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Abstract

CDKA4/6 inhibitors are approved to treat breast cancer and are in trials for other malignancies. We
examined CDK4/6 inhibition in mouse and human CD8 T cells during early stages of activation.
Mice receiving tumor-specific CD8 T cells treated with CDK4/6 inhibitors displayed increased

T cell persistence and immunologic memory. CDK4/6 inhibition upregulated Mxd4, a negative
regulator of Myc, in both mouse and human CD8 T cells. Silencing of Mxd4 or Myc in mouse
CD8 T cells demonstrated the importance of this axis for memory formation. We used single cell
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transcriptional profiling and TCR clonotype tracking to evaluate recently activated human CD8 T
cells in breast cancer patients before and during treatment with either palbociclib or abemaciclib.
CDKA4/6 inhibitor therapy in humans increases the frequency of CD8 memory precursors and
downregulates their expression of MY C target genes, suggesting that CDK4/6 inhibitors in cancer
patients may augment long-term protective immunity.
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Introduction

Cancer immunotherapy has made remarkable progress, with its signature achievement being
extension of overall survival and long-term durable remissions in a minority of patients.
So-called “tail of the curve” 5-year survivors are touted as the most significant benefit

of immunotherapeutics and rely on memory CD8 T cells to provide long-term immune
surveillance (1). Yet, the question of how memory CD8 T cells form in cancer patients is
not well understood. Effector CD8 T cells, including those re-invigorated by checkpoint
blockade, can lyse tumor cells and produce cytokines like IFN+y to control tumor growth;
however, these are not the same cells that confer long-term memory (2). Anti-CTLA4

may influence both effector and memory responses, although the mechanism by which
memory cells form in the context of checkpoint blockade is unclear (3, 4). No therapies are
specifically designed to improve memory formation in cancer patients.

CD8 T cell fate decisions occur soon after naive T cells first encounter peptide-MHC on
activated dendritic cells (5). The majority of CD8 T cells become effector cells, although

a few become memory cells. Memory T cell subtypes include tissue-resident memory cells
that seed the tissues and become sentinel cells for subsequent infections, as well as central
and peripheral memory cells that patrol blood, lymph, and secondary lymphoid organs.

In total, memory cells represent 2-5% of the T cell response given their lower rates of
proliferation compared to effector cells(6). Factors associated with augmented memory
include lower affinity, lower abundance, or temporally interrupted contacts between the T
cell receptor (TCR) and peptide-MHC complexes (7, 8). Memory cells undergo metabolic
changes distinct from short-lived effector cells, relying on oxidative phosphorylation rather
than glycolysis (9, 10). Inhibition of mTOR during immunization can skew a larger fraction
of cells toward a memory phenotype (11). These metabolic changes are associated with
altered mitochondrial morphology and signaling downstream of I1L-15 (12).

Single cell analysis of activated murine T cells reveals a bifurcation of transcriptional
phenotypes in the first cell division, with approximately half of the cells expressing
transcripts consistent with effector cells and half expressing transcripts consistent with
naive/memory cells (13, 14). These differences are diminished in later cell divisions due
to the highly proliferative nature of effector cells and their precursors, which rapidly dilute
out the memory cell precursors resulting in a ratio of 1:20 to 1:50 memory to effector cells
at the peak of an immune response. The hypothesis that memory cell fate decisions are
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made prior to the first cell division is supported by observations that the first cell division
is asymmetric (14-17). Both MYC and mTOR segregate unevenly into daughter cells, with
the cell receiving more copies of MYC and mTOR becoming an effector cell, whereas the
daughter cell receiving less of these protein is fated to become a memory cell (15, 17).

Cellular proliferation is a hallmark of T cell activation, with rare antigen-stimulated clones
dividing exponentially. The rate of cell division is heterogenous, and CD4 T cells arrested
in G1 phase have been shown to produce higher levels of effector cytokines than more
rapidly dividing cells (8). Central memory precursors divide at slower rates /7 vivo than
their effector cell counterparts (18) although this slower division speed is not apparent

in the initial cell divisions (19). Genetic deletion of the CDK regulator p27XiP1 results in
augmented effector and memory T cells responses, but these results may not extrapolate
to acute drug-mediated interference with cell cycle progression (20). We hypothesized that
pharmacologic inhibition of the cell cycle might affect T cell fate decisions, in particular that
slowly dividing cells, or cells arrested in the G1 phase of the cell cycle, might be skewed
toward a long-lived memory phenotype.

CDKA4/6 inhibitors are approved for treatment of metastatic hormone-receptor positive
breast cancer and are in clinical trials for other tumor types, either as single agents or

in combination therapies. Although these drugs were developed based on their ability to
cause cytostatic G1 arrest in tumor cells, they also have profound effects on anti-tumor
immunity (21-24); however, the mechanisms proposed are divergent, resulting in an
incomplete understanding of how best to apply CDK4/6 inhibitors as immunotherapy
agents. Combination of CDK4/6 inhibitors with PD-1 blockade (with and without endocrine
therapy) unfortunately led to high rates of hepatitis and several events of fatal pneumonitis
in clinical trials for both early and late stage hormone-receptor positive breast cancer (25).
These trials have largely been stopped for toxicity, and in light of these devastating results,
the clinical path forward for use of CDK4/6 inhibitors in combination with immunotherapy
is not clear.

To determine the precise effect of CDK4/6 inhibition on tumor-specific CD8 T cells, we
examined the influence of these drugs on CD8 T cells during their initial activation and
examined how CDKA4/6 inhibitor exposed cells expanded and controlled tumor growth in
both the primary and rechallenge setting. We demonstrate that CDK4/6 inhibition skews
CD8 T cells toward a memory cell fate in both mice and humans; however, this occurs by
regulation of the Myc/Mxd4 axis and is unrelated to the rate of cell division. We propose
that a short course of CDKA4/6 inhibition could be used to establish a tumor-specific memory
CD8 T cell pool, thereby allowing for subsequent administration of checkpoint blockade.

To track the fate of tumor-specific CD8 T cells in vivo, we used TRP1 transnuclear mice
cloned from the nuclei of CD8 T cells specific for the melanoma antigen tyrosinase related
protein 1 (TRP1). Both TRP1M9" and TRP1!W effector CD8 T cells can delay growth of
B16F10 melanoma in vivo to similar extents, despite a 100-fold difference in affinity of the
TCRs for native TRP1 peptide presented on MHC class | (26, 27). We isolated TRP1high
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CD8 T cells and activated them ex vivo in the presence of the CDK4/6 inhibitor palbociclib
(500nM) or vehicle. After 48 hours, CD8 T cells were adoptively transferred into host

mice bearing palpable B16F10 tumors and congenically mismatched at the CD45 locus to
facilitate identification of transferred cells by flow cytometry. Six days later, tumors were
surgically excised, and mice were rested for an additional 30 days to allow for contraction
of effector CD8 T cells, leaving a pool of memory TRP1M9" cells. To test the quality of

the memory response induced, mice were challenged again with twice the original dose of
B16F10 cells on the opposite flank (Figure 1A). At the time of surgery, TRP1 frequencies in
both the tumor and spleen were similar between vehicle and palbociclib groups (Figure 1B—
C). The transferred TRP1 cells efficiently became effector cells as evidenced by similarly
high rates of KLRG1 expression in the tumor infiltrates (Figure 1B). During the peak of

the primary response, more palbociclib-exposed CD8 T cells became memory precursor
cells, as defined by intermediate expression of CX3CR1 (Figure 1D) and expression of
IL7Ra (Figure 1E) (28). Upon rechallenge with B16 tumors in the memory phase, mice
receiving palbociclib-treated CD8 T cells fared better than their vehicle counterparts with

a higher proportion of animals fully rejecting their tumors (Figure 1F). Consistent with

an improved memory response, mice in the palbociclib group had higher frequencies of
TRP1Ni9" CD8 T cells in their spleens after rechallenge (Figure 1G). To determine whether
the effects of palbociclib were consistent across a range of TCR clonotypes, we performed
the same experimental protocol shown in Figure 1A using either low affinity CD8 T cells
stimulated with TRP1 peptide (TRP1!°%, Figure 1H-I) or OT-I CD8 T cells stimulated with
anti-CD3/CD28 beads (Figure 1J-K). Regardless of the TCR clonotype examined, previous
exposure to palbociclib augmented the frequency of T cells observed in the memory phase.
However, the degree of tumor control greatly differed among the different clonotypes, with
OT-1 T cells slightly outperforming TRP1M3h cells, while TRP1!9W cells had no ability to
control tumor growth. Thus, palbociclib augments immunologic memory to a similar extent
regardless of the TCR expressed; tumor control at rechallenge is determined by the affinity
of the TCR.

