vol 79 Month May, 2022



Figure 4. CDK4/6i modulate the anti-cancer immune response by increasing naïve T cells, as well as CD28+ and CD137+ lymphocytes. (A)
Histograms show the mean percentages§SEM of naïve cells (CD45RA+CCR7+) in CD3, CD8, and CD4 T cell subsets, as evaluated at T0 and
>T0 (CD3 naïve: T0 24.46%§1.79% and >T0 27.61%§1.88%; CD8 naïve T0 5.62§0.59% and >T0 6.16§0.64%; CD4 naïve T0 18.43§
1.61% and >T0 21.39§1.67). (B) Histograms show the mean percentages§SEM of CD3, CD8, and CD4 naïve T cells expressing the CD28
molecule at T0 and at>T0 (CD3+CD28+ naïve T0 23.75§1.84% and>T0 27.67§1.97%; CD8+CD28+ naïve T0 6.77§0.70% and>T0 7.31§
0.74%; CD4+ CD28+ naïve T0 22.12§1.97% >T0 25.02§2.01%). (C) Histograms show the mean percentages§SEM of CD3, CD8, and CD4
T cells expressing the CD137 molecule at T0 and >T0 (CD3+CD137+ T0 1.16§0.14 vs >T0 1.56§0.30; CD8+CD137+ T0 0.76§0.09 vs >T0
1.09§0.21; CD4+ CD137+ T0 0.35§0.06 vs >T0 0.42§0.10). D) The before and after plots show the ratio between the percentages of
CD8+CD137+ and Tregs in 50 patients with mBC. Statistical significance was determined by parametric (CD3CD28 naïve and CD3CD4CD28
naïve) or non-parametric t-test. * p<0.05; **p<0.01; ***p<0.001; **** p<0.0001.

Articles

www.thelancet.com Vol 79 Month May, 2022 9



Articles

10
treatment and the modulation of the immune system in
patients with HR+/HER2� mBC, characterised by a
reduction in immunosuppressive Treg cells and activa-
tion of T effector cells.

To date, the capacity of CDK4/6i to reduce Treg lev-
els has been described only in preclinical studies,10,23

and the results have never been translated in human
patients or clinical practice. Here, we conducted the first
analysis in patients with HR+/HER2� mBC, describing
the changes in Treg balance during treatment with
CDK4/6i (palbociclib, ribociclib, and abemaciclib). The
Treg subset exerts an immunosuppressive function,
promoting cancer immune evasion. The transcription
factor FOXP3 is of critical importance in the develop-
ment and function of CD4+ regulatory T cells. These
suppressive cells are composed of three phenotypically
and functionally distinct subpopulations: (1) CD45RA+-

FOXP3low resting Tregs, (2) CD45RA�FOXP3high effec-
tor Tregs, and (3) CD45RA�FOXP3low non-activated
Tregs.21 Our data demonstrated an overall reduction of
Treg cells (CD4+CD25+FOXP3+) and, in particular, the
effector Treg subset (CD4+CD25+FOXP3highCD45RA�),
which actually exerts an immunosuppressive function.
For the majority of patients (82%), we collected the
>T0 blood sample after the first cycle of CDK4/6i; the
samples of the remaining nine patients were collected
later, but always before the first radiological evaluation
(within six months of therapy). Consequently, according
to our results, it can be assumed that Treg reduction
occurs early during treatment with CDK4/6i.

At baseline, the levels of circulating Tregs detected in
patients with mBC were higher than those detected in HD
controls. This observation is in accordance with experi-
mental evidence that the increased levels of Tregs in sev-
eral cancers, including BC, directly contribute to tumour
growth, progression, and metastasis, suppressing the anti-
tumour T cell response21,24�27 and making the Treg cell
subset an appealing target for immunotherapy.

The substantial CDK4/6i-induced downregulation of
the effector Treg subset, as well as the overall Treg pop-
ulation, appeared to be independent of the CDK4/6i
molecule administered as therapy (i.e. palbociclib, ribo-
ciclib, or abemaciclib). These CDK4/6i have distinct
affinities, although they target the same pathway.28�30

We found that Tregs were significantly reduced to
HD levels only in R patients, while remaining high in
SD and PD patients. Moreover, total and effector Treg
appeared to be reliable predictors of response in the
investigated mBC patients. To the best of our knowl-
edge, this is the first time that Treg modulation has
been associated with the clinical response to CDK4/6i
treatment. Interestingly, the effector Treg subset
decreased after treatment, independent of the clinical
response. This suggests that other molecular mecha-
nisms could play a role in the interrelation among
cancer cells, immune cells, and the tumour microenvi-
ronment. We hypothesise that, in order to lead to
clinical response and disease control, the effects of
CDK4/6i on Treg cells must synergise with the direct
effect on cancer cells. To date, it is hypothesised that pri-
mary and secondary resistance to CDK4/6i may be
caused by remodelling the cell cycle pathway.31�33 Con-
sidering the urgent clinical need to identify patients
with rapid and durable response or resistance to treat-
ment, CDK4/6i-induced immune modulation could be
further evaluated as an innovative predictive factor.
Indeed, changes in the circulating immune profile and
tumoural immune microenvironment have been shown
to be strongly related34�36 and immune-profiling can
become a powerful tool to provide prompt aid to thera-
peutic choice.36 We cannot exclude the fact that the
tumour burden reduction induced by CDK4/6i treat-
ment could indirectly account for the Treg decrease
observed in this study, by generally relieving the immu-
nosuppressive status. A more focused study would be
necessary to confirm the mechanism underlying our
results.

