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T cells expressing anti-CD19 chimeric antigen receptors (CARs)
have activity against chronic lymphocytic leukemia (CLL), but
complete response rates range from18%to29%, so improvement
is needed. Peripheral blood mononuclear cells (PBMCs) of CLL
patients often contain high levels of CLL cells that can interfere
with CAR T cell production, and T cells from CLL patients are
prone to exhaustion and other functional defects.We previously
developed an anti-CD19CARdesignatedHu19-CD828Z.Hu19-
CD828Z has a binding domain derived from a fully human anti-
body andaCD28costimulatorydomain.Weaimed todevelopan
optimized process for producing Hu19-CD828Z-expressing
T cells (Hu19-CAR T) from PBMC of CLL patients. We deter-
mined that supplementing Hu19-CAR-T cultures with inter-
leukin (IL)-7 + IL-15 had advantages over using IL-2, including
greater accumulationofHu19-CART cells during in vitroprolif-
eration assays. We determined that positive selection with anti-
CD4 and anti-CD8 magnetic beads was the optimal method of
T cell purification because thismethod resulted in highT cell pu-
rity. We determined that anti-CD3/CD28 paramagnetic beads
were the optimal T cell activation reagent. Finally, we developed
a current goodmanufacturing practices-compliant clinical-scale
protocol for producing Hu19-CAR T from PBMC of CLL pa-
tients. TheseHu19-CART exhibited a full range of in vitro func-
tions and eliminated leukemia from mice.
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INTRODUCTION
Chronic lymphocytic leukemia (CLL) is one of the most common he-
matological malignancies with an estimated incidence of 18,740 in the
United States for 2023.1 CLL is a clonal proliferation of CD19+CD5+ B
cells in bone marrow, blood, lymph nodes, and spleen.2,3 Current
treatment options for CLL, including chemotherapy and small mole-
cule drugs such as ibrutinib, can be effective, but these treatments are
not curative.2–4 Monoclonal antibodies such as the anti-CD20 anti-
body rituximab (Rtx) are also non-curative treatments for CLL.5,6

Allogeneic hematopoietic stem cell transplantation (alloHSCT) can
cure CLL, but alloHSCT has a non-relapse mortality rate of 15%–

25%, and chronic graft-versus-host disease is a significant problem.7,8

Improved treatments for CLL are needed.
Molecu
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Chimeric antigen receptors (CARs) are artificial fusion proteins that
contain an antigen-recognition domain that is usually a single chain
variable fragment (scFv), a hinge domain, a transmembrane
domain, and intracellular signaling domains.9–11 T cells expressing
CARs targeting CD19 are effective therapies for B-cell lymphoma
and acute lymphoblastic leukemia.12–18 CD19 is expressed on the
surface of CLL cells,19 so anti-CD19 CAR T cells are a rational ther-
apy for CLL. Early anti-CD19 CAR clinical trials demonstrated ac-
tivity against CLL.20–23 Later single-center clinical trials evaluating
anti-CD19 CAR T cells against CLL had complete remission (CR)
rates of 21%–29% and median progression-free survivals (PFSs)
of 1–8.5 months.24–26 In a multicenter clinical trial of the anti-
CD19 CAR T cell product lisocabtagene maraleucel, the 49 patients
in the primary efficacy assessment subset had a CR rate of 18% and
a PFS of 11.9 months.27 All patients on the primary efficacy assess-
ment subset of this study had experienced failure of venetoclax
therapy and progressive CLL while on ibrutinib prior to study
enrollment.27 Overall, results from these clinical trials of anti-
CD19 CARs for CLL demonstrated significant anti-leukemia activ-
ity; however, CR rates and PFSs are lower than the results obtained
treating B-cell lymphoma with anti-CD19 CAR T cells,13,14,28 so
there is room for improvement in anti-CD19 CAR T cell therapy
for CLL.

There are various factors that make CAR T cell therapy challenging in
CLL patients. The blood of patients with CLL often contains a high
percentage of leukemia cells, so methods of T cell purification are
needed as an early step in clinical CAR T cell production.29 Compared
with T cells from healthy donors, T cells from CLL patients are more
susceptible to exhaustion and have functional defects, possibly due to
prolonged exposure to CLL cells.30,31 Anti-CD19 CAR T cell products
with effector or exhausted gene signatures have been associated with a
limited ability to induce remission in CLL.32
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There have been two commonly usedmethods of T cell purification in
CLL CAR clinical trials.24,25 Paramagnetic beads coated with anti-
bodies against CD3 and CD28 (DynabeadsTM [dyna]) have been
used for both T cell purification and T cell activation.25 Magnetic sep-
aration with the CliniMACS system has also been used.24 In some tri-
als, CD4+ and CD8+ T cell subsets were purified with the CliniMACS
system, and these subsets were activated separately with dynas. The
final CAR T cell product was then infused with an equal ratio of
CD4+ to CD8+ T cells.24 Different clinical trials have used different
methods of T cell activation, but the most commonly used method
has been dyna.23–25 In prior anti-CD19 CAR clinical trials for CLL,
either interleukin (IL)-2 or a combination of IL-7 and IL-15 (IL-
7+IL-15) have been added to CAR T cell culture media.20,26,33 Prior
preclinical studies comparing CAR T cells cultured with IL-2 or IL-
7+IL-15 have reported that IL-7+IL-15 increased T memory stem
cells (Tscm) and enhanced anti-tumor efficacy.34,35

In this study, we evaluated different strategies for CAR T cell prepa-
ration to optimize production of anti-CD19 CAR T cells from periph-
eral blood mononuclear cells (PBMCs) of CLL patients. We utilized
an anti-CD19 CAR called Hu19-CD828Z, which has a scFv derived
from a human anti-CD19 antibody, hinge and transmembrane do-
mains from CD8a, a CD28 costimulatory domain, and a CD3z
T cell activation moiety.36 T cells expressing Hu19-CD828Z have
been shown to be effective against lymphoma and to have a low inci-
dence of neurological toxicity in a previous clinical trial conducted by
our group.17,37 For this study, we examined different methods to pu-
rify T cells from CLL cells, different reagents to activate the T cells,
and different cytokines added to the CAR T cell culture media. We
developed an optimized protocol for producing autologous anti-
CD19 CAR T cells for treating CLL patients.

RESULTS
Comparison of Hu19-CAR T cultured in IL-2 or IL-7+IL-15

The Hu19-CD828Z CAR used in this work was encoded by themouse
stem cell virus-based splice-gag vector (MSGV1).38 Unmanipulated
human PBMC were stimulated with an anti-CD3 monoclonal anti-
body added to culture media containing either IL-2 or IL-7+IL-15.
On day 2 of culture, T cells were transduced with the MSGV1-
Hu19-CD828Z gamma-retroviral vector. There was no statistically
significant difference in CAR transduction efficiency for cells cultured
in IL-2 or IL-7+IL-15 (Figure 1A). T cells can be divided into different
memory subsets based on markers such as C-C chemokine receptor
type 7 (CCR7), CD45RA, and CD95.39,40 There was not a statistically
significant difference in frequencies of CAR+ central memory (CM)
T cells (CD45RA-negative, CCR7+) when cultures supplemented
with either IL-2 or IL-7+IL-15 were compared (Figure 1B). On day 7
of culture, there was a higher percentage of CD8+ Hu19-CAR T with
cell-surface markers of Tscm (CD45RA+CCR7+CD95+) for cultures
with IL-7+IL-15 versus cultures with IL-2 (Figure 1C). An example
of the raw flow cytometry data is presented in Figure S1. Note that
one donor had Tscm levels substantially higher than the other donors
(Figure 1C). The same donor also had the highest CM levels of all do-
nors studied. Degranulation was assessed with a flow cytometry assay
2 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2
for antigen-specific upregulationofCD107a. Therewas a slight but sta-
tistically higher level of degranulation for both CD4+ andCD8+Hu19-
CAR T cultured in IL-7+IL-15 versus IL-2 (Figure S2). Proliferation
assays were conducted by culturing carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE)-labeledHu19-CART in cytokine-freemedium
with CD19+ or CD19-negative target cells. WhenHu19-CAR T gener-
ated in IL-2 or IL-7+IL-15 culture conditions were compared, no dif-
ferences were observed in antigen-specific proliferation as assessed by
CFSE dilution (Figure 1D), but the fold-increase in the number of
Hu19-CAR T during the 4 days of co-culture with CD19+ target cells
was higher for Hu19-CAR Tgenerated with IL-7+IL-15 versus IL-2
(Figure 1E). Hu19-CAR T cultured with either IL-2 or IL-7+IL-15 ex-
hibited similar levels of antigen-specific interferon-g (IFN-g) release
(Figure 1F). Compared with Hu19-CAR T cells cultured with IL-2,
Hu19-CAR T cultured with IL-7+IL-15 exhibited significantly higher
levels of antigen-specific IL-2 release (Figure 1G).

