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Despite improvements in outcomes for children with B- and T-cell acute lymphoblastic leukemia (B-ALL and T-ALL), 
patients with resistant or relapsed disease fare poorly. Previous studies have demonstrated the essential role of cyclin D3 
in T-ALL disease initiation and progression and that targeting of the CDK4/6-cyclin D complex can suppress T-ALL 
proliferation, leading to efficient cell death in animal models. Studies in leukemia and other malignancies, suggest that 
schedule is important when combining CDK4/6 inhibitors (CDKi) with cytotoxic agents. Based on these observations, we 
broadened evaluation of two CDKi, palbociclib (PD-0332991, Pfizer) and ribociclib (LEE011, Novartis) in B- and T-ALL as 
single agent and in combination with conventional cytotoxic chemotherapy, using different schedules in preclinical 
models. As monotherapy, CDKi caused cell cycle arrest with a significant decrease in S phase entry and were active in 
vivo across a broad number of patient-derived xenograft samples. Prolonged monotherapy induces resistance, for which 
we identified a potential novel mechanism using transcriptome profiling. Importantly, simultaneous but not sequential 
treatment of CDKi with conventional chemotherapy (dexamethasone, L-asparaginase and vincristine) led to improved 
efficacy compared to monotherapy in vivo. We provide novel evidence that combining CDKi and conventional 
chemotherapy can be safe and effective. These results led to the rational design of a clinical trial.  
 

Abstract 

Introduction 
Acute lymphoblastic leukemia (ALL), the most common 
pediatric malignancy, is a biologically heterogeneous dis-
ease with multiple different subtypes characterized by 
genetic alterations that result in deregulation of hemato-
poietic transcription factors, epigenetic modifiers, cytokine 
receptors and tyrosine kinases.1 While the overall prognosis 
for children and young adults with ALL has improved, out-
comes for patients with some ALL subtypes remain poor 
despite intensification of cytotoxic chemotherapy.  
Deregulated cell cycle progression is a hallmark feature of 
cancer cells. Cyclin-dependent kinases, CDK4 and CDK6 
(CDK4/6) compose the core machinery governing the pro-
gression through the early G1 phase of the cell cycle. In 
complex with cyclin D, CDK4/6 promote cell cycle progres-
sion through at least two functions: hyper-phosphorylation 
of the retinoblastoma protein (RB) thereby uncoupling the 
CDK4/6-cyclin D complex from the E2F transcription fac-

