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Background: The mTOR inhibitor everolimus used in cancer has immune-modulating effects, potentially
contributing to an antitumor response but also leading to pulmonary toxicity. We studied the association of
immunological cell subsets with antitumor response and pulmonary toxicity in breast cancer patients treated
with everolimus plus exemestane.
Methods: In this exploratory analysis, peripheral blood mononuclear cells (PBMCs) were collected at baseline and
14, 35, 60, and 90 days after start of treatment, and at the moment of pulmonary toxicity. The percentage and
absolute number of T-cells, B-cells, NK-cells, monocytes and numerous subtypes were measured in peripheral
blood using flow cytometric analysis and were compared using a (paired) t-test.
Results: From 20 patients, a total of 89 samples were collected. At baseline, responders versus non-responders had
0.86% versus 0.32% CD4+ effector cells (CD45RA+CD27− ) (p = 0.1266) and non-response could be predicted
with 0.71 sensitivity and 0.82 specificity. Patients who developed pulmonary toxicity compared to patients
without pulmonary toxicity had relatively more NKT-cells at baseline (6.0% versus 1.3%, p = 0.0068, 59 k versus
12 k * 109/l, p = 0.0081) and at the moment of toxicity (5.2% versus 1.2%, p = 0.0106 and 47 k versus 16 k *
109/l, p = 0.0466). Baseline percentage NKT cells predicted pulmonary toxicity with 0.78 sensitivity and 1.0
specificity.
Conclusions: Our results suggest that baseline CD4+ effector cells may be predictive of antitumor responses and
baseline NKT cells may be predictive of pulmonary toxicity. These results warrant further validation.

1. Introduction
The phosphatidylinositol 3-kinase (PI3K), protein kinase B (Akt),
mammalian target of rapamycin (mTOR) pathway plays a central role in
the control of cell growth. Hyperactivity of this pathway promotes
cancer development [1,2]. Rapamycin (also known as sirolimus), ever
olimus, and temsirolimus are mTOR inhibitors targeting this pathway
[1,3]. Everolimus is used as an anticancer agent in breast cancer, met
astatic renal cell carcinoma (mRCC), and neuro-endocrine tumors [4]. In

addition to its role in the development of cancer, the PI3k/Akt/mTOR
pathway is also a key regulator of immune cells, where it determines the
differentiation, homeostasis, and functional regulation of CD4+ and
CD8+ T-cell subsets and balances effector and CD4+CD25hiFOXP3+
regulatory T cells (Tregs) [5,6]. Everolimus is known to favor expansion
of Tregs and preservation of their suppressive activity [7–10]. This in
hibition of effector T cells and sparing of Treg by mTOR inhibitors is part
of the underlying mechanism preventing graft rejection in transplant
patients.
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In contrast to its immunosuppressive characteristics, everolimus can
also have an immune-stimulating effect, which promotes antitumor
response. Everolimus can enhance an immunological antitumor reaction
by an increase in the number of tumor-specific T-helper 1 (Th1) CD4+ Tcells [11], an increase in interferon-gamma production leading to
cytotoxic T-cell responses of CD8+ T cells with enhanced formation of
CD8+ memory cells [12], a decrease in the number of T cells expressing
the T-cell anergy receptor CTLA-4 [13], and by an increase in antitumor
properties of γδ T-cells [14]. In summary, everolimus affects a wide
range of cells in the immune system.
Notably, everolimus treatment has been associated with immune
modulating effects leading to stomatitis, pulmonary toxicity (also
described as interstitial lung disease (ILD) or as pneumonitis), and
dermatitis [15,16]. The pathophysiological mechanism of this inflam
matory toxicity is yet unknown. Three main immunological mechanisms
of mTOR inhibitor-induced pulmonary toxicity have been proposed:
exposure of cryptic (hidden) antigens resulting in an autoimmune
response [17], a delayed-type hypersensitivity reaction [18], or an in
crease in pro-inflammatory cytokine production [19,20].
In this study we investigated the effects of everolimus plus exemes
tane treatment on the peripheral blood immune cell composition in
patients with advanced breast cancer, using flow cytometry. We
analyzed: (1) the effects on the major peripheral immune cell subsets,
(2) association with pulmonary toxicity, and (3) association with anti
tumor response.