Next, we evaluated whether Hu19-CAR T cultured with either IL-2 or
IL7+IL-15 had better anti-tumor outcomes in mice. Mice bearing
palpable tumors of ST486 cells were treated with two different doses
of Hu19-CAR T. In two separate mouse experiments, Hu19-CAR
T anti-tumor activity was superior at higher cell doses (Figures 1H
and 1I). There was not a statistically significant difference in tumor
sizes or survival in mice treated with Hu19-CAR T cultured with
IL-2 versus IL7+IL-15 (Figures 1H and 1I). We decided to use IL-
7+IL-15 to culture Hu19-CAR T in further studies because use of
these cytokines was associated with higher levels of CD8+ Tscm (Fig-
ure 1C), greater antigen-specific fold-increase in Hu19-CAR
T numbers during proliferation assays (Figure 1E), and higher levels
of IL-2 release (Figure 1G).

Purification of T cells from PBMC

In CLL patients, the majority of blood lymphocytes are often leuke-
mia cells.29 Therefore, the purification of T cells is necessary prior
to culture and transduction of T cells from CLL patients. To examine
the most effective purification strategy, two primary methods were
compared: CD19-depletion (19-dep) and CD4 plus CD8 positive se-
lection (sel). For both methods, purification was done by magnetic-
activated cell sorting (MACS). Due to the limited availability of
CLL apheresis samples, we utilized PBMC from lymphoma patients
in the experiments reported in Figures 2 and 3. These samples con-
tained 10%–15% CD19+ cells. T cell purity defined as the percentage
of CD3+ cells was higher after the sel method versus the 19-dep
method (Figure 2A). The %CD3+ T cell yield after purification was
defined as the number of T cells present after purification divided
by the number of T cells in PBMC before purification. The yield of
T cells was similar with the sel and 19-dep methods (Figure 2B).

Characteristics of Hu19-CAR T prepared by different methods

Cells purified by either the sel or 19-dep methods were individually
activated with three different activating agents. Dynabeads (dyna)
are paramagnetic beads expressing anti-CD3 and anti-CD28; dyna
have commonly used in CAR T cell clinical manufacturing.16,41–43

Transact (trans), a nanomatrix expressing anti-CD3 and anti-CD28,
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Figure 1. Comparison of CAR T cultured in media

containing IL-2 or IL-7+IL-15

PBMCs were stimulated with anti-CD3 and cultured in

media containing either IL-2 or IL-7+IL-15. After 2 days of

culture, cells were transduced with MSGV1-Hu19-

CD828Z. On day 7 of culture, flow cytometry was

performed to assess CAR expression and memory

phenotype. Plots were gated on live CD3+ lymphocytes.

Throughout, NS indicates no statistically significant

difference, and p < 0.05 was considered statistically

significant. (A and B) Bars represent mean + SEM. (A)

%CD4+CAR+ (left) and %CD8+CAR+ (right) of Hu19-CAR

T cells. (B) Comparison of %CD45RA-negative, CCR7+

CM cells among CAR+ T cells cultured with either IL-2 or

IL-7+IL-15. CD4+CAR+ (left) and CD8+CAR+ (right) are

shown. (C) Comparison of %CD45RA+CCR7+CD95+

Tscm cells from CD4+CAR+ (left) or CD8+CAR+ (right)

T cells cultured with different cytokines. (A–C) n = 6;

statistics were by paired, 2-tailed t test for (A) and (B) and

ratio-paired, two-tailed t test for (C). (D and E)

Proliferation was assessed. Hu19-CAR T were labeled

with CFSE and cultured with either CD19-K562 cells or

NGFR-K562 cells for 4 days. IL2 and IL-7+IL-15 refer to

culture conditions before the proliferation assay. No

cytokines were added to media of proliferation assays.

(D) After 4 days of co-culture, CAR+CD3+ live

lymphocytes were assessed for the ratio of CFSE MFI of

Hu19-CAR T after CD19-K562 co-culture versus NGFR-

K562 co-culture (CFSE MFI ratio CD19-K562/NGFR-

K562). Lower CFSE MFI ratios indicate more proliferation.

n = 5. (E) There was a statistically higher fold-increase of

CD3+CAR+ cell numbers from day 0 to day 4 of co-

culture with CD19-K562 for T cells cultured with IL-7+IL-

15 versus IL-2; n = 5. (D and E) Statistics were by

two-tailed paired t test. (F and G) Hu19-CAR T were co-

cultured overnight with CD19-K562 or NFGR-K562 cells,

and ELISA was performed on supernatants (F) IFN-g and

(G) IL-2. There was a statistically significant difference in

IL-2 production between IL-7+IL-15 versus IL-2

conditions. For F-G, n = 5, statistics were by two-tailed

ratio paired t test. (H and I) ST486 solid tumors were

established in NSG mice. Six days after tumor

implantation, mice were left untreated or received

infusions of either 0.67 � 106 or 2 � 106 Hu19-CAR

T cultured in IL-2 or IL-7+IL-15. (H) Graph shows mean

tumor volume ± SEM for each time point. The graph

shows combined data from two experiments performed

with cells from different donors; n = 10 mice per

treatment group. (I) Survival of mice from (H). By log rank

test, there was no statistically significant differences in

survival between mice receiving Hu19-CAR T cultured in

IL-2 or IL-7+IL-15. There was a statistically significant

difference in survival between mice receiving 2 � 106

versus 0.67 � 106 Hu19-CAR T cultured in IL-2 (p =

0.048), and there was a statistically significant difference

in survival between mice receiving 2 � 106 versus

0.67 � 106 Hu19-CAR T cultured in IL-7+IL-15

(p < 0.0001). The legend defines which symbols

represent each treatment group in (H) and (I).
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Figure 2. Comparison of T cell purification methods

Throughout Figure 2, bar graphs are mean + SEM. For the

19-dep method, PBMCs were labeled with anti-CD19

microbeads and CD19+ cells were depleted (19-dep). For

the T cell selection (sel) method, PBMCs were separately

labeled with either anti-CD4 or anti-CD8 microbeads. CD4+

and CD8+ T cells were positively selected and then

combined as one T cell fraction. (A) Bar graphs represent

%CD3+ T cells as determined by flow cytometry after

19-dep or sel T cell purification. There was a statistically

higher %CD3+ cells with the sel method compared with the

19-dep method; n = 4. (B) Bars represent %CD3+ T cell

yield after purification. %CD3+ T cell yield was calculated

by dividing the post-purification T cell count by the pre-

purification T cell count; n = 4. Statistical testing was by

paired, two-tailed t tests for (A and B). ns, not statistically

significant. (C–F) Cells purified by the 19-dep or sel

methods were separately divided into three portions. Each

cell portion was activated with trans, dyna, or cloudz.

