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Abstract
Breast cancer is the most frequently diagnosed cancer and the second leading
cause of cancer-related death among women in the United States. Patients with invasive
breast cancer are often treated systemically with targeted or cytotoxic therapies, which
inhibit the growth of or kill tumor cells; however, these therapeutics can also impact nontumor cell populations, including immune cells. The implications of these systemic effects
on therapeutic response remain an open question.
Together with my colleagues, I found that the CDK4/6 inhibitor, abemaciclib,
promotes an anti-tumor immune response through two mechanisms: increased tumor
immunogenicity and preferential inhibition of regulatory T cell proliferation. As a result,
cytotoxic T cell mediated clearance of tumor cells is enhanced, and we found that the
response of murine mammary carcinomas to abemaciclib is dependent, in part, on CD8+
T cells. Our studies reveal that combining CDK4/6 inhibition with immunotherapy further
increases the depth and duration of response. Importantly, transcriptomic analysis of
serial biopsies from breast cancer patients on a clinical trial of a CDK4/6 inhibitor revealed
signatures of an enhanced immune response that were very similar to those observed in
our pre-clinical models. These findings suggest that the addition of CDK4/6 inhibition may
enhance response to immunotherapy.
Further, my other studies using a murine model of triple negative breast cancer
uncovered striking effects of systemic factors and cytotoxic therapies on lung and liver
iii

metastasis. In one version of this model, the presence of a primary mammary tumor
completely abrogates experimental lung metastasis, via mechanisms independent of the
adaptive immune response. Additionally, direct effects of cytotoxic chemotherapy on the
host systemic environment have no impact on lung metastasis, but paradoxically,
enhance liver metastasis, an effect that may be mediated by liver-specific changes
induced by chemotherapy. These findings have the potential to spur studies that may
increase our ability to predict the likelihood of a patient developing overt distant
metastases based on characteristics of their primary tumor. Additionally, my results
suggest that the impact of cytotoxic chemotherapy on the liver may have unintentional,
metastasis-promoting effects that could potentially be blocked in order to improve
therapeutic response.
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CHAPTER 1
INTRODUCTION
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1.1 BREAST CANCER
1.1.1 Breast cancer incidence
In the United States in 2017, breast cancer is anticipated to be the leading cause
of new cancer diagnoses among women, accounting for 252,710 new cases (Siegel et
al., 2017). Even with new developments in early detection and treatment, breast cancer
is projected to be the second leading cause of cancer-related death among women in the
United States, with 40,610 deaths occurring in 2017 (Siegel et al., 2017). Distant spread
of therapeutic-resistant disease is the main cause of cancer-related deaths. Although the
majority of new breast cancer diagnoses occur before the disease has detectably spread
to distant sites, it is estimated that 20-30% of patients diagnosed with early-stage breast
cancer will eventually suffer relapse in the form of metastatic disease (Dawood et al.,
2010; Kennecke et al., 2010), and 90% of cancer-related deaths are the result of
metastatic spread of disease (Gupta and Massague, 2006). A deeper understanding of
the mechanisms that govern the process of metastasis is needed if we are to prevent
deaths from metastasis.

1.1.2 Breast cancer metastasis
Metastasis from a primary tumor to a distant site occurs via a process referred to
as the ‘metastatic cascade’ (Figure 1.1). Initially, primary tumor cells must be able to
proliferate and invade in order to reach blood or lymph vessels (Figure 1.1a-b). Then, the
tumor cells intravasate into the blood stream or lymphatics (Figure 1.1c). If the cells
survive in circulation, then they can extravasate out of the vessel and enter a distant
tissue (Figure 1.1e-f). In order to form an overt, clinically-detectable metastasis, tumor
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cells must survive and proliferate in their new microenvironment, which requires sufficient
vascular supply of nutrients and oxygen (Figure 1.1g-h). The most common sites of
metastatic spread in breast cancer are the bone, lungs, liver, and brain (Gerratana et al.,
2015).

1.1.3 Breast cancer subtypes
Breast cancers are typically classified into subtypes based on histopathological
and molecular characteristics. The three main breast cancer histopathological subtypes
are hormone receptor (HR) positive, Her2+, and triple negative. Subtypes of breast
cancer have also been identified by gene expression analyses: luminal A, luminal B,
basal-like, and HER2-enriched (Perou et al., 2000). The molecular definitions of each
subtype, concordance with gene expression defined subtypes, and patterns of metastatic
dissemination of each subtype are discussed below.

1.1.3.1 HR+ breast cancer
Breast cancers are defined as HR+ if at least 1% of the tumor cells express the
estrogen receptor (ER) and/or the progesterone receptor (PR) (Schnitt, 2010).
Approximately 70% of breast cancers are HR+ (Schnitt, 2010). Breast cancers classified
by gene expression analyses as luminal A or luminal B are usually HR+ (Perou et al.,
2000). The timing of relapse in luminal A and luminal B breast cancer is unique in that
cumulative rates of metastasis continue to increase 5 to 15 years after diagnosis
(Kennecke et al., 2010). Bone is the most common site of metastasis in patients with
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a

primary tumor

b

invasion

c

d

intravasation

e

survival in
circulation

f

g

micrometastasis

h

angiogenesis

extravasation

macrometastasis

Figure 1.1 The metastatic cascade. a-h, The survival and proliferation of transformed
cells results in the formation of a primary tumor (a). Tumor cells then invade through the
basement membrane of epithelium (b). Angiogenesis provides a blood supply to primary
tumor necessary for continued growth (c) and these vessels also offer an opportunity for
invasive cells to enter the circulation via intravasation (d). Contingent on successful
survival in circulation (e), upon reaching the distant tissue, tumor cells exit the circulation
via extravasation (f). The survival and proliferation of disseminated tumor cells is
dependent on whether the conditions of the niche are permissive for the formation of
micrometastases (g) and eventually overt macrometastases (h). Adapted with permission
from (Zetter, 1998). Images adapted from motifolio.com.
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luminal A or luminal B tumors concomitant with low risk of brain metastasis (Kennecke et
al., 2010).

1.1.3.2. Her2+ breast cancer
Breast cancers with amplification of the gene encoding Her2, a member of the
ErbB family of receptor tyrosine kinases, as determined by immunohistochemistry (IHC)
or in situ hybridization are defined as Her2+. This subtype accounts for approximately
12% of breast cancers (Schnitt, 2010). There is high concordance between Her2+ breast
cancers and the HER2-enriched classification as assessed by gene expression (Perou et
al., 2000). In contrast with the luminal subtypes, the risk of metastasis plateaus
approximately 5 years after diagnosis in patients with Her2+ disease (Kennecke et al.,
2010). Her2+ breast cancers frequently metastasize to the brain, lungs, and liver
(Kennecke et al., 2010).

1.1.3.3. Triple negative breast cancer
Breast cancers that do not express ER, PR, or Her2 are classified as triple
negative. The most aggressive subtype of breast cancer, approximately 15% of breast
cancers are triple negative (Schnitt, 2010). Most triple negative breast cancers (TNBC)
are classified as basal-like by the gene expression method of determining subgroups
(Perou et al., 2000). Like Her2+ breast cancer, the risk of metastasis in patients with
TNBC reaches its maximum approximately 5 years after diagnosis (Kennecke et al.,
2010). Frequent sites of distant metastasis in TNBC patients include the lungs, liver, and
brain, with lower rates of bone metastasis (Kennecke et al., 2010).
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1.1.4 Standard-of-care therapy in breast cancer
Current standard-of-care regimens for breast cancer treatment vary greatly
depending on subtype, molecular characteristics, disease grade, stage, and additional
parameters. Patients with HR+ breast cancer are often treated with endocrine therapy
with the possible addition of chemotherapy for high-risk patients (NCCN, 2017). Patients
with Her2+ breast cancer are treated with chemotherapy and Her2-treated agents, such
as trastuzumab, a humanized monoclonal antibody against the extracellular portion of the
HER2 protein (NCCN, 2017). No targeted therapies are currently available for triple
negative breast cancer, so cytotoxic chemotherapy regimens are the standard-of-care
(NCCN, 2017). Depending on the clinical and molecular features of tumor at diagnosis,
systemic therapies are usually combined with local therapeutic options including surgery
and radiation therapy. Systemic therapies administered prior to surgery are considered
‘neoadjuvant,’ while therapies given after surgery are referred to as ‘adjuvant therapy’.
One of the most common combinations of chemotherapy given to breast cancer patients
is doxorubicin (Adriamycin), cyclophosphamide, and paclitaxel (AC-T) combining an
anthracycline, alkylating agent, and microtubule inhibitor, respectively, to kill proliferating
tumor cells.

1.1.5 The role of the tumor microenvironment (TME) in breast cancer
The impact of interactions between tumor cells and their surrounding
microenvironment on tumor initiation, progression, and metastasis has now been
appreciated for some time and is an area of continued intensive study. Inflammation
appears to have tumor-promoting effects in breast cancer initiation and progression as a
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decrease in the incidence of breast cancer was observed in immunosuppressed patients
(Stewart et al., 1995). In other tumor types, including skin, lung, and GI cancers, the tumor
incidence was increased by immunosuppression (Stewart et al., 1995).
In addition to vascular and stromal cell types, many immune cell types have been
identified in the tumor microenvironment of human breast cancers, including but not
limited to CD8+ T cells, CD4+ T cells, regulatory T cells (Tregs), myeloid dendritic cells,
plasmacytoid dendritic cells, macrophages, neutrophils, monocytes, and NK cells (Ruffell
et al., 2012). As the composition of the TME in breast cancer has been reviewed
(DeNardo and Coussens, 2007), I will focus on cell types with prognostic or predictive
value in breast cancer.

1.1.5.1 Prognostic value of TME cells in breast cancer
In one of the first demonstrations that profiling the tumor microenvironment can be
of prognostic value in breast cancer, Finak and colleagues identified a stromal-derived
gene expression signature that predicted outcome in a cohort of breast cancer patients
by comparing gene expression from laser captured microdissected stroma from primary
tumors (Finak et al., 2008). Importantly, their “stromal derived prognostic predictor” was
able to predict outcome in four whole-tumor gene expression data sets (Finak et al.,
2008).
In addition, the prognostic value of tumor infiltrating lymphocytes (TILs) in TNBC
has been confirmed in multiple independent studies. Increased intratumoral and stromal
TILs, stromal TILs, and total TILs were found to be associated with decreased risk of
relapse and death in three studies (Adams et al., 2014; Loi et al., 2014; Loi et al., 2013).
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In HR+ breast cancer, high Treg numbers have been demonstrated to identify high-risk
patients with poor prognosis (Bates et al., 2006).
Immunosuppressive Treg and certain myeloid populations are known to suppress
anti-tumor CD8+ T cell responses; in breast cancer patients, a signature defined by high
numbers of macrophages and CD4+ T cells combined with low numbers of CD8+ T cells
(CD68high/CD4high/CD8low) predicts decreased overall survival and recurrence free
survival when controlling for known predictors of survival including grade, status of lymph
nodes, tumor size, ER/PR/Her2, and Ki67 (DeNardo et al., 2011).

1.1.5.2 Predictive value of TME cells in breast cancer
The role of the TME in the response of breast cancers to targeted and cytotoxic
therapy

is

now

increasingly

appreciated.

When

assessed

after

neoadjuvant

anthracycline- or trastuzumab-based regimens, a favorable CD8/Treg ratio after therapy
is predictive of pCR (pathological complete response) and is an independent predictor of
improved RFS (relapse-free survival) and OS (overall survival) (Ladoire et al., 2008;
Ladoire et al., 2011). In addition, immune gene expression enrichment prior to
trastuzumab predicted RFS (Loi et al., 2014; Perez et al., 2015). Notably, a tumor-cell
autonomous Type I interferon signature associated with increased interferon-stimulated
gene expression including CXCL10, prior to beginning neoadjuvant anthracycline-based
chemotherapy was predictive of response (Sistigu et al., 2014). Lastly, increased
expression of a stromal gene signature was found to be predictive of resistance to
neoadjuvant chemotherapy, but was not prognostic (Farmer et al., 2009).
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1.1.6 Targeting the tumor microenvironment in breast cancer
New, more effective therapeutic regimens are greatly needed for breast cancer
patients, who experience intrinsic or acquired resistance to current therapies, particularly
in triple negative breast cancer where no targeted options are available. Many novel
combinatorial approaches are currently being assessed in clinical trials of breast cancer
with one of the most exciting possibilities being immune checkpoint inhibitors. The
discovery of immunologic checkpoints that regulate T cell inhibitory signaling, such as
CTLA-4 and PD-1/PD-L1 (Brunet, 1987; Freeman et al., 2000; Ishida et al., 1992), has
facilitated the successful clinical development of inhibitory antibodies against these
molecules in order to reinvigorate anti-tumor adaptive immunity. Antibodies targeting the
PD-1/PD-L1 pathway have been granted regular or accelerated approval for the treatment
of melanoma (Robert et al., 2015), renal cell carcinoma (Motzer et al., 2015), squamous
cell carcinoma of the head and neck (Ferris et al., 2016), Hodgkin lymphoma (Chen et
al., 2017), Merkel cell carcinoma (Langer et al., 2016), non-small cell lung cancer (Langer
et al., 2016), urothelial carcinoma (Bellmunt et al., 2017), and solid tumors and colorectal
cancers categorized as mismatch repair deficient or microsatellite instability high (Le et
al., 2015).
However, low response rates to single agent immunotherapy in early trials in breast
cancer (Nanda et al., 2016) suggest that combinatorial approaches may be necessary to
stimulate anti-tumor immunity in this often immunologically ‘cold’ cancer type. Preliminary
results from the I-SPY 2 trial of combined neoadjuvant chemotherapy (paclitaxel followed
by doxorubicin and cyclophosphamide) with pembrolizumab, an anti-PD-1 humanized
antibody, have produced great excitement as the pCR rate increased by 40% in patients
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with triple negative breast cancer and by 21% in HR+/Her2- breast cancer compared to
estimated pCR rates with chemotherapy alone (Nanda, 2017). Continued patient followup will be necessary to determine if this increase in pCR translates into an increase in
RFS and/or OS.
An array of clinical trials exploring new immunotherapeutic approaches and
combinations in breast cancer are underway including PD-1 (pembrolizumab and
nivolumab), PD-L1 (durvalumab and atezolizumab), CTLA-4 (tremelimumab), and OX-40
(MEDI6469)

often

in

combination

with

chemotherapy

or

targeted

therapy

(ClinicalTrials.gov). Beyond immune checkpoint inhibitors, additional clinical trials are
underway in breast cancer to test alternative strategies to enhance anti-tumor immunity
including vaccination approaches (NCT01570036, NCT02297698) and targeting of
macrophages with a CSF1 inhibitor (NCT01596751). In total, these trials offer hope that
effective means of stimulating anti-tumor immunity will be identified for breast cancer.

1.2 THE CYCLIN D:CDK4/6 AXIS
1.2.1 Cyclin D:CDK4/6 signaling
Precise regulation of the cell cycle is essential for growth and development as well
as avoiding malignancy. A complex network of cell cycle related signaling proteins
integrates mitogenic and growth-inhibitory signals in order to determine whether a cell will
proceed into the cell cycle. The formation of holoenzyme complexes of cyclin dependent
kinases (CDK) 4 and 6 with the D-type cyclins (D1, D2, and D3) controls the transition
from the first gap phase (G1) to the synthesis (S) phase of the cell cycle (Sherr et al.,
2016). Upon binding with and activation by the D-type cyclins, CDK4/6 phosphorylate the
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retinoblastoma protein (RB) as well two other related proteins, RBL1 and RBL2 (Sherr et
al., 2016). When hypophosphorylated, RB binds to and prevents the activity of E2F
transcription factors (Sherr et al., 2016). Phosphorylation of RB by CDK4/6 results in its
inactivation and subsequent release of E2F transcription factors, which then coordinately
induce expression of genes required for S phase, including the E-type cyclins which
further promote S-phase entry (Sherr et al., 2016). CDK4/6 activity is regulated by two
groups of endogenous inhibitors, the cyclin-dependent kinase inhibitors (CKIs): p16INK4A,
p15INK4B, p18INK4C, p19INK4D, p21CIP1, p27KIP1, and p57KIP2 (Sherr et al., 2016). CKIs can
inhibit cell cycle progression by binding directly to CDKs, inhibiting their catalytic activity,
or by preventing their interaction with HSP90, thereby blocking their required posttranslational folding (Sherr et al., 2016) (Figure 1.2).

1.2.2 Lessons learned from genetic models
To evaluate the necessity of CDKs and D-type cyclins for growth, development,
and viability, mice with individual or dual genetic ablations of these genes were generated.
Ablation of Cdk4 resulted in small, but viable offspring (Rane et al., 1999). These
Cdk4neo/neo mice were sterile and susceptible to diabetes due to fewer b-islet cells (Rane
et al., 1999). Genetic ablation of Cdk6 also results in viable offspring with detectable
deficiencies in hematopoiesis including decreased thymic and spleen size and cellularity
(Malumbres et al., 2004). The erythroid lineage was revealed to be particularly dependent
on CDK6 expression as decreased Cdk6-null mice had decreased megakaryocytes in the
spleen and fewer RBCs in the blood, without detectable changes in the bone marrow
(Malumbres et al., 2004). Despite the limited effects of ablation of either Cdk4 or Cdk6,
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Figure 1.2 The cell cycle and its regulators. The four main phases of the cell cycle
are G1, S, G2, and M. Cell cycle progression is tightly regulated by phosphorylation of
Rb by cyclin dependent kinases and their cyclin binding partners. Rb phosphorylation
increases throughout G1 as a result of CDK4/6:Cyclin D1 activity and reaches its peak
at the end of that phase. Rb phosphorylation is maintained throughout the remaining
phases by CDK2:Cyclin E, CDK2:Cyclin A, and CDK1:CyclinA/B complexes. Adapted
from (Sherr et al., 2016).
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mice with dual depletion of Cdk4 and Cdk6 were not viable (Malumbres et al., 2004).
Analysis of these embryos revealed decreased numbers of erythroid precursors in the
liver as well as a reduction in lineage-committed progenitor cell populations (Malumbres
et al., 2004).
Consistent with the phenotype of Cdk4 depletion, Cyclin D1-/- mice were viable,
but smaller than their littermates (Sicinski et al., 1995). Defects in retinal development
and a lack of proliferation of the mammary epithelium during pregnancy were also
detected (Sicinski et al., 1995). Generation of Cyclin D2-/- revealed the requirement for
this D-type cyclin in the proliferation of ovarian granulosa cells, as such Cyclin D2-/- mice
were sterile (Sicinski et al., 1996). Further, Cyclin D3-/- mice were viable and fertile, but
had a notable decrease in thymus size and cellularity (Sicinska et al., 2003). Upon
analysis of thymic cells, it was determined that Cyclin D3 is required for proliferation of
immature T cells (Sicinska et al., 2003). Genetic ablation of all three D-type cyclins
resulted in death during development attributed to severe anemia and cardiac defects
due to impaired proliferation of hematopoietic precursors and myocardial cells,
respectively (Kozar et al., 2004). The relatively minor phenotypes observed in the three
mouse models with individually genetically ablated D-type cyclins suggest that there is
significant functional redundancy between these proteins.

1.2.3 Perturbations in the Cyclin D:CDK4/6 axis in cancer
Genetic studies in mouse models of cancer have revealed several tumor types that
are dependent on the Cyclin D:CDK4/6 pathway. In the absence of cyclin D1, there was
no effect on the occurrence of murine mammary carcinomas driven by Myc and Wnt-1
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(Yu et al., 2001). However, genetic ablation of cyclin D1 protected mice from mammary
carcinomas driven by Ras or Neu (the rat homolog of Her2) suggesting that cyclin D1 is
required for tumor formation driven by Ras or Her2 signaling (Yu et al., 2001). Further
studies have determined that cyclin D1-associated kinase activity is required for the
maintenance of bi-potent lobule progenitor cells, which are the target cell of luminal-like
MMTV-ErbB2 tumors (Jeselsohn et al., 2010), and the cyclin D1:CDK4/6 signaling
pathway mediates resistance to Her2-directed therapies (Goel et al., 2016).
Requirements for cyclins and CDKs have been identified in other tumor types as
well. Consistent with the role of cyclin D3 in T cell development, deletion of cyclin D3
prevented the development of Notch1-driven-T-ALL (Sicinska et al., 2003). In addition,
Puyol and colleagues demonstrated that Cdk4 is necessary for K-Ras driven oncogenesis
in the lung (Puyol et al., 2010).
The expression of genes in the Cyclin D:CDK4/6 axis are also frequently altered
in human cancers. According to Beroukhim and colleagues, the CCND1 locus is the
second most frequently amplified across all cancers analyzed (Beroukhim et al., 2010).
Of all tumor types, CCND1 is most frequently amplified in breast cancer with 15-20%
frequency of amplification (Arnold and Papanikolaou, 2005). Additionally, Cyclin D1 is
overexpressed in 50-70% of breast cancers (Arnold and Papanikolaou, 2005). The RB1
locus is altered in a small fraction of all breast cancers (3.4-6.2%) (Cerami et al., 2012;
Gao et al., 2013), and RB loss preferentially occurs in the triple negative subtype, in which
approximately 20% of tumors lose RB expression via genetic and epigenetic mechanisms
(Cancer Genome Atlas, 2012).

14

1.3 CLINICAL DEVELOPMENT OF CDK4/6 INHIBITORS IN BREAST CANCER
Clinical development of pan-CDK inhibitors (flavopiridol, roscovitine) was
unsuccessful due to lack of efficacy and significant toxicity (Sherr et al., 2016). However,
there are currently three CDK4/6 inhibitors in the clinic: palbociclib, ribociclib, and
abemaciclib. Palbociclib and ribociclib are furthest along in clinical development and have
recently received FDA approval for use in breast cancer. Abemaciclib has breakthrough
therapy designation from the FDA as of 2015 for use as monotherapy in metastatic breast
cancer and expected to be FDA-approved in 2017 or 2018.

1.3.1 Palbociclib
Palbociclib (Pfizer) is a selective, orally bioavailable CDK4/6 inhibitor, which
preferentially inhibits CDK6 (O'Leary et al., 2016). Phase I trials in patients with RBcompetent tumors revealed dose limiting toxicities of neutropenia and thrombocytopenia,
which required a 3:1 dosing regimen (3 weeks on, 1 week off drug) (Finn et al., 2016). In
a phase II randomized trial of palbociclib combined with letrozole, an aromatase, inhibitor,
in patients with ER+ Her2- breast cancer, the median progression-free survival (PFS) was
extended from 10.2 months in the letrozole arm to 20.2 months in the combination arm
(Finn et al., 2015). Full FDA approval for palbociclib was granted as a result of the findings
of PALOMA-2, a randomized phase III study of palbociclib as first-line therapy in ER+
Her2- advanced breast cancer. In this study the combination of palbociclib and letrozole
extended median PFS to 24.8 months in comparison to 14.5 months in the control arm
(Finn et al., 2016).
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1.3.2 Ribociclib
Like palbociclib, ribociclib (Novartis) is an orally bioavailable CDK4/6 inhibitor,
which has greater selectivity for CDK6 compared to CDK4 (O'Leary et al., 2016). Like
palbociclib, the predominant dose-limiting toxicity of ribociclib was found to be
neutropenia (Hortobagyi et al., 2016), and a 3:1 dosing schedule was chosen for safety
purposes. In a randomized phase III trial of ribociclib combined with letrozole compared
to letrozole plus placebo as a first-line regimen for women with HR+ Her2- breast cancer,
the ribociclib and letrozole group achieved significantly longer duration of progressionfree survival compared to the control group (median duration not reached in the
combination arm versus 14.7 months in the placebo arm) (Hortobagyi et al., 2016). As a
result of this demonstrated increase in progression free survival, ribociclib was recently
approved by the FDA for first-line use in patients with HR+ breast cancer in combination
with an aromatase inhibitor (Hortobagyi et al., 2016).

1.3.3 Abemaciclib
The third orally bioavailable CDK4/6 inhibitor, abemaciclib (Eli Lilly), received
breakthrough status designation in 2015, but has not yet been FDA-approved. Structurally
distinct from palbociclib and ribociclib, abemaciclib has been reported to more selectively
inhibit CDK4 compared to CDK6, and also inhibit CDK9 (Gelbert et al., 2014). Potentially
due to its differential selectivity, the dose-limiting toxicity associated with abemaciclib is
fatigue, with diarrhea and neutropenia also reported (Patnaik et al., 2016). Given its
different side-effect profile, abemaciclib can be safely administered continuously,
preventing the proliferative rebound that can occur in off-treatment weeks with other
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CDK4/6 inhibitors (Patnaik et al., 2016). Also, abemaciclib can effectively cross the bloodbrain-barrier, enabling the treatment of primary and metastatic brain lesions (Raub et al.,
2015).
In a phase I trial that included ER+ breast cancer patients who had prior therapy,
single agent abemaciclib achieved an overall response rate of 31% with 61% of patients
experiencing either response or stable disease of six months duration or longer (Patnaik
et al., 2016), which suggests that abemaciclib may have superior efficacy as monotherapy
than palbociclib.