tors; and interaction with cell cycle inhibitors, p21cip1 and 
p27kip, which promotes activation of the CDK2/cyclin E 
complex.2 The catalytic activity of CDK4 or CDK6 regulates 
a critical checkpoint for the G1-S transition and the com-
mitment to cell division. As a consequence, gain of function 
of the G1-S checkpoint’s cyclin-CDK complexes is a major 
driver in a large number of human cancers. 
CDK4/6 inhibition has been explored as a means to by-
pass the deregulated cell cycle progression common in 
cancer pathogenesis. While CDK4/6 is rarely mutated in 
human cancers, aberrations that lead to the loss of pro-
liferative controls include overexpression of CDK4 itself, 
amplification of the D-type cyclins, downregulation of 
p16INK4A, mutations in CDK4 that prevent p16INK4A binding to 
the enzyme, and deletion or mutation of RB1 itself.3-6 The 
frequency of these alterations implies that abrogation of 
the G1 checkpoint or progression through the CDK4/cyclin 
D pathway provides a distinct advantage to cancer cell 
proliferation and survival. Deletions of CDKN2A/B and RB1 
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are common in ALL, with CDKN2A/B deletions occurring 
in 70% of T-ALL and 36% of B-ALL. Moreover, RB1 sup-
pressor gene deletions occur in 12% in T-ALL and 8% in 
B-ALL.7-11 Deletions involving CDKN2A/B are also common 
in BCR-ABL1+ ALL, and genetic alterations involving the 
RB1 gene are hallmarks of low hypodiploid ALL.12,13 
Based on these observations, a number of CDK4/6 selec-
tive inhibitors have been developed, including ribociclib 
(LEE011) and palbociclib (PD0332991). Both are more se-
lective for the ATP-binding pocket of the kinase domain 
compared to previous non-selective cell cycle inhibitors, 
with significantly less off-target effects and fewer dose-
limiting toxicities.14,15 Palbociclib has progressed furthest in 
the clinic, having received Food and Drug Administration 
approval for estrogen receptor-positive (ER-positive), 
HER2-negative post-menopausal breast cancer patients in 
combination with endocrine therapy.16 Previous studies 
suggest induction of early G1 arrest by CDK inhibitors 
(CDKi) requires retinoblastoma (Rb), and this arrest is re-
versible in vitro and in vivo.4,17 Therefore, amplification of 
CDK6 and cyclin E1 are able to bypass dependency on cyc-
lin D1/CDK4 signaling, while RB1 loss provides intrinsic re-
sistance to CDKi in preclinical studies. Overall, the 
selectivity and reversibility of cell-cycle inhibition by CDKi 
and their clinical efficacy, provide a safe and effective ap-
proach to target specific phases of the cell cycle in cancer. 
Since the majority of conventional chemotherapeutics 
target actively cycling cells, some studies suggest com-
binations of CDKi with cytotoxic chemotherapy could be 
antagonistic.14,18-20 Thus, it is crucial to determine efficacy 
of CDKi, and understand the optimal schedule in order to 
combine them safely and effectively with chemotherapy.  
We investigated the activity of CDKi in ALL preclinical 
models. We found that B-ALL and T-ALL blasts were sen-
sitive to these inhibitors via concentration-dependent cell 
cycle arrest in vitro. We then tested various dosing sched-
ules of CDKi with conventional cytotoxic chemotherapy 
agents typically used in upfront therapy for B-ALL and T-
ALL, including glucocorticoids, vincristine and L-asparagi-
nase in vivo using patient-derived xenograft (PDX) models. 
Importantly, we provide divergent evidence from prior in 
vitro studies evaluating timing of CDKi and conventional 
chemotherapy and find that CDKi enhance combination 
therapy in ALL when administered concurrently rather 
than in sequence. These data prompted the phase I clini-
cal trial (clinicaltrials gov. Identifier: NCT03792256) evalu-
ating palbociclib in combination with chemotherapy for 
children with relapsed ALL or lymphoblastic lymphoma.   

Methods 
Reagents and cell lines 
Human cell lines were obtained from Deutsche Sammlung 

von Mikroorganismen und Zellkulturen (DSMZ, Braun-
schweig, Germany) and maintained in RPMI 1640 supple-
mented with 10-20% heat-inactivated fetal bovine serum 
(Gibco, Thermo-Scientific). All cell lines were frozen and 
low passage cells were used for all experiments. 

Western blotting 
Cells were lysed and 10-15 mg were prepared,22 resolved 
by electrophoresis on NuPAGE 4-12% SDS-PAGE gradient 
gels (Invitrogen) and transferred to polyvinylidene fluoride 
membranes (Invitrogen). Immunoblotting was performed 
with primary antibodies: RB, phosphorylated RB 
(pRB)S807/801; pRBS807/810; cyclin D3, p21 (Cell Signaling Tech-
nologies). Bound antibody was detected using Western 
Chemiluminescence Reagent (PerkinElmer). 

Compounds 
Ribociclib (LEE011) was generously provided by Novartis 
Inc. (Basel, Switzerland). Palbociclib was provided by 
Pfizer Inc. (New York, NY). Clinical grade chemotherapy 
agents were purchased from commercial vendors: vincris-
tine, Teva (Petah Tikva, Israel); L-asparaginase, Jazz phar-
maceuticals (Dublin, Ireland); dexamethasone, Fresenius 
Kabi (Bad Homburg vor der Hohe, Germany); and everoli-
mus, Novartis. Vincristine, L-asparaginase and dexameth-
asone dosing per previous studies.21,22 Everolimus was 
dosed at 2.5 mg/kg and 5 mg/kg by oral gavage based on 
prior reports in preclinical models of ALL.23  

Flow cytometry  
Cells were treated with vehicle versus palbociclib or riboci-
clib for 48-72 hours, labeled with BrdU for 1 hour and pro-
cessed for flow cytometry, on an Accuri CSampler flow 
cytometer (BD Accuri Cytometers), and analysis was per-
formed with FlowJo software (Tree Star, Ashland, OR). En-
graftment and serial disease evaluation were determined by 
flow cytometric analysis of blood using antibodies against 
human CD19 and CD45 for B-ALL and CD45 for T-ALL.24 