Activated cells from each method were transduced with

the gene for the Hu19-CD828Z CAR. On day 7 of T cell

cultures, live transduced cells were stained for CD3, CD4,

CD8, CAR, CD45RA, CCR7, and CD95. (C) Bars represent

%CAR+ T cells among CD3+CD4+ T cells (left) and

CD3+CD8+ T cells (right). For both CD4+ and CD8+ T cells,

there was no statistically significant difference in CAR

expression. (D) Graph shows the absolute number of CAR+

T cells on day 7 of culture. CAR+ T cell numbers were

determined by multiplying the cell count by the

%CD3+CAR+ determined by flow cytometry. There was no

statistically significant difference in the number of CAR+

cells between different groups. (E) Graph shows CD4:CD8

ratios of CD3+CAR+ cells produced by different methods;

all statistically significant differences are noted on the

figure. (C–E) n = 4 different donors. (F) Comparison of

%CCR7+ of CD3+CAR+ cells that were either CD4+ (left) or

CD8+ (right). For both CAR+CD4+ and CAR+CD8+ T cells,

there were not statistically significant differences in

%CCR7+ between the different methods; n = 3. Statistical

testing was by repeated-measures one-way ANOVA with

Tukey’s multiple comparisons test for (C–F). Statistical

significance was defined as p < 0.05 for the entire figure.

Molecular Therapy: Methods & Clinical Development

4 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2024



(legend on next page)

www.moleculartherapy.org

Molecular Therapy: Methods & Clinical Development Vol. 32 March 2024 5

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
has been used a clinical trial.44,45 Cloudz consists of dissolvable micro-
spheres expressing anti-CD3 and anti-CD28.46 All T cell cultures
described in the rest of this report were supplemented with IL-
7+IL-15. There were no statistically significant differences in CAR
expression among CD4 or CD8 T cells for the different Hu19-CAR
T preparation methods (Figure 2C). Similarly, there were no statisti-
cally significant differences in the absolute numbers of CAR T cells on
day 7 of culture between the different Hu19-CAR T preparation
methods (Figure 2D). T cell activation with the cloudz reagent gener-
ally led to Hu19-CAR T with a lower CD4:CD8 ratio on day 7 (Fig-
ure 2E). There was also a trend toward a lower CD4:CD8 ratios
with the 19-dep method. The total percent CCR7+ T cells was evalu-
ated as an indicator of less differentiated cells.40 There was an overall
trend toward higher %CCR7+ with sel-derived Hu19-CAR T cells
compared with 19-dep-derived Hu19-CAR T (Figure 2F). This trend
did not reach statistical significance.

We evaluated the anti-CD3/CD28 dyna T cell enrichment method,
which has been used to enrich T cells from total PBMCs for clinical
CAR T cell production.16,28,43 We purified CLL PBMC with high per-
centages of CD19+ leukemic cells. When compared with the dyna
enrichment method, the sel method had superior T cell purity and
CD19+ leukemic cell depletion on days 0 and 2 of culture (Figure S3A).
However, by day 7 of culture, both cultures exhibited similar percent-
ages of CD3+ T cells. CAR expression on T cells derived from either
the sel or dyna-enrichment methods was comparable (Figure S3B).
The %CCR7+ Hu19-CAR T cells was similar for either the sel or
dyna-enrichment methods (Figure S3C). Higher numbers of Hu19-
CAR T were generated in cultures after sel versus dyna enrichment
(Figure S3D). Because of the lower purity of T cells on day 2 of culture
(Figure S3A) and the lower number of Hu19-CAR T generated by day
7 with the dyna-enrichment method versus the sel method (Fig-
ure S3D), we did not further test the dyna-enrichment method.

Comparison of Hu19-CAR T function with different preparation

approaches

Antigen-specific Hu19-CAR T function was assessed by co-culture
with CD19+ or CD19-negative target cells followed by assays. We
did not observe any statistically significant differences across the
Figure 3. Function of Hu19-CAR T produced with different methods

(A and B) T cells prepared by the six different approaches shown in the legend were cu

CD19+; NGFR-K562 cells were CD19-negative. After overnight culture, culture superna

mean + SEM cytokine levels; n = 4 except for Toledo, which had n = 3. different donors. T

g or IL-2. Statistical testing was by repeated-measures one-way ANOVA. For this enti

proliferation assay was performed. Bars represent mean + SEM fold-increase of the abso

There were not statistically significant differences when the six groups were compared

treated with Hu19-CAR T activated with trans, dyna, or cloudz according to the legen

leukemia cells were established by intravenous injection of 2 � 106 NALM6-GL cells

received infusions of either 8� 106 Hu19-CAR T or untransduced T cells. (D) Kaplan-Me

log rank test, there were statistically significant differences in percent survival between cl

no statistically significant difference in percent survival between dyna and trans groups.

total mice per group. (E) The figure shows bioluminescence (BLI) intensity of mice for e

and� 107–108 radiance was used for all images starting at day 3. There was not a statist

time point when all mice in both groups were alive.
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tested Hu19-CAR T preparation approaches for IFN-g and IL-2
release (Figures 3A and 3B), CD107a surface expression (Figure S4),
and antigen-specific increases in cell number during proliferation as-
says (Figure 3C). However, there were trends toward higher IFN-g
production with cells derived from the 19-dep method and increased
IL-2 production with cells derived from the sel method; these trends
did not reach statistical significance. Overall, the data demonstrated
similar characteristics of Hu19-CAR T produced with either the
19-dep or sel methods regardless of activating agents except the
cloudz reagent generated Hu19-CAR T with a lower CD4:CD8 ratio.
The sel method exhibited superior T cell purity (Figure 2A) as well as
trends toward a higher percent of CCR7+ CAR T cells (Figure 2F) and
higher IL-2 release (Figure 3B). Therefore, we decided to proceed with
the sel method to purify T cells from CLL PBMC for further testing.

In vivo anti-tumor activity of Hu19-CAR T generated by different

methods

DisseminatedNALM6-GL cells were established in nod-scid common
g-chain knockout mice (NSG, NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ).
Mice were treated with sel-derived Hu19-CAR T that were activated
with trans, dyna or cloudz. Mice treated with Hu19-CAR T activated
with cloudz consistently exhibited inferior anti-leukemia activity
compared with mice treated with Hu19-CAR T activated by the other
approaches (Figures 3D and 3E). There was not a statistically signifi-
cant difference in survival between mice treated with Hu19-CAR
T produced by activation with trans versusactivation with dyna, but
4 of 10 mice treated with dyna-activated Hu19-CAR T were alive at
the end of the experiments while only 1 of 10 mice treated with
trans-activated Hu19-CAR T were alive at the end of the experiments
(Figure 3D). Dyna-activated versus trans-activatedHu19-CARTwere
associatedwith slightlymore sustained leukemia clearance (Figures 3E
and S5A), but on the last days when all mice were alive and able to be
accurately imaged, the mean bioluminescence intensity was statisti-
cally lower for dyna-activated versus trans-activated Hu19-CAR
T in only one of the two experiments (Figure S5B).

Assessment of Hu19-CAR T derived from PBMC of CLL patients

In the experiments shown in Figures 4A–4E, we utilized PBMC from
three CLL patients to evaluate the sel method with the three activating
ltured overnight alone or with target cells. Toledo and CD19-K562 target cells were

tant was assayed by ELISA for (A) IFN-g and (B) IL-2. For (A) and (B), bars represent

here were no statistically significant differences between the methods for either IFN-

re figure, p < 0.05 was considered statistically significant. (C) CD19-specific CFSE

lute number of CAR+CD3+ cells from day 0 to day 4 of culture; n = 4 different donors.