2.3. Flow cytometry measurement
Thawed PBMCs were phenotypically analyzed using multi-color flow
cytometry (Beckman-Coulter, Brea, CA, USA). The staining panels that
were used are described in supplementary Table 1. In case of intracel
lular stainings, the corresponding mAbs were added after fixation and
permeabilization of the cells (eBiosciences). Appropriate isotype mAbs
and/or fluorescence minus one (FMO) controls were used to define
marker settings. Using these panels various cell populations were
defined (Table 1).
Analysis was done using Kaluza software, version 2.1 (Beckman
Coulter). Cell populations were gated and adjusted manually by one
dedicated physician, using the same gating strategy as described pre
viously [21]. Cell doublets were excluded using forward scatter (FS)
time of flight versus FS integral. Leucocytes were selected using CD45
expression versus side scatter (SS). Cells were plotted using color density
logic displays, expect for FS and SS. The absolute numbers were calcu
lated using the whole blood count done prior to blood processing. This
leukocyte count in 106/ml was normalized against the number of
CD45+ events in every tube after acquisition [21]. In two samples from
two patients the absolute numbers could not be calculated as the whole
blood cell count was missing.
2.4. Cytokine measurements
In patients with marked pulmonary toxicity, IFN-γ, IL-17A, IL-8, and
TNF-α were measured in serum sampled at baseline and at a moment of
pulmonary toxicity, using a Luminex based bead assay (Luminex Cor
poration, Austin, USA), according to the manufacturer’s instructions.
For the serum cytokine measurements, the levels of detection were as
follows: IFN-y < 1,22 pg/ml, IL-17A < 2,27 pg/ml, IL-8 < 1,46 pg/ml,
and TNF-α < 1,87 pg/ml.

2. Materials and methods
2.1. Patients and clinical aspects
This prospective, open-label, explorative study was carried out in
three hospitals in the Netherlands (Clinicaltrials.gov identifier:
NCT01978171). The study protocol was approved by the Radboudumc
ethics committee (reference number 2013-285) and all patients gave
written informed consent. We included postmenopausal women who
were planned to start treatment with everolimus plus exemestane.
Toxicity was recorded using the Common Terminology Criteria for
Adverse Events (CTCAE), version 4.0. Pulmonary toxicity was classified
as airway disease, suspected ILD, ILD, or an alternative diagnosis, based
on symptoms, pulmonary function tests, and imaging, as described
previously [16]. Tumor response was evaluated using Response Evalu
ation Criteria In Solid Tumors (RECIST) 1.1.
Planned enrollment was 100 patients to ensure sufficient cases of
ILD, but recruitment was slower than anticipated due to reduced use of
this treatment. Sufficient cases of ILD were already observed, and
therefore it was decided to close the study earlier.

2.5. Definition of response and pulmonary toxicity
Non-response was defined as progressive disease (as determined by
the treating physician) within 100 days. Patients without progressive
Table 1
Analyzed cell subsets with marker phenotype.
Name
B-cells
T-cells

2.2. Preanalytical procedure
Peripheral blood was drawn at baseline, and 14, 35, 60, and 90 days
after start of treatment. Additionally, where possible, blood was drawn
at time of grade 3 pulmonary toxicity. At each moment four 10 ml EDTA
tubes (BD vacutainer K2EDTA, ref 367525, New Jersey, USA) and one 8
ml serum clot tube (BD Vacutainer SST II Advance, ref 367953, New
Jersey, USA) was collected.
Peripheral blood mononuclear cells (PBMCs) were isolated using
density gradient centrifugation
(Lymphoprep, Nycomed Pharma AS, Oslo, Norway) derived from
patient whole blood. The isolated PBMCs were divided over 2–3 am
poules (8–10 × 106 PBMC/ampule) and frozen in liquid nitrogen. On the
day of analysis, frozen cells ampoules were thawed in a water bath at
37 ◦ C, washed completely, and resuspended in RPMI culture medium
(10% HPS). Serum tubes were centrifuged and the serum was removed
using a pipet and divided over three cryotubes that were frozen in liquid
nitrogen until the performance of analysis.

