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BACKGROUND & AIMS: T cells are crucial for the antitumor
response against colorectal cancer (CRC). T-cell reactivity to
CRC is nevertheless limited by T-cell exhaustion. However,
molecular mechanisms regulating T-cell exhaustion are only
poorly understood. METHODS: We investigated the functional
role of cyclin-dependent kinase 1a (Cdknla or p21) in cluster
of differentiation (CD) 4™ T cells using murine CRC models.
Furthermore, we evaluated the expression of p21 in patients
with stage I to IV CRC. In vitro coculture models were used to
understand the effector function of p21-deficient CD4™ T cells.
RESULTS: We observed that the activation of cell cycle
regulator p21 is crucial for CD4" T-cell cytotoxic function and
that p21 deficiency in type 1 helper T cells (Th1) leads to
increased tumor growth in murine CRC. Similarly, low p21
expression in CD4" T cells infiltrated into tumors of CRC

patients is associated with reduced cancer-related survival. In
mouse models of CRC, p21-deficient Th1l cells show signs of
exhaustion, where an accumulation of effector/effector
memory T cells and CD27/CD28 loss are predominant. Im-
mune reconstitution of tumor-bearing Ragl’/’ mice using
ex vivo-treated p21-deficient T cells with palbociclib, an in-
hibitor of cyclin-dependent kinase 4/6, restored cytotoxic
function and prevented exhaustion of p21-deficient CD4"
T cells as a possible concept for future immunotherapy of
human disease. CONCLUSIONS: Our data reveal the impor-
tance of p21 in controlling the cell cycle and preventing
exhaustion of Thl cells. Furthermore, we unveil the thera-
peutic potential of cyclin-dependent kinase inhibitors such as
palbociclib to reduce T-cell exhaustion for future treatment of
patients with colorectal cancer.
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C olorectal cancer (CRC) is the third most common
type of cancer, affecting both men and women." CRC
development usually takes several years, and multiple
events contribute to its onset.” Abnormal cells appear from
hyperproliferative cells that continue to accumulate in the
epithelial layer. Such cells constantly acquire DNA damage
that occurs due to telomere shortening or epigenetic dis-
ruptions and manage to escape cell cycle arrest.” Mutations
in DNA repair and cell cycle arrest genes, such as in the
p53/p21 and pl6/retinoblastoma (Rb) pathways are
frequent and significantly increase the chance that these
abnormal cells become cancerogenic.>* Various studies
have shown how important p53/p21 and p16/Rb pathway
activation is in highly damaged epithelial cells.”®

Furthermore, the evaluation of tumor samples from pa-
tients with CRC has shown that p53, p21, and p16 expres-
sion in tumor cells significantly improves the outcome.”®
This is not surprising, because activation of the p53/p21
and pl16/Rb molecular pathways directly inhibits cyclin-
dependent kinases (CDKs), such as CDK4 and CDKS6, to
ensure cell cycle arrest. Surpassing these gate keepers al-
lows tumor cells to proliferate indefinitely. Therefore, cur-
rent efforts in developing novel CRC treatment focus
directly on targeting CDKs, with CDK4/6 inhibitors such as
palbociclib now being tested in human clinical trials.’

Immune cells constantly shape the tumor microenvi-
ronment (TME) in CRC. T cells are especially important
players during CRC progression, because high numbers of
infiltrating CD3™ cells are often correlated with a positive
outcome."® T-cell populations in the TME of patients with
CRC are, however, highly heterogeneous, varying from
functionally active, “bystanders” or even exhausted ones,
which can strongly impact the clinical outcome.'*'? This is
due to the constant exposure to tumor antigens, which not
only reduces the effector function of T cells but also leads to
their exhaustion and senescence induction. The accumulation
of exhausted and terminally differentiated effector memory T
cells, or so-called TEMRA cells, is often observed in CRC."*
Exhausted CD8" T cells are also known to significantly lose
CD27/CD28 costimulatory molecules, which can further
impede their effector function in CRC.'* However, whereas
CD8™ T-cell dysfunctions are often studied in cancer settings,
much less in known about how CD4" T-cell exhaustion and
senescence affect CRC development.

CD4" T cells are especially important for providing
activation signals to CD8™ T cells and further sustain their
cytotoxic responses in cancer.'”'® Interestingly, tumor cells
have been shown to be able to induce cellular senescence of
CD4™ T cells when they are cocultured for a long period of
time."” In response to the extensive DNA damage suffered
by T cells, they induce cell cycle regulators p53/p21 and
p16.7 p21 activation in CD4™ T cells seems to be especially
relevant, because chronically stimulated T cells show high
protein expression.18 Nevertheless, whether p21 function in
CD4" T cells infiltrated in colorectal tumors is detrimental
or not is unclear.
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

T-cell exhaustion impairs the anti-tumor immune
response against colorectal cancer. Understanding the
molecular mechanisms of cluster of differentiation 4-
positive (CD4 ") T-cell exhaustion is crucial.

NEW FINDINGS

p21 mediates cell exhaustion of effector CD4" T cells
found in the tumor microenvironment. Palbociclib, an
inhibitor of cyclin-dependent kinase 4 and 6, helps
restoring loss of function in p21-deficient CD4™ T cells.

LIMITATIONS

Our study unravels the role of p21 in regulating anti-tumor
response of CD4" T cells. Other functions of p21in T cells
remain to be understood.

CLINICAL RESEARCH RELEVANCE

p21 activation is relevant for preventing DNA damage
accumulation in highly proliferative, effector CD4" T
cells. In this regard, palbociclib presents great
therapeutic potential for improving the anti-tumor
response of exhausted T cells in patients with colorectal
cancer.

BASIC RESEARCH RELEVANCE

Cell cycle modulation by p21 plays an important role in
the effector function of T cells. Evaluation of other
molecules involved in the cell cycle machinery may
provide a better understanding of mechanisms leading
to T-cell exhaustion in colorectal cancer.

To answer this question, we have used azoxymethane/
dextran sodium sulfate (AOM/DSS) and murine carcinoma
(MC38) orthotopic models in Ragl™/~ mice reconstituted
with wild-type or p21-deficient CD4™ T cells. We evaluated
the effector function of p21~/~ CD4" T cells as well as
maturation status and CD27/CD28 expression, in response
to CRC tumors. Most importantly, we showed that p21 nu-
clear expression in CD4" T cells is especially relevant in
tumors from patients with CRC.

Materials and Methods

A detailed description of the methods used in the study can
be found in the Supplementary Materials and Methods.

Abbreviations used in this paper: AOM/DSS, azoxymethane/dextran so-
dium sulfate; BRCA1, breast cancer typel susceptibility protein; CD,
cluster of differentiation; Cdkn1a, cyclin-dependent kinase inhibitor 1a;
CDK, cyclin-dependent kinase; CRC, colorectal cancer; CTLA4, cytotoxic
T lymphocyte-associated protein; Go, cell cycle quiescent state, Gi.;
growth phase 1, 2; ICsy, half maximum inhibitory concentration; IFN,
interferon; IL, interleukin; MC38, murine carcinoma; mLN, mesenteric
lymph node; Rb, retinoblastoma; RT-FDC, real-time fluorescence
deformability cytometry; Tbet, T-box transcription factor; TEMRA, termi-
nally differentiated effector memory T cells; Th1, type 1 helper T cells;
TME, tumor microenvironment.
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Human Tissue

Human colon cancer samples were taken according to
Ethical Committee approval from 95 patients who underwent
primary tumor resection at the University Hospital Erlangen
between September 2007 and October 2020, with various
stages of CRC (n = >18 samples/stage). The clinical details of
the patients can be found in Supplementary Table 1. The
immunostaining protocol and staining quantification pro-
cedure is described in the Supplementary Materials and
Methods.