. Statistical testing was repeated-measures one-way ANOVA. (D and E) Mice were

d in (D). For all groups, T cells were purified by positive selection (sel). NALM6-GL

into NSG mice 3 days prior to CAR T cell infusions. Mice were either untreated or

ier percent survival graph of the mice treated with different CAR T cell cultures. By the

oudz versus dyna (p = 0.006) and cloudz versus trans (p = 0.032) groups. There was

The survival curve contains data from two experiments with different donors. N = 10

ach time point. BLI radiance scale of x106-107 radiance was used for day 0 images

ically significant difference inmean BLI between the trans and dyna groups at the last
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agents. The three CLL samples had 34.5%, 36.9%, and 25.0% CD20+

cells. CLL PBMCs were also used to conduct the other experiments
shown in Figure 4. There were no statistically significant differences
in transduction efficiency between the different T cell-activating re-
agents for CD3+CD4+ cells, but for CD3+CD8+ cells, there was a sta-
tistically higher transduction efficiency for cloudz versus trans (Fig-
ure 4A). There was not a statistically significant difference in the
CD4:CD8 ratio for the different activation agents, but there was a
trend toward a lower CD4:CD8 ratio for cloudz (Figure S6A). Aside
from a statistically higher degranulation of CD4+ Hu19-CAR T for
trans versus dyna, there were no differences in degranulation
measured by CD107a upregulation for the different activation
methods (Figure S6B). By day 7 of Hu19-CAR T production, higher
numbers of CAR+ T cells accumulated with dyna activation compared
with trans activation (Figure 4B). There were no statistically signifi-
cant differences in %CCR7 for either CD4+CAR+ or CD8+CAR+

T cells when the different T cell-activating reagents were compared
(Figure 4C). During proliferation assays, there was a greater anti-
gen-specific fold-increase in CD4+ Hu19-CAR T with dyna activation
than with cloudz activation (Figure 4D), and there was a trend toward
greater fold-increase in CD8+ Hu19-CAR T with dyna versus cloudz
activation (Figure 4E). There were no statistically significant differ-
ences among the activating agents for T cell proliferation measured
by CFSE dilution (Figure S6C). There were no statistically significant
differences in IFN-g release among Hu19-CAR T produced with the
different T cell activation methods (Figure 4F). IL-2 release after over-
night co-culture of Hu19-CAR T with CD19-K562 target cells was
higher with trans activation than dyna activation (Figure 4G).
Hu19-CAR T produced with trans or dyna were equally capable of
inducing cytotoxicity against autologous primary CLL cells (Fig-
ure 4H). Hu19-CAR T products produced with either dyna or trans
activation were similar. We chose to use dyna activation for clinical
Hu19-CAR T production because higher numbers of Hu19-CAR
T accumulated by day 7 of Hu19-CAR T production cultures for
dyna versus trans (Figure 4B). In addition, there was a trend,
which was not statistically significant, toward better in vivo tumor
elimination for dyna versus trans activation (Figures 3D, 3E, and
Figure S5).
Figure 4. In vitro assessment of Hu19-CAR T derived from CLL PBMC

The positive selection (sel) method was used to obtain T cells from CLL PBMC. The se

activated cells were transduced with MSGV1-Hu19-CD828Z. (A–E) Bars represent mea

measures one-way ANOVA with Tukey’s multiple comparisons test; p < 0.05 was consid

(A) Graphs show %CAR+ T cells among cells gated on live CD3+CD4+ T cells (left) or live

difference in the CAR expression between the different activation methods except betwe

T on day 7 of culture with the different activation methods. There was a statistically signifi

dyna. (C) Comparison of the percentages of CAR+ T cells that were CCR7+ for CD4+ (lef

groups. (D) CD19-specific CFSE proliferation assays were performed. The fold-increas

statistically significant difference in the fold-increase between T cells activated with dy

shown; there were no statistically significant differences between groups. (F and G) On

Toledo, CD19-K562 or NGFR-K562 cells. After the co-culture, supernatants were assay

donors except cloudz, which had n = 3. Statistical testing was by mixed-effects analys

ference in IFN-g release between the T cell activation methods. There was a statistically s

was performed by co-culturing Hu19-CAR T with autologous CLL target cells at the in

85.7%CD20+ cells. Mean ± SEM of %cytotoxicity in duplicate wells is graphed. The expe
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Rtx did not impact anti-tumor efficacy of Hu19-CAR T

We assessed the impact of Rtx treatment on Hu19-CAR T anti-tumor
activity with two different tumor models (Figure 5A). In these exper-
iments, Rtx was administered three times per week over the 30 days
after Hu19-CAR T infusion. NALM6-GL cells are CD19+CD20+. In
a disseminated NALM6-GLmodel, Rtx treatment as described in Fig-
ure 5A did not affect anti-tumor efficacy of Hu19-CAR T (Figures 5B
and 5C). ST486 cells are CD19lowCD20hi. ST486 tumor-bearing mice
were treated as described in Figure 5A. Rtx neither impaired nor
improved anti-tumor efficacy of Hu19-CAR T against ST486 tumors
when a dose of 2 � 106 Hu19-CAR T per mouse was administered
(Figures 5D and 5E). Hu19-CAR T alone at a dose of 2 � 106

Hu19-CAR T per mouse had superior anti-tumor activity when
compared with Rtx alone (Figures 5D and 5E). We also assessed a
lower dose of 1 � 106 Hu19-CAR T per mouse in combination
with Rtx. With this lower dose of Hu19-CAR T, Hu19-CAR T +
Rtx had superior anti-tumor activity than Hu19-CAR T cells + con-
trol immunoglobulin. In addition, Hu19-CAR T cells + Rtx had supe-
rior anti-tumor activity when compared with Rtx only (Figure S7).

Good manufacturing practices-compatible Hu19-CAR

T manufacturing process for CLL patients

After assessing different cell production parameters, we next devel-
oped a good manufacturing practices (GMP)-compatible Hu19-
CAR T production process for clinical use. The entire project to
develop this process is summarized in Figure S8. The clinical
manufacturing process that was selected includes CD4 plus CD8 pos-
itive selection, dyna activation, and culture with IL-7+IL-15 (Fig-
ure 6A). In the clinical Hu19-CAR T preparation plan, T cells were
purified from starting PBMC with the CliniMACS Plus system. Sub-
sequent T cell activation and gamma-retroviral transduction and cell
culture were performed in cell culture bags. A summary of product
release safety criteria for the clinical Hu19-CAR T, including micro-
biology tests, endotoxin, replication-competent retrovirus testing,
vector transgene copy number, and bead detection for three GMP-
compatible test Hu19-CAR T productions, are presented in
Table S1. The clinical T cell purification process eliminated most
CD19+ B cells from CLL PBMC (Figure 6B) and resulted in a
lected cells were activated independently with trans, dyna, or cloudz on day 0. The

n + SEM, n = 3 different CLL donors. (A–E) Statistical testing was done by repeated-

ered statistically significant. Experiments in A-C were performed on day 7 of culture.

CD3+CD8+ T cells (right). For both CD4+ and CD8+ T cells, there was no statistical

en trans and cloudz for CD8+ cells. (B) Absolute number of accumulated Hu19-CAR

cant difference in the accumulated number of CAR T cells activated with trans versus

t) or CD8+ (right) T cells. There was no statistically significant difference between the

es of T cells during the 4-day culture are shown for CAR+CD4+ T cells. There was a

na versus cloudz. (E) The fold-increases of CAR+CD8+ T cells in CFSE assays are

day 9 of the T cell culture, Hu19-CAR T were co-cultured overnight alone or with

ed for (F) IFN-g or (G) IL-2. (F and G) Bars represent mean + SEM, n = 4 different CLL

is with Tukey’s multiple comparisons test There was no statistically significant dif-

ignificant difference in IL-2 release for trans versus dyna. (H) A 4-h cytotoxicity assay

dicated effector:target ratios. The positive target cells were CLL PBMC containing

riment was conducted two times with cells from different donors with similar results.
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Figure 5. Effects of Rtx on anti-tumor activity of Hu19-

CAR T

(A) Schematic of NALM6-GL and ST486 tumor models with Rtx

treatment. Disseminated NALM6-GL was established via

intravenous (i.v.) injection. ST486 solid tumors were

established by intradermal (i.d.) injection. Starting on the day

of Hu19-CAR T infusion (day 0), some groups of mice

received intraperitoneal injections of either 200 mg Rtx or

200 mg normal human IgG (Ig) control antibody every Monday,

Wednesday, and Friday up to day 30 after Hu19-CAR T

infusion. (B) Disseminated NALM6-GL leukemia cells were

established in mice by injecting 2 � 106 NALM6-GL cells.