To determine whether augmentation of immunologic memory could be observed in mice
treated systemically with palbociclib, we adoptively transferred OT-1 T cells into naive mice
and vaccinated with SIINFEKL peptide conjugated to an alpaca antibody fragment targeting
MHC class Il that we have previously shown is an effective vaccine platform (Supplemental
Figure 1A) (29). Oral dosing of palbociclib during the 3 days post-vaccination increased

the expression of IL-7Ra on antigen-specific CD8 T cells detected in the spleen at day

7, indicating increased formation of memory precursors (Supplemental Figure 1B-D). To
determine whether systemic palbociclib increased memory formation of antigen-specific T
cells in the context of a tumor-bearing mouse, we adoptively transferred naive TRP1high
CD8 T cells into congenically mismatched B16-tumor bearing hosts. Mice were treated with
vehicle or palbociclib for 6 days prior to surgical removal of the tumors and establishment
of immunologic memory (Supplemental Figure 1E). Upon rechallenge with tumor 30 days
later, mice that had previously been treated with palbociclib showed slightly better tumor
control and increased TRP1M9N cells in the spleen, consistent with augmented immunologic
memory (Supplemental Figure 1F-G).
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Activated T cells expand and contract over the course of an immune response. To track

how CDK4/6 inhibition affects the kinetics of T cell responses, CD8 T cells were activated
with anti-CD3/CD28 in vitro for 48 hours in the presence of palbociclib or other cell cycle
inhibitors (Figure 2A). Each compound, with the exception of Polo-like kinase inhibitor
(PLKi), was titrated and used at a final concentration that inhibited CD8 T cell proliferation
by approximately 50% as measured by dilution of the dye CFSE 4 days after stimulation
(Figure 2A). PLK inhibition was highly effective at blocking cell division, although CD8

T cells were able to start dividing upon removal of the drug and transfer into mice.

CD8 T cells were washed, transferred into congenically-mismatched host mice, and their
frequencies in peripheral blood were monitored over time. CD8 T cells activated with
anti-CD3/CD28 in the presence of palbociclib expanded to a higher degree and contracted
to a higher baseline level than CD8 T cell primed in the presence of vehicle or inhibitors of
any of the other cell cycle components tested (CDK7, Aurora kinase, PLK, CDK1/2) (Figure
2B and Supplemental Figure 2A). After 84 days, mice were vaccinated with irradiated
B16-GVAX mixed with TRP1 peptide. This vaccine elicited a more robust post-vaccination
response in the palbociclib group, consistent with a higher frequency of memory cells
(Figure 2C). Increased persistence and recall responses were also observed when CD8

T cells were activated in the presence of two other CDK4/6 inhibitors abemaciclib or
ribociclib (Figure 2D). This occurred whether T cells were activated with anti-CD3/CD28 or
with peptide-pulsed antigen presenting cells and occurred across multiple TCR clonotypes
including polyclonal CD8 T cells (Figure 2D and Supplemental Figure 2A-B). Transferred
T cell frequencies were tracked longitudinally in blood and were found to correlate well with
frequencies in the spleen (Figure 2E). CDK4 inhibition has been shown to lead to increased
surface PD-L1 expression (21), a finding we confirmed on CD8 T cells activated in the
presence of CDK4/6i (Supplemental Figure 2C). This increased surface PD-L1 did not affect
the ability of CDK4/6i to enhance memory formation as increased persistence of transferred
CD8 T cell was observed in the presence of PD-1 blocking antibodies (Supplemental Figure
2D). To determine whether the augmented memory response was a general property of
slowly cycling cells, we took advantage of the natural heterogeneity in T cell activation to
sort cells that were initially either slow or fast dividers. Polyclonal CD8 T cells were labeled
with the dye CFSE and activated /n vitro for 48 hours in the absence of drug treatment. We
then sorted cells that had divided only once during this period (“slow dividers™) versus cells
that had divided three or more times (“fast dividers™) and transferred these into congenically
mismatched host mice. Unfractionated cells activated in the presence of palbociclib or
vehicle were included as positive and negative controls. Although palbociclib-treated CD8
T cells showed increased expansion and persistence, no differences were observed between
slow and fast cyclers (Figure 2F). These findings demonstrate that slow-dividing cells

are not intrinsically more capable of memory formation. Given that augmented memory
formation was observed with three different CDK4/6 inhibitors but not with multiple other
means of slowing the cell cycle, we concluded that the augmentation of memory formation
was not solely dependent on cell cycle arrest. Although we did not observe augmented
memory with the several other cell cycle inhibitors tested, CDK4/6i may be one of several
routes to achieving augmented memory formation.
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Several mechanisms of action linking CDK4/6 inhibition to anti-tumor immunity have
been proposed including increased phosphorylation of NFAT4 leading to increased IL-2
production from human CD4 T cells (24). NFAT is a family of transcription factors that in
response to increased intracellular calcium become phosphorylated, dimerize, and rapidly
translocate to the nucleus. NFAT activity is then regulated by its rate of nuclear export,
which can occur over minutes to hours (30). We evaluated NFAT1, the primary isoform in
mouse T cells (31), in CD8 T cells with and without palbociclib and found no differences
in the rate of nuclear export, indicating that at least in mice, NFAT phosphorylation does
not account for the effects of CDK4/6 inhibition on T cell fate (Supplemental Figure 3A-
B). CD4 and to a lesser extent CD8 T cells have been reported to increase production of
other cytokines such as IFN-y upon activation and exposure to CDK4/6 inhibitors (24). To
examine whether effector cells generated in the presence of palbociclib displayed long-term
potentiation of effector cell functions in the context of restimulation through the TCR, we
activated TRP1M9" CD8 T cells in the presence of palbociclib and then rested them for

6 days to generate effector cells. Upon restimulation of these CD8 T cell effectors, we
found that the presence of palbociclib during activation had no discernable effect on IFNy
production or the ability to kill melanoma tumor cells (Supplemental Figure 4A-E), which
is consistent with our findings of equivalent effector cell frequencies in tumor infiltrates
from primary tumors of mice receiving adoptively transferred TRP1M9h cells (Figure 1B).
We therefore conclude that CDK4/6 inhibition augments memory responses in CD8 T cells
while minimally affecting effector capacity upon re-engagement with antigen.

CD8 T cell fate decisions occur early during activation, usually prior to the first cell
division (13, 26). Surface markers such as IL7Ra are shared between memory precursors
and naive cells. To distinguish between true memory precursors and cells that failed to
become activated, we labeled CD8 T cells with CFSE and activated them in the presence
of palbociclib or the CDK4/6 degrader molecule BSJ-02-162 (Supplemental Figure 5A-E)
(32). Both palbociclib and BSJ-02-162 induced long-term persistence of CD8 T cell in
vivo (Supplemental Figure 5B—C). Both compounds also delayed cell division rates /in
vitro (Supplemental Figure 5D); however, gating on CFSE-diluted cell as an indicator of
activation revealed increased expression of IL7Ra and Bcl-2 on non-naive cells after 48
hours (Supplemental Figure 5E). These results indicate that both enzymatic inhibition and
targeted degradation of CDK4/6 result in similar skewing of activated CD8 T cells toward a
memory precursor fate.

Murine CD8 T cells activated in the presence of three different CDK4/6 inhibitors showed
persistent expression of CD62L (Figure 3A and Supplemental Figure 5F-G) as well

as IL7Ra and Bcl-2 (Figure 3B—C), consistent with a memory precursor state. Having
established that 48 hours of CDK4/6 inhibition during CD8 T cell activation was sufficient
to confer long-term differences in immunologic memory, we proceeded to characterize the
cellular changes in the first 48 hours correlating with altered cell fates. Transcriptional
analysis of bulk RNA from mouse CD8 T cells activated in the presence of vehicle

or palbociclib revealed Mxa4 as a top differentially expressed gene (Figure 3D-E). We
examined Mxad4 expression by qPCR at 48 hours post-activation in the presence of our
panel of cell cycle inhibitors. Mxd4 was significantly higher in the palbociclib condition
than in any of the other groups, suggesting that the increased Mxd4 is specific to CDK4/6
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inhibition and not replicated across the other cell cycle inhibitors tested (Supplemental
Figure 6A). Mxd4 belongs to a family of transcription factors that associate with Max,

the obligate heterodimeric partner of Myc (33). Binding of Mxd4 to Max sequesters Max
away from Myc and represses the transcription of Myc target genes (33). We observed

a distinct downregulation of Myc target genes in CD8 T cells activated in the presence

of CDK4/6 inhibitors despite Myc transcript levels remaining unchanged (Figure 3E-F).
To determine whether this Mxd4/Myc axis regulates memory formation in CD8 T cells,

we transduced anti-CD3/CD28 activated TRP1M9" CD8 T cells with shRNAs targeting
Mxd4, Myc, or scrambled control (Supplemental Figure 6B—C). Mxd4 silenced CD8 T
cells showed increased transcription of several Myc target genes, as expected given the
known role of Mxd4 as a negative regulator of Myc activity (Supplemental Figure 6D).

