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Compositions and Methods of Modulating Anti-Tumor Immunity
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]

This application claims priority to, and the benefit of U.S. Provisional

Application No.62/419,160

filed on November 8, 2016 and tire content of which is

incorporated herein by reference in its entirety.
FIELD OF THE INVENTION

[0002]

Hie present invention relates generally to modulating ant-tumor immunity be

combining CDK4/6 inhibitors with immune checkpoint inhibition.

GOVERNMENT INTEREST

[0003]

This invention was made with government support under [ ] awarded by the [].

The government has certain rights in the invention.

BACKGROUND OF THE INVENTION
[0004]

Immunotherapies that harness or enhance a patient’s immune system to target

their tumors have recently been developed. The discovery of immune checkpoint receptors,

such as CILA-4 and PD-1, that repress the activity of anti-tumor T ceils, led to the

development of blocking antibodies directed against these co-inhibitory receptors or their
ligands, including ipilimumab (anti-CTLA-4), pembrolizumab (anti-PD-1), nivolumab

(anti-PD- 1), atezolizumab (anti-PD-Ll) and durvalumab (anti-PD-Ll). Strikingly, some
patients treated with checkpoint inhibitors experience durable tumor regression, in contrast
to targeted small molecule therapies where tumor relapse is a common occurrence.

[0005]

However, despite promising clinical results, checkpoint blockade therapies are

only successful in a subset of patients, and certain tumor types respond more favorably than
others. Furthermore, it is increasingly appreciated that, as in the case of targeted therapies,
tumors can acquire resistance against immunotherapies.
[0006]

There remains a need for treatments that will broaden the types of tumors that

respond to immunotherapy, and further enhance the specificity and efficacy of anti-tumor

activity of existing approaches.
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SUMMARY OF THE INVENTION
[0007]

In various aspects, the invention provides methods of treating a tumor,

decreasing tumor burden or increasing T-cell infiltration of a tumor in a subject by

administering to the subject a CDK4/6 inhibitor and an immune checkpoint inhibitor. The

CDK4/6 inhibitor is administered in an amount sufficient to increase IL-2 and/or IFN-γ
production in a tumor infiltrating lymphocyte (TIL).

In another aspect, the CDK4/6

inhibitor is administered the in an amount sufficient to increase CXCL-9 and/or CXCL-10

production
[0008]

In another aspect, the invention provides methods of increasing IL-2 and/or IFN-

γ production m a tumor infiltrating lymphocyte (TIL) by contacting tire TIL with or

administering to a subject having a tumor a CDK4/6 inhibitor. Optionally the TIL is
contacted with or the subject is administered an immune checkpoint inhibitor
[0009]

In a further aspect, the invention provides method of augmenting anti-tumor

immunity in a subject comprising administering to the subject a CDK4/6 inhibitor in an

amount sufficient to increase T-cell activation. Optionally tire TIL is contacted with or the
subject is administered an immune checkpoint inhibitor.
[00010]

The subject is receiving a cancer therapy.

Tire cancer therapy is a targeted

therapy such as immunotherapy.
[00011]

In yet another aspect, the invention provides a method of inhibiting the

phosphorylation of Nuclear Factor of Activated T cell (NFAT) by contacting a cell

expressing NFAT with a CDK4/6 inhibitor or a CDK6 inhibitor.
[00012]

The TIL is a CD8+ T-cell, a CD4+ T-cell. A I effector cell, a T helper cell or a

T regulatory' cell.
[00013]

Checkpoint inhibitors include for example a CD27, CD28, CD40, CD 122,

CD137, 0X40, GITR, ICOS, A2AR, B7-H3, B7-H4, BTLA, CILA-4, IDO, KIR, LAG3,

PD-1, PD-L1, T1M-2, or VISTA inhibitor. For example, the checkpoint inhibitor a CD27,

CD28, CD40, CD 122, CD137, 0X40, GITR, ICOS, A2AR, B7-H3, B7-H4, BTLA, CTLA4, IDO, KIR, LAG3, PD-1, PD-L1, TIM-2, or VISTA antibody.
[00014]

ribociclib.

lire CDK4/6 inhibitor is for example, palbociclib, abemaciclib, trilaciclib, or
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[00015]

The CDK4/6 inhibitor is administered prior to the checkpoint inhibitor.

For

example, CDK4/6 inhibitor is administered for 2 or 3 days prior to administration of the
checkpoint inhibitor.

[00016]

In some aspects, the subject has or is receiving chemotherapy for a tumor.

[00017]

Unless otherwise defined, all technical and scientific terms used herein have the

same meaning as commonly understood by one of ordinary skill in the art to winch this
invention pertains. Although methods and materials similar or equivalent to those described

herein can be used in the practice of the present invention, suitable methods and materials
are described below. All publications, patent applications, patents, and other references

mentioned herein are expressly incorporated by reference in their entirety.

conflict, the present specification, including definitions, will control.

In cases of

In addition, the

materials, methods, and examples described herein are illustrative only and are not intended
to be limiting.

[00018]

Other features and advantages of the invention will be apparent from and

encompassed by the following detailed description and claims.
BRIEF DESCRIPTION OF THE DRAWINGS
[00019]

Figure 1. Small molecule CDK4/6 inhibitors enhance IL-2 secretion from T

cells. A. Plot of replicate Z scores from screening of small molecule compounds capable of

enhancing IL-2 secretion from stimulated PD-l-Jurkat cells with compounds annotated as

GSK2o/p or CDK4/6 inhibitors labeled. B. Quantification of IL-2 levels by EILSA from
PD-l-Jurkat cells treated with PMA/ionomycin or I μΜ CDK4/6 inhibitors and stimulated

as indicated for 18h. Results shown as mean + SD (UT, n=2; other conditions, n=5)

(*p<0.05). C. Quantification of IL-2 levels by ELISA from primary human CD4+ T cells
treated with 100 nM palbociclib or trilaciclib and stimulated as indicated. Results shown as
mean ± SD (UT, n=2; other conditions, n=4) (*p<0.05). D. Immunoblot for CDK4 and

CDK6 from PD-l-Jurkat cells transiently transfected with the indicated siRNA. E.

Quantification of IL-2 levels from PD-l-Jurkat cells after transient transfection with siRNA
against Cdk4 or Cdk6 and stimulated as indicated for 18h. Results shown as mean ± SD
(n=4) (*£><0.05). Cytokine profiling analysis from human patients using patient-derived

organotypic tumor spheroids (PDOTS) cultured in 3-dimensional culturing system at day 1
(F) and day 3 (G). Freshly obtained patient samples were digested into spheroids and
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treated with indicated drugs in the 3-D microfluidic system. Cytokine secretion was

analyzed by Luminex and expressed as log2-fold change relative to untreated control·
[00020]

Figure 2. CDK4/6 inhibition de-represses NEAT activity. A. Quantification of

IL-2 levels from PD-l-Jurkat cells treated with 1 μΜ palbociclib and/or 1 μΜ cyclosporine

A (CsA) and stimulated as indicated for 18h. Results shown as mean ± SD (UT, n 2. other
conditions, n=4) (*/<0.05). B. Immunoblot for levels of phospho-S172 and total NFAT2

after treatment of PD-l-Jurkat cells with 1 μΜ palbociclib and stimulated as indicated for

18h. C. Immunoblot for NFAT4 from nuclear and cytoplasmic fractions of PD-l-Jurkat

cells treated with 1 μΜ palbociclib and stimulated as indicated for 18h. D. Normalized
luminescence of PD-l-Jurkat cells transiently transfected with NFAT-FLuc and RLuc-SV40
reporters after treatment with ΙμΜ palbociclib and stimulated as indicated for 18h. Results

shown as mean ± SD (n=3) (*/><0.05). E. Relative levels of //-2, //-3, and GM-CSF mRNA
as measured by qPCR from PD- 1-Jurkat cells treated w7ith 1 μΜ palbociclib and stimulated
as indicated for 8h. Results shown as mean ± SD (n=3). */><0.05 by two-way ANOVA with

Bonferonni correction for multiple comparisons.
[00021]

Figure 3. Analysis of immune infiltrates of lung tumor after CDK4/6 inhibition.

Genetically engineered mouse model (GEMM) harboring the Ara5,LSL'G12D7A?53fl' H mtJiatl0n

was induced by Ad-CRE recombinase for lung tumors. After verification of tumor

formation by MRI scan, mice were then treated with either trilaciclib (trila) or palbociclib
(palb) every day for 7 days, after winch lung tissues were collected for FACS analysis.
Results shown are pooled from three independent experiments. Lung infiltrating T cells

percentage among total CD45+ leukocytes (A) or absolute cell number (B) after treatment

with trilaciclib (n=8) or palbociclib (ctrl, n=4, Palb., n=5). (*/><0.05, ***/><0.001). C. BrdU
incorporation by T cells shows proliferation affected by CDK4/6 inhibitors trilaciclib or

palbociclib. Mice without (naive, upper panel) or with (TMB, lower panel) XrawLSL'
Gi-'OjyyjjiVfl (Kp) apOgraft tumor were treated with trilaciclib or palbociclib, followed by
systemic BrdU injection (I.P.). BrdU incorporation within different T cell subpopulations
Treg (CD4+Foxp3+) and Tconv (CD4‘"Foxp3') was determined by flow cytometry (n=6)

(*/><0.05, **/><0.01). D. Expression levels of PD-1 and CTLA-4 in CD4+ or CD8+ T cells
infiltrated at tumor site after treatment (ctrl, n=4, Palb., rr=:5) (*/><0.05). E. Changes in

levels of CDHto and CD lie* myeloid subpopulations after trilaciclib (n=8) or palbociclib
(ctrl, n=4, Palb. n=5) treatment (*/><0.05, **/><0.01).
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[00022]

Figure 4. Tumor antigen-experienced T cells exhibit greater sensitivity to

CDK4/6 inhibition. A. IL-2 production from Tconv cells after triiaciclib treatment.

CD4+CD25- Tconv cells were isolated from, either naive or tumor bearing (TMB) mice and
treated with triiaciclib at indicated concentrations, in the presence of CD3 and CD28

stimulation. IL-2 production was determined 3 days after the treatment and normalized with
untreated control. (n=3) (*/?<0.05) B. Increased IFNy production in CDS* T cells by

triiaciclib treatment, in the presence of Treg. CD8+ T cells from naive or TMB mice were
isolated and co-cultured with CD4*CD25* Treg cells (5:1 ratio), in the presence of different

concentrations of triiaciclib as indicated. IFNy production was determined 3 days after the

treatment and normalized with untreated control. (n=3) (*/><0.05, **/><0.01) C. Violin plot

of expression levels of NF AT regulated genes determined by single-cell RNA-seq of tumor
infiltrating CD3* T cells from KP GEMM mice 7 days after triiaciclib treatment. D. t-

Distributed Stochastic Neighbor Embedding (t-SNE) plot showing distinct homogenous

groups of T cells identified with density based clustering (dbscan). E. Heat map showing
transcriptional levels of genes from each cell that are important for T cell activation and

suppression, and IL-2 and TCR signaling. The status of each cell including treatment status
and group identification is shown below the heat map as bar graphs. Each column

represents one cell.
[00023]

Figure 5. CDK4/6 inhibitor elicits anti-tumor immunity and enhance ceil death

induced by anti-PD-1 antibody ex vivo. A. Quantification of tumor volume changes by MRI
scan after treatment with triiaciclib. Left panel, waterfall plot shows tumor volume response

to the treatment. Each column represents one mouse. Right panel, representative MRI scan
images (one out of 24 scanned images of each mouse) show mice lung tumors before and
after the treatment. Circled areas, heart. B. Live (AO-green) /Dead (Pl-red) analysis of
murine derived organotypic tumor spheroid (MOOTS) cultured in 3-0 microfluidic culture

at day 0, day 3 and day 6 following treatment of CDK4/6 inhibitors triiaciclib or palbociclib
(lOOnM) alone or in combination with PD-I antibody (10 pg/ml) as indicated. Upper panel,

quantification results of live/dead analysis; lower panel, representative images of

deconvolution fluorescence microscopy shows live/dead cells at day 6 after indicated
treatment. Statistical analysis is calculated by comparing the indicated treatment group with
DMSO+IgG group at day 6. (*/><0.05, **/><0.01, ***/><0.001) Scale bar, 50 pm C.
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Cytokine secretion from MC38 MOOTS were expressed as log2-fold change (L2FC)
relative to untreated control after indicated treatment.

[00024]

Figure 6. Combination treatment of CDK4/6 inhibitor synergize anti-PD-1

antibody induced anti-tumor immunity through T cell. A. Tumor growth curves of MC38
(left) or CT26 (right) treated with CDK4/6 inhibitor or PD-1 antibody alone or in
combination. MC38 murine cancer cells were injected subcutaneously into C57BL/6 mice.