Three days later, groups of four mice each were left untreated

or treated with Rtx only, Ig only, Hu19-CAR T + Rtx, Hu19-

CAR T + Ig, or Hu19-CAR T only. A dose of 8 � 106 Hu19-

CAR T per mouse was used. In the figure, CAR refers to

Hu19-CAR T. Bioluminescence (BLI) intensity of different

groups is shown for each time point. BLI radiance scale of

�106–107 was used for day 0 images, and BLI radiance scale

of �107–108 was used for all the images day 3 or later. (C)

Kaplan-Meier percent survival graph of the same mice as in

(B). By the log rank test, there was not a statistically significant

difference in survival for any comparison among the Hu19-

CAR T + Rtx, Hu19-CAR T + Ig, and Hu19-CAR T only

groups. There were statistically significant differences between

Rtx only versus Hu19-CAR T + Rtx, Rtx only versus Hu19-

CAR T +Ig, and Rtx only versus Hu19-CAR T only (p = 0.0082

for all 3 comparisons); n = 4, mice per group. (D) ST486 solid

tumors were established, and mice were left untreated or

treated with Hu19-CAR T + Rtx, Hu19-CAR T + Ig, Hu19-CAR

T only, Rtx only, or Ig only. Tumor volumes are shown. Day

0 is the day of infusion of 2 � 106 Hu19-CAR T cells. (E)

Kaplan-Meier survival graph of the same mice as in (D). By the

log rank test, there was not a statistically significant difference

in survival for any comparison among the Hu19-CAR T + Rtx,

Hu19-CAR T + Ig and Hu19-CAR T only groups. There were

statistically significant differences between Rtx only versus

Hu19-CAR T + Rtx (p < 0.0001), Rtx only versus Hu19-CAR

T + Ig (p = 0.0021), and Rtx only versus Hu19-CAR T only (p =

0.0021). For (D) and (E), n = 10 mice per treatment group

except for Hu19-CAR T cells only, which had 5 mice. (D and

E) Combined data from two independent experiments with

different donors.
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statistically significant increase in T cell purity (Figure 6C). Figure 6D
shows the rate of accumulation of Hu19-CAR T during the clinical
cell culture process. Cells were transduced on day 2 of culture and
were counted at the time-points indicated on the x axis.

Hu19-CAR T derived from CLL donor PBMC by the clinical cell pro-
duction process had high levels of CAR expression (Figure 6E), and
these Hu19-CAR T exhibited CD19-specific release of IFN-g (Fig-
ure 6F) and IL-2 (Figure S9A). Hu19-CAR T derived from CLL
PBMC by the clinical production process eliminated NALM6-GL
cells from mice. There was a dose-dependent anti-tumor response,
with better tumor clearance and survival at a 4 � 106 Hu19-CAR
T dose compared with a 2 � 106 Hu19-CAR T dose (Figures 6G
and S9B).

DISCUSSION
CLL consists of clonal B cells that accumulate in the bone marrow,
blood, spleen, and lymph nodes of patients. Contact with CLL B cells
can lead to adverse changes in T cells, including the expression of
phenotypic markers of exhaustion and functional defects.30,31,47,48

In addition to these reported defects in T cells from CLL patients,
CD19+ CLL cells contaminating cell cultures during production of
Hu19-CAR T might lead to activation-induced cell death (AICD)
via the mechanism of repeated stimulation of the anti-CD19 CAR
by its target antigen as has been shown for CARs targeting solid tu-
mors.49,50 Because of the potentially high levels of leukemia cells in
CLL patient PBMC (Figure S3A), we evaluated three different
methods of purifying T cells from PBMC, sel, 19-dep, and dyna
enrichment. T cell purity was higher for the sel method versus the
dyna-enrichment method (Figure S3A). Additionally, the sel method
yielded higher T cell purity than the 19-dep method (Figure 2A).
There was a trend that was not statistically significant toward higher
CCR7+ Hu19-CAR T with sel versus 19-dep (Figure 2F). Based on
greater T cell purity, we selected the sel method of purification.

The second aspect of Hu19-CAR T cells production that we evaluated
was the T cell activation reagent. Cloudz was formerly available in a
GMP-compliant format that has been discontinued, which makes it
impossible to use this reagent in any future clinical trial. There was a
Figure 6. GMP-compatible manufacturing of Hu19-CAR T cells from CLL PBM

(A) Schema of Hu19-CAR T clinical manufacturing is shown. T cells were purified from P

Plus system. The separated cells were activated with anti-CD3/CD28 dyna and culture

Hu19-CD828Z vector. The total culture period for Hu19-CAR T was 7 days. Hu19-CAR

stands for trypan blue. Results described in (B–G) are from Hu19-CAR T prepared by u

%CD3+ T cells before and after CD4 plus CD8 positive selection performed on PBMCs fro

performed on PBMCs from two normal donors (NDs) and a CLL donor. There was a s

T cells by two-tailed, paired t test; p < 0.05was considered statistically significant. (D) Acc

(A). (E) Flow plots show CD4+CAR+ and CD8+CAR+ T cells derived from CLL PBMCs. C

CD3+ live lymphocytes and further gated on either CD4+ or CD8+ cells. (F) On day 7 of clin

cultured with CD19-positive (NALM6, Toledo, CD19-K562) or CD19-negative (NGFR

production. Bars are not visible for NGFR-K562 and T cells alone because of low levels o

were left untreated or injected intravenously with either 2 � 106 or 4 � Hu19-CAR T de

shows the BLI of different groups of mice for each time point. A BLI-radiance scale of�10

used for images day 3 or later. N = 5 mice per group.

Molecul
consistently lowerCD4:CD8 ratiowith cloudz comparedwith the other
T cell activation reagents (Figure 2E). Our results showed that Hu19-
CAR T produced with cloudz were inferior Hu19-CAR T produced
with dyna or trans at eliminating leukemia from mice (Figure 3).

Prior investigators have compared dyna and trans. A study by Noaks
et al.51 found that monocytes affected activation by trans less than
activation by dyna. Arcangeli et al.52 demonstrated that CAR T-cells
produced from healthy donor PBMC had similar phenotypic and
functional characteristics after activation with either dyna or trans.
For the most part, we agree with the results of Arcangeli et al.,52 but
we did find some advantages for dyna. Greater CAR T cell accumula-
tion in culture during CAR T cell production from CLL PBMC has
been associated with higher peak blood CAR gene copy numbers
and with better anti-leukemia outcomes.32 In our experiments, greater
numbers of Hu19-CAR T accumulated by day 7 of cultures activated
with dyna compared with trans during Hu19-CAR T production from
CLL PBMC (Figure 4B). In addition, there was a trend toward better
in vivo anti-leukemia activity for dyna activation compared with trans
activation; however, the differences in anti-leukemia activity only
reached statistical significance for 1 of 2 experiments (Figures 3D,
3E, and S5). We selected dyna as the T cell-activating reagent for
our clinical Hu19-CAR T production process.