In Vivo Colorectal Cancer Models

The in vivo models were done according to the State Gov-
ernment of Middle Franconia Institutional Animal Care and Use
Committee. MC38 and AOM/DSS models were performed on 8-
to 15-week-old male or female immune-deficient Ragl™/~ mice
(The Jackson Laboratory). Cdknla™/~ (p21~/~) and C57BL/6]
(B6/]) mice were used as donor animals for the in vivo
experimental tumor models (AOM/DSS and MC38 orthotopic
tumor models) in Ragl™~ mice as well as for the in vitro
studies. All knockout mice had a B6/] background and have
been previously described in the literature."”*’ The tumor
models were performed as previously described in litera-
ture.”** A detailed description of each model can be found in
the Supplementary Materials and Methods. The overall well-
being of the mice was periodically assessed via endoscopy
(Coloview system, Karl Storz) and scored by using the murine
endoscopic index of colitis severity and a general score for
tumor growth.??

In Vitro Cell Culture Models

For the in vitro type 1 helper T cells (Th1), polarization of
naive CD4TCD25" cells were isolated from B6/J and p21~/~
spleens (Miltenyi Biotec) and stimulated for 5 days using anti-
CD3/anti-CD28, interleukin (IL) 12 and «-IL4. Female and male
mice were both used for in vitro models. The cells were
cultured in RPMI medium (Sigma-Aldrich), with 10% fetal
bovine serum (Gibco) and 1% penicillin/streptomycin (Sigma-
Aldrich). Th1 polarization of B6/] cells was tested using a p21
inhibitor (UC2288, Abcam) treatment added 2 days after cell
stimulation.

For palbociclib experiments, p21~/~ Th1 cells were stim-
ulated with various concentrations of palbociclib (Selleckchem)
on day 2. In coculture experiments, palbociclib-treated and
untreated Th1 cells were added to MC38 cells for 24 hours in a
10:1 concentration. A list of the reagents and their dilutions can
be found in Supplementary Table 2.

Flow Cytometry Analysis

Immune cells isolated from blood, mesenteric lymph nodes
(mLNs), spleens, tumors, and in vitro stimulations were
analyzed by using flow cytometry. The detailed staining can be
found in the Supplementary Materials and Methods.

The telomere length assay was based on a flow-
fluorescence in-situ hybridization protocol.”* The cells
were resuspended in formamide (Sigma-Aldrich), with or
without the peptide nucleic acid-fluorescence in-situ hy-
bridization probe (Panagene). Propidium iodide staining
solution (Invitrogen) was used to allow cell cycle detection. A
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list of all the antibodies used can be found in Supplementary
Table 3.

Real-Time Fluorescence Deformability Cytometry

For high-throughput 1-dimensional fluorescence imaging of
cells using real-time fluorescence deformability cytometry (RT-
FDC), the cells were prepared as following: Cell Tracker Deep
Red Dye was used for cytoplasmic staining and Ki67 for nuclear
staining. Then, the cells were incubated with p21 (Boster),
followed by Alexa Fluor 488 donkey anti-rabbit secondary
antibody immunoglobulin G (BioLegend). Single staining was
used for RT-FDC color compensation. RT-FDC measurements
were performed as described previously.?®

Statistical Analysis

The data were analyzed by using GraphPad Prism 8 software
(GraphPad Software). For column analysis, the unpaired 2-tailed
t test or 1-way analysis of variance with Tukey’s correction was
used. For grouped analysis, 2-way analysis of variance with
Sidak’s correction was used. Curves were plotted by using a
simple linear regression model, and r values were calculated
with the parametric Pearson’s correlation. Statistical differences
are indicated as follows: *P < .05, **P <, 01, **P < .001,
wekrkp <.0001.

Results

p21 Deletion in CD4* T Cells Influences
Colorectal Cancer Development Independent of
Cytotoxic CD8" T Cells

We evaluated p21 expression in CD4" T cells infil-
trated in murine CRC using tumor sections from wild-type
B6/] mice that were subjected to the orthotopic MC38 or
AOM/DSS model. Immunohistochemistry results showed
that CD4" T cells in the TME have cytoplasmic and nu-
clear p21 expression (Figure 1A and Supplementary
Figure 14).

To evaluate the functional role of these cells, we
reconstituted Ragl ™/~ mice with B6/J or p21~/~ CD4" T
cells and subjected them to the MC38 model (Figure 1B).
Mice that received p21_/_ CD4%* T cells developed
significantly bigger tumors than those injected with con-
trol CD4™ T cells (mean 3.650 vs 1.889) (Figure 1C and D).
Surprisingly, a significant increase in tumor growth was
observed even in Ragl™/~ mice injected with a mixture of
B6/] CD8" T cells and p21-deficient CD4" T cells
(Supplementary Figure 1B-D). Similarly, Ragl™/~ mice
exposed to the AOM/DSS model and reconstituted with
p21~/~ CD4" T cells had significantly increased tumor
burden compared with those receiving wild-type CD4" T
cells (Supplementary Figure 1E-H), despite the cotransfer
of wild-type CD8" T cells.

Cleaved-caspase-3 staining revealed that tumor cells
from Ragl~/~ mice injected with p21~/~ CD4" T cells were
less apoptotic than those from control mice (P = .0311)
(Figure 1E). No significant changes have been observed
regarding tumor cell proliferation (Figure 1F), whereas tu-
mor vessel density was modestly increased in mice
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Figure 1. p21 deletion in CD4™ T cells leads to increased tumor growth in the MC38 orthotopic tumor model by mediating
tumor cell death. (A) MC38 orthotopic model in B6/J mice and immunohistochemistry images show p21 expression in CD4* T
cells infiltrated in the TME (scale bar = 50 um). (B) Schematic representation of the MC38 orthotopic model used for Rag1~/~
mice that recelved B6/J or Cdknia™~ CD4™ T cells intraperitoneally (i.p.). (C) Endoscopy and H&E staining on tumor tissue
from Rag1~/~ mice reconstituted with B6/J or Cdkn1a~/~ CD4+ T cells (scale bar = 100 um). (D) Tumor growth assessment as
determined by endoscopic scoring (at t = 18 days after MC38 injection, n = >9 mice/group). Tumor cell death and proliferation
assessment by immunohistochemistry staining for (E) cleaved caspase-3 (c-Caspase3) and (F) Ki67 (n = >6 samples/group).
Cell nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (scale bar = 50 um). The data are shown as the
mean + standard deviation. Significant differences are observed using 2-tailed unpaired t test. *P < .05, **P < .01.
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receiving p21-deficient CD4" T cells (Supplementary of neutrophils in the TME were decreased in Ragl ™/~ mice
Figure 24). Although the infiltration of CD3" T cells and reconstituted with Cdknla /= CD4" T cells (Supplementary
macrophages in the TME remained unchanged, the numbers  Figure 2B-D).
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Figure 2. Effector function characterization of CD4™ T cells lacking p21 in the TME. (A) IFNy, IL17A, and IL6 protein expression
of immune cell infiltrates in the TME of control and knockout mice (n = >5 samples/group). (B) Flow cytometry data show

CD4™" T-cell relative numbers in the blood, mLNs, spleen, and TME of the Rag1 ~/~ mice reconstituted with B6/J or Cdkn1a

—/—

CD4* T cells (n = >7 samples/group). (C) The immune cells from TME were stained for specific transcription factor markers to
describe their polarization status (n = >7 samples/group). (D) Maturation status of wild-type and p21-lacking Tbet™ T cell as
shown by fluorescence-activated cell sorter staining for CD44 and CD62L as well as for CD27 and CD28 costimulatory
molecules (n = >5 samples/group). The data are shown as the mean + standard deviation. Significant differences are
observed by using 2-tailed unpaired t test or 2-way analysis of variance corrected with Sidak’s multiple comparison test. *P <

.05, *P < .01.