Xenograft therapeutic trials 
Patient samples 
Banked diagnostic specimens (lymphoblasts from periph-
eral blood or bone marrow) were obtained from patients 
enrolled on the Children’s Oncology Group (COG) study 
P9906 or from the Stem Cell and Leukemia Core at the 
Children’s Hospital of Philadelphia or Columbia Presbyterian 
Hospital. All samples were obtained after informed consent 
was given in accordance with the Declaration of Helsinki.24,25  
 
Patient-derived xenografts 
PDX models using non-obese diabetic/severe combined 
immunodeficiency (NOD/SCID/Il2rgtm1wjl/SzJ) (NSG) mice 
were developed as previously described.24-26 All experi-
ments were conducted in accordance to protocols ap-
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Figure 1. CDK inhibitors induce G1 arrest in B-cell acute lymphoblastic leukemia cell lines in vitro. (A) We performed western 
blot analysis of a panel of B-cell acute lymphoblastic leukemia (B-ALL) cell lines (labeled in blue) and primary patient samples 
(labeled in green), which demonstrate high protein expression of CDK4, CDK6 and CCND3. Inhibitor p21 is also highly expressed. 
A T-ALL cell line, Jurkat (labeled in black), was used as a positive control, given prior published data, however, it is known to be 
negative for p21.40 (B) Samples were treated for a minimum of 48 hours with either palbociclib (B) or ribociclib (C) prior to 
harvesting for flow cytometry. Percentage of cells arrested in G1 with varying doses of CDK inhibitors (CDKi) in 3 B-ALL cell lines: 
REH, MHH CALL4, and KOPN8. (D) Corresponding dose-dependent inhibition by CDKi reflects loss of phosphorylated 
retinoblastoma (p-RB), with no effect on total retinoblastoma (Rb). Phosphorylated S6, a downstream signaling marker was 
differentially affected with CDK inhibition in REH and KOPN8, but not MHH CALL4.  
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proved by the Institutional Animal Care and Use Commit-
tee and Institutional Review Board of the Children’s Hos-
pital of Philadelphia (CHOP) and New York University 
School of Medicine (NYU). Samples were derived from pa-
tients with de novo ALL.  

RNA sequencing and data analysis 
RNA sequencing (RNA-seq) of native Jurkat and palboci-
clib-resistant Jurkat cells were performed at the NYU 
School of Medicine Genome Technology Core. STAR 2.4.2a 
was applied to align the RNA-seq samples to the refer-
ence mouse genome (mm9) and count the number of 
reads that map to each gene in the ensemble GRCm38.80 
gene model. R (v.3.5.1) (http://www.R-project.org/) and 
DESeq2 package (v1.10.0) were used to perform differential 
gene expression analysis among different sample groups. 

Statistical analysis 
Statistical analyses were performed using GraphPad Prism 
version 7. Results were analyzed for statistical significance 
using repeated measures 2-way analysis of variance 
(ANOVA) of peripheral blast counts (P-values represent 
the interaction between time and treatment). Spleen blast 
counts were analyzed by two-sided t-test.   

Results 
CDK4/6 signaling is hyperactive in B-cell acute 
lymphoblastic leukemia 
In order to confirm that genomic aberrations translate to 
aberrant CDK4/6 signaling within the cyclin 
D/CDK4/CDK6/RB pathway, we examined the activation 
status of RB in a comprehensive panel of well-character-
ized human B-ALL cell lines and patient samples. As 
shown in Figure 1A, robust phosphorylation of RB at ser-
ines 780 and 807/810 – residues directly targeted by CDK4 
and CDK6 – was observed in all tested cell lines, and pro-
tein-level expression of CDK4, CDK6 and cyclin D3 
(CCND3) occurred in the majority of cell lines and patient 
samples. Jurkat, a T-ALL cell line was used as a positive 
control given previously published data demonstrating T-
ALL sensitivity to CDKi.20 