The mice were treated with either CDK4/6 inhibitor (trilaciclib or palbociclib, 100 mg/kg)

intermittently (3 days on, 4 days off) with or without PD-1 antibody (200 pg/mouse, 3 times
a week) as indicated starting from day 3 (MC38) or day 7 (CT26). Tumor volumes were

monitored every' 2 to 3 days. Each graph shows representative results from two independent
experiments, (left panel, n=8; right panel, n=10) (*/><0.05, **/><0.01, ***/><0.001) B.
Individual traces of tumor volume of CT26 tumors over time after treatment with

palbociclib and anti-PD-1, either alone or in combination (n=8). C. Quantification of

cytokine production produced by MC38 tumor infiltrating T lymphocytes. At the end of the
treatment (day 17), mice were sacrificed and TILs were isolated from the tumor for

cytokine analysis for IL-2 from CD4“ T cells (left panel) and IFNy from CD8+ T cells (right
panel). (*/><0.05, **/><0.01, ***/><0.001) D. Cytokine production of IFNy from CD8* T

cells from, inguinal lymph nodes of mice with MC38 tumors treated with trilaciclib at the
end of treatment (day 17). E. Tumor growth carves of CT26 treated with palbociclib

(lOOmg/kg) and PD-1 antibody (200 ug/mouse) with or without anti-CD4 (400 ug/mouse)
or anti-CD8 (400 pg/mouse) depletion antibodies. The depletion antibody' treatment started

at day -3 before tumor implantation was continued twice a week. Palbociclib and PD-1 were
dosed at the same schedule shown in panel (D) starting from day 7. The graph shows
representative result of two independent experiments, and different people performed the

dosing and tumor measurement. (n=10) (***/><0.001, ****/><0.0001).
[00025]

Figure 7. Characterization of cells and CDK4/6 inhibitors. A. FACS plot for

PD-1 from wild type and PD-1-overexpressing Jurkat cells, or CD3“CD4* cells from
PBMCs from two human donors. B. Kinome binding specificity’ of palbociclib and

abemaciclib at lOOnM and 1000 nM measured by competition binding assays. CDK4 is
indicated in blue. C. IC50 values of GSK3a/p by CDK4/6 inhibitors. D. Immunobiot for

active (non-phosphorylated) or total β-catenin from lysates from PD-1-Jurkat cells treated
as indicated for 6h. E. Representative bright-field microscopy' images of patient-derived
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organotypic tumor spheroid (PDOTS) cultured in a three-dimensional culturing system after
treatment with different drugs as indicated. Photos were taken one day after the treatment.

F. Percentages of subpopulations within total tumor infiltrating leukocytes (percentage in
CD45+ cells). G. Percentage of subpopulations among all live cells, including tumor cells
and other stromal cells (% in live cells).
[00026]

Figure 8. CDK6 phosphorylates serine residues of the regulatory domain of

NFAT4 (NFATc3). A. H-i5N-HSQC spectrum of NFATc3 (1-400) alone (red, left panel),

overlaid with the spectrum after the addition of recombinant CDK4/cyclin DI (teal, middle
panel), or overlaid with the spectrum after the addition of recombinant CDK6/cyclin D3

(blue, right panel). B. !H-15N-HSQC spectrum of NFATc3 (red) overlaid with the spectrum

of the same protein sample in the presence of 0.7% DMSO (navy, left panel), overlaid with
the spectrum after CDK6- dependent phosphorylation in the presence of 0.7% DMSO (blue,
middle panel), or overlaid with the spectrum in the presence of CDK6 pre-incubated with

palbociclib (cyan, right panel). C. Intrinsic disorder prediction of NFATc3 (1-400) using the
PONDR-Fit3, showing that most of the N-terminal regulator}' domain of NFATc3 is

unstructured, with a few structured elements.
[00027]

Figure 9. Analysis of lung tumor immune infiltrates after CDK4/6 inhibition

from Kras‘-r!2D (Kras), KrasGvn3Lkb 1 (KL) or KrasGnOTrp53Q:a (KP) mice. Genetically

engineered mouse models (GEMMs) harboring Kras, KP or KL mutations were induced to
form tumors by Ad-CRE recombinase administration, as verified by MRI scan. Then the

mice were treated with either palbociclib or trilaciclib (100 mg/kg, PO) every day for 7

days. A. Percentage of lung-infiltrating T cells within CD45’ total leukocytes after
treatment. Left panel, Kras mice treated with trilaciclib. Middle panel, KL mice treated with

trilaciclib. Right panel, KL mice treated with palbociclib. (n=3) B. Percentages of Tregs
within CD4+ T cells after trilaciclib or palbociclib treatment. (n=3) C. Changes of Treg

percentage within CD4’ TILs from KP GEMM mice after palbociclib (upper panel) or
trilaciclib (lower panel) treatment. (n=5) D. Expression of PD-1 on CD4+or CD8+ TILs

within tumors after trilaciclib or palbociclib treatment. (n=3) E. Expression of CTLA-4 on
CD4 or CD8+ TILs after trilaciclib or palbociclib treatment. (n=3) F. representative flow
panels showing PD-1 (left panels) and Ctla-4 (right panels) expression levels from CD4+ T

cells after palbociclib treatment.
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[00028]

Figure

10.

T

cell

proliferation

and

cytokine/chemokine profiling

of

KrasGnoTrp53ft/fl GEMM mice. A. BrdU incorporation by CD8+ T cells shows proliferation

affected by CDK4/6 inhibitors trilaciclib or palbociclib. Mice without (naive) or with
(TMB) KrasLSL'GilOTrp53Ά'α (KP) allograft tumor were treated with trilaciclib or

palbociclib, followed by BrdU injection systemically (I.P.). BrdU incorporation was
determined by flow cytometry. (n==6) B. Splenocytes from mice with (TMB) or without

(naive) Ara5Gi2DZ'rp5.?il/fi tumor were dissociated and labeled with CFSE. Cells were

cultured and treated with trilaciclib at the indicated concentrations in the presence of aCD3/CD28 antibody stimulation. After 2 days of stimulation, proliferating cells were

quantified as CFSE low cells compared to unstimulated controls for CD4+ (upper panel) and

CD8+ (lower panel) T cells. C. BAL fluid was collected 7 days after the treatment of
trilaciclib and analyzed for cytokine profiling using Luminex. Expression levels of the
analyzed cytokines were expressed as log-2 fold change (L2FC) relative to vehicle control

group and shown as a heat map. Each, column represents one mouse. D. Absolute

expression levels of IL-6, IL-10, IL-23 and Cxcl9 from control or trilaciclib-treated mice as
shown in panel (C).
[00029]

Figure 11. Tumor antigen experienced T ceils are more sensitive to CDK4/6

inhibition. A. Naive C57BL/6 mice were treated, with trilaciclib (100 mg/kg, IP) or vehicle

for three days. Two and seven days after the final treatment, splenocytes were isolated and
stimulated with a-CD3/CD28 antibodies for 72 hours to measure IFNy production by
ELISA. B. C57BL/6 mice were implanted with B16F.10 tumor cells. Seven days post

implantation mice were treated with trilaciclib (100 mg/kg, IP) or vehicle for 5 days. Five
days post final treatment splenocytes were isolated and stimulated with a-CD3/CD28

antibodies for IFNy production by ELISA. C. IL-2 production from Tconv (CD44‘CD25')

cells after trilaciclib treatment. Tconv cells were isolated from either naive or tumor bearing

(TMB) mice and treated with trilaciclib at indicated concentrations, in the presence of CD3
and CD28 antibodies. IL-2 production was determined 3 days after the treatment as

percentage. (n=3) IFNy production in CD8+ T cells alone from naive or TMB mice after
treatment with trilaciclib, as shown by percentage (D) or fold change (E). (n=3) F.

Increased IFNy production in CD8+ T cells by trilaciclib in the presence of Tregs. CD8+ T
cells from naive or TMB mice were isolated and co-cultured with CD40D20 regulatory T
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cells (5:1 ratio), in the presence of different concentrations of triiaciclib as indicated. IFNy
production was determined 3 days after the treatment as shown as percentage. (n=3).
[00030]

Figure 12. Short-term. CDK4/6 inhibition alters the cell cycle status of tumor

infiltrating T ceils. A. Bar graph of cell cycle status of T cells, as analyzed by single-cell

RNA-seq, from each group of cells with or without triiaciclib treatment, determined by
cyclone classification tool. B. 2D t-SNE plot with ceil cycle stage overlaid to depict the

status of each cell. C. The human KRAS-TP53 mutant NSCLC ceil fine H358 was treated
with CDK4/6 inhibitors (lOOnM) for 24 hrs. Cell lysate were collected for Western blot

showing changes in tire levels of phospho-Rb, p-AKT and p-ERK. D. Changes in ceil cycle

status of H358 after treatment by CDK4/6 inhibitors in panel (C). E. Tumor-infiltrating

CD3+ T cells were isolated from lung tumors from KP GEMM mice after 7 days of
treatment with triiaciclib and analyzed by singie-ceil RNA-seq. Tumor infiltrating T cells

were sorted for single-cell RNA-seq analysis. These cells from either triiaciclib treated or
control group were identified as three homogeneous groups based on dimension reduction

with t-SNE combined with density based clustering (dbscan). Violin plot showing NFAT

regulated genes expression among ail three groups.
[00031]

Figure 13. CDK4/6 inhibition induces changes m the expression of activation

and suppression marker genes in tumor-infiltrating T cells. A. Tumor infiltrating CD3+ T

ceils were isolated from A?ra5G1

GEMM mice treated with triiaciclib for 7 days

and analyzed by single-cell RNA-seq. According to gene expression signatures, 2D tDistributed Stochastic Neighbor Embedding (t-SNE) plot of RNA-seq gene signatures were

overlaid with T cell activation marker genes (A) and suppression marker genes (B) for ail
three groups of celis from triiaciclib treated or controi mice.
[00032]

Figure 14. Combination treatment of CDK4/6 inhibitor and anti-PD-1 antibody

elicits anti-tumor immunity'. A. Murine-derived organotypic tumor spheroid (MOOTS) were
cultured in 3-D microfluidic system, and ceil viability-' w-as quantified by staining with Live

(AO=green) /Dead (PI=red) at day 0, day 3 and day 6 after treatment of CDK4/6 inhibitors
(lOOnM) alone or in combination with PD-1 antibody (10 pg/ml) as indicated. Data

displayed as absolute cell number. B. Quantification of Live/Dead percentage MOOTS
generated from MC38 tumor implanted in Ragl'!' mice. The result was quantified at day 6

after indicated treatment. Statistical analysis is calculated by comparing the indicated
treatment group with control group at day 6. C. Live/Dead analysis of MOOTS cultured in
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3-D microfluidic culture and treated with CDK4/6 inhibitors trilaciclib or palbociclib

(lOOnM) with PD-1 antibody (10 pg/ml) without or with neutralization antibodies anti-IFNγ (lOpg/ml) or anti-CCL5 (10 pg/ml) as indicated 6 days after the treatment. The result is
displayed as percentage. Statistical analysis is calculated by comparing the indicated
treatment group with control group at day 6 (*/><0.05,**p<0.01).
[00033]

Figure 15. Combination treatment of CDK4/6 inhibitor and anti-PD-1 antibody

on established tumor. A. Quantification of IL-2 production produced by CT26 tumor

infiltrating CD4+ T lymphocytes 2 days after the last treatment (day 32), (*p<0.05,
**/><0.01, ***/><0.001). B. Cytokine production from inguinal lymph nodes of mice with

MC38 tumors treated with trilaciclib. At the end of the treatment (day 17), mice were
sacrificed and inguinal lymph nodes were isolated for cytokine analysis for IL-2 from
CD4~. C. Survival curve of MC38 murine cancer cells were injected subcutaneously into
C57BL/6 mice. The mice were treated with either CDK4/6 inhibitor (Palbociclib, 100

mg/kg) intermittently (3 days on, 4 days off) with or without PD-1 antibody (200 pg/mouse,
3 times a week) starting from day 7. Mice were sacrificed when the tumor volume is above
2500mm3 or the animal has reached protocol study endpoint. D. Individual tumor volume

change of each mouse from each treatment group from panel (C).
[00034]

Figure

16.

Effect

of TCR

stimulation

and

CDK4/6

inhibition

on

phosphorylation of NFkB. Immunoblot for phospho-s536-p65 and total p65 from lysates

from PD-l-Jurkat cells treated as indicated for 18h.

DETAILED DESCRIPTION OF THE INVENTION
[00035]

The present invention is based on the discover}' that inhibitors of cyclin-

dependent kinases 4 and 6 (CDK4/6) significantly enhances T cell activation and

contributes to anti-tumor effects in vivo in subjects. This activation of T cells is due in part
to de-repression of Nuclear Factor of Activated T cell (NFAT) family proteins and their

target genes, critical regulators of T cell function.

CDK4/6 inhibitor treatment in vivo

reduced proliferation of effector and regulatory' T-cell populations, increased infiltration and

activation of effector cells, coupled with reduced Treg proliferation created an anti-tumor
immune microenvironment that augments the response to immune checkpoint blockade.

[00036]

Immune

checkpoint

blockade,

exemplified by

antibodies targeting the

programmed death-1 (PD-1) receptor, can induce durable tumor regressions in some
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patients. To enhance the efficacy of existing immunotherapies, we screened for small
molecules capable of increasing the activity of T cells suppressed immune checkpoint
blockade.

Specifically,

short-term

exposure

to

small

molecule

inhibitors

CDK4/6)significantly enhances T cell activation, contributing to anti-tumor effects in vivo,

due in part to de-repression of Nuclear Factor of Activated T cell (NFAT) family proteins
and their target genes, critical regulators of T cell function. Although CDK4/6 inhibitors
decrease T cell proliferation, they increased tumor infiltration and activation of effector T

cells.