Loss of p21 in CD4" T Cells Leads to Reduced
Numbers of T-Box Transcription Factor-Positive
Cells Infiltrated Into the Tumor Microenvironment

We further investigated the cytokine expression of im-
mune cells isolated from the TME. Enzyme-linked immu-
nosorbent assay measurements from protein lysates
showed significantly decreased interferon (IFN)-y (P =
.0396) and IL17A (P = .0128) expression in Ragl~/~ mice
that received p21/~ CD4" T cells compared with the
controls, whereas IL6 cytokine expression remained un-
changed (Figure 24).

Although the overall numbers of CD4" T cells in the
blood, mLNs, spleen, or TME and total number of live cells in
the TME were comparable between both groups (Figure 2B
and Supplementary Figure 2E), p21 deficiency resulted in
decreased relative numbers of T-box transcription factor-
positive (Tbet™) cells infiltrated in the TME (Figure 2C
and Supplementary Figure 2F and G). Similarly, fewer Tbet*
CD4" T cells were observed in Ragl /™ mice reconstituted
with control CD8™ T cells and Cdknla™/~ CD4" T cells and
exposed to the AOM/DSS model (Supplementary Figure 2H
and I).

In CRC, constant exposure to tumor antigens can lead to
increased numbers of terminally differentiated memory T
cells.”® Therefore, we evaluated the numbers of naive and
memory CD4" T cells found in the TME. Interestingly, p21
deficiency in Thet' T cells led to a significant increase in

relative numbers of effector/effector memory cells
(Figure 2D and Supplementary Figure 2G). Furthermore,
p21_/_ Tbett CD4™' T cells in the TME showed a predom-
inantly exhausted phenotype compared with the wild-type
Tbet" CD4" T cells (Figure 2D and Supplementary
Figure 2)).

p21 Nuclear Expression Is Necessary for Th
T-Cell Polarization and Protects Against T-Cell
Exhaustion

To evaluate the functional role of p21 during Thl cell
polarization, we performed several in vitro models. Time-
dependent in vitro experiments revealed that p21 is
expressed as early as day 2 of activation (naive Th cells) and
Th1l polarization, remained constant over the following 3
days of stimulation (Figure 34), and was mainly located in
the nucleus (Figure 3B).*

Furthermore, p21-deficient CD4" T cells polarized
significantly less in Thl cells with decreased relative
numbers of IFNy™ cells and reduced cytokine production
(Figure 3C and D and Supplementary Figure 3B). Interest-
ingly, p21-inhibition with UC2288 in Thl cells revealed a
decrease of IFNy™ production in a concentration-dependent
manner (Supplementary Figure 34 and B). To test for sex
differences, we performed individual in vitro experiments
using male and female mice. Significantly fewer p21-defi-
cient CD4" T cells polarized in Thl cells compared with
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Figure 3. p21 nuclear activation influences in vitro T-cell activation and Th1 polarization and protects against their exhaustion.
(A) Western blot analysis of time-dependent p21 protein expression in naive Th cells (ThO) and Th1 cells from B6/J mice. (B)
RT-FDC measurements on in vitro Th1 cells (t = 3 days) show nuclear location of p21 (n = 500 cells). (C) Relative numbers of
IFNy™ T cells after 5 days of in vitro T-cell polarization. (D) Enzyme-linked immunosorbent assay measurements show IFNy
production in Th1 polarized cells from B6/J and p21~~ mice (n = 3 replicates/group, from 3 independent experiments). (E)
Flow cytometric measurements of telomere mean fluorescence of ThO and Th1 cells from control and knockout mice (n = >5
samples/group from 2 different experiments). (F) Relative gene expression in Th1 cells from B6/J and Cdkn1a~'~ mice related
to cell repair, senescence, exhaustion, and DNA damage, as shown by quantitative real-time polymerase chain reaction data
(n = 3 replicates/group). The data are shown as the mean + standard deviation. Significant differences are observed using 2-

way analysis of variance corrected with Sidak’s multiple comparison test. **P < .01, **P < .001, ***P < .0001.

control cells, independent of the sex (Supplementary
Figure 3C).

p21 loss further reduced the relative numbers of central
memory (CD62LTCD447") cells and increased the numbers
of effector/effector memory (CD62L CD44%) cells
(Supplementary Figure 3D). A significant decrease in the
relative numbers of CD277CD28% T cells was also pre-
dominant in p21-deficient Thl cells (Supplementary
Figure 3E).

After activation, T cells commonly lose CD27 and
CD28 as they extensively proliferate.?’” Because p21 is
directly related to the cell cycle, we investigated whether
its loss might directly affect proliferation and cell death.
Indeed, p21 deletion in CD4™" T cells significantly affected
T-cell proliferation, whereas cell death was unaffected
(Supplementary  Figure  3F-H). The  extensive

proliferation of p21-deficient Th1 cells was accompanied
by increased telomere loss (Figure 3E) and an upregu-
lation of genes related to exhaustion (cytotoxic T
lymphocyte-associated protein [CTLA4]), DNA damage
(histone family member X [H2AX]), and repair (breast
cancer typel susceptibility protein [BRCA1]), as shown in
Figure 3F.

Th1 T Cells Lacking p21 Show Reduced
Cytotoxic Potential Against MC38 Cells

The decrease in Tbet" T cells and IFNy cytokine pro-
duction, together with significantly less tumor cell death
observed in Ragl /" injected with p21-deficient CD4" T
cells, suggest that p21 loss in Th1l cells might reduce their
cytotoxic effect. We evaluated this hypothesis by using
in vitro Th1/MC38 coculture models (Figure 4A). In vitro
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Figure 4. Cytotoxic function of p21-deficient Th1 cells. (A) Schematic representation of the MC38-Th1 T-cell coculture ex-
periments. ThO, naive T-helper cells. (B) Propidium iodide (Pl) staining shows tumor cell death in the coculture experiments
(scale bars = 50 um). (C) Fluorescence-activated cell sorter data shows MC38 tumor cell proliferation and cell death after
in vitro coculture with B6/J or Cdkn1a~~ Th1 polarized T cells (n = >6 replicates/group from 3 independent experiments). The
data are shown as the mean + standard deviation. Significant differences are observed using 2-way analysis of variance
corrected with Sidak’s multiple comparison test. “*P < .01, **P < .001, ***P < .0001.

polarization generated significantly fewer IFNy™ T cells due
to p21 loss in CD4*" T cells (Supplementary Figure 44 and
B). Furthermore, p21-deficient Th1l cells showed reduced
cytotoxic capacities against MC38 cells (Figure 4B and C and
Supplementary Figure 4C).