We performed transcriptional profiling on control versus Mxd4-silenced CD8 T cells and
examined differentially expressed genes at 72 hours post-activation with anti-CD3/CD28
beads. In this context, control cells with normal levels of Mxd4 had increased expression of
genes associated with memory cells (Cd28, /17r) and with cell cycle regulation (Ckdnla,
Ccngl) while Mxd4-silenced cells had increased expression of genes associated with
effector cells (Cc/5, Eomes, KIf2, Gzma, Ifng) (Supplemental Figure 6E). Upon transfer
into host mice, Myc-silenced cells expanded to greater frequencies and persisted at higher
levels than the scrambled shRNA control cells (Figure 3G). By contrast, Mxd4-silenced
cells failed to persist, and 2 out of 5 mice had undetectable TRP1M9N cells at the final

time point. To determine whether Mxd4 is required for the palbociclib-induced memory
formation, control or Mxd4-silenced CD8 T cells were activated with anti-CD3/CD28 in the
presence of vehicle or palbociclib and transferred into congenically mismatched host mice.
Whereas control CD8 T cells exposed to palbociclib showed greater expansion, persistence
and recall response to vaccination, Mxad4-silenced cells showed no increase in persistence
when exposed to palbociclib (Figure 3H). These results indicate that silencing Myc confers
increased memory potential in CD8 T cells, and Mxd4-mediated suppression of Myc is
responsible for the augmentation of memory potential in CD8 T cells treated with CDK4/6
inhibitors.

To determine whether similar effects occurred in humans, we isolated CD8 T cells

from healthy donor peripheral blood and activated them with anti-CD3/28 beads in the
presence of vehicle or palbociclib. CDK4/6 inhibitor treatment increased the frequency

of IL7Ra*CD7* memory precursors in five of six individual donors (Figure 4A). Upon
transcriptional profiling of CD8 T cells activated in the presence of palbociclib, MXD4
was the top upregulated gene (Figure 4B). As we had observed in mouse cells, palbociclib
exposure resulted in decreased transcription of MYC target genes despite no change in
MY C transcript levels (Figure 4C-D). CDK4/6 inhibition imprinted an epigenetic signature
consistent with decreased MY C activity. ATACseq analysis revealed that accessibility
throughout MY C target gene loci was decreased with CDK4/6 inhibition, consistent with
decreased target gene transcription (Figure 4E). MXD4 and MYC protein levels are
dynamically regulated following T cell activation: MY C increases post-activation, while
MXD4 decreases immediately post-activation and increases slowly thereafter. Palbociclib
treatment results in retention of MXD4 protein even at early time points (Figure 4F).
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CDKA4/6 inhibitors are used to treat metastatic hormone receptor positive breast cancer and
are in trials in the adjuvant setting (34). To determine whether newly activated CD8 T cells
in humans treated with CDK4/6 inhibitors are skewed toward a memory fate, we obtained
peripheral blood mononuclear cells from 7 breast cancer patients (4 patients on CDK4/6
inhibitor with endocrine therapy, one on CDK4/6 inhibitor monotherapy, and 2 patients on
endocrine therapy alone) and 4 healthy donor controls (Table S1). Five of the 7 cancer
patients were receiving therapy in the adjuvant setting for breast cancer and had no evidence
of disease during this study. Two patients (one in the CDK4/6 inhibitor group and one

in the endocrine therapy group) were receiving therapy for metastatic breast cancer. For
cancer patients, we collected blood prior to the initiation of CDK4/6 inhibitor treatment,
and again at 2 or 4 weeks on treatment (Figure 5A). To identify recently activated cells, we
sorted CD8+ cells that were CD45RO/RA intermediate. We used a generous sorting gate
such that for each patient we would sequence some true naive (CD45RA*) and memory
(CD45R0") cells, thus ensuring 1) that we obtained naive and memory cell signatures for
comparison to recently activated cells and 2) that we captured all transitional populations
between these two poles (Figure 5B). We performed droplet-based single cell transcriptional
profiling on more than 61,000 cells from 18 different samples and grouped these into 11
clusters (Figure 5B). Clusters were in smooth contiguity with each other when visualized
by UMAP, a technique geared toward authentic representation of the global topology of
complex data, in line with our goal of comprehensively capturing the full spectrum of T cell
transitional transcriptional states. /L 7Rand 7CF7 identified naive and memory cells, while
CCL5reliably identified all antigen-experienced cells (Figure 5C and Table S2). Cytolytic
effector cells expressed key defining genes GNLY, PRF1, GZMB. The highest levels of
cytotoxic effector transcripts were found in cluster 7 and co-expressed with NK cell ligands
suggesting an NK-like highly cytolytic population. Naive cells (cluster 0) and memory cells
(cluster 4) were clearly identifiable in each sample, indicating that we had captured cells
from the highly abundant CD45RA and RO single positive cell clusters at the edge of our
sorting gate (Figure 5D). Since we had intentionally captured only a small fraction of the
total naive and memory cells, clusters 0 and 4 were not counted as part of the frequency
distribution. The remaining cells showed a similar distribution pattern among healthy and
cancer patients, and between pre- and post- CDK4/6 inhibitor treatment, indicating that CD8
T cell activation occurs normally in patients with breast cancer and is not obstructed by
treatment with CDK4/6 inhibitors (Figure 5E).

We explored whether we could identify central memory precursors in our sSCRNAseq dataset
of recently activated CD8 T cells. Although we could assign identities to most of the clusters
in our dataset, cluster 5 proved difficult since it expressed few globally distinct markers

and appeared scattered in two places on the UMAP plot. We performed RNA velocity
analysis, which infers the near-future states of cells from their unspliced mRNA (35). By
this approach, two of the three velocity vector sources were in cluster 5 emanating toward
sinks in the effector, memory and GATA3* populations, clearly indicating that cells in
cluster 5 are engaged in fate decision making (Figure 5F-G). We performed a subclustering
analysis and found that cluster 5 separated into two clusters with distinct differentially
expressed genes that paralleled effector and memory cells (Figure 6A). Remapping of
cluster 5 onto the original UMAP also showed subcluster 5M near the memory cell cluster
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and subcluster 5E near the effector cell cluster, consistent with these being pre-memory
and pre-effector cell populations, respectively (Figure 6B). The top differentially expressed
transcripts between 5M and 5E correlated with higher levels of those same transcripts in
more terminally differentiated memory and effector cell populations (Figure 6C). The ratio
of cells in 5M to 5E reflects the proportion of newly activated CD8 T cells becoming
pre-memory versus pre-effector cells. In healthy donors and in patients prior to CDK4/6
inhibitor treatment, this ratio is approximately 1. However, in 4 out of 5 post-CDK4/6
treatment samples, the ratio increased approximately 2-fold, indicating skewing toward
memory precursors (Figure 6D). Of note, in the single patient whose 5M:5E ratio did not
increase, the top expanded clonotype matched an Influenza-A specific TCR Va sequence
from the TCR3d database (36), suggesting that this patient may have been in the contraction
phase of an acute viral infection at the start of CDK4/6 inhibitor treatment. Given our
previous /n vitro data connecting suppression of the MYC pathway to CD8 T cell memory
augmentation, we also calculated an aggregated MY C target gene expression score for the
transitional cells in cluster 5 pre- and on-treatment with CDK4/6 inhibitors. We found a
marked decrease in MY C scores post-treatment, suggesting that CDK4/6 inhibitors indeed
suppress the MY C axis in recently activated transitional CD8 T cells /n vivo (Figure 6E-F).

