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ABSTRACT

CD19-redirected chimeric antigen receptor (CAR) T cells have shown re-
markable activity against B-cell cancers. While second-generation CARs
induce complete remission in >80% of patients with acute lymphoblas-
tic leukemia, similar monotherapy induces long-term remissions in only
26% of patients with chronic lymphocytic leukemia (CLL). This disparity
is attributed to cell-intrinsic effector defects in autologous CLL-derived T
cells. However, themechanisms by which leukemic cells impact CART-cell
potency are poorly understood. Herein we describe an in vitro assay that
recapitulates endogenous CLL-mediated T-cell defects in healthy donor
CAR T cells. Contact with CLL cells insufficiently activates, but does not
irreversibly impair, CAR T-cell function. This state is rescuable by strong
antigenic stimulation or IL2, and is not driven by immune suppression.
Rather, this activation defect is attributable to low levels of costimulatory
molecules on CLL cells, and exogenous costimulation enhanced CAR T-
cell activation. We next assessed the stimulatory phenotype of CLL cells

derived from different niches within the same patient. Lymph node (LN)-
derived CLL cells had a strong costimulatory phenotype and promoted
better CAR T-cell degranulation and cytokine production than matched
peripheral blood CLL cells. Finally, in vitro CD40L-activated CLL cells ac-
quired a costimulatory phenotype similar to the LN-derived tumor and
stimulated improved CAR T-cell proliferation, cytokine production, and
cytotoxicity. Together, these data identify insufficient activation as a driver
of poor CART-cell responses in CLL. The costimulatory phenotype of CLL
cells drives differential CAR T-cell responses, and can be augmented by
improving costimulatory signaling.

Significance: CLL cells insufficiently activate CAR T cells, driven by low
levels of costimulatory molecules on the tumor. LN-derived CLL cells are
more costimulatory andmediate enhancedCART-cell killing. This costim-
ulatory phenotype can bemodeled via CD40 L activation, and the activated
tumor promotes stronger CAR T-cell responses.

Introduction
Chronic lymphocytic leukemia (CLL) is a mature B-cell malignancy that ac-
counts for nearly one-third of adult leukemia diagnoses in the West (1).
Standard-of-care chemoimmunotherapies and small molecules are initially ef-
ficacious but the majority of patients inevitably relapse with progressive disease
(2). The only reliably curative therapy is allogeneic hematopoietic stem cell
transplantation, but this comes with its own challenges, namely high morbidity
and mortality, especially with a mainly elderly population and the difficulties
associated with finding HLA-matched donors. CD19-directed cell therapies
have shown promise, but with the exception of recent combination therapy

1Department of Pathology and Laboratory Medicine, Perelman School of Medicine,
University of Pennsylvania, Philadelphia, Pennsylvania. 2Center for Cellular
Immunotherapies, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, Pennsylvania. 3Parker Institute for Cancer Immunotherapy, Perelman
School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania.
4Department of Microbiology, Perelman School of Medicine, University of
Pennsylvania, Philadelphia, Pennsylvania. 5Abramson Cancer Center, Perelman
School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania.
6Amsterdam UMC, University of Amsterdam, Department of Hematology, Cancer

trials where complete response rates can reach 40+% (3–5), only around one-
fourth of patients with CLL treated with CD19-directed CART-cell therapy will
achieve a complete remission (6–10). This was unexpected as the same therapy
in pediatric acute lymphoblastic leukemia (ALL) has a complete response rate
>80% (11–18). Further study to understand both tumor and T-cell biology in
CLL is therefore warranted.

CLL is phenotypically, clinically, and genetically a highly heterogeneous dis-
ease. Patients stratify into fast and slow-progressing groups based on tumor
immunoglobulin heavy chain variable region mutation status (19), driver and
second-hit mutation status (20–23), and expression of ZAP70 (24–26) and
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CD38 (27–30). In addition, patients with CLL suffer from immune dysfunc-
tion mediated by maintenance of a protumor microenvironment (31–37) and
endogenous T-cell dysfunctions including dysregulated cytokine production
(38), reduced proliferation and cytotoxicity (39), and unstable immune synapse
formation (40–42). The combined effects of CLL disease biology and impaired
T-cell function influence the efficacy of autologous CAR T-cell therapies. Alter-
ations in T-cell biology including terminal differentiation (43), exhaustion (39,
43–45), inverted CD4/CD8 ratios (43), impaired T-cell metabolic fitness (46,
47), and the advanced age of the patient population all impact clinical response
rates (6, 48–50).

Significant work has been done to understand clinical progression in CLL.
However, the field lacks a complete understanding of how tumor cells and engi-
neered T cells interact and the subsequent impact on cell-based therapies. CLL
cells residing in different biological niches have different phenotypes and ac-
tivation profiles. The lymph node (LN), considered the “birth place” of CLL,
is a highly organized, B-cell supportive environment (31–34), wherein CLL
cells proliferate and maintain an activated profile (51–53) with higher expres-
sion of costimulatory and adhesion molecules (54–56). Peripheral blood (PB)
CLL cells on the other hand, are generally unactivated and noncycling (50).
Most CLL studies use PB-derived tumor cells, as these are the easiest to obtain.
However, the differences in tumor phenotype between the LN and PB demon-
strate that using only PB-derived CLL cells may inaccurately predict antitumor
responses in other compartments.

CD40L-expressing, CD28ζ -signaling CAR T cells show enhanced CAR T-cell
activation and improved the antigen-presenting cell (APC) phenotype of CLL
cells (57).We therefore sought to useCD40L-mediatedCLL activation tomimic
the phenotype of LN-derived cells and directly test the impact of enhanced
costimulation on 4-1BB–signaling CAR T-cell function. We address the gap in
knowledge in understanding how CLL cells negatively impact allogeneic CAR
T-cell products and how tumor cells from different compartments interact with
these therapies. To study this, we developed an in vitro systemwherein we show
that CLL-mediated T-cell defects are also seen in a healthy donor–derived CAR
T-cell setting; these dysfunctions are therefore not dependent on the endoge-
nous T-cell defects seen in a patient setting, as detailed above. This is of interest
as allogeneic therapies become more developed, particularly in a disease such
as CLL where patients may benefit from a more-potent allogeneic CAR T-cell
product. We show that these defects are rescuable, and attributable to poor
costimulation byCLL cells, rather than permanent dysfunction or immune sup-
pression. Furthermore, we show that LN-resident CLL cells are better targets
for CAR T-cell lytic activity than circulating tumor cells, and this costimula-
tory phenotype can be modeled in vitro. Herein we describe the consequences
of CLL/CAR T-cell interactions and show that the activated CLL compartment
drives antitumor CAR T-cell responses. This represents a rational point of de-
parture to design the next generation of cell-based therapeutics for this disease.

Materials and Methods
Antibodies and Flow Cytometry
The following antibodies and fluorescent reagents were used in this study: Live/
Dead Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific, #L34957),
Biotin-SP (long spacer) AffiniPure Goat Anti-Mouse IgG F(abʹ)2 Fragment
Specific (Jackson ImmunoResearch, #115-065-072, RRID:AB_2338565), PE-
streptavidin (BioLegend, #405204, RRID:AB_2921282), and PE-anti-CAR19
(Novartis, custom antibody). Additional antibodies can be found in Supple-

mentary Table S1. Cell sorts were performed on a FACS Aria II machine
managed by the University of Pennsylvania Flow Core.

Cell Lines
The artificial APC (aAPC) cell lines were created and validated in-house by
transducing K562 cells (ATCC, CCL-243, RRID: CVCL_0004) to stably express
CD64, CD86, 4-1BBL, and either ROR1 or CD19. The CD40 ligand–expressing
Ltk cell line (Ltk-CD40L; refs. 58, 59) was obtained from Dr. Cees van Kooten
(Leiden University Medical Center, Leiden, the Netherlands). Cells were tested
for Mycoplasma using the Cambrex MycoAlert kit (Promega, #LT07-118). The
most recent test was in February, 2022. Furthermore, the cell lines have been
regularly authenticated by the University of Arizona Genetics Core using short
tandem repeat profiling.

Paired LN and PB CLL Samples
Patients were enrolled in the Institutional Review Board–approved protocol:
Natural History Study of monoclonal B-cell lymphocytosis, CLL/small lym-
phocytic lymphoma, lymphoplasmacytic lymphoma/Waldenstrommacroglob-
ulinemia, and splenic marginal zone lymphoma (ClinicalTrials.gov number
NCT00923507). Samples were obtained after written informed consent in ac-
cordance with the Declaration of Helsinki, and applicable federal regulations.
PB mononuclear cells (PBMC) were isolated by density gradient centrifuga-
tion and cryopreserved. LN biopsies were mechanically disaggregated into
single-cell suspensions and cryopreserved.

CAR T-cell Generation
Normal donor apheresis products were obtained from the University of
Pennsylvania Human Immunology Core. PBMCs were isolated via Ficoll den-
sity gradient centrifugation and cryopreserved in 70% OpTmizer 5 (OpT5)
medium, 20% human AB serum, and 10% DMSO. T cells were isolated us-
ing the Miltenyi Pan T cell Isolation Kit (Miltenyi Biotec, #130-096-535) and
cultured in OpT5 medium with T-cell expansion supplement (Thermo Fisher
Scientific, #A1048501), 2 mmol/L Glutamax, and 5% human AB serum sup-
plemented with 100 U/mL hIL2 unless otherwise stated. Cells were activated
using anti-CD3/anti-CD28 Dynabeads at a ratio of 3 beads:1 T cell. T cells were
transduced with CAR-expressing lentivirus on day 1. Cells were counted and
resuspended at 5.0 × 105 cells/mL on days 3, 5, and 7. On day 9, cells were
counted and cryopreserved. Absolute cell counts were obtained using the Luna
fluorescence-based automatic cell counter (Logos Biosystems).