Palbociclib, a Cyclin-Dependent Kinases 4/6
Inhibitor, Can Restore p21 Deficiency in Th1
T-Cell Polarization

p21 activation in cells can directly interfere with the
cell cycle, being a marker of cellular senescence induc-
tion.” Because B6/] Th1 cells continue to proliferate, even
after p21 activation, we hypothesized that its role in such
early time points during polarization might be necessary
to ensure proper gene and protein transcription during
cell cycle growth phase 1 (G;). Time-dependent analysis of
cell cycle showed that p21 loss in CD4™" T cells signifi-
cantly decreased the relative numbers of cells in quiescent
state (Go)/G; phase, from 53.17% to 46.60%, as early as
48 hours of stimulation (Figure 5A4). Furthermore, the
relative numbers of cells in the synthesis phase were
significantly increased in Th1 cells lacking p21 compared
with the wild-type cells. After 72 hours, the numbers of
cells in Gp/mitotic phase in p21~/~ Thl cells were also
decreased. Interestingly, the change in the relative
numbers of cells in Gy/G; phase in p21-deficient Th1 cells
appears to affect the relative numbers of IFNy™ T cells (P
<.0001), but not Thet™ ones, compared with the B6/] Th1

cells (Figure 5B), suggesting proper polarization but
reduced effector function.

The direct mechanism through which p21 interferes
with cell cycle in the Gg/g1 cell cycle phase is based on
inhibiting CDK2 and CDK4/6.%?° Therefore, we attempted
to restore the phenotype by targeting CDK4/6, using com-
mon CDK4/6 inhibitors such as palbociclib, ribociclib, and
abemaciclib.”?° Interestingly, palbociclib and ribociclib
significantly increased the numbers of IFNy" T cells and
IFNy cytokine production in p21~/~ CD4" T cells, but
abemaciclib did not have any effect or even worsened IFNy
production (Supplementary Figure 54). Among all, abema-
ciclib completely inhibits the phosphorylation of the Rb
protein, stopping cell cycle and inducing an increased rate of
cell death (Supplementary Figure 5B, C, and E). Therefore,
lack of effect of abemaciclib in restoring the number of
p21~/7 IENy™ T cells might be the result of predominant
cell death observed during the treatment.

When comparing B6/] and p217/7 Th1 cells, with or
without treatment, we observed that palbociclib signifi-
cantly increased the relative IFNy numbers in p21-deficient
Th1 cells (from 4.88% to 11.60%), without affecting control
cells (Figure 5C). Ribociclib could also partially restore
p21~/~ Thl polarization (Supplementary Figure 5D). An
improvement in the relative cell numbers in Go/G; cell cycle
was also noticeable in p21~/~ Th1 cells (Figure 5D). Last,
palbociclib also restored the effector/effector memory and
central memory phenotype while protecting against CD28
loss (Figure 5E).
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mice after palbociclib treatment. (E) Maturation status and CD28 expression of Th1 cells from B6/J and Cdkn1a™~ in response
to palbociclib treatment. The treatment experiments were performed twice with n = 3 replicates/experiment. The data are
shown as the mean + standard deviation. Significant differences are observed using 2-way analysis of variance corrected with

Sidak’s multiple comparison test. *P < .05, *P < .01, **P <

Palbociclib-Treated p21~'~ Memory CD4™*
T Cells Show Increased Cytotoxic Potential

Because CDK4/6 inhibition using palbociclib restored
the IFNvy cytokine production, it might be helpful in
assisting with the Th1l cytotoxic function against MC38
cells as well. We further cocultured palbociclib-treated
and untreated Thl cells from B6/] and p21~/~ mice
with MC38 cells (Figure 64). Palbociclib-treated Cdknla/
~ Th1 cells behaved similar to untreated and treated B6/]
Th1 cells in inducing MC38 tumor cell death and were able
to induce more cell death compared with the untreated
p21’/’ Thl cells (Figure 64 and B and Supplementary
Figure 5F).

We also evaluated whether such a phenotype can be
observed in the in vivo MC38 orthotopic model. A sche-
matic representation of the generated model is displayed
in Figure 6C. In short, we generated memory CD4"CD44"
T cells by exposing p21~/~ mice to the MC38 orthotopic
model. After 3 weeks, the cells were collected from
spleens and mLNs of these mice and activated in vitro for
24 hours. Before these cells were injected into Ragl™/~
mice bearing MC38 tumors, some were exposed to pal-
bociclib for 15 minutes. Tumor growth was then moni-
tored for 12 days (Figure 6D). Decreased tumor growth in
Ragl™/~ mice reconstituted with palbociclib-treated
CD47CD44™" T cells was observed as early as day 7 after
injection. TME analysis of immune-cell infiltration
revealed a trend for increased Tbet™ T-cell infiltration
(31.10% compared with 21.72% in control mice)
(Figure 6E), with no change in total numbers of live cells
(Supplementary Figure 5G).

.001, **P < .0001.

Low p21 Expression in CD4* T Cells Found at the
Tumor Site Affects Cancer-Related Survival of
Patients With Colorectal Cancer

Last, we investigated whether p21 expression might
have a prognostic value as well. CD4 and p21 staining on
samples from patients with CRC (stage I to IV) revealed that
p21 is expressed in the nucleus and cytoplasm of CD4" T
cells to a certain degree (Figure 7A). These results are
similar to what we initially observed in B6/] mice exposed
to both orthotopic MC38 and AOM/DSS models.

We further evaluated how cytoplasmic and nuclear p21
expression is modulated in patients with stage I to IV CRC.
The expression of p21 was quantified by using a cyto-
plasmic and nuclear region of interest in randomly chosen
p21-expressing CD4™ T cells (Figure 7B). Interestingly, p21
cytoplasmic expression remained unchanged independent
of CRC stage, and p21 nuclear expression is reduced in the
stages late III to IV compared with stage I (mean value
stage I: 137.80, stage II: 132.80, stage III: 97.62, and
stage IV: 91.79). Similarly, nuclear/cytoplasmic ratio
in stage I to IV CRC showed a negative correlation
(r = —0.05395, P < .0001).

Based on these results, we set out to find whether low or
high p21 expression could change cancer survival in CRC
patients. Based on an area under the receiver operating
characteristic curve of 0.798 (95% confidence interval,
0.62-0.83; P =.0001), we used 113.2 mean fluorescence as
a threshold for p21 nuclear mean fluorescence (Figure 7C).
Kaplan-Meyer survival curves revealed that patients with
low p21 nuclear expression in CD4" T cells have decreased
cancer-related survival compared with those that have high
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p21 expression (P = .027) (Figure 7D). This suggests that
p21 nuclear expression in CD4" T cells might be useful as a
prognostic marker in patients with CRC.