Higher peak blood CART cell levels in the blood of patients have been
associated with better anti-malignancy responses in CLL and other
hematological malignancies,32,53–55 and less differentiated infused
CAR T cells have been associated with higher peak blood CAR+ cell
levels.34,53 Less-differentiated T cells have been shown to be superior
to highly differentiated T cell at treating tumors in mice,56,57 and
some evidence exists for less-differentiated T cells being more effec-
tive than highly differentiated T cells, such as exhausted T cells, at
treating malignancy in humans.32,55,58,59 Taken together, these find-
ings suggest that generating CAR T cells with a less differentiated
phenotype, which is associated with markers such as CD62L and
CCR7, is preferable.

Our results showed that the percentage of CD8+ Hu19-CAR T that
had a Tscm phenotype was higher with culture in IL-7+IL-15 versus
C

BMCs of CLL patients by using CD4 plus CD8-positive selection with a CliniMACS

d in media with IL-7+IL-15. T cells were transduced with GMP-compliant MSGV1-

T end-of-production testing and cryopreservation are included on the schema. TB

sing the clinical preparation process shown in A. (B) Plots show %CD19+ cells and

m aCLL patient. (C)%CD3+ T cells before and after CD4 plus CD8 positive selection

tatistically significant difference between pre-selection and post-selection %CD3+

umulation of Hu19-CAR T from days 2 to 9 of the cell production process depicted in

ells were analyzed on day 7 of the clinical manufacturing process. Plots are gated on

ical manufacturing, Hu19-CAR T derived fromCLL PBMCwere cultured alone or co-

-K562) target cells. After overnight culture, supernatants were assayed for IFN-g

f IFN-g release. (G). Disseminated NALM6-GL cells were established. On day 0, mice

rived from a CLL donor’s PBMCs according to the schema shown in (A). The figure
6–107 was used for day 0 images and BLI-radiance scale of�107–108 radiance was
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IL-2 (Figure 1C). Two other findings led us to select IL7+IL-15 for
Hu19-CAR T cell cultures. There was a greater fold increase in
Hu19-CAR T numbers in proliferation assays (Figure 1E) and greater
antigen-specific IL-2 release by Hu19-CAR T (Figure 1G) cultured in
IL-7+IL-15 versus IL-2. We did not see an in vivo advantage for IL-
7+IL-15 versus IL-2 in the mouse model that we used (Figures 1H
and 1I). We think the advantages of IL-7+IL-15 versus IL-2 for cell
culture are quite subtle; however, given the modest advantages of
IL-7+IL-15 versus IL-2 in vitro, we believe further study is warranted.

In a planned clinical trial, we will administer the anti-CD20 mono-
clonal antibody Rtx prior to apheresis performed to collect PBMC
of CLL patients. We also plan to administer a second dose of Rtx
with a fludarabine plus cyclophosphamide conditioning regimen
given before Hu19-CAR T infusion. There are three rationales for
administering Rtx. First, CLL expresses CD20,19 and Rtx has activity
against CLL.5,6 Second, administering Rtx prior to apheresis will
reduce CLL cells in the apheresis PBMC. This will facilitate obtaining
a highly pure T cell population after CD4 plus CD8-positive selection,
which is the first step in Hu19-CAR T production. Highly pure start-
ing T cells might prevent contaminating CLL cells from causing
Hu19-CAR T exhaustion and AICD during Hu19-CAR T produc-
tion.30,31,47,50 Third, Rtx will contribute to reducing the CLL burden
in patients prior to infusion of Hu19-CAR T. Since cytokine release
syndrome and CAR-associated neurotoxicity are associated with ma-
lignancy burden,60 administering Rtx might reduce the toxicity asso-
ciated with Hu19-CAR T because Rtx can reduce the CLL burdens in
patients.5,6 In murine experiments, Rtx neither inhibited nor
enhanced the treatment of NALM6-GL leukemia by Hu19-CAR
T (Figures 5B and 5C). Rtx also did not inhibit or enhance treatment
of solid tumors of ST486 cells with a Hu19-CAR T dose of 2 � 106

cells/mouse (Figures 5D and 5E), but with a lower dose of 1 � 106

Hu19-CAR T, Rtx plus Hu19-CAR T had superior anti-tumor activity
versus control IgG plus Hu19-CAR T (Figure S7). Of note, antibody-
mediated B cell depletion prior to or during adoptive T cell therapy
was shown to enhance CAR T cell efficacy in other preclinical
models.61,62

Changes in cell production processes could affect toxicity experienced
by patients after CAR T cell infusion, but how changes in CAR T cell
production will affect toxicity is difficult to predict from preclinical
experiments. One possible indicator of clinical toxicity is the produc-
tion of inflammatory cytokines by CAR T cells.63 We did not see sta-
tistically different levels of IFN-g release by CAR T cells when cell
production parameters were compared. We did see an increase in
IL-2 release by CAR T cells cultured with IL-7+IL-15 versus IL-2
(Figure 1G).

For our clinical Hu19-CAR T production protocol, we utilized the
CliniMACS Plus system for T cell purification (Figure 6A). All subse-
quent steps including T cell activation, gamma-retroviral transduc-
tion, and T cell culture were carried out in cell-culture bags. When
the CliniMACS Prodigy was used to transduce T cells with a
gamma-retroviral vector encoding a bicistronic anti-CD19/CD22
12 Molecular Therapy: Methods & Clinical Development Vol. 32 March
CAR construct, there was a low median percent CAR+ T cells of
17.7% in a recent clinical trial.44 This finding and our own prior expe-
rience suggested that transduction in cell culture bags would be the
optimal approach with the gamma retroviral vector MSGV1-Hu19-
CD828Z. The cell culture time for our Hu19-CAR T production pro-
cess is 7 days. This compares favorably with total culture times for
anti-CD19 CAR T cell production for recent CLL clinical trials, which
ranged from 11 to 20 days.24–26

In summary, we rigorously explored T cell purification, T cell activa-
tion, and cytokine supplementation to optimize a clinical-scale GMP-
compliant manufacturing protocol for producing Hu19-CAR T from
CLL PBMC. The protocol incorporated CD4 plus CD8-positive selec-
tion, dyna activation, and media supplementation with IL-7+IL-15.
With this protocol, Hu19-CAR T can be produced for use in clinical
trials.

MATERIALS AND METHODS
Patient samples and mice

PBMCs were obtained from hematological malignancy patients
enrolled on National Cancer Institute (NCI) clinical trials. Using pa-
tient samples for research was approved by the National Institutes of
Health Institutional Review Board. Informed consent was obtained
from all patients. Animal studies were approved by the NCI Animal
Care and Use Committee.

Cell lines

Cell lines used in the study were obtained from ATCC (Manassas,
VA, USA). Toledo (B cell lymphoma), ST486 (Burkitt lymphoma),
K562 (myeloid leukemia), and NALM6 (acute lymphoblastic leuke-
mia). CCRF-CEM is a CD19-negative T cell leukemia cell line.
CD19-K562 and NGFR-K562 are K562 cells transduced with the
gene for full-length CD19 and the gene for low-affinity nerve growth
factor, respectively, and were previously generated in our lab.64

NALM6-GL were NALM6 cells stably transfected with green fluores-
cent protein and luciferase.

T cell medium

T cells were cultured in T cell medium (TCM) in all experiments.
TCM consisted of AIM V medium plus 5% AB serum (Gemini Bio
Products, Woodland, CA, USA), 100 U/mL penicillin, and
100 mg/mL streptomycin. All T cell cultures were supplemented
with 10 ng/mL IL-7 + 5 ng/mL IL-15 (BRB Preclinical Repository
NCI, Frederick, MD, USA) except for experiments reported in Fig-
ures 1 and S1 that utilized 300 IU/mL IL-2 (BRB Preclinical Reposi-
tory NCI).