Lentivirus Production
VSVg-pseudotyped anti-CD19 or anti-ROR1 CAR (CAR19 and CAR-ROR1, re-
spectively) lentivirus was produced using HEK293T cells (ATCC, CRL-11268).
Cells were seeded on day −1 in R10 medium (RPMI + 10% FBS + 1% Peni-
cillin/Streptomycin). On day 0, the cells were transfected with VSVg, RSV/Rev,
Gag/Pol, and CAR plasmids using lipofectamine 2000 (Thermo Fisher Scien-
tific, #11668019). Supernatant was collected at 24 and 48 hours and concentrated
using an ultracentrifuge overnight at 4°C and 8,861 Relative Centrifugational
Force (RCF), followed by 2.5 hours at 4°C at 76,800 RCF. Virus was aliquoted
and stored at −80°C.

B-CLL Isolation
Primary CLL PBMCs were obtained from the Stem Cell and Xenograft Core
at the University of Pennsylvania (Philadelphia, PA). B-CLL cells were isolated
using the Miltenyi B-CLL Isolation Kit (Miltenyi Biotec, #130-103-466). A full
list of CLL donors used can be found in Supplementary Table S2.
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B-CLL Cell Activation/Activated CLL Generation
Primary B-CLL cells were activated by plating them over confluent Ltk-CD40
L cells at 3.0 × 106 cells/mL in Iscove’s modified Dulbecco’s medium (Thermo
Fisher Scientific, #12440049)+ 10%GemCell FBS (GeminiBio, #100-500). Cells
were placed at 37°C for 6 hours before harvest.

Cytotoxicity Assay
CAR T cells and donor-matched untransduced T cells were thawed and stained
with 0.1 μmol/L carboxyfluorescein diacetate succinimidyl ester solution
(Thermo Fisher Scientific, #C34554) according to manufacturer’s instructions.
Cells were counted and resuspended at 1.0 × 106 cells/mL in OpT5 medium.
B-CLL cells were isolated as described above and stained with 0.1 μmol/L
Cell Trace Violet solution (Thermo Fisher Scientific, #C34557) according to
manufacturer’s instructions. CLL cells were counted, resuspended at 1.0 × 106

cells/mL in OpT5 medium and cocultures were set up at the desired effec-
tor:target ratios. Untransduced cells were used as an alloreactivity control and
aAPCs were used as a positive control. Assays using activated CLL cells or IL2
used CLL cells activated for 6 hours as described or had 100 U/mL IL2 added
to the cocultures, respectively.

Restimulation Assay
CAR T cells were sorted to obtain the live, CAR+ T-cell fraction and plated
with aAPCs or primary CLL cells at a ratio of 3:1 APCs/CLL to CAR T cells at
1.0 × 106 total cells/mL in OpT5 medium without cytokines. Stimulator cells
were irradiated with 100 Gy prior to use. T cells were counted and stimulated
on days 0, 5, and 10, and harvested on day 15.

Trans-costimulation of CAR T Cells
CAR T-cell and CLL cocultures were set up as indicated in the restimulation
assay. aAPCs expressing CD86 and 4-1BBL but an irrelevant CAR target antigen
were added at a ratio of 3 aAPCs: 1 CAR T cell. Cocultures were left for 5 days
and then assessed for CAR activation by flow cytometry.

Intracellular Cytokine Analysis
CAR T cells were thawed, counted, and resuspended in OpT5 medium. CLL
cells were isolated as described above. Cocultures were set up at a final con-
centration of 1.0 × 106 total cells/mL in OpT5 medium with a 1:20 dilution of
CD107a-FITC (BD Biosciences, #555800), 1 μg/mL brefeldin (BD Biosciences,
#555029), and 2 μg/mL monensin (BD Biosciences, #554724) at a ratio of 3:1
Stimulator:CAR T cell. Cells were harvested after 6 or 12 hours and stained
with Live/Dead Blue followed by surface staining for CAR, CD3, CD4, CD8,
andCD19. Cells were fixed using the BD Intracellular Cytokine Staining Kit and
Protocol (BD Biosciences, #554715) and stained intracellularly for IL2, TNFα,
and IFNγ. Additional antibody information is given in Supplementary Table S1.

Secreted Cytokine Detection
CAR T cells were cocultured with aAPCs or primary CLL cells for 24 hours.
Supernatant was collected and stored at −80°C. Cytokine levels were assessed
using the Luminex Human Th17 25-plex platform (Millipore) according to
manufacturer’s instructions.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism version 9 (GraphPad
Software, San Diego, CA). All data were subjected to the D’Agostino-Pearson
normality test. Nonparametric statistics were used where the sample size was

too small or the data were non-normally distributed. Data were assessed for
outliers using the ROUT method with a Q value of 1%. When outliers were
identified they were removed from subsequent analysis. Statistical tests are in-
dicated in the relevant figure legends along with exact P value. P values and
adjusted P values as determined by the Holm-Sidak method to correct for mul-
tiple comparisons can be found in Supplementary Table S3. A P value <0.05
was considered statistically significant. Data are shown as mean ± SD.

Data Availability Statement
The data generated during this study can be found within the article and
Supplementary Data.

Results
CLL Cells Fail to Elicit Strong Effector Responses From
Healthy Donor–derived CAR T Cells
To study CLL/CAR T-cell interactions, second-generation CD19- and ROR1-
directed CAR T cells with a 4-1BB intracellular signaling domain (Fig. 1A)
were serially stimulated with primary CLL cells every 5 days for three to-
tal stimulations (Fig. 1B). A ROR1-directed CAR was selected since this
molecule is under development for treatment of CLL and other malignan-
cies (60, 61), and the CD19-directed CAR was chosen to validate the study
results as it remains the gold standard for the field. An irradiated K562-
based aAPC expressing the relevant CAR target antigen was used as a positive
control. These aAPCs stimulate potent effector activity including prolifera-
tion and cytokine production (62–64). Because the aAPCs are transduced
to express the CAR target antigen, expression of these proteins may differ
from endogenous expression levels (Supplementary Fig. S1A). The expression
of CD19 is comparable between the aAPCs and the endogenous expression
on the CLL cells. However, the expression level of ROR1 on the aAPCs is
higher than on the CLL tumor. However, variability in expression of both
proteins is seen on the tumor cells, with more variable expression of ROR1
than CD19. The aAPCs also express CD86 and 4-1BBL in addition to either
ROR1 or CD19. However, CAR19 T cells proliferate similarly in response to
both aAPCs with CD86/4-1BBL and aAPCs that only express CD19 (Supple-
mentary Fig. S1B). Furthermore, we chose to use a 4-1BB–signaling CAR due
to the clinical success of Kymriah, a CD19-directed, 4-1BB–signaling CAR,
and the observation that a CD28-signaling CD19-directed CAR also demon-
strated similarly reduced proliferation in response to CLL cells (Supplementary
Fig. S1C).

Following three consecutive CLL stimulations, we found that both CD19- and
ROR1-directedCARTcells proliferated significantly less than aAPC-stimulated
cells (Fig. 1C). Furthermore, both CAR T cells showed delayed, low-level up-
regulation of the inhibitory receptors LAG3 (Fig. 1D) and TIM3 (Fig. 1E) while
these proteins were strongly induced following aAPC stimulus. CAR-specific
differences were seen in expression patterns of CTLA4 and PD-1 (Fig. 1F and
G), but the overall reduction in activated phenotype was consistent. Cyto-
toxic function after a 48-hour coculture was also impaired in CLL-stimulated
CAR T cells but remained intact in aAPC stimulated cells (Fig. 1H). Finally,
aAPC-stimulated CAR T cells produced higher levels of cytokines than the
matched CLL-stimulated cells (Fig. 1I). Together, these data confirmed that
we can model CLL-induced T-cell nonresponsiveness in vitro using primary
CLL cells and healthy donor–derived CAR T cells, and that this phenotype
is inducible irrespective of CAR target antigen. Furthermore, this confirmed
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FIGURE 1 CAR-ROR1 and CAR19 T cells serially stimulated with CLL cells recapitulate clinically observed effector hypofunction. A, A schematic of
the second-generation CAR construct used in these studies depicting the promoter, scFv, hinge, transmembrane, and intracellular signaling domains
(ICD). B, An experimental schematic depicting the serial restimulation assay. CAR T cell indicates normal donor-derived CAR T cells, aAPC indicates
the positive control cell line, and CLL indicates a primary tumor stimulus. C, Proliferation measured as population doublings of CAR-ROR1 and CAR19 T
cells following restimulation with either aAPCs or CLL cells. The frequency of ROR1- or CD19-specific CAR T cells expressing the activation-associated
molecules LAG-3 (D), TIM-3 (E), CTLA-4 (F), and PD-1 (G) at each stimulation shows robust induction of expression with the aAPC but not CLL cells.
CLL refers to CLL-stimulated cells while aAPC refers to CAR T cells stimulated with aAPCs. H, Cytotoxic function of CAR-ROR1 and CAR19 T cells
against primary CLL cells or aAPCs after a 48-hour coincubation. UTD refers to the untransduced (Continued on the following page.)
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(Continued) donor-matched control. I, Secreted cytokine production as measured by Luminex 24-hours after each stimulation. Concentration is given
as pg/mL. Analyses were performed using the multiple Mann–Whitney test with Holm-Sidak correction. CAR-ROR1: n = 2 experiments, 5 CLL donors:
(2655, 2761, 3416, 4487, 4625), CAR19: n = 5 experiments, 22 CLL donors: (1993, 3507, 3578, 3935, 3955, 4045, 4048, 4129, 4265, 4276, 4288, 4444,
5071, 5083, 5108, 5131, 5267, 5574, 5597, 5786, 5798, 5963). P values are as follows: (D) [ROR1: **, P = 0.002451; CAR19: ****, P = 0.000050 (left);
***, P = 0.000226; ****, P = 0.000025 (right)]. E, [ROR1: **, P = 0.002451; *, P = 0.036765; CAR19: ***, P = 0.000050; ns P = 0.365669;
*, P = 0.021909]. F, [ROR1: **, P = 0.002451; ns P = 0.056373; CAR19: ns P = 0.746761 (left), 0.844946 (middle), 0.376935 (right)]. G, [ROR1:
*, P = 0.004902; ns P = 0.352941 (middle); P = 0.654412 (right)]. H, [ROR1: **, P = 0.004396; CAR19: **, P = 0.008081]. I, IL2: [ROR1: **, P = 0.002451;
CAR19: **, P = 0.004040 (left); P = 0.009524 (middle); P = 0.006061 (right)]. IFNγ: [ROR1: **, P = 0.002451; CAR19: **, P = 0.004040]. TNFα: [ROR1:
**, P = 0.002451; CAR19: **, P = 0.004040 (left, middle), P = 0.006061 (right)]. (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