TCRs from single cell sequencing data can be used as molecular barcodes to track cell fates
over time (37). We obtained paired ap TCR sequences and identified clonally expanded T
cells as cells whose TCR was found more than once in our dataset and was not one of the
canonical MAIT TCRs (Supplemental Figure 7A-C). We then asked which TCR clonotypes
were shared across multiple cell clusters, indicating movement of cells between multiple
populations. The clusters with the greatest fraction of shared clonotypes were 5M and 5E,
consistent with these being transitional populations (Figure 6G). We next compared the flux
of shared clonotypes through each cluster in the pre- versus post-CDK4/6 samples. Cluster
5M showed a net gain of more than 40 clonotypes, far more than any other cluster (Figure
6H). Cluster 5M also showed the highest percentage of previously unshared clonotypes that
then become shared in the post-treatment samples (Figure 61). Our analyses suggest that
CDKA4/6 inhibition leads to an increase in both the number and diversity of peripheral CD8
T cells entering the memory precursor pool in breast cancer patients. We therefore conclude
that breast cancer patients newly started on CDK4/6 inhibitor therapy skew CD8 T cells
toward a memory cell fate.

Discussion

Here we show that inhibition of CDK4/6 in CD8 T cells at the time of T cell activation has
little effect on cytolytic function or cytokine production, but skews the CD8 T cells toward
a memory cell fate. Mice administered tumor-specific CD8 T cells activated in the presence
of CDK4/6 inhibitors were protected from subsequent tumor challenge. Memory CD8 T
cells tracked longitudinally for up to three months were consistently elevated if the T cells
had been activated in the presence of a CDK4/6 inhibitor, but this effect was not seen with
other means of inhibiting or slowing the cell cycle. We traced the mechanism to increased
expression of Mxad4 in both mouse and human CD8 T cells and a resultant downregulation
in Myc activity.
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Myec is dynamically regulated during T cell development both at the RNA and post-
transcriptional level. Myc downregulation during the double-positive stage of thymic
development is associated with upregulation of Mxd family members and marks the end

of the post TCRp selection proliferative burst (38). In mature T cells, Myc is upregulated
upon stimulation through the TCR and controls the temporal window of proliferation, with
loss of Myc protein immediately preceding transition to quiescence in activated T cells
regardless of how many cell divisions had occurred (39). Myc is tightly linked to cellular
proliferation in many cell types, underscoring its importance as an oncogene in multiple
cancer types including T and B cell lymphomas. Myc has also been linked to immunologic
memory, with asymmetrically dividing cells generating high Myc pre-effector cells and low
Myc central memory precursor cells (15).

Mxd4 is part of a family of Max-binding transcription factors that include the transcriptional
activator Myc and transcriptional repressors Mxd1-4 and Mnt (33). Mxd4 protein levels
increase upon T cell activation and are enhanced by costimulation through the TNFR

family member OX40 (40). OX40 engagement prevents cells from Myc-induced apoptosis,
and confers long-lived persistence /n vitroand in vivo, consistent with our observations

that increased Mxd4 and resultant down regulation of Myc target genes lead to increased
memory CD8 T cells /n vivo. We observed dynamic regulation of Mxad4 transcripts in

both mouse and human CD8 T cells, suggesting that although Mxd4 protein stability is
regulated by serine phosphorylation (40), Mxd4 is unlikely to be a direct phosphorylation
target of CDK4 or CDK6. CDK4 phosphorylates and inactivates the transcription factor
FoxO1, which has been linked to memory formation through its regulation of 7¢f7and
linked to negative regulation of MYC (41, 42). The promoter region of Mxd4 contains
forkhead transcription factor binding motifs, and thus FoxO1 may be a direct transcriptional
regulator of Mxd4, thereby providing feedback inhibition of MYC target genes, a key part of
promoting the memory lineage. Alternatively, Lelliot et al found differential phosphorylation
of the transcription factor host cell factor 1 (Hcf1) in mouse and human cells treated with
palbociclib suggesting that Hcf1 might be phosphorylated by CDK4/6. Hcfl forms the
repressive half of a heterodimeric complex with Miz-1 that binds to the Mxd4 promoter,

and loss of Hcfl from this complex enables transcriptional activation of Mxad4 (43, 44).

We hypothesize that CDK4/6 inhibition and prolongation of the G1-S transition results in
increased Mxd4 transcription and increased competition with Myc for Max binding.

The T cell receptor is a unique molecular barcode that can be used to track clonally
expanded cells and movement of those clones over time (37). Our analysis of paired pre-
and on-treatment samples allowed a dynamic analysis of the flux of clonotypes over time
and identified memory precursor cells as showing the highest degree of sharing with other
cell clusters, indicating the transitional nature of this population. Both the flux of new
clonotypes into, and newly originating from, the memory precursor population increases
dramatically with CDK4/6 inhibitor treatment. These findings were corroborated by RNA
velocity analysis, an orthogonal approach that relies on unspliced mRNA rather than on
TCR sequences. Importantly, we also observed an overall decrease in MYC target gene
expression in transitional CD8 T cells from patients receiving CDK4/6 inhibitor therapy,
suggesting that the MXD4/MY C axis may regulate this fate decision /n vivo, as well as in
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vitro. Thus, in human breast cancer patients, we found that treatment with either palbociclib
or abemaciclib skews newly activated CD8 T cells toward a memory precursor fate.

Our single cell dataset comprises greater than 60,000 recently activated CD8 T cells from
both healthy donors and cancer patients. We provide a comprehensive landscape of the
transitional states that CD8 T cells undergo post-activation, as well as bona fide naive

and memory CD8 T cells from the same set of patients. These analyses revealed several
populations of interest in addition to the central memory precursors that we have highlighted
herein. Recently activated effector cell populations included cytolytic effector cells (cluster
3) as well as a highly cytolytic population reminiscent of NK cells (cluster 7). Unexpectedly,
we also found that GATAS3 expressing CD8 T cells in a relatively quiescent state (cluster

6) represented a terminal sink. The functional importance of these cells is still unknown.
Finally, cluster 9 included cells with high levels of the transcription factor HOBIT (ZNF683)
and other markers of tissue-resident memory cells (Trms). Trms are typically found in
tissues and are the predominant CD8 T cell population in breast cancer correlating with
good prognosis (45). Trms are not typically found in peripheral circulation, although they
have been reported in HIV* patient blood and lymph nodes (46). The fraction of HOBIT+
cells in our dataset is very low, although intriguingly the frequency of these rare cells
increases with CDK4/6 inhibitor therapy and may be worth further investigation.

Abemaciclib, palbociclib, and ribociclib all increase overall survival in breast cancer
patients, with the longest reported data extending to 4 years (47-52). Of note, in the
analysis of ribociclib, overall survival curves did not separate until 24 months, a pattern
more consistent with an immunotherapy than a cytotoxic agent (47). We conjecture that

the increase in overall survival may reflect a dynamic equilibrium with adaptive immunity,
suggesting that the greatest benefit to CDK4/6 inhibitors may occur early in treatment. Our
findings suggest that CDK4/6 inhibitors may have broad utility outside of breast cancer,
and importantly, that these drugs would have the highest utility in the neoadjuvant setting
when CD8 T cell activation in response to tumor antigens may occur. Early treatment with
CDKA4/6 inhibitors to establish a memory CD8 T cell pool followed by checkpoint blockade
would allow for non-concurrent administration of these agents, thereby likely avoiding the
synergistic toxicity observed when CDKA4/6 inhibitors are given simultaneously with PD-1
blockade (25). Neoadjuvant CDK4/6 inhibition followed by checkpoint blockade is currently
being explored (NCT04075604), potentially paving the way for treatment of a range of
resectable cancers.

Materials and Methods

Animal care

Animals were housed at the Dana-Farber Cancer Institute and were maintained according
to protocols approved by the DFCI Institutional Animal Care and Use Committee
(IACUC) (#14-019 and #14-037). TRP1M9" and TRP1!°W transnuclear mouse lines were
generated by us as previously reported and maintained in house (27). Both lines are

now available through Jackson labs (IMSR Cat# JAX:30957, RRID:IMSR_JAX:30957
and IMSR Cat# JAX:30958, RRID:IMSR_JAX:30958). TRP1M9" mice were also
crossed to CD45.1* mice from Jackson labs (B6.SJL-Ptprca Pepch/BoyJ, IMSR Cat#
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JAX:002014, RRID:IMSR_JAX:002014). C57BL/6-Tg(TcraTcrb)1100Mjb/J (OT-1) (IMSR
Cat# JAX:003831, RRID:IMSR_JAX:003831) and C57BL/6 (IMSR Cat# JAX:000664,
RRID:IMSR_JAX:000664) mice were purchased from Jackson Labs. Female mice aged
6-8 weeks and 18-25¢g were used throughout for both T cell donors and recipients to avoid
immunogenicity of Y-chromosome encoded genes. /1 vitro experiments were performed on
T cells isolated from pooled male and female mice.