1.3.4 Mechanisms of resistance to CDK4/6 inhibition
Although the CDK4/6 inhibitors currently in the clinic have exhibited impressive
efficacy, only a fraction of patients initially respond and resistance eventually emerges in
a proportion of these patients. Therefore, understanding intrinsic and acquired
mechanisms of resistance to CDK4/6 inhibition will be crucial in order to identify patients
likely to benefit. Given the known mechanisms of cell cycle regulation by Cyclin
D:CDK4/6, genetic loss of the RB gene would be expected to preclude response to
CDK4/6 inhibitors since cell cycle control is no longer under the control of the Cyclin
D:CDK4/6—Rb axis. Additionally, tumors that express high levels of endogenous CKIs,
including p16INK4A, but are still proliferating, are unlikely to respond to CDK4/6 inhibition.
Mechanisms of acquired resistance to CDK4/6 inhibition are an area of intense
study currently. In human breast cancer cell lines, amplification of CCNE1 and loss of Rb
expression have been identified as two mechanisms that enable tumor cells to escape
CDK4/6 inhibition when resistant cell lines were generated by prolonged exposure to
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palbociclib in vitro (Herrera-Abreu et al., 2016). Additionally, a subclonal frameshift
mutation in RB1 arose and conferred partial resistance to ribociclib in a human xenograft
model (Herrera-Abreu et al., 2016). Importantly, Herrera-Abreu et al. discovered that
combination therapy with PI3K inhibitors could not reverse acquired resistance in vitro,
but combining CDK4/6 inhibition with a PI3K inhibitor in a xenograft model prevented the
emergence of resistance in vivo (Herrera-Abreu et al., 2016). These data highlight the
potential for improving depth and duration of response to CDK/6 inhibition by designing
rational, combinatorial approaches.
Another mechanism of adaptive resistance was identified in studies of response of
acute myelogenous leukemia (AML) cell lines to palbociclib. In some AML cell lines,
p27Kip1 protein expression was significantly downregulated, and CDK2 activity was
subsequently increased, suggesting that some cells can escape CDK4/6-inhibitor
induced cell cycle inhibition by reactivation of CDK2 (Wang et al., 2007).

1.3.5 Combination approaches with CDK4/6 inhibition under examination in breast
cancer
Most initial clinical studies of CDK4/6 inhibitors in breast cancer were performed in
combination with hormonal therapy, including letrozole and fulvestrant. There was strong
biological rationale for this combination as estrogen receptor (ER) signaling drives
CCND1 expression, and in concert, Cyclin D1 can interact with ER, enhancing its
transcriptional activity (Neuman et al., 1997; Zwijsen et al., 1997). Synergy between
CDK4/6 inhibition and hormonal therapy was shown in vitro (Finn et al., 2009). Over 40
clinical trials of CDK4/6 inhibitors combined with endocrine therapy agents are currently
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underway in breast cancer as of August 2017 (ClinicalTrials.gov). In addition, an array of
novel therapeutic partners for CDK4/6 inhibitors are being tested in ongoing clinical trials
(Table 1.1).
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Table 1.1 Ongoing clinical trials with CDK4/6 inhibitors and combinations beyond
endocrine therapy. a, ClinicalTrials.gov. Abbreviations: AR, androgen receptor; ET,
endocrine therapy; HR, hormone receptor positive; HER2, human epidermal growth
factor-2; IGF1, insulin-like growth factor 1; IGF2, insulin-like growth factor 2; mTOR,
mammalian target of rapamycin; N/A, not applicable; ND, not defined; PD-1, programmed
cell death protein-1; PD-L1, programmed death-ligand 1; PI3K, phosphoinositide 3kinase; Rb, retinoblastoma protein; T-DM1, trastuzumab emtansine. Grey, combination
with cytotoxic chemotherapeutics. Adapted from Knudsen et al., 2017 with updates of
trials that are ‘Not yet recruiting’, ‘Recruiting’, ‘Enrolling by invitation’, and ‘Active, not
recruiting’ from ClinicalTrials.gov as of August 2, 2017.
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Table 1.1 (Continued) Ongoing clinical trials with CDK4/6 inhibitors and
combinations beyond endocrine therapy.
CDK4/6 inhibitor In combination with
Abemaciclib
Trastuzumab +/- Fulvestrant
Trastuzumab

Ribociclib

Palbociclib

Target of combination Indication

Clinical triala

HER2

HR+/HER2+

NCT02675231

HER2

HR+/HER2+

NCT02057133

+

-

Everolimus + ET

mTOR

HR /HER2

NCT02057133

LY3023414

PI3K/mTOR

NCT02057133

Xentuzumab

IGF1/IGF2

HR+/HER2HR+/HER2-

LY3039478

Notch

Pembrolizumab

PD-1

Notch pathway alterations NCT02784795
+
HR /HER2
NCT02779751

T-DM1 or Trastuzumab

HER2

HER2+

Everolimus + ET

mTOR

HR /HER2

NCT03099174

NCT02657343

+

-

NCT02732119

+

-

Everolimus + ET

mTOR

HR /HER2

NCT01857193

BYL719 + ET

PI3K

HR+/HER2-

NCT01872260

BYL719 + ET

PI3K

HR

+

NCT02734615

+

-

NCT02088684
NCT03090165

BYL719 or BKM120 + ET

PI3K

HR /HER2

Bicalutamide

AR

Capecitabine

N/A

AR TNBC
HER2

+

+

NCT02754011

Paclitaxel

N/A

Rb

Trastuzumab +/- ET

HER2

HER2+

NCT02448420

Trastuzumab + ET

HER2

+

HER2

NCT02907918

Trastuzumab + ET

HER2

HR+/HER2-

Trastuzumab or pertuzumab + ET HER2

HR /HER2

NCT02599363

NCT02774681

+

+

NCT02947685

+

+

NCT02530424

Trastuzumab or pertuzumab + ET HER2

HR /HER2

Neratinib

HER2

HER2

NCT03065387

Tucatinib + ET

HER2

HR+/HER2+

NCT03054363

+

+

T-DM1

HER2

HER2

AZD2014

mTOR

HR+/HER2-

NCT01976169

Everolimus + ET

mTOR

HR /HER2

NCT02599714

+

-

NCT02871791

+

-

Gedatolisib + ET

PI3K

HR /HER2

NCT02684032

Gedatolisib + ET

PI3K

HR+/HER2-

NCT02626507

Copanlisib + ET

PI3K

HR /HER2

+

-

NCT03128619

+

-

GDC-0077 + ET

PI3K

HR /HER2

NCT03006172

Bicalutamide

AR

AR+ BrCa

NCT02605486

Avelumab + ET

PD-L1

HR+/HER2+

-

NCT03147287

Pembrolizumab + ET

PD-1

HR /HER2

Paclitaxel

N/A

Rb

+

NCT01320592

Cisplatin or carboplatin

N/A

ND

NCT02897375
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NCT02778685

1.4 IMPACT OF CYTOTOXIC CHEMOTHERAPEUTICS ON METASTASIS IN BREAST
CANCER
1.4.1 Stromal cells involved in breast cancer metastasis
Stromal cells have been implicated as regulators of many aspects of the metastatic
cascade with involvement in invasion, survival in circulation, conditioning the premetastatic site, extravasation, and modulating immunosurveillance. Tie2 expressing
macrophages located in association with endothelial cells and tumor cells have been
shown to promote tumor cell intravasation via VEGFA signaling (Harney et al., 2015). The
ability of tumor cells to survive in circulation is one of the major limiting factors that hinders
metastatic efficiency (Piskounova et al., 2015). Platelets have been shown to promote
survival in circulation by directly inhibiting tumor cell lysis by natural killer (NK) cells
(Nieswandt et al., 1999; Palumbo et al., 2005). Upon survival in the blood, tumor cells
must then extravasate out of the vasculature into distant tissues. With striking similarity
to how Tie2high macrophages promote intravasation of breast cancer cells, metastasis
associated macrophages (MAMs) promote extravasation of breast cancer cells in the lung
via VEGFA (Qian et al., 2011).
Upon arrival at distant sites, disseminated tumor cells will only be able to form overt
metastases if the microenvironment is favorable for their survival and proliferation. Kaplan
et al. identified a primary-tumor induced lung pre-metastatic niche that was established
by VEGFR1+ bone marrow derived cells, which interact with lung resident fibroblasts to
stimulate the production of MMP9, creating a hospitable microenvironment for
disseminated tumor cells (Kaplan et al., 2005). The newly arrived disseminated tumor
cells must escape immunosurveillance by the adaptive immune system. In a complex
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cascade of interactions between BMDCs, CD8+ T cell-mediated immunosurveillance in
the lung microenvironment can be suppressed by neutrophils polarized by IL-17
production by gd T cells (Coffelt et al., 2015). Outgrowth of otherwise dormant
disseminated tumor cells has been shown to be promoted by TNBC primary-tumor
induced Sca1+ cKit- BMDCs and luminal primary-tumor induced platelet activation and
VEGFR2+ BMDCs (Elkabets et al., 2011; Kuznetsov et al., 2012; McAllister et al., 2008).
These selected examples represent only a fraction of the metastasis-promoting
mechanisms that have been identified, but this complicated area of study has recently
been reviewed in detail (McAllister and Weinberg, 2014; Quail and Joyce, 2013).

1.4.2 Involvement of hematopoietic cells in host response to chemotherapy
1.4.2.1 Bone marrow derived cells facilitate response to chemotherapy
Response to some types of chemotherapy is requires adaptive immunity for
maximal efficacy. For example, treatment with anthracyclines can induce immunogenic
tumor cell death via secretion of HMGB1, which is then recognized by dendritic cells via
TLR4 to initiate a productive anti-tumor adaptive immune response (Apetoh et al., 2007;
Casares et al., 2005). This immune response, in addition to requiring CD8+ T cells and
IFNg, also necessitates gd T cells (Mattarollo et al., 2011).
Low-dose cyclophosphamide promotes effective anti-tumor adaptive immune
responses by reducing the immunosuppressive Treg population (Le and Jaffee, 2012).
High-dose chemotherapy can often have myeloablative effects which may preclude
immune responses, but continuous, low-dose chemotherapy, termed metronomic
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chemotherapy, has been shown to foster productive anti-tumor immunity (Browder et al.,
2000; Kerbel and Kamen, 2004; Klement et al., 2000; Shaked et al., 2005).

1.4.2.2 Tumor-protective impacts of cytotoxic chemotherapy on TME
Paclitaxel treatment increases recruitment of tumor-supportive macrophages into
primary tumors in murine models of breast cancer (DeNardo et al., 2011; Shree et al.,
2011). Blocking macrophage influx using an anti-CSF1 antibody or PLX3397, an inhibitor
of CSF-1, improves the depth of response to paclitaxel in the MMTV-PyMT transgenic
model (DeNardo et al., 2011). Two mechanisms by which macrophages impede response
to chemotherapy have been identified: (1) macrophage-produced IL-10 represses IL-12
production by intratumoral dendritic cells, limiting their ability to mediate effective CD8+
T cell responses (DeNardo et al., 2011) and (2) macrophage-produced cathepsins directly
protect breast cancer cells from paclitaxel-induced death (Shree et al., 2011). Blockade
of either of these mechanisms improved response of the primary tumor to paclitaxel and
decreased pulmonary metastases (DeNardo et al., 2011; Shree et al., 2011). Additionally,
Alishekevtiz and colleagues found that VEGFR3-expressing macrophages recruited to
the

primary

tumor

after

chemotherapy

promoted

metastasis

by

inducing

lymphangiogenesis (Alishekevitz et al., 2016). These findings highlight the potential for
clinical benefit if such unintended effects of chemotherapy can be identified and
concurrently blocked.
Furthermore, albeit in a prostate cancer model, Sun et al. identified a pro-tumor
‘DNA

damage

secretory

program’

induced

in

fibroblasts

by

DNA-damaging

chemotherapeutics (Sun et al., 2012). In response to DNA damage, fibroblasts produce
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WNT16B, which promotes tumor cell survival by activating the Wnt signaling pathway in
tumor cells (Sun et al., 2012).

1.4.3 Chemotherapy-induced changes in metastasis-modulating cell populations
In addition to tumor-promoting effects in the primary tumor microenvironment,
cytotoxic chemotherapy can also impact pro-metastatic bone marrow derived cell
populations, thereby paradoxically enhancing metastasis.
Paclitaxel-induced macrophage recruitment has been linked to heightened lung
metastasis (DeNardo et al., 2011; Karagiannis et al., 2017). Recently published work by
Karagiannis et al. has begun to unravel one possible mechanism responsible: they
showed that both paclitaxel- and doxorubicin/cyclophosphamide-based chemotherapy
regimens increase the number of micro-structures, termed tumor microenvironment of
metastasis (TMEM) structures, in primary MMTV-PyMT or xenograft tumors (Karagiannis
et al., 2017). By definition, TMEM structures occur at the intersection of an endothelial
cell, a macrophage, and a tumor cell expressing MENA, a protein associated with tumor
cell invasion (Karagiannis et al., 2017). The authors noted that paclitaxel treatment
increases vascular permeability at these TMEMs, leading to augmented numbers of
circulating tumor cells and pulmonary metastases (Karagiannis et al., 2017). Importantly,
these metastasis-promoting effects of paclitaxel could be reversed by co-administration
of rebastinib, a Tie2-inhibitor (Karagiannis et al., 2017). A phase I clinical trial of the
combination of paclitaxel and rebastinib is currently underway (NCT02824575).
Other groups have linked treatment with paclitaxel or gemcitabine to increased
tumor cell migration and metastasis (Gingis-Velitski et al., 2011). Plasma from tumor-free
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mice pre-treated with paclitaxel or gemcitabine was sufficient to increase tumor cell
migration and invasion in vitro, as well as enhance recruitment of bone marrow derived
cells in vivo. Intravenous injection of Lewis Lung Carcinoma (LLC) tumor cells 1 day after
pre-treatment of mice with paclitaxel or gemcitabine augmented experimental lung
metastasis, an effect that was dependent on MMP9 (Gingis-Velitski et al., 2011). In
addition to impacts on tumor cell invasion, paclitaxel has been shown to modulate
angiogenesis: treatment increases circulating SDF-1 levels, which in turn boosts
circulating endothelial progenitor cells and thus angiogenesis (Roodhart et al., 2010;
Shaked et al., 2008).
Early experiments examining the effects of cyclophosphamide on experimental
metastasis in the KHT sarcoma model uncovered lung metastasis-promoting properties
upon cyclophosphamide pre-treatment (Carmel and Brown, 1977). Interestingly, the
adoptive-transfer of syngeneic splenocytes reversed the metastasis promoting effect of
cyclophosphamide pre-treatment, and depletion experiments implicated NK cells as the
effector cell in this process (Hanna and Burton, 1981). Lastly, chemotherapy-induced
changes in endothelial cells can increase retention of C26 colon cancer cells in the lungs
following intravenous injection (Daenen et al., 2011). Increased expression of VEGFR1
on endothelial cells after paclitaxel or cisplatin pre-treatment is necessary for this effect
(Daenen et al., 2011). Continued investigations into chemotherapy-induced changes in
metastasis-modulating cell populations are needed in order to identify means of blocking
these undesired effects, without disturbing direct anti-tumor effects.

26

1.4.4 Clinical evidence of interactions between TME, chemotherapy, and
metastasis
Approximately 20-30% of breast cancer patients diagnosed with early-stage, local
disease will eventually experience recurrence at distant sites, often occurring after
systemic therapy (Dawood et al., 2010; Kennecke et al., 2010). Assessing whether prior
systemic therapy predisposes patients to an increased incidence of metastases at
specific sites is challenging; patients with increased risk of metastasis are more likely to
be treated with chemotherapy. For example, in a multivariate analysis Kennecke et al.
found that patients treated with systemic chemotherapy prior to detection of metastatic
lesions had high rates of metastatic relapse to the liver, distant nodal, pleural/peritoneal,
and other sites (Kennecke et al., 2010). However, the possibility remains that these
patients were predisposed to metastatic relapse prior to systemic chemotherapy.
As an alternative approach, the percentage of patients with metastases at a
particular site among de novo metastatic breast cancer (MBC) patients and recurrent
metastatic breast cancer after systemic chemotherapy can be compared. A number of
studies have compared sites of metastasis of de novo MBC versus recurrent MBC;
however, detailed data on specific sites of metastasis are not always available. In two
studies that include women with breast cancer of all subtypes, the percentage of women
with visceral metastases is the same between both the de novo MBC and recurrent MBC
patients (24% vs. 28% (Lobbezoo et al., 2015); 25.7% vs. 25.6% (Dawood et al., 2010),
but the percentages of women with liver metastases are not reported. In a separate study
of patients with Her2+ MBC, 47.1% of women who presented with de novo MBC had liver
metastases, while 36.5% of women with recurrent MBC had liver metastases (Yardley et
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al., 2014). Notably, Gerratana, et al. determined that patients treated with anthracyclines
in the neoadjuvant or adjuvant setting had increased prevalence of visceral metastases
(Gerratana et al., 2015). Unraveling the complex relationship between prior
chemotherapy and breast cancer metastasis remains a challenge; therefore,
investigations utilizing murine models of cancer may yield important testable hypotheses
regarding cell types or pathways of interest that can then be further characterized using
clinical specimens.

1.5 SUMMARY
In this thesis I describe the approaches that I used to investigate the impacts of
systemic factors, including CDK4/6 inhibition, cytotoxic chemotherapy, and the presence
of a primary tumor, on therapeutic response and metastasis in breast cancer. The first
part of this dissertation focuses on novel immunologic effects of CDK4/6 inhibition and
their role in stimulating anti-tumor immunity in response to the CDK4/6 inhibitor,
abemaciclib. In addition to causing cell cycle arrest, CDK4/6 inhibition increases
expression of interferon-stimulated genes, including those involved in antigen processing
and presentation leading to enhanced tumor cell immunogenicity. Furthermore, CDK4/6
inhibition decreases the immunosuppressive Treg population, by preferentially inhibiting
their proliferation relative to conventional CD4+ and CD8+ T cells. Notably, CD8+ T cells
are necessary for tumor regression in response to CDK4/6 inhibition in the MMTVrtTA/tetO-Her2 model. Gene expression analyses in both mouse and patient samples
reveal signatures of increased anti-tumor immunity after treatment with a CDK4/6
inhibitor. When CDK4/6 inhibition was combined with anti-PD-L1 checkpoint blockade,
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the depth and duration of response significantly improves, providing strong rationale for
clinical trials combining CDK4/6 inhibition with immunotherapy in breast cancer and other
solid tumors.
In the second part of this dissertation, I explore how breast cancer metastasis can be
modulated by systemic influences. In a murine model of TNBC, the presence of a primary
tumor inhibits outgrowth of experimental lung metastases, via mechanisms that are
independent of the adaptive immune system. Paradoxically, cytotoxic chemotherapy
treatment increases experimental liver metastases without altering lung metastasis.
Detailed characterization of the effects of these systemic factors on hematopoiesis in the
bone marrow, circulation, and at distant sites provides insight into possible mechanisms
underlying these changes in metastasis. These studies highlight the importance of
considering indirect impacts of systemic therapies as they may be involved in metastasis
and therapeutic response.
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CHAPTER 2
CDK4/6 INHIBITION TRIGGERS ANTI-TUMOR IMMUNITY

*The entirety of the material described in this chapter is currently in press as a
manuscript for the peer-reviewed journal, Nature: Goel*, DeCristo*, et al. CDK4/6
inhibition triggers anti-tumour immunity. Nature. August 2017. The contents of the
publication as accepted are being reproduced here in accordance with the policies of
Nature Publishing Group, which state that authors may reproduce primary research
papers in future printed work without requiring permission.
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2.1 ABSTRACT
Cyclin-dependent kinases 4 and 6 (CDK4/6) are fundamental drivers of the cell
cycle and are required for the initiation and progression of various malignancies (Choi et
al., 2012; Yu et al., 2006). Pharmacologic inhibitors of CDK4/6 have shown significant
activity against several solid tumors (Finn et al., 2016; Patnaik et al., 2016). Their primary
mechanism of action is thought to be the inhibition of phosphorylation of the
retinoblastoma (RB) tumor suppressor, inducing G1 cell cycle arrest in tumor cells (Sherr
and Roberts, 1999). Here, we use murine models of breast carcinoma and other solid
tumors to show that selective CDK4/6 inhibitors not only induce tumor cell cycle arrest,
but also promote anti-tumor immunity. We confirm this phenomenon through
transcriptomic analysis of serial biopsies from a clinical trial of CDK4/6 inhibitor treatment
for breast cancer. The enhanced anti-tumor immune response has two underpinnings.
First, CDK4/6 inhibitors activate tumor cell expression of endogenous retroviral elements,
thus increasing intracellular levels of double-stranded RNA. This in turn stimulates
production of type III interferons and hence enhances tumor antigen presentation.
Second, CDK4/6 inhibitors markedly suppress the proliferation of regulatory T cells
(Tregs). Mechanistically, the effects of CDK4/6 inhibitors on both tumor cells and Tregs
are associated with reduced activity of the E2F target, DNA methyltransferase 1.
Ultimately, these events promote cytotoxic T cell-mediated clearance of tumor cells,
which is further enhanced by the addition of immune checkpoint blockade. Our findings
indicate that CDK4/6 inhibitors increase tumor immunogenicity and provide rationale for
new combination regimens comprising CDK4/6 inhibitors and immunotherapies as anticancer treatment.
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2.2 MATERIALS AND METHODS

2.2.1 Animal experiments. MMTV-rtTA/tetO-HER2 mice (Goel et al., 2016) were
maintained in house. Female FVB MMTV-PyMT, Balb/c (6-7 weeks old), and
Foxn1nu (8 weeks old) mice were purchased from Jackson Labs. Female FVB mice
(7 weeks old) were purchased from Taconic Biosciences. P14-TCR transgenic
mice (gift from Dr. Kai Wucherpfennig, Harvard Medical School), and OT-I mice
(C57BL/6 Tg(TcraTcrb)1100Mjb/J; Jackson Labs) were used as a source of CD8+
T cells for in vitro co-culture assays. FVB CD45.2+ mice (gift from Dr. Daniel Tenen,
Harvard Medical School) were used as a source of T cells for in vitro studies.

Tumors were induced and maintained in MMTV-rtTA/tetO-HER2 mice using
doxycycline as previously described (Goel et al., 2016). For experiments in
transgenic MMTV-rtTA/tetO-HER2 and MMTV-PyMT mice, tumors measured 4-10
mm at treatment initiation. Prior to treatment, mice were assigned into groups of
equal average tumor volume. For CT-26 experiments, 1x105 tumor cells were
injected subcutaneously in 1:1 PBS:Matrigel, injected subcutaneously into Balb/c
mice, and treatment was initiated one week later. For rechallenge experiments,
5x105 tumor cells were injected subcutaneously in 1:1 PBS:Matrigel 33 days after
treatment was stopped. PDX 14-07 was established from a biopsy of a liver
metastasis from a patient with ER+/Her2+ breast cancer as previously described
(Goel et al., 2016).
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For studies in Foxn1nu mice, MMTV-rtTA/tetO-HER2 tumor fragments were
orthotopically implanted bilaterally into nude mice, as previously described (Goel
et al., 2016). Prior to treatment initiation, mice were randomized into groups of
equal average tumor volume (5-10 mm diameter).

For in vivo experiments, samples sizes were determined based on previous modelspecific experience. Tumors were measured by caliper 2-3 times per week, and
volume was calculated as previously described (Goel et al., 2016). For tumor
growth kinetic analysis, we performed two-way ANOVA or one-way ANOVA tests
with correction for multiple comparisons using Sidak’s multiple comparisons test.
No animals were excluded from analyses. Ex vivo analyses of mouse tissues were
performed in a blinded fashion such that the investigators were unaware of
treatment groups.

Abemaciclib (75-90 mg/kg, as noted for individual experiments, Haoyuan
Chemexpress, prepared as previously described (Goel et al., 2016) and palbociclib
(90mg/kg, Haoyuan Chemexpress, diluted in 50 nM sodium D-lactate) were
administered daily by oral gavage. For CD8 depletion experiments, mice were
injected intraperitoneally with either a-CD8 antibody (400 µg; clone YTS 169.4,
BioXcell) or isotype control (400 µg; clone LTF-2, BioXcell) 48 and 24 hours prior
to beginning abemaciclib therapy (90mg/kg) and every 4 days thereafter. For
combination therapy, treatment with abemaciclib was initiated at a dose of 90
mg/kg daily for 3 days; thereafter, the dose was dropped to 75mg/kg daily and
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intraperitoneal injection of either a-PDL1 antibody (200 µg every 72 hours;
BioXcell, clone 10F.9G2) or isotype control antibody (200 µg every 72 hours, clone
LTF-2, BioXcell) was added to the regimen.

Mice were euthanized using CO2 inhalation. All mouse experiments were
performed in compliance with federal laws and institutional guidelines as approved
by the Institutional Animal Care and Use Committees of Dana-Farber Cancer
Institute, Harvard Medical School, and Boston Children’s Hospital. The maximum
tumor diameter permitted under the relevant animal protocols is 25mm, and this
limit was not exceeded in any experiment.

2.2.2 Immunohistochemistry and immunofluorescence. Immunostaining for
Ki-67 (Vector), HER2 (AB16901; Abcam), and STAT1 (AB47425; Abcam) was
performed as previously described (Goel et al., 2016). Secondary antibodies
(AF488 AffiniPure donkey anti-mouse IgG, Cy3 AffiniPure donkey anti-rabbit IgG)
were from Jackson ImmunoResearch Laboratories. Images were acquired with a
Yokogawa spinning disk confocal on an inverted Nikon Ti fluorescence microscope
using MetaMorph image acquisition software, and 3-5 fields were analyzed per
tumor. Image analysis was performed using a semi-automated in-house platform
(NIH ImageJ).

Immunofluorescence for FoxP3 (clone FJK-16s; eBioscience), CD8 (clone 4SM15;
eBioscience), and Ki-67 (clone SP6; Thermo Scientific) was performed as
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previously described (McAllister et al., 2008). Secondary antibodies (AF488
donkey anti-rabbit IgG, AF647 goat anti-rat IgG) were from Life Technologies.
Tissues were counterstained with DAPI (Invitrogen). Images were acquired on a
Nikon Eclipse Ni microscope using NIS Elements software, and 5-10 fields were
analyzed per tumor.