that CLL cells induce hypofunction in a CAR T-cell setting, not just in
autologous CLL-derived T cells. Having determined that these functional de-
fects were CAR independent, we chose to focus our efforts on the relatively
understudied ROR1-directed CAR, validating major findings with CAR19 as
needed.

CLL-induced CAR T-cell Dysfunction is Due to
Insufficient Activation
We next sought to determine the causes of this hypofunction. On the basis of
the body of work detailing T-cell exhaustion in CLL, we hypothesized that CLL-
mediated dysfunction was a sustained, defective state, stabilized by successive
interactions with CLL cells. We tested this by stimulating CAR-ROR1 T cells
with CLL cells once or multiple times and then switched to an aAPC stimulus
(Fig. 2A). Sustained hyporesponsiveness of CAR T cells against strongly stimu-
latory targets following one or more encounters with CLL cells would be highly
suggestive of permanent dysfunction.However, no differences in themagnitude
of the proliferative response were observed after switching to an aAPC stimulus
in any of the stimulation conditions (Fig. 2B and C). Switching to an aAPC also
restored the breadth of the secreted cytokine repertoire, although a slight de-
crease in cytokine level was observed following repeated CLL stimulations (Fig.
2D). In addition, we observed a near absence of cells entering the cell cycle as
denoted by Ki-67 positivity, a phenotype which was rescued by aAPC stimula-
tion (Fig. 2E). We then used flow cytometry to assess the differentiation state of
the CAR T cells at the end of the coculture. While all aAPC-stimulated CAR T
cells underwent memory or effector differentiation, CLL cells failed to induce
progressive T-cell differentiation (Fig. 2F andG). Together, these data indicated
that CLL cells insufficiently activate even second-generation CAR T cells, ex-
plaining the observed lack of effector responses. This suggested that CLL cells
either lack a positive regulator of CAR T-cell responses which was then pro-
vided by an aAPC, or that CLL cells negatively regulate CAR T cells which can
be rescued by removing the T cells from a CLL-dense environment. The abil-
ity to rescue CAR T-cell function indicated that we could improve anti-CLL
responses if we enhanced T-cell activation.

Strong Antigenic Stimulation is Sufficient to Overcome
CAR T-cell Activation Defects
Wenext hypothesized that impairedCART-cell activationwas due to active im-
munosuppression. To test this, we developed a mixed coculture assay wherein
CAR T cells were stimulated with aAPCs and CLL cells mixed at graded ratios
(Fig. 3A).All cultures containing any proportion of aAPCs proliferated (Fig. 3B)
and produced cytokines at similar levels (Fig. 3C) regardless of the frequency of
CLL cells in the culture (Fig. 3B). This suggested that CLL cells do not prevent
CAR T-cell activation in the presence of a potent stimulus.

Exogenous IL2 Supplementation Overcomes Impaired
CAR T-cell Proliferation in CLL Cocultures
Although proliferation was unaffected by CLL cells in the mixed culture assay
(Fig. 3B), we observed a trend wherein IL2 production decreased with increas-
ing numbers of CLL cells (Fig. 3C, right). We hypothesized that this limited
IL2 secretionmay drive insufficient T-cell activation. To determine whether IL2
was limiting, we performed a restimulation assay while supplementing graded
doses of IL2 to the cultures. We found that this restored both CAR-ROR1 and
CAR19 proliferation in response to CLL cells in a dose-dependent manner (Fig.
3D). This response was at least partially antigen-driven as IL2 supplementation
alone did not result in the same levels of T-cell proliferation (Fig. 3E). Finally, we
assessed cytokine production in the IL2 supplemented cultures and observed
partial restoration of the secreted cytokine repertoire (Fig. 3F).

IL2 Enhances the Stimulatory Phenotype of CLL Cells
To discern a mechanism for the improved CAR T-cell responses against CLL
cells with IL2 addition, we immunophenotyped primary CLL cells incubated
for 5 days with high-dose (100 U/mL) IL2 (Supplementary Fig. S2A). We found
that the IL2R alpha-chain (CD25) was expressed on >80% of the tumor cells
in 18 of 20 CLL donors (Supplementary Fig. S2B). This suggested that these
CLL cells may have a functional, signaling IL2R; this could lead to pheno-
typic changes in response to IL2. We found that while IL2 stimulation did
not alter the expression of inhibitory ligands PD-L1 and PD-L2 (Supplemen-
tary Fig. S2C), expression of the costimulatory molecules CD80 and CD86
was significantly augmented (Supplementary Fig. S2D). The expression of the
adhesion molecules CD54 and CD58 was similarly increased (Supplementary
Fig. S2E). Furthermore, we observed induction of CLL cell proliferation by IL2
(Supplementary Fig. S2F). Together, these data show that CLL cells acquire a
phenotype consistent with B-cell activation when incubated with IL2. We pos-
tulated that this prostimulatory phenotype could explain the improved CAR
T-cell responses observed in Fig. 3.

Additional Costimulation Enhances Second-generation
CAR T-cell Activation
Given that IL2 significantly boosted the expression of costimulatory molecules
onCLL cells, we sought to determinewhether enhanced costimulatory receptor
signaling could facilitate better activation of second-generation CART cells. To
test this, we provided stimulation via CD86 and 4-1BBL using a bystander aAPC
that did not express the CAR target antigen (Supplementary Fig. S3A). We
referred to this system as trans-costimulation to differentiate from costimula-
tion provided by the target cell itself (costimulation in cis). Trans-costimulation
enhanced CAR-ROR1 T-cell proliferation (Supplementary Fig. S3B) and the
activation phenotype of both CAR-ROR1 and CAR19 T cells as assessed by
PD-1, TIM-3, and CTLA-4 upregulation in CLL cocultures (Supplementary
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FIGURE 2 CLL-mediated CAR-ROR1 dysfunction is due to insufficient activation as opposed to permanent defects. A, An experimental schematic
depicting the APC switching assay. Red and black circles indicate whether CAR T cells were challenged with CLL cells or aAPCs, respectively for a total
of three times. AAA: Three successive aAPC stimulations. CAA: One CLL stimulation followed by two successive aAPC stimulations. CCA: Two CLL
stimulations followed by one aAPC stimulation. CCC: Three successive CLL stimulations. B, Proliferation of CAR-ROR1 T cells as measured on days 5, 10,
and 15 of the APC switching restimulation assay. Proliferation is given as population doublings. C, The number of population doublings each group
underwent after receiving one aAPC stimulus. For the AAA condition, this was day 5, for CAA this was day 10, and for CCA this was day 15. No
significant difference is observed between the groups, indicating no sustained defect after successive CLL interactions. D, The levels of IFNg, TNFa, and
IL2 produced by each group after receiving one aAPC stimulus as described in C. **, P = 0.013225; ***, P = 0.000535. E, The frequency of Ki67+