Patient samples

Cell lines

Chemicals

For breast cancer patients, we obtained written informed consent from the patients, and the
studies were conducted in accordance with the Declaration of Helsinki and the Belmont
Report. Patient peripheral blood samples were obtained via Dana-Farber Cancer Institute
Institutional Review Board protocols 18-258, 13-364, and/or 17-024. Anonymous healthy
donor leukopacks were obtained from the Kraft Family Blood Donor Center at Dana-Farber
Cancer Institute and Brigham and Women’s Hospital, protocol T0363. Breast cancer patients
included both female and male patients. Age range 33-67. Inclusion criteria were diagnosis
of breast cancer and availability of a pre-treatment blood sample. No patients were excluded.
No patients were removed from the analysis. Healthy donors also included both males and
females.

B16-F10 cells were purchased from the American Type Culture Collection (ATCC Cat#
CRL-6475, RRID:CVCL_0159). B16-GVAX and B16-OVA cells (RRID:CVCL_WM78)
were a gift from Glenn Dranoff. Cells were cultured in RPMI 1640 medium (Gibco)
supplemented with 10% heat-inactivated FBS (Omega Scientific catalogue # FB-11), 2 mM
L-glutamine (Gibco), penicillin G sodium (100 U/mL, Gibco), streptomycin sulfate (100
pg/mL, Gibco), 1 mM sodium pyruvate (Gibco), 0.1 mM nonessential amino acids (Gibco),
and 0.1 mM B-mercaptoethanol (Sigma). Cells were passaged 2—6 times prior to use and
were used for experiments at 80-90% confluency. Mycoplasma testing was performed by
Charles River Laboratories every 6 months and was negative for the entire course of this
study. No further authentication was performed. HEK 293T cells (ATCC Cat# CRL-3216,
RRID:CVCL_0063) were purchased from ATCC and cultured in DMEM medium (Gibco)
supplemented with 10% heat inactivated FBS, 2mM L-glutamine and 100 U/ml penicillin G.

All cell cycle inhibitors were titrated on CFSE labeled CD8 T cells to identify a

dose that inhibited proliferation by approximately 50%. Mouse and human CD8 T cells
showed similar responses to each drug; therefore, the same concentrations were used for
both species. Palbociclib (PD 0332991, Sigma product #PZ0383) was used at 500nM.
Abemaciclib (LY 2835219, obtained from Eli Lilly Pharmaceuticals) was used at 100

nM. Ribociclib (LEE011, Selleckchem product #S7440) was used at 200 nM. CDK1/2i
(RO-3306, Selleckchem product #57747) was used at 4.5 pM. Aurora kinase inhibitor
(MLN-8054, Selleckchem product #S1100) was used at 1 pM. Polo-like kinase inhibitor
(GSK-461364, Selleckchem product #S2193) was used at 0.15 pM. CDKZ7i (YKL-5124) was
developed by Nathanael Gray’s lab as reported (53) and used at 100 nM. CDK4/6 degrader
(BJS 2-162) was developed by Nathanael Gray’s lab as reported (32) and used at 2 pM.
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In vivo experiments

In vivo experiments were performed as described (54). Briefly, 3x10° B16-F10 cells
(RRID:CVCL_0159) were inoculated by subcutaneous injection into the flank in 100uL

of phosphate buffered saline (PBS). Tumors were allowed to grow for 6—7 days and then
mice were randomized to different adoptive cell therapy treatment groups. Tumors were
allowed to grow for an additional 6 days. Tumors were then surgically excised, minced with
scissors, and incubated in RPMI containing digestion enzymes (Miltenyi tumor dissociation
kit, catalogue # 130-096-730) at 37°C for 30 minutes. Tumors were filtered through a
40-micron cell strainer, washed with PBS, and centrifuged at 300g for 5 min. The resulting
cell pellet containing tumor debris and infiltrating immune cells was resuspended in FACS
buffer (PBS with 2% fetal calf serum) and stained with a master mix of antibodies described
below. Spleens were crushed through a 40-micron cell strainer and erythrocytes removed
with ACK lysis buffer (150mM NH4CI, 10mM KHCOg3, 0.1mM Na,EDTA). In some cases,
mice were reinoculated after 30 days with B16-F10 (RRID:CVCL_0159) or B16-OVA
(RRID:CVCL_WMT78) cells (3%10°) and tumor size was measured over time. Measurements
were not blinded.

Flow cytometry

Cells from spleen, total tumor draining lymph nodes, and approximately 50mg tumor

were incubated with extracellular staining mix including 2% fetal calf serum (FCS) for

30 minutes at 4°C, washed once in PBS, and either resuspended in 2% FCS and 1%

EDTA in PBS for extracellular analysis only or were fixed, permeabilized, and stained

with intracellular antibodies against specific cytokines (intracellular cytokine buffer kit
from Biolegend catalogue # 421002). Analysis was performed on a BD Fortessa flow
cytometer. Analysis was performed on CD45+ cells after gating out doublets (via SSC-A
SSC-H gating) and dead cells (Zombie NIR Fixable Viability Kit, Biolegend catalogue #
423105). Flow cytometry antibodies were purchased from Biolegend: CD8 (clone 53-6.7
BioLegend Cat# 100728, RRID:AB_493426); CD25 (clone 3C7 BioLegend Cat# 101910,
RRID:AB_2280288); CD44 (clone IM7 BioLegend Cat# 103028, RRID:AB_830785);
CD45 (clone 30-F11 BioLegend Cat# 103147, RRID:AB_2564383); CD45.1 (clone A20
BioLegend Cat# 110706, RRID:AB_313495); granzyme B (clone QA16A02 BioLegend
Cat# 372214, RRID:AB_2728381); IFNy (clone XMG1.2 BioLegend Cat# 505829,
RRID:AB_10897937); CD45.2 (clone Ly5-2 BiolLegend Cat# 109806, RRID:AB_313443);
CX3CR1 (clone SA011F11 BioLegend Cat# 149006, RRID:AB_2564315); human IL7Ra
(clone A019D5 Biolegend Cat# 351332, RRID:AB_2562304); mouse IL7Ra. (clone
AT7R34 BioLegend Cat# 135033, RRID:AB_2564576); human CD7 (clone 4H9 BioLegend
Cat# 395604, RRID:AB_2820049); CD45RO0 (clone UCHL1 BiolLegend Cat# 304206,
RRID:AB_314422); CD45RA (clone HI100 BioLegend Cat# 304148, RRID:AB_2564157).
Analysis was performed using Flow Jo software (RRID:SCR_008520).

Cell culturing, proliferation assay, and cytokine analysis

Primary cells were cultured in RPMI 1640 medium (Gibco) supplemented with 10%
heat-inactivated FBS (Omega Scientific catalogue # FB-11), 2 mM L-glutamine (Gibco),
penicillin G sodium (100 U/mL, Gibco), streptomycin sulfate (100 pg/mL, Gibco), 1
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mM sodium pyruvate (Gibco), 0.1 mM nonessential amino acids (Gibco), and 0.1 mM
B-mercaptoethanol (Sigma), further referred to as RPMI complete. CD8* T cells were
isolated from spleen and lymph nodes of TRP1M9" and TRP1'°% mice using EasySep™
Mouse CD8+ T Cell Isolation Kit (negative selection kit, StemCell catalogue # 19853)

T cells were cultured in RPMI complete containing human IL-2 (100 U/mL Peprotech
catalogue # 200-02-250UG; day 0) in the presence of CD3/CD28 beads (Dynabeads
Mouse T Activator, Gibco catalogue # 11456). After coculture and treatment for 2 days,
T cells were either adoptively transferred via tail vein injection, stained and analyzed by
flow cytometry or RNA was isolated for downstream analyses (qQPCR and RNAseq). For
assessment of proliferation, cells were stained with Celltrace CFSE (Invitrogen catalogue
# C34554) according to the manufacturer’s instructions. Proliferation index was calculated
by dividing the mitotic events by the progenitors after 48h. CD8 effector T cells and
cytotoxicity assays with cocultured B16-F10 cells were performed as previously reported
(54).