Memory status

FOXP3 status
Proliferation
status
NK cells

Monocytes

2

Subtype

T-helper

Tregs
Cytotoxic T-cell
Double positive
naïve
effector
effector
memory
central memory

NKT-cells
NK dim
NK bright
Classical
Non-classical
Intermediate

Subtype

Markers

Th0
Th1
Th2
Th17
Th1*

CD19+
CD3+CD56−
CD4+
CD4+CCR6− CD183− CD194−
CD4+CCR6− CD183+CD194−
CD4+CCR6− CD183− CD194+
CD4+CCR6+CD183− CD194−
CD4+CCR6+CD183+CD194−
CD4+CD25hiCD127lo/neg
CD8+
CD4+CD8+
CD45RA+CD27+
CD45RA+CD27−
CD45RA− CD27−
CD45RA− CD27+
FOXP3+
Ki67+
CD3− CD56+CD14−
CD3+CD56+
CD56+CD16+
CD56++CD16−
CD14+
CD14++CD16−
CD14+CD16+
CD14++CD16+
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disease at that moment were defined as responders.
Pulmonary toxicity was defined as ILD or suspected ILD and this was
compared to patients without respiratory symptoms or with airway
disease or an alternative respiratory diagnosis [16]. In patients with
(suspected) ILD, the sample at the first moment of the patient’s highest
severity classification was used. In patients without ILD the sample
closest to the moment of median onset of ILD was used, i.e. day 60.

compared with the mean value of the samples obtained during treatment
(day 14, 35, 60, and 90 after start of treatment), using a paired t-test. For
differences between responders versus non-responders, and patients
with versus without pulmonary toxicity, cell subsets were compared
with a t-test. The significance level was set at p < 0.05. As this was an
exploratory analysis, no correction for multiple testing was performed.
Receiver operating characteristic (ROC) curve analysis was performed,
with calculation of the area under the curve (AUC). The optimal cut-off
value was determined using the Youden index [22]. Changes over time
were interpreted by visual inspection of graphs and by analysis of
covariance (ANCOVA) comparing the mean value during treatment with
the baseline value as a covariate. Analyses were performed using IBM

2.6. Statistical analysis
To analyze the effects of everolimus treatment, the baseline value of
percentage and absolute numbers of immune cell subsets were

Fig. 1. Absolute cell counts during treatment for several cell subsets.
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SPSS Statistics, version 25, graphs were created using Prism GraphPad
(v.5.03).
3. Results
3.1. Patients and clinical aspects
From April 2014 to October 2017, 20 subjects were included and a
total of 89 samples were collected. Median age was 62 years (range
38–76). From two patients, no baseline sample was obtained. Twelve
patients were classified as responders, 7 patients as non-responders, and
from 1 patient the response could not be evaluated, as treatment was
discontinued after 16 days of treatment due to severe toxicity. During
treatment ten patients were classified as having pulmonary toxicity (9
suspected ILD, 1 ILD), and ten patients were without pulmonary toxicity
(4 patients had respiratory symptoms due to an alternative cause, 2
patients had airway disease, and 4 patients had no respiratory
symptoms).
3.2. During treatment the absolute numbers of most white blood cell
subsets decreased
During treatment with everolimus and exemestane, the absolute
number of most immune cell subsets decreased significantly (Fig. 1).
When comparing the baseline cell count to the cell count during treat
ment (mean of day 14, 35, 60, and 90), the reduction in leukocyte cell
counts was mainly due to a decrease in absolute numbers of lympho
cytes. Neutrophil and monocytes numbers did not change significantly.
The absolute number of non-classical and intermediate monocytes, NKT
cells and Th2 cells were increased (Fig. 1 and supplementary Fig. 1),
although these changes may not be clinically relevant.
At day 14, the absolute number of non-classical and intermediate
monocytes increased (from 22 k to 36 k/ml and 26 k to 31 k/ml,
respectively), while the absolute numbers of classical monocytes
decreased (349 k to 243 k/ml) (Fig. 2).
Accordingly, the proportions of non-classical (4.0–9.1%, p = 0.0119)
and intermediate monocytes (6.7–11.7%, p < 0.0001) increased, and
classical monocytes (86.5–74.1%, p = 0.0006) decreased.
The absolute number of regulatory T-cells decreased as well, with the
strongest decrease at day 14 (16 k versus 11 k/ml, p = 0.0073) (Fig. 3).
This was also seen with a different gating strategy, as a percentual
decrease in FOXP3 + cells (85% versus 75 within the CD4+ Treg popu
lation, p = 0.0069), and in CD4+ CD25 + CD127low cells (5.9% versus
4.9%, p = 0.0062).