Moreover, CDK4/6 inhibition augments the response to immune checkpoint

blockade in a ex vivo organotypic tumor spheroid culture system and in multiple in vivo
murine syngeneic models, thereby providing a rationale for combining CDK4/6 inhibitors

and immunotherapies.
[00037]

Pharmacological inhibition of CDK4/6 promotes T cell activation.

Using

unbiased small molecule screen, we identified CDK4/6 inhibitors as a class of compounds

that could enhance the production of IL-2, a surrogate marker for T cell activation, even
when suppressive signaling from immune checkpoints (e.g. PD-1) was enforced.

Mechanistically, it was shown that CDK4/6 regulated the activity of NFAT family
transcription factors, which are critically important for proper activation and function of T

cells. Finally, ex vivo and in vivo studies revealed that small molecule-mediated inhibition

of CDK4/6 resulted in increased anti-tumor activity, particularly in conjunction with
immune checkpoint blockade, and this effect was largely dependent on T cells.
[00038]

This finding was especially surprising because inhibiting proliferation should

disrupt the clonal expansion of tumor antigen-specific T cells, thereby reducing the activity

of the antitumor immune response. Instead, it is apparent that properly timed doses of
CDK4/61 can promote T cell activation and augment the effects of immune checkpoint
blockade. Indeed, it was discovered

that short-term treatment with CDK4/61 led to

heightened secretion of IFNy from CD8+ T cells in the presence of Treg, which often

correlates with enhanced anti-tumor cytotoxicity.

Moreover, it was discoverd in both

murine models and human patient samples that treatment with CDK4/6i resulted in

increased levels of Thl cytokines/chemokines, including CXCL9, and CXCL10. As
CXCL9/10 are known to be strongly induced by IFNy, we speculate that the heightened

levels of Thl cytokines/chemokines is partly due to increased levels of IFNy, resulting from
enhanced T cell activity after CDK4/6 inhibition.
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[00039]

Interestingly, our study shows that certain types of T cells, especially T

regulatory cells, are more susceptible to CDK4/6 inhibition, which may be due to differing
expression levels of CDK4/6. A recent study performed transcriptional analysis of human

tissue lymphocytes (including Tregs, Thl, and Th 17) located either within tumors or in
normal tissue (48). Interestingly, they reported that Tregs in general had higher expression

of CDK6 than other T cell subtypes, including tissue-resident Thl and Th 17 cells, as w'ell

circulating naive, central memory', and effector memory CD8+ T cells, suggesting that

higher levels of CDK6 and potentially greater dependence on CDK6 in Tregs could account
for their increased sensitivity to CDK4/6 inhibitors, which in turn releases suppression of
IFNy production from CD8+ T cells.

[00040]

Further, we discovered that NFAT4 is a novel substrate of CDK6, but not

CDK4, and that CDK4/6 inhibitors enhance NFAT activity in activated T cells.

Specifically, it was discovered that CDK4/61 resulted in decreased phospho-NFAT, which
lead to increased nuclear translocation and enhanced NFAT transcriptional activity.

[00041]

Accordingly, short-term pharmacological inhibition of CDK4/6 will boost an

anti-tumor response, even in the context of immune checkpoint expression. Whereas long
term inhibition of CDK4/6 could be immunosuppressive due to adverse effects on

lymphocyte proliferation, short, carefully timed doses of CDK4/6 inhibitors with immune

checkpoint inhibition (e.g., anti-PD-l/PD-Ll antibodies) may be an effective anticancer
strategy.
[00042]

Accordingly,

the

present

invention

defines

a previously

unrecognized

immunomodulatory function of CDK4/6 and suggests that combining CDK4/6 inhibitors
with immune checkpoint blockade may increase treatment efficacy in patients.

[00043]

Cydin-Dependent Kinases 4 and 6 (CDK4/6) Inhibitors

[00044]

A Cyclin-Dependent Kinases 4 and 6 (CDK4/6) inhibitor is a compound that

decreases expression or activity' of cyclin-dependent kinases 4 and 6.
[00045]

Cyclin-dependent

kinases

(CDKs)

are

a

family

of

proline-directed

serine/threonine kinases that are conserved across eukaryotes. They are also involved in

regulating transcription, mRNA processing, and the differentiation of nerve cells. They are
present in all known eukaryotes, and their regulatory function in the cell cycle has been

evolutionarily conserved. CDKs are relatively small proteins, with molecular weights
ranging from 34 to 40 kDa, and contain little more than the kinase domain. By definition, a
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CDK binds a regulatory protein called a cyclin. Without cyclin, CDK has little kinase
activity: only the cvclin-CDK complex is an active kinase. CDKs phosphorylate their

substrates on serines and threonines, so they are serme-threonine kinases.
[00046]

The classical cell cycle CDKs (e.g. 1, 2, 4, and 6) regulate checkpoints to ensure

proper progression through the cell cycle (19), and thus have long been attractive targets for
pharmacological inhibition for treating cancers.

[00047]

A biological activity of aCDK4/6 includes for example driving the cell cycle

from GO or G1 to S phase.

[00048]

CDK4/6 drives the cell cycle from GO or G1 to S phase by phosphorylation. A

CDK4/6 inhibitor decreases expression or activity-’ of CDK4/6.

A decrease in CDK4/6

activity' is defined by a reduction of a biological function of the CDK4/6. For example, a

decrease or reduction in CDK4/6 expression or biological activity refers to at least a 1%,

2%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 60%, 70%, 80%, 90% or
100% decrease in CDK.4/6 expression or activity compared to a control.

[00049]

The CDK4/6 inhibitor is a small molecule. A "small molecule" as used herein,

is meant to refer to a composition that has a molecular weight in the range of less than about

5 kD to 50 daltons, for example less than about 4 kD, less than about 3.5 kD, less than about
3 kD, less than about 2.5 kD, less than about 2 kD, less than about 1.5 kD, less than about 1

kD, less than 750 daltons, less than 500 daltons, less than about 450 daltons, less than about
400 daltons, less than about 350 daltons, less than 300 daltons, less than 250 daltons, less

than about 200 daltons, less than about 150 daltons, or less than about. 100 daltons. Small
molecules

can

be,

e.g.,

nucleic

acids,

peptides,

polypeptides,

peptidomimetics,

carbohydrates, lipids or other organic or inorganic molecules. Libraries of chemical and/or
biological mixtures, such as fungal, bacterial, or algal extracts, are known in the art and can

be screened with any of the assays of the invention.
[00050]

For example, the CDK4/6 inhibitor is palbociclib (PD-0332991, PD991),

trilaciclib (G1T28), abemaciclib, or ribociclib. Oilier CDK4/6 inhibitor are known m the art

and include but not limited to those disclosed in WO 2012/061156; WO 2010/020675; WO

2011/101409; WO 2005/052147; WO 2006/074985; US 2007/0179118; 2014/0275066;

2011/0224227; US 8,829,012; US 8,822,683; US 8,598,186; US 8,691,830; US 8,598,197,

US 9,102,682; and US 9,260,442.
[00051]

Immune Checkpoint Inhibitors
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By immune checkpoint inhibitor it is meant a compound that inhibits a protein in

[00052]

the checkpoint signally pathway. Proteins in the checkpoint signally pathway include for

example, CD27, CD28, CD40, CD 122, CD137, 0X40, GITR, ICOS, A2AR, B7-H3, B7-

H4, BTLA, CTLA-4, IDO, KIR, LAGS, PD-1, PD-L1, PD-L2, TIM-3, TIGIT, Lairl,
CD244, HAVCR2, CD200, CD200R1, CD200R2, CD200R4, LILRB4, PILRA, ICOSL, 41BB or VISTA. Immune checkpoint inhibitors are known in the art. For example, tire
immune checkpoint inhibitor can be a small molecule. A "small molecule" as used herein,

is meant to refer to a composition that has a molecular weight in the range of less than about

5 kD to 50 daltons, for example less than about 4 kD, less than about 3.5 kD, less than about
3 kD, less than about 2.5 kD, less than about 2 kD, less than about 1.5 kD, less than about 1

kD, less than 750 daltons, less than 500 daltons, less than about 450 daltons, less than about
400 daltons, less than about 350 daltons, less than 300 daltons, less than 250 daltons, less

than about 200 daltons, less than about 150 daltons, less than about 100 daltons. Small
molecules

can

be,

e.g.,

nucleic

acids,

peptides,

polypeptides,

peptidomimetics,

carbohydrates, lipids or other organic or inorganic molecules.
[00053]

Alternatively, the immune checkpoint inhibitor is an antibody or fragment

thereof.

For example, the antibody or fragment thereof is specific to a protein in the

checkpoint signaling pathway, such as CD27, CD28, CD40, CD 122, CD137, 0X40, GITR,

ICOS, A2AR, B7-H3, B7-H4, BTLA, CTLA-4, IDO, KIR, LAGS, PD-1, PD-L1, PD-L2,
TIM-3, TIGIT, Lairl, CD244, HAVCR2, CD200, CD200R1, CD200R2, CD200R4,

LILRB4, PILRA, ICOSL, 4-1BB or VISTA.
[00054]

Exemplary7, anti-immune checkpoint antibodies include for example ipiliumab

(anti-CTLA-4), penbrolizumab (anti-PD-Ll), nivolumab (anti-PD-Ll), atezolizumab (anti-

PD-L1), and dural umab (anti-PD-Ll)

[00055]

Therapeutic Methods

[00056]

In various aspects, the invention provides methods of treating cancer in a

subject, decreasing tumor burden, increasing T-cell activation, e.g., effector T-cell

activation, increases T-cell infiltration into tumor, de-repression of Nuclear Factor of
Activated T-cell (NFAT) protein or increasing IL-2 and/or IFN-γ production in a tumor
infiltrating lymphocyte (TIL). The method includes administering to the subject or

contacting a tumor with a compound that inhibits the expression or activity of CDK4/6.
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[00057]

Cells are directly contacted with the compound. Alternatively, the compound is

administered systemically.
[00058]

A tumor is treated in a subject by administering to a subject a CDK4/6 inhibitor

and an immune checkpoint inhibitor.
[00059]

Tumor burden is decreased in a subject by administering to a subject a CDK4/6

inhibitor and an immune checkpoint inhibitor. Tumor burden is decrease 1-fold 2-fold, 3

fold, 4- fold or 5-fold compared to the tumor burden prior to treatment,
[00060]

T-cell infiltration of a tumor is increased in a subject by administering to the

subject a CDK4/6 inhibitor.

Optionally, the subject is further administered an immune

checkpoint inhibitor. T-cell infiltration is increased 1-fold 2-fold, 3-fold, 4- fold or 5-fold

compared to T-cell infiltration of the tumor prior to treatment
[00061]

Anti-tumor immunity is augmented (i.e., increased) in a subject by administering

to said subject a CDK4/6 inhibitor in an amount sufficient to increase T-cell activation.

Optionally, the subject is further administered an immune checkpoint inhibitor. T-cell

activation is measured by methods know in the art.
[00062]

Phosphorylation of Nuclear Factor of Activated T cell (NFAT ) is inhibited (e.g.

decreased) by contacting a ceil expressing NFAT with a CDK4/6 inhibitor or a CDK6

inhibitor.
[00063]

In the various methods of the invention the CDK4/6 inhibitor is administered in

an amount sufficient to increase IL-2 and/or IFN-γ production a tumor infiltrating

lymphocyte (TIL). Alternatively, the CDK4/6 inhibitor is administered in an amount

sufficient to increase CXCL-9 and/or CXCL-10 production.
[00064]

The invention also features methods of increasing IL-2 and/or IFN-γ production

in a tumor infiltrating lymphocyte (TIL) by contacting the TIL or administering to a subject

having a tumor a CDK4/6 inhibitor. Optionally, the TIL is further contacted with an
immune checkpoint inhibitor.
[00065]

A TIL is for example a CD8+ T-cell, a CD4+ T-cell, a T effector cell, a T helper

cell or a T regulatory cell.
[00066]

Tumors amenable to treatment by the methods of thw invention include any

cancers, such as, by way of non-limiting example, melanoma, non-small cell lung cancer,

nasopharyngeal cancer, glioblastoma/mixed glioma, colon adenocarcinoma, hepatocellular
carcinoma, urothelial cancer, multiple myeloma, ovarian cancer, gastric carcinoma,
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esophageal cancer, pancreatic cancer, renal cell carcinoma (RCC), breast cancer,

lymphomas, such as Hodgkin’s lymphoma, and leukemias. In some embodiments, the

cancer is a bladder cancer, a bone cancer, a breast cancer, a carcinoid, a cervical cancer, a

colon cancer, an endometrial cancer, a glioma, a head and neck cancer, a liver cancer, a lung
cancer, a lymphoma, such as Hodgkin’s lymphoma, a melanoma, an ovarian cancer, a
pancreatic cancer, a prostate cancer, a renal cancer, a sarcoma, a skin cancer, a stomach

cancer, a testis cancer, a thyroid cancer, a urogenital cancer, and/or a urothelial cancer.
[00067]

In other

embodiments, the cancer is selected from the group consisting of

melanoma (MEL), renal cell carcinoma (RCC), squamous non-small cell lung cancer

(NSCLC), non-squamous NSCLC, colorectal cancer (CRC), castration-resistant prostate
cancer (CRPC), hepatocellular carcinoma (HCC), squamous cell carcinoma of the head and
neck, carcinomas of tire esophagus, ovary, gastrointestinal tract and breast, or a hematologic
malignancy such as multiple myeloma, B-cell lymphoma, T-cell lymphoma, Hodgkin’s

lymphoma, primary' mediastinal B-cell lymphoma, and chronic myelogenous leukemia.