B-cell acute lymphoblastic leukemia is sensitive  
to CDK4/6 inhibition in vitro 
Given the observation that CDK4/6 signaling is highly ac-
tive in B-ALL, thus maintaining hyperphosphorylated RB 
and supporting cell cycle progression through the G1-S 
checkpoint, we evaluated the effect of selective CDK4/6 
inhibition on B-ALL cell lines in vitro (Table 1). Palbociclib 
(Figure 1B) and ribociclib (Figure 1C) induce significant 
growth arrest in G1 across a broad range of concentrations 
(0.5 to 4.0 mM) in a panel of cell lines (REH, MHH CALL4, 

and KOPN8) (Figure 1B and C; Online Supplementary Figure 
S1). Jurkat was used as a positive control. In spite of ro-
bust phosphorylated RB expression, the sensitivity to 
CDK4/6 inhibition was variable in cell lines.   
In order to confirm that the growth inhibition observed in 
sensitive cell lines reflected targeted impairment of 
CDK4/6 signaling, we analyzed the levels of phosphorylated 
RB following treatment with either palbociclib or ribociclib 
(Figure 1D). Correspondingly, the amount of phosphorylated 
RB decreased with increasing concentrations of palbociclib 
or ribociclib. While both CDKi induced cell cycle arrest via 
inhibition of phosporylated RB, palbociclib is more potent 
at lower concentrations compared to ribociclib in vitro. 
However, based on expected comparable PK/PD in humans, 

Xeno ID (USI) Biology CDKN2A/B 
deletion

697 Cell line
E2A-PBX 

t(1;19)
No (32)

SUP-B15 Cell line Ph+ t(9;22) Yes (33)

REH Cell line
ETV6-RUNX1 

t(12;21)
No (32)

MHH-CALL4 Cell line Hypodiploid No (34)

KOPN8 Cell line
MLL-MLLT1 
translocation

Yes (35)

JH652 
(PALLSD)

Primary B-ALL
Ph-like: Jak mut 
(R683G), high 
CRLF2, IKZF1

Yes (36)

JH561 
(PAKRSL)

Primary B-ALL
Ph-like: Jak mut 
(R683G), high 
CRLF2, IKZF1 

Yes (36)

POG2005-
21761

Primary B-ALL MLL No*

NH011 
(PAKVKK)

Primary B-ALL
Ph-like: 

NUP214-ABL
Yes (37)

NL482A  
(PAKYEP)

Primary B-ALL

IKZF1, 
BCR/JAK2;  

wild-type JAK 
with low CRLF2

Yes (37)

240 Primary B-ALL del20 Yes*

359 Primary B-ALL
Adult BCR-ABL 

(t9;22)
Yes*

2365 Primary B-ALL
Relapsed BCR-

ABL (t9;22)
Yes*

ALL16  
(T-ALL1)

Primary T-ALL
Non-ETP  

T-ALL
Yes (36)

Cul76 Primary T-ALL
Non-ETP  

T-ALL  
(STIL-TAL+)

Yes (38)

ETP8 (T-ALL2) Primary T-ALL ETP T-ALL No (39)

Table 1. Panel of B-cell and T-cell acute lymphoblastic 
leukemia cell lines and patient samples included in this study. 

A variety of acute lymphoblastic leukemia (ALL) cell lines and patient 
samples were evaluated in these studies. *Indicates samples that 
underwent somatic genetic profiling as previously described.31 See 
the Online Supplementary Appendix for details. ETP: early T-cell 
precursor; Xeno: xenograft. 
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these agents are considered equivalent in efficacy at their 
respective appropriate doses.27 Further, these two drugs 
are similar in their selectivity of CDK4/6 inhibition.  

CDK4/6 inhibition causes growth inhibition in vivo 
We assayed for single agent in vivo efficacy using PDX 
models of T-ALL and B-ALL. In the two T-ALL samples, CDKi 
treatment markedly decreased the number of human CD45+ 
(hCD45+) cells (Figure 2C) with a correlated prolonged over-
all survival in comparison to vehicle (Figure 2E). Similar to 
in vitro studies, this treatment regimen appropriately in-
duced profound cell cycle arrest of hCD45+ leukemic cells 
in vivo (Figure 2D). Of note, the difference in palbociclib dos-
ing was related to increased diarrhea in the B-ALL PDX 
models that was not seen in the T-ALL PDX. 
In B-ALL, leukemia progression was significantly inhibited 
in some of the samples but not all (Figure 3). In six of the 
seven unique PDX samples tested, tumor growth was sig-
nificantly impacted in the spleen and/or blood. The seven 
PDX represented a heterogeneous group of high-risk B-

ALL patient samples (Table 1). All of the tested samples 
had high levels of Rb therefore did not vary in the activa-
tion status of cyclin D, nor had any obvious biomarker to 
predict efficacy. In both subtypes (B- and T-ALL xeno-
grafts), the dosing strategy was well tolerated with no evi-
dence of weight loss of other signs of toxicity. 