Fig. 3. Absolute and relative numbers of regulatory T cells during treatment,
with t-test comparing baseline to day 14.

3.3. Relationship with antitumor response
3.3.1. High baseline effector CD4+ or CD8+ T cell numbers are associated
with good antitumor response
When comparing responders to non-responders (n = 11 versus n =
7), there was a tendency that high baseline CD4+ or CD8+ effector cell
(CD45RA+CD27− ) numbers were associated with a better anti-tumor
response (Fig. 4). The mean percentage of CD4+ effector cells in

Fig. 2. Absolute cell counts of the monocyte subtypes at baseline and at day 14.
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Fig. 4. Absolute and relative numbers of CD4+ and CD8+ effector cells at baseline, with t-test comparing responders to non-responders.

responders versus non-responders was 0.86% versus 0.32%, p = 0.1266.
ROC analysis to predict response showed an AUC of 0.79. At a cut-off of
<0.24% CD4+ effector cells, non-response could be predicted with
sensitivity of 0.71 and specificity of 0.82. Similar results were seen with
absolute and relative numbers of the CD4+ effector CD45RO− CD27− ,
CD8+ effector CD45RA+CD27− , and CD8+ effector CD45RO− CD27−
population (supplementary Table 2). During treatment these differences
became smaller, and no significant differences were seen at day 14
(supplementary Fig. 2).
At baseline, responders compared to non-responders had more pro
liferative (Ki67 + ) CD8+ T-cells: 8.7 k/ml versus 3.7 k/ml, p = 0.040,
and 4.6% versus 2.9% of the CD4− CD8+ population, p = 0.078 (Sup
plementary Fig. 3). ROC analysis to differentiate between responders
and non-responders showed an AUC of 0.78. At a cut-off of >3.16%, this
predicted non-response with 0.71 sensitivity and 0.82 specificity. No
difference between responders and non-responders were seen in the
percentage proliferative conventional CD4+ T-cells or Tregs. No rela
tionship was seen between the number of effector cells and pulmonary
toxicity.

3.4. Relationship with toxicity
3.4.1. Patients with pulmonary toxicity have increased numbers of NKTcells and intermediate monocytes
Patients who developed pulmonary toxicity during treatment had
more NKT cells at baseline compared to patients without pulmonary
toxicity (6.0% versus 1.3%, p = 0.0068, 59 k versus 12 k/ml, p =
0.0081). The baseline percentage and absolute number of NKT cells
could both predict pulmonary toxicity with AUC 0.88. At the cut-off of
more than 2.7% NKT cells this predicted pulmonary toxicity with 0.78
sensitivity and 1.0 specificity. For the absolute number with a cut-off of
more than 33.9 k NKT cells/ml, this predicted pulmonary toxicity with
0.75 sensitivity and 1.0 specificity. At the maximal moment of toxicity,
patients with pulmonary toxicity had more NKT-cells compared to pa
tients without pulmonary toxicity (5.2% versus 1.2%, p = 0.0106 and
absolute 47 k/ml versus 16 k/ml, p = 0.0466) (Fig. 5). No relationship
was seen between the number of NKT-cells at baseline and the severity
of pulmonary toxicity. Also, no relationship was seen between the
number of NKT-cells at baseline and the antitumor response
Patients who developed pulmonary toxicity also had a higher per
centage of intermediate monocytes at baseline compared to patients
who did not develop pulmonary toxicity, 8.2% versus 5.2% of the
CD14+ monocyte population, p = 0.0444, or 27 k/ml versus 14 k/ml, p
= 0.0647.
At the moment of maximum pulmonary toxicity, patients with
toxicity had significantly more proliferative (Ki67+) conventional
CD4+ T-cells (1.79% versus 0.75%, p = 0.0004) and significantly more
proliferative naïve CD8+ RA45+ T-cells (2.43% versus 0.89% of the
CD4− CD8+ population, p = 0.0149). Furthermore, there was a trend
towards more Tregs (7.0% versus 5.2% of the CD4+ CD8- population, p
= 0.0618).