2.2.3 Human cell lines. BT474, SKBR3, MDA-MB-361, MDA-MB-453, and MCF7
human breast cancer cell lines were maintained as previously described (Goel et
al., 2016) with slight modifications: antibiotics and anti-fungals were not used in
cell culture media. MCF7 cells were cultured in RPMI medium (Gibco)
supplemented with 10% FBS (Gibco). All cell lines were obtained from ATCC,
tested negative for mycoplasma, and their identity was verified by short tandem
repeat analysis (Promega GenePrint 10 System).

2.2.4 Murine cell lines. MMTV-PyMT-S2WTP3 cells (Wong et al., 2012) (gift from
Dr. Andreas Möller, QIMR Berghofer Medical Research Institute) were cultured in
DMEM (Gibco) supplemented with 10% FBS (Gibco). B16-OVA cells (Bellone et
al., 2000) were cultured in DMEM supplemented with 10% FBS and 250 µg/mL
G418 (Invitrogen). CT-26 cells (gift from Dr. Steve Elledge, Harvard University)
were cultured in RPMI (Gibco) supplemented with 10% FBS. All cell lines tested
negative for mycoplasma, and their murine strain of origin was confirmed by short
tandem repeat analysis (Bioassay Methods Group, NIST).
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2.2.5 In vitro drug studies. Abemaciclib and lapatinib (Haoyuan Chemexpress)
were diluted as previously described (Goel et al., 2016). For in vitro use, palbociclib
was diluted in DMSO. Cleaved PARP was measured after 48 hours of treatment
with DMSO, lapatinib, or abemaciclib. Lapatinib was used at 30 nM for BT474 and
SKBR3; 500 nM for MDA-MB-453 and MDA-MB-361. Abemaciclib was used at
300 nM for BT474 and SKBR3; 25 nM for MDA-MB-453; 500 nM for MDA-MB-361.
For staurosporine experiments, MDA-MB-453 cells were pretreated with DMSO or
abemaciclib (500 nM) for 0, 1, or 7 days prior to exposure to staurosporine (500nM,
Enzo Life Sciences) for 4 hours. For hormonal therapy studies, cells were treated
with combinations of DMSO, abemaciclib (100 nM), and fulvestrant (100 nM,
Sigma Aldrich). To determine JAK dependency, cells were treated with
combinations

of

DMSO,

abemaciclib

(500nM),

and

ruxolitinib

(500nM,

Selleckchem) for 7 days.

2.2.6 Western blots. Western blotting was carried out as previously described
(Goel et al., 2016) using antibodies to cleaved PARP (CST 9541), cleaved
caspase-3 (CST 9661), phospho-STAT1 Y701 (CST 9167), STAT1 (CST 9172),
and FLAG (CST 2368) (Cell Signaling Technologies), vinculin (V9131, Sigma) and
DNMT1 (92314, Abcam). For western blots assessing phosphorylated and total
STAT1 in tumor cells, lysates from equivalent numbers of cells were loaded in each
lane.
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2.2.7 b-galactosidase activity. SA-b-galactosidase expression was determined
as previously described (Goel et al., 2016).

2.2.8 Transcriptome methodology. AmpliSeq™ libraries were constructed and
sequenced on the Ion Torrent Proton platform (Thermo Fisher) according to the
manufacturer's instructions as previously described (Ni et al., 2016; Wang et al.,
2015). For human gene analysis in cell lines, the Ion AmpliSeq Transcriptome
Human Gene Expression Kit is designed for targeted amplification of over 20,000
human RefSeq genes simultaneously in a single primer pool. A short amplicon
(~110 bp) is amplified for each targeted gene. Since an AmpliSeq transcriptome
mouse kit is not commercially available, an Ion AmpliSeq™ Custom Panel was
designed by the manufacturer (Thermo Fisher) using Ion AmpliSeq™ Designer for
targeted amplification of 3,826 mouse genes that are most relevant for our studies
(one short amplicon for each gene) in one primer pool for mouse studies. For each
sample, 10 ng of total RNA was used for cDNA library preparation. Multiple
libraries were multiplexed and clonally amplified using the Ion OneTouch 2 System
(Thermo Fisher), and then sequenced on an Ion Torrent Proton machine (Thermo
Fisher). Data was first analyzed by Torrent Suite and ampliSeqRNA analysis plugin
(Thermo Fisher) to generate count data.

2.2.9 Mouse transcriptome analysis. Raw read counts per gene were mapped
to corresponding human homologs, using homology information from the Mouse
Genome Informatics database (The Jackson Laboratory). For GO analysis,
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differential gene expression was determined using DESeq2 (Love et al., 2014) and
genes were ranked according to log2 fold change (MAP). For GSEA analysis, we
used the GSEAPreranked tool, with the above ranked gene list, using MSigDB
v5.1 Hallmarks gene sets collection and the "classic" method for calculating
enrichment scores (Mootha et al., 2003; Subramanian et al., 2005).

2.2.10 Human transcriptome analysis. Analyses were performed on normalized
read counts per gene. For GO analysis, only genes with an absolute read count of
>20 on at least one sample were included. For these genes, the fold change in
normalized read count was determined for each replicate experiment, and the
mean fold change was calculated for each gene. Genes with a mean fold change
of >2 (DMSO vs abemaciclib) were then included for analysis using gene ontology
enrichment analysis.

2.2.11 The Cancer Genome Atlas (TCGA) analysis. Gene expression data were
obtained using the cBioPortal for Cancer Genomics (http://www.cbioportal.org).
Data were obtained from the breast cancer dataset “TCGA, Provisional (1105
samples)” for comparisons between cyclin D1 shallow deletion, amplified, gain,
and diploid tumors (Cerami et al., 2012; Gao et al., 2013).

2.2.12 RT-qPCR. RT-qPCR was performed as previously described (Goel et al.,
2016). Primer sequences used for qPCR were as follows: Ifng (mouse) forward:5’ATG-AAC-GCT-ACA-CAC-TGC-ATC-3’;
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reverse:5’-CCA-TCC-TTT-TGC-CAG-

TTC-CTC-3’. Tap1 (mouse) forward:5’-GGA-CTT-GCC–TTG-TTC-CGA-GAG-3’;
reverse:5’-GCT-GCC-ACA-TAA-CTG-ATA-GCG-A-3’. Tap2 (mouse) forward:5’CTG-GCG-GAC-ATG-GCT-TTA-CTT-3’;

reverse:5’-CTC-CCA-CTT-TTA-GCA-

GTC-CCC-3’. Tapbp (mouse) forward:5’- GGC-CTG-TCT-AAG-AAA-CCT-GCC3’;

reverse:5’-CCA-CCT-TGA-AGT-ATA-GCT-TTG-GG-3’.

forward:5’-TAA-TGG-AGA-CTC-ATT-CCC-TTG-GA-3’;

Erap1

(mouse)

reverse:5’-AAA-GTC-

AGA-GTG-CTG-AGG-TTT-G-3’. Nlrc5 (mouse) forward:5’-GCT-GAG-AGC-ATCCGA-CTG-AAC-3’;

reverse:5’-AGG-TAC-ATC-AAG-CTC-GAA-GCA-3’.

Il6

(mouse) forward:5’-TAG-TCC-TTC-CTA-CCC-CAA-TTT-CC-3’; reverse:5’-TTGGTC-CTT-AGC-CAC-TCC-TTC-3’. Dnmt1 (mouse) forward:5’-CCG-TGG-CTACGA-GGA-GAAC-3’; reverse:5’-TTG-GGT-TTC-CGT-TTA-GTG-GGG-3’. Cdkn1a
(mouse) forward:5’-CCT-GGT-GAT-GTC-CGA-CCT-G-3’; reverse:5’-CCA-TGAGCG-CAT-CGC-AAT C-3’. B2M (human) forward:5’-GAG-GCT-ATC-CAG-CGTACT-CCA-3’; reverse:5’-CGG-CAG-GCA-TAC-TCA-TCT-TTT-3’. HLA-A (human)
forward:5’-ACC-CTC-GTC-CTG-CTA-CTC-TC-3’;

reverse:5’-CTG-TCT-CCT-

CGT-CCC-AAT-ACT-3’. HLA-B (human) forward:5’-CAG-TTC-GTG-AGG-TTCGAC-AG-3’; reverse:5’-CAG-CCG-TAC-ATG-CTC-TGG-A-3’. HLA-C (human)
forward:5’-GGA-CAA-GAG-CAG-AGA-TAC-ACG-3’; reverse:5’-CAA-GGA-CAGCTA-GGA-CAA-CC-3’. STAT1 (human) forward:5’-CAG-CTT-GAC-TCA-AAATTC-CTG-GA-3’;

reverse:5’-TGA-AGA-TTA-CGC-TTG-CTT-TTC-CT-3’.

IL6

(human) forward:5’-ACT-CAC-CTC-TTC-AGA-ACG-AAT-TG-3’; reverse:5’-CCATCT-TTG-GAA-GGT-TCA-GGT-TG-3’. IFNL2 (human) forward:5’-ACG-CGAGAC-CTG-AAT-TGT-GT-3’;

reverse:5’-AGC-GAC-TGG-GTG-GCA-ATA-AA-3’.
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DDX58 (human) forward:5’-CTG-GAC-CCT-ACC-TAC-ATC-CTG-3’; reverse:5’GGC-ATC-CAA-AAA-GCC-ACG-G-3’. DHX58 (human) forward:5’-GGG-CCTCCA-AAC-TCG-ATG-G-3’;

reverse:5’-TTC-TGG-GGT-GAC-ATG-ATG-CAC-3’.

OAS2 (human) forward:5’-GGA-GCT-TCC-TGA-TTG-GCA-GA-3’; reverse:5’—
ATG-TAG-GGT GGC-AAG-CAC-TG-3’. RB1 (human) forward:5’-CTC-TCG-TCAGGC-TTG-AGT-TTG-3’;

reverse:5’-GAC-ATC-TCA-TCT-AGG-TCA-ACT-GC-3’.

Relative copy number was determined by calculating the fold change difference in
the gene of interest relative to GAPDH or HSP90AB1 (human), or Actb or
Hsp90ab1 (mouse). qPCR was performed on the Applied Biosystems 7300
machine.

2.2.13 Flow cytometry.
2.2.13.1 Tumor cell lines: 1x106 cells per condition were stained with the
appropriate antibodies diluted in PBS (Hyclone) plus 2% FBS (Life Technologies)
for 30 minutes on ice. Matched fluorescence minus one (FMO) staining for each
condition was performed as a control.
2.2.13.2 Blood: Obtained by retro-orbital sampling at intermediate time points and
by cardiac puncture at experimental endpoints. Blood cells and plasma were
separated by centrifugation at 1,500 x g for 8 minutes at 4°C.
2.2.13.3 Spleen, thymus, and lymph nodes: Single cell suspensions were obtained
by mechanical digestion.
2.2.13.4 Tumor: Tumors were first mechanically disrupted by chopping, then
chemically digested in dissociation buffer (2 mg/mL collagenase type IV
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(Worthington Biochemical), 0.02 mg/mL DNase (Sigma Aldrich) in DMEM (Life
Technologies) containing 5% FBS (Life Technologies), PenStrep (Hyclone)) with
agitation at 37°C for 45 minutes.

Following RBC lysis if necessary (blood, spleen, thymus, tumor; PharmLyse, BD
Biosciences), single cell suspensions were blocked with anti-CD16/32 (Biolegend)
for 20 minutes on ice and then incubated with appropriate antibodies for 30 min on
ice.

Murine antibodies: Antibodies were purchased from Biolegend unless otherwise
indicated: CD45 (clone 30-F11), CD3 (clone 145-2C11), CD8 (clone 53-6.7), CD4
(clone RM4-5), PD-1 (clone 29F.1A12), Tim-3 (clone RMT3-23), CTLA-4 (clone
UC10-4B9), LAG-3 (clone C9B7W), B220 (clone RA3-6B2), NK1.1 (clone PK136),
CD11b (clone M1/70), Ly6G (clone 1A8), Ly6C (clone AL-21; BD Pharmigen), and
FoxP3 (clone FJK-16s; eBioscience). Human antibodies: b2-microglobulin (clone
2M2) and HLA-A,B,C (clone W6/32). Anti-mouse/rat FoxP3 staining set
(eBioscience) was used for intracellular staining according to the manufacturer’s
instructions. dsRNA was detected by the K1 antibody (English and Scientific
Consulting (Hungary) using 75% ethanol for fixation. 7AAD was used to distinguish
live/dead cells, except in cases requiring intracellular staining in which case eFluor
450 (eBioscience) or Zombie Yellow (Biolegend) fixable viability dyes were used.
To determine the absolute number of cells in a sample, CountBright absolute
counting beads (Molecular Probes, ThermoFisher) were added. Flow cytometry
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was performed on a LSRII (BD Biosciences) or FACSCANTOII (BD Biosciences),
and data was analyzed using FlowJo (TreeStar). Flow cytometry gating strategies
can be found in the Appendix: Supplementary Methods 1 for regulatory T cell
gating strategy, Supplementary Methods 2 for thymic cell populations, and
Supplementary Methods 3 for immune checkpoint molecules on intratumoral T
cells.

2.2.14 Tumor cell/OT-I co-culture assay. MMTV-PyMT-S2WTP3-OVA and B16OVA cells were pre-treated with abemaciclib (500 nM or 1000 nM, respectively) or
DMSO for 7d. Tumor cells were pre-incubated with 40 µg/mL of appropriate
antibodies for 1 hr at 37°C. For the MMTV-PyMT-S2WTP3-OVA experiments, antiH-2Kb (clone Y-3) or isotype control IgG2b (clone MPC-11) were used from
Bioxcell. For the B16-OVA experiments, anti-H-2Kb-SIINFEKL (clone 25-D1.16) or
isotype control (clone IS5-21F5) from Miltenyl Biotec were utilized. CD8+ T cells
were isolated from spleens and lymph nodes of OT-I or P14 mice using a CD8a+
T cell isolation kit (Miltenyl Biotec) with an autoMACS pro separator. Isolated T
cells were suspended in RPMI (ATCC) with 5% FBS, labeled with 5 µM CFSE
(Biolegend) for 10 minutes in the dark at room temperature, and washed twice in
10x volume of T cell media (RPMI, 10% FBS, 55 µM 2-Mercaptoethanol (Gibco)).
1x105 CD8+ T cells were co-cultured with abemaciclib or control pre-treated tumor
cells at a ratio of 1:8 tumor cells:T cells (MMTV-PyMT-S2WTP3-OVA) or 1:4 tumor
cells:T cells (B16-OVA) in a final concentration of 10 µg/mL of the appropriate
antibody with 2.5 ng/mL IL-7 (Peprotech), 50 ng/mL IL-15 (Peprotech), and 2
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ng/mL IL-2 (Peprotech) for 48 hrs (MMTV-PyMT-S2WTP3-OVA) or 72 hrs (B16OVA) at 37°C in the dark. At the experimental endpoint, cytokines in conditioned
media were analyzed by ELISA, and CD8+ T cell proliferation was determined by
CFSE-dilution by flow cytometry.

2.2.15 Overexpression vectors and transfection. MMTV-PyMT-S2WTP3 cells
were infected with lentiviral particles expressing the pHAGE-deltaOA-zsGreen
plasmid as previously described (Goel et al., 2016), and infected cells were
isolated by FACS.

MDA-MB-453 and BT474 cells were transient transfected with pBabepuro3p16Flag (Addgene Cat # 24934) using Lipofectamine 3000 (Thermo Fisher)
according to the manufacturer’s instructions. 72 hours after transfection cells were
selected in puromycin for 48 hours. p16 overexpression was confirmed by antiFLAG western blots.

For overexpression of DNMT1, MDA-MB-453 cells were transfected with the
pcDNA3/Myc-DNMT1 vector (Addgene Cat #36939) using Lipofectamine 3000
according to the manufacturer’s instructions. Cells were treated with abemaciclib
72 hrs after transfection.

2.2.16 ELISAs. Cells were treated with DMSO or abemaciclib (500 nM) for 7 days.
For the last 24 hours, culture media was replaced with serum free media. Following
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concentration of conditioned medium using Amicon Ultra centrifugal filters
(Millipore),

cytokines

were

analyzed

according

to

the

manufacturer’s

recommendations: human IFN gamma ELISA Ready-SET-Go! (Affymetrix
eBioscience), human TNF alpha ELISA Ready-SET-Go! (Affymetrix eBioscience),
Verikine human IFN alpha ELISA kit (PBL assay science), VeriKine-HS human IFN
beta serum ELISA kit (PBL assay science), human IL-28B quantikine ELISA kit
(R&D Systems), human IL-28A DuoSet ELISA (R&D Systems), and human IL-29
DuoSet ELISA (R&D Systems). Cytokine production by OT-I T cells in OVA/OT-I
co-culture assays was measured by mouse IFN gamma ELISA Ready-SET-Go!
(Affymetrix eBioscience) and mouse TNF-alpha Quantikine ELISA Kit (R&D
Systems) according to the manufacturer’s instructions. Anti-ANA and anti-dsDNA
ELISAs (Alpha Diagnostic) were performed on plasma according to the
manufacturer’s instructions. Absorbance was measured on a Synergy Neo plate
reader (BioTek) using Gen5 software.

2.2.17 Interferon neutralization experiments. Cell lines were treated with DMSO
or abemaciclib (500nM) for 7 days. For the duration of drug treatment, neutralizing
antibodies were applied including: IFN gamma (1 µg/mL, R&D Systems,
MAB2851), IFN alpha (2.0-2.5 µg/mL, R&D Systems, 21100-1), IL-28a (0.5 µg/mL,
R&D Systems, MAB1587), or IL-29 (1 µg/mL, R&D Systems, MAB15981-100).
Successful neutralization was validated using recombinant human IFN gamma
(Peprotech,

250pg/mL)

and

IFN

alpha

(Life

Technologies,

250pg/mL).

Recombinant proteins were administered 24 hours prior to protein collection.
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2.2.18 Analysis of methylation of the ERV3-1 5’-LTR. Genomic DNA was
extracted from cells and subjected to RNAse treatment before standard bisulfite
conversion (MethylEdge Bisulfite Kit, Promega). Bisulfite DNA was subjected to
PCR, and then a second nested PCR, to amplify the 5’-LTR of ERV3-1 using the
method and primers as previously described30 to amplify a DNA fragment of 644bp.
The PCR product was enzymatically digested using the RsaI restriction enzyme
(New England Biolabs). Due to a CG site in the native DNA within this amplicon,
this digestion will cut methylated DNA amplicons into ~ 317 bp and ~327 bp
fragments, leaving the non-methylated DNA uncut.

2.2.19 shRNA experiments. Two shRNA constructs to RB1 (TRC ID#
TRCN0000295892 and TRCN0000295842) and shLuciferase control were
expressed in tumor cells as previously described (Goel et al., 2016). Suppression
efficiency was validated by RT-qPCR.

2.2.20 Doxorubicin-induced senescence. MDA-MB-453 and BT474 cells were
treated with doxorubicin (Sigma Aldrich, 200nM) for a period of 24 hrs. The cells
were then cultured in fresh media for 72 hours after treatment, and RNA was
extracted for qPCR.

2.2.21 In vitro regulatory T cell differentiation. CD4+CD25- T cells were isolated
from spleens and lymph nodes of naïve FVB mice using the CD4+CD25+
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Regulatory T cell kit (Miltenyl Biotec) with an autoMACs pro separator. Cells were
cultured for 72 hours in T cell medium with CD3/CD28 Dynabeads (1:1 ratio of
cells:beads, ThermoFisher), 100 U/mL rhIL-2 (Peprotech), +/- 25 ng/mL rhTGF-b
(R&D Systems) with DMSO or abemaciclib (125-1000 nM). Differentiation status
for each condition was determined by intracellular flow cytometry for FoxP3. Fold
change in percent differentiation with the addition of rhTGF-b was calculated for
each condition and normalized to the DMSO control.

2.2.22 T cell proliferation in vitro. CD4+CD25- and CD4+CD25+ T cells were
isolated from spleens and lymph nodes of naïve FVB mice using the CD4+ CD25+
Regulatory T cell kit (Miltenyl Biotec); CD8+ T cells were isolated as described
above. Isolated T cells were labeled with 5 µM CFSE (Biolegend) as described
above. 1x105 cells were cultured in T cell medium with CD3/CD28 beads (1:1 ratio
of cells to beads), 100 U/mL rhIL-2 and DMSO or abemaciclib (250 or 500 nM) for
72 hours at 37°C. CFSE dilution was analyzed at endpoint by flow cytometry.

2.2.23 Gene expression in isolated T cell populations. CD8+, CD4+CD25-, and
CD4+CD25+ T cells were isolated as described above from lymph nodes and
spleens of naïve FVB mice treated with vehicle or 90 mg/kg abemaciclib for 12
days. Purity of isolated populations was confirmed by flow cytometry. mRNA was
obtained using the NucleoSpin RNA XS kit (Macherey-Nagel) according to the
manufacturer’s instructions. RT-qPCR was performed as described above.
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2.2.24 Patient data. Gene expression data (GEO GSE93204) were obtained from
biopsy samples from the NeoPalAna clinical trial (NCT01723774) (Ma et al., 2017).
Expression data was utilized in the log2 normalized form. We used GSEA software
(Broad Institute, MA) with the following settings for analysis: Number of
permutations: 1000; Collapse dataset of gene symbols: true; Permutation type:
gene set; Enrichment statistic: weighted; Metric for ranking genes: Signal2Noise;
Gene list sorting mode: real; Gene list ordering mode: descending; Max
size/exclude larger sets: 500; Min size/exclude smaller sets: 15. Analysis was
performed using the “Hallmarks v6.0” GSEA signatures.

2.2.25 Statistical analyses. Statistical analyses were performed as described in
the figure legend for each experiment. All statistical tests were two-sided, and nonparametric tests were used when variance was dissimilar between groups. All data
are presented as mean ± SD unless otherwise noted in the legend. Differences
were considered statistically significant at a p value £ 0.05. All data shown is
representative two or more independent experiments, unless indicated otherwise.

2.2.26 Data availability. Transcriptomic data that support the findings of this study
have been deposited in the Gene Expression Omnibus with primary accession
code GSE99063. All other data is available upon reasonable request.
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2.3 RESULTS

2.3.1 CDK4/6 inhibitors induce tumor regression and increase antigen
presentation
We first assessed the impact of CDK4/6 inhibition in vivo using our recently
described MMTV-rtTA/tetO-HER2 transgenic mouse model of mammary carcinoma(Goel
et al., 2016). Cells derived from these tumors express RB and arrest in response to
CDK4/6 inhibition (Goel et al., 2016). In three independent experiments, the CDK4/6
inhibitor abemaciclib caused regression of bulky tumors, evidenced by a ~40% reduction
in tumor volume at the 12-day end-point (Figure 2.1a). As expected, abemaciclib reduced
tumor cell proliferation (Figure 2.2a). Expression analysis across a panel of 3,826 cancerrelated genes from MMTV-rtTA/tetO-HER2 tumors (Figure 2.1b) showed that
abemaciclib downregulated genes within Gene Ontology (GO) and Gene Set Enrichment
Analysis (GSEA) terms relating to cell cycle, mitosis, and E2F targets (Figure 2.2b-d).
Strikingly, only two GO process terms were significantly enriched for genes upregulated
by abemaciclib: “antigen processing and presentation of peptide antigen” and “antigen
processing and presentation” (Figure 2.1c). Specifically, genes encoding murine major
histocompatibility complex (MHC) class I molecules were upregulated in abemaciclibtreated tumors (H2d1, H2k1, and b2m), as were genes directing peptide cleavage
(Erap1), peptide transporters (Tap1 and Tap2), and transporter-MHC interactions
(Tapbp) (Figure 2.1d). Moreover, abemaciclib treatment in vitro increased expression of
homologous genes in human breast cancer cell lines (MDA-MB-453, MCF7, and MDAMB-361) (Figure 2.1e; Figure 2.3a) and palbociclib, another CDK4/6 inhibitor, yielded
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Figure 2.1 CDK4/6 inhibitors induce tumor regression and increase antigen
presentation. a, Impact of abemaciclib treatment on MMTV-rtTA/tetO-HER2 tumor
volume (two-way ANOVA, vehicle, n=17; abemaciclib, n=22 tumors). b-d, In vivo
experimental schema depicted in (b) (vehicle, n=11; abemaciclib, n=12 tumors). Gene
ontology terms with p<0.05 (c) and expression of antigen presentation genes (d) are
shown. e-f, Antigen presentation gene expression in cells (e) (7d, n=3) and PDX tumors
(f) (21-28d, vehicle, n=4; abemaciclib, n=2 tumors) after abemaciclib treatment. g, CD8+
T cell proliferation in response to abemaciclib-pretreated B16-OVA cells (OT-I + antiIgG1, n=6; other conditions, n=3; one-way ANOVA adjusted for multiple comparisons)
Unpaired two-tailed t-tests (d-f). Error bars SD; except (a), SEM. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.

50

Figure 2.2 Tumor cell proliferation and expression of cell cycle related genes after
CDK4/6 inhibition. a, Immunohistochemistry for Ki-67 in MMTV-rtTA/tetO-HER2 tumors
treated for 12d with abemaciclib or vehicle; representative images (scale bar=100 !m)
and quantification (n=7 tumors/group). b, Expression of E2F transcription factors, S
phase genes, and G2/M genes in MMTV-rtTA/tetO-HER2 tumors treated with abemaciclib
for 12d compared to vehicle (vehicle, n=11; abemaciclib, n=12 tumors). c-d, Gene
ontology terms with p<0.05 (c) or GSEA terms significantly downregulated (d) by
abemaciclib compared to vehicle in MMTV-rtTA/tetO-HER2 tumors (vehicle, n=11;
abemaciclib, n=12 tumors). Unpaired two-tailed t-tests (a-b). Error bars, SD. *p<0.05,
**p<0.01.
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Figure 2.3 CDK4/6 inhibition enhances antigen presentation. a, Antigen processing
and presentation gene expression in MDA-MB-361 cells treated with 500 nM
abemaciclib or DMSO (7d, n=3). b, Gene expression in cell lines treated with DMSO or
palbociclib (7d, n=3). c, b2M/MHC-I flow cytometry in cell lines; grey, FMO control. (For
MDA-MB-453, vehicle and abemaciclib, n=2; palbociclib, n=3. For MDA-MB-361, n=3)
d, Gene expression in TCGA samples (CCND1 shallow deletion, n=101; CCND1
diploid, n=503; CCND1 gain, n=203; CCND1 amplified, n=153). e, H-2Kb SIINFEKL flow
cytometry after 7d abemaciclib or DMSO (B16-OVA, n=9; MMTV-PyMT-S2WTP3-OVA,
n=3). f, CD8+ T cell proliferation in response to abemaciclib-pretreated tumor cells
(n=3). g, IFNg and TNFa production in tumor cell/OT-I assay by ELISA (n=3). One-way
ANOVA adjusted for multiple comparisons (c-d,f), unpaired two-tailed t-tests (a-b,e,g).
Error bars, SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 2.3 (Continued) CDK4/6 inhibition enhances antigen presentation.
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similar results (Figure 2.3b). Importantly, treatment with either agent increased cellsurface expression of b2M and MHC class I proteins (Figure 2.3c). The CDK4/6 inhibitorinduced increase in expression of antigen processing and presentation genes was also
observed in a patient-derived breast cancer xenograft of a treatment-refractory breast
cancer (PDX 14-07, previously described (Goel et al., 2016) (Figure 2.1f)). Furthermore,
analysis of The Cancer Genome Atlas (TCGA) data (Cerami et al., 2012) revealed that
breast cancers harboring cyclin D1 amplification (i.e., enhanced CDK4/6 activity) display
significantly lower expression of HLA-A, HLA-B, and HLA-C than non-amplified tumors
(Figure 2.3d).
To determine the functional consequences of increased antigen presentation gene
expression, we treated ovalbumin (OVA) expressing murine cancer cell lines (MMTVPyMT-S2WTP3-OVA and B16-OVA) with abemaciclib. Abemaciclib increased expression
of MHC class I-bound SIINFEKL, an 8 amino acid peptide derived from OVA (Figure
2.3e), confirming enhanced antigen processing and presentation. Co-culture of
abemaciclib-pretreated tumor cells with MHC class I-restricted OVA-specific CD8+ T cells
(OT-I cells) significantly increased OT-I cell proliferation, IFN-gamma production, and
TNF-alpha production (Figure 2.1g; Figure 2.3f, g). CD8+ T cell proliferation was both
antigen-specific (P14 CD8+ T cells, which recognize an irrelevant antigen, did not
increase their proliferation) and MHC class I-specific (MHC class I blocking antibody
partially suppressed OT-I T cell proliferation) (Figure 2.1g; Figure 2.3f).
In agreement with other reports (Choi et al., 2012; Goel et al., 2016), abemaciclib
did not directly induce breast cancer cell apoptosis; rather, it caused cell cycle arrest and
induced cellular phenotypes consistent with senescence (Figure 2.4a, b). Cellular
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Figure 2.4 Effects of CDK4/6 inhibition on breast cancer cell proliferation and
apoptosis in vitro. a, Relative numbers of breast cancer cells cultured in 250 nM (MDAMB-453) or 500 nM (MDA-MB-361, BT474) abemaciclib or DMSO for 11d, followed by
drug withdrawal (arrow). b, Representative SA-b-galactosidase staining of MDA-MB-453
cells (left) and BT474 cells (right) treated with DMSO or abemaciclib (MDA-MB-453, 250
nM; BT474, 500 nM) for 0, 4, and 7 days. c, Western blot of SKBR3, BT474, MDA-MB453, and MDA-MB-361 cells treated with DMSO, lapatinib, or abemaciclib for 48h. d,
Western blot of MDA-MB-453 cells pretreated with DMSO or abemaciclib (500 nM) for 0,
1, or 7 days prior to exposure to staurosporine (500 nM) for 4h.
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senescence has been associated with apoptosis resistance (Campisi and di Fagagna,
2007); indeed, abemaciclib reduced tumor cell Poly ADP-ribose polymerase cleavage
and suppressed the apoptotic response to staurosporine (Figure 2.4c, d). Collectively,
these results establish that CDK4/6 inhibitors induce breast cancer cell cytostasis without
directly causing their apoptosis, and enhance their capacity to present antigen and
stimulate cytotoxic T cells.

2.3.2 CDK4/6 inhibition stimulates interferon signaling
We next sought mechanistic insight for the increase in antigen presentation after
CDK4/6 inhibition. Genome-wide transcriptomic analysis of three human breast cancer
cell lines and PDX 14-07 tumors revealed that abemaciclib upregulated expression of
genes within GO terms related to interferon signaling and cellular defense response to
virus (Figure 2.5a, b; Figure 2.6a). Several interferon-sensitive transcription factors (e.g.,
STAT1, STAT2, IRF2, IRF6, IRF9, and NLRC5) were upregulated in all three cell lines,
PDX 14-07 tumors, and MMTV-PyMT-S2WTP3 cells (Figure 2.5c, d; Figure 2.6b, c).
Similar trends were observed when abemaciclib was given in conjunction with antiestrogen therapy - the current standard in luminal breast cancer treatment (Figure 2.6d).
Expression of other interferon-sensitive genes (ISGs) - OAS1, OAS2, IFIT1, IFIT2, BST2,
SP100, RSAD2 - was also enhanced in cell lines and PDX tumors, suggesting global
upregulation of an interferon-driven transcriptional program (Figure 2.6e, f). Consistent
with active interferon signaling, both phosphorylated and total STAT1 protein were
increased after abemaciclib treatment (Figure 2.6g). Furthermore, forced overexpression
of the endogenous CDK4/6 inhibitor CDKN2A (encoding p16INK4a) increased expression
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Figure 2.5 CDK4/6 inhibition stimulates interferon signaling.
a-b, Top ranked GO terms in abemaciclib-treated tumor cells (a) (7d, n=3) or PDX tumors
(b) (21-28d, vehicle, n=4; abemaciclib, n=2 tumors). c-d, Interferon-responsive gene
expression from samples in (a) and (b). e-f, Upregulated GO terms (e) and expression of
interferon-responsive transcription factors (f) in abemaciclib-treated MMTV-rtTA/tetOHER2 tumors (12d, vehicle, n=11; abemaciclib, n=12 tumors). g, MMTV-rtTA/tetO-HER2
tumor STAT1 staining (12d, scale bar=100 µm, n=21). h, Upregulated GSEA signatures
after 12wk of palbociclib in NeoAnaPal trial. (C1D1, n=34; surgery, n=23). Unpaired twotailed tests (c, d, f); Mann-Whitney test (h); Error bars, SD. *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001. For all GSEA, nom p<0.001, FDR q<0.001.
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Figure 2.6 CDK4/6 inhibition increases interferon signaling. a-b, Top ranked GO
terms (a) and expression of interferon-responsive transcription factors (b) in MDA-MB361 cells treated with 500 nM abemaciclib or DMSO (7d, n=3). c, Expression of interferon
sensitive genes (ISGs) in MMTV-PyMT-S2WTP3 cells treated with DMSO or abemaciclib
(500 nM, 7d) (n=3). d, Expression of ISGs in MDA-MB-361 and MCF7 cells treated with
abemaciclib (100 nM), fulvestrant (100 nM), or the combination for 7d (n=3). e, Expression
of ISGs in MDA-MB-453, MCF7, and MDA-MB-231 cells treated with abemaciclib or
DMSO (7d, n=3). f, Expression of ISGs in PDX 14-07 tumors treated with abemaciclib or
vehicle (21-28d, vehicle, n=4; abemaciclib, n=2 tumors/group). g, phospho- and total
STAT1 in cells treated with 500 nM abemaciclib as indicated. h, Confirmation of p16FLAG overexpression in MDA-MB-453 and BT474 cells (left) and gene expression in
these cell lines by qPCR (right) (n=6). i-j, Gene expression changes in MMTV-rtTA/tetOHER2 tumors from mice treated with vehicle or abemaciclib for 12d (vehicle, n=11;
abemaciclib, n=12 tumors/group). Relative expression of interferon-responsive T cell
chemoattractants (i); relative expression of ISGs (j). k, Correlation of expression of Stat1
and Nlrc5 with genes involved in antigen processing and presentation in MMTV-rtTA/tetOHER2 tumors. Blue dots, vehicle-treated tumors; red dots, abemaciclib-treated tumors. (r
is Pearson product-moment correlation coefficient). Unpaired two-tailed t-tests (b,d-f,h-j)
adjusted for multiple comparisons (c). Error bars, SD. *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.
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Figure 2.6 (Continued) CDK4/6 inhibition increases interferon signaling.
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of STAT1, B2M, and MHC class I genes (Figure 2.6h), suggesting that these are “ontarget” effects.
Importantly, we made similar observations in MMTV-rtTA/tetO-HER2 tumor
tissues after abemaciclib treatment. Enriched GSEA expression signatures included
“allograft rejection”, “interferon alpha response”, and “interferon gamma response”
(Figure 2.5e). Specifically, abemaciclib also significantly increased tumor expression of
interferon-responsive transcription factors in these tumors (Figure 2.5f), as well as that
of interferon-inducible T cell chemoattractants and other ISGs involved in lymphocyte
adhesion and co-stimulation (Figure 2.6i, j). STAT1 protein levels were also higher within
tumor cells of the abemaciclib-treated cohort (Figure 2.5g). In keeping with their roles in
regulating antigen presentation via MHC class I, in vivo expression of transcription factors
Stat1 and Nlrc5 was tightly correlated with that of H2d1, H2k1, Tap1, Tap2, and Tapbp in
MMTV-rtTA/tetO-HER2 tumors (Figure 2.6k). Thus, CDK4/6 inhibition directly induces
ISG expression in tumor cells, likely explaining their enhanced capacity for antigen
presentation.
We next interrogated genome-wide expression data from the NeoPalAna trial, in
which patients with primary ER-positive breast cancer underwent tumor biopsies before
commencing palbociclib and serially after 2 and 12 weeks of treatment (Figure 2.7a) (Ma
et al., 2017). As expected, palbociclib treatment significantly downregulated genes within
the “E2F target” and other cell cycle-related signatures (Figure 2.7b). When we
compared upregulated genes from biopsies taken before initiation of palbociclib to those
after 12 weeks of treatment, 3 of the top 5 ranked “Hallmarks” GSEA signatures were
“allograft rejection”, “inflammatory response” and “interferon gamma response” (Figure
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Figure 2.7 CDK4/6 inhibitors enhance expression of immune-related signatures in
breast cancer patients. a-c, NeoPalAna schema (a) Endo. Rx denotes endocrine
therapy for breast cancer. Down-regulated GSEA signatures after 2 wks palbociclib
treatment (b); Nom p<0.001, FDR q<0.001. Up-regulated GSEA signatures after 2 wks
palbociclib treatment (c); Nom p<0.001, FDR q<0.001 (C1D1, n=34; C1D15, n=29;
Surgery, n=23).
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2.5h) and these gene sets were already significantly upregulated after 2 weeks of
palbociclib treatment (Figure 2.7c). These signatures are the same as those we observed
to be upregulated in the tumors from abemaciclib-treated MMTV-rtTA/tetO-HER2 mice
(Figure 2.5e), and demonstrate the clinical relevance of our findings.

2.3.3 CDK4/6 inhibitors suppress DNMT1, inducing viral mimicry
We speculated that heightened ISG expression after CDK4/6 inhibition might be
caused by enhanced tumor cell interferon production. The Janus Kinases (JAKs) mediate
intracellular signaling after ligand-dependent activation of interferon receptor, and the JAK
inhibitor ruxolitinib completely mitigated abemaciclib-induced increases in tumor cell pSTAT1 and total STAT1 (Figure 2.8a), suggesting that CDK4/6 inhibition stimulates
tumor cell interferon production. Notably, ELISA did not detect interferons alpha, beta, or
gamma in conditioned medium of abemaciclib-treated tumor cells (not shown), and
neutralizing antibodies against interferons alpha and gamma did not mitigate interferon
signaling (Figure 2.8b-d). However, gene expression and protein secretion of type III
interferons (IL-29, IL-28a, and IL-28b) were significantly increased in abemaciclib-treated
tumor cells (Figure 2.9a; Figure 2.8e, f). Neutralizing antibodies to type III interferons
reversed abemaciclib-induced increases in tumor cell p-STAT1 and total STAT1 (Figure
2.9b). Collectively, these data suggest that CDK4/6 inhibition increases tumor cell
production of type III interferons to drive ISG expression in an autocrine fashion.
Increased tumor cell interferon signaling via type III interferon production has
previously been shown to occur in response to DNA demethylation caused by agents
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Figure 2.8 CDK4/6 inhibition mediates Type III interferon production. a, Phosphoand total STAT1 in MDA-MB-453 cells treated with abemaciclib +/- ruxolitinib for 7d. b,
Effect of neutralization of IFN-a or IFN-g on STAT1 mRNA expression (n=2-4). c-d,
Impact of neutralization of IFN-a (c) and IFN-g (d) on phospho-STAT1 and total STAT1
protein in indicated cell lines. e, Expression of type III interferon genes in indicated cell
lines treated with abemaciclib for 7d compared to DMSO (n=3). f, Type III interferon
production measured by ELISA (7d, n=2). Unpaired two-tailed t-tests (e-f) adjusted for
multiple comparisons (b). Error bars, SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 2.9 CDK4/6 inhibitors suppress DNMT1, inducing viral mimicry. a, Tumor cell
type III interferon secretion measured by ELISA (7d). b, Impact of Type III IFN
neutralization on phospho- and total STAT1 protein (7d). c-d, DNMT1 expression after
abemaciclib or control in cells (b) (7d, n=3) or PDX tumors (d) (21-28d, vehicle, n=4;
abemaciclib, n=2 tumors). e-f, ERV3-1 expression in samples from (c) and (d). g, dsRNA
levels in abemaciclib-treated tumor cells (7d, n=2). h, Effect of DNMT1 overexpression
on gene expression in MDA-MB-453 cells after 7d abemaciclib (50nM) (n=3). Abemaciclib
at 500nM in vitro, unless noted, except MCF-7, 250nM. Unpaired two-tailed t-tests (a, ch). Error bars, SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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such as 5-azacytidine, which inhibits DNA methyltransferases (DNMTs) (Roulois et al.,
2015). In that context, DNMT inhibition reduces methylation of endogenous retroviral
genes (ERVs), triggering “viral mimicry” and a double-stranded RNA (dsRNA) response,
in turn stimulating type III interferon production to activate ISGs (Roulois et al., 2015).
Notably, the mammalian DNA methyltransferase DNMT1 is a bona fide E2F target gene,
and CDK4/6 enzyme activity can enhance DNMT1 gene expression in an RB-E2F
dependent fashion (Kimura et al., 2003). Strikingly, tumor cell levels of DNMT1 (but not
DNMT3A) mRNA and protein fell markedly and rapidly in abemaciclib-treated cell lines
(Figure 2.9c; Figure 2.10a-c). Similarly, abemaciclib reduced DNMT1 mRNA levels in
vivo in both PDX 14-07 and MMTV-rtTA/tetO-HER2 tumors (Figure 2.9d; Figure 2.10d).
These were on-target effects, as abemaciclib did not reduce DNMT1 levels in tumor cells
expressing shRNA targeting RB1 (Figure 2.10e). The abemaciclib-related increases in
IFNL2, STAT1, and HLA-B expression were also mitigated in shRNA-RB1 cells (Figure
2.10e), supporting the concept that the RB-E2F-DNMT1 axis mediates type III interferon
production and its downstream consequences.
Consistent with previous studies (Chiappinelli et al., 2015; Roulois et al., 2015),
suppression of DNMT1 was associated with reduced DNA methylation at ERV
sequences; combined bisulfite restriction analysis (COBRA) showed that abemaciclib
decreased tumor cell DNA methylation at the 5’-LTR of ERV3-1 (Figure 2.10f).
Accordingly, expression of certain ERVs was increased in vitro and in vivo (Figure 2.9e,
f; Figure 2.10g), accompanied by significantly higher levels of dsRNA within tumor cells
(Figure 2.9g; Figure 2.10h). In turn, expression of the dsRNA pattern recognition
receptors, RIG-1 (DDX58), LGP2 (DHX58), and MDA5 (IFIH1), was significantly
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Figure 2.10 DNMT1 suppression mediates dsRNA response. a, DNMT1 expression
after treatment with abemaciclib (n=3). b, DNMT1 protein expression after treatment with
abemaciclib. c, DNMT3A expression after treatment with abemaciclib (500 nM) for 7d
(n=3, except abemaciclib 24 hrs, n=2). d, DNMT1 expression after abemaciclib or control
in MMTV-rtTA/tetO-HER2 tumors, p=0.05, (12d, vehicle, n=11; abemaciclib, n=12
tumors/group). e, RB1 knockdown in MDA-MB-453 cells and its effect on indicated gene
expression after 7d abemaciclib (500 nM) (two biological replicates each associated with
three technical replicates). f, ERV3-1 methylation. g, ERV expression after abemaciclib
or DMSO (7d, n=3). h, Relative dsRNA expression after 7d of abemaciclib compared to
DMSO (n=3). i-j, Cytosolic pattern recognition receptors in cells (i) (7d, n=3) or PDX
tumors (j) (21-28d, vehicle, n=4; abemaciclib, n=2 tumors/group). k, Western blot of
overexpression of DNMT1 in MDA-MB-453 cells and quantification of mRNA expression
(n=3). Unpaired two-tailed t-tests (d-e,g-k) adjusted for multiple comparisons (a). Error
bars, SD. *p£0.05, **p<0.01, ***p<0.001, ****p<0.0001.

66

Figure 2.10 (Continued) DNMT1 suppression mediates dsRNA response.
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increased in cell lines and PDX tumors (Figure 2.10i, j). In further support of abemaciclibmediated DNMT1 suppression as the trigger for this cascade of events, overexpression
of DNMT1 in tumor cells attenuated the abemaciclib-induced increase in expression of
dsRNA response genes, type III interferon, and ISGs (Figure 2.9h; Figure 2.10k).
Independent of altered ERV expression, CDK4/6 inhibitors could theoretically increase
tumor cell immunogenicity by inducing a “senescence associated secretory phenotype”
(SASP) (Coppe et al., 2010). Although abemaciclib increased tumor cell betagalactosidase activity (Figure 2.4b, Figure 2.11a), expression of key SASP factors was
not increased (Figure 2.11b, c and Supplementary Tables 1-3). In contrast, doxorubicin
increased tumor cell expression of SASP genes (Figure 2.11d), consistent with the notion
that the SASP is more pertinent to DNA damage response-associated senescence
(Coppe et al., 2010) and does not explain tumor immunogenicity after CDK4/6 inhibition.

2.3.4 CDK4/6 inhibition modulates the immune milieu
Our observation that CDK4/6 inhibition enhances the efficiency of tumor cell
antigen presentation prompted us to examine the tumor immune microenvironment. Flow
cytometric analysis of MMTV-rtTA/tetO-HER2 tumors revealed that abemaciclib did not
alter fractions of most types of tumor-infiltrating leukocytes (Figure 2.12a). Strikingly,
however, there were significant increases in CD3+ T cells (Figure 2.13a) and reductions
in CD4+FOXP3+ regulatory T cells (Tregs, Figure 2.13b). Circulating Treg numbers were
also significantly lower (Figure 2.12b). These results were upheld in MMTV-PyMT
mammary and CT-26 colorectal carcinomas (Figure 2.12c, d). Moreover, the Treg:CD8
T cell ratio decreased significantly in abemaciclib-treated tumors, further suggesting a
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Figure 2.11 Abemaciclib induces a ‘senescence-like’ phenotype without evidence
of SASP. a, Representative SA-β-galactosidase staining (left) of MMTV-rtTA/tetO-HER2
tumors treated with vehicle or abemaciclib for 12d (scale bar=500 !m). Quantification of
relative SA-b-galactosidase positive area (right, n=6 tumors/group). b, mRNA expression
of SASP factors in MMTV-rtTA/tetO-HER2 tumors treated as in Fig. 1a. Il6 expression
determined by qPCR (n=10 tumors/group); Il1a and Il1b by transcriptome analysis
(vehicle, n=11; abemaciclib, n=12 tumors/group). c, MDA-MB-453 and BT474 cells
treated with DMSO or abemaciclib (500 nM) for 7d, and expression determined by qPCR.
d, mRNA expression of IL6 upon doxorubicin-induced senescence (n=3). MDA-MB-453
and BT474 cells were treated with doxorubicin (200 nM) for 24h, and mRNA extracted 3d
later for qPCR. Unpaired two-tailed t tests (a,d). Error bars, SD. **p<0.01.
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Figure 2.12 Impact of CDK4/6 inhibition on immune cell populations and Treg
biology. a, Flow cytometric analysis of immune cell populations in MMTV-rtTA/tetOHER2 tumors treated with vehicle or abemaciclib for 12d (vehicle, n=15; abemaciclib,
n=17 tumors/group). b, Peripheral blood Tregs in MMTV-rtTA/tetO-HER2 mice (12d, n=4
mice/group). c-d, Tregs (CD4+ FoxP3+) quantified by flow cytometry of MMTV-PyMT
tumors (c, vehicle, n=18; abemaciclib, n=16 tumors/group) and CT-26 tumors (d, n=12
tumors/group) treated as indicated for 12d. e, Tregs in lymph nodes of tumor-free mice
(12d, one-way ANOVA corrected for multiple comparisons, vehicles and palbociclib, n=8;
abemaciclib, n=7 mice/group). f, Treg:CD8 ratio in the spleens and lymph nodes (LN) of
tumor-free FVB mice (12d, vehicles and palbociclib, n=8; abemaciclib, n=7 mice/group).
g, Plasma autoantibodies in tumor-free and tumor-bearing mice treated with vehicle or
abemaciclib for 12d (tumor-free vehicle, n=8; tumor-free abemaciclib, n=7; tumor-bearing
vehicle, n=7; tumor-bearing abemaciclib, n=6 mice/group). h-l, Tumor-free FVB mice
treated with abemaciclib or vehicle for 12d. Thymic mass (h). Thymic cell populations
were quantified by flow cytometry. CD4+CD8+ double positive (DP) thymocytes (i); CD4+
single positive (SP) thymocytes (j); CD8+ SP thymocytes (k); CD4+FoxP3+ regulatory T
cells (l). (vehicles and palbociclib, n=5; abemaciclib, n=4 mice/group). m, Effect of
abemaciclib or DMSO on ex vivo differentiation of CD4+CD25- T cells into Tregs in the
presence of TGF-β for 72hr (n=4). n, Effect of DMSO or abemaciclib treatment for 72hr
on Treg apoptosis measured by Annexin V staining (n=2). o, Quantification of
immunofluorescent staining of MMTV-rtTA/tetO-HER2 tumors (n=7 tumors/group). p-q,
Dnmt1 (p) and Cdkn1a (q) in T cells from tumor-free mice (12d, two-way ANOVA
corrected for multiple comparisons, n=7 mice/group [pooled]). Unpaired two-tailed t-tests
(b-d), one-way ANOVA corrected for multiple comparisons (e-f,h-l). Error bars, SD.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Figure 2.12 (Continued) Impact of CDK4/6 inhibition on immune cell populations and
Treg biology.
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tipping of the immune balance in favor of anti-tumor immunity (Figure 2.13c).
In tumor-free mice, both abemaciclib and palbociclib significantly reduced Treg
numbers and the Treg:CD8 ratio in the spleen and lymph nodes, demonstrating tumorindependent effects of these agents (Figure 2.13d; Figure 2.12e, f). Plasma levels of
anti-nuclear and anti-double stranded DNA antibodies were unchanged (not shown;
Figure 2.12g), indicating no significant accompanying autoimmune phenotype. To
understand why Tregs were reduced in number, we analyzed the impact of CDK4/6
inhibitors on various aspects of Treg biology. Palbociclib and abemaciclib each
significantly reduced total thymic mass, decreased immature CD4+CD8+ double-positive
thymocytes, and increased the fractions of CD4+ and CD8+ single-positive thymocytes
(Figure 2.12h-k), consistent with previous reports of CDK6 inhibition. However,
proportions of thymic Tregs were unchanged, arguing against a defect in natural Treg
production (Figure 2.12l). Similarly, CDK4/6 inhibitors did not prevent in vitro
differentiation of naïve CD4+ T cells into Tregs, and did not affect rates of Treg apoptosis
(Figure 2.12m, n). We then turned our attention to Treg proliferation. In vitro, abemaciclib
markedly reduced the proliferation of CD4+CD25+ Tregs isolated from spleens and lymph
nodes of wild-type mice, but had a weaker effect on the proliferation of CD4+CD25- and
CD8+ T cells (Figure 2.13e). Likewise, the fraction of proliferating Tregs, but not CD8+ T
cells, within abemaciclib-treated tumor tissue was significantly reduced (Figure 2.13f;
Figure 2.12o). DNMT1 inhibition in Tregs has previously been reported to suppress their
proliferation, ostensibly via hypomethylation of the Cdkn1a promoter, thus increasing
expression of the Cdkn1a protein, p21 - a potent and promiscuous cell cycle inhibitor
(Obata et al., 2014). In tumor-free mice treated with abemaciclib for 12 days, Dnmt1
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Figure 2.13 CDK4/6 inhibition modulates the immune milieu. a-c, Intratumoral T cells
(a), Tregs (b), and Treg:CD8 ratios (c) in MMTV-rtTA/tetO-HER2 tumors (12d treatment,
vehicle, n=15; abemaciclib, n=17 tumors). d, Tregs in spleens of tumor-free mice (12d,
vehicle and palbociclib, n=8; abemaciclib, n=7 mice). e, T cell proliferation in vitro. f, Ki67/FoxP3 staining of MMTV-rtTA/tetO-HER2 tumors (12d, scale bar=50 μm, n=7). g,
MMTV-rtTA/tetO-HER2 tumor volume after treatment with abemaciclib +-/ anti-CD8
neutralizing antibody (n=17 tumors). h, Inhibitory co-receptors on MMTV-rtTA/tetO-HER2
intratumoral CD8+ T cells (6d, vehicle, n=5; abemaciclib, n=6 tumors). i, Number of
inhibitory receptors per cell on CD8+ T cells from (h). j, MMTV-rtTA/tetO-HER2 tumor
volume after treatment with abemaciclib +/- anti-PDL1 (control and anti-PD-L1, n=18;
abemaciclib and combination, n=19 tumors). Unpaired two-tailed t-tests (a-c,f), one-way
ANOVA corrected for multiple comparisons (d, j), two-way ANOVA (g) corrected for
multiple comparisons (e,h). Error bars, SD; except (g,j), SEM. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.
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expression was reduced in Tregs by ~70%; in contrast, Dnmt1 mRNA was unchanged in
naïve CD4+ T cells and fell by only 20% in CD8+ T cells (Figure 2.12p). Mirroring the
magnitude of these changes, expression of Cdkn1a increased 75-fold in Tregs, 2.8-fold
in CD8+ T cells, and was unchanged in naïve CD4+ T cells (Figure 2.12q). Therefore, the
relatively selective suppression of Treg proliferation after CDK4/6 inhibition could relate
to enhanced cell cycle inhibition due to overexpression of p21, associated with reduced
levels of DNMT1.
Tumor cells presenting antigen via MHC class I can be recognized by cytotoxic T
lymphocytes (CTLs), and Tregs suppress CTL responses, in part by promoting their
exhaustion (Bauer et al., 2014). Therefore, to determine whether CTLs were involved in
abemaciclib-mediated therapeutic efficacy, we implanted MMTV-rtTA/tetO-HER2 tumor
fragments orthotopically into athymic Foxn1nu mice maintained on doxycycline, and
treated them once tumors were established. In contrast to tumors in immunocompetent
mice, abemaciclib-treated tumors in nude mice continued to grow, albeit at a significantly
slower rate than vehicle-treated tumors, and in no case did tumors regress (Figure 2.14a,
b). We therefore treated MMTV-rtTA/tetO-HER2 tumor-bearing mice with an anti-CD8
antibody prior to abemaciclib administration. Abemaciclib-induced tumor regression,
which was observed in control IgG treated mice, was significantly mitigated by CD8
neutralization (Figure 2.13g and Figure 2.14c). Hence, tumor regression mediated by
CDK4/6 inhibition is, at least in part, dependent on the presence of CTLs.
Intratumoral CD8+ T cells in abemaciclib-treated mice displayed markedly reduced
expression of PD-1, Tim-3, CTLA-4, and LAG3 (Figure 2.13h and Figure 2.14d-g),
markers typically indicative of T cell exhaustion (Sakuishi et al., 2010). The number of
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Figure 2.14 Role of adaptive immunity in response to abemaciclib and combination
with immunotherapy. a, Relative change in volume of MMTV-rtTA/tetO-HER2 tumors
implanted into Foxn1nu mice and then treated with vehicle (n=11 tumors) or abemaciclib
(n=9 tumors) (one way ANOVA). b, Immunohistochemistry of tumors in (a) for Ki-67.
Representative images (left), and quantification of percent of Ki-67+ cells (right) (vehicle,
n=7; abemaciclib, n=10/group, scale bar=100 !m). c, Flow cytometric analysis of absolute
number (left) and percentage (right) of CD8+ T cells in peripheral blood after
administration of anti-CD8 or isotype control antibodies (isotype, n=6; anti-CD8, n=4
mice/group). d-g, Expression of inhibitory co-receptors on intratumoral CD8+ T cells in
MMTV-rtTA/tetO-HER2 tumors after 6d of treatment with abemaciclib (n=6 tumors) or
vehicle (n=5 tumors). PD-1 cell-surface expression (d); representative flow cytometry
plots (left), quantification (right). Representative flow cytometry plots for CTLA-4 (e) and
LAG3 (f). g, Quantification of (e) and (f). h, Quantification of number of inhibitory receptors
per cell on intratumoral CD8+ T cells in MMTV-PyMT tumors after treating mice with
abemaciclib or vehicle (12d, n=18 tumors/group). i, Ifng in MMTV-rtTA/tetO-HER2 tumors
(12d, Mann-Whitney test, n=10 tumors/group). j, Experimental schema for Fig. 4j. k,
Quantification of mean change in tumor volume at d19 (top) and maximal reduction in
tumor volume (bottom) of curves in Fig. 4j. l, Spider plots of CT-26 tumor growth with
indicated treatments (n=4/group, one experiment). m, Kaplan-Meier curves of incidence
of CT-26 tumor formation after rechallenge. n, Schematic. Unpaired two-tailed t-tests (bc), two-way ANOVA corrected for multiple comparisons (d,g). Error bars, SD; except (a),
SEM. *p<0.05, ***p<0.001, ****p<0.0001.
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Figure 2.14 (Continued) Role of adaptive immunity in response to abemaciclib and
combination with immunotherapy.
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inhibitory receptors detected on any given CTL was lower in abemaciclib-treated MMTVrtTA/tetO-HER2 and MMTV-PyMT tumors (Figure 2.13i, Figure 2.14h). Specifically, the
fractions of both PD-1high and PD-1+/TIM-3+ CTLs were significantly reduced (Figure
2.13h; Figure 2.14d). Levels of Ifng mRNA (the main effector cytokine of CTLs) were
more than 4-fold higher in abemaciclib-treated bulk tumor tissues (Figure 2.14i).
Collectively, these results indicated that CDK4/6 inhibition results in activation of CTLs,
which are necessary for abemaciclib-induced tumor regression.
Increased tumor cell antigen presentation coupled with anti-tumor T cell responses
suggested that immune checkpoint blockade might further enhance the efficacy of
abemaciclib. We treated MMTV-rtTA/tetO-HER2 tumor-bearing mice with either vehicle
or abemaciclib, and a control IgG or an anti-PDL1 antibody (Figure 2.14j). In agreement
with our initial experiments, abemaciclib-treated tumors initially decreased in volume
before stabilizing and ultimately resuming growth by day 21 (Figure 2.13j). In contrast,
tumors in mice treated with abemaciclib and anti-PDL1 combination therapy regressed to
the greatest degree (~70% reduction in tumor volume by day 13), and did not resume
growth by day 35 (Figure 2.13j; Figure 2.14k). Similar results were obtained for the CT26 colorectal carcinoma model, wherein combination therapy induced complete tumor
regression in all cases, and rendered mice disease-resistant when re-challenged with a
subsequent injection of CT-26 tumor cells 5 weeks after stopping therapy (Figure 2.14l,
m).
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2.4 DISCUSSION AND CONCLUSIONS
Collectively, our data in cell lines, animal models, and breast cancer patients
demonstrate that CDK4/6 inhibitors enhance anti-tumor immunity by overcoming two
central mechanisms of tumor immune evasion (Figure 2.14n). First, they increase tumor
cells’ functional capacity to present antigen. Second, they reduce the immunosuppressive
Treg population by suppressing their proliferation. Intriguingly, these phenomena might
not only cooperate to enhance tumor immunogenicity, but could also have the same
mechanistic underpinning – suppression of the Rb-E2F axis, leading to reduced DNMT1
expression and thus hypomethylation of genes that regulate immune function
(Chiappinelli et al., 2015; Obata et al., 2014; Roulois et al., 2015). The selective
suppression of Treg proliferation (and not that of CD8+ or naïve CD4+ T cells) might relate
to the fact that Tregs express higher levels of Rb1, a key mediator of CDK4/6 pathway
modulation (Finn et al., 2009) (e.g. Rb1 expression is 3.1-fold higher in Tregs than CD8+
T cells (Heng et al., 2008)). With respect to breast cancer specifically, we note that the
majority of human breast cancers are estrogen-receptor positive – these tumors generally
retain Rb function and are considered inherently less immunogenic. Interestingly, a high
number of Tregs in these tumors also predicts a poor clinical outcome (Bates et al., 2006).
Our findings therefore suggest that CDK4/6 inhibitors might enhance the susceptibility of
such tumors to immune checkpoint blockade.
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CHAPTER 3
CDK4/6 INHIBITION MODULATES HEMATOPOEITIC CELL POPULATIONS

*The material described in this chapter will be submitted as part of a manuscript to a
peer-reviewed journal.
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3.1 ABSTRACT
We have identified two mechanisms by which CDK4/6 inhibition can stimulate antitumor immunity: increased tumor immunogenicity and a decrease in intratumoral Tregs.
Together these effects enable a more robust anti-tumor immune response by CTLs. In
order to deepen our understanding of the impact of CDK4/6 inhibitors on anti-tumor
immunity, I performed more detailed analyses of their effects on hematopoietic cell
populations including Tregs, myeloid cells, and erythroid cells. Here, I show that
abemaciclib treatment systemically increases the CD8/Treg ratio across three mouse
models of breast and colorectal carcinoma, while FoxP3 expression in Tregs is
suppressed in parallel, suggesting that CDK4/6 inhibition may diminish Treg lineage
commitment. Further, comparative flow cytometric analyses of MMTV-rtTA/tetO-Her2
tumors revealed an increase in dendritic cells and dendritic cell maturation in abemaciclibtreated tumors, which would be expected to promote anti-tumor T cell responses.
However, tumors isolated from abemaciclib-treated mice also exhibited a shift in the
phenotype of their intratumoral macrophages: decreased MHCII expression and
increased CD206 positivity suggest an increase in alternative macrophage polarization in
favor of pro-tumorigenic macrophage population. Notably, the effects of CDK4/6 inhibition
on circulating hematopoietic cells in tumor-bearing and tumor-free mice were similar to
those reported upon genetic ablation of Cdk6 (Malumbres et al., 2004). However,
abemaciclib and palbociclib had differential impacts on circulating hematopoietic
populations. Together these findings underscore the multiplicity and complexity of the
effects of systemic CDK4/6 inhibition on hematopoietic cell populations in vivo. Further
detailed studies evaluating the impacts of CDK4/6 inhibitors on immune cell
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differentiation, function, and gene expression programs may provide insight into important
mechanisms of response and resistance to CDK4/6 inhibitors.
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3.2 INTRODUCTION
As discussed in Chapter 1, genetic ablation of cyclins and CDKs in mice has
provided valuable insight into the varying roles of these proteins in hematopoiesis. In
summary, genetic ablation of CDK6 or cyclin D3 results in a reduction in thymus size and
cellularity, as well as deficiencies in the erythroid lineage in the spleen and peripheral
blood (Malumbres et al., 2004; Sicinska et al., 2003). Reduced proliferation of peripheral
T cells has also been reported in CDK6-/- and cyclin D3-/- mice (Malumbres et al., 2004;
Sicinska et al., 2003). Given this evidence, there were concerns among the scientific
community that CDK4/6 inhibitors may prevent T-cell expansion during an anti-tumor
immune response, and therefore preclude effective combinations of CDK4/6 inhibition
with immunotherapy (Sherr et al., 2016).
Results from other murine genetic studies have revealed the roles of endogenous
CKIs in hematopoiesis. Mice lacking p16ink4a or p15ink4b exhibit lymphoid hyperplasia
(Latres et al., 2000; Sharpless et al., 2001). Mice lacking p27kip1 or p18ink4c are larger than
their litter mates with hyperplasia in multiple organs including enlargement of lymph nodes
and the thymus, as a result of increased numbers of naïve T cells (Fero et al., 1996;
Franklin et al., 1998; Latres et al., 2000). Although p18ink4c inhibits the G1 to S transition,
particularly during the first cycle of proliferation in recently activated T cells, Rowell et al.
showed that CD4+ T cells deficient in p18ink4c produced less IL-2 and IFNg upon
stimulation in vitro (Rowell et al., 2014). Additionally, this study demonstrated that p18ink4c
expression increases T cell survival and positively regulates T cell function in the context
of alloimmunity and transplantation tolerance(Rowell et al., 2014). Notably, T cell receptor
(TCR) activation-induced cell death has been shown to occur downstream of E2F activity
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(Lissy et al., 2000). These provocative studies suggest that although inhibition of CDK4/6
may limit T cell proliferation, especially during the first division after activation, CDK4/6
inhibitors may augment effector T cell survival and function.
Effective anti-tumor immunity requires cooperation between both the adaptive and
innate arms of the immune system. Efficient antigen cross-presentation by dendritic cells
is required for anti-tumor effector T cell responses (Spranger et al., 2017). In contrast,
immature myeloid cell populations, such as neutrophils or myeloid derived suppressor
cells, and some alternatively activated macrophage populations can impede anti-tumor T
cell responses (Coffelt et al., 2015; DeNardo et al., 2011). The impact of cyclins, CDKs,
and CKIs on the function of myeloid cell populations has not been characterized in as
much depth as lymphocytes. In contrast to studies in T cells, p16ink4a deficiency in
macrophages has no effect on cell cycle or macrophage maturation in vitro (Cudejko et
al., 2011). However, upon stimulation with IL-4, p16ink4a-deficient macrophages exhibit an
enhanced M2, or alternatively activated, phenotype compared to p16ink4a-proficient
macrophages (Cudejko et al., 2011). Given the current lack of genetic studies of CDK
function in myeloid populations, careful examination of these cell populations in CDK4/6
inhibitor-treated mice could yield important, novel insights into the underlying biology of
cell cycle regulation in myeloid cells.
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3.3 MATERIALS AND METHODS
3.3.1 Animal experiments. Balb/c (6-7 weeks old) and C57Bl/6 mice (6-7 weeks
old) were purchased from Jackson Labs. Female FVB mice (7 weeks old) were
purchased from Taconic Biosciences. MMTV-rtTA/tetO-HER2 mice (Goel et al.,
2016) were bred in house.

Doxycycline was used to induce tumor formation and maintained in MMTVrtTA/tetO-HER2 mice as previously described (Goel et al., 2016). For CT-26
experiments, 1x105 tumor cells were injected bilaterally, subcutaneously in 1:1
PBS:Matrigel into Balb/c mice, and treatment was initiated one week later. For
PyMT S2WTP3 experiments, 5x105 tumor cells were injected bilaterally,
orthotopically into the fourth mammary fat pad of C57Bl/6 mice in 20 µL of PBS,
and treatment was initiated when average tumor volume was 20 mm3. Prior to
treatment, mice were assigned into groups of equal average tumor volume.
Tumors were measured by caliper 2-3 times per week, and volume was calculated
as previously described (Goel et al., 2016).

Abemaciclib (90 mg/kg, Haoyuan Chemexpress, prepared as previously described
(Goel et al., 2016) and palbociclib (90 mg/kg, Haoyuan Chemexpress, diluted in
50 nM sodium D-lactate) were given by oral gavage daily.

Mice were euthanized using CO2 inhalation. All mouse experiments were
performed in compliance with federal laws and institutional guidelines as approved
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by the Institutional Animal Care and Use Committees of Dana-Farber Cancer
Institute, Harvard Medical School, and Boston Children’s Hospital.

3.3.2 Flow cytometry.
3.3.2.1 Blood: at intermediate time points, blood was obtained by retro-orbital
bleeding, and by cardiac puncture at the experimental endpoint. Blood cells and
plasma were separated by centrifugation at 1,500 x g for 8 minutes at 4°C.

3.3.2.2 Spleen and lymph nodes: Mechanical disruption through 70 and 40 µm
filters was used to obtain single cell suspensions.

3.3.2.3 Tumor: Tumors were first mechanically disrupted by chopping, then
chemically digested in dissociation buffer (2 mg/mL collagenase type IV
(Worthington Biochemical), 0.02 mg/mL DNase (Sigma Aldrich) in DMEM (Life
Technologies) containing 5% FBS (Life Technologies), PenStrep (Hyclone)) with
agitation at 37°C for 45 minutes.

RBC lysis on blood, spleen, and tumor was performed using PharmLyse (BD
Biosciences). After RBC lysis, single cell suspensions were blocked with antiCD16/32 (Biolegend) for 20 minutes on ice and then stained with appropriate
antibodies for 30 minutes on ice.
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Antibodies were purchased from Biolegend unless otherwise indicated: CD45
(clone 30-F11), CD3 (clone 145-2C11), CD8 (clone 53-6.7), CD4 (clone RM4-5),
CD11b (clone M1/70), FoxP3 (clone FJK-16s; eBioscience), IFNg (clone XMG1.2),
TNFa (clone MP6-XT22), Helios (clone 22F6), Ki67 (clone 16A8), CD11c (clone
N418), MHCII (clone M5/114.15.2), F4/80 (clone BM8), CD206 (clone C068C2).
For intracellular staining, the anti-mouse/rat FoxP3 staining set (eBioscience) was
used according to the manufacturer’s instructions. 7AAD was used to distinguish
live/dead cells, except in cases requiring intracellular staining in which case
Zombie Yellow (Biolegend) fixable viability or eFluor 450 (eBioscience) dyes were
used. Flow cytometry was performed on a LSRII (BD Biosciences) or
FACSCANTOII (BD Biosciences), and data was analyzed using FlowJo
(TreeStar).

3.3.3. Phorbol myristate acetate (PMA)/ionomycin re-stimulation. single cell
suspensions isolated from tumors or peripheral blood were re-stimulated ex vivo
with 50 ng/mL PMA (Sigma), 500 ng/mL ionomycin (Millipore Sigma), and 1x BFA
(Biolegend) for 4 hours at 37°C. Following re-stimulation, the cells were washed,
blocked, and stained for intracellular flow cytometry as described above.

3.3.4 Rb1 expression. Gene expression data from double-sorted cell populations
isolated from the spleen of C57Bl/6 mice was obtained from publically available
datasets generated by Immgen (Heng et al., 2008).
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3.3.5 Complete blood counts. Blood was obtained at intermediate time points by
retro-orbital bleed and at the experimental endpoint by intracardiac puncture.
Complete blood counts were determined using a HEMAVET® hematology
analyzer (Drew Scientific).
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3.4. RESULTS
3.4.1. Abemaciclib enhances anti-tumor immunity in murine models of carcinoma
As described in Chapter 2, we found that CDK4/6 inhibition stimulates anti-tumor
immunity by modulating tumor cell immunogenicity as well as suppressing regulatory T
cell proliferation (Goel, DeCristo, et al., in press). We performed further detailed
characterization of the impact of CDK4/6 inhibition on anti-tumor immunity using the
MMTV-rtTA/tetO-Her2 and CT-26 carcinoma models introduced in Chapter 2.
When transgenic MMTV-rtTA/tetO-Her2 mice were treated with abemaciclib or
vehicle, the CD8/Treg ratio in the blood significantly increased at days 8 and 15 of
treatment (Figure 3.1a). Similarly, the CD8/Treg ratio was significantly enhanced in the
circulation of CT-26 tumor-bearing mice treated with abemaciclib compared to vehicle
(Figure 3.1b). Moreover, the CD8/Treg ratio shifted in favor of anti-tumor immunity in
both the LN and spleen of abemaciclib-treated CT-26 colorectal carcinoma tumor-bearing
mice (Figure 3.1c-d). Therefore, CDK4/6 inhibition increases these peripheral ratios of
CD8+ T cells to Tregs. These findings are consistent with clinical observations that a
favorable CD8/Treg ratio at the time of surgery predicted pCR and was also an
independent predictor of improved RFS and OS in breast cancer patients treated with
neoadjuvant anthracycline- or trastuzumab-based regimens (Ladoire et al., 2008; Ladoire
et al., 2011).
To examine the effector activity of CTLs in the tumor, single cell suspensions from
CT-26 tumors were re-stimulated with PMA/ionomycin for 4 hours at 37°C in order to
enable detection of intracellular IFNg and TNFa. Strikingly, in abemaciclib-treated tumors,
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Figure 3.1 Abemaciclib enhances anti-tumor immunity in murine models of
carcinoma. a, MMTV-rtTA-tetO-Her2 mice were treated with abemaciclib daily. The
CD8/Treg ratio in the blood was determined at 8d and 15d of treatment by flow cytometry.
n=4 mice/group. b-e, CT-26 colorectal carcinoma-bearing Balb/c mice were treated with
abemaciclib daily for 12d. The CD8/Treg ratio in the blood was quantified after 6d and
12d of therapy (b), and in the LN (c) and spleen (d) at the 12d endpoint. Tumor single
cell suspensions were restimulated with PMA/ionomycin ex vivo and analyzed by flow
cytometry to evaluate the fraction of intratumoral CD8+ T cells expressing both IFNg and
TNFa. b-d, n=6 mice/group. e, n=12 tumors/group. f-k, Orthotopic PyMT S2WTP3
mammary tumors were established in C57Bl/6 mice by injection of the cells into the fourth
mammary fat pad. PyMT S2WTP3 tumor-bearing mice were treated with abemaciclib
daily for 12d, and tumor burden (f) was determined, n=12 tumors/group. Flow cytometry
was used to evaluate the impact of abemaciclib-treatment on the fraction of Tregs in the
tumor (g, n=12 tumors/group), the CD8/Treg ratio in the tumor (h, n=12 tumors/group),
circulation (i, d6, n=6 mice/group), LN (j, n=6 mice/group), and spleen (k, n=6
mice/group). Error bars, SD. a,c-k, unpaired two-tailed t-tests. b, two-way ANOVA Sidak’s
multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001
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Figure 3.1 (Continued) Abemaciclib augments markers of anti-tumor immunity in
murine models.
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the fraction of CTLs expressing both IFNg and TNFa almost doubled that of vehicletreated tumors (Figure 3.1e), indicating the potential for an enhanced anti-tumor immune
response.
Additionally, the impact of CDK4/6 inhibition on anti-tumor immunity was also
evaluated in the PyMT S2WTP3 transplantable orthotopic mammary carcinoma model.
The PyMT S2WTP3 cell line was derived from a MMTV-PyMT tumor in the C57Bl/6
background (Wong et al., 2012). Orthotopic PyMT S2WTP3 tumors were established
bilaterally in the fourth mammary fat pad and treated with vehicle or abemaciclib for 12
days. Abemaciclib treatment significantly decreased tumor mass at endpoint (Figure
3.1f). As observed in the MMTV-rtTA/tetO-Her2, MMTV-PyMT, and CT-26 tumors
(Figure 2.13, 2.12), treatment with abemaciclib significantly decreased regulatory T cells
and increased the CD8/Treg ratio in PyMT S2WTP3 tumors (Figure 3.1g-h). Further, the
CD8/Treg ratio significantly increased in the blood, LN, and spleen of abemaciclib-treated
PyMT S2WTP3 tumor-bearing mice (Figure 3.1i-k). Again, these data reveal that CDK4/6
inhibition shifts the CD8/Treg ratio in favor of an anti-tumor immune response throughout
the tumor-bearing host.

3.4.2 Baseline cell proliferation and Rb1 expression in T cell populations
To evaluate the basal relative proliferative rates of CD8+ T cells, CD4+ T cells,
and Tregs, Ki67 expression was examined by flow cytometry in tumor-free FVB mice. In
accordance with previously published studies (Walker et al., 2003), Tregs were
significantly more proliferative than either CD8+ T cells or CD4+ T cells in both the LN
and the spleen (Figure 3.2a, c). Administration of abemaciclib for 12d approximately
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Figure 3.2 Baseline cell proliferation and Rb1 expression in T cell populations. a-d,
Basal proliferation of T cell populations was evaluated in the LN (a) and spleen (c) of
naïve FVB mice. Tumor-free FVB mice were treated with abemaciclib or vehicle for 12d,
and Treg proliferation in the LN (b) and spleen (d) was determined by Ki67 expression by
flow cytometry. e-f, Rb1 expression in T cell populations isolated from C57Bl/6 mice (data
obtained from Immgen). Error bars, SD. LN analyses, n=7-8 mice/group. Spleen
analyses, n=8 mice/group. a and c, ordinary one-way ANOVA Tukey’s multiple
comparisons test. b and d, unpaired two-tailed t-test. e-f, adjusted p-values. *p<0.05,
***p<0.001, ****p<0.0001
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halved Treg proliferation in the LN and spleen relative to vehicle-treatment (Figure 3.2b,
d).
Abemaciclib preferentially inhibits regulatory T cell proliferation relative to its
effects on CD8+ and CD4+ T cells in vitro and in MMTV-rtTA/tetO-Her2 tumors. One
potential contributor to the increased sensitivity of Tregs to CDK4/6 inhibition is the
significantly increased expression of Rb1 in this cell type compared to CD8+ T cells or
CD4+ T cells. In fact, in breast cancer patients treated with CDK4/6 inhibitors, a decrease
in Rb phosphorylation upon treatment is correlated with response (Patnaik et al., 2016).

3.4.3 Abemaciclib may diminish regulatory T cell lineage commitment
In addition to the decrease in intratumoral Tregs detected in multiple models as a
result of CDK4/6 inhibition, my preliminary data suggest that abemaciclib perturbs Treg
lineage commitment. In the MMTV-rtTA/tetO-Her2 transgenic mouse model, abemaciclib
treatment decreased FoxP3 expression in Tregs, as determined by MFI by flow cytometry
both in tumors and in circulation (Figure 3.3a-c). Additionally, in the CT-26 model, FoxP3
expression decreased in Tregs isolated from tumors and peripheral blood of abemaciclibtreated mice (Figure 3.3d-e).
FoxP3 is the master regulator of the Treg lineage, and these small but significant
decreases in FoxP3 expression may potentially reflect a loss of lineage commitment (Wan
and Flavell, 2007; Williams and Rudensky, 2007). Suppression of non-Treg
transcriptional programs is driven by cooperation between FoxP3 expression and DNA
methylation (Ohkura et al., 2012; Wang et al., 2013), so the loss of Treg lineage
commitment I observed here may be associated with decreased Dnmt1 expression that
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we reported earlier as a result of CDK4/6 inhibition (Figure 2.13l). In support of my
hypothesis, Wang and colleagues determined that conditional deletion of Dnmt1 in Tregs
significantly impaired their ability to suppress T cell proliferation in vitro and in vivo (Wang
et al., 2013). Interestingly, they reported that the conditional deletion had no effect on
methylation of CpG sites within FoxP3, but globally decreased DNA methylation (Wang
et al., 2013). Alteration in inflammatory gene expression was observed, consistent with
loss of Treg lineage commitment (Wang et al., 2013).
Loss of Treg lineage commitment is often associated with derepression of effector
T cell gene programs, including IFNG and TNFA (Wang et al., 2013). Therefore, I
assessed Treg cytokine production in the MMTV-rtTA/tetO-Her2 model after 9d of
abemaciclib or vehicle treatment by ex vivo re-stimulation with PMA/ionomycin followed
by intracellular flow cytometry. In both the tumor and peripheral blood, the percentage of
Tregs expressing TNFa significantly increased with CDK4/6 inhibition (Figure 3.3f-g).
Decreased FoxP3 expression and increased effector cytokine expression has
been previously reported in a Treg population characterized by lack of expression of the
transcription factor Helios (Kim et al., 2015). Genetic ablation of Helios in Tregs reduced
STAT5 activation, which has been linked to FoxP3 expression stability, and resulted in
autoimmunity (Kim et al., 2015). To explore the possibility that the decrease in FoxP3
expression and increase in effector cytokine production is associated with changes in
Helios secondary to CDK4/6 inhibition, I analyzed intracellular Helios expression by Tregs
by flow cytometry. In naïve FVB mice treated with abemaciclib for 12d, the fraction of
Tregs expressing Helios decreased in the LN and spleen (Figure 3.3h-i). In addition,
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Figure 3.3 CDK4/6 inhibition may reduce regulatory T cell lineage commitment. ac, MMTV-rtTA/tetO-Her2 mice were treated with abemaciclib or vehicle. FoxP3
expression by mean fluorescence intensity (MFI) in Tregs was determined in the tumors
at 9d (a) and blood at 8d (b) and 15d (c) of treatment. d-e, CT-26 tumor-bearing mice
were treated with abemaciclib or vehicle for 12d, and FoxP3 expression by MFI was
assessed in Tregs in tumors (d) and blood (e). f-g, After treatment with abemaciclib or
vehicle for 9d, MMTV-rtTA/tetO-Her2 tumor single cell suspensions (f) or blood cells (g,
6d) were restimulated ex vivo with PMA/ionomycin and then analyzed by flow cytometry.
h-k, naïve FVB mice were treated with vehicle or abemaciclib for 12d. At the endpoint,
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Helios expression was decreased in Tregs from the LN and spleen of abemaciclib-treated
mice relative to vehicle (Figure 3.3j-k).
These preliminary studies suggest that loss of Treg lineage stability may contribute
to the decrease in Tregs observed with CDK4/6 inhibition. Future transcriptome-wide
analysis of changes in gene expression in Tregs isolated from tumors of abemaciclib- and
vehicle-treated mice will provide more comprehensive insights into how CDK4/6 inhibition
modulates the Treg program. Furthermore, to conclusively determine if the lineage
stability of Tregs is altered, lineage tracing experiments using previously developed
systems can be performed (Rubtsov et al., 2010; Zhou et al., 2009).

3.4.4 CDK4/6 inhibition modulates the myeloid compartment in MMTV-rtTA/tetOHer2 mice
Having characterized the effects of CDK4/6 inhibition on intratumoral T cell
populations in the MMTV-rtTA/tetO-Her2 system, I next explored the possible impact of
abemaciclib treatment on the intratumoral myeloid compartment. Notably, abemaciclib
treatment slightly, but significantly, increased the fraction of dendritic cells in these
tumors, as defined as CD11c+ MHC II+ (Figure 3.4a). Expression of Itgax, the gene
encoding CD11c, was significantly increased in bulk abemaciclib-treated MMTVrtTA/tetO-Her2 tumor tissue (fold change of 1.49, p=0.0231). Interestingly, the average
expression of MHC II also increased with abemaciclib-treatment suggesting that the
dendritic cells present in these tumors may be more mature and effective antigen
presenting cells (Figure 3.4b, (Cella et al., 1997)). In future studies, it will be very
interesting to determine what subsets of dendritic cells are increased by CDK4/6 inhibition
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Figure 3.4 Abemaciclib modulates the myeloid compartment in MMTV-rtTA/tetOHer2 mice. a-c, MMTV-rtTA/tetO-Her2 mice were treated with abemaciclib or vehicle for
12d. The fraction of dendritic cells (a), dendritic cell maturation (b), and macrophage
polarization (c) in MMTV-rtTA/tetO-Her2 tumors was analyzed by flow cytometry. a-c,
n=15-17 tumors/group. d, MMTV-rtTA/tetO-Her2 mice were treated with abemaciclib or
vehicle for 9d. The fraction of macrophages expressing CD206 was quantified by flow
cytometry (n=19-23 tumors/group). Error bars, SD. a, Mann-Whitney test. b and d,
unpaired, two-tailed t-tests. c, two-way ANOVA Sidak’s multiple comparisons test.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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(conventional DCs, plasmacytoid DCs, CD103+ DCs, etc) and whether this effect is
generalizable to other tumor models. Since MHC II expression can be controlled by IFNg
and IFNg expression increases in abemaciclib-treated tumors (Figure 2.14), I
hypothesize that IFNg-production may be the stimulus for increased dendritic cell
maturation.
In addition, I examined the effect of abemaciclib-treatment on the phenotype of
macrophages (CD11b+, F4/80+) relative to those found in vehicle-treated tumors.
Interestingly, CDK4/6 inhibition appeared to increase the proportion of macrophages that
expressed low levels of MHCII, a population that may have characteristics similar to
alternatively-activated M2 macrophages, which are often thought to have pro-tumor
effects (Figure 3.4c). In further support of this finding, the percentage of macrophages
expressing CD206, another marker of M2 macrophages, increased with abemaciclib
(Figure 3.4d). These data suggest that abemaciclib may increase the proportion of this
pro-tumor cell population raising the possibility that this effect may limit the anti-tumor
immune response as a result of CDK4/6 inhibition. To determine if M2 macrophages limit
the maximal efficacy of CDK4/6 inhibition, it could be informative to combine abemaciclib
with an anti-CSF1R antibody; if the hypothesis is correct, the combination would be
expected to be more effective than single agent abemaciclib.

3.4.5 Effects of CDK4/6 inhibition on circulating hematopoietic cells in tumorbearing MMTV-rtTA/tetO-Her2 mice
In addition to analysis of the effects of CDK4/6 inhibition on immune cell
populations in MMTV-rtTA-tetO-Her2 tumors, I assessed the impact of abemaciclib on
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Figure 3.5 Impact of CDK4/6 inhibition on circulating hematopoietic cells in tumorbearing MMTV-rtTA/tetO-Her2 mice. a-d, Mice were treated with abemaciclib or vehicle
daily for a short duration (6-7 days, a-b) or long duration (12-15 days, c-d). Complete
blood counts were determined at each time point by HEMAVET®. WBC, white blood cells;
NE, neutrophils; LY, lymphocytes; MO, monocytes; EO, eosinophils; BA, basophils; RBC,
red blood cells; Hb, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration;
RDW, red blood cell distribution width; MPV, mean platelet volume. Error bars, SD. Short
duration, n=9 mice/group; long duration, n=9 mice/group. a-d, two-way ANOVA Sidak’s
multiple comparisons test. **p<0.01, ***p<0.001, ****p<0.0001
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hematopoietic cell counts in the peripheral blood. Both short duration (6-7 days) and long
duration (12-15 days) abemaciclib-treatment decreased white blood cell (WBC) counts in
MMTV-rtTA-tetO-Her2 mice (Figure 3.5a, c). This decrease was reflective of a decrease
in neutrophils (NE) (Figure 3.5a, c), and, interestingly, there was no effect on lymphocyte
counts (Figure 3.5a, c). I have observed that neutrophil counts correlate with tumor
burden in this model (data not shown), so the observed decrease in neutrophils with
CDK4/6 inhibition may be associated with the decrease in tumor burden in abemaciclibtreated mice. Neutropenia has been observed in some patients treated with abemaciclib,
but is more frequently observed in patients treated with palbociclib or ribociclib and is the
predominant dose-limiting toxicity (Finn et al., 2016).
CDK4/6 inhibition also significantly decreases the hematocrit (HCT) and increases
mean corpuscular volume (MCV) and red blood cell distribution width (RDW) (Figure
3.5d), which phenocopies the changes observed in the RBC compartment in the Cdk6null mouse (Malumbres et al., 2004). Whether these changes in the RBC compartment
have any functional consequences is unknown, as all average values are still within the
normal ranges for these parameters.

3.4.6 CDK4/6 inhibitors, abemaciclib and palbociclib, differentially impact
circulating hematopoietic populations in tumor-free FVB mice
To examine the direct effects of CDK4/6 inhibition on circulating hematopoietic
populations, naïve FVB mice were treated with 90 mg/kg abemaciclib or palbociclib, and
complete blood counts were determined after 6d and 12d of treatment. Interestingly,
these experiments revealed differential effects of abemaciclib and palbociclib on
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hematopoiesis. Abemaciclib had no effect on white blood cell populations in tumor-free
mice, but palbociclib significantly decreased lymphocyte (LY) and WBC counts (Figure
3.6a, d). This differential effect may be due to the different inhibitory properties of these
two drugs: palbociclib more strongly inhibits CDK6, while abemaciclib preferentially
inhibits CDK4. Genetic studies have established that CDK6 plays a more important role
in hematopoiesis than CDK4 (Malumbres et al., 2004), so this likely explains the
increased impact of palbociclib on lymphocyte counts. In patients treated with palbociclib,
neutropenia is a frequent dose-limiting toxicity; however, decreased neutrophil counts are
not observed in tumor-free mice treated with palbociclib at this dose and duration (Figure
3.6a, d).
Analogous to my findings in MMTV-rtTA/tetO-Her2 mice, both abemaciclib and
palbociclib directly modulate HCT, MCV, and RDW in tumor-free mice as well (Figure
3.6b, e). In addition, after 12d of treatment, palbociclib appears to increase platelet counts
relative to vehicle- and abemaciclib-treated mice, but no effect on platelets was observed
after 6d of treatment (Figure 3.6f, c).
As clinical trials combining CDK4/6 inhibitors with other targeted therapies or
immunotherapy are designed, choosing the best CDK4/6 inhibitor for each combination
is an important consideration. Further preclinical studies comparing the effects of
abemaciclib and palbociclib on T cell proliferation and effector function, as well as tumor
immunogenicity, could provide useful insights into which agent may be more effective in
combination with immunotherapy.
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Figure 3.6 CDK4/6 inhibitors, abemaciclib and palbociclib, differentially impact
circulating hematopoietic populations in tumor-free FVB mice. a-f, Naïve FVB mice
were treated with abemaciclib, palbociclib, or vehicle daily. Complete blood counts were
obtained after six (a-c) and twelve (d-f) days of treatment. WBC, white blood cells; NE,
neutrophils; LY, lymphocytes; MO, monocytes; EO, eosinophils; BA, basophils; RBC, red
blood cells; Hb, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration;
RDW, red blood cell distribution width; PLT, platelets; MPV, mean platelet volume. Error
bars, SD. d6 time point, n=7-10 mice/group; d12 time point, n=18-35 mice/group. a-b and
d-e, two-way ANOVA Tukey’s multiple comparisons test. c and f, ordinary one-way
ANOVA Tukey’s multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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3.5 DISCUSSION
In total, these findings reveal the pleiotropic impacts of CDK4/6 inhibition on
hematopoietic cells and the anti-tumor immune response. There are striking parallels
between the phenotypes observed in genetic knockout models of the Cdk6 and Ccnd3
genes and the effects of CDK4/6 inhibition. The Cdk6 null mouse has deficiencies in the
erythroid lineage, and in compensation, RBC volume and the concentration of
hemoglobin in each RBC increases (Malumbres et al., 2004). I observed similar
compensatory mechanisms with CDK4/6 inhibition, with MCV and RDW increasing
(Figure 3.5d). We also noted a similar shift in thymus towards an increasing fraction of
single positive (CD4+ or CD8+) thymocytes and decreasing fraction of double positive
(CD4+ CD8+) thymocytes in both the Cdk6-null mouse and mice treated with abemaciclib
or palbociclib (Figure 2.12i-j).
Data obtained from mice null for p18ink4c suggested that the activity of this cell cycle
regulator is necessary for optimal T effector cell function and cytokine production (Rowell
et al., 2014). In concordance with these genetic data, abemaciclib administration
increased the percentage of intratumoral CD8+ T cells that produce IFNg and TNFa
(Figure 3.1e). Continued investigation into changes in gene expression in effector T cells
upon CDK4/6 inhibition will enrich our mechanistic understanding of this phenotype. Prior
studies from both Rowell and colleagues and Lissy and colleagues suggest that CDK4/6
inhibition may positively regulate T cell survival, which warrants further investigation
(Lissy et al., 2000; Rowell et al., 2014).
Like the CDK4/6:Cyclin D pathway, the MAP kinase pathway is involved in T cell
responses (Sharp et al., 1997). Investigations into the impact of MAP kinase pathway
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inhibition on anti-tumor immunity revealed that MEK inhibition inhibited priming of naïve
CD8+ T cells (Ebert et al., 2016). Despite this inhibition of priming, the number of antigenspecific CD8+ effector T cells was increased in the tumors of MEK inhibitor-treated mice
due to protection of T cells from death caused by chronic TCR stimulation (Ebert et al.,
2016). The combination of MEK inhibition and anti-PD-L1 enhanced the depth and
durability of response in the CT-26 model highlighting the immunostimulatory effects of
MEK inhibition (Ebert et al., 2016). In contrast to our work, MEK inhibition increased the
number of intratumoral Tregs by more than two-fold (Ebert et al., 2016).
Our finding that CDK4/6 inhibitors preferentially decrease Tregs while enhancing
other aspects of the anti-tumor immune response is a much sought after
immunomodulatory property, which could possibly have implications beyond cancer
treatment. Further study is needed to elucidate the global changes in DNA methylation
and gene expression that occur in Tregs upon CDK4/6 inhibition. Additionally, the
durability of the Treg depletion after treatment with CDK4/6 inhibitors remains to be
assessed.
Given the importance of productive antigen cross-presentation by dendritic cells in
promoting anti-tumor immunity, my preliminary finding that CDK4/6 inhibition increases
dendritic cells in MMTV-rtTA/tetO-Her2 tumors warrants further investigation: are there
direct effects of CDK4/6 inhibition on dendritic cell proliferation, trafficking, maturation,
antigen presentation, or gene expression? Or is the observed increase in dendritic cell
expression of MHC II a result of increased IFNg in the microenvironment of abemaciclibtreated tumors? Furthermore, the provocative findings regarding macrophage
polarization raise a number of questions: are there direct effects of CDK4/6 inhibition on
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macrophage polarization, proliferation, antigen presentation, or gene expression?
Importantly, it remains to be determined if the dendritic cell and macrophage phenotypes
are generalizable to other models. Additionally, numerous other unexplored possibilities
persist: for example, CDK4/6 inhibitors may impact endothelial cells or the vasculature.
Understanding the direct and indirect effects of CDK4/6 inhibition on the many nontumor cell populations within the tumor microenvironment as well as host tissues will
better equip us to design rational, combinatorial approaches for the treatment of breast
cancer. As clinical trials evaluating the combination of CDK4/6 inhibition and
immunotherapy continued to be written, it will be very important to consider the sequence
of regimens, the optimal CDK4/6 inhibitor to use, the ideal immunotherapeutic agent, and
whether or not these combinations should be tested in the context of the current standardof-care regimen, such as endocrine therapy in the context of HR+ breast cancer.
Response rates to single agent immunotherapy have been very low in breast cancer
(Nanda et al., 2016); therefore, if CDK4/6 inhibitors can sensitize breast cancer to
immunotherapy, this will be a major advance.
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3.6 CONCLUSIONS
Using murine models of mammary and colorectal carcinoma, I explored the
impacts of CDK4/6 inhibition on anti-tumor immunity and hematopoiesis. I find that
abemaciclib treatment augments the CD8/Treg ratio both in the tumor and systemically
in multiple murine systems, while also increasing the fraction of IFNg+ TNFa+ CD8+
effector T cells in CT-26 tumors. These data provide further evidence that CDK4/6
inhibition promotes productive anti-tumor immunity. Additionally, I show that CDK4/6
inhibition modulates expression of markers of Treg function and lineage commitment.
Taken together, the observed decrease in FoxP3 expression, decrease in Helios+ Tregs,
decrease in Helios expression, and increased expression of TNFa suggest that CDK4/6
inhibition may destabilize the Treg lineage in addition to preferentially inhibiting their
proliferation. Lastly, the effects of CDK4/6 inhibition extend beyond the T cell
compartment: increased dendritic cells and markers of their maturation and a shift in
macrophage polarization are observed in abemaciclib-treated tumors. In concert with the
data presented in Chapter 2, these findings greatly enrich our understanding of
immunological mechanisms of response to CDK4/6 inhibition and provide strong rationale
for combining CDK4/6 inhibitors with immunotherapy.
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CHAPTER 4
SYSTEMIC INFLUENCES ON METASTASIS IN TRIPLE NEGATIVE BREAST
CANCER

*Some of the material described in this chapter has been submitted as part of a peerreviewed manuscript, on which Molly DeCristo is a co-author, to the journal, Nature Cell
Biology and is currently being prepared for resubmission.
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4.1 ABSTRACT
The effects of systemic factors on primary and metastatic breast cancers are not
fully understood. Increasingly, it is recognized that primary tumors, cytotoxic
chemotherapy, targeted therapies, radiation, and surgery can have system-wide
consequences on both tumor and stromal cell populations. Here, we set out to examine
the impact of two systemic influences, the presence of a primary tumor and cytotoxic
chemotherapy, on metastasis in a murine model of triple negative breast cancer. We find
that the presence of a primary Met1 tumor prevents outgrowth of overt lung metastases
after intravenous injection, via mechanisms independent of the adaptive immune system.
In addition, we report that pre-treatment of mice with cytotoxic chemotherapy can
unexpectedly increase liver metastases. These results provide novel insight into how
systemic factors can have diverging consequences on metastatic behavior. Further
evaluation of the mechanisms underlying these phenotypes may yield novel strategies
for improving response to cytotoxic chemotherapy and inhibiting metastatic relapse.
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4.2 INTRODUCTION
The most aggressive subtype of breast cancer, triple negative breast cancer is
associated with poor prognosis and early metastatic relapse. In a study of almost 4,000
breast cancer patients, it was found that almost all recurrences in patients with triple
negative basal-like and nonbasal tumors occurred within the first 5 years after diagnosis
(Kennecke et al., 2010). Triple negative breast cancers are more likely to metastasize to
visceral, soft tissue, or the brain, and less likely to recur in the bone compared to other
breast cancer subtypes (Liedtke et al., 2008; Smid et al., 2008). Metastasis is a highly
inefficient process with appreciable metastatic bottlenecks occurring in circulation and
upon arrival of disseminated tumor cells to distant sites (Piskounova et al., 2015).
However, in a post-mortem study of women who died as a result of breast cancer in the
1970s, 71% of women had hepatic metastases (Hagemeister et al., 1980). Notably,
hepatic metastases were detected ante-mortem in only 42% of patients suggesting that
the rates of liver metastases in breast cancer patients may be underestimated
(Hagemeister et al., 1980).
Women with triple negative breast cancer are often treated with systemic cytotoxic
chemotherapy, which targets proliferative tumor cells, but also has the potential to impact
cell populations in the tumor microenvironment as well as throughout the patient. Using
the Met1 cell line, which was derived from a spontaneous lung metastasis occurring in a
MMTV-PyMT transgenic mouse on a FVB background (Borowsky et al., 2005), I first
sought to determine the impact of two systemic factors, the presence of a primary Met1
tumor and acute cytotoxic chemotherapy, on bone marrow cells and circulating
hematopoietic cells. Given the known involvement of bone marrow derived cells in
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metastasis (McAllister and Weinberg, 2014), I hypothesized that these systemic
influences would modulate metastasis via their effects on hematopoietic cell populations.
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4.3 MATERIALS AND METHODS
4.3.1 Mice. Experiments were performed in female FVB mice aged 6-8 weeks
(Jackson Laboratory). To establish primary mammary tumors, 2.5x105 Met1 GFP
Luc cells were injected into the fourth mammary fat pad in 20 uL PBS. For
experimental metastasis experiments, 7.5x105 Met1 GFP Luc L4202 cells were
injected via tail vein in 100 uL PBS.

Tumors were measured by caliper 2-3 times per week, and volume was calculated
as 0.5 x length x width2. Prior to treatment initiation, mice were randomized into
groups of equal average tumor volume.

Mice were euthanized using CO2 inhalation. All mouse experiments were
performed in compliance with federal laws and institutional guidelines as approved
by the Institutional Animal Care and Use Committee of Boston Children’s Hospital
(protocol 12-11-2308R).

4.3.2 Cell lines. Met1 cells (Borowsky et al., 2005) (gift from Johanna Joyce,
University of Lausanne) were cultured in DMEM (Gibco) supplemented with 10%
FBS (Gibco) and 1x Penicillin Streptomycin (Gibco). These cells were confirmed
to be mycoplasma-negative. The Met1 cell line was infected with a pLV GFP Luc
construct and sorted for GFP+ cells using the ARIA IIU (BD) to establish a GFP+,
Luc+ Met1 derivative. To generate a highly metastatic derivative of the Met1 GFP
Luc cell line for experimental metastasis experiments, FVB mice were injected with
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Met1 GFP Luc cells via tail vein in PBS. At the experimental endpoint, tumor cells
were reisolated from a lung metastasis to establish the Met1 GFP Luc L4202 cell
line. Met1 GFP Luc AC-T-resistant derivative cell lines were also re-established
from chemotherapy-resistant tumors.

4.3.3 Bone marrow preparation. Bone marrow cells from femora and tibiae were
obtained by centrifugation at 6000-7000 g for 4 minutes at 4C. Red blood cell lysis
was performed by resuspending cells in PharmLyse solution (BD Biosciences) for
2 minutes at room temperature. Then, cells were filtered through a 40 µm filter to
create a single cell suspension.

4.3.4 Flow cytometry. Bone marrow cells were stained with appropriate
antibodies diluted in PBS with 2% FBS for 30 minutes in the dark on ice. Antibodies
were purchased from Biolegend unless otherwise noted: BV605 Sca1 (clone D7),
BV786 cKit (BD, clone 2B8), APC CD150 (clone TC15), APC Cy7 CD48 (clone
HM48-1), AF488 CD34 (eBioscience, clone RAM34), PE Cy7 IL7Ra (clone
A7R34), PE FcgRII/III (clone 93), PE Flt3 (clone A2F10), PB Lineage cocktail
(catalog #133310). Dead cells were excluded using 7AAD (Biolegend). To
determine absolute numbers of cells, CountBright absolute counting beads
(Molecular Probes, ThermoFisher) were added to samples. Flow cytometry was
performed on a LSRII (BD Biosciences), and data was analyzed using FlowJo
(TreeStar). Markers used to define hematopoietic progenitor populations can be
found in Table 4.1.
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Table

4.1

Flow

cytometry

markers

and

parental

populations

for

hematopoietic stem and progenitor populations. LSK, Lin- Sca1+ cKit+.
Hematopoietic stem and progenitor cell populations
Cell population

Markers

Parental population

Hematopoietic Stem Cell (HSC)
Long-term HSC (LT-HSC)
Short-term HSC (ST-HSC)
Multipotent progenitor (MPP)
Common lymphoid progenitor (CLP)
Myeloid progenitor

LSK CD150+ CD48+ CD45- Flt3LSK CD34- Flt3LSK CD34- Flt3+
LSK CD150- CD48+
LSK IL7Ra+
Lin- Sca1- cKit+ IL7Ra-

Lin- Sca1+ cKit+
Lin- Sca1+ cKit+
Lin- Sca1+ cKit+
Lin- Sca1+ cKit+
Lin- Sca1+ cKit+
Lin- Sca1- cKit+

Common myeloid progenitor (CMP)

Lin- Sca1- cKit+ IL7Ra- CD34+ FCgRII/III-

Myeloid progenitor

Granulocyte-monocyte progenitor (GMP)
Megakaryocyte/erythroid progenitor (MEP)

Lin- Sca1- cKit+ IL7Ra- CD34+ FCgRII/III+
Lin- Sca1- cKit+ IL7Ra- CD34- FCgRII/III-

Myeloid progenitor
Myeloid progenitor
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4.3.5 Complete blood counts. Blood was obtained at the experimental endpoint
by intracardiac puncture and at intermediate time points by retro-orbital bleed.
Complete blood counts were determined using a HEMAVET® hematology
analyzer (Drew Scientific).

4.3.6 Cytotoxic chemotherapy. Doxorubicin (Teva), paclitaxel (Hospira), and
cyclophosphamide (Sigma) were diluted in PBS for in vivo experiments. Mice were
treated with either a single dose of 5 mg/kg doxorubicin, 10 mg/kg paclitaxel, and
120 mg/kg cyclophosphamide or four doses administered every two weeks.
Doxorubicin was administered via retro-orbital injection, and paclitaxel and
cyclophosphamide were administered via intraperitoneal injection.

4.3.7 Viability assays. 2.5x103 Met1 GFP Luc or AC-T resistant derivative tumor
cells were plated in 96 well plates. 24 hrs after plating, the cells were treated with
doxorubicin (Teva) or paclitaxel (Sigma) diluted in DMEM + 10% FBS + 1x P/S.
After 72 hrs, cell viability was assessed using CellTiter 96® aqueous solution
(Promega), and the data were acquired on a Synergy Neo plate reader (BioTek)
using Gen5 software.

4.3.8 Liver function tests. VetScan Mammalian Liver Profile (Abaxis) analyses
were run on whole blood on the VetScan VS2 (Abaxis).
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4.3.9 Immunohistochemistry. Immunostaining for CD45 (clone 30-F11, BD
Pharmigen, 1:50) and CD3 (clone Sp7, Abcam, 1:100) were performed as
previously described (McAllister et al., 2008) using the appropriate secondary
Vectastain kit (ABC Elite, rat IgG, PK-6104; ABC Elite, rabbit IgG, PK-6101) with
AEC Chromogen Substrate (Dako, K3461). Tissues were counter stained with
hematoxylin (Vector laboratories, VWR101098-062). F4/80 (clone CI:A3-1, AbD
Serotec) immunostaining was performed by the BWH DF/HCC Specialized
Histopathology Services Images were acquired on a Nikon Eclipse Ni microscope
using NIS Elements software. Quantification was performed using CellProfiler (The
Broad Institute, CD45 and F4/80) or ImageJ (NIH, CD3) image analysis software.

4.3.10 Statistical analyses. All data were analyzed using GraphPad Prism
Software (Version 7). Statistical tests used are noted in the figure legend. All
statistical tests were two-sided, and non-parametric tests were used when
variance was dissimilar between groups. All data are presented as mean ± SD
unless otherwise noted in the legend. Differences were considered statistically
significant at a p value < 0.05.
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4.4 RESULTS
4.4.1

Effect of primary Met1 tumors on bone marrow and circulating
hematopoietic populations
To examine the impact of systemic factors on metastasis in triple negative breast

cancer, the Met1 cell line was employed. This cell line was derived from a spontaneous
lung metastasis in a MMTV-PyMT transgenic mouse (Borowsky et al., 2005), and was
stably infected with a GFP Luciferase vector to enable in vivo imaging by IVIS. Injection
of this cell line into the fourth mammary fat pad results in 100% incidence of tumor
formation (data not shown).
Given that numerous mammary carcinoma models are known to induce changes
in bone marrow and circulating hematopoietic populations (McAllister et al., 2008; Spiegel
et al., 2016), I explored the impact of primary Met1 tumors on hematopoietic cell types at
10 and 28 days following tumor cell injection. These tumors are just palpable at 10 days
and reach experimental endpoint by approximately 28 days. When Met1 tumors reached
their experimental endpoint, the bone marrow displayed an increase in total cellularity
(Figure 4.1a); however, this expansion appeared to occur predominately in mature cell
populations, as the number and percentage of Lin- progenitor cell populations decreased
with increased tumor burden (Figure 4.1b, c). Some early progenitor subsets expanded
at 28 days following tumor establishment: ST-HSCs and MPPs (Figure 4.1d). In contrast,
the production of CLPs and MEPs decreased, both in terms of absolute cell count and
the percent composition of their respective parental populations (Figure 4.1d, e). Within
the myeloid progenitors, there was a clear shift towards CMPs and GMPs (Figure 4.1d,
e), reflective of skewing towards the production of neutrophil and macrophage precursors.
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Figure 4.1 Met1 primary tumors promote the expansion of myeloid cell populations
in the bone marrow and circulation. a-g, Primary Met1 GFP Luc mammary tumors
were established by injecting 2.5x105 cells into the fourth mammary fat pad. Animals were
sacrificed 10 or 28 days after tumor cell injection, and bone marrow cellularity (a), percent
composition of Lin- cells (b-c), and hematopoietic progenitors (d-e) were assessed by
flow cytometry. Complete blood counts were determined at the same time points by
Hemavet® (f-g). Error bars, SD. Tumor-free (TF), tumor-bearing (TB). HSC,
hematopoietic stem cells; LT-HSC, long-term hematopoietic stem cells; ST-HSC, shortterm hematopoietic stem cells; MPP, multipotent progenitors; CLP, common lymphoid
progenitors; CMP, common myeloid progenitors; GMP, granulocyte-monocyte
progenitors; MEP, megakaryocyte/erythroid progenitors; WBC, white blood cells; NE,
neutrophils; LY, lymphocytes; MO, monocytes; EO, eosinophils; BA, basophils; RBC, red
blood cells; Hb, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration;
RDW, red blood cell distribution width; PLT, platelets; MPV, mean platelet volume. Bone
marrow analyses: Tumor-free, n=10; tumor-bearing 10d, n=5; TB 28d, n=8. Blood
analyses: TF, n=12; TB 10d, n=5; TB 28d, n=8. a-c, Ordinary one-way ANOVA Tukey’s
multiple comparison test; d-g, two-way ANOVA Tukey’s multiple comparison test.
**p<0.01, ***p<0.001, ****p<0.0001
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Figure 4.1 (Continued) Met1 primary tumors promote the expansion of myeloid cell
populations in the bone marrow and circulation.
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Interestingly, the results of these shifts in the bone marrow precursors are very
clearly reflected in circulation. The presence of a Met1 primary tumor began to elicit
expansion of neutrophils in the blood by 10 days after tumor cell injection, and by 28 days,
the absolute count of neutrophils had expanded by more than 10-fold (Figure 4.1f). In
contrast, there was no expansion in the lymphoid compartment, reflecting the decreased
proportion of CLPs in the bone (Figure 4.1d-f). Additionally, the red blood cell counts,
hemoglobin levels, and hematocrit significantly decreased in mice with end stage Met1
tumors (Figure 4.1g), accompanied by a decrease in the number and percent
composition of MEPs in the bone marrow.
These data reveal that the presence of a Met1 primary tumor perturbs bone
marrow and circulating hematopoietic populations resulting in myeloid skewing, as has
been reported in other models of murine mammary carcinoma (Spiegel et al., 2016).
Given the significant modulation of immune populations, I hypothesized that there may
be functional consequences of these changes and sought to further explore this possibility
in an experimental metastasis system.
4.4.2 The presence of a Met1 primary tumor inhibits experimental lung metastasis
Our laboratory has previously demonstrated the presence of a primary tumor can
enhance tumor outgrowth in orthotopic and metastatic models of breast cancer by
modulating bone marrow derived cell populations (Castano et al., 2013; Elkabets et al.,
2011; Kuznetsov et al., 2012; Marsh et al., 2016; McAllister et al., 2008). To explore the
impact of primary Met1 tumors on experimental metastasis, I first re-derived a highly
metastatic subpopulation of the Met1 GFP Luc line, termed Met1 GFP Luc L4202, from a
lung metastasis established by intravenous tail vein injection of Met1 GFP Luc cells. The
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parental Met1 GFP Luc cell line forms lung metastases following tail vein injection with
an incidence of 25%, while the highly metastatic derivative Met1 GFP Luc L4202 cell line
forms lung metastases with 100% incidence in naïve FVB mice (Figure 4.2a).
To evaluate the impact of a primary Met1 tumor on experimental lung metastasis,
orthotopic Met1 Luc tumors were first established in a cohort FVB mice. 17 days after
primary tumor cell injection, the tumor-bearing mice and a cohort of tumor-free FVB mice
were injected with Met1 GFP Luc L4202 cells via intravenous tail vein injection (Figure
4.2b). Strikingly, at the experiment endpoint due to primary tumor burden, 14 days after
tail vein injection, the tumor-free FVB mice had significant lung metastatic burden with an
average of 150 macrometastases per mouse, but the Met1 primary tumor-bearing mice
had no detectable lung macrometastases (Figure 4.2c).
In order to begin to explore mechanisms by which the orthotopic Met1 tumors may
be inhibiting experimental metastasis, I sought to determine if the continued presence of
the primary Met1 tumor was required at the time of tail vein injection or if the primary
tumor has a sustained systemic effect that is maintained after its surgical removal. For
example, the injection of Met1 GFP Luc tumor cells may elicit an adaptive immune
response, which although not sufficient to clear the primary tumor, may inhibit the
outgrowth of the intravenously injected cells. To evaluate this possibility, Met1 GFP Luc
primary tumors were established in FVB mice. Two weeks later, mice were randomized
into two groups for surgical resection of their primary tumor or mock resection (surgical
resection of the opposite fourth mammary fat pad). Two days following surgery, all tumorbearing mice and a matched cohort of tumor-free mice were injected with Met1 GFP Luc
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Figure 4.2 The presence of a Met1 primary tumor inhibits experimental lung
metastasis. a, To increase the metastatic capacity of the Met1 GFP Luc cell line, tumor
cells were reisolated from an experimental lung metastasis to establish the Met1 GFP
Luc L4202 cell line. b-c, Orthotopic Met1 GFP Luc mammary tumors were established in
FVB mice by injection of 2.5x105 cells into the fourth mammary fat pad. 17 days after
primary tumor cell injection, primary tumor-bearing or tumor-free mice were injected with
7.5x105 Met1 GFP Luc L4202 cells via tail vein (red arrow) (b), n=10. 14 days after tail
vein injection, the animals were sacrificed, and the numbers of lung macrometastases
were quantified (c), TF, n=5; TB, n=10. Representative of two independent experiments.
d, Orthotopic Met1 GFP Luc mammary tumors were established as in (b). 14d after
primary tumor establishment, surgical resection of the primary tumor or mock resection
was performed. 2 days after surgery, Met1 GFP Luc L4202 cells were injected via tail
vein as in (b). 33 days after initial primary tumor cell injection and 17 days after tail vein
injection, the animals were sacrificed, and the numbers of lung macrometastases were
quantified (d), Error bars, SD. TF, n=3; TB Resection, n=5; TB Mock, n=14. b, Two-tailed
student’s t-test. ****p<0.0001
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L4202 cells via tail vein. Seventeen days after intravenous tail vein injection, lung
metastatic burden was assessed. Again, all of the tumor-free mice had extensive lung
metastases, while all mice in the tumor-bearing cohort were free of macrometastases,
regardless of whether they had undergone mock surgery or primary tumor resection
(Figure 4.2d).
These data suggest that the systemic effects of Met1 primary tumors that inhibit
outgrowth of experimental metastasis models are sustained even after the removal of the
orthotopic Met1 tumor. Subsequent experiments performed in the McAllister lab have
demonstrated that the inhibitory effects of Met1 primary tumors on lung metastasis occur
independently of the adaptive immune system, as the same effects are seen in parallel
experiments performed in nude mice and may be mediated by myeloid populations
significantly expanded by the primary tumor (personal correspondence, Zafira CastañoCorsino). Further characterization of the mechanisms by which primary Met1 tumors
inhibit metastasis may provide new testable hypotheses to explain why some breast
cancer patients are more likely to develop distant metastases.

4.4.3 Met1 tumor cells initially respond to cytotoxic chemotherapy in vitro and in
vivo, but resistance eventually emerges
Beyond the systemic influences of the primary tumor on metastasis, in any patient
who receives systemic therapy (i.e., cytotoxic chemotherapy, targeted therapy, hormonal
therapy), these therapies will not only directly impact tumor cells, but also have the
potential to impact bone marrow and circulating hematopoietic cell populations as well as
the microenvironment of sites of distant metastasis. For patients with triple negative
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breast cancer, combinatorial cytotoxic chemotherapy is often part of the therapeutic
regimen. One frequently used combination is doxorubicin and cyclophosphamide
administered together with subsequent treatment with paclitaxel (AC-T). The effects of
this regimen had not been previously evaluated in the Met1 model of triple negative breast
cancer, so I first assessed the direct effects of AC-T on the primary tumor in vitro and in
vivo before evaluating the systemic effects of AC-T. These experiments were also
designed to enable the identification of a therapeutically relevant, well-tolerated
combinatorial dose of AC-T for future studies.
To determine if Met1 GFP Luc cells were sensitive to doxorubicin and paclitaxel in
vitro, I performed 72-hour viability assays. Treatment with both doxorubicin and paclitaxel
significantly decreased viability of Met1 GFP Luc cells (Figure 4.3a, b). Additionally, a
single combination dose of doxorubicin (5 mg/kg), paclitaxel (10 mg/kg), and
cyclophosphamide (120 mg/kg) was well-tolerated (no weight loss, data not shown) and
had a cytostatic effect on Met1 tumor growth (Figure 4.3c).
To emulate the dosing schedule of AC-T chemotherapy in the clinic, mice with
primary Met1 tumors were dosed with AC-T every two weeks for four cycles. Interestingly,
these mice displayed heterogeneous responses to chemotherapy, and the mice that
appeared to experience complete tumor regression eventually recurred (Figure 4.3d).
Some of tumors did not respond or responded minimally to AC-T (4964, 4954, termed
early-escapers), while other tumors appeared to completely regress before aggressively
resuming growth (4963, 4953, termed late-escapers). When possible, cell lines were rederived from these tumors when each mouse reached endpoint to enable the
characterization of their differential sensitivity to AC-T in vitro and in vivo. Cell lines

125

b 1.5

1.0
0.5
0
10

-10

-9

-8

-7

-6

-5

-4

-3

10 10 10 10 10 10 10 10

1.0
0.5

-2

0
10

-10

Dose (molar)

-9

-8

-7

-5

-6

-4

600

Viability (normalized)

4951
4952
4953

-3

10 10 10 10 10 10 10 10

e 1.0

800

4

4954
4963
4964

400

**

2
1
0

-2

Vehicle
AC-T

3

0

2
4
6
Days since treatment

Dose (molar)

d

Doxorubicin
Met1 GFP Luc
Met1 GFP Luc 4954L
Met1 GFP Luc 4954R

0.5

Met1 GFP Luc
Met1 GFP Luc 4954L
Met1 GFP Luc 4954R

0.5

0
10

-10

-9

-8

-7

-5

-6

-4

-3

10 10 10 10 10 10 10 10

-2

0
10

-10

-9

0
0

20

40
60
80
100
Days since tumor cell injection

120

Met1 GFP Luc
Met1 GFP Luc 4953R
Met1 GFP Luc 4953L
Met1 GFP Luc 4963

1.0

-8

-7

-5

-6

-4

-3

10 10 10 10 10 10 10 10

-2

Dose (molar)

Doxorubicin

f 1.5

200

8

Paclitaxel
1.0

Dose (molar)

Viability (normalized)

Tumor volume (mm )

c

Paclitaxel

Tumor volume
(fold change)

Doxorubicin

Viability (normalized)

Viability (normalized)

a

0.5

Paclitaxel

1.5

Met1 GFP Luc
Met1 GFP Luc 4953R
Met1 GFP Luc 4953L
Met1 GFP Luc 4963

1.0
0.5

0
10

-10

-9

10 10

-8

10

-7

10

-6

10

-5

-4

-3

10 10 10

Dose (molar)

-2

0
10

-10

-9

10 10

-8

10

-7

10

-6

-5

10 10

-4

10

-3

Dose (molar)

Figure 4.3 Met1 tumor cells initially respond to cytotoxic chemotherapy in vitro and
in vivo, but resistance eventually emerges. a-b, Met1 GFP Luc cells were treated in
vitro with various doses of doxorubicin (a) and paclitaxel (b) for 72 hours, and viability
was assessed. Representative of three independent experiments. c, Response of
orthotopic Met1 GFP Luc tumors to a single dose of combination doxorubicin (5 mg/kg),
paclitaxel (10 mg/kg), and cyclophosphamide (120 mg/kg) (AC-T), n=5-8 tumors/group.
Representative of three independent experiments. d, Met1 GFP Luc tumors were treated
with AC-T every two weeks for a total of four weeks (black arrows). When resistance
emerged, derivative cell lines were re-established from the tumors. e-f, Sensitivity of
derivative cell lines versus Met1 GFP Luc parental cells to doxorubicin (e) and paclitaxel
(f) in 72 hr viability assays in vitro. Representative of two independent experiments. Error
bars, SD, except c, SEM. c, two-way ANOVA Sidak’s multiple comparisons test. **p<0.01
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established from the early-escaper tumors maintained similar sensitivity to doxorubicin
and paclitaxel in vitro as the parental Met1 GFP Luc cell line (Figure 4.3e). However, cell
lines re-derived from the late-escaper tumors displayed decreased responsiveness to
doxorubicin and paclitaxel in vitro. Preliminary in vivo studies with these re-derived cell
lines suggest that the in vivo sensitivity of the late-escaper cell lines to AC-T is also
abrogated compared to the response of Met1 GFP Luc tumors (data not shown).
Interpretations of these data are complicated by differences in their in vivo growth kinetics:
the late-escaper cell lines grow more quickly than the parental cell line (data not shown).

4.4.4 Systemic effects of AC-T on hematopoiesis in tumor-free and tumor-bearing
mice
Having determined a therapeutically-relevant combinatorial dose of AC-T and
evaluated the direct effects of AC-T on primary tumor growth, I next examined the
systemic effects of AC-T on bone marrow and circulating hematopoietic cell populations.
To determine the temporal effects of combination AC-T on hematopoietic cells in the bone
marrow and blood, tumor-free FVB mice were treated with doxorubicin (5 mg/kg),
paclitaxel (10 mg/kg), and cyclophosphamide (120 mg/kg) seven, five, two, or one day
prior to analysis (Figure 4.4a, b). Absolute counts of bone marrow and blood cell
populations were determined and displayed relative to that of tumor-free mice treated with
vehicle one day prior to the endpoint. The absolute counts of all bone marrow and blood
cell populations decreased with AC-T treatment, consistent with the known non-specific
ablation of proliferating cells by AC-T (Figure 4.4a, b). The nadir occurred one day after
AC-T, but all populations in the bone marrow recovered by five days after AC-T, with
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Figure 4.4 Systemic effects of AC-T on hematopoiesis in tumor-free and tumorbearing mice. a-b, Tumor-free mice were treated with a single dose of combination
doxorubicin (5 mg/kg), paclitaxel (10 mg/kg), and cyclophosphamide (120 mg/kg) (AC-T).
At the indicated time points, animals were sacrificed for bone marrow analysis by flow
cytometry (a) and quantification of circulating cells by complete blood counts (b). c-d,
Met1 GFP Luc primary tumors were established by injecting 2.5x105 cells into the fourth
mammary fat pat. Beginning 10 days after tumor cell injection, mice were treated with a
single combined dose of AC-T 7, 5, 2, and 1 day(s) prior to analysis. At the experimental
endpoint, bone marrow analysis was performed by flow cytometry (c) and circulating cells
were quantified by complete blood counts (d). HSC, hematopoietic stem cells; LT-HSC,
long-term hematopoietic stem cells; ST-HSC, short-term hematopoietic stem cells; MPP,
multipotent progenitors; CLP, common lymphoid progenitors; CMP, common myeloid
progenitors; GMP, granulocyte-monocyte progenitors; MEP, megakaryocyte/erythroid
progenitors. See Table 4.1 for population markers. Data are presented as relative to day
0 of the respective cohort. Black shading indicates fold change > 3.8. Representative of
two independent experiments (a-d). Tumor-bearing analysis, n=7-8 mice/group. Tumorfree analysis, n=7-14 mice/group.
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Figure 4.4 (Continued) Systemic effects of AC-T on hematopoiesis in tumor-free
and tumor-bearing mice.
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many populations surpassing their normal values (Figure 4.4a). Circulating cell
populations recovered less quickly after cytotoxic chemotherapy, and total white blood
cell counts, lymphocytes, and monocytes did not recover within the timeframe examined
(Figure 4.4b).
In parallel, the impact of combination AC-T on bone marrow and circulating
hematopoietic cell populations in Met1 tumor-bearing FVB mice was examined.
Beginning ten days after primary tumors were established, the mice were treated with a
combinatorial dose of AC-T at four time points, as in the tumor-free experiments. At the
experimental endpoint, bone marrow cell populations were quantified by flow cytometry,
and circulating cell counts were quantified by complete blood counts (Figure 4.4c, d).
The change in absolute number of each cell population is displayed in comparison to
Met1 tumor-bearing mice treated with vehicle one day prior to analysis. In contrast to the
tumor-free setting, all bone marrow populations reached their nadir two days after AC-T
treatment in tumor-bearing mice (Figure 4.4c). Additionally, several bone marrow cell
types, including ST-HSCs, MPPs, CMPs, and GMPs, did not return to their baseline
values within seven days after AC-T (Figure 4.4c); however, this may be explained, in
part, by the expansion of some of these cell types in Met1 tumor-bearing mice (Figure
4.1d). Absolute counts of white blood cells, neutrophils, lymphocytes, and monocytes
reach their lowest point two days after AC-T treatment, but do not recover during the
experimental time course (Figure 4.4d).

4.4.5 Pre-treatment with AC-T increases experimental metastasis to the liver
without altering lung metastasis
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In order to identify the impact of AC-T pretreatment on experimental metastasis of
Met1 cells1, FVB mice were pretreated with 5 mg/kg doxorubicin (A), 10 mg/kg paclitaxel
(T), and 120 mg/kg cyclophosphamide (C) or vehicle two or seven days before tail vein
injection of 7.5x105 Met1 GFP Luc L4202 cells, a derivative of the Met1 cell line re-isolated
from a lung metastasis (Figure 4.5a). These time points were selected based on analysis
of the kinetics of recovery of bone marrow cell populations after a single dose of AC-T;
the nadir of bone marrow cellularity after AC-T occurs at two days after treatment and by
seven days the total bone marrow cellularity has recovered with some populations
overshooting baseline levels (Figure 4.4c).
In three independent experiments, pretreatment with AC-T at either time point had
no effect on lung metastases at the experimental endpoint (Figure 4.5b). To determine if
modulation of lung metastases by pre-treatment with AC-T would be observed at an
earlier time point, lung metastases were examined 10 and 17 days after tail-vein injection.
At all of the time points assessed, pre-treatment with cytotoxic chemotherapy had no
effect on lung metastasis (Figure 4.5b).
In contrast, the number of liver metastases significantly increased in mice treated
with AC-T prior to tail-vein injection quantified as macro-metastases per liver or
metastases per liver area (Figure 4.5c, d). Representative images of liver metastases in
vehicle (top) and AC-T pre-treatment (bottom) groups are shown in Figure 4.5e.

4.4.6

Local effects of pre-treatment with AC-T on the liver
Given that pre-treatment with AC-T increases experimental liver metastases, but

not experimental lung metastasis, this enhancement of metastasis may be driven by local,
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Figure 4.5 Pre-treatment with AC-T increases experimental metastasis to the liver
without altering lung metastasis. a-e, Tumor-free mice were pre-treated with AC-T or
Vehicle 2 or 7 days before tail vein injection of 7.5x105 Met1 GFP Luc L4202 cells. Lung
metastases were quantified 10, 17, and 27 days after pre-treatment (b), and liver
metastasis was evaluated 21 days after pre-treatment (c-d). Lung metastasis data at day
10 and 17 from one experiment. Lung metastasis data at d27 and all liver metastasis data
is representative of three independent experiments. Representative images of liver
metastases formed after vehicle (top) or AC-T (bottom) pre-treatment 7 days prior (e).
Lung metastases, n=4-9 mice/group (b). Liver macrometastases, n=7-9 mice/group (c).
Liver metastases normalized to area, n=21-27 cross-sections/group (d). Error bars, SD.
c-d, Mann-Whitney test. *p<0.05, ***p<0.001
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liver-specific effects of AC-T on this metastatic niche. First, we sought to determine if ACT was causing liver damage. Analysis of blood two and seven days after AC-T treatment
revealed minimal effects on liver function (Figure 4.6a, b). All parameters measured were
within normal range. Furthermore, since the liver is not a very proliferative tissue at basal
state, an increase in mitotic index is often reflective of proliferation in response to tissue
damage. Analysis of H&E stains of vehicle and AC-T pre-treated (two and seven days)
livers by Roderick Bronson, DVM (research pathologist) demonstrated no effect on mitotic
index.
Having found no evidence of liver damage after this cytotoxic chemotherapy
regimen, we examined the impact of AC-T pre-treatment on hematopoietic cell
populations. No evidence of discrete regions of extramedullary hematopoiesis was
observed upon examination of the H&E stained livers from AC-T pre-treated mice (two
and seven days) as determined by Roderick Bronson, DVM (Figure 4.6c). However,
immunohistochemistry for CD45 revealed an increase in total hematopoietic cells seven
days after AC-T (Figure 4.6d). To begin to examine what hematopoietic populations are
affected by AC-T, serial sections were stained for CD3 for T cells and F4/80 for resident
Kupffer cells and other recruited macrophages. Strikingly, two and seven days after ACT pre-treatment, the number of CD3+ cells per field decreased (Figure 4.6e). These data
raise the possibility that the increase in liver metastasis following cytotoxic chemotherapy
may be the result of decreased adaptive immune surveillance. Additionally, F4/80 staining
in the liver did not significantly increase at two or seven days after AC-T pretreatment
compared to the control mice (Figure 4.6f). Therefore, which cell population(s) are
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Figure 4.6 Local effects of pre-treatment with AC-T on the liver. a-e, Tumor-free FVB
mice were treated with a single dose of AC-T or vehicle 2 or 7 days before endpoint. At
the experimental endpoint, liver function tests were performed (a-b), n=5 mice/group.
Mitotic index and extramedullary hematopoiesis were assessed by hematoxylin-eosin
staining of livers (c). Total hematopoietic cells (CD45+, d), T cells (CD3+, e), and Kupffer
cells (F4/80+, f) were identified by immunohistochemistry staining and quantified by
CellProfiler (d,f) or manual counting (e), n=12-28 per group. ALB, albumin; ALT, alanine
aminotransferase; GGT, gamma-glutamyl transferase; TBIL, total bilirubin; BUN, blood
urea nitrogen; CHOL, cholesterol. Error bars, SD. a-b, two-way ANOVA Sidak’s multiple
comparisons test. d-e, Ordinary one-way ANOVA, Dunnett’s multiple comparisons test.
*p<0.05, ***p<0.001, ****p<0.0001
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Figure 4.6 (Continued) Local effects of pre-treatment with AC-T on the liver.
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expanded in the liver following pre-treatment with AC-T and the functional consequences
of these changes remain open questions.
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4.5 DISCUSSION
Collectively, my data emphasize the diversity of systemic factors that can modulate
breast cancer metastasis. The presence of a primary Met1 tumor abrogates experimental
lung metastasis, via mechanisms independent of the adaptive immune system. In
contrast, pre-treatment of mice with cytotoxic chemotherapy significantly increases
experimental liver metastasis, but has no effect on lung metastasis. Further studies of the
cellular and molecular mechanisms responsible for these effects could (1) enable
identification of primary tumor characteristics that are predictive of low-risk of distant
metastasis, (2) provide insights into novel therapeutic targets for metastasis inhibition,
and (3) potentially improve RFS following cytotoxic chemotherapy by identification of
targetable chemotherapy-modulated metastasis-promoting pathways.
Since the presence of a Met1 primary tumor inhibits experimental metastasis of a
Met1 derivative cell line, this inhibition is likely due to one or more of the following
mechanisms: decreased tumor cell survival in circulation, inhibition of extravasation,
heightened immunosurveillance, or changes in the lung microenvironment that impede
tumor cell survival. In a murine melanoma model, it has been shown that primary murine
melanomas can inhibit metastasis by reducing platelet counts and tumor-associated
thrombi (Palumbo et al., 2005). In the Met1 model system, primary tumors have no effect
on platelet counts at the time points examined (Figure 4.1g), but I have not examined the
impact of this primary tumor on tumor-associated thrombi. Histopathological examination
of the lungs from naïve and Met1 tumor-bearing FVB mice revealed massive immune
infiltrate, predominately composed of neutrophils, in the lungs of mice with primary tumors
(data not shown). In depth characterization of the identity, function, and gene expression
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signatures of these infiltrating cells will likely be critical to understanding how this
metastasis inhibition is occurring. If Met1 primary tumors polarize neutrophils towards an
anti-tumor phenotype, this would be in agreement with the findings reported by Granot
and colleagues who showed that the presence of a murine primary tumor can polarize
neutrophils towards a cytotoxic, anti-metastatic phenotype (Granot et al., 2011), but in
contrast to the pro-metastatic properties of neutrophils expanded and conditioned by 4T1
and K14cre;Cdh1F/F;Trp53F/F (KEP) primary tumors (Coffelt et al., 2015; Spiegel et al.,
2016). An additional, thus far untested hypothesis is that Met1 tumors may secrete antiangiogenic factors, which prevent metastatic outgrowth.
By examining the impact of pre-treatment with cytotoxic chemotherapy on
experimental metastasis, I focused my studies on the effects on circulating populations
and distant microenvironments, which mediate tumor cell extravasation, survival, and
outgrowth. Since pre-treatment with AC-T increased liver metastasis but had no
detectable effect on lung metastasis, I hypothesize that the mechanisms responsible for
this phenotype may be specific to the liver microenvironment and unlikely to be caused
by variable survival in circulation. Further characterization of changes in the quantity,
functionality, and gene expression programs of stromal cell populations in the liver that
occur as a result of AC-T may provide important insights into mechanisms underlying this
pro-metastatic phenotype. Since a decrease in CD3+ T cells was observed in the AC-T
pre-treated livers, evaluation of CD3+ T cells in the lungs of chemotherapy pre-treated
mice will reveal if this is a liver-specific effect. If so, then analogous pre-treatment
experiments could be performed in nude mice to determine if the observed increase in
liver metastasis is the result of decreased immunosurveillance in the liver. Additionally, it
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will be important to determine if AC-T pre-treatment increases vascular permeability in
the liver, as this could contribute to increased metastasis.
Studies in murine models of lung carcinoma, sarcoma, and colorectal carcinoma
have demonstrated increased experimental lung metastasis after pre-treatment with
either single agent paclitaxel, gemcitabine, or cyclophosphamide, in contrast to the
findings presented here (Carmel and Brown, 1977; Daenen et al., 2011; Gingis-Velitski
et al., 2011). The reasons for these differential effects are not clear at this moment, but it
is likely that the combinatorial effects of paclitaxel, cyclophosphamide, and doxorubicin
are more than the sum of their parts. It will be important to determine if the effects of pretreatment with AC-T presented here are generalizable to other models of breast cancer
or other tumor types. Efforts to examine generalizability were stymied by the lack of
murine breast cancer cell lines that metastasize to the liver efficiently after tail-vein
injection. The E0771 and 4T1 cell lines failed to form overt liver metastases after vehicle
or AC-T pre-treatment (data not shown). Local delivery of breast cancer cells via
intrasplenic injection or use of other tumor models that more efficiently metastasize to the
liver are strategies that may enable these technical problems to be overcome.
In future explorations in this model, it will be interesting to examine the kinetics of
lung and liver metastasis. Kinetic analyses by IVIS were not possible in these experiments
due to loss of GFP and Luciferase expression in vivo in the Met1 cell line, likely due to
immunogenicity (data not shown). When metastases were examined at varying time
points following intravenous injection, I observed that overt lung metastases were
detectable prior to liver metastases (data not shown). The possibility remains that the liver
metastases may have been the result of re-seeding from the lung metastases. Given that
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hypothesis, it is possible that AC-T pre-treatment may be increasing re-seeding from lung
metastases, which remains to be explored. In continued studies it would also be of great
interest to evaluate the effects of multiple cycles of cytotoxic chemotherapy on metastasis
in addition to the acute impacts of a single combination dose, as examined here. To best
reflect the clinical scenario, multiple doses of doxorubicin/cyclophosphamide followed by
multiple cycles of paclitaxel would be administered in spontaneous models of metastasis
or prior to intravenous injection of tumor cells. If unintended, metastasis-promoting
consequences of cytotoxic chemotherapy can be identified and blocked, this could lead
to increases in RFS and OS in breast cancer patients.
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4.6 CONCLUSIONS
Taken together, my findings demonstrate that systemic factors can be positive or
negative regulators of breast cancer metastasis. These data highlight the importance of
considering the physiological effects of both the disease itself as well as cytotoxic and
target therapeutics on non-tumor cell populations that may be involved in modulating
primary tumor growth or metastasis. Given the great interest in improving our ability to
predict which patients most likely to experience distant relapse, it will be interesting to
identify other primary tumor models that suppress metastatic outgrowth in order to
ascertain unifying characteristics, if any, shared by tumors with these properties.
Additionally, if the mechanisms underlying the increase in liver metastasis after AC-T can
be uncovered, then blocking these pathways may increase RFS after chemotherapy.
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CHAPTER 5
CONCLUSION
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5.1 SUMMARY OF FINDINGS
The overall goal of this thesis work was twofold: (1) to investigate the potential
immunomodulatory effects of CDK4/6 inhibition and determine if anti-tumor immunity is
involved in the response to CDK4/6 inhibitors, and (2) to explore the impact of systemic
factors on metastasis in a model of triple negative breast cancer.
In Chapter 2, we describe how abemaciclib treatment triggers anti-tumor immunity
via direct effects on tumor cells and T cell populations. CDK4/6 inhibition triggers Type III
interferon production by breast cancer cells, which then causes increased expression of
interferon-stimulated genes, including genes involved in antigen processing and
presentation. Enhanced antigen processing and presentation by tumor cells increases
their susceptibility to recognition and lysis by CTLs. In parallel, CDK4/6 inhibitors promote
anti-tumor T cell responses by preferentially inhibiting Treg proliferation, decreasing this
immunosuppressive

population.

Combining

CDK4/6

inhibition

and

anti-PD-L1

immunotherapy increased the depth and duration of response. Further characterization
of the immunomodulatory impacts of abemaciclib in Chapter 3 reveals a favorable
increase in the CD8/Treg ratio systemically in treated mice. Further, in depth
characterization of Tregs suggests that CDK4/6 inhibition may perturb Treg lineage
commitment. In concert, these results uncover a previously unrecognized effect of
CDK4/6 inhibition: the promotion of anti-tumor immune responses (Figure 5.1).
In Chapter 4, the systemic impacts of the presence of a primary Met1 tumor and
cytotoxic chemotherapy are characterized in depth. Then, the consequences of these
systemic changes on experimental metastasis are described. The presence of a primary
Met1 tumor inhibits the ability of intravenously injected Met1 GFP Luc L4202 cells to form
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Figure 5.1 CDK4/6 inhibition promotes anti-tumor immune responses by
modulating tumor cell immunogenicity and the immune milieu. Tumors evade antitumor immunity by multiple mechanisms including downregulation of MHC I expression
and antigen presentation as well as suppression of adaptive immunity by
immunosuppressive Tregs. CDK4/6 inhibition prevents expression of E2F targets,
including DNMT1. In tumor cells decreased DNMT1 expression is associated with an
increase in ERVs, dsRNA response, and Type III IFN production. Signaling downstream
of Type III IFNs increases expression of interferon-stimulated genes including those
related to antigen processing and antigen presentation resulting in increased antigen
presentation via MHC Class I. CDK4/6 inhibition also impacts intratumoral T cell
populations: the number of intratumoral Tregs decreases, the Treg/CD8 ratio also
decreases, and markers of exhaustion on intratumoral T cells are decreased. In total,
these impacts on tumor and immune cells result in enhanced anti-tumor immunity.
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overt lung metastases (Figure 5.2a). In contrast, pre-treatment with a combined dose of
AC-T has no effect on Met1 GFP Luc L4202 experimental lung metastases but enhances
liver metastasis (Figure 5.2b).
In total, my findings highlight the importance of considering the impact of therapies
not only on the intended target cell population(s), but also on other cell populations that
may mediate response, resistance, and/or metastasis (Figure 5.3a-c). This is of particular
importance as more combination strategies involving immunotherapy are in clinical
development. Such approaches are dependent on a productive adaptive immune
response and require that the partner drug does not hinder anti-tumor immunity.
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Figure 5.2 Systemic influences on metastasis in a murine model of triple negative
breast cancer. a, The presence of a primary Met1 tumor inhibits experimental lung
metastasis following intravenous injection of Met1 GFP Luc L4202 cells in FVB mice. The
same phenotype is observed in nude mice suggesting that this effect is not mediated by
adaptive immunity. b, Pre-treatment with AC-T increases experimental liver metastases
without altering lung metastasis. These data suggest that cytotoxic chemotherapy may
have local, pro-metastatic influences on the liver microenvironment. Images adapted from
motifolio.com.
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a

b

c

Figure 5.3 Complex interplay between primary tumors, distant sites, and systemic
therapies. a, The presence of a primary tumor can have systemic physiological effects
on the host. b, Primary tumors can support or inhibit metastasis by modulating distant
niches or the steps of the metastatic cascade. c, In addition to direct effects on tumor
cells, targeted and cytotoxic therapies can impact other cell types in the primary tumor
microenvironment, modulate hematopoiesis, and affect distant metastatic niches. These
effects, in turn, can mediate initial response to therapy, intrinsic and acquired resistance,
as well as metastasis. Images adapted from motifolio.com.
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5.2 DISCUSSION: FUTURE DIRECTIONS AND CLINICAL IMPLICATIONS
The body of work presented here significantly advances our understanding of the
mechanisms by which CDK4/6 inhibitors, which cause tumor cell cytostasis in vitro, can
mediate tumor regression in vivo. By increasing tumor cell immunogenicity and enhancing
anti-tumor T cell responses by relieving suppression by Tregs, CDK4/6 inhibition
stimulates effective anti-tumor immunity. My findings highlight the importance of
interrogating the direct effects of targeted therapies on adaptive immunity in order to more
fully understand mechanisms of response to these therapies and to better design rational
combinatorial approaches.
To my knowledge this study is one of the first to document immune-mediated
mechanisms of response to CDK4/6 inhibition. A number of studies have identified
immune cell populations necessary for the efficacy of targeted and cytotoxic therapies
(Zitvogel et al., 2013). Notably, intact CD8+ T cell responses are also necessary for
maximal response to anthracyclines, cyclophosphamide, and paclitaxel (Apetoh et al.,
2007; Casares et al., 2005; Mattarollo et al., 2011; Sevko et al., 2013; van der Most et al.,
2009) and targeted agents including dasatinib (Yang et al., 2012) and PLX4720, a BRAF
inhibitor (Knight et al., 2013). Investigations into the direct effects of targeted therapies
on anti-tumor T cell responses have begun more recently. Like CDK4/6 inhibition, MEK
inhibition was presumed to be an immunosuppressive regimen given the involvement of
MEK in T cell receptor signaling; unexpectedly, however, MEK inhibition was found to
protect T cells from “exhaustive” cell death thereby increasing the numbers of antigenspecific CD8+ effector T cells in tumors (Ebert et al., 2016). Improved knowledge of
immunostimulatory and/or immunosuppressive properties of targeted therapeutics could
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inform decisions regarding sequence and schedule of therapies in the design of clinical
trials of new combinations.
Our data suggest that combining CDK4/6 inhibitors with immunotherapy may
represent an attractive novel combinatorial approach for the treatment of breast cancer,
many of which are often immunologically ‘cold’ at diagnosis. Moreover, our data in the
CT-26 colorectal carcinoma and B16 melanoma cell lines suggest that CDK4/6 inhibition
may augment interferon-stimulated gene expression in tumor types beyond breast
cancer, as long as the CDK4/6:Cyclin D1:Rb pathway is intact. Therefore, CDK4/6
inhibition in combination with immunotherapy could be tested in many Rb-competent
tumor types, especially those already known to be at least somewhat sensitive to CDK4/6
inhibition such as non-small cell lung cancer, ovarian cancer, glioblastoma, colorectal
cancer, and melanoma (Patnaik et al., 2016).
In clinical trials of CDK4/6 inhibition to date, a decrease in phosphorylated-Rb has
been linked to clinical benefit (Patnaik et al., 2016), but additional predictors of response
have remained elusive. Our deepened understanding of the immunological effects of
CDK4/6 inhibition may provide new insights into potential predictors of response.
Identification of such biomarkers will enable better selection of patients most likely to
benefit from CDK4/6 inhibitors.
My findings also increase our understanding of how systemic influences can
modulate breast cancer metastasis. Although the precise cellular and molecular
mechanisms underlying these phenotypes remain to be determined, these findings have
spurred continued investigations by other members of the McAllister lab (Chaffer, C. and
Castaño-Corsino, Z., et al. in preparation for resubmission). Whether these effects
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observed are generalizable to other models of breast cancer or other cancer types
continues to be an open question.
Given the frequent use of doxorubicin, cyclophosphamide, paclitaxel, and related
cytotoxic chemotherapeutics in the clinic, these data warrant further preclinical studies
and careful retrospective analysis of large clinical cohorts in order to determine if there is
a detectable association between these regimens and increased incidence of liver
metastases. Few prior studies have explored the effects of cytotoxic chemotherapy on
the liver microenvironment and breast cancer metastasis to the liver potentially due in
part to the limited number of murine breast cancer models that form liver metastases. The
establishment of the Met1 GFP Luc L4202 murine breast cancer cell line that readily forms
liver metastases following intravenous injection provides a key tool that will facilitate future
studies. Using this cell line, additional systemic factors that alter liver metastasis could be
identified, and it will enable studies into whether the liver microenvironment impacts the
response of metastases to cytotoxic or targeted agents.
These data have the potential to improve our ability to predict the likelihood of
metastatic recurrence as a function of properties of the primary tumor. If a circulating
hematopoietic population or blood biomarker associated with the inhibition of metastasis
can be identified, then may be possible to predict the likelihood of distant metastasis with
a liquid biopsy. Further, if mechanisms that govern the suppression of metastatic
outgrowth by primary tumor are deciphered, then these findings could provide the basis
for therapeutic strategies to emulate these effects in hopes of preventing the emergence
of overt metastatic lesions. Lastly, if the mechanisms by which systemic cytotoxic
chemotherapy can increase liver metastasis are uncovered, then it may be possible to
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develop therapeutic strategies to block this unintended consequence of cytotoxic agents
while preserving the intended direct anti-tumor effects.
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5.3 CONCLUDING REMARKS
The findings presented in this thesis highlight the importance of understanding how
systemic therapies modulate the tumor microenvironment as well as overall systemic
physiology which can facilitate response, resistance, and even impact metastasis. I hope
that this work will encourage increased assessment of the systemic effects of therapeutics
during clinical development to improve response and prevent unintended, detrimental
effects.
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APPENDIX
Supplementary Table 1: List of murine SASP genes.
ANG
CCL1
CCL11
CCL2
CCL20
CCL25
CCL26
CCL3
CCL8
COL10A1

COL11A1
COL18A1
COL1A1
COL1A2
COL2A1
COL3A1
COL4A1
COL4A2
COL4A3
COL5A1

COL5A2
COL6A1
COL8A2
COL9A1
CSF2
CSF3
CTSB
CXCL1
CXCL11
CXCL12

CXCL13
CXCL2
CXCL3
CXCL5
EGF
EGFR
FAS
FGF2
FGF7
FN1

GENE
HGF
ICAM1
IFNG
IGF2BP2
IGFBP3
IGFBP4
IGFBP5
IGFBP6
IGFBP7

IL13
IL15
IL1A
IL1B
IL6
IL6ST
IL7
LAMA1
LAMA2
LAMA3

LAMA5
LAMB1
LAMB2
LAMB3
LAMC1
MIF
MMP10
MMP12
MMP13
MMP14

MMP1A
MMP1B
MMP3
NGF
NOS2
NOS3
NRG1
PGF
PLAT
PLAU

PLAUR
SERPINB2
SERPINE1
TIMP1
TIMP2
TNFRSF11B
TNFRSF1A
TNFRSF1B
VEGFA

NOS2
NOS3
NRG1
PGF
PLAT
PLAU
PLAUR
SERPINB2
SERPINE1
TIMP1
TIMP2

TNFRSF10C
TNFRSF11B
TNFRSF1A
TNFRSF1B
VEGF

Supplementary Table 2: List of human SASP genes.
ANG
AREG
CCL1
CCL11
CCL13
CCL16
CCL2
CCL20
CCL25
CCL26
CCL3

CCL8
COL10A1
COL11A1
COL18A1
COL1A1
COL1A2
COL2A1
COL3A1
COL4A1
COL4A2
COL4A3

COL5A1
COL5A2
COL6A1
COL8A2
COL9A1
CSF2
CSF3
CTSB
CXCL1
CXCL11
CXCL12

CXCL13
CXCL2
CXCL3
CXCL5
EGF
EGFR
EREG
FAS
FGF2
FGF7
FN1

HGF
ICAM1
ICAM3
IFNG
IGF2BP2
IGFBP3
IGFBP4
IGFBP5
IGFBP6
IGFBP7
IL13
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IL15
IL1A
IL1B
IL6
IL6ST
IL7
IL8
KITLG
LAMA1
LAMA2
LAMA3

LAMA5
LAMB1
LAMB2
LAMB3
LAMC1
MMP10
MMP12
MMP13
MMP14
MMP3
NGF

Supplementary Table 3: Impact of CDK4/6 inhibition on SASP genes.
MMTV-rtTA/tetO-Her2
Gene
FC
p-value
ANG
1.226
0.475
CCL11
1.355
0.177
CCL2
1.984
0.253
CCL20
0.885
0.656
CCL25
1.159
0.327
CCL3
1.483
0.056
CCL8
1.138
0.649
COL10A1
0.799
0.444
COL11A1
0.681
0.004
COL18A1
0.886
0.532
COL1A1
1.207
0.523
COL1A2
1.245
0.544
COL2A1
1.184
0.829
COL3A1
0.876
0.597
COL4A1
0.793
0.090
COL4A2
0.908
0.428
COL5A1
0.846
0.420
COL5A2
1.155
0.409
COL6A1
0.974
0.874
CSF3
0.928
0.762
CTSB
1.237
0.015
CXCL1
0.909
0.706
CXCL11
16.384
0.234
CXCL12
0.809
0.263
CXCL2
1.864
0.006
CXCL3
2.481
0.114
CXCL5
1.275
0.689
EGFR
1.039
0.695
FGF2
1.087
0.658
FGF7
0.660
0.031
FN1
1.008
0.974
HGF
1.350
0.031
ICAM1
1.287
0.042
IGFBP2
2.002
0.149
IGFBP3
0.728
0.113
IGFBP4
0.935
0.726
IGFBP5
0.843
0.127
IGFBP6
1.084
0.738
IGFBP7
0.922
0.615
IL15
0.868
0.380
IL1A
1.433
0.363
IL1B
0.620
0.077
IL6ST
1.073
0.341
IL7
0.741
0.231
LAMA1
0.907
0.577

MDA-MB-361
Gene
FC
p-value
AREG
0.627
0.055
COL18A1
1.572
0.137
COL1A1
1.170
0.339
COL5A1
1.561
0.324
COL6A1
1.332
0.336
COL9A1
1.226
0.978
CTSB
1.781
0.016
CXCL12
1.444
0.045
EGF
1.386
0.038
EGFR
0.760
0.013
FN1
0.196 <0.001
IGFBP3
7.091 <0.001
IGFBP4
1.456
0.041
IGFBP5
3.816 <0.001
IL6ST
1.450
0.138
IL8
0.160
0.007
KITLG
2.541
0.005
LAMA3
1.244
0.456
LAMA5
1.349
0.038
LAMB1
1.198
0.494
LAMB2
2.455
0.018
LAMB3
1.996 <0.001
LAMC1
1.778 <0.001
TIMP1
2.287
0.064
TIMP2
0.625
0.083
TNFRSF1A 1.099
0.714
VEGFA
1.552
0.009
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MDA-MB-453
Gene
FC
p-value
COL18A1
2.143
0.628
COL1A1
0.752
0.285
CTSB
1.320
0.182
EGF
10.385 0.034
EGFR
1.755
0.210
ICAM1
2.077
0.073
IGFBP3
1.463
0.046
IGFBP4
0.496
0.057
IGFBP5
1.567
0.396
KITLG
1.643
0.183
LAMA5
1.681
0.024
LAMB1
0.494
0.011
LAMB2
3.347
0.019
LAMB3
1.548
0.426
LAMC1
2.375
0.180
MMP13
6.372
0.040
TIMP1
1.756
0.170
TNFRSF1A 0.955
0.659
VEGFA
2.229
0.007

Supplementary Table 3: Impact of CDK4/6 inhibition on SASP genes (continued).
LAMA2
LAMA3
LAMA5
LAMB1
LAMB2
LAMB3
LAMC1
MIF
MMP10
MMP12
MMP13
MMP14
MMP3
NGF
NOS2
NOS3
NRG1
PGF
PLAT
PLAU
PLAUR
SERPINB2
SERPINE1
TIMP1
TIMP2
TNFRSF11B
TNFRSF1A
TNFRSF1B
VEGFA

1.808
1.061
0.819
1.028
0.900
0.918
0.888
0.822
1.445
1.308
2.388
1.089
2.887
1.189
1.661
0.972
1.498
0.679
1.243
1.238
1.507
12.000
1.231
1.271
1.094
0.880
0.958
1.196
0.875

0.024
0.827
0.295
0.888
0.147
0.494
0.334
0.177
0.219
0.274
0.026
0.663
0.001
0.772
0.492
0.886
0.210
0.060
0.335
0.359
0.178
0.102
0.347
0.421
0.349
0.649
0.548
0.097
0.597
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Supplementary Methods 1: Gating strategy for T cell populations.
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Supplementary Methods 1. Gating strategy for T cell populations
Flow cytometry gating strategy for T cell populations (CD4+, CD8+, and CD4+ regulatory T cells) in spleen, blood,
lymph node, thymus, and tumors. Representative plots from splenocytes shown.

Supplementary Methods 2: Gating strategy for thymic cell populations.
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Supplementary Methods 2. Gating strategy for thymic cell populations
Flow cytometry gating strategy for thymocytes.
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Supplementary Methods 3. Gating strategy for inhibitory receptors on intratumoral T cells
Flow cytometry gating strategy for intratumoral CD8+ and CD4+ T cells in order to examine expression of
PD-1, Tim-3, CTLA-4, and LAG3 in MMTV-rtTA/tetO-HER2 tumors. Representative PD-1, Tim-3, CTLA-4,
and LAG3 plots for each experimental condition are shown in Figure 4h and Extended Data Figure 10d-f.
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