[00068]

In another aspect, the invention provides methods of increasing IL-2 and/or IFN-

γ production in a tumor infiltrating lymphocyte (TIL) by contacting the TIL with or

administering to a subject having a tumor a CDK4/6 inhibitor. Optionally the TIL is
contacted with or the subject is administered an immune checkpoint inhibitor

[00069]

In a further aspect, the invention provides method of augmenting anti-tumor

immunity in a subject comprising administering to the subject a CDK4/6 inhibitor in an
amount sufficient to increase T-cell activation. Optionally the TIL is contacted with or the
subject is administered an immune checkpoint inhibitor.
[00070]

The subject is receiving a cancer therapy.

therapy such as for example, immunotherapy.

The cancer therapy is a targeted

Alternatively, the cancer therapy is

chemotherapy.

[00071]

The subject will receive, has received or is receiving an immune checkpoint

inhibitor therapy.

[00072]

The immune checkpoint inhibitor is administered contemporaneously with

CDK4/6 inhibitor, prior to administration of the CDK4/6 inhibitor or after administration of

the CDK4/6 inhibitor. Preferably, the immune checkpoint inhibitor is administered after the

CDK4/6 inhibitor. For example, the CDK4/6 inhibitor is administered 1, 2, 3, 4, or 5 days
before administration of the checkpoint inhibitor. When administering CDK4/6 inhibitor
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care is taken not to induce immunosuppression due to adverse effects on lymphocyte
proliferation.

Thus, short, carefully timed doses of CDK4/6 inhibitors with checkpoint

inhibitors are preferred.

[00073]

Therapeutic Administration

[00074]

The invention includes administering to a subject a composition comprising a

CDK4/6 inhibitor. The subject has received or will receive treatment with a checkpoint

inhibitor.
[00075]

An effective amount of a CDK4/6 inhibitor is preferably from about 0.1 mg/kg

to about 150 mg/kg.

Effective doses vary, as recognized by those skilled in the art,

depending on route of administration, excipient usage, and co-administration with other

therapeutic treatments including use of other anti-proliferative agents or therapeutic agents

for treating, preventing or alleviating a symptom of a cancer. A therapeutic regimen is
carried out by identifying a mammal, e.g., a human patient suffering from a cancer using

standard methods.
[00076]

Doses may be administered once or more than once. In some embodiments, it is

preferred that the CDK4/6 inhibitor is administered once a day, twice a day, or three times a

day for a predetermined duration of time.

In some aspects, the CDK4/6 inhibitor is

administered on alternate days for a predetermined duration of time. Tire predetermined
duration of time may be 1 day, 2 days, 3 days, 4 days, 5 days, 6 days, or 1 week.

[00077]

Preferably, CDK4/6 inhibitor is administered once a day, twice a day, or three

times a day for a predetermined duration of time prior to the administration of a checkpoint
inhibitor therapeutic regimen.

[00078]

Importantly, the CDK4/6 inhibitor is administered in an amount and duration so

as not to induce immunosuppression, thereby avoiding adverse effects on lymphocyte

proliferation.
[00079]

The pharmaceutical compound is administered to such an individual using

methods known in the art.

Preferably, the compound is administered orally, rectally,

nasally, topically or parenterally, e.g., subcutaneously, intraperitoneally, intramuscularly,
and intravenously. The inhibitors are optionally formulated as a component of a cocktail of
therapeutic drugs to treat cancers.

Examples of formulations suitable for parenteral

administration include aqueous solutions of the active agent in an isotonic saline solution, a
5% glucose solution, or another standard pharmaceutically acceptable excipient. Standard
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solubilizing agents such as polyvinylpyrrolidone (PVP) or cyclodextrins are also utilized as
pharmaceutical excipients for delivery of the therapeutic compounds.
[00080]

The therapeutic compounds described herein are formulated into compositions

for other routes of administration utilizing conventional methods.

For example, the

therapeutic compounds are formulated in a capsule or a tablet for oral administration.
Capsules may contain any standard pharmaceutically acceptable materials such as gelatin or

cellulose.

Tablets may be formulated in accordance with conventional procedures by

compressing mixtures of a therapeutic compound with a solid carrier and a lubricant.

Examples of solid carriers include starch and sugar bentonite.

The compound is

administered in the form of a hard shell tablet or a capsule containing a binder, e.g., lactose
or mannitol, conventional filler, and a tableting agent.

Other formulations include an

ointment, suppository, paste, spray, patch, cream, gel, resorbable sponge, or foam. Such

formulations are produced using methods well known in the art.

[00081]

Therapeutic compounds are effective upon direct contact of the compound with

the affected tissue. Accordingly, the compound is administered topically.

Alternatively,

the therapeutic compounds are administered systemically. For example, the compounds are
administered by inhalation. The compounds are delivered in the form of an aerosol spray

from pressured container or dispenser which contains a suitable propellant, e.g., a gas such
as carbon dioxide, or a nebulizer.

[00082]

Additionally, compounds are administered by implanting (either directly into an

organ or subcutaneously) a solid or resorbable matrix which slowly releases the compound

into adjacent and surrounding tissues of the subject.
[00083]

In some embodiments, it is preferred that the therapeutic compounds described

herein are administered in combination with another therapeutic agent, such as a
chemotherapeutic agent, radiation therapy, or an anti-mitotic agent. In some aspects, the
anti-mitotic agent is administered prior to administration of the present therapeutic

compound, m order to induce additional chromosomal instability to increase the efficacy of
the present invention to targeting cancer cells. Examples of anti-mitotic agents include

taxanes (i.e., paclitaxel, docetaxel), and vinca alkaloids (i.e., vinblastine, vincristine,

vindesine, vinorelbine).
[00084]

Definitions

WO 2018/089518

PCT/US2017/060669

19

[00085]

The practice of the present invention employs, unless otherwise indicated,

conventional techniques of molecular biology, microbiology, ceil biology and recombinant
DNA, which are within the skill of the art. See, e.g., Sambrook, Fritsch and Maniatis,

MOLECULAR CLONING: A LABORATORY MANUAL, 2lld edition (1989); CURRENT

PROTOCOLS IN MOLECULAR BIOLOGY (F. M. Ausubel et al. eds, (1987)): the series
METHODS IN ENZYMOLOGY (Academic Press, Inc.): PCR 2: A PRACTICAL
APPROACH (Mi. MacPherson, B.D. Hames and G.R. Taylor eds. (1995)) and ANIMAL

CELL CULTURE (Rd. Freshney, ed. (1987)).
[00086]

As used herein, certain terms have tire following defined meanings. As used in

the specification and claims, the singular form “a”, “an” and. “the” include plural references

unless the context clearly dictates otherwise. For example, the term “a cell” includes a
plurality of cells, including mixtures thereof.

[00087]

"Treatment" is an intervention performed with the intention of preventing the

development or altering the pathology or symptoms of a disorder. Accordingly, "treatment"
refers to both therapeutic treatment and prophylactic or preventative measures. Those in
need of treatment include those already with the disorder as well as those in w'hich the
disorder is to be prevented. In tumor (e.g., cancer) treatment, a therapeutic agent may

directly decrease the pathology of tumor cells, or render the tumor cells more susceptible to
treatment by other therapeutic agents, e.g., radiation and/or chemotherapy. As used herein,
"ameliorated" or "treatment" refers to a symptom w'hich approaches a normalized value (for

example a value obtained, in a healthy patient or individual), e.g., is less than 50% different
from a normalized value, preferably is less than about 25% different from a normalized

value, more preferably, is less than 10% different from a normalized value, and still more
preferably, is not significantly different from a normalized value as determined using
routine statistical tests.

[00088]

Thus, treating may include suppressing, inhibiting, preventing, treating, or a

combination thereof. Treating refers inter alia to increasing time to sustained progression,
expediting remission, inducing remission, augmenting remission, speeding recovery,

increasing efficacy of or decreasing resistance to alternative therapeutics, or a combination
thereof. "Suppressing" or "inhibiting", refers inter alia to delaying the onset of symptoms,
preventing relapse of a disease, decreasing the number or frequency of relapse episodes,

increasing latency between symptomatic episodes, reducing the severity' of symptoms,
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reducing the severity of an acute episode, reducing the number of symptoms, reducing the
incidence of disease-related symptoms, reducing the latency of symptoms, ameliorating
symptoms, reducing secondary symptoms, reducing secondary infections, prolonging

patient survival, or a combination thereof. The symptoms are primary, while in another
embodiment, symptoms are secondary. "Primary" refers to a symptom that is a direct result

of the proliferative disorder, while, secondary refers to a symptom that is derived from or
consequent to a primary cause. Symptoms may be any manifestation of a disease or

pathological condition.
[00089]

The "treatment of cancer or tumor cells", refers to an amount of peptide or

nucleic acid, described throughout the specification, capabl e of invoking one or more of the
following effects: (1) inhibition of tumor growth, including, (i) slowing down and (ii)

complete growth arrest: (2) reduction in the number of tumor ceils; (3) maintaining tumor
size; (4) reduction in tumor size; (5) inhibition, including (i) reduction, (ii) slowing down or

(iii) complete prevention, of tumor cell infiltration into peripheral organs; (6) inhibition,
including (i) reduction, (ii) slowing down or (iii) complete prevention, of metastasis; (7)

enhancement of anti-tumor immune response, which may result in (i) maintaining tumor
size, (ii) reducing tumor size, (iii) slowing the growth of a tumor, (iv) reducing, slowing or
preventing invasion and/or (8) relief, to some extent, of the severity or number of one or

more symptoms associated with the disorder.
[00090]

As used herein, "an ameliorated symptom" or "treated symptom" refers to a

symptom which approaches a normalized value, e.g., is less than 50% different from a
normalized value, preferably is less than about 25% different from a normalized value,

more preferably, is less than 10% different from a normalized value, and still more
preferably, is not significantly different from a normalized value as determined using
routine statistical tests.

[00091]

The terms "patient" or "individual" are used interchangeably herein, and refers to

a mammalian subject to be treated, with human patients being preferred. In some cases, the

methods of the invention find use in experimental animals, in veterinary application, and in
the development of animal models for disease, including, but not limited to, rodents
including mice, rats, and hamsters, and primates.

[00092]

By the term "modulate," it is meant that any of the mentioned activities, are, e.g.,

increased, enhanced, increased, augmented, agonized (acts as an agonist), promoted,
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decreased, reduced, suppressed blocked, or antagonized (acts as an antagonist). Modulation
can increase activity more than 1-fold, 2-fold, 3-fold, 5-fold, 10-fold, 100-fold, etc., over

baseline values. Modulation can also decrease its activity below baseline values.

[00093]

Thus, the term “cytokine” refers to any of the numerous factors that exert a

variety of effects on cells, for example, inducing growth or proliferation.

Non-limiting

examples of cytokines include, 1L-2, stem ceil factor (SCF), IL-3,1L-6, IL-7, IL-12,1L-15,

G-CSF, GM-CSF, IL-1 a, IL-1 β, MIP-1 a, LIF, c-kit ligand, TPO, and flt.3 ligand. Cytokines
are commercially available from several vendors such as, for example, Genzyme Corp.

(Framingham, Mass.), Genentech (South San Francisco, CA), Amgen (Thousand Oaks, CA)
and Immunex (Seattle, WA).

It is intended, although not always explicitly stated, that

molecules having similar biological activity as wild type or purified cytokines (e.g.,
recombinantly produced cytokines) are intended to be used within the spirit and scope of the

invention and therefore are substitutes for wild type or purified cytokines.
[00094]

An “effective amount” is an amount sufficient to effect beneficial or desired

results.

An effective amount can be administered in one or more administrations,

applications or dosages.

[00095]

A “subject” is a vertebrate, preferably a mammal, more preferably a human.

Mammals include, but are not limited to, murines, simians, humans, farm animals, sport

animals, and pets.
[00096]

An “antibody” is an immunoglobulin molecule capable of binding an antigen.

As used herein, the term encompasses not only intact immunoglobulin molecules, but also

anti-idiotypic antibodies, mutants, fragments, fusion proteins, humanized proteins and

modifications of the immunoglobulin molecule that comprise an antigen recognition site of
the required specificity.

[00097]

An “antibody complex” is the combination of antibody and its binding partner or

ligand.
[00098]

lire term “isolated” means separated from constituents, cellular and otherwise,

in which the polynucleotide, peptide, polypeptide, protein, antibody, or fragments thereof,

are normally associated with in nature. As is apparent to those of skill in the art, a nonnaturally occurring polynucleotide, peptide, polypeptide, protein, antibody, or fragments

thereof, does not require “isolation” to distinguish it from its naturally occurring
counterpart. In addition, a “concentrated”, “separated” or “diluted” polynucleotide, peptide,
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polypeptide, protein, antibody, or fragments thereof, is distinguishable from its naturally
occurring counterpart tn that the concentration or number of molecules per volume is
greater than “concentrated” or less than “separated” than that of its naturally occurring
counterpart.

A polynucleotide, peptide, polypeptide, protein, antibody, or fragments

thereof, which differs from the naturally occurring counterpart in its primary sequence or

for example, by its glycosylation pattern, need not be present in its isolated form since it is
distinguishable from its naturally occurring counterpart by its primary sequence, or
alternatively, by another characteristic such as glycosylation pattern. Although not explicitly

stated for each of the inventions disclosed herein, it is to be understood that all of the above

embodiments for each of the compositions disclosed below and under the appropriate
conditions, are provided by this invention. Thus, a non-naturally occurring polynucleotide

is provided as a separate embodiment from the isolated naturally occurring polynucleotide.