3.3.2. A decrease in CD4+ T-cells or intermediate monocytes predicts nonresponse
In responders, the numbers of CD4+ and CD8+ cells did not change,
whereas in non-responders at day 14 the number of CD4+ T-cells
decreased. Using ANCOVA with the baseline value as covariate showed
that at day 14, non-responders compared to responders had less CD4+ Tcells (adjusted mean 64.7% versus 72.2%, p = 0.040). A similar trend
was observed in the intermediate monocytes, where non-responders
showed a strong decrease in intermediate monocytes compared to re
sponders. Using ANCOVA with the baseline value as covariate showed
that at day 14, non-responders compared to responders had fewer in
termediate monocytes (adjusted mean 10.4% versus 13.8%, p = 0.088).
5
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Fig. 5. Absolute and relative numbers of NKT cells at baseline and at moment of maximum pulmonary toxicity, with t-test comparing patients with pulmonary
toxicity to patients without pulmonary toxicity.

3.4.2. During pulmonary toxicity serum cytokines are not increased
In four patients IFN-γ, IL-17A, IL-8, and TNF-α serum levels were
measured at baseline and at a moment of pulmonary toxicity, but in all
samples the level of each of the cytokines measured was below the level
of detection. Therefore, no further analysis of cytokines was performed.

pneumonitis is associated with high fractions of NKT cells in bron
choalveolar lavage fluid and has been shown to differentiate pneumo
nitis from sarcoidosis and healthy controls [25,26]. Furthermore, an
increased percentage of NKT-like cells has been seen in the peripheral
blood and in the bronchoalveolar lavage fluid of patients with crypto
genic organizing pneumonia [27]. However, a recent study showed that
mTOR inhibition induces suppressive FOXP3+ invariant NKT-cells [28].
Therefore, there can be large differences in the functional aspects of
NKT-cells. Possibly, in hypersensitivity pneumonitis and in mTOR in
hibitor induced pneumonitis, NKT-cells are implicated by the release of
inflammatory cytokines such as IL-2, IFNγ, and TNFα.
Patients who developed pulmonary toxicity had more intermediate
monocytes at baseline compared to patients who did not develop pul
monary toxicity. Thus, intermediate monocytes appear to be associated
with pulmonary toxicity. Intermediate monocytes are known to be
capable of secretion of pro-inflammatory cytokines and have a role in
antigen processing and presentation [29]. They are increased in several
inflammatory conditions, such as sepsis, active Crohn’s disease, rheu
matoid arthritis, and are especially increased in severe asthma [29,30].
Previous articles have indicated that everolimus-induced pneumo
nitis is associated with better prognosis and antitumor response
[31–33]. We did not find this relationhsip in our data, but the number of
patients in this study was insufficient to be able to analyze this rela
tionship properly.