In a mouse model, it was shown that CDK4/6i treat-
ment does not affect naïve CD3 T cells due to reprog-
ramming of the cell cycle through activation of
CDK2.37,38 In our study, we found that CDK4/6i
reduced the expression of the proliferative Ki67 marker
in each of the analysed T cell subsets. Nevertheless,
Ki67 reduction was not associated with a decrease in
the percentage of circulating T cells. Indeed, during
treatment, CD8+ T cells remained unchanged, while a
significant percentage increase was observed in the
CD4+ T and the total naïve T cell. Furthermore, the
increase in naïve T cells during treatment was accompa-
nied by augmented expression of the activation marker
CD28. CD28 is a potent co-stimulatory receptor
expressed by activated and naïve T cells39 and its
absence is a typical sign of T-cell senescence.40

CD8+CD28� T cells appear to promote Tregs during
aging41,42 and play an immunosuppressive role in can-
cer.42 High peripheral levels of CD8+CD28� T cells
were observed in patients with lung cancer43 and were
correlated with a worse prognosis in NSCLC.44 In addi-
tion, a lower PFS was associated with high levels of cir-
culating CD8+CD28� T cells in mBC.45 We found that
CDK4/6i reduced this immunosuppressive
CD8+CD28� T cell subset.

It is well known that regulatory and senescent T cells
are not the only anti-cancer immunosuppressive cells.
MDSCs are a heterogeneous population of immature
monocytic (M-MDSCs) and polymorphonuclear (PMN-
MDSCs) cells that play a crucial role in inhibiting innate
and adaptive immunity in the cancer microenviron-
ment. MDSCs can inhibit T cells, NK cells, and DCs by
stimulating immune regulators, such as Tregs and
tumour-associated macrophages (TAMs).46 In patients
with BC, circulating MDSCs are increased, particularly
in metastatic disease.47 In our study, treatment with
CDK4/6i was associated with a reduction of the
www.thelancet.com Vol 79 Month May, 2022
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circulating MDSC population. Interestingly, myeloid
cell development is driven entirely by CDK6.48

Although these results should be considered prelimi-
nary due to the small sample size, they strongly suggest
that CDK4/6i exerts a strong and synergic immuno-
modulatory effect on distinct immunosuppressive sub-
sets such as Tregs, CD8+CD28� T cells, and MDSCs.

While immunosuppression is switched off, it is cru-
cial to activate and sustain specific anti-tumour immune
effectors for the effectiveness of the anti-tumour
immune response. Recently, CD3+CD137+ T cells have
been shown to play a fundamental role in efficacious
anti-tumour immunity. The CD137 receptor (4-1BB,
TNFRSF) is a member of the tumour necrosis factor
receptor (TNFR) family that has a tumour-specific acti-
vation function22 and is expressed by CD8+ and CD4+ T
cells upon activation. Indeed, these cells have attracted
particular interest regarding their potential role in vari-
ous immunotherapy strategies owing to their unique
ability to kill tumour cells.49,50 We showed that CDK4/
6i treatment promoted the expansion of the
CD8+CD137+ T cell population in patients, independent
of the clinical response. Interestingly, the CD137+ T cell
population is increased during treatment with other tar-
geted drugs that exhibit an off-target effect on the
immune system.36,51,52

These results highlight an important immune effect
of CDK4/6i, which could remodel and re-educate the
anti-cancer immune response in patients with mBC. In
fact, the downregulation of immunosuppressive cell
subsets was accompanied by an improvement in its
immune-activated counterpart. Further studies on a
larger population and with extensive analysis of the tis-
sue and circulating immunological profile will be neces-
sary to confirm our results. To the best of our
knowledge, this is the first study to report the modula-
tion of the immune system by CDK4/6i in patients
with mBC.

Our study had some limitations. First, the popula-
tion is quite heterogeneous, including patients
treated with three different CDK4/6i. However, we
found no significant difference between the three dif-
ferent CDK4/6i in terms of Treg modulation (Supple-
mentary Figure 1A). Moreover, patients in the first-
line and second-line subgroups showed no difference
in baseline Treg or global CD3 population (Supple-
mentary Figure 1B and 1C), and the hormone therapy
administered with CDK4/6i, IA, or fulvestrant did
not affect the immune profile during treatment. Sec-
ond, the first on-treatment blood sample (>T0) was
collected later than planned for nine patients, mainly
due to difficulties related to the COVID-19 pandemic.
Nevertheless, all samples were collected within six
months of treatment and before the first radiological
evaluation. Finally, our sample size was limited, and
thus, our preliminary results should be confirmed in
a larger population in multicentre prospective trials.
www.thelancet.com Vol 79 Month May, 2022
Longer follow-up is needed to evaluate survival out-
comes (PFS and OS).

In summary, our explorative study indicated that
CDK4/6i downregulate Treg cells while safeguarding
other T cell subsets. Furthermore, we demonstrated
that CDK4/6i affected the anti-cancer immune
response by tipping the balance towards immune acti-
vation, rather than immunosuppression. Moreover,
an objective response to CDK4/6i was associated with
Treg reduction, highlighting the importance of
immune activation in tumour shrinkage. CDK4/6i-
mediated immune modulation may be a novel predic-
tive factor. A preclinical study showed that the combi-
nation of CDK4/6i and anti-PD1/PD-L1 therapy led to
complete tumour regression and immunological
memory.10,23,53 The results reported herein may sup-
port the use of such therapeutic approaches in other
cancer settings.

Indeed, a high immunosuppression burden in the
tumour microenvironment is one of the most impor-
tant impairments to the efficacy of current immuno-
therapy. The immune effect of CDK4/6i highlighted
in our study could be used in patients with cold
tumours to reduce immunosuppression and trigger a
robust immune response to checkpoint inhibitors.
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