A protein produced in a bacterial cell is provided as a separate embodiment from the

naturally occurring protein isolated from, a eukaryotic cell in which it is produced, in. nature.
[00099]

A “composition” is intended to mean a combination of active agent and another

compound or composition, inert (for example, a detectable agent, carrier, solid support or
label) or active, such as an adjuvant.

[000100]

A “pharmaceutical composition” is intended to include the combination of an

active agent with a carrier, inert or active, making the composition suitable for diagnostic or

therapeutic use in vitro, in vivo or ex vivo.
[000101]

As used herein, the term “pharmaceutically acceptable carrier” encompasses any

of the standard pharmaceutical carriers, such as a phosphate buffered saline solution, water,
and emulsions, such as an oil/water or water/oil emulsion, and various types of wetting

agents. The compositions also can include stabilizers and preservatives. For examples of
carriers, stabilizers and adjuvants, see Martin, REMINGTON’S PHARM. SCI, 15th Ed.
(Mack Publ. Co., Easton (1975)).

[000102]

As used herein, the term “inducing an immune response in a subject” is a

term well understood in the art and intends that an increase of at least about 2-fold, more

preferably at least about 5-fold, more preferably at least about 10-fold, more preferably at
least about 100-fold, even more preferably at least about 500-fold, even more preferably at
least about 1000-fold or more in an immune response to an antigen (or epitope) can be
detected (measured), after introducing the antigen (or epitope) into the subject, relative to
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the immune response (if any) before introduction of the antigen (or epitope) into the subject.

An immune response to an antigen (or epitope), includes, but is not limited to, production of
an antigen-specific (or epitope-specific) antibody, and production of an immune cell

expressing on its surface a molecule which specifically binds to an antigen (or epitope).
Methods of determining whether an immune response to a given antigen (or epitope) has

been induced are well known in the art. For example, antigen specific antibody can be

detected using any of a variety of immunoassays known in the art, including, but not limited
to, ELISA, wherein, for example, binding of an antibody in a sample to an immobilized
antigen (or epitope) is detected with a detectably-labeled second antibody (e.g., enzymelabeled mouse anti-human Ig antibody). Immune effector cells specific for the antigen can

be detected by any of a variety of assays known to those skilled in the art, including, but not
limited to, FACS, or, in the case of CTLs, 51CR-release assays, or 3H-thymidine uptake

assays.
[000103]

By “substantially free of endotoxin” is meant, that there is less endotoxin per

dose of ceil fusions than is allowed by the FDA for a biologic, which is a total endotoxin of

5 EU/kg body weight per day.
[000104]

By “substantially free for mycoplasma and microbial contamination” is meant

negative readings for the generally accepted tests know to those skilled in the art. For
example, mycoplasm contamination is determined by subculturing a cell sample in broth
medium and distributed over agar plates on day 1, 3, 7, and 14 at 37°C with appropriate

positive

and

negative

controls.

The

product

sample

appearance

microscopically, at lOOx, to that of the positive and negative control.

is

compared

Additionally,

inoculation of an indicator cell culture is incubated for 3 and 5 days and examined at 600x

for the presence of mycoplasmas by epifluorescence microscopy using a DNA-binding

fluorochrome. Tire product is considered satisfactory' if the agar and/or the broth media
procedure and the indicator cell culture procedure show no evidence of mycoplasma

contamination.
[000105]

The sterility test to establish that the product is free of microbial contamination

is based on the U.S. Phamiacopedia Direct Transfer Method. This procedure requires that a

pre-harvest medium effluent and a pre-concentrated sample be inoculated into a tube
containing tryptic soy broth media and fluid thioglycollate media. These tubes are observed

periodically for a cloudy appearance (turbidity’) for a 14 day incubation. A cloudy
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appearance on any day in either medium indicate contamination, with a clear appearance

(no growth) testing substantially free of contamination.

EXAMPLES

[000106]

Example 1: General Methods

[000107]

Small molecule screen. PD-l-overepxressing Jurkat cells w'ere plated at a

concentration of 100,000 cells/well in a total volume of 80 μΐ. Compounds (100 nl each)
from the Institute of Chemistry and Cell Biology (TCCB) EMD Kinase Inhibi tor I collection

(244 compounds total) (55), consisting of three libraries sold by EMD as Inhibitor Select 96Well Protein Kinase Inhibitor I (cat #: 539744, 80 compounds), InhibitorSelect 96-Well

Protein Kinase Inhibitor II (cat #: 539745, 80 compounds) and InhibitorSelect 96-Well
Protein Kinase Inhibitor III (cat #: 539746, 84 compounds), were transferred by stainless
steel pin array from library plates to each assay plate. Dynabeads conjugated to a-CD3, aCD28, and a-PD-1 antibodies were added in 20 μΐ, for a final assay volume of 100 μΐ, with

a final compound concentration of 3.3 μΜ and an 8:1 beadxell ratio. Beads were

conjugated to a-CD3/a-CD28/control IgG and added to wells containing DMSO-treated

cells as a positive control, while beads conjugated to a-CD3/a-CD28/a-PD 1 were added to

wells containing DMSO-treated cells as a negative control. Supernatants from each well
w'ere analyzed for IL2 levels by AlphaLISA (Perkin Elmers) according to the

manufacturer’s protocol. Average and standard deviation values w'ere calculated from the
PD-1 controls (DMSO-treated cells stimulated with a-CD3/a-CD28/a-PD-l beads); hits

were defined as compounds scoring at least 3 standard deviations from the mean of the

controls.
[000108]

IL2 ELISA. PD-1-overexpressing Jurkat cells as previously published (23) were

stimulated with Dynabeads conjugated to a-CD3 (UCHT1), a-CD28 (28.2), and a-PD-1
(clone EH12 from Gordon Freeman) or control IgG at a 4:1 beadxell ratio in tire presence

of 1 μΜ CDK4/6 inhibitor for 18h. For primary human T cells, normal donor human blood
was obtained through DFCIIRB Protocol 04-430. PBMC were isolated using a Ficoll-

Paque density gradient, and purified populations of CD4+ T lymphocytes were obtained
through a negative magnetic selection kit according to manufacturer’s instructions
(Miltenvi). Primary human CD4+ T cells were stimulated with Dynabeads conjugated to a

CD3 (UCHT1), a-CD28 (28.2), and recombinant hPD-Ll-IgG fusion protein (Gordon
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Freeman) or control IgG at a 4:1 beadxell ratio in the presence of 1 μΜ CDK4/6 inhibitor

for 18h. IL-2 levels in the supernatant were analyzed by AlphaLISA (Perkin Elmers)
according to the manufacturer’s protocol.
[000109]

KINOMEscan. Palbociclib and abemaciclib were profiled by DiscoveRx using

KINOMEscan (55). Briefly, the two compounds were tested at 100 nM and 1000 nM.

Targeted kinases were visualized using the TREEspotTM compound profile visualization

tool. Z’LYTE™ kinase assays were conducted for GSK3a and GSK3p at Life Technologies
using Km ATP concentrations.
[000110]

Expression and purification of'NFATcI regulatory domain. The regulatory

domain of human NFATc3 (residues 1-400) was cloned into a pETlSl/D-TOPO plasmid
and expressed as a fusion protein with an N-terminal His-GBl solubility tag cleavable with

TEV protease. Escherichia coli strain BL21 (DE3) carrying the above plasmid were grown
at 37 °C in M9 media containing 6 g/I Na2HPO4, 3 g/1 KH2PO4, 0.5 g/1 NaCl, 1 mM

MgSO4, 0.1 mM CaC12 in H2O supplemented with 4 g/1 12C-glucose and 1 g/1 of
15NH4C1 isotopes. Protein expression was induced at an OD of 0.7 by 1 mM isopropyl β-

D-l-thiogalactopyranoside (IPTG) at 20 °C. Cells were grown for additional 15 hours at
20°C before harvesting. The harvested cells were resuspended in 40 ml of 50 mM Tris-HCl
(pH 8.0), 350 mM NaCl, 10 mM imidazole and 5 mM β-mercaptoethanol (β-ΜΕ). Hie

suspended cells were then disrupted by sonication, and the insoluble fraction was removed
by centrifugation for 40 min at 16,000 rpm. The protein was initially purified by affinity
chromatography using 5 ml of Ni-NTA resin (Qiagen). The supernatant from the cell lysate

was incubated with the Ni-NTA resin for one hour. After washing the bound resin with 40

ml of 50 mM Tris-HCl (pH 8.0), 350 mM NaCl, 40 mM imidazole and 5 mM β-ΜΕ, the
protein was eluted in an identical buffer containing 350 mM imidazole. The elution fraction
was dialyzed against a buffer containing 30 mM Na2HPO4 (pH 6.7), NaCl (150 mM), DTT
(5 mM) and the His-GBl solubility tag was cleaved using TEV protease. The digested
NFATc3 and His-GBl were separated and further purified using size exclusion

chromatography (GE Healthcare Life Sciences "‘Superdex 75 10/300 GL”).
[000111]

In vitro Phosphorylation of NFA TcS. NMR experiments were performed on a

Varian (Agilent DD2 700) spectrometer equipped with a cryogenically cooled probe, and

the spectrum was recorded at 287 K. CDK4/cyclin DI and CDK6/cvcIin D3 kinases were
purchased from Signalchem. The phosphorylation reaction was performed with a sample
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containing O.lmM 15N labeled NFATc3 with the addition of 10 pg CDK4 or 10 pg CDK6

in kinase reaction buffer [50 mM MES (pH 6.7), 140 mM NaCl, lOMm MgC12, O.IMm

EDTA, 2mM ATP and 5 mM DTT], First, a control experim ent of unphosphorylated
NFATc3 in same kinase reaction buffer was recorded followed by addition of kinases and
phosphorylation was monitored by using 2D 15N-HSQC experiments. In the inhibition

assay, ~ 0.7gM of CKD6 w'as pre-incubated with 7pM inhibitor before addition to 15N

labeled NFATc3 sample. Here, 2.5 ul of a ImM stock of the inhibitor was added to 350 ul

of the NMR sample. In a control experiment, the same amount of DMSO (2.5pL) was
added. All spectra were processed using nmrPipe and analyzed with CcpNmr-Analysis
(version 2.4.1).

[000112]

Western blots and antibodies. Cells were lysed in M-PER buffer (Thermo

Scientific) containing protease/phosphatase inhibitor cocktail (Roche). Protein
concentration was measured using a BCA assay (Pierce). Equivalent amounts of each

sample were loaded on 4-12% Bis-Tris gels (Invitrogen), transferred to nitrocellulose
membranes, and immunoblotted with antibodies against CDK4, CDK6, β-catenin, active β-

catenin, phospho-S536-p65, total p65, and Actin (Cell Signaling): pS172-NFAT2 (R&D);

and NFAT2 (Invitrogen). IRDye®800-labeled goat anti-rabbit IgG and IRDye®680-labeled

goat anti-mouse IgG (LI-COR) secondary antibodies were purchased for LI-COR, and
membranes were detected on an Odyssey detection system (LI-COR Biosciences).

[000113]

Animal studies. All animal studies were reviewed and approved by the

Institutional Animal Care and Use Committee (IACUC) at the Dana-Farber Cancer
Institute. The genetically engineered mouse model (GEMM) harboring a conditional

activating mutation of endogenous Kras (KrasLSL'GV2D/Jr) crossed with p53 conditional
knockout / y>5.w/i: has been previously described (36). CRE recombinase was induced

through intranasal inhalation of 5x106 p.f.u. adeno-Cre (University of Iowa adenoviral
core).

[000114]

For drag treatment studies m GEMM models, mice were evaluated by MRI

imaging to quantify lung tumor burden before and after drag treatment. Mice were treated
with either vehicle, or 100 mg/kg triiaciclib or 100 mg/kg palbociclib daily by oral gavage.

[000115]

For allograft studies, lung tumor nodules w'ere isolated from

jx^.LSL-oimvy^yjiVfl mjcg (C57BL/6 background), minced into small pieces and plated
onto tissue culture plates and passaged for at least 5 times before implantation into mice.
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[000116]

For syngeneic models, MC38 and CT26 ceils were injected into 6-8 week

C57BL/6 or Balb/c female mice subcutaneously, respectively. Vehicle control, CDK4/6
inhibitors (trilaciclib or palbociclib) were treated alone or together with PD-1 antibody

starting at the indicated time point, using an intermittent dosing schedule of 3 days on, 4
days off until experimental endpoint. PD-1 antibody was administered 3 times a week

(Monday, Wednesday and Friday) at 200 ug/mouse through l.P. injection.
[000117]

Patient Samples. Samples from human subjects treated at Massachusetts

General Hospital and the Dana-Farber Cancer Institute were assembled for PDOTS

profiling and culture between June and October 2016. Studies were conducted according to
the Declaration of Helsinki and Informed consent was obtained from all subjects. Tumor
samples were collected and analyzed according to Dana-Farber/Harvard Cancer Center
IRB-approved protocols.