Discussion

CDK inhibitors, such as Cdknla (or p21) and Cdkn2a
(or pl6), are play an important role in cell protection
against DNA damage by directly interfering with CDKs and
inducing cell cycle arrests.”’ One such example is cellular
senescence induction in epithelial cells, where p21 can

irreversibly stop the cell cycle upon extensive DNA damage
as a protective mechanism against cancer development.5 In
immune cells, p21 can drive macrophage and dendritic cell
differentiation during hematopoiesis,’> can regulate
apoptosis and DNA repair in neutrophils,®® or can regulate
the cell cycle of B cells.®* Until now, the role of p21in CD4"
T cells has only been discussed in the context of inflam-
matory diseases, such as systemic lupus erythemato-
sus.'%*>%¢ Here, we describe for the first time the
unknown functional role of p21 in CD4" T cells during CRC
development.
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Our study showed that low or no p21 expression in
CD4" T cells increases tumor growth in animal models,
whereas patients with CRC with low p21-expressing CD41 T
cells showed worse cancer-related survival than those with
high levels of p21. We observed that p21-deficient T cells
might impact the numbers of neutrophils found in the TME.
This phenotype might be the result of decreased IFNy and

IL17A protein levels in immune cells from the TME, which
could mediate neutrophil recruitment and trafficking at the
tumor site.’”*® Most interestingly, the cytotoxic potential of
p21-deficient Th1 cells was significantly decreased in tumor
mouse models. This phenotype was still present when
normal p21-expressing CD8" T cells were supplied. Various
studies have reported the increased value of cytotoxic CD4*
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T cells in the TME, no matter whether CD8" T cells
contribute or not to tumor cell killing.*”

The loss of p21 in CD4" T cells also affected cell matu-
ration and CD27/CD28 costimulatory molecule expression,
both in in vivo tumor models and in in vitro polarization
experiments. We attribute these changes to the increased
proliferation of p21~/~ T cells. Studies of human T cells
have shown that after the first antigen encounter, naive T
cells respond and become central memory and effector
cells.*® Extensive exposure of the same antigen, however,
leads to accumulation of exhausted T cells, such as TEMRA
cells.”” Common hallmarks of T-cell exhaustion can often be
observed in CRC settings: exhausted T cells do not express
CD27/CD28"" but rather the inhibitory molecules CTLA4
and programmed cell death-1.*? Furthermore, exhausted T
cells show significant DNA damage, which reduces their
effector function.”®> *° Interestingly, our results showed that
p21 deficiency leads to exhaustion of Th1 cells, because the
TME of Ragl™/~ mice reconstituted with p21~/~ CD4" T
cells had increased the relative numbers of effector/effector
memory T cells that do not express CD27/CD28 cos-
timulatory molecules. Our in vitro experiments have further
shown increased DNA damage in p21/~ Thl cells
compared with the control ones, which contributes to their
exhaustion.

p21 expression was observed in the cell cytoplasm and
nucleus of CD4™" T cells infiltrated in the TME in human and
murine CRC samples. The functional role of p21 can vary
depending on its localization: its expression in the nucleus is
known to induce reversible (quiescence) or irreversible
(senescence) cell cycle arrests and can promote DNA repair
via proliferating cell nuclear antigen, whereas its trans-
location in the cell cytoplasm prevents apoptosis by directly
interacting with the nuclear factor-«B (nuclear factor “k-
light-chain-enhancer” of activated B-cells) pathway.*®*
When investigating B6/] Th1l cells, we found p21 expres-
sion was mostly observed in the cell nucleus.

Recent studies of various mammalian cell lines have
demonstrated how important a certain level of p21 is during
normal proliferation to mediate the naturally occurring DNA
damage.”””" The duration and strength of its expression
depends on the extent of damage. Therefore, we consider
that p21 acts as a “gate keeper” before T cells enter the
synthesis phase, ensuring that the DNA damage is not crit-
ical and that the necessary genes and proteins for effector
function have been transcribed.

The importance of p21-mediated cell cycle arrest during
the G; phase was observed when Thl cells were treated
with CDK4/6 inhibitors. CDK4/6 inhibitors (abemaciclib,
palbociclib, and ribociclib) are all able to target the forma-
tion of the CDK4/6-cyclin D complex, and directly reduce
the phosphorylation of the Rb protein, therefore inducing
cell cycle arrest.”” Currently, CDK inhibitors are evaluated in
clinical studies as potential therapeutics for the treatment of
CRC.° Whereas the effect of CDK4/6 in cancer has been
mostly related to the inhibition of cell cycle progression in
cancer cells, only a limited number of studies have evalu-
ated how CDK4/6 inhibitors affect adaptive immunity and
especially T-cell function. For example, palbociclib
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treatment on preexisting effector T cells of patients with
metastatic breast cancer induced an increase in the relative
numbers of circulating effector memory CD4* and CD8* T
cells.”® Similarly, treatment of CD8" T cells with palbociclib
increased the number of central memory cells in mice
challenged with B16 melanoma cells, but had no effect on
their cytotoxic function.”* Therefore, understanding how
CDK inhibitors affect not only tumor cells but also the
effector function of T cells would result in an optimized
therapy against CRC.

Although our experiments did not show any drastic
changes in effector function or maturation of wild-type Th1
cells, p21-deficient ones were especially sensitive to pal-
bociclib treatment, significantly increasing their cytotoxic
potential, restoring memory phenotype, and preserving
CD28 expression. To our knowledge, such effect of palbo-
ciclib on improving the cytotoxic function of exhausted Th1
cells has not been described until now. Ribociclib was also
able to partially restore the cytotoxic potential of p21-
deficient Th1 cells, but to a lesser degree compared with
palbociclib. Abemaciclib, on the other hand, did not induce
any changes in p21~/~ Th1 cells or even rather decreased
the relative number of IFNy™ T cells. Furthermore, among
the 3 tested CDK4/6 inhibitors, abemaciclib treatment
resulted in an increased rate of cell death in T cells and
significantly reduced the number of cells the Go/G; and G,/
mitotic phase. We confirmed our flow cytometry results by
Western blot, where abemaciclib markedly reduced the
expression of phosphorylated Rb compared with palbociclib
and ribociclib, indicating less to no proliferation.

Various studies showed that CDK4/6 inhibitors have
different mechanisms of action.”>"® For example, preclinical
experiments demonstrated that the half maximum inhibi-
tory concentration (ICsp) differs among them: abemaci-
clib—ICsy of 2 nmol/L (CDK4) and 9.9 nmol/L (CDK6);
palbociclib—ICsq of 9 to 11 nmol/L (CDK4) and 15 nmol/L
(CDK®6); and ribociclib—ICso of 10 nmol/L (CDK4) and 39
nmol/L (CDK6). Furthermore, they have different binding
properties as well: 93% to 98% for abemaciclib, ~85% for
palbociclib, and ~70% for ribociclib.”” Abemaciclib has also
been shown to have an additional activity on CDK9, which is
involved in cell proliferation. Therefore, based on the
studies in the literature and the results of our own experi-
ments, we conclude that abemaciclib has different mecha-
nisms of action compared with ribociclib and palbociclib on
cells, which seem to be independent from CDK4/6
inhibition.

T-cell infiltration in tumors from patients with CRC is
usually considered a positive marker for overall survival.”®
Nevertheless, the type and effector potential of these cells
also affects their outcome. Although Th1l and effector
memory T cells are usually correlated to a better overall
survival,”” “bystander” and exhausted T cells can have
negative effects on CRC development.** Our preliminary
results also showed that patients with p21 high CD4" T cells
are less prone to cancer recurrence compared with those
that had p21 low CD4" T cells in the TME. p21 nuclear
expression in CD4" T cells could potentially be used as a
prognostic marker for describing outcomes in patients with
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CRC, even when CD4 " T-cell numbers remain similar among
tested samples (data not shown).