Adoptive Transfer

CD8" T cells were isolated from TRP1M9" CD45.1* / TRP1!9W CD45.2* or OTI CD45.2*
mice and treated with different cell cycle inhibitors in the presence of IL2 and CD3/CD28
beads as already described. After 48 hours, 2x10% CD45.1*CD8* T cells were transferred
by intravenous injection (150uL volume, diluted in sterile PBS) into sex matched CD45.1+
or CD45.2+ recipient mice respectively. For the longitudinal monitoring of persistence after
transfer, mice were bled in the indicated intervals and flow cytometry was performed after
red blood cell lysis and staining as described above. For the tumor rechallenge experiments,
adoptive transfer was performed into B16 tumor-bearing mice at either 2 days or 5 days post
tumor-inoculation as indicated in the figure legend. For some experiments, tumor size was
monitored daily by precision calipers. For other experiments, tumor size was not measured
and mice were euthanized 6 days post adoptive transfer, and spleens, tumor draining lymph
nodes, and tumors were dissociated and analyzed by flow cytometry as described above.
Transferred T cells were identified as CD457CD8*CD45.1* cells or CD45*CD8*CD45.2*
cells respectively.

Quantitative PCR

RNA from CDKA4/6 inhibitor treated T cells was isolated as described above. RNA

was transcribed to cDNA with the iScriptTM Reverse Transcription Supermix (BioRad
catalogue # 10020178). Quantitative PCR was performed using the Sybr Green method
(SsoAdvanced™ Universal SYBR® Green Supermix, BioRad cataloque # 1725271). All
experiments were performed on a BioRad CF96 Cycler. Actin was used as the housekeeping
gene. Results are presented as 2"-Delta Delta Ct values.

Mammalian vectors and RNA interference

Templates for shRNA sequences for targets Myc and MXD4 were designed on the

Broad Institute Genetic Perturbation Platform (https://portals.broadinstitute.org/gpp/public/)
and cloned into a retroviral vector expressing RFP (pMSCVURP-U6-(xx)-UbiC-RFP-2A-
Puro, RRID:Addgene_28289) under control of the U6 promoter. Successful cloning

was confirmed by Sanger sequencing. Retrovirus was produced in HEK 293T cells
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(RRID:CVCL_0063) in DMEM media. Cells were transfected with cloned vector

and packaging vector (pCl Eco, RRID:Addgene_12371) at equal concentrations using

the TransIT293™ (Mirus, cataloque # MIR2704) protocol according to manufacturerfs
recommendations. Virus was harvested after 48h, filtered through a .45um filter and
concentrated in a PEG8000 based buffer. After resuspension in DMEM, concentrated virus
was flash frozen in liquid nitrogen and stored at —80°C or used directly for transduction.

Transduction of murine T cells

Immunoblot

CD8 T cells were isolated and activated as described above. After 24h of activation, cells
were transferred to 1.5 ml microcentrifuge tubes and resuspended in RPMI with 10% FCS
containing 12pug/ml DEAE (1*1076 cells/ml) and 100 pl of concentrated retrovirus was
added. Spin transduction was performed at 6000g at 25°C for 90 minutes. Afterwards,
supernatant was removed and cells were plated for another 48h with IL-2 and anti-CD3/
CD28 beads. RFP positivity was assessed via flow cytometry on a BD Fortessa flow
cytometer after 48hr and subsequently after adoptive transfer into recipient mice (see above)
at the indicated timepoints.

Protein was isolated using lab-made RIPA buffer. Protein content was then quantified using
the Micro BCA™ Protein Assay Kit (Thermo Fisher catalogue #23235). Equal amounts of
protein were then resolved on a 10% SDS PAGE after 5 minutes at 95°C in Laemmli buffer.
After transfer the PVDF membrane was blocked in 5% BSA for 1 hour at room temperature,
then exposed to primary antibody in 5% BSA over night at 4°C. Membranes were imaged
after exposure to HRP-conjugated secondary antibody and enhanced chemiluminescence
substrate (Perkin Elmer catalogue # NEL104001EA).

NFAT Signaling Index

Murine CD8 T cells were isolated as described above and activated with 50 ng/mL PMA
and 1 pg/mL ionomycin in the presence of vehicle or 0.5 uM palbociclib. After 5 minutes
of incubation at 37°C, an aliquot was deposited on a coverslip coated with poly-L-lysine as
Time 0. After a further 5 minutes of incubation, cyclosporin A was added to the remaining
cells to a final concentration of 1 uM. After 15, 35, and 55 minutes, an aliquot of cells
were plated on the poly-L-lysine-coated coverslips. Slides were incubated for 5 minutes in
a 37°C water bath then fixed with 4% formaldehyde for 15 minutes, at which point they
were covered with PBS. Free aldehydes were quenched with 50 mM ammonium chloride
in PBS before the slides were blocked and stained for NFAT1 (clone D43B1, secondary
Anti-rabbit IgG AF633) and DAPI for immunofluorescence. Images were analyzed using
Fiji (RRID:SCR_002285) to calculate the NFAT Signal Index as described previously (30).

Single-Cell RNA Sequencing

Peripheral blood monocytic cells (PBMC) were isolated from blood from healthy human
donors (Kraft Family Blood Donor Center at Dana-Farber Cancer Institute and Brigham
and Women’s Hospital, protocol #T0363) and matched samples from breast cancer patients
before and on CDK4/6-inhibitor treatment or endocrine therapy using Ficoll™ gradient
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centrifugation. PBMCs were stained for CD8, CD45RA and CD45R0. The CD45RO*
CD45RA™ CD8" population was sorted on a BD FACS Aria™ |11 after gating out doublets
and dead cells as described above. A library was constructed from each sample using the
Chromium Single Cell 5° Kit (10x Genomics PN-1000006). In addition to the standard
single-cell library, a VDJ-enriched library was created for each sample using a specialized
Chromium kit (PN-1000005) for TCR sequencing. Libraries were sequenced on an Illumina
HiSeq system generating paired-end 150bp reads. The 10x CellRanger pipeline (v3.0.2) was
used to align reads to the GRCh38 reference genome and generate a single-cell feature
count matrix for each library using default parameters. The count matrices were imported for
downstream analysis into R using the “Seurat” package (v3.1.4). Genes expressed in fewer
than 3 cells were discarded from further analysis. Barcodes were classified as cells if they
satisfied the following criteria: reads detected in greater than 100 distinct genes, percentage
of mitochondrial reads less than 2 MADs from the median, and total reads within 2 SDs

of the mean. To focus our analysis on T cells, any cell with reads in the genes IGHM,

IGHD, or CSF3R was removed from analysis. Data from each sample were log-normalized
and combined into one batch-corrected expression matrix by Canonical Correlation Analysis
(CCA). Counts were then scaled and subject to dimensionality reduction using Principal
Component Analysis (PCA). Uniform Manifold Approximation and Projection (UMAP)
embedding was generated from the top 14 dimensions of the PCA. Clusters were identified
first by constructing a Shared Nearest Neighbor (SNN) graph based on each cell’s 20-
nearest neighbors and then applying modularity refinement with the Louvain algorithm.
Markers for each cluster were identified by comparing expression using the Wilcoxon rank
sum test. For each cell, a “Myc Score” was calculated as follows: the established gene

set “HALLMARK_MYC_TARGETS_V1” was obtained from the Molecular Signatures
Database, its 200 members were narrowed down to the 193 genes that were measured by in
our sequencing experiment, then for each gene the cell received an expression z-score based
on the global mean and variance of that gene’s expression, and finally the single-gene z-
scores were summed to yield the final score for that cell; cluster-level scores were computed
as means of their constituent single-cell scores.

Fractional representation

To make the number of cells from different patients in each cluster comparable, we
normalized the number of cells for each patient to the median of all patients’ cells in

that cluster. Then the percentages of cells from different patients were calculated in each
cluster and the two-sided Wilcoxon test was applied to obtain p values between pre-CDK4/6
and post-CDK4/6 groups and between healthy and post-CDK4/6 groups. No significant
differences were observed across these comparisons.

RNA Velocity

Alignment products (BAM files) obtained from the single-cell RNA libraries described
above were analyzed by the Python (RRID:SCR_001658) tool “velocyto” (v0.17.17) to
generate spliced and unspliced expression matrices. These data were then processed using
the package “scVelo” (v0.1.25): genes with less than 30 counts in both spliced and unspliced
reads were excluded, the top 2,000 most variable genes were selected, filtered counts were
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log-normalized, per-cell velocities were estimated, and finally averaged vector fields were
visualized as a stream plot overlaid on the UMAP generated as described above.

T-Cell Clonotype Analysis

T-Cell Receptor sequencing was performed per the 10x Genomics protocol described above.
Cells expressing the V gene TRAV1-2 and any of the three J genes TRAJ33, TRAJ12, or
TRAJ20 were labeled as Mucosal-Associated Invariant T (MAIT) cells and excluded from
further analysis. Of the set of all unique CDR3 sequences (i.e. clonotypes), we considered
only those that appeared in more than one cell. We then focused our analysis on clonotypes
that appeared in both pre-treatment and on-treatment samples. To generate the clonotype
sharing grid, we first counted the number of unique clonotypes that appeared in common
between all possible cluster pairs for each CDK4/6 inhibitor treated patient, then summed
the five resulting matrices together. Finally, each row was normalized by converting each of
its values to a percentage of the total number of clonotypes in the cluster represented by that
rOw.