CAR plasmids and vector

The Hu19 CAR was previously generated in our lab.36 A codon-opti-
mized DNA sequence of Hu19-CD828Z was designed and ligated
into the MSGV1 gamma retroviral vector backbone. A producer
cell clone for the MSGV1-Hu19-CD828Z vector was previously
generated.65 We also utilized the previously reported SP6-CD828Z
negative-control CAR. SP6-CD828Z recognizes a small molecule
2024
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hapten but does not recognize human or mouse proteins.64 GMP-
compliant MSGV1-Hu19-CD828Z CAR vector used for experiments
reported in Figures 6 and S6 was produced by the Indiana University
Vector Production Facility.

Gamma-retroviral transduction and T cell culture

Human T cells were used in all experiments. Transduction of T cells
with gamma-retroviruses was performed as previously described
2 days after initiation of T cell cultures.64 T cells were cultured as
described previously.64 For the experiments described in Figures 1
and S1, PBMC were stimulated with the anti-CD3 monoclonal anti-
body OKT3 (Orthoclone, Bridgewater, NJ, USA). Non-tissue-culture-
treated six-well plates were coated with Retronectin (Takara, Kusatsu,
Japan). Two days after OKT3 stimulation, 2 mL gamma-retroviral
vector supernatant was applied to each well of the retronectin-coated
plates and incubated for 2 h at 37⁰C. Two milliliters of TCM contain-
ing 2� 106 cells were added directly to the vector supernatant. IL-2 or
IL-7+IL-15 was added to the medium. Incubation was carried out at
37�C for 16–18 h. Next, cells were washed and suspended in fresh
TCMwith either IL-2 or IL-7+IL-15 added. Cultures were maintained
by suspending the cells at 0.5 � 106 cells/mL in TCM plus cytokines.

T cell purification in research-scale experiments

Patient PBMC were washed in TCM. PBMCs were then suspended in
MACS buffer (containing 0.5% BSA, 2 mM EDTA in 1� PBS) and
washed once. PBMC were then resuspended in MACS buffer at
80 mL per 1 � 107 cells. The cells were then used in either the
19-dep or sel methods

CD19 depletion (19-dep)

The resuspended PBMC were labeled with human anti-CD19 Mi-
crobeads (Miltenyi Biotech, Gaithersburg, MD, USA) at a concentra-
tion of 1 � 107 cells per 20 mL. The labeled cells were incubated for
15 min at 4�C, washed with MACS buffer once, and resuspended
with MACS buffer at 1 � 108 cells per 500 mL. The anti-CD19-Mi-
crobead-labeled cells were added to pre-rinsed LDColumns (Miltenyi
Biotech, Bergisch Gladbach, Germany) and washed three times with
MACS buffer. The supernatant flowing through the LD column was
collected as the CD19-depleted fraction.

CD4 plus CD8 selection (sel)

Patient PBMCs were separately labeled with 20 mL of either human
anti-CD4 or human anti-CD8 Microbeads (Milteny Biotech) per
1 � 107 cells. The labeled cells were then incubated, washed, and re-
suspended with MACS buffer at a concentration of 0.7� 108 cells per
500 mL buffer. The anti-CD4 plus anti-CD8 microbead-labeled cells
were individually added to pre-rinsed MS Columns (Milteny Biotech)
and the columns were washed 3 times with 500 mL MACS buffer. The
CD4+ and CD8+ T cells were bound to the MS columns. To elute
T cells from the MS columns, columns were removed from the mag-
netic field and 1 mL MACS buffer was added. The cells were imme-
diately flushed out by firmly pushing the plunger into the column.
Eluted cells from CD4 plus CD8 selection were combined as enriched
T cells.
Molecul
Anti-CD3/CD28 dyna enrichment

Patient PBMCs were resuspended in isolation media (PBS without
CaCl2 and MgCl2 with 1% human serum albumin) at a maximum
of 2 � 108 total cells per mL. DynabeadsTM (dyna) Human
T-Expander anti-CD3/CD28 beads (Thermo Fisher Scientific, Rock-
ville, MD, USA) were added to the PBMC suspension at a 3:1 ratio of
beads to CD3+ T cells, and the mixture was incubated for 30 min at
room temperature. The dyna-bound cells were separated using a
DYNAL MPC-1 Magnetic Particle Concentrator Separator (Dynal,
Oslo, Norway). The dyna-bound cells were suspended in TCM sup-
plemented with IL-7+IL-15 at 1� 107 cells/mL and cultured at 37�C.

T cell activation using immobilized anti-CD3/CD28 antibody in

research-scale experiments

On day 0, T cells purified by the dep or sel methods were activated
with one of three different formats of anti-CD3/anti-CD28: Dyna-
beadsTM Human T-Expander CD3/CD28 (dyna) (Thermo Fisher Sci-
entific), T cell TransactTM (trans) (Miltenyi Biotec), Cloudz human
T cell activation kit (cloudz) (R&D system Inc., Minneapolis, MN,
USA). Cloudz were dissolvable CD3/CD28 microspheres. For dyna
activation, dyna were washed and added to the cell suspension
(1 � 106 cells/mL) at a 3:1 bead:cell ratio. Dyna were removed on
day 4 of cell culture using “The Big Easy” EasySep (Stemcell Technol-
ogies, Vancouver, Canada). For trans activation, T cells obtained from
the 19-dep and sel methods were resuspended at 2� 106 cells/mL and
1� 106 cells/mL, respectively. Trans was added to the cell solution at
a concentration of 10 mL/mL of cell suspension and was removed
when media was changed as trans remained in the supernatant
when cells were centrifuged. For cloudz activation, cells were resus-
pended at 1 � 106 cells/mL. Fifty microliters and 20 mL of cloudz
were added per 1 mL of cell suspension from the sel and 19-dep
methods, respectively. On day 4 of cell culture, cloudz were removed
by adding 6� release buffer in 6 mL cell solution. After T cell activa-
tion, gamma-retroviral transduction and T cell cultures were carried
out as described under “gamma-retroviral transduction and T cell
culture.” Transductions were initiated on day 2 of culture.

CAR detection and T cell phenotyping

Standard flow cytometry procedures were used as previously
described.17 Cell-surface CAR expression was detected with a non-
commercial allophycocyanin (APC)-labeled antibody that binds the
linker of the Hu19 scFv.17 Antibodies were purchased from BD Bio-
sciences (San Jose, CA, USA): CD3 APC-Cy7 (Clone UCHT1), CD4
brilliant violet 510 (Clone RPA-T4), CD8 R-phycoerythrin (PE)-Cy7/
eFluor450 (Clone RPA-T8). The following antibodies were purchased
from Biolegend: CD45RA fluorescein isothiocyanate (Clone HI100),
CCR7 PE-Dazzle 594 (Clone G043H7), and CD95 PE (Clone DX2).
Dead cells were excluded by using 7-amino-actinomycin D (7-
AAD; BD Biosciences).

Flow cytometry was performed with a LSRFortessa (BD Biosciences)
or FACSymphony A5 (BD Biosciences) cytometers. Flow cytometry
analysis was performed using FlowJo (Tree Star, Inc., Ashland,
OR, USA).
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CD107a assay

CD107a assays were performed as described previously.65 Experi-
mental tubes contained target cells, CAR-transduced T cells, 1 mL
of TCM, PE-labeled anti-CD107a antibody (Clone H4A3, Thermo
Fisher Scientific), and 1 mL Golgi Stop (monensin, BD Biosciences).
Tubes were incubated at 37�C for 4 h and then stained for CD3,
CD4, and CD8. Samples were analyzed by flow cytometry. Normali-
zation was conducted by dividing the percentage of CD4+ or CD8+

T cells that were CD107a+ by the percentage of CD4+ or CD8+

T cells that were CAR+. Background degranulation with NGFR-
K562 target cells was subtracted prior to data presentation.