Overall, this study provides new insights on p21 function
in CD4" T cells during their effector function against CRC.
p21 loss directly affects IFN+y production of Thl cells,
whereas excessive proliferation leads to their exhaustion.
Such cells are therefore less effective in tumor cell killing.
Most interesting, patients with CRC who have low p21
expression in CD4™ T cells are more predisposed to cancer
relapse. Nevertheless, our preliminary studies on mouse
models show that this phenotype can be restored by palbo-
ciclib, a CDK4/6 inhibitor that is already being explored in
various clinical cancer trials as a direct inhibitor of cancer cell
proliferation. We expect that our findings on the p21 function
in CD4" T cells and the restorative potential of palbociclib
will be translated into clinical therapies that will benefit pa-
tients with CRC. CDK4/6 inhibitors, such as palbociclib, could
thereby act by directly targeting cancer cells and improving
the antitumor immune response at the same time.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j-gastro.2023.09.017.
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Supplementary Materials and Methods

In Vivo Colorectal Cancer Models

For the sporadic tumor model, murine carcinoma MC38
cells were injected in the submucosal layer of the colon. For
the colitis-associated cancer model, 1 dose of AOM (Sigma-
Aldrich) was injected intraperitoneally, followed by 1 cycle
of DSS (MP Bio) in drinking water. Ragl ~/~ mice were also
reconstituted by intraperitoneally injecting 2.5 x 10° of a
mixture of CD8" (30%) and CD4" (70%) T cells CD4" T
cells alone. T cells were isolated from the spleens of B6/]
and Cdknla ™/~ (p21’/’) mice using commercially available
kits (Miltenyi Biotec).

The MC38 orthotopic model using palbociclib-treated
memory T cells was performed as follows: First,
Cdknla~/~ mice were orthotopically injected with MC38
cells. Memory CD47CD44" T cells were isolated from
spleens and mLNs of these mice (BD FACSAria II Flow
Cytometer, BD Biosciences) and in vitro stimulated with
«a-CD3/a-CD28 for 24 hours. Before these cells were
injected in MC38-bearing Ragl ™/~ mice, the activated
CD47CD44" T cells were treated with palbociclib iso-
thionate (Selleckchem) for 15 minutes at 37°C. We
ensured that all palbociclib was removed by washing the
cells with phosphate-buffered saline. As the control, lit-
termates were injected with untreated, but only activated
cells.

To evaluate immune cells infiltrated in the tumor
microenvironment, we dissociated the tumor tissue using a
mixture of collagenase D and deoxyribonuclease I. The cells
obtained after the digestion were filtered through 40-um
filters. The recovered immune cells were then used for flow
cytometric and enzyme-linked immunosorbent assay
(ELISA) measurements.

Flow Cytometry Analysis

The cells were washed with fluorescence-activated cell
sorter buffer containing Dulbecco’s phosphate-buffered sa-
line (Merck) plus 1% fetal bovine serum (Gibco). Cellular
staining was then performed. For intracellular staining, the
cells were fixed and permeabilized using the FoxP3 Tran-
scription kit (Invitrogen) and then stained with the anti-
bodies of interest (Tbet, Gata3, Roryt, and FoxP3). For
apoptosis detection, the AnnexinV Apoptosis Detection kit
(eBioscience) was used. Cell proliferation assay was per-
formed by using Cell Tracker Deep Red Dye (Thermo Fisher
Scientific), as described in the manufacturer’s protocol. To
differentiate between Th1l and MC38 cells in our coculture
experiments, forward and side scattering, along with CD4
staining, was used. MC38 cells were gated based on high
forward scattering-A and side scattering-A, followed by
CD4™ expression.

MC38 Cell Death Analysis Using Incucyte
Palbocilib-treated and untreated Th1l cells were
cocultured with MC38 cells for 24 hours in Incucyte Live-
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Cell Analysis System (Sartorius). MC38 cells were pre-
stained with Cell Tracker Deep Red Dye (Thermo Fisher
Scientific). Apoptosis was tracked by using Incucyte
Caspase-3/7 Green Dye (Sartorius). The changes were
observed using Incucyte S3 software (Sartorius). For ac-
curate investigation of tumor apoptosis, the contribution
of Cell Tracker Deep Red Dye fluorescence signal in the
Caspase-3/7 Green Dye channel was corrected by 5%.
MC38 tumor cell death has been calculated as (red +
green area)/red area.

Real-Time Fluorescence Deformability
Cytometry

An image of each cell was recorded together with the
3 fluorescence traces (FL1, FL2, and FL3), including peak
positions. Cell images and fluorescence traces were
stored and analyzed using ShapeOut software and Origin
2019b (OriginLab). p21 signals in each cell relative to the
cytosolic Cell Tracker and the nuclear Ki67, relative peak
positions were calculated: positioncen Tracker — POSi-
tion,,; and positiong;ey - positiony,. To test the coloc-
alization of p21 and Ki67, position,3; - positionge tracker
and positiongjg; - positionge Tracker» Were analyzed.
The 2-sample Kolmogorov-Smirnov test was then
performed.

Histology and Immunostaining

Paraffin-embedded tissues from MC38 and AOM/DSS
models were stained by using H&E. Tissue morphology was
then evaluated by using a DMi4000B inverse microscope
(Leica).

For  immunohistochemistry  staining,  paraffin-
embedded human and mouse tissues were first depar-
affinized. After antigen retrieval (1x Antigen Retrival so-
lution, Dako), the slides were incubated with the Avidin/
Biotin blocking kit (Vector Laboratories) and Protein
Block solution (Dako). Tissue sections were incubated
with the primary antibody diluted in Tris-buffered saline
with 1% Tween 20 (Sigma-Aldrich) with 2% bovine serum
albumin (Carl Roth). Secondary antibodies were then
added, followed by staining with fluorescence dye for
visualization. Finally, the cell nuclei were counterstained
with 4/,6-diamidino-2-phenylindole, and the slides were
mounted with Fluorescence Mounting Medium (Agilent).
A list with the primary and secondary antibodies, as well
as of the dyes can be found in Supplementary Table 3. The
immunohistochemistry staining was measured by using a
confocal microscope (TCS SP5, Leica) and analyzed using
Image] software (National Institutes of Health), by inves-
tigating the area percentage stained with the antibody of
interest related to the area percentage of 4’,6-diamidino-
2-phenylindole.

For staining quantification of the human samples, 4 to 6
images per tissue sample were acquired. The analysis was
done by randomly choosing 5 p21-expressing CD4" T cells
from each image. A region of interest in Image] for cyto-
plasm and nuclear staining was set. The images were
thresholded, and the mean fluorescence value for nuclear
and cytoplasm p21 expression was determined.
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For cell death detection in coculture experiments, Th1l
cells were stained with Cell Tracker Green CMFDA Dye
before being mixed with MC38 cells. After 24 hours, the
cells were stained with propidium iodide.