[000118]

Flo w Antibodies. Lung infiltrating immune cells were stained with different

combinations of fluorochrome-coupled antibodies against mouse CD45 (clone 30-F11,
Biolegend), CDS (clone 17A2, Biolegend), CD4 (clone GK1.5, Biolegend), CD8 (clone 53

6.7, Biolegend), CD1 lb (clone MI/70, Biolegend), CD1 lc (clone N418, Biolegend), Foxp3
(clone FJK-16s, eBioscience), CD279 (PD-1, clone 29F.1A12, Biolegend), CD152 (CTLA4, clone UC10-4B9, eBioscience), Tim-3 (clone RMT3-23, eBioscience), CD223 (Lag-3,

clone C9B7W, Biolegend), IL-2 (clone JES6-5H4, Biolegend), ΙΕΝγ (clone XMG1.2,
Biolegend), BrdU (clone Bu20a, Biolegend). BrdU (clone Bu20a, Biolegend). Jurkat, PD-1-

Jurkat, and human PBMCs were stained with fluorochrome-coupled antibodies against
human CD3 (clone HIT3a, Biolegend), CD4 (clone OKT4, Biolegend), and CD279 (PD-1,

clone EH12.2H7, Biolegend).
[000119]

MRI quantification. Animals were anesthetized with isoflurane to perform

magnetic resonance imaging (MRI) of the lung field, using BioSpec USR70/30 horizontal
bore system (Broker) to scan 24 consecutive sections. Tumor volumes within the whole

lung were quantified using 3D slicer software to reconstruct MRI volumetric measurements
as previously described (36). Acquisition of the MRI signal was adapted according to

cardiac and respiratory cycles to minimize motion effects during imaging.
[000120]

Spheroid Preparation and Microfluidic Culture. Experiments were performed

as described (28). Briefly, fresh tumor specimens from human patients were received in

media (DMEM) on ice and minced in 10cm dishes (on ice) in a sterile field. S2 fractions
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(40-100 pm) were used for ex vivo culture as previously described (28). An aliquot of the

S2 fraction was pelleted and re-suspended in type I rat-tail collagen (Coming, Corning, NY)
and the spheroid-collagen mixture was then injected into the center gel region of the 3D

microfluidic culture device. After 30 minutes at 37°C, collagen hydrogels containing
PDOTS/MDOTS were hydrated with media with indicated treatments. MOOTS were
treated with IgG isotype control (10 pg/mL, clone 2A3) or rat-a-mouse anti-PD-1 (10

pg/ml, clone RMP1-14, BioXCell). Both MOOTS and POOTS were treated with vehicle
(DMSO), palbociclib (palb) (100 nM) or trilaciclib (lOOnM).

[000121]

Live/Dead Staining. Dual labeling was performed by loading microfluidic

device with Nexcelom ViaStain™ AO/PI Staining Solution (Nexcelom, CS2-0106).
Following incubation with the dyes (20 minutes at room temperature in the dark), images

were captured on a Nikon Eclipse 80i fluorescence microscope equipped with Z-stack

(Prior) and CoolSNAP CCD camera (Roper Scientific). Image capture and analysis was
performed using NISElements AR software package. Whole device images were achieved

by stitching in multiple captures. Live and dead cell quantification was performed by

measuring total cell area of each dye.
[000122]

Cytokine profiling analysis of murine BAL fluid. Mouse lung broncho alveolar

lavage (BAL) was performed by intracheal injection of 2ml of sterile PBS followed by
collection by aspiration. Cytokines were measured using 19-plex mouse magnetic Luminex

kit (R&D systems), Mouse Cytokine 23-plex Assay (Bio-Rad) or Human Cytokine 40-plex
Assay (Bio- Rad) and measured on Bio-Plex 200 system (Bio-Rad). Concentrations [pg/ml]

of each protein were derived from 5-parameter curve fitting models. Fold changes relative
to the control were calculated and plotted as log2FC. Lower and upper limits of quantitation

(LLOQ/ULOQ) w'ere derived from standard curves for cytokines above or below detection.
Mouse IL-6 and IL-10 concentrations were further confirmed by ELISA (Biolegend).
[000123]

Tumor-infiltrating immune cells isolation and FACS analysis. Mice were

sacrificed, and lungs were perfused using sterile PBS through heart, perfusion from the left
ventricle after BAL fluid collection. The whole lung was minced into small pieces and

digested in collagenase D (Sigma) and Dnase I (Sigma) in Hank’s Balanced Salt Solution

(HBSS) at 37°C for 30 min. After incubation, the digested tissue was filtered through a
70prn cell strainer (Fisher) to obtain single-cell suspensions. Separated cells were treated
with IX RBC lysis buffer (Biolegend) to lyse red blood cells. Live cells were determined by
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LIVE/DEAD® fixable aqua dead cell stain kit (Molecular Probes). The cell pellets were re

suspended in PBS with 2% FBS for Fluorescence-activated cell sorting (FACS) analysis.
Cells were stained with fpr cell surface markers as indicated followed by

fixation/permeabilization using foxp3 fixation/permeabilization kit (eBioscience). Cells
were imaged on BD LSRFortessa (BD Biosciences) and analyzed using FIowJo software
(Tree Star).
[000124]

Single-cell RNA-sequencing. Library preparation and pre-processing'. Single

cell suspensions from Kras(A2OI+Trp53^GFMM. mice treated with triiaciclib were isolated

as described for tumor-infiltrating immune cells, with modifications. After isolation, live

cells were stained and sorted for the CD45+CD3+DAPI- population and plated at one

cell/well of a skirted twin .tec 96-well plate (Eppendorf) contains IxTCL buffer (Qiagen cat#
1031576) spiked with ERCC (Ambion, 1:2,000,000 dilution ratio). A total of four 96-well
plates were generated, two plates with and two plates without ERCC spike-ins. After

sorting, full-length RNA-seq from isolated single cells was performed according to

SMART-seq2 protocol with modifications. Briefly, total RNA was purified using RNASPRI beads. Poly(A)+ mRNA w'as converted to cDNA for amplification. The converted

cDNA transcript was subject to barcoding specific to each sample using transposon-based
fragmentation that used dual-indexing. For single-cell sequencing, each cell was given its
own combination of barcodes. Barcoded cDNA fragments were then pooled prior to

sequencing. Sequencing was carried out as paired-end (PE) 2x36bp with an additional 8
cycles for each index on NexSeq 500 desktop sequencer (Illumina). To obtain quantitative

mapping information, PE reads were mapped to the mouse genome (mm9), concatenated

with ERCC sequences for spiked-in samples, by STAR (56). Estimated transcript counts
and transcripts per million (TPM) for the mouse Gencode vMl annotation, concatenated
with ERCC sequence information for spiked-in samples, were obtained using the pseudo

aligner Kallisto (57). Aggregated and library scaled TPM values for genes w'ere obtained

according to the methods described (58) and were used in further downstream differential

distribution, Gene Ontology and. cell cycle analysis. Only cells that had a minimum of
100,000 PE reads, and with at least 20% alignment to the transcriptome, were retained for
further analysis. To further exclude cells that displayed low-qualitv we collected quality

metrics for library size, library complexity, duplicate reads, mitochondrial and ribosomal

read fraction and performed principal component analysis (PCA) combined with density’
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based clustering (dbscan,http://citeseerx.ist.psu.edu/viewdoc/summary ?doi:= l 0.1.1.71.1980)

to identify and remove outlier ceils relative to the largest and homogeneous group of single
cells (2.7 cells removed). Genes were considered not expressed if TPM < 1 and were

subsequently removed if not detected in at least 10% of remaining cells. The single-cell
RNA-seq results have been deposited in NCBI's Gene Expression Omnibus and are

accessible through GEO Series accession number GSE89477

(https://www.ncbi.nlm.nih.gov/geo/querv/acc.cgi?acc= GSE89477).
[000125]

Single-cell RNA-seq analysis

[000126]

Normalization·. We used a multi-step approach using the R package SCONE to

identify' the optimal normalization strategy and. account for possible batch effects, observed
and hidden technical covariates (59). First, we identified the most stable 200 genes between
the two plates that contained spike-ins. Next, these genes were used in the SCONE

framework as negative control genes for unwanted variation for all plates. We continued
with highest scored normalization strategy according to SCONE metrics, which included

adjusting for batch and biological effects, removal of observed technical variation based on
previously identified quality metrics, scaling for library' size with DESeq, and imputing

drop-out events using a combined clustering and probabilistic scoring algorithm.

[000127]

Cell-cycle classification'. To assign cells to a cell-cycle stage we applied the

cyclone classification tool as previously described (60).
[000128]

Feature selection and cell clustering'. To identify the most informative genes for

clustering single cells we continued only' with the Gencode defined gene types,

protein coding and lincRNA, w'hich contain most genes and displayed the highest
coefficient of variation. Subsequently, we combined two approaches. First, we identified

genes that displayed more than expected variance modeled by the relationship between

variance and log expression with LOESS. Next, these genes were used to perform PCA and
the 100 most correlated and anti-correlated genes for the first 5 principal components were

retained for reducing dimensionality and separating cells m gene expression space with tSNE. Distinct groups were identified applying density based clustering (dbscan) on the t-

SNE generated coordinates, resulting in three (3) groups of cells.
[000129]

Differential distribution & Gene Ontology analysis: Genes that display

differential distribution between previously identified groups or between treatments were
discovered by performing pairwise comparisons with the scDD
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(http://biorxiv.org/content/eariy/2015/12/29/035501 ) package in R. Enriched biological
processes were identified using the online GOrilla tool

(http://bmcbioinformatics.biomedcentral.com/articles/10 .1186/147I -2105-10-48).
[000130]

BrdUincorporation. C57BL/6 mice were subjected to tail vein injection with

the KrasisX2OhTrp53illil (KP) tumor cell line (1x10° cells/mouse) to induce orthotopic tumor
growth in the lung. Tumor bearing mice or C57BL/6 background naive mice were treated
with vehicle (10ug/g), palbociclib (100 mg/kg) or trilaciclib (100 mg/kg) by daily oral

gavage for two consecutive days. At day 3, mice received an intraperitoneal injection of

BrdU (BD Bioscience) at 2 mg/mouse in sterile PBS. Mice were sacrificed 24 hrs after
BrdU injection, and splenocytes were isolated and stained for surface markers. Cells were

fixed and permeabilized with foxp3 fixation/permeabilization buffer (eBioscience),
followed by DNase I digestion (0.3 mg/ml, Roche) at 37 °C for 1 hr. Cells were stained with
fluorochome-conjugated anti-BrdU antibody (Biolegend) and analyzed on LSRFortessa

(BD Bioscience).

[000131]

Cell co-culture and Cytokine production. Naive or KP tumor bearing C57BL/6

mice were sacrificed and total splenocytes were harvested. Spleens were digested with

collagenase D (Roche) and Dnase 1 (Roche) at 37 °C for 30 min, followed by lxACS lysis

buffer (Biolegend) incubation to lyse red blood cells. The collected total splenocytes were
stained with the fluorochome-conjugated ceil surface markers CD3, CD4, CD8 and CD25 to
isolate different T cell subpopulations, including conventional T cell Tconv
(CD3+CD4+CD25-), Treg (CD3+CD4+CD25+), and CD8+ (CD3+CD8Q using BD
FACSAria II SORP cell sorter (BD Bioscience). DAPI (4',6-diamidino-2-phenylindole)

staining was used to exclude dead cells. Sorted ceils w'ere cultured in 96-well plates pre
coated with CD3 antibody (eBioscience) and treated with trilaciclib in the presence of

CD28 (eBioscience). Cells were collected 3 days after culturing and cytokine production of

IFNy and IL-2 was determined by intracellular staining and analyzed on BD LSRFortessa
(BD Bioscience).

[000132]

Transient transfection. siRNA targeting human CDK4 or CDK6 (GE

Dharmacon) or constructs for NFAT-Firefly Luciferase or Renilla Luciferase-SV40
(Addgene) were electroporated into cells using the Neon™ transfection system (Invitrogen)
according to the manufacturer’s recommended protocol.
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[000133]

Quantitative RT-PCR Total RNA was extracted from cells using Trizol

(Invitrogen), and cDNA was generated using tire SuperScript II Reverse Transcriptase Kit

(Invitrogen). Quantitative PCR was performed using Power SYBR Green PCR Master Mix
(Applied Biosystems), and transcript levels were normalized to Actin. Samples were run in
triplicate. Primer sequences are listed below:

[000134]

Oligonucleotides Used for Quantitative RT-PCR

Forward Primer (5’ - 3‘)

Reverse Primer (5‘ - 3’)

11-3

CAACCTCAATGGGGAAGACCA

TGGATTGGATGTCGCGTGG

GM-CSF

TGCTGAGATGAATGAAACAGTAGA

CTGGGTTGCACAGGAAGTT

Actin

CGCACCACTGGCATTGTCAT

TTCTCCTTGATGTCACGCAC

[000135]

Luciferase Assay. Luminescence was measured using the Dual-Gio Luciferase

Assay System (Promega) from cells transiently transfected with NFAT-Firefly Luciferase

and Renilla Luciferase-SV40 on a Clariostar Microplate Reader (BMG Labtech). Samples
were run in triplicate.
[000136]

Statistical Analysis. Data are presented as mean with SEM unless otherwise

specified. Statistical comparisons were performed using impaired student’s / tests for two
tailed» value unless otherwise specified. */><0.05, **/><0.01, ***/><0.001

[000137]

Example!: Small molecule screen identifies CDK4/6 inhibitors as

compounds that enhance T cell activity
[000138]

To identify small molecules capable of enhancing T cell activation in the setting

of PD-1 engagement, we screened for compounds that activate PD-1-overexpressing Jurkat

T cells (23), by measuring IL-2 secretion following a-CD3/CD28/IgG (“TCR/IgG”) or aCD3/CD28/PD-1 (“TCR/PD-1”) stimulation (Fig. 1A, Fig. 7A). In addition to known
negative regulators of IL-2 production (e.g. glycogen synthase kinase-3a/p (Ο8Κ3α/β)
(24,25)), this screen identified cyclin-dependent kinases 4 and 6 inhibitors (CDK4/6i) as top
hits (Table 1).