CAR-ROR1 T cells amongst the different restimulation conditions. CD3/CD28 stimulated indicates CAR T cells stimulated with anti-CD3/CD28 beads as
a positive control and “Rested” indicates CAR T cells that were thawed and rested overnight as an unactivated cell control. F, Representative flow
cytometry plots depicting the differentiation state of AAA, CAA, CCA, CCC, unstimulated CAR-ROR1 T cells, and CD3/CD28 bead-activated CAR-ROR1
T cells as determined by CD27 and CD45RO staining. G, Quantification of the frequencies of each differentiation state defined as follows: Effector:
CD27−CD45RO−. Effector Memory: CD27−CD45RO+. Central Memory: CD27+CD45RO+. Naïve-like: CD27+CD45RO−. CD4+ CAR-ROR1 T cells are
depicted on the left and CD8+ CAR-ROR1 T cells are depicted on the right. C was analyzed using an unpaired, two-tailed t test. D and E were analyzed
using multiple Mann–Whitney test with Holm-Sidak correction. n = 3 experiments, 5 CLL donors: (3578, 3955, 4288, 4444, 4279). (*, P < 0.05;
**, P < 0.01).
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FIGURE 3 Strong antigenic stimulation partially rescues CLL-mediated insufficient activation. A, An experimental schematic depicting the mixed
APC assay. aAPCs and CLL cells were mixed together and CAR-ROR1 T cells were stimulated with the indicated ratios of aAPC to CLL cells. 4:0 and 0:4
indicate that CAR T cells were stimulated with aAPC or CLL cells only, respectively. 3:1 indicates a mix of 75% aAPCs and 25% CLL cells and 2:2 indicates
a 50/50 mix of the two cell types CLL cells do not inhibit the proliferative (B) or cytokine secretion response (C) of CAR T cells to aAPC. D, Mid-to-high
dose IL2 rescues the proliferative response of CAR T cells against CLL cells. Proliferation of CAR-ROR1 T cells (left) and CAR19 T cells (right) is given as
population doublings during the restimulation assay with the given quantity of IL2 supplemented into the culture medium. E, Proliferation of
CAR-ROR1 T cells incubated with the given quantity of IL2 alone in the absence of antigen. Proliferation is given as population doublings. F, Cytokine
production of CAR-ROR1 T cells on day 15 of the restimulation assay with the indicated amount of supplemented IL2 (left). Background levels of IFNg,
TNFa, and IL2 present in the media with exogenous IL2 added (right). The dotted line on the left graph indicates the background IL2 levels for the
100 U/mL condition with no CAR T cells present. B was analyzed using the multiple Wilcoxon matched-pairs signed rank test with Holm-Sidak
correction. B: n = 3 experiments, 4 CLL donors: (4265, 4516, 4567, 5574). C: n = 5 CAR T-cell donors. D (left): n = 3 experiments, 3 CLL donors: (4526,
4567, 5574). D (right): n = 1 experiment, 1 CLL donor: (4625). E: n = 1 experiments, 4 CLL donors: (4265, 4516, 4567, 5574). F: n = 3 CAR T-cell donors
(***, P < 0.001).
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TABLE 1 Paired LN/PB patient samples. List of the 10 paired samples
for which we have both PB- and LN-derived CLL cells. Age, sex, Rai
Stage, IGHV mutational status, and cytogenetic abnormalities for each
donor are indicated

Rai IGHV
Sample ID Sex Age stage status FISH

1 F 55 1 U 13q
2 M 43 2 U 17p
3 M 48 3 U 17p
4 M 48 4 U 13q
5 M 50 3 U 11q
6 F 49 1 M 13q
7 F 57 3 U 13q
8 M 73 4 M 11q
9 F 55 3 U t12
10 M 47 4 M 17p

Fig. S3C–S3E). Furthermore, a shift toward a central memory immunophe-
notype indicated rescued CAR T-cell differentiation (Supplementary Fig. S3F
and S3FG). Together, these data show that additional costimulation positively
impacts second-generation CAR T cells and implicates an improved APC
phenotype in driving anti-CLL T-cell responses.

LN-derived CLL Cells Have an Improved Stimulatory
Phenotype Compared with PB-derived CLLs
It is well established that a significant fraction of LN-resident CLL cells ex-
presses the cell-cycle marker Ki67, while PB CLL cells are largely quiescent (50,
51, 53, 54, 56). We hypothesized that LN-resident CLL cells also express higher
levels of the adhesion and costimulatory molecules these second-generation
CAR T cells still rely on. To assess this, we examined 10 paired LN and PB
samples from patients with treatment-naïve CLL (Table 1) for expression of cos-
timulatory and inhibitory ligands on tumor cells and their matching receptors
on T cells. As expected, LN-derived CLL cells had a more activated, stimu-
latory phenotype than the matched PB CLL cells (Fig. 4A). The LN-derived
tumor cells expressed higher levels of costimulatory and adhesion molecules
(Fig. 4B) as well as molecules associated with B-cell activation, including Ki67,
PD-1, CD200, and CD47 (Fig. 4C). In addition, both CD4+ and CD8+ T cells
from the LN were more activated than the matching PB T cells (Fig. 4D). Both
CD4+ and CD8+ T cells taken from the CLL LN had higher expression of
PD-1 (Fig. 4E), CTLA-4 (Fig. 4F), and HLA-DR (Fig. 4G) than those from the
PB. Coexpression of these molecules is highly suggestive of an activated T-cell
phenotype. We therefore hypothesized that in contrast to quiescent PB CLL
cells, strong stimulation provided by this LN-resident CLL population drives
anti-tumor CAR T-cell responses in patients.

LN-derived CLL Cells Elicit Stronger CAR T-cell Effector
Responses Than PB-derived CLLs
Next, we sought to directly test whether CLL cells from the LN stimulated im-
proved CAR T-cell responses compared with those from the PB.We stimulated
CAR19 T cells for 6 hours with the matched LN/PB CLL pairs described in
Table 1. The ROR1-directed CAR was not used because none of the 10 donors
expressed the ROR1 antigen in the LN compartment. While most samples

had ROR1+ cells, this population was entirely restricted to the PB tumor cells
(Fig. 5A). We assessed cytokine production and degranulation as a proxy to cy-
tolytic activity using flow cytometry. We observed an increase in degranulation
of both CD4 and CD8 CAR19 T cells following a LN CLL stimulation com-
pared with a PB CLL stimulation (Fig. 5B). Furthermore, LN-derived CLL cells
elicited more IL2, IFNg, and TNFa production than their paired PB-derived
counterparts (Fig. 5C–E). CD4+ CAR19 T cells also showed strong activation
responses as indicated by CD40 L upregulation (Fig. 5F). Together, these data
show that the enhanced costimulatory phenotype of CLL tumor in the LN cor-
responds to improved CAR T-cell activation and effector responses, further
highlighting the CLL costimulatory phenotype as having a major impact on
CAR T-cell activation.

A Strong CLL Costimulatory Phenotype can be
Induced In Vitro
Because donation of LN-derived CLL cells is an invasive procedure, we sought
to model the LN phenotype in vitro. To achieve this, we tested whether
CD40L-mediated activation would approximate the LN-resident CLL phe-
notype by stimulating primary CLL cells for only 6 hours with a human
CD40 ligand–expressing epithelial cell line. Our results revealed that a brief
6-hour stimulation resulted in upregulation of costimulatory, adhesion, and
activation-associated molecules in CLL cells, in line both with prior CD40L
activation studies (51, 56, 65) and the patient LN CLL phenotype (Fig. 6A).
CD40L-activated CLL cells alsomaintained expression of both ROR1 andCD19
antigens, although we observed a slight decrease in ROR1 expression (Fig. 6B).
However, based on cell phenotype, we determined that CD40L-activated CLL
cells (aCLL) mimic the LN-resident CLL cell costimulatory phenotype and can
be used to study the impact of improved costimulation on CAR T-cell effector
responses.

Activated CLL Cells Drive Potent Antitumor CAR
T-cell Responses
To test our hypothesis that enhanced costimulation on LN-derived CLL cells
directly mediates CAR T-cell effector function, we performed repeat stimula-
tion assays using aCLL cells and found that both CAR-ROR1 and CAR19 T cells
had enhanced proliferation with an aCLL stimulus compared to unactivated
CLL cells (Fig. 6C). We further assessed the ability of CAR T cells to degran-
ulate (Supplementary Fig. S4A) and produce cytokines (Supplementary Fig.
S4B–S4D). CAR19 CD8+ T cells displayed increased degranulation after a 6-
hour aCLL stimulus indicating enhanced cytotoxic function while CAR ROR1
T cells had a mixed phenotype (Supplementary Fig. S4A).We also observed in-
consistent expression of IL2, IFNγ, or TNFα between the CARs at the 6-hour
timepoint (Supplementary Fig. S4B–S4D). We next determined whether aCLL
cells were susceptible to CAR-mediated lysis. Here we confirmed that that both
CAR-ROR1 (Fig. 6D) andCAR19T cells (Fig. 6E) preferentially lysed aCLL cells
over the matched unactivated CLL cells. Furthermore, we observed enhanced
lysis at lower effector:target ratios with aCLL stimulation. Our results demon-
strate that CAR T cells effector responses are directly affected by costimulatory
molecule expression on the CLL tumor. Furthermore, these data suggest that
CAR T cells may preferentially target activated CLL cells, such as those found
in the LN. Thus, the clinical efficacy of CART19 therapy in CLL may be ex-
plained by the lysis of LN-resident CLL cells as PB-derived CLL cells are poor
stimulators of CAR T-cell activity.
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FIGURE 4 The CLL LN provides a pro-T-cell stimulatory environment. A, Heatmap showing the phenotype of 10 matched LN- and PB-derived CLL
cells given as mean fluorescence intensity (MFI). B, APC phenotype given as comparisons of expression of costimulatory molecules CD80, CD86,
CD54, and CD58 between PB- and LN-derived CLL cells. Expression is given as MFI. C, Comparison of B-CLL activation molecules Ki67, PD-1, CD47, and
CD200 on PB compared with LN-derived CLL cells. Expression is given as MFI. D, Heatmap depicting the T-cell activation phenotype of CD4 T cells
(top) and CD8 T cells (bottom) derived from the LN compared with the PB. E, Expression of PD-1 on CD4+ (left) and CD8+ (right) endogenous T cells
from the LN and PB from the 10 matched samples in A. Expression is given as MFI. F, Expression of CTLA-4 on CD4+ (left) and CD8+ (right)
endogenous T cells from the LN and PB from the 10 matched samples in A. Expression is given as MFI. G, Expression of HLA-DR on CD4+ (left) and
CD8+ (right) endogenous T cells from the LN and PB from the 10 matched samples in A. Expression is given as MFI. B (top left and bottom left), C (top
right and bottom right), F, and G were analyzed using the two-tailed Wilcoxon matched-pairs signed rank test. The remaining analyses in B and C and
E were analyzed using a two-tailed paired t test. (n = 10 LN/PB pairs, *, P < 0.05; **, P < 0.01; ***, P < 0.001).
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FIGURE 5 LN-derived CLL cells induce stronger CAR T-cell degranulation and cytokine production than PB-derived CLLs. A, The frequency of
ROR1+ tumor cells in the LN and PB compartments. Raw numbers are given on the right. B, Degranulation of CD4+ and CD8+ CAR19 T cells as
measured by frequency of CD107a following a 6-hour stimulus with paired LN- or PB-derived CLL cells as described in Table 1. C–E, Frequency of IL2+,
IFNγ+, and TNFα+ CAR19 T cells following a 6-hour stimulus with the LN and PB CLL pairs. F, CAR T-cell activation as measured by frequency of
CD40L+ cells. Each data point represents an average of four CAR T-cell donors stimulated with each LN/PB CLL pair over the course of two
experiments. B (left), C (right), D (right), E, and F (left) were analyzed using a two-tailed Wilcoxon matched-pairs signed rank test. A, B (right),
C (left), D (left), and F (right) were analyzed using a two-tailed paired t test. (n = 10 LN/PB pairs, 4 CAR T-cell donors, two experiments. *, P < 0.05;
**, P < 0.01; ****, P < 0.0001).