Protein Isolation and Western Blot Analysis

The cells were homogenized in a buffer
containing protease inhibitor cocktail (Merck) and
M-PER Protein Extraction Reagent (Thermo Fisher
Scientific). Then, 5 to 20 ug protein was separated
on a 4% to 15% sodium dodecyl sulfate-polyacrylamide
gel (Bio-Rad), and transferred to the nitrocellulose
membrane (GE Healthcare). The membrane was
blocked in Tris-buffered saline and Tween 20 plus 5%
bovine serum albumin and incubated with the antibody
of interest. The protein expression was assessed by
using the Western Lightning Plus-ECL (PerkinElmer). As
control, B-actin expression of all samples was analyzed.
The antibodies used can be found in Supplementary
Table 3.

Enzyme-Linked Immunosorbent Assay

ELISA protocols were conducted as described in the
manufacturers’ protocols. IFNy, IL6, and IL17A ELISA Kkits
(BioLegend) were used.

p21-Deficient CD4* T Cells in CRC 297.e2

RNA Isolation, Complementary DNA
Transcription, and Quantitative Real-Time
Polymerase Chain Reaction

Cell suspensions were collected for DNA quantification
as well. RNA isolation was performed by using the protocol
and reagents from the MicoSpin Total RNA kit (PeqLab).
Then, 20 to 50 ng RNA/20 uL was transcribed into com-
plementary DNA by using the SCRIPT cDNA Synthesis kit
(Jena Bioscience). The gene expression was analyzed by
quantitative real-time polymerase chain reaction and
normalized to hypoxanthine-guanine phosphoribosyl-
transferase. All used primers were ordered from Qiagen.

Receiver Operating Characteristic Curve Analysis

Receiver operating characteristic curve analysis was per-
formed to determine the diagnostic ability of p21 nuclear
expression in CD4" T cells in patients with CRC. p21 nuclear
expression in patients with stage III to IV CRC was compared
against the expression in patients with stage I and II. The
receiver operating characteristic curve analysis was used to
determine the area under curve. The cutoff value was calcu-
lated by using the maximized Youden’s index, and estimates
of sensitivity and specificity were derived. Finally, cancer-
related survival was determined using Kaplan-Meier curves,
based on the previously calculated cutoff value.
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Supplementary Figure 1. p21 loss in CD4" T cells leads to increased tumor growth independent of cytotoxic CD8" T cells.
(A) Schematic representation of the AOM/DSS model performed on B6/J mice, and immunohistochemistry images show p21
expression in CD4™ T cells mﬂltrated in the TME (scale bar = 50 um). i.p., intraperitoneal. (B) Schematic representation of the
MC38 orthotopic model on Rag1 ~/~ mice reconstituted with reconstituted with wild- -type CD8* T cells and wild-type or p21-
deficient CD4™ T cells. (C) Representative endoscopic tumors and H&E images from these mice (scale bar = 100 um).
(D) Tumor scoring based on endoscopic measurements (n = >6 mice/group). (E) Schematic representation shows the used
AOM/DSS model on Rag1 ™~ mice reconstituted with wild-type CD8* T cells and wild-type or p21-deficient CD4" T cells. (F)
Representatlve endoscopic images show tumor growth in these mice. (G) Weight curve and (H) tumor size and number in
Rag1 mice injected with B6/J or Cdkn1a™~ CD4" T cells, together with B6/J CD8™ T cells. The boxes indicate the 25th
percentile (bottom border), median (center line), and 75th percentile (top border), and the whiskers show the maximum and
minimum ranges. The experiment shows n = >6 animals/group from 2 individual experiments. The data are shown as the
mean + standard deviation. Significant differences are observed by using the 2-tailed unpaired t test. *P < .05.
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d

Supplementary Figure 2. Evaluation of the tumor microenvironment of Rag1 ~/~ mice reconstituted with B6/J or Cdkn1a
CD4* T cells. (A) Schematic representation of the MC38 orthotopic model on Rag ™'~ mice reconstituted with wild-type or p21-
deficient CD4" T cells and angiogenesis analysis by immunohistochemistry staining using CD31. DAPI, 4,6-diamidino-2-
phenylindole; i.p. intraperitoneal. (B-D) Immune cell infiltration in the TME as shown by F4/80, myeloperoxidase (MPO), and
CD3 in the mice reconstituted with wild-type or p21~/~ CD4" T cells (h = >4 samples/group). (E) Total number of live cells
evaluated from the TME of Rag1~~ mice reconstituted with B6/J or p21~/~ CD4* T cells. (F) Gating strategy for immune cell
infiltration in the TME, as measured by flow cytometry. E/EM represents the effector/effector memory population; CM, the
central memory Tbet™ T cells; CD62L~CD44~ population is marked as DN, and N marks the naive T cells. FSC, forward
scatter; SSC, side scatter. (G) Representative flow cytometry plots show Tbet™, effector/effector memory, and CD27 CD28~
Tbet™ T cells from the TME of Rag™’~ mice reconstituted with wild-type or p21-deficient CD4* T cells and exposed to the
MC38 orthotopic model. (H) Schematic representation shows the AOM/DSS model used on Rag™'~ mice reconstituted with
wild-type CD8™ T cells and wild-type or p21-deficient CD4" T cells and total number of live cells, as shown by flow cytometry
data. (/) Representative flow cytometry gating and Tbet™" infiltration from the tumor microenvironment of these mice, as shown
by flow cytometry data. (J) CD28 expression in Tbet" T cells from the TME of Rag1 ™~ mice reconstituted with wild-type or
p21-deficient CD4* T cells and exposed to the AOM/DSS model. The experiment shows n = >6 animals/group from 2 in-
dividual experiments. The data are shown as the mean + standard deviation. Significant differences are observed by using 2-
tailed unpaired t test or 2-way analysis of variance corrected with Sidak’s multiple comparison test. “P<.05.
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Supplementary Figure 4. Response to p21-deficient Th1 cells to MC38 exposure. (A) Schematic representation of the MC38-
Th1 T-cell coculture experiments. ThO, naive T-helper cells. (B) IFNy expression before coculture, after MC38 cell priming, and
1 day after in vitro restimulation as shown by flow cytometry. (C) Flow cytometry measurements show total number of live
tumor cells. The experiment was repeated 3 times. Data show cumulative results with n = >6 replicates/group. The data are
shown as the mean + standard deviation. Significant differences are observed using 2-way analysis of variance corrected with
Sidak’s multiple comparison test. *P<.05, *P<.01, **P<.0001.