Cyclin D3 overexpression confers palbociclib resistance 
In order to explore potential de novo mechanisms of re-
sistance to palbociclib treatment, we treated a human T-
ALL cell line with low dose (0.1 mM) palbociclib in vitro, but 
gradually escalated to a final dose of 2.8 mM, a process that 
lasted 52 weeks, generating palbociclib resistant T-ALL 
cells (Figure 4A). Strikingly, resistant cells have higher 
rates of cycling cells (Figure 4B). This finding suggests that 
the resistant cells are adapting to treatment by identifying 
alternative ways to boost cell cycle progression. In agree-
ment with this notion, we were able to demonstrate that 
resistant cells do not decrease levels of phosphorylated 
RB in response to palbociclib treatment (Figure 4C). In fact, 

Figure 2. CDK inhibitor suppress human primary T-cell acute lymphoblastic leukemia xenograft proliferation in vivo. (A) 
Schematic representation of CDK inhibitor (CDKi) treatment course with single agent palbociclib at 75 mg/kg gavage vs. vehicle. 
Dosing determined based on prior studies.28 (B) A representation of flow cytometric analysis of T-cell acute lymphoblastic 
leukemia xenograft populations (hCD45+) in peripheral blood following 3 weeks of CDKi treatment. (C) Flow cytometry analysis 
of T-ALL xenograft populations (hCD45+) in peripheral blood over the course of treatment. (D) DAPI staining of 2 different human 
xenografts (ALL16 and ETP8) following 48-hour treatment with CDKi in vivo. (E) Kaplan-Meier survival graph of the 2 T-ALL 
xenografts treated with CDKi. 
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we detected significantly elevated basal levels of cyclin D3 
protein (CCND3), which suggests a potential mechanism 
of resistance. In order to further probe for such resistance 
mechanisms we performed RNA-seq of sensitive and re-
sistant Jurkat cells at steady-state and after palbociclib 
treatment (Figure 4D). We found sensitive Jurkat cells at 
baseline (steady-state) had lower levels of cell cycle re-
lated genes as compared with resistant cells. Moreover, 
we found a significant downregulation of cell cycle related 
genes including cyclins A2, B1, B2 and E2; CDK1, 2 and 4 
and E2F transcription factors (E2F1, 2, 7), in sensitive cells, 
similar to previous work in other malignancies.28 In resis-
tant cells, expression of cell cycle related genes was only 
modestly decreased when treated with palbociclib. These 
experiments suggest that palbociclib-resistant cells have 
adapted to treatment by boosting cell cycle entry and pro-
gression through the upregulation of a number of essential 
regulators, including CCND3, CDK and members of the E2F 
family.  

Combination therapy of palbociclib was enhanced with 
concurrent administration of standard chemotherapy 
compared to sequential treatment  
Given the suggestion that timing may be a critical com-
ponent of efficacy with combination therapy, we tested pre-
treatment of palbociclib versus concurrent administration 
on disease burden in two high risk B-ALL PDX (JH561 and 
NH011) and one T-ALL xenograft (Cul76). These samples 
were chosen given their known risk for having inferior prog-
nosis and modest response to conventional cytotoxic 
chemotherapy.  
The treatment schema for combinations in B-ALL is shown 
in Figure 5. In order to closely mimic agents typically used 
in conventional therapy for B-ALL we tested dexametha-
sone, vincristine and L-asparaginase. Single agent vincris-
tine (1 mg/kg) or dexamethasone (7.5 mg/kg) were too 
effective on their own to delineate a differential impact of 
combination therapy, when they were given at a dose that 
mirrors the PK/PD of the dose used in children with ALL. 