Discussion
Despite the relative success of CD19-directed CAR T-cell therapy in treating B-
cell malignancies, only a minority of patients with CAR T cell–treated CLL will
be classed as complete responders, highlighting a remaining unmet need for cu-
rative therapies. Although there exists a body of work on how CLL cells impact
endogenous T-cell function, little work has been done to understand how pri-
mary CLL cells affect cell-based therapies. With the advent of transgenic-TCR
(T-cell receptor) and CAR-modified T cells, as well as the rising popularity of
allogeneic or “off-the-shelf” cell therapies, there remains a need to understand
howCLL cells impact healthy donor–derivedT cells. Furthermore, understand-
ing the differences between the immune compartments in which CLL cells
reside and how each impacts the efficacy of cell-based therapies is critically
important. This study aimed to understand how primary CLL cells negatively
impact allogeneic CAR T-cell products and, subsequently, identify how the
tumor microenvironment (TME) drives antitumor responses in a patient pop-
ulation. This work will allow the field to enhance existing therapies to capitalize
onTMEmodulation, improveCART-cell therapeutic responses, andultimately
provide more successful treatments for patients with CLL.

It is well documented that CLL cells negatively impact both endogenous and
allogeneic T cells, regardless of TCR specificity. Herein, we demonstrate that
even second-generation CAR T cells exhibit dysfunctions against primary tu-
mor cells. However, these dysfunctions are not permanent; rather they are the

result of insufficient CAR T-cell activation. While immunosuppression medi-
ated by CLL cells may abrogate CAR T-cell function, in the presence of strong,
positive activation signals such as stimulation with an aAPC or addition of
high-dose IL2, CAR T-cell effector functions remain intact. This improvement
is mediated by enhanced APC phenotypes as defined by increased expression
of costimulatory and adhesive molecules. We show that this APC phenotype
is maintained by LN-resident CLL cells and is lacking in the PB-derived CLL
population. Furthermore, this phenotype directly impacts the activation state
of T cells derived from these compartments. By stimulating CAR T cells with
aCLL cells, we enhanced anti-CLL effector functions, including proliferation
and cytotoxicity, both of which are predictive of better clinical response. These
findings further highlight an apparent paradox—that 26% of patients with CLL
will have a durable complete response to CAR T-cell therapy. Our data sug-
gest that in this setting, CAR T cell–mediated remissions are largely driven
by a LN response, initially eliminating the proliferative progenitor CLL cells
and subsequently becoming highly activated, allowing for peripheral tumor
clearance.

Autologous CLL T cells are well documented to have impaired proliferative
and effector responses, dysregulation of the CD4/CD8 immune balance, and
a terminally differentiated phenotype (39, 40, 66–68). While most studies and
clinical trials have used autologous T cells, the results are mixed, likely due to
disease heterogeneity between patients. By using normal donor-derived CAR
T cells, we are able to focus on tumor-mediated mechanisms without the
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FIGURE 6 Strongly costimulatory CLL cells stimulate robust CAR T-cell effector responses. A, Heatmaps showing the phenotype of aCLLs compared
with resting CLL cells, looking at both frequency (top) and MFI (bottom) of the markers indicated. B, Changes in expression level of ROR1 (left, middle)
and CD19 on resting and aCLL cells. C, Proliferation of CAR-ROR1 (left) and CAR19 (right) T cells following serial stimulations with resting CLLs, a, or
aAPCs. Proliferation is given as population doublings. D, Cytotoxicity of CAR-ROR1 and untransduced donor-matched control (UTD) T cells after a
2-day stimulation with either aCLLs or resting CLLs. Asterisks indicate comparisons between aCLL/CAR-ROR1 versus aCLL/UTD (left). Comparison of
AUC for each condition from the data on the left. E, Cytotoxicity of CAR19 and UTD T cells after a 2-day stimulation with either aCLLs or resting CLLs.
Asterisks indicate comparisons between aCLL/CAR19 versus aCLL/UTD (left). Comparison of AUC for each condition from the data on the left.
B, C (right), D (left), and E (left) were analyzed using the Wilcoxon matched-pairs signed rank test with Holm-Sidak correction. C (right), D (right), and
E (right) were analyzed using a paired two-tailed t test. [B (left): n = 4 experiments, 6 CLL donors: (2655, 4167, 4516, 4556, 4625, 4794), B (right):
n = 2 experiments, 5 CLL donors: (2655, 4405, 4556, 4625, 6342), C: n = 2 experiments, 7 CLL donors: (2655, 2656, 4121, 4405, 4567, 4625, 4684),
D, E: n = 2 experiments/CAR, 8 CLL donors: (2655, 2761, 2771, 3416, 4405, 4419, 4556 4625), *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001].

confounding variable of autologous T-cell function. Furthermore, this work is
directly applicable to allogeneic cell therapy, which is a rapidly growing field of
study. Understanding how CLL tumor negatively impacts even healthy T-cell
activation will further enable these allogeneic cell therapies.

The heterogeneity of primary CLL tumors has made it challenging to engineer
representative murine or cell-based models. While murine systems to study
CLL do exist, they are complicated and time consuming to develop (69, 70).
Another difficulty in studying primary CLL is that the cells do not grow au-
tonomously in vitro without concomitant CD40 ligation and cytokine/CpG
addition (58, 71–74) or Epstein-Barr Virus (EBV) transformation, such as with
the OSU-CLL cell line (75). Our study addressed this gap by focusing on pri-

mary CLL cells as a biologically and translationally relevant tool to study this
disease. Using our primary tumor cell bank, we consistently observed that CLL
cells prevent CAR T-cell activation and that the poor stimulatory phenotype of
CLL cells explains this impairment. The consistency between CLL donors and
CAR19 and CAR-ROR1 cells validates our conclusions, suggesting a conserved
activation defect despite sample heterogeneity. Further our finding that the LN
compartment drives CAR T-cell responses highlights a need for the CLL field
to better understand the TME in this disease.

It is of note that, clinically, large LNs are cleared more slowly than the PB
or bone marrow. This begs the question, if the LN is in fact the site of ac-
tive T-cell killing is it also a sanctuary site for the tumor? Although we can
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model a LN-like CLL phenotype in vitro, we cannot model the entire associ-
ated TME. Thus, this in vitro system lacks cells that may provide support to the
tumor or negatively regulateCART-cell function, via either secreted or contact-
dependentmechanisms. It is logical to assume that the LN, traditionally a home
for mature B cells, provides prosurvival signals to the tumor. Furthermore, be-
ing a tumor-supportive environment, it is likely that the in vivo LN has T-cell
immune-suppressive qualities. More complete models of the tumor microen-
vironment both in vivo and in vitro are required to systematically address the
relative contributions of cell types and secreted factors from this tissue.

The data presented in our study bring to mind prior work wherein vaccina-
tion of patients with CD40L-expressing CLL cells enhanced tumor killing by
endogenous T cells (76, 77). However, the effects of these treatments were time
limited, and ceased to be effective once the CD40L-expressing tumor was no
longer present. These data suggest that priming of CD4+ T cells by CD40 L
likely drove this response, but once the activating signal was removed, T cells
again became unresponsive. In our study, we preactivated CLL cells with CD40
L before removing the source of CD40L, such that the CAR T cells were im-
pacted by the tumor rather than the CD40L-expressing cell line. However,
the sensitization of CLL cells to T-cell killing in the prior studies is in accor-
dance with our own findings, wherein CAR T cells better proliferate and kill
CD40L-activated CLL cells (see Fig. 6C–E). Interestingly, we also see bystander
activation of untransduced T cells as measured by cytotoxicity in response to
the activated CLL stimulus. This supports the findings of the above studies,
wherein not only are T cells activated allowing for cytotoxic function, but the
activated CLL cells themselves serve as better targets for T-cell killing. This
highlights the requirement of costimulatory signaling for activation of TCR-
directed T cells. The CAR T-cell field then capitalized on such findings to
create second-generation CARs that contain costimulatory domains, enabling
killing of target cells even in the absence of costimulatory molecules on the
cell surface—as is the case in CLL. The low costimulatory ligand expression on
CLL tumor greatly limits native T-cell killing capacity, and, as our data indicate,
can impact CAR T-cell function, since enhancing expression of costimulatory
ligands rescues CAR T-cell responses.