Supplementary Figure 3.Increased proliferation of Cdkn1a™~ Th1 cells contributes changes in T-cell maturation and
expression of the CD28 costimulatory molecule. (A) Western blot shows p21 reduction in in vitro polarized Th1 cells from B6/J
mice in response to UC2288, a p21 inhibitor. p21 inhibition also reduces the relative numbers of IFNy" T cells in a
concentration-dependent manner (n = >2 replicates/group, experiment repeated 2 times). (B) IFNy and Tbet expression
determined by quantitative real-time polymerase chain reaction. ThO, naive T-helper cells. }C) Flow cytometry data show the
relative numbers of IFNy™ T cells in Th1 polarized from male and female B6/J or Cdkn1a™~ mice (n = >3 replicates/group).
(D and E) CD27/CD28 expression of in vitro Th1 polarized T cells from control and p21-deficient mice. (F and G) Proliferation,
cell death, and the total number of live cells of B6/J and Cdknia™~ Th1 cells, as shown by the flow cytometry data. Each
experiment was performed at least 3 times with n = 3 replicates/group. (H) Representative data of Cell Tracker spectra
showing in vitro Th1 proliferation from B6/J (black) and Cdknla™~ (red), as measured by flow cytometry data. Relative number
of Th1 cells in various cell division states (t = 5 days of stimulation, n = 3 replicates/group). The data are shown as the mean +
standard deviation. Significant differences are observed by using 2-tailed unpaired t test or 2-way analysis of variance cor-
rected with Sidak’s multiple comparison test. *P < .05. *P < .01, **P < .001, ***P < .0001.
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Supplementary Figure 5. Th1 cell function can be restored by CDK4/6 inhibitors palbociclib and ribociclib, but not abema-
ciclib. (A) Relative numbers of IFNy™ T cells of in vitro Th1 polarized cells from Cdkn1a™~ mice, after palbociclib, ribociclib, or
abemaciclib treatment (n = >4 replicates/group, from 2 independent experiments), as shown by flow cytometry. (B) Western
blot shows expression of phosphorylated Rb (p-Rb) after treatment with different CDK4/6 inhibitors. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) protein expression was used as the control. (C) Cell cycle phases in Cdkn1a™~ Th1
cells treated with palbociclib, ribociclib, or abemaciclib, as shown by flow cytometry. (D) Relative numbers of cells of IFNy* T
cells after ribociclib treatment of control and p21~/~ CD4 " T cells (n = 3 replicates/group). (E) Total number of live cells in after
treatment of Cdkn1a™'~ CD4" T cells with CDK4/6 inhibitors. (F) Number of total live tumor cells after coculture of MC38 with
treated and untreated Th1 cells from B6/J and Cdkn1a~'~ cells. (G) Total number of immune cells from the TME of Rag1~"~
mice reconstituted with palbociclib-treated and untreated CD4* T cells, as shown by flow cytometry. The data are shown as
the mean + standard deviation. Significant differences are observed by using 2-tailed unpaired t test, 1-way analysis of
variance corrected with Tukey’s multiple comparison test, or 2-way analysis of variance corrected with Sidak’s multiple
comparison test. n.s., not significant; *P < .05, **P < .01, ***P < .0001.
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Supplementary Table 1.Patient and Colorectal Cancer
Characteristics

Samples Meanage Men  Women

Characteristics (n) (years) n (%) n (%)
Stage
I 18 69.5 12 (66.7) 6 (33.3)
Il 32 68.9 19 (59.3) 13 (40.7)
n 24 68.1 16 (66.7) 8 (33.3)
v 21 62.7 11 (52,4) 9 (47.6)
Classification
RO 76 68.4 46 (60.5) 30 (39.5)
R1 10 67.5 7 (70) 3 (30)
R2 9 59.5 5(55.5) 4 (45.5)
Location
Ascending colon 21 67.8 10 47.6) 11 (52.4)
Descending colon 8 68.8 6 (75) 2 (25)
Transverse colon 9 65.5 6 (66.7) 3(33.3)
Sigmoid colon 36 68.3 28 (77.8) 8(22.2)
Rectum 7 82 0(0) 7 (100)
Cecal 11 68.6 4(36.4) 7 (63.6)
Hepatic flexure 3 70 0 (0) 3 (100)

Supplementary Table 2.List of Stimulants Used for In Vitro CD4" T-Cell Experiments

Stimulant Provider Article number Working concentration

Cell Stimulation Cocktail (500x) Thermo Fisher Scientific 00-4970-93 1:500
InVivoMADb anti-mouse CD28 BioXCell BE0015-1 10 ug/mL
InVivoMAb anti-mouse CD3e BioXCell BEO00OO1-1 10 pwg/mL
InVivoMab anti-mouse L4 BioXCell BE0199 5 ug/mL
Palbociclib (PD0332991) isothionate Selleckchem S1579 10-1000 ng/mL
Recombinant mouse 1L12 R&D Systems 419-ML-010 10 ug/mL
UC2288, p21 inhibitor Abcam ab146969 10-500 nmol/L
Abemaciclib Selleckchem S5716 10-1000 ng/mL
Palbociclib Selleckchem S1579 10-1000 ng/mL

Ribociclib Selleckchem S7440 10-1000 ng/mL
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Supplementary Table 3.Antibodies Used for Flow Cytometry, Immunohistochemistry, and Western Blot

p21-Deficient CD4* T Cells in CRC 297.e10

Reactivity Antigen Company Method
Mouse Alexa Fluor 488 donkey IgG antibody BioLegend FACS
Mouse Alexa Fluor 555 rat Thermo Fisher Scientific IHC
Mouse Annexin V BioLegend FACS
Mouse B-Actin Abcam WB
Mouse Biotin CD28 BioLegend FACS
Mouse CD16/CD32 eBioscience FACS
Mouse CD25 PE eBioscience FACS
Mouse CD4 APC Miltenyi Biotec FACS
Mouse CD4 PE/Cy7 BioLegend FACS
Mouse CD4 primary antibody Thermo Fisher Scientific IHC
Human CD4 primary antibody Abcam IHC
Mouse CD62L PE Invitrogen FACS
Mouse CD8a BV510 BD Bioscience FACS
Mouse Cleaved caspase-3 primary antibody Cell Signaling IHC
Mouse/human DAPI Sigma-Aldrich FACS, IHC
Mouse FoxP3 Pacific Blue Invitrogen FACS
Mouse Gata3 FITC Miltenyi Biotec FACS
Mouse IFNy APC Invitrogen FACS
Mouse Ki67 Pacific Blue BioLegend FACS
Mouse Ki67 primary antibody Abcam IHC
Mouse Mouse IgG HRP-linked secondary antibody Cell Signaling WB
Mouse/human Mouse IgG secondary antibody Invitrogen IHC
Mouse MPO primary antibody Abcam IHC
Mouse p21 Boster Biological Technology FACS, IHC, WB
Human p21 primary antibody Abcam IHC
Mouse/human Pl staining solution Invitrogen FACS
Mouse PNA FISH probe Panagene FACS
Mouse Rabbit IgG HRP-linked secondary antibody Cell Signaling WB
Mouse/human Rabbit IgG secondary antibody IHC
Mouse Rat IgG HRP-linked secondary antibody Cell Signaling WB
Mouse/human Rat IgG secondary antibody BD Bioscience IHC
Mouse Roryt APC Invitrogen FACS
Mouse Streptavidin Brilliant Violet 650 BioLegend FACS
Mouse/human Streptavidin, Dylight 488 Invitrogen IHC
Mouse/human Streptavidin, Dylight 550 Invitrogen IHC
Mouse CD4 SuperBright 600 eBioscience FACS
Mouse Tbet PerCP/Cy5.5 Invitrogen FACS
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Supplementary Table 3.Continued

Reactivity Antigen Company Method
Mouse/human TSA Cyanine 3 System PerkinElmer IHC
Mouse/human TSA Fluorescein System PerkinElmer IHC

APC, allophycocyanin; DAPI, 4’,6-diamidino-2-phenylindole; FACS, fluorescence-activated cell sorter; FISH, fluorescence in
situ hybridization; FITC, fluorescein isothiocyanate; HRP, horseradish peroxidase; Ig, immunoglobulin; IHC, immunohisto-
chemistry; MPO, myeloperoxidase; PE, phycoerythrin; PI, propidium iodide; PNA, peptide nucleic acid; PerCP peridinin-
chlorophyll-protein complex; WB, Western blot.
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