Figure 3. CDK inhibitors suppress human primary B-cell acute lymphoblastic leukemia xenograft proliferation in vivo. (A) 
Schematic representation of CDK inhibitor (CDKi) administration with single agent palbociclib at 35 mg/kg or ribociclib at 150 
mg/kg, gavage vs. vehicle. Ribociclib dosing determined based on prior studies, and palbociclib dosing based on internal 
communication with Pfizer.28,41,42 (B) Mice (5 mice per treatment group) were randomized to palbociclib (red hashed bars), or to 
ribociclib (solid red bars) vs. vehicle (blue bars), for 5 consecutive days per week until sacrifice (21-28 days). Peripheral blood 
blast cell (PBC) counts are shown in the left panel. Splenic blast burden is shown in the right panel, with corresponding P-values. 
Two patient-derived xenograft (PDX) models (2,365 and 240), demonstrated significant inhibition of disease progression in blood 
and spleen, two PDX (359, JH561), demonstrated significant inhibition of disease progression in the peripheral blood but not in 
the spleen; and two PDX, JH562 and POG/MLL demonstrated significant disease inhibition in the spleen but not in the blood; 1 
PDX model (NL482A) had no response. hB-ALL: human B-cell acute lymphoblastic leukemia.
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Therefore, we performed a titration of single drug in vivo, 
determining the concentration where single agent de-
creased disease burden by about 50% (half maximal in-
hibitory concentration [IC50]) of the maximum dose in the 
peripheral blood. Average IC50 of three independent deter-
minations were performed (vincrisitine at 0.5, 0.25, 0.1 and 
0.05 mg/kg; dexamethasone at 4, 2 and 1 mg/kg; data not 
shown). IC50 doses for each drug include vincristine at 0.1 
mg/kg intraperitoneally (IP) weekly, dexamethasone at 2 
mg/kg IP daily and L-asparaginase at 5,000 IU/kg IP weekly.   
As shown in Figure 6 (and Online Supplementary Figure S2), 
simultaneous administration of combination therapy (cyto-
toxic agent + palbociclib) was superior to monotherapy with 
any of the individual cytotoxics (dexamethasone, vincristine, 
or L-asparaginase) or palbociclib alone in both B-ALL PDX 
models. In contrast, sequential treatment with palbociclib 
or vehicle followed by vincristine or L-asparaginase or ve-
hicle did not exhibit an augmented disease response in 
combination. However, palbociclib followed by dexametha-

sone did show superiority of the combination over either 
single agent.  
In order to verify the benefit of the simultaneous adminis-
tration of palbociclib plus cytotoxics in T-ALL, we set up 
four cohorts of human T-ALL xenografted animals that re-
ceived combination treatment for 4 weeks (Figure 7A). We 
found that combination therapy of palbociclib concurrently 
with vincristine led to a significant difference in disease 
burden (Figure 7B) and survival (Figure 7C) compared to 
monotherapy. 

Combination CDK4/6 and mTOR inhibitors is not 
effective in vivo against B-cell acute lymphoblastic 
leukemia 
The PI3K/AKT/mTOR pathway is a key upstream regulator 
of cyclin D-CDK4/6 activity. Thus, agents that target 
PI3K/Akt/mTOR signaling including mTOR inhibitors have 
been studied in a number of malignancies.19 CDK4/6 in-
hibition has been demonstrated to overcome resistance 

Figure 4. Cell cycle regulators are upregulated in CDK inhibitor-resistant T-cell acute lymphoblastic leukemia.  (A) Schematic 
representation of the method of generating de novo CDK inhibitor (CDKi)‐resistant cells using palbociclib dose escalation. (B) Cell 
cycle analysis of 1 mM palbociclib (palbo) treated parental and palbociclib-resistant cells. (C) Western blotting of pRB and Cyclin 
D3 (CCND3) in parental and palbociclib-resistant cells. (D) Differential expression of cell cycle genes in treatment of parental and 
CDKi-resistant cells.
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to PI3K inhibition and endocrine therapy, providing a 
strong rationale for the combination of an mTOR inhibitor 
with CDKi. Recent in vitro data suggest the combination 
of everolimus and ribociclib may be more effective than 
either agent alone in ALL cell lines.20 We tested simulta-
neous combination therapy with palbociclib or ribociclib 
with everolimus in four different B-ALL PDX models 
(JH561, 240, POG/MLL, and NL482B) (Online Supplemen-
tary Figure S3). Inhibition of the mTOR pathway did not 
improve the response to CDK4/6 inhibition in any of the 
models. 