Surprisingly, this study identifies a need for additional costimulatory signal-
ing even in the context of a second-generation CAR that already contains a
4-1BB costimulatory signaling domain. This is highlighted by the improved ac-
tivation and killing observed with aCLL-stimulated CAR T cells as well as the
improved activation phenotype of CAR T cells in a trans-costimulation set-
ting. The introduction of costimulatory molecules on CAR T cells to allow for
cross-stimulation of CAR T-cell products will both enhance CAR T-cell func-
tion and stimulate the endogenous immune system (78). This finding also calls
into question whether CAR design has been fully optimized to provide ad-
equate costimulatory signaling. Studies have shown that the addition of the
costimulatory molecules CD80 or 4-1BBL to CAR19-BBζ or CAR19-28z T
cells, respectively, enhanced CAR T-cell persistence and tumor clearance in
a mouse model of ALL (79). The addition of 4-1BBL extended persistence of
the 28z CAR compared with the 28z CAR alone, and also maintained higher
numbers of CD8+ CAR T cells long term. Both the CD80-expressing and 4-
1BBL–expressing CARs demonstrated marked reduction in exhaustion. These
findings, while shown in an ALL model, demonstrate that improving the type
and level of costimulation has positive impacts on second-generation CAR T-
cell function, as measured by T-cell killing, persistence, and overall antitumor
activity. This study confirms the importance of optimal costimulation, even in a

setting where CAR T-cell function is “optimized” and yields impressive clinical
responses. Extrapolating out to a CLL setting where responses to CAR T-cell
therapy are lacking, our data support the investigation of adding costimulatory
molecules to CAR lentiviral construct design as a method to improve response
rates. CD40Lhas also been added toCAR19T cells anddemonstrated improved
antitumor efficacy via endogenous immune systemactivation inmurinemodels
of leukemia and/or lymphoma (78). In a CLL setting, this could also function
as an indirect mechanism to enhance the native immune response and may
activate CLL cells to upregulate costimulatory molecules in vivo. Combining
cellular therapies with small molecules that enhance either CAR T-cell or CLL
activation such as lenalidomide (40–42, 80–82) or CD40 agonists (78, 83) may
improve therapeutic responses in CLL. Future investigation is needed to un-
derstand how we can optimize CAR design to improve costimulation as well as
understand how combination therapies may improve responses in CLL.

Authors’ Disclosures
M.A. Collins reports grants from Parker Institute for Cancer Immunother-
apy during the conduct of the study. A.P. Kater reports grants and other from
Abbvie, AstraZeneca, BMS; and other from Janssen and LAVA outside the sub-
mittedwork; in addition, A.P. Kater has a patent to Janssen pending and a patent
to LAVA pending. C. Sun reports grants from Genmab outside the submitted
work. A. Wiestner reports grants from Pharmacyclics, Acerta, Merck, Nurix,
Verastem, and Genmab outside the submitted work. J.J. Melenhorst reports
grants from Parker Institute for Cancer Immunotherapy during the conduct
of the study; personal fees from IASO Biotherapeutics, Poseida Therapeutics,
and Kite Pharma outside the submitted work; in addition, J.J. Melenhorst has
a patent to Methods for improving the efficacy and expansion of immune
cells issued, a patent to Biomarkers predictive of therapeutic responsiveness
to chimeric antigen: issued, a patent to Methods of making chimeric antigen
receptor - expressing cells issued, a patent to Methods for improving the effi-
cacy and expansion of chimeric antigen receptor: issued, a patent to CART-cell
therapies with enhanced efficacy issued, and a patent to Biomarkers predictive
of cytokine release syndrome issued. No disclosures were reported by the other
authors.

Authors’ Contributions
M.A. Collins: Conceptualization, data curation, formal analysis, investi-
gation, writing-original draft. I.-Y. Jung: Investigation, writing-review and
editing. Z. Zhao: Investigation, writing-review and editing. K. Apodaca:
Investigation, writing-review and editing. W. Kong: Investigation, method-
ology, writing-review and editing. S. Lundh: Investigation, writing-review
and editing. J.A. Fraietta: Writing-review and editing. A.P. Kater: Concep-
tualization, resources, writing-review and editing. C. Sun: Conceptualization,
resources, writing-review and editing. A. Wiestner: Conceptualization, re-
sources, writing-review and editing; J.J. Melenhorst: Conceptualization,
supervision, funding acquisition, methodology, writing-review and editing.

Acknowledgments
We are grateful to the University of Pennsylvania StemCell and Xenograft Core
for providing primary CLL samples, the Flow Core for their assistance in cell
sorting, the Human Immunology Core for providing healthy donor PBMCs,

1100 Cancer Res Commun; 2(9) September 2022 https://doi.org/10.1158/2767-9764.CRC-22-0200 | CANCER RESEARCH COMMUNICATIONS

D
ow

nloaded from
 http://aacrjournals.org/cancerrescom

m
un/article-pdf/2/9/1089/3282898/crc-22-0200.pdf by guest on 19 M

ay 2023



CLL Costimulatory Phenotype Modulates CAR T-cell Responses

and the Translational Correlative Studies Laboratory for their assistance with
Luminex assays. We acknowledge Carl H. June for his part in scientific discus-
sions related to this manuscript andWei-Ting Hwang for discussions regarding
statistical analyses. We acknowledge Armando van Bruggen for scientific dis-
cussions. Finally, we are thankful to the patients and their families without
whose generous donations of samples to research this work would not be
possible. Funding: This work was funded by the Parker Institute for Cancer
Immunotherapy in support of M.A. Collins and J.J. Melenhorst. The Intra-
mural Research Program of the NIH, NHLBI supported A. Wiestner and C.
Sun. Degree Candidacy:M.A. Collins is a PhD candidate at the University of

Pennsylvania. This work is submitted in partial fulfillment of the requirement
for the PhD.

Note
Supplementary data for this article are available at Cancer Research Comm-
unications Online (https://aacrjournals.org/cancerrescommun/).

Received May 21, 2022; revised August 17, 2022; accepted August 22, 2022;
published first September 30, 2022.

References
1. National Cancer Institute, Surveillance, Epidemiology and ERP. Chronic lym-

phocytic leukemia – cancer stat facts; 2020. Available from: https://seer.cancer.
gov/statfacts/html/clyl.html.

2. DeSantis CE, Lin CC, Mariotto AB, Siegel RL, Stein KD, Kramer JL, et al. Cancer
treatment and survivorship statistics, 2014. CA Cancer J Clin 2014;64: 252-71.

3. Gauthier J, Hirayama AV, Purushe J, Hay KA, Lymp J, Li DH, et al. Feasibility
and efficacy of CD19-targeted CAR T cells with concurrent ibrutinib for CLL
after ibrutinib failure. Blood 2020;135: 1650-60.

4. Gill SI, Vides V, Frey NV, Metzger S, O’Brien M, Hexner E, et al. Prospective clini-
cal trial of anti-CD19 CAR T cells in combination with ibrutinib for the treatment
of chronic lymphocytic leukemia shows a high response rate. Blood 2018;132:
298.

5. Siddiqi T, Soumerai J, Dorritie K, Stephens D, Riedell P, Arnason J, et al. Phase
1 TRANSCEND CLL 004 study of lisocabtagene maraleucel in patients with
relapsed/refractory CLL or SLL. Blood 2021;139: 1794-806.

6. Fraietta JA, Lacey SF, Orlando EJ, Pruteanu-malinici I, Gohil M, Lundh S, et al.
Determinants of response and resistance to CD19 chimeric antigen receptor
(CAR) T cell therapy of chronic lymphocytic leukemia. Nat Med 2018;24: 563-71.

7. Porter DL, Hwang W-T, Frey NV, Lacey SF, Shaw PA, Loren AW, et al. Chimeric
antigen receptor T cells persist and induce sustained remissions in relapsed
refractory chronic lymphocytic leukemia. Sci Transl Med 2015;7: 303ra139.

8. Frey NV, Gill S, Hexner EO, Schuster S, Nasta S, Loren A, et al. Long-term out-
comes from a randomized dose optimization study of chimeric antigen receptor
modified T cells in relapsed chronic lymphocytic leukemia. J Clin Oncol 2020;38:
2862-71.

9. Pasquini MC, Hu Z-H, Curran K, Laetsch T, Locke F, Rouce R, et al. Real-world
evidence of tisagenlecleucel for pediatric acute lymphoblastic leukemia and
non-Hodgkin lymphoma. Blood Adv 2020;4: 5414-24.

10. Turtle CJ, Hay KA, Hanafi LA, Li D, Cherian S, Chen X, et al. Durable molecular
remissions in chronic lymphocytic leukemia treated with cd19-specific chimeric
antigen receptor-modified T cells after failure of ibrutinib. J Clin Oncol 2017;35:
3010-20.

11. Brentjens RJ, Rivière I, Park JH, Davila ML, Wang X, Stefanski J, et al. Safety
and persistence of adoptively transferred autologous CD19-targeted T cells
in patients with relapsed or chemotherapy refractory B-cell leukemias. Blood
2011;118: 4817-28.

12. Mueller KT, Maude SL, Porter DL, Frey N,Wood P, Han X, et al. Cellular kinetics of
CTL019 in relapsed/refractory B-cell acute lymphoblastic leukemia and chronic
lymphocytic leukemia. Blood 2017;130: 2317-25.

13. Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bittencourt H, et al. Tis-
agenlecleucel in children and young adults with B-cell lymphoblastic leukemia.
N Engl J Med 2018;378: 439-48.

14. Frey NV, Shaw PA, Hexner EO, Pequignot E, Gill S, Luger SM, et al. Optimizing
chimeric antigen receptor T-cell therapy for adults with acute lymphoblastic
leukemia. J Clin Oncol 2020;38: 415-22.

15. Park JH, Rivière I, Gonen M, Wang X, Sénéchal B, Curran KJ, et al. Long-term
follow-up of CD19 CAR therapy in acute lymphoblastic leukemia. N Engl J Med
2018;378: 449-59.

16. Curran KJ, Margossian SP, Kernan NA, Silverman LB, Williams DA, Shukla
N, et al. Toxicity and response after CD19-specific CAR T-cell therapy in
pediatric/young adult relapsed/refractory B-ALL. Blood 2019;134: 2361-8.