[000139]

Table 1. Chemical compound screen
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[000140]

As immunostimulatory properties have not been previously ascribed to

CDK4/6i, we tested several optimized inhibitors, including the three FDAapproved
compounds palbociclib (palb), ribociclib, and abemaciclib, as well as trilaciclib (trila;

G1T28), a recently reported selective CDK4/6 inhibitor (26, 27), and found that three of the
four tested compounds potently enhanced IL-2 secretion, even when suppressed by PD-1
signaling (Fig. IB). Although abemaciclib had the greatest stimulatory' activity, kinome

profiling revealed that it potently inhibits many other kinases, including GSKSa/β (Fig. 7BD and published data (26)). As palbociclib and trilaciclib are significantly more selective for
CDK4/6, we sought to minimize potential confounding effects due to off-target activity' and

focused our studies on these two compounds.

[000141 ]

To further investigate this phenomenon, we stimulated primary' human CD4+ T

cells with a-CD3/CD28 and either recombinant PD-L1 or control IgG, and found that both
palbociclib and trilaciclib treatment enhanced IL-2 secretion (Fig. 1C). This recapitulated

the effect we observed in Jurkat cells,

confirming that CDK4/6i have potent

immunostimulatory activity. Importantly, transfection of CDK4 or CDK6 specific siRNAs
(Fig. ID) revealed that knockdown of CDK6, but not CDK4, enhanced IL-2 secretion (Fig.
IE), supporting on-target specificity of small molecule CDK4/6 inhibitors and a

predominant role for CDK6 inhibition.
[000142]

To verify this discovery in a more physiologic setting, patient-derived

organotypic tumor spheroids (PDOTS) were treated, with CDK4/6i (Fig. 7E) in a novel ex
vivo 3D microfluidic culture system (28). PDOTS contain autologous tumor-infiltrating

immune ceils (Fig. 7F, 7G), and bead-based cytokine profiling of conditioned media from
spheroids loaded into 3D microfluidic devices revealed increased levels of Till cytokines

(e.g. CXCL9, CXCL10, IFNy, IL-16 and CXCL16) (29,30) following treatment with

palbociclib or trilaciclib (Fig. IF, IG). Although the concentration of IL-2 was below the

detection range m this system, these findings suggest that CDK4/6i may activate CTL/Thl

responses to elicit anti-tumor immunity.
[000143]

Examples: CDK6 regulates NFAT activity

[000144]

NFAT family proteins are crucial for T ceil activation and transcriptional

regulation of IL-2 (22). To investigate the link between CDK4/6 and NFAT in regulating
IL-2 production, we measured IL-2 secretion from PD-1-overexpressing Jurkat cells
stimulated in the presence of palbociclib and cyclosporine A (CsA), a calcineurin inhibitor
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that prevents activation of the NFAT pathway (Figure 2 A). Addition of CsA ablated
production of IL-2, even in the presence of palbociclib, suggesting that CDK4/6 inhibitors

increase IL-2 secretion through heightened NFAT signaling and not via an alternative
pathway. Interestingly, a recent biochemical screen suggested that NFAT4 (NFA'TcS) is a

substrate of CDK4/6 (31). To assess phosphorylation of NFAT4 by CDK4/6, we performed
2D !5N heteronuclear single quantum correlation (2DHSQC) experiments to analyze

changes in chemical shifts of the regulatory’ domain of NFAT4 after incubation with either
recombinant CDK4/Cyclin DI or CDK6/Cyclin D3. Tire 15N HSQC spectrum of NFATcS
(1-400) has narrow dispersion (~lppm) in the Ή dimension centered on the random coil

chemical shift of 8.0 ppm, consistent with an unstructured protein (Fig. 8A). The few7
resonances around the Ή frequency of 7.5 ppm indicate that a minor part of this protein

harbors structured elements, which is in accordance with the disorder prediction from
primary sequence information (Fig. 8C). When NFAT4 was incubated with CDK6, we

observed the appearance of resonances corresponding to phospho-serine residues, upfield of
8.5 ppm in the 1H dimension and a number of distinct chemical shift perturbations for the

residues neighboring the phosphorylation sites (Fig. 8A) (32,33). However, this did not
occur when NFAT4 was incubated with CDK4 (Fig. 8A), consistent with our previous

knockdown data. (Fig. ID, IE), although we observed some non-specific peak broadening
due to the presence of glycerol in the enzyme mixture. Importantly, CDK6-induced

phosphorylation of NFAT4 w7as inhibited when the kinase was pre-incubated with
palbociclib (Fig. 8B), where we observed neither phospho-serine resonances nor distinct

chemical shift perturbations associated with phosphorylation. Although we observed the
broadening of a few resonances after the addition of palbociclib, w7e confirmed that this was
a non-specific effect due to the addition of DMSO (Fig. 8B).
[000145]

As our NMR results indicated that CDK6 is an upstream NFAT kinase, we

hypothesized that CDK4/6i would result in decreased phospho-NFAT, which could lead to
increased nuclear translocation and enhanced NFAT transcriptional activity (22, 26). As we

w7ere unable to assign the residues of NFAT4 that were phosphory lated by CDK6, w7e

instead examined levels of phospho-Serl72-NFAT2, a site reported to regulate the nuclear
localization of NFAT2 (34). Although we do not have evidence that CDK4/6 directly

phosphorylates NFAT2, we found that treatment of PD-l-Jurkat cells with palbociclib
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reduced levels of phospho Serl72 NFAT2 (Fig. 2B), suggesting that multiple members of
the NFAT family may be regulated by CDK4/6.

[000146]

As phosphorylation of the regulatory domains of NFATs is a key regulator of

their nuclear localization, we isolated nuclear and cytoplasmic fractions from unstimulated
or stimulated PD-l-Jurkat cells treated with palbociclib or vehicle control, and found that

CDK4/6 inhibition increased nuclear levels of NFAT4 (Fig. 2C). Consistent with increased
levels of NFATs in the nucleus, we also found that exposure to palbociclib increased NFAT
transcriptional activity' (Fig. 2D) and mRNA expression of IL2, JL3, and GM-CSF (Fig. 2E),

three previously reported NFAT targets (35). Taken together, these results reveal a novel
role for CDK6 as an upstream regulator of NFAT activity, and demonstrate that
pharmacological CDK4/6 inhibition can enhance T cell activation in vitro.

[000147]

CDK4/6 inhibition enhances T cell infiltration into lung tumors

[000148]

To determine the impact of CDK4/6 inhibition on tumor infiltrating immune

cells in vivo, we treated ArasLSL'G!2D7r/?.5.?fl' il (KP) mice, representing an immunocompetent

genetically engineered mouse model (GEMM) of human non-small cell lung cancer
(NSCLC) (36), with either palbociclib or trilaciclib. Both agents increased infiltration of

CD4+ T cells and CD8+ cells, to a lesser degree, into lung tumors among total lung
infiltrating leukocytes (TILs) (Fig. 3A). This increase of CD4+ cells was confirmed in two

additional GEMMs, including the KrasLSL-G12D (K) and the Kras*s^nOLkb 1™Ά (KL)
model18, in which CDK4/6i also increased infiltration of TILs into lung tumors (Fig. 9A).

[000149]

Although CDK6 plays a critical role in T cell proliferation (26,37), transient

inhibition of CDK4/6 did not decrease total number of TILs in these lung tumors, while
absolute numbers of CD4+ and CD8+ cells only mildly changed (Fig. 3B). This finding

suggests that CDK4/6 inhibition can either induce intratumoral T cell expansion, which is
unlikely given the requirement for CDK4/6 for cell proliferation (19), or can lead to

increased homing of effector T cells to the tumor. To explore the impact of CDK4/61 on TIL
proliferation, we evaluated BrdU incorporation m vivo. CDK4/6i did not alter BrdU

incorporation in CD44' or CD8“ cells from naive mice without tumors (Fig. 3C, upper panel,
Fig. 10A), but did diminish BrdU incorporation in both CD4+Foxp3’ conventional T cells

(Tconv) and CD4+Foxp3+ regulatory T cells (Treg), but not CD8+ cells, isolated from mice
bearing Ara,sLSLG12D7rp53il'f! allografts (Fig. 3C, lower panel, Fig. 10A). Similarly, CDK4/61

more potently reduced proliferation of T cells from tumor-bearing mice than naive mice
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after stimulation ex vivo (Fig. 10A, 10B), possibly because proliferation of naive T cells
relies on CDK1 and other transcriptional factors such as T-bet (19,38), while tumor
infiltrating CD4+ lymphocytes are more susceptible to CDK4/6L However, the percentage

of Tregs did not show significant changes among CD4+ TILs after CDK4/6i treatment (Fig.
9B, 9C).
[000150]

We next evaluated the impact of CDK4/6i on the immune microenvironment

beyond T cell proliferation and IL-2 secretion by investigating chemokines, expression of

exhaustion markers, and the proliferation of other stromal cells. Levels of the Thl

chemokines CXCL9 and CXCL10, which govern the trafficking of effector T cells to tumor
sites (30,39), were increased in the lung after CDK4/6 inhibition (Fig. 10C, 10D). Levels of
coinhibitory molecules, including PD-1 and CTLA-4, were reduced in both CD4 ’ and CDS*

T cells after palbociclib or trilaciclib treatment, albeit to different extents (Fig. 3D, Fig. 9DE). CDK4/61 also reduced the abundance of CDllc“ myeloid cells (Fig. 3E), which may be

due to decreased proliferation of bone marrow hematopoietic progenitors (26). We also
observed reduced levels of IL-6, IL-10, and IL-23 after CDK4/6i (Fig. 10D), three
cytokines produced by myeloid cells that suppress the Till response in cancer (40, 41).

Taken together, these data indicate that despite effects on I cell PROLIFERATION,

CDK4/6 inhibition results in an increased percentage of effector cells within the tumor
microenvironment, correlated to chemokine secretion, with apparent downregulation of

coinhibitory molecules in some of the models tested. Moreover, the anti-proliferative effect

of CDK4/6i does not result in an increase of Tregs among TILs, but does result in a reduced
number of the myeloid subpopulation.

[000151]

Example 4: Tumor antigen-experienced T cells more sensitive to CDK4/6

inhibition than naive T cells

[000152]

As a recent report demonstrated that lymphocyte proliferation inhibition by

CDK4/61 is transient and reversible (27), it is possible that properly timed and sequenced
doses of CDK4/61 can activate effector T ceils without adversely suppressing their
proliferation. To evaluate the impact of CDK4/61 on T cell activation, IFNy secretion was

evaluated. Total splenocytes isolated from tumor-bearing mice, but not naive mice, treated

with trilaciclib in vivo demonstrated increased IFNy secretion (Fig. I1A, 11B). This finding
was further confirmed by treatment with trilaciclib ex vivo, which increased IL-2 production
only in cells from, tumor-bearing mice (Fig. 4A, Fig. 11C). Moreover, although. CDK4/6I
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did not significantly alter IFNy secretion by CD8+ cytotoxic T cells alone (Fig. I ID, HE),

co-culture of splenic CD8+ T cells from tumor-bearing mice with Tregs in the presence of
trilaciclib relieved Treg-mediated suppression, as IFNy production increased by ~10 fold. In

contrast, the effect of CDK4/61 on IFNy production from naive CD8+ T cells co-cultured
with Tregs was minimal (Fig. 4B, Fig. 1 IF), These data suggest that CDK4/6i can augment

effector T ceil function even in the presence of Tregs.
[000153]

To further investigate the effects of CDK4/6 inhibition on tumor-infiltrating T

cells in vivo, we performed single-cell RNA sequencing (RNA-seq) on CD3+ T cells
isolated from KP GEMM lung tumors. Gene Ontology (GO) analysis revealed enrichment

for processes related to lymphocyte activation and proliferation (Table 2).
[000154]

GO Term

Table 2 GO Ontology analysis results
Description

P-

FDR q-

value

value

Enrichment

N

B

n

b

1.00:0002376

immune system process

1.36E-17

1.70E-13

5.2

10930

822

92

36

2 00:0050778

positive regulation of

2.47E-10

1.54E-06

7.57

10930

251

92

16

2.49E-09

1.04E-05

3.35

10930

1029

92

29

3.49E-09

1.09E-05

8.49

10930

182

92

13

3.79E-09

9.48E-06

5.41

10930

395

92

18

5.53E-09

1..15E-05

8.1"

10930

189

92

13

9.08E-09

1.62E-05

4,81

10930

469

92

19

1.04E-08

1.63ΕΌ5

8.75

10930

163

92

12

1.97E-08

2.74E-05

3.49

10930

852

92

25

402

92

1"

92

8

immune response
3 00:0048584

positive regulation of

4 GOO002696

positive regulation of

response to stimulus

leukocyte activation

5 00:0050776

regulation of immune

6 GOO050867

positive regulation of cell

response

activation
7 00:0002684

positive regulation of
immune system process

8 00:005125!

positive regulation of
lymphocyte activation

9GO:0042127

regulation of cell

proliferation
10 00:0006955

immune response

3.30E-08

4.12E-05

5.02

10930

17 00:0002429

immune response-activating

1.28E-07

9.38E-05

13,39

10930

1.80E-07

1.07E-04

8.8

10930

135

92

10

5.24E-07

2.34E-04

11.18

10930

85

92

8

6.12E-07

2.55E-04

6.04

10930

236

92

12

1.24E-06

3.96E-04

10

10930

95

92

8

ceil surface receptor

signaling pathway

21 GO :005 0670

regulation of lymphocyte
proliferation

28 00:0050671

positive regulation of
lymphocyte proliferation

30 00:0001819

positive regulation of
cytokine production

39 00:0060326

cell chemotaxis
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40 00:0016477

cell migration

1.42E-06

4.45E-04

4.69

10930

355

92

14

43 00:0001817

regulation of cytokine

2.25E-06

654E-04

4.51

10930

369

92

14

production

44 00:0006935

chemotaxis

2.38E-06

6.77E-04

7,69

10930

139

92

9

74 00:0051480

regulation of cytosolic

1.08E-05

1.83E-03

9.14

10930

91

92

Ί

4.64E-05

6.3C-E-03

6.13

10930

155

92

8

5.12E-05

6.74E-03

9.02

10930

79

92

6

calcium ion concentration

92 00:0006874

cellular calcium ion

95 00:0007204

positive regulation of

homeostasis

cytosolic calcium ion

concentration
97 00:0055074

calcium ion homeostasis

5.S1E-05

7..49E-03

5.94

10930

160

92

8

109 00:0051482

positive regulation of

9.07E-05

1Ό4Ε-02

.32.4

10930

11

92

3

cytosolic calcium ion

concentration involved in
phospholipase

Enrichment (N, B, n, b) is defined as follows:
N == total number of genes
B == total number of genes associated with a specific GO term
n = number of genes in the top of the user's input list or in the target set when appropriate
b = number of genes in the in tersection
Enrichment = (b/n) / (B/N)
[000155]

Several reported NEAT targets were upregulated by triiaciclib, including Ccr2,

Clcfl, Cx3crl and CD86 (Fig. 4C, 'Fable 3), consistent with our in vitro findings (Fig. 2).
Conversely, we observed downregulation of Ccna2 and Cd22, which are negatively

regulated by NFATs (Fig. 4C, Table 3). Thus, single-cell RNA-seq data was consistent with

our in vitro findings indicating that inhibition of CDK4/6 de-represses NFAT activity.
[000156]

Table 3. Selected genes reported to be regulated by NFAT

log2(GTT28 vs vehicle)

Ccr26i 3.090597614
Ecel62 2.973761813
Clcfl63 1.470080066
I171-6 4 1.461492037
Cx3crl22 1.23291456
Aifl65 1.044858682
TnfsfS63 1.037029284
I12ra66 0.941288346
Ccndl67 0.822259494
Ccl563 0.741580164
Cxcll68 0.717471837
Ccl263’690.628587426
Cd8670 0.620956798
Csfl63 0.596550748

Ccr21 3.090597614
Ecel2 2.973761813
Clcfl 3 1.470080066
117r4 1.461492037
Cx3crl5 1.23291456
Aifl 6 1.044858682
Tnfsf83 1.037029284
I12ra7 0.941288346
CcndlS 0.822259494
Ccl53 0.741580164
Cxcll9 0.717471837
Ccl23,10 0.628587426
Cd8611 0.620956798
Csfl3 0.596550748

WO 2018/089518

PCT/US2017/060669

46

Ccna27! -1.1942732/45
Cd2272 -1.231585552
[000157]

Ccna212 -1.194273245
Cd2213 -1.231585552

We further analyzed the T cell RNA-seq data by unsupervised density based

clustering on t-Distributed Stochastic Neighbor Embedding (t-SNE) analysis to separate

cells into three different groups (clusters) according to gene expression signatures (Fig. 4D).
One group was comprised almost exclusively of cells from trilaciclib-treated mice (group
3). A second group contained cells predominantly from trilaciclib treated mice, but also

from vehicle treated animals (group 1). The final group (group 2) represented a mixture of
cells from vehicle and trilaciclib-treated mice (Fig. 4D). Trilaciclib treatment significantlyincreased IL-2 signaling activation in group 3, as well as in group 1, to a lesser extent. This

activation includes upregulation of IL-2 receptors IL-2Ra, IL-2RJ3 and IL-2Ry (Fig. 4E).

Treatment with trilaciclib increased the proportion of T cells in the G1 phase in groups 1
and 3 (Fig. 12A), confinning on-target pharmacodynamic effects in these cells. Compared

to cells in group 2, cells from groups 1 and 3 showed evidence of highly activated NFAT
signaling (Fig. 12E), along with heightened upregulation of activation markers, including 4-

1BB (Tnfrsfi), Icosl, GJTR (TnfrsflS), CD40 and CD86 (Fig. 4E, Fig. 13A). Compared with

group 1, cells in group 3 showed greater downregulation of inhibitory markers (42),
including Pd-ll (Cd274), Pd-12 (Pdcdllg2), Tim3 (Havcr2), Cd200 and its receptors (Fig.

4E, Fig. 13B). Additionally, these cells demonstrated greater TCR signaling, manifested by
upregulation of Zap70, Lat, Skapl and Cd6, which are important for continued T cell

activation after TCR engagement, as well as for effector T cell function (Fig. 4E).

Interestingly, these hyperactive cells were primarily in the G1 phase (Fig. 12B), consistent
with the effect of CDK4/6 inhibition on traversal from G1 to S in both cancer cells and

immune cells (Fig. 12). Therefore, despite inhibitory effects on cell cycle progression,

short-term exposure to a CDK4/6i resulted in a gene transcription signature consistent with

enhanced T cell function.
[000158]

EXAMPLES: CDK4/6 inhibition augments anti-PD-1 antibody induced anti

tumor immunity
[000159]

We next examined effects of CDK4/6i on tumor burden. CDK4/61 alone was not

sufficient to eradicate tumors despite reduced tumor proliferation and increased T cell
activation and infiltration in the KP GEMM model (Fig. 5A) consistent with a previous
report that palbociclib reduces the growth of Aras-driven murine lung tumors (43). We
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therefore evaluated the ability of CDK4/6i to complement PD-1 blockade. As Kras mutant

GEMMs are not responsive to checkpoint blockade (3, 44), in part due to a low levels of
somatic mutations (45), we utilized the murine syngeneic colon adenocarcinoma model

MC38. We first demonstrated that anti- PD-1 combined with CDK4/61 synergistically
induced cell death ex vivo in MC38 murine-derived organotypic tumor spheroids (MOOTS)

(28) (Fig. 5B, Fig. 14A). Furthermore, combination treatment of CDK4/61 with PD-1
blockade down-regulated levels of CCL2, CXCL1 and CCL3, which negatively regulate the

Till response (Fig. 5C). However, when MOOTS were generated from tumors grown in
Ragl’1' immunodeficient mice, which lack both B and T lymphocytes, or when the Thl

response was blocked by addition of an anti-IFNy neutralizing antibody, w?e no longer

observed synergistic effects of CDK4/6i combined with anti-PD-1 treatment (Fig. 14B,
14C). In contrast, addition of a neutralizing antibody against CCL5 has no such rescue
effect (Fig. 14C), suggesting that the T cells are the key cellular mediators of the anti-tumor

activity of CDK4/6i.
[000160]

Example 6: T cells are required for anti-tumor immunity induced by

combinational treatment of CDK4/6 inhibitor and anti-PD-1 antibody

[000161]

As previously reported, in vivo PD-1 blockade induced partial tumor growth

inhibition in the MC38 model (46); however, consistent w-ith the results in MOOTS, the

addition of intermittent exposure to triiaciclib nearly eliminated tumor growth (Fig. 6A, left

panel). Furthermore, we found that treatment with palbociclib in combination with PD-1

blockade had a similar effect in mice bearing tumors derived from CT26 colon carcinoma

cells (47), which are far less responsive to PD-1 blockade alone (Fig. 6A, right panel, Fig.
6B).
[000162]

Profiling of TILs from MC38 tumors revealed that anti-PD-1 alone increased

CD8+ IFNy production but not CD4+ IL-2 production (Fig. 6C). Thus, in this model, PD-1
blockade increased the cytotoxicity of CD8+ T cells, but did not increase T cell

proliferation through IL-2. Addition of triiaciclib to PD-1 blockade resulted in ~10-fold
increase in levels of IFNy in CD8+ TILs and -'-2-fold increase in CD4+ IL-2 production

(Fig. 6C). The increase in IL-2 was also observed in the CT26 model treated with
palbociclib alone or in combination with PD-1 (Fig. 15A). Of note, in the MC38 model, IL2 production was also increased in the murine inguinal lymph nodes (Fig. 15B), albeit to a
lesser extent compared to TILs, while IFNy levels remained unchanged (Figure 6D).
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Importantly, we found that depletion of either CD4’ or CD8’ T cells in the CT26 model

reversed the anti-tumor effect induced by combined treatment of palbociclib and anti-PD-1
(Fig. 6E). As T cell depletion completely ablated the anti-tumor activity of the combination

treatment, the predominant anti-tumor activity of palbociclib in this model could not be

independent of T cells (i.e. a direct anti-proliferative effect on tumor cells due to tumor cell

CDK4/6 inhibition). Instead, our results demonstrate that palbociclib amplifies the T cell
dependent anti-tumor effects of PD-1 blockade. Finally, combination treatment of CDK4/6i
and PD-1 blockade was superior to single agents alone in treating established tumors,

although eventual relapse was evident in all treatment groups (Fig. 15C, 15D). Thus,

CDK4/6 inhibitors greatly potentiate the effects of PD-1 blockade in vivo, and the major
factors of the CDK4/6i-induced anti-tumor immune response are T cells.
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[000235]

While the invention has been described in conjunction with the detailed

description thereof, the foregoing description is intended to illustrate and not limit the scope
of the invention, which is defined by the scope of the appended claims. Other aspects,

advantages, and modifications are within the scope of the following claims.
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We Claim:
1.

A method of treating a tumor in a subject comprising administering to said subject a

CDK4/6 inhibitor and an immune checkpoint inhibitor.

2.

A method of decreasing tumor burden in a subject comprising administering to said

subject a CDK4/6 inhibitor and an immune checkpoint inhibitor.

3.

A method of increasing T-cell infiltration of a tumor comprising administering to

said subject a CDK4/6 inhibitor.

4.

A method of augmenting anti-tumor immunity in a subject comprising administering

to said subject a CDK4/6 inhibitor in an amount sufficient to increase T-cell activation.
5.

The method of claim 3 or 4, wherein the subject is receiving a cancer therapy.

6.

The method of claim 5, wherein the cancer therapy is a targeted therapy.

7.

The method of claim 5, wherein the cancer therapy is an immunotherapy.

8.

The method of claim 4, further comprising administering to the subject an immune

checkpoint inhibitor.
9.

A method of inhibiting the phosphorylation of Nuclear Factor of Activated T cell

(NFAT ) comprising contacting a cell expressing NFAT with a CDK4/6 inhibitor or a

CDK6 inhibitor.
10.

The method of any one of the preceding claims, wherein the CDK4/6 inhibitor is

administered in an amount sufficient to increase IL-2 and/or lFN-γ production a tumor

infiltrating lymphocyte (TIL).
11.

A method of increasing IL-2 and/or IFN-γ producti on in a tumor infiltrating

lymphocyte (TIL) comprising contacting the TIL or administering to a subject having a

tumor a CDK4/6 inhibitor
12.

The method of claim 10, further comprising contacting the TIL or administering to

the subject an immune checkpoint inhibitor.
13. The method of claim 10 or 11, wherein said TIL is a CD8+ T-cell, a CD4+ T-cell, a T

effector cell, a T helper cell or a T regulatory cell.
14.

The method of any one of the preceding claims, wherein the CDK4/6 inhibitor is

administered in an amount sufficient to increase CXCL-9 and/or CXCL-10 production.
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15.

The method of anyone of the preceding claims, wherein the checkpoint inhibitor a

CD27, CD28, CD40, CD 122, CD 137, 0X40, GITR, ICOS, A2AR, B7-H3, B7-H4, BTLA,

CTLA-4, IDO, KIR, LAG3, PD-1, PD-L1, TTM-2, or VISTA inhibitor.

' 16.

The method of anyone of the preceding claims, wherein the checkpoint inhibitor a

CD27, CD28, CD40, CD 122, CD 137, 0X40, GITR, ICOS, A2AR, B7-H3, B7-H4, BTLA,
CTLA-4, IDO, KIR, LAG3, PD-1, PD-L1, T1M-2, or VISTA antibody.

17.

The method of any one of the preceding claims wherein the CDK4/6 inhibitor is

palbociclib, abemaciclib, trilaciclib or ribociclib.
18.

The method of any one of the preceding claims wherein the CDK4/6 inhibitor is

administered prior to the checkpoint inhibitor.
19.

The method of claim 18, wherein the CDK4/6 inhibitor is administered for 2 or 3

days prior to administration of the checkpoint inhibitor.

20.

The method of any one of the preceding claims wherein said subject has or is

receiving chemotherapy for said tumor.
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