Discussion 
We provide evidence of single agent efficacy of palboci-
clib and ribociclib, two selective CDK4/6 inhibitors, in a 
heterogeneous range of B- and T-ALL samples, in vitro 
and in vivo. We show that RB phosphorylation via CDK4/6 
signaling is prevalent in B-ALL cell lines and primary pa-
tient samples, reflected by high expression of CDK4, 
CDK6 and CCND1, but there are likely other mechanisms 
of CDK4/6 hyperactivation. We demonstrate growth in-
hibition reflects G1 arrest and depletion of phosphory-
lated RB. Similar to other studies, RB expression 
appeared to be essential for sensitivity. However, each 
sample had varying levels of sensitivity suggesting there 
may be additional relevant biomarkers yet to be deter-
mined, to predict sensitivity to CDKi in B-ALL. Genomic 
alterations in the CDK pathway are common in ALL, with 
deletions in CDKN2A/B occurring with an incidence of 
30-50% in childhood and adult ALL.29 The prognostic 
value has been widely investigated but the results re-
main unclear. While there is some suggestion that 
CDKN2A/B deletions have an adverse impact on overall 
survival (OS), these studies have been unable to deter-
mine if CDK alterations are independently prognostic of 
minimal residual disease (MRD) or other sentinel genetic 
lesions, such as BCR-ABL, ETV6-RUNX1, in multi-variant 
analyses. In an attempt to associate CDKN2A/B deletion 
status to CDKi sensitivity (Table 1; Figure 3B), we did not 
identify a correlation, however were likely underpowered 
to make any definitive conclusions. We did identify a 
novel mechanism of acquired resistance to palbociclib 
treatment, related to upregulation of CCND3, CDK and 
members of the E2F family. Future studies will need to 
investigate the mechanisms of intrinsic resistance to 
CDKi. We believe large scale genomic testing embedded 
in future clinical trials will be necessary to confirm 
and/or identify additional relevant biomarkers that 
confer sensitivity to these agents, and to determine if 
CDK pathway lesions are independently prognostic when 
considering other clinical and biologic variables. 
Not surprisingly, a number of clinical studies across ma-

lignancies suggest single agent CDKi fail to provide dur-
able responses, indicating combination therapies are 
needed. Efficacy was more pronounced in T-ALL as com-
pared to B-ALL in our preclinical models, suggesting CDKi 
may have single agent activity in T-ALL, but should only 
be tested in combination with other drugs in B-ALL in 
clinical trials. In fact, we noted higher baseline expression 
of CCND3 in B-ALL, which may partly explain the in-
creased sensitivity of T-ALL blasts to monotherapy with 
CDKi as compared with B-ALL. Pikman et al. provided re-
cent evidence in T-ALL of synergistic combinations be-
tween ribociclib and corticosteroids and everolimus, 
while demonstrating ribociclib antagonizes a number of 
cytotoxic chemotherapy agents, including mercaptopu-
rine and asparaginase in in vitro studies of T-ALL cell 
lines.20,30 Importantly, our data highlight the need to in-
vestigate drug schedules using in vivo models, as in vitro 
models cannot replicate the complexities of drug metab-
olism, drug-drug interactions, bioavailability, and the 
microenvironment. 
In contrast to other groups using in vitro models, we 

Figure 5. Treatment schema of pretreatment versus concurrent 
regimens in vivo. Treatment schema depicting the timing of 
each drug (vincristine, dexamethasone or L-asparaginase 
and/or CDK inhibitor [CDKi]) vs. vehicle in the pretreatment 
and concurrent schema. Veh: vehicle; chemo: chemotherapy;  
hB-ALL: human B-cell acute lymphoblastic leukemia; palbo: 
palbociclib.
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Figure 6. Simultaneous and not 
sequential treatment of palbociclib 
with cytotoxic chemotherapy 
significantly inhibits disease 
burden in two Philadelphia 
chromosome-like B-cell acute 
lymphoblastic leukemia samples in 
vivo.  Pretreatment with palbociclib 
(palbo) vs. vehicle (veh) for 7 days 
by oral gavage, followed by 
treatment by three common 
chemotherapy agents: vincristine 
(VCR, green), L-asparaginase (Asp, 
blue) or dexamethasone (Dex, red). 
Concurrent treatment of palbo vs. 
veh with chemotherapy agents: 
VCR, Asp or Dex for the duration of 
the trial of 21 days. Peripheral blood 
blast count (PBC) over time in two 
B-cell acute lymphoblastic 
leukemia (B-ALL) patient-derived 
xenograft (PDX) (JH561 and NH011). 
Graphed are means and standard 
error of PBCx106 per mL on the 
vertical axis and days of treatment 
on the X axis. Samples following 
the pretreatment schema are 
depicted in the left column, while 
concurrent treatment is shown in 
the right column. P-values were 
calculated using ANOVA to detect 
the difference between single 
agent either chemotherapy or CDK 
inhibitors compared to the 
combination of both drugs. 
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found simultaneous administration of CDKi with three 
different cytotoxic agents was superior to single agent 
alone, yet a similar benefit was not seen when CDKi were 
administered prior to cytotoxic chemotherapeutics. Im-
portantly in order to determine if there was a benefit to 
combination therapy, the doses of some of the cytotoxic 
agents had to be reduced since they were too effective 
as single agents. This reflects one constraint of murine 
models as myelosuppression cannot be abrogated with 
supportive care such as transfusion, limiting dose inten-
sity. Future studies should also include combinations of 
CDKi with other cytotoxic agents, including DNA damag-
ing agents such as anthracyclines. 
We also evaluated the combination of everolimus with 
CDKi as an alternative approach to treatment for pa-
tients with B-ALL. This is under clinical investigation in 
a phase I clinical trial at the Dana Farber Cancer Institute 
for relapsed ALL (clinicaltrials gov. Identifier: 
NCT03740334), based on data provided by Pikman et al.20 
Importantly, their initial preclinical study evaluated the 
combination of these drugs in T-ALL. Our data would 
suggest this combination is unlikely to be of benefit in 
B-ALL despite preclinical efficacy of single agent CDKi or 
mTORi in B-ALL preclinical studies. We found CDKi in-
fluenced phosphorylated S6 expression, as seen in Fig-
ure 1D, which may explain the lack of benefit from 
combination therapy.  
In summary, this work provides a number of novel obser-
vations that may impact clinical care and trial design. We 
provide novel evidence of combination therapy with CDKi 
to enhance cytotoxic chemotherapy when used simulta-
neously but not in sequence. We demonstrate the com-

bination of CDKi and mTORi does not merit exploration in 
B-ALL, despite promising preclinical data in T-ALL by 
other groups. We identified a novel mechanism of resis-
tance to CDKi. Finally, we found CDKi were effective in a 
biologically heterogeneous cohort of B-ALL preclinical 
models. The results of this work led to a recent early 
phase clinical trial for children and young adults with re-
lapsed/refractory ALL (clinicaltrials gov. Identifier: 
NCT03792256) and demonstrates the importance of per-
forming rigorous preclinical studies to inform trials that 
include multi-agent therapy. 
 
Disclosures 
DTT serves on advisory boards for Sobi, BEAM, and 
Janssen. DTT receives laboratory research funding from 
BEAM and NeoImmune Tech. All other authors have no 
conflicts of interest to disclose. 
 
Contributions 
KLB, HH, TF, TLV, AT, IA and DTT designed the study, 
analyzed data and wrote the manuscript; KLB, HH, TF, TLV, 
RS, MML and AT contributed to data acquisition and 
manuscript editing; WLC and EAR contributed to study 
design and manuscript editing. 
 
Funding 
This work was supported by an LLS SCOR grant (to WLC, EAR 
and DTT), and grants: R01CA193776, R01CA264837, 
R03CA256550, X01HD100702-01 and UG1CA233249, Children’s 
Oncology Group, Alex’s Lemonade Stand Foundation for 
Childhood Cancer, CHOP Frontiers Program Immune 
Dysregulation Team, and Cookies for Kids Cancer (to DTT).  

Figure 7. Simultaneous and not sequential treatment of palbociclib with 
cytotoxic chemotherapy significantly inhibits disease burden in one T-cell 
acute lymphoblastic leukemia sample in vivo. (A) Schematic representation 
of CDK inhibitors (CDKi) and vincristine (VCR) combination regimen in a T-cell 
acute lymphoblastic leukemia (T-ALL) xenograft (Cul76). Peripheral blood is 
taken at specific time points as shown. (B) Flow cytometry analysis of 
peripheral blood analysis of human primary T-ALL patient-derived xenograft 
(PDX), Cul76, following palbociclib (palbo) treatment. (C) Kaplan-Meier 
survival graph of T-ALL PDX treated with the combination therapy regimen 
over a period of 42 days.
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