17. Brentjens RJ, Davila ML, Riviere I, Park J, Wang X, Cowell LG, et al.
CD19-targeted T cells rapidly induce molecular remissions in adults with
chemotherapy-refractory acute lymphoblastic leukemia. Sci Transl Med 2013;5:
177ra38.

18. Maude SL, Teachey DT, Porter DL, Grupp SA. CD19-targeted chimeric antigen
receptor T-cell therapy for acute lymphoblastic leukemia. Blood 2015;125: 4017-
23.

19. Murphy EJ, Neuberg DS, Rassenti LZ, Hayes G, Redd R, Emson C, et al.
Leukemia-cell proliferation and disease progression in patients with early stage
chronic lymphocytic leukemia. Leukemia 2017;31: 1348-54.

20. Zenz T, Huber W. Mutational landscape and complexity in CLL. Blood 2015;126:
2078-9.

21. Landau DA, Tausch E, Taylor-Weiner AN, Bottcher S, Bahlo J, Stewart C, et al.
Subclonal driver mutations predict shorter progression free survival in chronic
lymphocytic leukemia following first-line chemo(immuno)therapy: results from
the CLL8 trial. Blood 2014;124: 899-906.

22. Agathangelidis A, Ljungström V, Scarfò L, Fazi C, Gounari M, Pandzic T, et al.
Profiling the genomic landscape at the early stages of CLL: low genomic
complexity and paucity of driver mutations in MBL and indolent CLL. Blood
2016;128: 3214.

23. Nabhan C, Raca G, Wang YL. Predicting prognosis in chronic lymphocytic
leukemia in the contemporary era. JAMA Oncol 2015;1: 965-74.

24. Claus R, Lucas DM, Ruppert AS, Williams KE, Weng D, Patterson K, et al. Valida-
tion of ZAP-70 methylation and its relative significance in predicting outcome
in chronic lymphocytic leukemia. Blood 2014;124: 42-8.

25. Amin S, Walsh M, Wilson C, Parker AE, Oscier D, Willmore E, et al. Cross-talk
between DNA methylation and active histone modifications regulates aberrant
expression of ZAP70 in CLL. J Cell Mol Med 2012;16: 2074-84.

26. Chen L, Huynh L, Apgar J, Tang L, Rassenti L, Weiss A, et al. ZAP-70 en-
hances IgM signaling independent of its kinase activity in chronic lymphocytic
leukemia. Blood 2008;111: 2685-92.

27. Ibrahim S, Keating M, Do K-A, O’brien S, Huh YO, Jilani I, et al. CD38 expression
as an important prognostic factor in B-cell chronic lymphocytic leukemia. Blood
2001;98: 181-6.

28. Damle RN, Wasil T, Fais F, Ghiotto F, Valetto A, Allen SL, et al. Ig V gene mu-
tation status and CD38 expression as novel prognostic indicators in chronic
lymphocytic leukemia. Blood 1999;94: 1840-7.

29. Damle RN, Temburni S, Calissano C, Yancopoulos S, Banapour T, Sison C,
et al. CD38 expression labels an activated subset within chronic lymphocytic
leukemia clones enriched in proliferating B cells. Blood 2007;110: 3352-9.

30. Hamblin TJ, Orchard JA, Ibbotson RE, Davis Z, Thomas PW, Stevenson
FK, et al. CD38 expression and immunoglobulin variable region mutations
are independent prognostic variables in chronic lymphocytic leukemia, but
CD38 expression may vary during the course of the disease. Blood 2002;99:
1023-9.

AACRJournals.org Cancer Res Commun; 2(9) September 2022 1101

D
ow

nloaded from
 http://aacrjournals.org/cancerrescom

m
un/article-pdf/2/9/1089/3282898/crc-22-0200.pdf by guest on 19 M

ay 2023

https://aacrjournals.org/cancerrescommun/
https://seer.cancer.gov/statfacts/html/clyl.html.


Collins et al.

31. Boissard F, Tosolini M, Ligat L, Quillet-Mary A, Lopez F, Fournié J, et al. Nurse-
like cells promote CLL survival through LFA-3/CD2 interactions. Oncotarget
2017;8: 52225-36.

32. Boissard F, Fournie J, Quillet-Mary A, Ysebaert L, Poupot M. Nurse-like cells
mediate ibrutinib resistance in chronic lymphocytic leukemia patients. Blood
Cancer J 2015;5: e355.

33. Ottmann OG, Larson RA, Kantarjian HM, Coutre L, Baccarani M, Hochhaus A,
et al. Nurse-like cells control the activity of chronic lymphocytic leukemia B
cells via galectin-1. Nature 2013;27: 1413-6.

34. Burger JA, Tsukada N, Burger M, Zvaifler NJ, Dell ’aquila M, Kipps TJ. Blood-
derived nurse-like cells protect chronic lymphocytic leukemia B cells from
spontaneous apoptosis through stromal cell–derived factor-1. Blood 2000;96:
2655-63.

35. Trimarco V, Ave E, Facco M, Chiodin G, Frezzato F, Martini V, et al. Cross-talk
between chronic lymphocytic leukemia (CLL) tumor B cells and mesenchy-
mal stromal cells (MSCs): implications for neoplastic cell survival. Oncotarget
2015;6: 42130-49.

36. Simon-Gabriel CP, Foerster K, Saleem S, Bleckmann D, Benkisser-Petersen M,
Thornton N, et al. Microenvironmental stromal cells abrogate NF-kB inhibitor-
induced apoptosis in chronic lymphocytic leukemia. Haematologica 2018;103:
136-47.

37. Forconi F, Moss P. Perturbation of the normal immune system in patients with
CLL. Blood 2015;126: 573-81.

38. Rossmann ED, Lewin N, Jeddi-Tehrani M, Sterborg A, Kan Mellstedt H, Mellstedt
H. Intracellular T cell cytokines in patients with B cell chronic lymphocytic
leukaemia (B-CLL). Eur J Haematol 2002;68: 299-306.

39. Riches JC, Davies JK, McClanahan F, Fatah R, Iqbal S, Agrawal S, et al. T cells
from CLLpatients exhibit features of T-cell exhaustion but retain capacity for
cytokine production. Blood 2013;121: 1612-21.

40. Ramsay AG, Evans R, Kiaii S, Svensson L, Hogg N, Gribben JG. Chronic lympho-
cytic leukemia cells induce defective LFA-1-directed T-cell motility by altering
Rho GTPase signaling that is reversible with lenalidomide. Blood 2013;121:
2704-14.

41. Ramsay AG, Johnson AJ, Lee AM, Gorgün G, Le DR, Blum W, et al. Chronic
lymphocytic leukemia T cells show impaired immunological synapse formation.
J Clin Invest 2008;118: 2427-37.

42. Ramsay AG, Clear AJ, Fatah R, Gribben JG. Multiple inhibitory ligands in-
duce impaired T-cell immunologic synapse function in chronic lymphocytic
leukemia that can be blocked with lenalidomide: establishing a reversible
immune evasion mechanism in human cancer. Blood 2012;120: 1412-21.

43. Palma M, Gentilcore G, Heimersson K, Mozaffari F, Nasman-Glaser B, Young E,
et al. T cells in chronic lymphocytic leukemia display dysregulated expression of
immune checkpoints and activation markers. Haematologica 2017;102: 562-72.

44. Brusa D, Serra S, Coscia M, Rossi D, D’Arena G, Laurenti L, et al. The PD-
1/PD-L1 axis contributes to T-cell dysfunction in chronic lymphocytic leukemia.
Haematologica 2013;98: 953-63.

45. Grzywnowicz M, Zaleska J, Mertens D, Tomczak W, Wlasiuk P, Kosior K, et al.
Programmed death-1 and its ligand are novel immunotolerant molecules ex-
pressed on leukemic B cells in chronic lymphocytic leukemia. PLoS One 2012;7:
e35178.

46. van Bruggen JAC, Endstra S, van der Windt GJW, Kater AP. Impaired metabolic
fitness in T cells in chronic lymphocytic leukemia. Blood 2016;128: 528.

47. Van Bruggen JAC, Martens AWJ, Fraietta JA, Hofland T, Tonino SH, Eldering E,
et al. Chronic lymphocytic leukemia cells impair mitochondrial fitness in CD8 +
T cells and impede CAR T-cell efficacy. Blood 2019;134: 44-58.

48. Britanova OV, Putintseva EV, Shugay M, Merzlyak EM, Turchaninova MA,
Staroverov DB, et al. Age-related decrease in TCR repertoire diversity measured
with deep and normalized sequence profiling. J Immunol 2019;192: 2689-98.

49. Qi Q, Liu Y, Cheng Y, Glanville J, Zhang D, Lee J-Y, et al. Diversity and clonal
selection in the human T-cell repertoire. Proc Natl Acad Sci U S A 2014;111: 13139-
44.

50. De Weerdt I, Hofland T, De Boer R, Dobber JA, Dubois J, Van Nieuwenhuize D,
et al. Distinct immune composition in lymph node and peripheral blood of CLL
patients is reshaped during venetoclax treatment. Blood Adv 2019;3: 2642-52.

51. Herishanu Y, Katz B-Z, Lipsky A, Wiestner A. Biology of chronic lymphocytic
leukemia in different microenvironments: clinical and therapeutic implications.
Hematol Oncol Clin North Am 2013;27: 173-206.

52. Mittal AK, Chaturvedi NK, Rai KJ, Gilling-Cutucache CE, Nordgren TM, Moragues
M, et al. Chronic lymphocytic leukemia cells in a lymph node microenviron-
ment depict molecular signature associated with an aggressive disease. Mol
Med 201420: 290-301.

53. Herndon TM, Chen S-S, Saba NS, Valdez J, Emson C, Gatmaitan M, et al. Direct
in vivo evidence for increased proliferation of CLL cells in lymph nodes
compared to bone marrow and peripheral blood. Leukemia 2017;31: 1340-7.

54. Herishanu Y, Pérez-Galán P, Liu D, Biancotto A, Pittaluga S, Vire B, et al. The
lymph node microenvironment promotes B-cell receptor signaling, NF-κB acti-
vation, and tumor proliferation in chronic lymphocytic leukemia. Blood 2011;117:
563-74.

55. Herndon TM, Chen S-S, Saba NS, Valdez J, Emson C, Gatmaitan M, et al. Direct
in vivo evidence for increased proliferation in CLL cells in lymph nodes
compared to bone marrow and peripheral blood. Leukemia 2017;31: 1340-7.

56. Pasikowska M, Walsby E, Apollonio B, Cuthill K, Phillips E, Coulter E, et al. Phe-
notype and immune function of lymph node and peripheral blood CLL cells are
linked to transendothelial migration. Blood 2016;128: 563-73.

57. Curran KJ, Seinstra BA, Nikhamin Y, Yeh R, Usachenko Y, Van Leeuwen DG,
et al. Enhancing antitumor efficacy of chimeric antigen receptor T cells through
constitutive CD40L expression. Mol Ther 2015;23: 769-78.

58. Hoogendoorn M, Wolbers JO, Smit WM, Schaafsma MR, Barge R, Willemze R,
et al. Generation of B-cell chronic lymphocytic leukemia (B-CLL)-reactive T-cell
lines and clones fromHLA class I-matched donors usingmodified B-CLL cells as
stimulators: implications for adoptive immunotherapy. Leukemia 2019;18: 1278-
87.

59. Fluckiger AC, Rossi JF, Bussel A, Bryon P, Banchereau J, Defrance T. Respon-
siveness of chronic lymphocytic leukemia B cells activated via surface igs or
CD40 to B-cell tropic factors. Blood 1992;80: 3173-81.

60. Specht J, Lee S, Turtle C, Berger C, Balakrishnan A, Srivastava S, et al. A
phase I study of adoptive immunotherapy for ROR1+ advanced triple negative
breast cancer (TNBC) with defined subsets of autologous T cells expressing a
ROR1-specific chimeric antigen receptor (ROR1-CAR) [abstract]. In: Proceed-
ings of the 2018 San Antonio Breast Cancer Symposium; 2018 Dec 4-8; San
Antonio, TX. Philadelphia (PA): AACR; Cancer Res 2019;79(4 Suppl): Abstract
nr P2-09-13.

61. NIH. U.S. National Library of Medicine. Genetically modified T-cell therapy
in treating patients with advanced ROR1+ malignancies. Available from:
https://clinicaltrials.gov/ct2/show/NCT02706392.

62. Maus MV, Thomas AK, Leonard DGB, Allman D, Addya K, Schlienger K, et al. Ex
vivo expansion of polyclonal and antigen-specific cytotoxic T lymphocytes by
artificial APCs expressing ligands for the T-cell receptor, CD28 and 4-1BB. Nat
Biotechnol 2002;20: 143-8.

63. Suhoski MM, Golovina TN, Aqui NA, Tai VC, Varela-Rohena A, Milone MC, et al.
Engineering artificial antigen-presenting cells to express a diverse array of co-
stimulatory molecules. Mol Ther 2007;15: 981-8.

64. Fraietta JA, Nobles CL, Sammons MA, Lundh S, Carty SA, Reich J, et al. Disrup-
tion of TET2 promotes the therapeutic efficacy of CD19-targeted T cells. Nature
2018;558: 307-12.

65. Scielzo C, Apollonio B, Scarfò L, Janus A, Muzio M, Hacken ET, et al. The func-
tional in vitro response to CD40 ligation reflects a different clinical outcome in
patients with chronic lymphocytic leukemia. Leukemia 2011;25: 1760-7.

66. Kipps TJ, Stevenson FK,WuCJ, Croce CM, PackhamG,WierdaWG, et al. Chronic
lymphocytic leukaemia. Nat Rev Dis Prim 2017;3: 17008.

67. Gonzalez-Rodriguez AP, Contesti J, Huergo-Zapico L, Lopez-Soto A,
Fernández-Guizn A, Acebes-Huerta A, et al. Prognostic significance of CD8
and CD4 T cells in chronic lymphocytic leukemia. Leuk Lymphoma 2010;51:
1829-36.

68. Nunes C, Wong R, Mason M, Fegan C, Man S, Pepper C. Expansion of a CD8
+PD-1 + replicative senescence phenotype in early stage CLL patients is asso-
ciated with inverted CD4:CD8 ratios and disease progression. Clin Cancer Res
2012;18: 678-87.

1102 Cancer Res Commun; 2(9) September 2022 https://doi.org/10.1158/2767-9764.CRC-22-0200 | CANCER RESEARCH COMMUNICATIONS

D
ow

nloaded from
 http://aacrjournals.org/cancerrescom

m
un/article-pdf/2/9/1089/3282898/crc-22-0200.pdf by guest on 19 M

ay 2023

https://clinicaltrials.gov/ct2/show/NCT02706392


CLL Costimulatory Phenotype Modulates CAR T-cell Responses

69. Bagnara D, Kaufman MS, Calissano C, Marsilio S, Patten PEM, Simone R, et al. A
novel adoptive transfer model of chronic lymphocytic leukemia suggests a key
role for T lymphocytes in the disease. Blood 2011;117: 5463-72.

70. Gorgun G, Ramsay AG, Holderried TAW, Zahrieh D, Le DR, Liu F, et al. Eμ-TCL1
mice represent a model for immunotherapeutic reversal of chronic lymphocytic
leukemia-induced T-cell dysfunction. Proc Natl Acad Sci U S A 2009;106: 6250-
5.

71. Banchereau J, Rousset F. Growing human B lymphocytes in the CD40 system;
1991. Available from: https://www.nature.com/articles/353678a0.pdf

72. Touw I, Löwenberg B. Interleukin 2 stimulates chronic lymphocytic leukemia
colony formation in vitro. Blood 1985;66: 237-40.

73. Purroy N, Abrisqueta P, Carabia J, Carpio C, Palacio C, Bosch F, et al. Co-culture
of primary CLL cells with bone marrow mesenchymal cells, CD40 ligand and
CpG ODN promotes proliferation of chemoresistant CLL cells phenotypically
comparable to those proliferating in vivo. Oncotarget 2015;6: 7632-43.

74. Pascutti MF, Jak M, Tromp JM, Derks IAM, Remmerswaal EBM, Thijssen
R, et al. IL-21 and CD40L signals from autologous T cells can induce
antigen-independent proliferation of CLL cells. Blood 2013;122: 3010-9.

75. Hertlein E, Beckwith KA, Lozanski G, Chen TL, Towns WH, Johnson AJ, et al.
Characterization of a new chronic lymphocytic leukemia cell line formechanistic
in vitro and in vivo studies relevant to disease. PLoS One 2013;8: e76607.

76. Biagi E, Rousseau R, Yvon E, Schwartz M, Dotti G, Foster A, et al. Responses
to human CD40 ligand/human interleukin-2 autologous cell vaccine in patients
with B-cell chronic lymphocytic leukemia. Clin Cancer Res 2005;11: 6916-23.

77. Wierda WG, Castro JE, Aguillon R, Sampath D, Jalayer A, McMannis J, et al. A
phase I study of immune gene therapy for patients with CLL using amembrane-
stable, humanized CD154. Leukemia 2010;24: 1893-900.

78. Kuhn NF, Purdon TJ, van Leeuwen DG, Lopez AV, Curran KJ, Daniyan AF, et al.
CD40 ligand-modified chimeric antigen receptor (CAR) T cells enhance an-
titumor function by eliciting an endogenous antitumor response. Cancer Cell
2019;35: 473-88.

79. Zhao Z, Condomines M, van der Stegen SJC, Perna F, Kloss CC, Gunset G,
et al. Structural design of engineered costimulation determines tumor rejection
kinetics and persistence of CAR T cells. Cancer Cell 2015;28: 415-28.

80. Wang Z, Zhou G, Risu N, Fu J, Zou Y, Tang J, et al. Lenalidomide en-
hances CAR-T cell activity against solid tumor cells. Cell Transplant 2020;29:
963689720920825.

81. Zhao G, Wei R, Feng L, Wu Y, He F, Xiao M, et al. Lenalidomide enhances the ef-
ficacy of anti-BCMA CAR-T treatment in relapsed/refractory multiple myeloma:
a case report and revies of the literature. Cancer Immunol Immunother 2022;71:
39-44.

82. Thieblemont C, Chevret S, Allain V, Di Blasi R, Morin F, Vercellino L,
et al. Lenalidomide enhance CAR T-cells response in patients with refrac-
tory/relapsed large B cell lymphoma experiencing progression after infusion.
Blood 2020;136: 16-7.

83. Delgado R, Kielbassa K, Ter Burg J, Klein C, Trumpfheller C, de Heer K, et al. Co-
stimulatory versus cell death aspects of agonistic CD40 monoclonal antibody
selicrelumab in chronic lymphocytic leukemia. Cancers 2021;13: 3084.

AACRJournals.org Cancer Res Commun; 2(9) September 2022 1103

D
ow

nloaded from
 http://aacrjournals.org/cancerrescom

m
un/article-pdf/2/9/1089/3282898/crc-22-0200.pdf by guest on 19 M

ay 2023

https://www.nature.com/articles/353678a0.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