Cytotoxicity assay

Cytotoxicity assays were conducted as previously described.64–66 Pri-
mary CLL patient PBMCs were thawed and cultured overnight in
TCM and used as positive target cells for cytotoxicity. The cytotox-
icity of Hu19-CAR T was measured by comparing survival of primary
CLL target cells relative to the survival of negative-control, CD19-
negative, CCRF-CEM cells. Both cell types were combined in the
same tubes with CAR-transduced T cells. CCRF-CEM cells were
labeled with 5-(and-6)-(((4-chloromethyl)benzoyl)amino) tetrame-
thylrhodamine (Thermo Fisher Scientific), and CLL cells were labeled
with CFSE (Thermo Fisher Scientific). Duplicate cultures were set up
in sterile 5 mL test tubes (BD Bioscience) at multiple T cell to target
cell ratios. Fifty thousand CLL cells and 50,000 CCRF-CEM cells were
included in each tube. Cultures were incubated for 4 h at 37�C. Imme-
diately after the incubation, 7-AAD was added, and flow cytometry
acquisition was performed. For each T cell plus target cell culture,
the percent survival of CLL cells was determined by dividing the
percent live CLL cells by the percent live CCRF-CEM negative-con-
trol cells. The corrected percent survival of cells was calculated by
dividing the percent survival of CLL cells in each T cell plus target
cell culture by the ratio of the percent live CLL cells to the percent
live CCRF-CEM cells in tubes containing only CLL cells and
CCRF-CEM cells without effector T cells. This correction was neces-
sary to account for variation in the starting cell numbers and for spon-
taneous target cell death. Cytotoxicity was calculated as follows: the
percent cytotoxicity of CLL target cells = 100-corrected percent sur-
vival of CLL target cells.

IFN-g and IL-2 ELISAs

CD19+ or CD19-negative target cells were co-cultured with Hu19-
CAR T at a 1:1 effector to target ratio at 37�C for 18–20 h. Following
the incubation, IFN-g ELISAs were performed using standard
methods (Pierce, Rockford, IL, USA). IL-2 ELISAs (R&D Systems,
Minneapolis, MN, USA) were performed following the manufac-
turer’s recommendations. T cells were washed and added to ELISA
plates in medium that did not contain exogenous IL-2.

Proliferation assays

Proliferation assays were set up as described previously.67,68 In brief,
0.5� 106 irradiated CD19-K562 or irradiated NGFR-K562 cells were
co-cultured with CFSE-labeled Hu19-CAR T for 4 days. After 4 days,
the live cells in each co-culture were counted with trypan blue dead-
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cell exclusion. Flow cytometry was performed for CFSE, CAR, CD3,
CD4, and CD8. CD19-specific proliferation was presented as the
CFSE median fluorescence intensity (MFI) of T cells stimulated
with CD19-K562 divided by the CFSE MFI of T cells stimulated
with NGFR-K562. Fold change from day 0 to day 4 was calculated
by dividing the absolute number of CAR+ T cells on day 4 with the
absolute number of CAR+ T cells on day 0.

Murine solid tumor experiments

Solid tumor experiments were carried out as described previously.65

Seven- to 9-week-old female NSG mice (NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ) from the NCI-Frederick or the Jackson Laboratories
(Bar Harbor, ME, USA) were used. We injected 4 � 106 ST486 cells
intradermally in a 1:1 mix of Matrigel (Corning, Corning, NY, USA)
and PBS 6 days prior to CAR T cell injection. All mice in the exper-
iment had measurable tumors prior to CAR T cell injection. CAR
T cells from cultures initiated seven days prior to injection were in-
jected intravenously at CD3+CAR+ cell doses indicated in figure leg-
ends. Mice received one CAR T cell injection. Mice were sacrificed
when the longest tumor length reached 15 mm. Tumors were
measured with a caliper every three days, and the volume of the tu-
mors was calculated using the formula (length � width � height)/
2. Tumor volume curves ended when the first mouse of a group
was sacrificed, or the experiment ended.

Murine disseminated leukemia experiments

Seven- to 9-week-old, female NSG mice were intravenously injected
with 2 � 106 NALM6-GL cells. Three days later, mice were infused
with Hu19-CAR T at the doses indicated in the figure legends. Mice
received one CAR T cell infusion for all experiments. Bioluminescent
images of mice were taken on the day of CART cell infusion and every
3 days thereafter. Imaging was done as follows: mice were intraperito-
neally injected with 200 mL of 15 mg/mL luciferin solution (GoldBio,
Olivette, MO, USA). Bioluminescent images were taken 10 min after
luciferin injection, while the mice were under anesthesia with 3% iso-
flurane. Images were captured using Xenogen IVIS Imaging System
with Living Imaging software. Ventral images were captured at 30 s
exposures on a 24-cm field of view and at binning factor of 4. Biolu-
minescence was quantified as the body of themouse without the tail in
units of radiance (p/sec/cm2/sr) using the Living Image software
(Xenogen, Alameda, CA, USA). Mice were sacrificed in accordance
with the NCI Animal Care and Use Committee guidelines.

Rtx treatment in mouse experiments

Rtx (Genentech, San Francisco, CA, USA) and control IgG
(Gamunex-C 10% from Grifols USA, Los Angeles, CA, USA) were
purchased from NIH Veterinary Pharmacy (Bethesda, MD, USA).
As described in figure legends for both solid tumor and disseminated
tumor experiments, mice received intraperitoneal injections of 200 mg
of either Rtx or Ig 6 h before CAR T cell infusion. This dose was based
on prior work by other investigators.69 Antibody injections were then
repeated at 200 mg per dose everyMonday,Wednesday, and Friday up
to day 30 after CAR T cell infusion or until the mice reached the
criteria for euthanasia.
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Clinical-scale CD4 and CD8 selection from PBMC

PBMC apheresis products were collected according to standard pro-
cedures. Apheresis cells were counted, and flow cytometry was per-
formed to evaluate the frequencies of cells expressing CD3, CD4,
CD8, and CD19 prior to CD4 plus CD8 T cell selection. For CD4
plus CD8 selection, apheresis products were labeled with anti-CD4
and anti-CD8 microbeads, and column purification was performed
with a CliniMACS Plus device (Miltenyi Biotec).

Clinical transduction and culture of T cells

T cell cultures were initiated using either freshly purified CD4 and
CD8 T cells or cryopreserved CD4 and CD8 T cells. The cells were
placed into Origen Permalife bags at a concentration of 1x106 viable
cells/mL in complete media (CM) containing Cell Therapy Systems
(CTS) AIM V medium, 10 ng/mL IL-7 (Miltenyi Biotech), 5 ng/mL
IL-15 (Miltenyi Biotech), 2 mMGlutaMax, and 5% human AB serum.
T cells were then stimulated with CTS CD3/CD28 dyna (Thermo
Fisher Scientific) at a 3:1 dyna to cells ratio. On day 2, T cells were
transduced with GMP-compliant MSGV1-Hu19-CD828Z CAR vec-
tor at a cell concentration of 0.5 � 106 viable cells/mL by first incu-
bating vector in retronectin coated bags for 2 h and then adding cells
in CM for a final vector dilution of 1 part vector plus 4 parts CM. After
22–24 h, vector+media was removed to stop transduction. On day 4,
dyna were removed by using a CTS DynaMag Magnet (Thermo
Fisher Scientific). The CAR T cell cultures were diluted to a concen-
tration of 0.5 � 106 viable cells/mL with CM on days 3, 4, and 5 of
culture. The target date for harvest was day 7, with an extension to
day 9 if necessary to achieve the clinical dose. For these test experi-
ments, cultures were extended to day 9. Viable cells were enumerated
during the culture on days 2, 3, 4, 5, 7, and 9. Safety studies were per-
formed in accordance with the guidance from the U.S. Foor and Drug
Administration: current GMPs for phase I investigational drugs, and
included testing for sterility, mycoplasma, endotoxin, vector copy
number, and recombinant retrovirus.70

Statistics

Statistics were performed with GraphPad Prism Version 8.4.3. A p
value of less than 0.05 was considered statistically significant. Details
of statistics and the number of replicates are provided in the figure
legends.
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