4. Discussion
We performed a prospective immunomonitoring study of PBMCs in
ABC patients treated with everolimus plus exemestane. At baseline both
antitumor response and pulmonary toxicity could be predicted with high
sensitivity and specificity. High baseline numbers of (CD4+ or CD8+
CD45RA+CD27− ) effector cells and high numbers of proliferative CD8+
cells both were associated with a better antitumor response. The anti
tumor response of these effectors cells might be the result of their high
cytolytic activity, as CD8+ CD45RA+CD27− T-cells can produce IFNγ
and TNFα, abundantly express Fas-ligand mRNA, and contain perforin
and granzyme B [23]. It is likely that these cells reflect terminally
differentiated effector memory cells (TEMRA’s), which are associated
with high cytotoxic antitumor activity [24].
At baseline, as well as at the moment of pulmonary toxicity, patients
with pulmonary toxicity had higher NKT-cells compared to patients
without pulmonary toxicity. NKT cells have immunoregulatory function
and can both promote and inhibit inflammation. Hypersensitivity
6
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grants from Bayer, MSD, Ipsen, Bristol-Myers Squibb, Sanofi, Astra
Zeneca, Merck, and Novartis.
All procedures performed in this study was in accordance with the
ethical standards of the institutional and/or national research comité
and with the 1964 Helsinki declaration and its later amendments.

Furthermore, we demonstrate that during treatment the absolute
number of most immune cell subsets decreased. Only the absolute
number of non-classical and intermediate monocytes, NKT cells and Th2
cells increased. Interestingly, also the absolute number of Tregs
decreased. This is in contrast to the in vitro increase of Tregs in the
presence of rapamycin or everolimus [7,34,8,35,36], and to the in vivo
increase of Tregs in transplantation patients treated with rapamycin or
sirolimus [10,9], as well as to the in vivo increase of Tregs in mRCC
patients treated with everolimus [6,11]. However, to the best of our
knowledge, the effect on Tregs has not been described in vivo in breast
cancer patients treated with everolimus plus exemestane. Exemestane is
a steroidal aromatase inhibitor and immunomodulating effects of this
drug have been described [37], such as a decrease in lymphocyte count
[38]. Moreover, a decrease in Tregs has been described with letrozole, a
nonsteroidal aromatase inhibitor [39]. However, in a study of breast
cancer patients treated with exemestane and cyclophosphamide (known
to result in Treg depletion), even with this combination an increase in
naïve and memory Tregs was seen after 1 and 3 months of treatment
[40]. Finally, it is possible that the decrease in Tregs that is observed is
the result of recruitment of the Tregs from the peripheral blood to the
tissues and/or metastases.
A limitation of this study is that cells were frozen before analysis. It
cannot be excluded that cryopreservation affects certain cell types more
than others and it may result in differential loss of immune cell marker
expression, although in our hands this is mainly the case for chemokine
receptors. Nevertheless, as the procedure was the same for all sub
groups, differences observed between the groups are still demonstrative.
Furthermore, it is important to note that the patients described in this
study were treated with the combination of everolimus and exemestane.
The effects observed during treatment might cause differences in im
mune reaction between everolimus treatment as monotherapy
compared to everolimus plus exemestane combination treatment.
However, most in vivo research on the immunological effects of mTOR
inhibitors so far has been done in patients using other immunosup
pressive agents, such as corticosteroids and calcineurin inhibitors, that
have a strong impact on immune cell subsets. Additionally, the number
of patients included in this study was relatively low. In conclusion, we
demonstrate that during treatment with everolimus and exemestane the
absolute number of most immune cell subsets decreased. An unexpected
decrease in Tregs was observed as well, possibly influenced by the dose
or the concomitant use of exemestane. High baseline effector CD4+ and
CD8+ T-cells and high proliferative CD8+ cell numbers both were
associated with a better antitumor response. Patients with pulmonary
toxicity had higher NKT-cells compared to patients without pulmonary
toxicity, at baseline as well as at the moment of pulmonary toxicity. As
baseline values appeared to be predictive of antitumor response and
pulmonary inflammation, this may be very helpful to identify patients
more or less suitable for this treatment. For future research, it would be
very interesting to study the relationship between the immune system
and antitumor response in patients treated with CDK4/6 inhibitors, as
this as an important new treatment option that is used for many patients.
It would be very valuable to have a better prediction of antitumor
response for these patients.
As this was an exploratory analysis in a relatively small cohort,
validation of these results in a new and larger cohort is required.
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