Mouse Bulk RNA Sequencing

One million TRP1M9" or TRP1!OW CD8+ T cells were treated with CDK4/6 inhibitors

or vehicle in the presence of CD3/CD28 beads and IL-2. Total RNA was prepared after

48h of treatment (Qiagen RNeasy Plus Mini Kit catalogue #74134). Library preparation
using the KAPA mRNA HyperPrep Kit and sequencing on an Illumina NextSeq 500 was
performed by the Dana-Farber Molecular Biology Core Facility. The resulting 75bp reads
were trimmed for adapter sequences using the tool “cutadapt” (v2.9) then aligned to the
GRCm38 genome with the corresponding ENSEMBL 97 annotation using “STAR” (v2.7.0f)
(RRID:SCR_004463). Feature counting was performed using the R package “Rsubread”
(v1.32.4), allowing for multi-mapping and multi-overlapping reads. Differential expression
analysis was done using the package “DESeq2” (v1.22.2) (RRID:SCR_000154) with
effective size moderation using “apeglm” (v1.8.0) (55). Gene sets for Gene Set Enrichment
Analysis (GSEA) were obtained from the Molecular Signatures Database (MSigDB), loaded
into R using the package “GSEABase” (v1.48.0), and analyzed using the package “fgsea”
(v1.12.0).

Human Bulk RNA Sequencing

CD8 T-cells were isolated by negative selection from the blood of healthy donors and
treated for 48 hours with palbociclib, abemaciclib, or vehicle. Total RNA was prepared after
48h of treatment (Qiagen RNeasy Plus Mini Kit catalogue #74134). Library preparation
using the KAPA mRNA HyperPrep Kit and sequencing on an Illumina NextSeq 500 was
performed by the Dana-Farber Molecular Biology Core Facility. The resulting 75bp reads
were trimmed for adapter sequences using the tool “cutadapt” (v2.9) then aligned to the
GRCh38 genome with the corresponding ENSEMBL 97 annotation using “STAR” (v2.7.0f)
(RRID:SCR_004463). The remainder of the analysis proceeded identically to the mouse
bulk RNA experiment described above.

Cancer Discov. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heckler et al. Page 18

ATAC Sequencing

CD8 T cells were isolated by negative selection from the blood of healthy donors and
treated for 48 hours with palbociclib, abemaciclib, or vehicle. Library preparation and
paired-end sequencing on an lllumina NextSeq 500 was performed by the Dana-Farber
Center for Functional Cancer Epigenetics. The resulting 35bp reads were aligned to

the GRCh38 genome using “Bowtie2” (v2.3.4.3) configured with the “very-sensitive”

flag. Peaks were called for each sample using “Genrich” (v0.6), a custom peak-caller
developed by the Harvard FAS Informatics group, with flags to discount mitochondrial
reads and reads arising from PCR duplication. Consensus peaks were computed using the
R package “GenomicRanges” (v1.38.0), and peaks that occurred in only 1 sample were
discarded. Reads were assigned to each peak region using the package “Rsubread” (v1.32.4).
Differential expression using “DESeq2” (v1.22.2) (RRID:SCR_000154) was performed on
the resulting count matrix to identify differentially accessible regions (DARS) of chromatin
between treatment conditions. Analysis for transcription factor motifs that are over- and
underrepresented in DARs was done with HOMER (v4.10.3) (RRID:SCR_010881).

Statistics

Unpaired student’s t test with Welch’s correction was used for experiments with 2 groups,
one-way ANOVA with Tukey’s post-hoc was used for experiments with 3 or more groups.
Error bars are SEM, p values <0.05 were considered significant. Data were analyzed

using Graphpad Prism software (RRID:SCR_002798) or R version 3.3.0. Experiments were
replicated 3 times unless otherwise indicated in the figure legends.

Power calculation

From previous mouse experiments, the lowest difference between control and CDK4/6i
treated groups AUC values had means of 35.1 vs. 50.5 with a SD of 8.65. Using a
probability (power) of 0.95, and a 0.05 probability we will reject the null hypothesis, we
estimated a sample size of 8 mice per group. In cases where mice underwent surgical
removal of tumors, 10 mice per group were included to account for any losses related to
surgery.

Data and code availability Bulk and single cell RNAseq data sets along with code used to
analyze data are available here: doi:10.5281/zenodo.4781889

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

CDK4/6 inhibition skews newly activated CD8 T cells toward a memory phenotype in

mice and humans with breast cancer. CDK4/6 inhibitors may have broad utility outside
breast cancer, particularly in the neoadjuvant setting to augment CD8 T cell priming to
tumor antigens prior to dosing with checkpoint blockade.
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Figure 1: Treatment of tumor-specific CD8 T cells ex vivo with CDK4/6i induces long-term
protective memory in mice.
A) Diagram of experimental protocol. CD8 T cells were isolated by magnetic beads

from pooled spleen and LNs of TRP1M9" CD45.1* mice and activated with anti-CD3/28
beads in the presence of vehicle (DMSQ) or 500nM palbaociclib for 48 hours. Cells were
washed and transferred into CD45.2* mice bearing 100mm3 B16 tumors. Tumors were
surgically removed after 6 days, and the mice recovered for 30 days prior to inoculation
with 500,000 B16 cells subcutaneously on the opposite flank. B) Surgically excised tumors
were digested and analyzed by flow cytometry for the frequency of CD45.1* TRP1 cells
and their expression of KLRG1. C) Spleens were analyzed by flow cytometry from mice 6
days after transfer of activated TRP1M9" cells. D) Surgically excised tumors from A were
digested and analyzed by flow cytometry. Peripheral memory (Tpm) cells were defined as
CD45.1* CX3CR1intermediate 55 shown in the representative flow plots. Data pooled from
2 independent experiments. E) IL-7Ra expression on tumor-infiltrating TRP1M9M cells at
the time of surgery. Representative flow plots are shown. Data pooled from 2 independent
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experiments. F) Pie charts show the response to B16 rechallenge pooled from 5 independent
experiments by defining tumor response on the day that the first tumor reached 1000mm3
(day 12-16 post inoculation). complete response (CR, <10 mm3); partial response (PR, <200
mm?3); stable disease (SD, <800 mm?3); and progressive disease (<800 mm3). G) Frequency
of TRP1N9h CD45.1* cells as a fraction of total CD8 T cells in spleens of mice 10 days
after tumor rechallenge. Data pooled from 3 independent experiments. H) TRP1!°W CD45.2
CD8 T cells were activated in vitro for 48 hours with peptide-pulsed antigen presenting cells
in the presence of palbociclib or vehicle and transferred into CD45.1* mice bearing B16
tumors according to the scheme in panel A. Upon tumor rechallenge, tumor growth was
similar between vehicle and palbociclib groups. N=10 per group. I) Frequency of TRP1!oW
CD45.2* cells as a fraction of total CD8 T cells in spleens of mice 17 days after tumor
rechallenge. J) OT-1 CD8 T cells were activated in vitro for 48 hours with anti-CD3/CD28
beads in the presence of palbociclib or vehicle and transferred into C57BL/6 mice bearing
B160OVA tumors according to the scheme in panel A. Tumor growth during the rechallenge
phase is shown. N=10 per group. K) Frequency of SIINFEKL tetramer+ CD8 T cells as a
fraction of total CD8 T cells in spleens of mice 19 days after tumor rechallenge. Error bars
are SEM throughout.
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Figure 2: CDK4/6 inhibitors induce long term persistence of CD8 T cells independent of cell
cycle.

A) Naive CD8 T cells were labeled with CFSE and activated with anti-CD3/CD28 beads

in the presence of 500nM palbociclib, 1uM AuroraKi, 100nM CDK?7i, 150nM PLK:i,

4.5 uM CDK1/2i, or vehicle. Proliferation indexes were calculated based on number of

cell divisions determined by flow cytometry after 4 days. B) Diagram of experimental
protocol. TRP1°W CD45.2+ CD8 T cells were activated in the presence of the indicated
cell cycle inhibitors at the concentrations used in A and transferred into CD45.1 recipients.
Frequency of transferred cells in peripheral blood was measured over time. Representative of
3 independent experiments. C) At 85 days post transfer, the mice in B were immunized
with irradiated B16-GVAX admixed with TRP1 peptide. Frequency of TRP19W cells

was analyzed in the spleen 6 days later. Representative of 3 independent experiments.

D) Polyclonal CD45.2* CD8 T cells were activated in the presence of the indicated
CDKA4/6 inhibitors and transferred into CD45.1 recipients. Frequency of transferred cells

in peripheral blood was measured over time. Representative of 3 independent experiments.
E) After 56 days, mice from D were analyzed for frequencies of transferred cells in spleen
and in blood. Plot shows correlation between the two compartments. Individual mice are
represented by colored dots representing the treatment groups. F) Polyclonal CD45.2* CD8
T cells were stained with CFSE and activated /in vitro with anti-CD3/28 beads. Fast or

slow cycling cells were sorted by FACS using the indicated gates, transferred into CD45.1*
recipients and monitored over time in peripheral blood. Error bars are SEM throughout.
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Figure 3: CDK4/6 inhibition acts through the Mxd4/Myc transcription factor axis to inducea

memory precursor phenotype mouse CD8 T cells.

A) CD8 T cells were isolated by magnetic beads from pooled spleen and LNs of a C57BL/6
mouse and activated in vitro with anti-CD3/28 beads in the presence of the indicated
compounds. Cells were analyzed by flow cytometry for expression of CD44 and CD62L

at the indicated times. Representative of 3 independent experiments. B) CD8 T cells were
isolated by negative selection on magnetic beads from pooled spleen and lymph nodes of a
C57BL/6 mouse. Cells were labeled with CFSE and activated with anti-CD3/CD28 beads
in the presence of the indicated compounds. 72 hours later cells were analyzed by flow
cytometry. C) Quantification of Bcl-2 and IL7Ra by flow cytometry after gating on cells
experiencing at least one cell division as shown in B. D) Murine TRP1M9" CD8 T cells
were activated for 48 hours with anti-CD3/28 beads in the presence of vehicle or 500nM
palbociclib. Differentially expressed transcripts were identified by bulk RNAseq. Hallmark
cell cycle genes are shown in green; hallmark Myc targets are shown in blue. E) Quantitative
PCR validation of the indicated transcript levels in mouse CD8 T cells at 48 hours post
activation. Representative of 2 independent experiments. *p<0.05, **p<0.01. Error bars are
SEM. F) Gene-set enrichment analysis of MYC target genes in mouse palbociclib treated
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CD8 T cells. G) TRP1M9h CD45.1* CD8 T cells were transduced with retroviruses encoding
RFP and scrambled, Mxa4 or Myc shRNAs. Cells were transferred into CD45.2* recipient
mice, and their frequency in peripheral blood was monitored over time. Representative of 2
independent experiments. Area under the curve values were calculated for individual mice
and p values determined versus the scrambled control group using a Mann-Whitney test. H)
Similar to G, TRP1 CD8 T cells were silenced and activated in the presence of vehicle or
palbociclib. After 60 days, mice were vaccinated with TRP1 peptide mixed with irradiated
B16-GVAX.
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Figure 4: CDK4/6 inhibition and MXD4-Myc transcription factors regulate memory cell fate
decisions in human CD8 T cells.

A) CD8 T cells were isolated by magnetic beads from peripheral blood of healthy donors
and activated in vitro with anti-CD3/28 beads in the presence of vehicle or palbociclib.
Cells were analyzed by flow cytometry for expression of IL7Ra and CD7 at 48 hours.
Matched pairs are from six individual donors. Data pooled from 2 independent experiments.
B) Human CD8 T cells were isolated by magnetic beads from healthy blood donors

and activated /n7 vitro with anti-CD3/28 beads in the presence of vehicle, abemaciclib or
palbociclib. RNAseq was performed on 48-hour samples. Differential expression analysis
was performed between vehicle treated and combined CDKA4/6i treated cells. C) Gene-set
enrichment analysis of MY C target genes in human CDK4/6i treated CD8 T cells. D)
Quantitative PCR validation of the indicated transcript levels in human CD8 T cells at 48
hours post activation. Representative of 2 independent experiments. *p<0.05, ***p<0.001.
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Error bars are SEM. E) CD8 T cells were isolated by negative selection from the blood

of healthy donors and treated for 48 hours with palbociclib, abemaciclib, or vehicle. Areas
of open, transcriptionally active chromatin were identified and grouped into consensus
peaks. Peaks corresponding to open chromatin were observed in 184 genes (92%) from the
hallmark MY C target gene set. The change in accessibility at each peak after treatment with
palbociclib is shown as a volcano plot. P values were FDR-controlled. F) Human naive
CD8 T cells were isolated by magnetic beads and activated with anti-CD3/CD28 beads

for the indicated times. Protein lysates were prepared from 3 healthy donors, pooled, and
analyzed by immunaoblot for the indicated proteins. MXD4 protein levels were quantified.
Representative of 2 independent experiments.
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Figure 5: Memory cell precursors can be found by single cell transcriptional analysis of recently
activated CD8 T cells from human peripheral blood.

A) Clinical characteristics of the patient cohort. B) Peripheral blood mononuclear cells
were enriched for CD8 T cells using magnetic beads and stained with antibodies to CD8,
CD45R0, and CD45RA. Cells were gated on live CD8* prior to sorting the population
gated in red. Single cell transcriptional profiling was performed using the 10X Genomics
platform. 61,889 cells were analyzed from a combined 4 healthy donors and paired pre- and
on-treatment samples from the 7 breast cancer patients shown in A. Cells were projected
onto 2 dimensions by UMAP and grouped into 11 clusters. C) Violin plots of select
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cluster defining genes. D) Cluster representation per sample. E) Fractional representation
of healthy, pre CDK4/6 and post CDK4/6 cells represented in each cluster. CD45RA* naive
cells (cluster 0) and CD45RO* memory cells (cluster 4) were excluded from the analysis.
Error bars are SEM. Significance was evaluated using paired analysis of pre-CDK4/6 and
post-CDK4/6 values for each patient; only cluster 9 was significant, *p=0.0403. UMAP
projections of cells from healthy, pre and post CDK4/6 samples are shown. P1 and P2 post
samples are included in the pre-CDK4/6 plot. F) RNA velocity analysis. G) Diagram of
sinks and sources based on RNA velocity.
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Figure 6: TCR clonotype tracing reveals a transitional population of pre-effector and pre-
memory cells in peripheral blood whose fractional composition and MYC signature are affected
by CDK4/6i treatment.

A) Cluster 5 (transitional cells) was further divided into 2 sub-clusters. B) UMAP
projections of sub-clusters 5M and 5E. C) Top differentially expressed genes among cluster
5 sub-clusters are displayed as a heatmap. Expression scores for those same genes are
shown for memory cells (Cluster 4) and cytolytic effector cells (Cluster 3). D) Ratio of
cells in sub-clusters 5M:5E analyzed in pairwise fashion. Blue dots indicate P5 (dominant
clonotype has influenza-specific TCR). E) MYC scores for individual cells in Cluster 5.
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F) MYC hallmark gene signature was defined across the entire dataset and analyzed in
pairwise comparison between pre and on CDKA4/6 inhibitor treatment and between pre- and
on-treatment samples from control patients receiving endocrine therapy. G) TCR clonotypes
that were shared across clusters in pre-CDK4/6 samples are plotted in the matrix shown in
green as percent of total clonotypes in that cluster. H) For each cluster, the total number of
shared clonotypes gained was subtracted from the total number of shared clonotypes lost

to quantify the total flux of TCR clonotypes occurring for each cluster. 1) For each cluster,
the number of unshared clonotypes in the pre-treatment samples was identified. Of these,
clonotypes that became shared in the on-treatment samples are plotted as a percentage of
total previously unshared for each cluster.

Cancer Discov. Author manuscript; available in PMC 2022 April 01.



	Abstract
	Introduction
	Results
	Discussion
	Materials and Methods
	Animal care
	Patient samples
	Cell lines
	Chemicals
	In vivo experiments
	Flow cytometry
	Cell culturing, proliferation assay, and cytokine analysis
	Adoptive Transfer
	Quantitative PCR
	Mammalian vectors and RNA interference
	Transduction of murine T cells
	Immunoblot
	NFAT Signaling Index
	Single-Cell RNA Sequencing
	Fractional representation
	RNA Velocity
	T-Cell Clonotype Analysis
	Mouse Bulk RNA Sequencing
	Human Bulk RNA Sequencing
	ATAC Sequencing
	Statistics
	Power calculation

	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:

