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Anti-CD19 chimeric antigen receptor (CAR) T cells have
caused remissions of B cell malignancies, but problems
including cytokine-mediated toxicity and short persistence of
CAR T cells in vivo might limit the effectiveness of anti-
CD19 CAR T cells. Anti-CD19 CARs that have been tested clin-
ically had single-chain variable fragments (scFvs) derived from
murine antibodies. We have designed and constructed novel
anti-CD19 CARs containing a scFv with fully human variable
regions. T cells expressing these CARs specifically recognized
CD19+ target cells and carried out functions including degran-
ulation, cytokine release, and proliferation. We compared
CARs with CD28 costimulatory moieties along with hinge
and transmembrane domains from either the human CD28
molecule or the human CD8a molecule. Compared with
T cells expressing CARs with CD28 hinge and transmembrane
domains, T cells expressing CARs with CD8a hinge and trans-
membrane domains produced lower levels of cytokines and
exhibited lower levels of activation-induced cell death
(AICD). Importantly, CARs with hinge and transmembrane
regions from either CD8a or CD28 had similar abilities to
eliminate established tumors in mice. In anti-CD19 CARs
with CD28 costimulatory moieties, lower levels of inflamma-
tory cytokine production and AICD are potential clinical
advantages of CD8a hinge and transmembrane domains over
CD28 hinge and transmembrane domains.

INTRODUCTION
Chimeric antigen receptors (CARs) are fusion proteins incorporating
an antigen recognition moiety and T cell signaling domains.1–6 In
recent clinical trials, infusions of anti-CD19 CAR T cells have caused
prolonged complete remissions of advanced B cell malignancies in
many patients;7–12 however, anti-CD19 CAR T cell therapies are still
in an early stage of development, and many aspects of CAR T cell
therapies are in need of improvement.9–11,13 Anti-CD19 CAR
T cells have been associated with toxicities including hypotension
and a variety of neurological abnormalities.7,9,10,12,14–16 Toxicities
after infusions of anti-CD19 CAR T cells have been consistently
associated with elevated serum levels of inflammatory cyto-
kines.7,9,10,12,14–16 Not all patients receiving anti-CD19 CAR T cells
achieve lasting remissions of their malignancies, so improvement in
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anti-malignancy effectiveness is needed.10,13,14,17,18 Anti-malignancy
responses after CAR T cell infusions have been consistently associated
with high levels of blood CAR T cells,14,15,17,19,20 so an important
general goal of CAR research is to develop approaches that increase
the levels of CAR T cells in patients.

The antigen recognition domain of CARs is most commonly a
single-chain variable fragment (scFv). All anti-CD19 CARs that
have been tested clinically to date contain scFvs derived from murine
monoclonal antibodies.7,10–12,19,21 Anti-CAR immune responses
targeting murine scFvs could eliminate CAR-expressing T cells and
abrogate therapeutic effectiveness. T cell immune responses directed
against anti-CD19 CAR transgene components have been re-
ported.11,14,17,22,23 Immune responses against CAR T cells might be
especially problematic if repeated infusions of CAR T cells are admin-
istered to a patient. In the case of anti-CD19 CARs, T cell anti-CAR
immune responses are probably a more important problem than hu-
moral immune responses, because anti-CD19 CAR T cells eradicate
normal B cells, which should prevent humoral anti-CAR immune
responses.8–10,15With a goal of limiting anti-CAR immune responses,
we have constructed novel anti-CD19 CARs containing variable
regions from a fully human antibody. One anti-CD19 CAR with
variable regions from a fully human antibody has been previously
reported.24

CAR design has potential to affect the function of CAR-expressing
T cells.1,2,6,25,26 Selection of the hinge and transmembrane regions
of the CAR fusion protein is a CAR design aspect that has been stud-
ied less than other aspects of CAR design. The hinge region of a CAR
connects the scFv to the transmembrane portion.6,27 The hinge and
transmembrane regions of a CAR can potentially be important to
the function of T cells expressing the CAR.27–30 Activation-induced
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Figure 1. Anti-CD19 CARs with Either Human or Murine scFvs Were

Constructed

(A) Schematics of all CARs studied are shown. Two anti-CD19 CARs incorporating

fully human human variable regions were constructed and designated Hu19-

CD828Z and Hu19-28Z. Hu19-CD828Z contained the Hu19 scFv, the extracellular

hinge region of the human CD8a molecule, the transmembrane (TM) region of

CD8a, the entire intracellular region of human CD28, and the CD3z T cell activation

domain. Hu19-28Z included the Hu19 scFv, the extracellular hinge portion of

human CD28, the transmembrane region of CD28, the entire intracellular region of

CD28, and the CD3z T cell activation domain. The FMC63-CD828Z CAR had the

same structure as Hu19-CD828Z except for substitution of the murine FMC63 scFv

for the human Hu19 scFv. The FMC63-28Z CAR had the same structure as Hu19-

28Z except for substitution of the murine FMC63 scFv for the human Hu19 scFv.

(B) The amino acid sequence of the human CD8a extracellular and transmembrane

regions had 83 amino acids. The amino acid sequence of the human CD28

extracellular and transmembrane regions included 66 amino acids.
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cell death (AICD) is a process by which T cell activation leads to
apoptosis of T cells.28–32 To investigate how CAR hinge and trans-
membrane components affect the biology of anti-CD19 CAR
T cells, we have conducted experiments with CARs containing hinge
and transmembrane regions from either the human CD28 molecule
or the human CD8a molecule. We found that these different hinge
and transmembrane regions have an impact on CAR T cell cytokine
production and susceptibility to AICD.

RESULTS
Design of Novel Anti-CD19 CARs with Fully Human Variable

Regions

We set out to develop a new anti-CD19 CAR with a fully human
amino acid sequence except for the linker peptide in the scFv and
the junctions between each component of the CAR sequence, such
as the junction between the CD28 and the CD3z components. To
assess two hinge and transmembrane regions, we used a series of
four CARs (Figures 1A and 1B). Hu19-CD828Z incorporated the
Hu19 scFv, hinge and transmembrane regions from the human
CD8a molecule, a CD28 costimulatory domain, and a CD3z T cell
activation domain. Hu19-28Z had the same sequence as Hu19-
CD828Z except that Hu19-28Z had hinge and transmembrane
regions from human CD28 instead of CD8a. FMC63-CD828Z and
FMC63-28Z had the murine FMC63 scFv in place of the human
Hu19 scFv.

CARswith theHu19 scFv Specifically Recognize CD19, and They

Recognize Target Cells in a Similar Manner to CARs with

FMC63-Derived scFvs

Exquisite antigen-specificity is a prerequisite for any CAR to be used
clinically. To assess the specificity of the Hu19 scFv, we cultured
Hu19-CD828Z-expressing T cells with a variety of target cells over-
night. We performed a standard ELISA on the culture supernatant
to detect interferon (IFN)-g release as a marker of target cell recogni-
tion by the T cells. We found that T cells expressing Hu19-CD828Z
specifically recognized CD19+ target cells and exhibited minimal
IFN-g release in response to CD19-negative target cells (Table 1).
We also compared Hu19-CD828Z-expressing T cells with FMC63-
CD828Z-expressing T cells for recognition of CD19+ and CD19-
negative target cells. We found that both CARs specifically recognized
the CD19+ target cells. The amount of IFN-g produced by Hu19-
CD828Z-expressing T cells in response to CD19+ target cells was
generally higher than the amount of IFN-g produced by FMC63-
CD828Z-expressing T cells from the same donor (Table 2). We did
not find a difference in the ability of FMC63-CD828Z versus Hu19-
CD828Z to kill target cells in vitro (Figure S1) or eradicate tumors
in mice (Figure S2).

Functional Assessment of Fully Human Anti-CD19 CARs with

Different Hinge and Transmembrane Regions

We hypothesized that incorporation of different hinge and trans-
membrane domains might affect the function of Hu19 CARs. As an
initial step in evaluating the function of T cells expressing CARs
with these different hinge and transmembrane regions, we conducted
a series of experiments in which human T cells expressing either
Hu19-CD828Z or Hu19-28Z were evaluated for degranulation and
cytokine release. We found that Hu19-CD828Z and Hu19-28Z
were expressed on the surface of transduced T cells at similar levels
when assessed by flow cytometry (Figure 2A). Nonetheless, degranu-
lation and ELISA results were normalized for CAR expression in all
experiments. We assessed degranulation by measuring the difference
in cell-surface CD107a expression when CAR-expressing T cells were
stimulated with either the CD19+ target cell NALM6 or the CD19-
negative target cell NGFR-K562 (Figure 2B). Compared with CD8+

T cells expressing Hu19-CD828Z, a modestly higher percentage of
CD8+ T cells expressing Hu19-28Z specifically degranulated in
response to CD19+ NALM6 cells (Figure 2C). In contrast, there was
not a statistically significant difference in degranulation when CD4+

T cells expressing either Hu19-CD828Z or Hu19-28Z were stimulated
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Table 1. Specificity of Hu19-CD828Z

Effector T Cells CD19-K562 Primary CLL A549 MDA-MB231 293T TC71 CCRF-CEM T Cells Alonea

Hu19-CD828Z 29,198 3,922 <12 <12 26 26 171 101

Untransduced 431 123 <12 <12 143 28 21 <12

T cells transduced with LSIN-Hu19-CD828Z or left untransduced were cultured with the indicated target cells overnight, and a standard IFN-g ELISA was performed. All values are in
picograms per milliliter of IFN-g. The CD19-K562 and primary CLL cells are CD19+ target cells. A549, MDA-MB231, 293T, TC71, and CCRF-CEM are CD19-negative target cells.
Similar results were obtained in five experiments with cells from five different donors.
aCAR T cells cultured without any target cells.

Molecular Therapy
with NALM6 target cells (Figure 2D). For both CD8+ and CD4+

T cells, no statistically significant difference in degranulation between
Hu19-CD828Z and Hu19-28Z was observed when CD19+ primary
human chronic lymphocytic leukemia (CLL) cells were used as
CD19+ target cells (Figures 2E and 2F). Inflammatory cytokines are
an important cause of toxicity after CAR T cell infusions in hu-
mans,9,14–16,33 so it is important to assess inflammatory cytokine
production by new CARs. We compared release of IFN-g and tumor
necrosis factor (TNF)-a by T cells expressing either Hu19-CD828Z or
Hu19-28Z after the T cells were cultured overnight with NALM6
cells. IFN-g and TNF-a release was significantly less with T cells
expressing Hu19-CD828Z versus T cells expressing Hu19-28Z (Fig-
ures 2G and 2H). The raw cytokine values for the data shown in
Figures 2G and 2H are in Tables S1 and S2, respectively.

Next, we attempted to generalize the functional differences between
CARs with hinge and transmembrane regions derived from either
CD8a or CD28 by assessing CARs containing the murine FMC63
scFv. We compared the FMC63-CD828Z CAR with hinge and trans-
membrane regions from CD8a to the FMC63-28Z CAR with hinge
and transmembrane regions from CD28. FMC63-CD828Z and
FMC63-28Z were expressed at similar levels on the surface of trans-
duced T cells (Figure 3A). Similar to our results with Hu19-contain-
ing CARs, a modestly higher percentage of degranulation was
observed with CD8+ T cells expressing FMC63-28Z than with
CD8+ T cells expressing FMC63-CD828Z (Figures 3B and 3C). No
difference was observed in the level of degranulation of CD4+

T cells expressing FMC63-CD828Z versus FMC63-28Z (Figure 3D).
As with CARs containing the Hu19 scFv, we found that IFN-g and
TNF-a release was significantly less with T cells expressing FMC63-
CD828Z versus T cells expressing FMC63-28Z (Figures 3E and 3F).
The raw cytokine values for the data shown in Figures 3E and 3F
are in Tables S3 and S4, respectively.

Despite Different Levels of Cytokine Release, T Cells Expressing

Hu19-CD828Z and Hu19-28Z Exhibited Similar Levels of

Proliferation

In accordance with the similar levels of CD19-specific degranulation
with Hu19-CD828Z and Hu19-28Z (Figures 2 and 3), we did not find
a consistent difference in the ability of Hu19-CD828Z and Hu19-28Z
to kill CD19+ target cells in vitro (Figures 4A and 4B).We did not find
a consistent difference in CD19-specific proliferation as measured by
carboxyfluorescein succinimidyl ester (CFSE) dilution when T cells
expressing the two CARs were compared (Figure 4C). Consistent
2454 Molecular Therapy Vol. 25 No 11 November 2017
with the CFSE dilution result, we also did not find a consistent differ-
ence in the CD19-specific increase in CAR+ T cell numbers when the
two CARs were compared during the 4-day CFSE dilution assays
(Figure 4D), although there was a trend that was not statistically
significant (p = 0.12) toward a larger increase in T cell number
with T cells expressing Hu19-CD828Z.We assessed T cells expressing
either Hu19-CD828Z or Hu19-28Z for CD19-specific interleukin
(IL)-2 release. Similar to the results with IFN-g and TNF-a, the
amount of IL-2 released was less among T cells expressing Hu19-
CD828Z than among T cells expressing Hu19-28Z (Figure 4E). The
raw IL-2 values for the data shown in Figure 4E are in Table S5.

Levels of CD19-Specific CD3z PhosphorylationWere Lowerwith

Hu19-CD828Z Than with Hu19-28Z

Activation of T cells expressing CARs with CD3z domains involves
phosphorylation of tyrosines in immune receptor tyrosine-based acti-
vation motifs (ITAMs) in the CD3z molecule.34 As an assessment of
CAR T cell activation, we measured the phosphorylation status of
CD3z ITAM domains of Hu19-CD828Z and Hu19-28Z by intracel-
lular flow cytometry. The results are expressed as CD3z phosphory-
lation after in vitro activation with CD19+ target cells relative to
CD3z phosphorylation after in vitro activation with CD19-negative
target cells (Figure 4F). The level of CD19-specific CD3z phosphory-
lation was less with the Hu19-CD828Z CAR than with the Hu19-28Z
CAR, which suggests that a weaker T cell activation signal is trans-
mitted by Hu19-CD828Z compared with Hu19-28Z (Figure 4G).
Raw data for the CD3z phosphorylation experiments is in Table S6.

Compared with Hu19-28Z-Expressing T Cells, Hu19-CD828Z-

Expressing TCells Underwent Less Antigen-Specific Activation-

Induced Cell Death

To assess AICD in CAR-expressing T cells, we cultured T cells with
either CD19+ NALM6 cells or CD19-negative NGFR-K562 cells
and assayed for apoptosis by staining the T cells with annexin V (Fig-
ure 5A). We found that T cells expressing either Hu19-CD828Z or
Hu19-28Z cultured with CD19+ target cells underwent substantial
AICD in all 4 donors tested. The level of AICD was less among
T cells expressing Hu19-CD828Z than among T cells expressing
Hu19-28Z (Figure 5B). The AICD was dependent on cell-surface
CAR expression and exposure to CD19 (Figure 5A).

To investigate the mechanism of the AICD in the CAR T cells, we
stimulated CAR T cells in vitro with CD19+ target cells or CD19-
negative target cells and assessed active caspase-3 expression. We



Table 2. Comparison of Hu19 scFv and FMC63 scFv

CD19-K562 NALM-6
Primary
CLL CCRF-CEM

T Cells
Alonea

Patient 1

Hu19-CD828Z 99,326 11,199 4,662 51 57

FMC63-CD828Z 58,463 3,895 2,291 61 62

Patient 2

Hu19-CD828Z 92,058 20,864 29,698 67 73

FMC63-CD28Z 87,968 8,034 15,995 45 59

T cells from the indicated patients expressing the indicated CARs were cultured with the
indicated target cells overnight, and a standard IFN-g ELISA was performed. All values
are in picograms per milliliter of IFN-g. All values are normalized for differences in the
fraction of T cells expressing the different CARs for each patient. The CD19-K562,
NALM6, and primary CLL cells are all CD19+ target cells. CCRF-CEM is a CD19-
negative target cell.
aCAR T cells cultured without any target cells.
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found that active caspase-3 expression was consistently higher in
CAR T cells after stimulation with CD19+ target cells versus CD19-
negative target cells (Figures 5C and 5D). We did not see a difference
in AICD when CARs containing Hu19 or FMC63 scFvs were
compared (Figure S3).

Comparedwith T Cells ExpressingHu19-28Z, T Cells Expressing

Hu19-CD828Z Underwent Less Activation-Induced Cell Death

after Repetitive In Vitro CD19 Stimulation

T cells were stimulated with anti-CD3 on day 0 of culture and trans-
duced to express either Hu19-CD828Z or Hu19-28Z on day 1 of cul-
ture. We assessed the expression of multiple surface markers 7 days
after culture initiation; the only consistent differences were in central
memory T cells and CD25, which were both higher with Hu19-
CD828Z versus Hu19-28Z (Figures S4 and S5). On day 7 and again
on day 10, the T cells were stimulated with CD19 by culturing with
CD19-K562 cells. On day 12 of culture, T cell phenotype was assessed
by flow cytometry. There was not any statistically significant differ-
ence between T cells expressing either Hu19-CD828Z or Hu19-28Z
for the following markers: CD62L, T cell immunoglobulin and
mucin-domain containing-3 (Tim-3), CD57, and CD25 (not shown).
There was also not a statistically significant difference between T cells
expressing Hu19-CD828Z and Hu19-28Z in the percentage of naive,
effector memory, or central memory T cells as defined by CD45RA
and CCR7 markers (not shown).35 There was a borderline difference
in CD69 expression (p = 0.051; Figure 6A). Compared with Hu19-
CD828Z-expressing T cells, Hu19-28Z T cells expressed higher levels
of both programmed cell death protein-1 (PD-1) and lymphocyte-
activation gene-3 (LAG-3) (Figures 6B and 6C). High and sustained
expression of PD-1 and expression of LAG-3 are markers of T cell
exhaustion.36 The increased levels of PD-1 and LAG-3 on T cells
expressing Hu19-28Z are consistent with a greater susceptibility of
T cells expressing this CAR to exhaustion.

Repetitive stimulation of anti-CD19 CAR T cells with CD19 at tumor
sites might induce AICD. We assessed the same T cells described in
the previous paragraph for AICD after repetitive in vitro stimulation.
T cells were stimulated with anti-CD3 on day 0 of culture and trans-
duced on day 1 of culture. The T cells were stimulated with irradiated
CD19-K562 cells on days 7 and 10 of culture, and then they were
stimulated with NALM6 cells on day 12 prior to annexin V staining
on day 13 of culture. We found lower levels of CD19-specific annexin
V expression, indicating AICD, among T cells expressing Hu19-
CD828Z compared with T cells expressing Hu19-28Z (Figure 6D).
At the same time, we assessed Fas ligand (Fas L) expression on the
same T cells. We found significant levels of Fas L on T cells trans-
duced with either Hu19-CD828Z or Hu19-28Z, with no statistically
significant difference in Fas L expression between T cells expressing
the different CARs (Figure S6). Nearly all T cells expressed Fas after
repetitive CD19 stimulation regardless of the CAR expressed (not
shown).

Human T Cells Expressing Hu19-CD828Z and Hu19-28Z Can

Eliminate Tumors of CD19+ Cells In Vivo

We next assessed the in vivo anti-tumor activity of T cells expressing
Hu19-CD828Z and Hu19-28Z. Tumors of human CD19+ cells were
established in immunocompromised mice. The mice were treated
with a single infusion of CAR T cells or left untreated. Tumor growth
was substantially inhibited in mice receiving T cells expressing either
Hu19-CD828Z or Hu19-28Z. In contrast, untreated mice and mice
receiving T cells expressing the SP6-CD828Z negative-control CAR
had progressive tumor growth. On day 32 after CAR T cell infusion,
tumors were completely eliminated in four of ten mice receiving
T cells expressing Hu19-CD828Z, and tumors were completely elim-
inated in five of ten mice receiving T cells expressing Hu19-28Z. At
the end of the experiment on day 49, four of ten mice that received
Hu19-CD828Z-expressing T cells were tumor free, and six of ten
mice that received Hu19-28Z-expressing T cells were tumor free.
There were not statistically significant differences in either tumor
sizes or survival when Hu19-CD828Z and Hu19-28Z were compared
(Figures 6E and 6F). All mice died when they were sacrificed because
of progressive tumors. Mice did not suffer any evident toxicity from
the T cells expressing either Hu19-CD828Z or Hu19-28Z. We also
assessed T cells expressing either Hu19-CD828Z or Hu19-28Z against
disseminated NALM6-GL leukemia cells in NSG mice, and we found
that T cells expressing either Hu19-CD828Z or Hu19-28Z were both
active against leukemia, but T cells expressing Hu19-CD828Z had less
anti-leukemia activity compared with T cells expressing Hu19-28Z
(Figures S8 and S9).

DISCUSSION
Anti-CD19 CAR T cells have demonstrated impressive anti-malig-
nancy activity in clinical trials, but some problems, including limited
survival of CAR T cells and cytokine-associated toxicity, have also
occurred. The clinical effectiveness of anti-CD19 CAR T cells might
be increased with improved CAR designs. We have designed novel
anti-CD19 CARs with fully human variable regions to limit recipient
anti-CAR immune responses, and we have evaluated CARs with
hinge and transmembrane regions from either CD8a or CD28. The
CD8a sequence is longer than the CD28 sequence and differs from
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Figure 2. Hu19-CD828Z and Hu19-28Z Were

Compared Functionally

(A) T cells from the same donor were transduced with

either Hu19-CD828Z or Hu19-28Z. Hu19-CD828Z and

Hu19-28Z had similar expression levels on the surface of

T cells as measured by protein L staining. Protein

L staining of untransduced T cells is also shown. Similar

results were obtained in ten different experiments.

(B) T cells expressing Hu19-CD828Z or Hu19-28Z were

stimulated with either CD19+ NALM6 cells or CD19-

negative NGFR-K562 cells, and the CD19-specific in-

crease in CD107a was assessed as a measure of

degranulation. Plots are gated on live CD3+ lymphocytes.

T cells from five different donors were transduced with

either Hu19-CD828Z or Hu19-28Z. (C and D) CD19-

specific degranulation of (C) CD8+ T cells or (D) CD4+

T cells expressing the different CARs was compared by

measuring CD107a expression in response to NALM6 or

NGFR-K562 cells as described in (B). The results shown

are the percentages of the T cells expressing CD8+ or

CD4+ that degranulated. (E and F) T cells from five

different donors were transduced with either Hu19-

CD828Z or Hu19-28Z, and CD19-specific degranulation

of (E) CD8+ T cells or (F) CD4+ T cells was compared and

analyzed as in C except that primary CLL cells were used

as the CD19+ target cells. For (C), (D), (E), and (F), CD19-

specific degranulation was defined as the fraction of

CD107a+ T cells after CD19+ target cell stimulation minus

the fraction of CD107a+ T cells after NGFR-K562 stimu-

lation, and CD107a expression was normalized for dif-

ferences in CAR expression between Hu19-CD828Z and

Hu19-28Z. For (C), (D), (E), and (F), CD19-specific

degranulation with the different CARs was compared

using two-tailed paired t tests, and the mean and SEM of

all groups are shown. (G) T cells from five different donors

were transduced with either Hu19-CD828Z or Hu19-28Z.

The transduced T cells were cultured with either CD19+

NALM6 cells or CD19-negative NGFR-K562 cells over-

night, and an ELISA was performed. CD19-specific IFN-g

production was calculated as the IFN-g production with

NALM6 stimulation minus IFN-g production with NGFR-

K562 stimulation. (H) T cells from five different donors

were transduced with either Hu19-CD828Z or Hu19-28Z.

The transduced T cells were cultured with either CD19+

NALM6 cells or CD19-negative NGFR-K562 cells overnight, and CD19-specific TNF-a production was calculated as the TNF-a production with NALM6 stimulation minus

TNF-a production with NGFR-K562 stimulation. For both (G) and (H), the mean and SEM of each group are shown, and cytokine values were normalized to correct for

differences in expression of the different CARs on the T cells of each donor. The groups were compared using two-tailed paired t tests.
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the CD28 sequence in many other ways (Figure 1B). Compared with a
CAR containing hinge and transmembrane regions from CD28,
T cells expressing a CAR with hinge and transmembrane regions
from CD8a produced lower levels of cytokines and exhibited lower
levels of AICD.

T cell activation through either natural T cell receptors or CD3z-con-
taining CARs occurs by a process that includes phosphorylation of
CD3z ITAMs.34,37 In addition, T cells can undergo apoptosis by a
process that is dependent on CD3z ITAMs.37–39 We compared
CD3z ITAM phosphorylation levels of T cells expressing either
Hu19-CD828Z or Hu19-28Z after stimulation of the T cells with
2456 Molecular Therapy Vol. 25 No 11 November 2017
either CD19+ target cells or CD19-negative target cells. We found
lower levels of CD19-specific CD3z ITAM phosphorylation with
Hu19-CD828Z compared with Hu19-28Z. This suggested that the
activation stimulus of Hu19-CD828Z was weaker than the activation
stimulus of Hu19-28Z (Figure 4G). The lower levels of cytokine pro-
duction and AICD in T cells expressing Hu19-CD828Z compared
with T cells expressing Hu19-28Z also suggested that the activation
stimulus of Hu19-CD828Z is weaker than the activation stimulus of
Hu19-28Z.

To explain the mechanism underlying the differences in CAR func-
tion caused by different hinge domains, we investigated the structural



Figure 3. Compared with T Cells Expressing

FMC63-CD828Z, T Cells Expressing FMC63-28Z

Produced Higher Levels of Inflammatory Cytokines

(A) T cells from the same donor were transduced with

either FMC63-CD828Z or FMC63-28Z. The FMC63-

CD828Z and FMC63-28Z CARs had similar expression

levels on the surface of T cells as measured by anti-fab

staining. Anti-fab staining of untransduced T cells is also

shown. (B) T cells expressing either FMC63-CD828Z or

FMC63-28Z were stimulated with either CD19+ CD19-

K562 cells or CD19-negative NGFR-K562 cells. The

CD19-specific increase in CD107a was assessed as a

measure of degranulation. Plots are gated on live CD3+

lymphocytes. (C) T cells from five different donors were

transduced with either FMC63-CD828Z or FMC63-28Z,

and CD19-specific degranulation of CD8+ T cells was

compared in CD107a degranulation assays that were

performed as described in (B). CD19-specific degranu-

lation was calculated as the fraction of CD8+CD107a+

T cells after CD19-K562 stimulation minus the fraction of

CD8+CD107a+ T cells after NGFR-K562 stimulation.

CD107a expression was normalized for differences in

CAR expression between FMC63-CD828Z and FMC63-

28Z. For (C) and (D), different groups were compared

using a two-tailed paired t test, and the mean and SEM of

each group are shown. (D) T cells from five different do-

nors were transduced with either FMC63-CD828Z or

FMC63-28Z, and CD19-specific degranulation of CD4+

T cells was compared in CD107a degranulation assays

that were performed and analyzed as in (C). (E) T cells

from five different donors transduced with either FMC63-

CD828Z or FMC63-28Z were cultured together with

either CD19+ CD19-K562 cells or CD19-negative NGFR-

K562 cells overnight. An ELISA was performed, and

CD19-specific IFN-g production was calculated as the

IFN-g production with CD19-K562 stimulationminus IFN-

g production with NGFR-K562 stimulation. (F) T cells from

five different donors were transduced with either FMC63-

CD828Z or FMC63-28Z. The transduced T cells were

cultured together with either CD19-K562 cells or NGFR-

K562 cells overnight, and CD19-specific TNF-a produc-

tion was calculated as the TNF-a production with

CD19-K562 stimulation minus TNF-a production with NGFR-K562 stimulation. For both (E) and (F), the mean and SEM of each group is shown, and cytokine values

were normalized to correct for differences in expression of the different CARs on the T cells of each donor. Also for (E) and (F), the groups were compared using two-tailed

paired t tests.
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information known about CD8a and CD28. A comparison of the
crystal structures of the extracellular domains of CD28 and CD8a
reveal putative differences that the hinge domains of CD8a and
CD28 confer upon each respective homodimerization interface. As
seen in a structural model of CD28 (Figure 7A), the residues that
comprise the hinge domain of the CD28 homodimer span the dimer-
ization interface and play an important role in the formation of CD28
homodimers.40 In structural studies of the CD8a homodimer, a
141-amino acid construct was expressed comprising the N-terminal
114-amino acid immunoglobulin domain and a 27-amino acid
C-terminal tail.41 These studies revealed that the tail of this construct
was not ordered, which suggested flexibility of this region. In contrast
to the hinge derived from CD28, the hinge from this region of CD8a
is less likely to be located at the dimerization interface, with the
C-terminal residues in the structure being apart (Figure 7B). This sug-
gests that the hinge region of CD8a proximal to the scFv domain does
not interact in the setting of a CAR dimer. Further, the extracellular
stalk of CD8a is heavily glycosylated and negatively charged, which
also reduces the propensity for self-association.41

We hypothesize that CAR molecules with either a CD28 or CD8a
hinge domain exist in equilibrium between monomeric and homodi-
meric states. On the basis of the contributions from the hinge
domains that are resolved in the crystal structures, we hypothesize
that a CD28 hinge is more likely to push the equilibrium toward
the dimeric state compared with a CD8a hinge. We further hypoth-
esize that the CAR activation stimulus may be stronger with a CD28
hinge compared with a CD8a hinge because of the greater propensity
Molecular Therapy Vol. 25 No 11 November 2017 2457

http://www.moleculartherapy.org


Figure 4. CD3zPhosphorylation, T Cell Proliferation,

and IL-2 Release with Hu19-CD828Z versus

Hu19-28Z

(A) T cells from the same donor were transduced with

either Hu19-CD828Z or Hu19-28Z or left untransduced,

and a 4 hr cytotoxicity assay was performed with Toledo

CD19+ lymphoma cell line cells as target cells. Error bars

represent SEM. (B) Primary chronic lymphocytic leukemia

cells were used as target cells in a 4 hr cytotoxicity assay

comparing Hu19-CD828Z and Hu19-28Z. The numbers

on the x-axes in both (A) and (B) are the effector to target

ratios. (C) CFSE-labeled T cells from the same donor

expressing either Hu19-CD828Z or Hu19-28Z were

cultured for 4 days with irradiated CD19-K562 (filled his-

tograms) or NGFR-K562 (open histograms). The degree

of proliferation was similar for T cells expressing the

different CARs; this was a representative example of six

different donors. The plots are gated on live CD3+CAR+

lymphocytes. (D) T cells from six different donors were

transduced with either Hu19-CD828Z or Hu19-28Z. The

T cells were cultured, transduced, and labeled with CFSE

as in (C). The mean increases in the numbers of CAR+

T cells during the 4-day culture are shown for T cells

expressing each CAR. The increases in CAR T cell

numbers were calculated as the number of CAR+ T cells

on day 4 of culture minus the number of CAR+ T cells at

the start of the cultures. Error bars represent SEM.

(E) T cells from six different donors expressing either

Hu19-CD828Z or Hu19-28Z were cultured together with

either CD19+ NALM6 cells or CD19-negative NGFR-

K562 cells overnight, and an ELISA for IL-2 was per-

formed. CD19-specific IL-2 production was calculated as

the IL-2 production with NALM6 stimulation minus IL-2

production with NGFR-K562 stimulation. The mean and

SEM of each group are shown. IL-2 values were

normalized to correct for differences in expression of the

different CARs on the T cells of each donor. The groups

were compared using a two-tailed paired t test. (F) T cells

from four patients were transduced with either Hu19-

CD828Z or Hu19-28Z. The cells were sorted to obtain

pure populations of CAR+ T cells expressing either Hu19-

CD828Z or Hu19-28Z. The T cells were stimulated with

either CD19+ NALM6 cells or CD19-negative NGFR-

K562 cells. The level of phosphorylation of tyrosine-142 in

an immune receptor tyrosine-based activation motif

(ITAM) of the CD3z molecules of the T cells (CD19-spe-

cific CD3z phosphorylation) was then assessed by intra-

cellular flow cytometry. Representative examples of the

flow cytometry staining for Hu19-CD828Z and Hu19-28Z

are shown. The solid-line histograms show the level of

phosphorylated CD3z on T cells stimulated with NGFR-

K562. The histograms with dashed borders show the

level of phosphorylated CD3z on T cells stimulated with

NALM6. (G) CD19-specific CD3z phosphorylation of

T cells from four patients was calculated by dividing the

median fluorescence intensity of phosphorylated CD3z

tyrosine-142 staining after NALM6 stimulation by the

median fluorescence intensity of phosphorylated CD3z tyrosine-142 staining after NGFR-K562 stimulation. The level of CD19-specific CD3z phosphorylation was lower in

T cells expressing Hu19-CD828Z than in T cells expressing Hu19-28Z. Groups were compared with a two-tailed paired t test.
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Figure 5. Levels of Activation-Induced Cell Death

Were Lower in Hu19-CD828Z-Expressing T Cells

Than in Hu19-28Z-Expressing T Cells

(A) T cells from the same donor were transduced with

either Hu19-CD828Z or Hu19-28Z and cultured over-

night with either CD19+ NALM6 cells or CD19-negative

NGFR-K562 cells. The cells were then stained with

annexin V to detect apoptotic T cells. The top row of

plots shows T cells transduced with Hu19-CD828Z.

The bottom row of plots shows T cells transduced with

Hu19-28Z. These T cell cultures contained both CAR-

expressing T cells and CAR-negative T cells. The top

label above each plot gives the status of CAR expres-

sion of the T cells shown on the plot. The lower label

above each plot gives the target cell that the T cells

were cultured with. After culture with CD19+ NALM6

cells, a smaller fraction of Hu19-CD828Z-expressing

T cells than Hu19-28Z-expressing T cells expressed

annexin V. (B) T cells from 4 donors were transduced

with either Hu19-CD828Z or Hu19-28Z and cultured

overnight with either NALM6 cells or NGFR-K562 cells.

Annexin V staining assays were performed as described

in (A). Compared with T cells expressing Hu19-28Z,

T cells expressing Hu19-CD828Z had a lower per-

centage CD19-specific annexin V expression. The

percentage CD19-specific annexin V expression was

calculated as the percentage CD3+ CAR+ annexin V+

cells with NALM6 stimulation minus the percentage

CD3+ CAR+ annexin V+ cells with NGFR-K562 cell

stimulation. Paired results of T cells from each patient

transduced with either Hu19-CD828Z or Hu19-28Z are

connected by a line. Experiments were conducted with

cells from four different patients. Comparison was made

using a two-tailed paired t test. (C) CAR T cells were

stimulated with either CD19+ NALM6 cells or CD19-

negative NGFR-K562 cells overnight, and the CAR

T cells were assessed for active caspase-3 expression

by intracellular flow cytometry. Results for cells from six

different donors are included. For each donor, T cells

transduced with Hu19-CD828Z and T cells expressing

Hu19-28Z were included on this graph, so a total of 12

different cell T cell populations were included. For all 12

T cell populations, active caspase-3 levels increased

with CD19-K562 stimulation compared with NGFR-

K562 stimulation. The paired two-tailed t test was used.

Error bars represent SEM. (D) Active caspase-3 expression was higher in CAR T cells cultured overnight with CD19+ NALM6 cells (filled histograms) than in T cells

cultured with NGFR-K562 cells (open histograms). For both (C) and (D), live CD3+CAR+ T cells were assessed.
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of CARs with a CD28 hinge to dimerize. This hypothesis is in accor-
dance with the work of others showing that aggregation of CD3z
molecules promotes T cell activation.42,43 If this hypothesis is true,
the stronger activation stimulus could lead to the observed functional
differences in T cells expressing Hu19-CD828Z versus Hu19-28Z,
such as the differences in cytokine production and AICD. As we learn
more about CAR functionality and the importance of hinge domains
on CAR function, it is possible that optimal hinges from either CD28
or CD8a could be selected for different indications or target antigens.

Previously reported anti-CD19 CARs have incorporated murine
scFvs.7,8,10–13,15,21 Compared with CARs with murine scFvs, a CAR
with a fully human scFv should be less likely to elicit anti-CAR
immune responses; however, the risk of anti-CAR immune responses
will not be completely eliminated by use of fully human variable re-
gions. Amino acid sequences not naturally expressed in humans are
present at junctions between the different components of the CAR,
and the linker that connects the light chain and heavy chain variable
regions is an artificial sequence. Immunogenic sequences are also
potentially in idiotypic epitopes of the variable regions.44 Any foreign
protein could potentially elicit an anti-CAR immune response, so
efforts should be made to limit non-human CAR amino acid se-
quences as much as possible. Compared with the FMC63-CD828Z
CAR that contains a murine scFv, the human Hu19-CD828Z CAR
Molecular Therapy Vol. 25 No 11 November 2017 2459
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Figure 6. After In Vitro Stimulation with CD19+ Target Cells, T Cells

Expressing Hu19-CD828Z Undergo Less AICD Than T Cells Expressing

Hu19-28Z, and T Cells Expressing Either Hu19-CD828Z or Hu19-28Z Can

Eliminate Established Tumors in Mice

(A–C) T cells from four different donorswere transducedwith eitherHu19-CD828Z or

Hu19-28Z. The T cells were stimulated with irradiated CD19+ CD19-K562 cells on

day 7 and day 10 after initiation of the cultures. On day 12 after culture initiation, flow

cytometry was performed tomeasure CD69 (A), PD-1 (B), and LAG-3 (C) expression

on CD3+CAR+ T cells. (D) T cells from 4 different donors were transduced with either

Hu19-CD828Z orHu19-28Z. The T cells were stimulatedwith irradiatedCD19-K562

cells on day 7 and day 10 after initiation of the cultures. On day 12 after culture

initiation, the Tcellswere cultured overnightwith either NALM6orNGFR-K562 target

cells and annexin V stainingwas conducted. The percentageCD19-specific annexin

V expression was calculated as the percentage CD3+ CAR+ annexin V+ cells with

NALM6 stimulation minus the percentage CD3+ CAR+ annexin V+ cells with NGFR-

K562 stimulation. For (A)–(D), paired results of T cells from each of four patients are

connected by a line. Comparison was made using a two-tailed paired t test. (E)

NALM6 tumorswere established in immunocompromised NSGmice. Themice then

received infusions of 8million T cells transducedwith Hu19-CD828Z or Hu19-28Z or

the negative-control CAR SP6-CD8Z. A fourth group of mice was left untreated.

Tumors were measured every 3 days in a blinded manner. Combined results of two

separate experiments that used cells from two different human donors are shown.

There was a total of ten mice in each group except the SP6-CD828Z group, which

had five mice. The graphs show the mean tumor size ± SEM for each time point.

Figure 7. Hypothesized Models of the CD28 and CD8a Hinge Regions

(A) The immunoglobulin domains of the CD28 homodimeric structure are shown in

blue and gray. The C-terminal tail was modeled to add additional residues on the

basis of high sequence identity and structural homology with CTLA-4. The residues

interacting at the dimer interface within the CAR hinge are shown as orange sticks

and spheres. (B) The immunoglobulin domains of the CD8a homodimer are shown

in yellow and cyan. The residues included in the hinge domain are shown in black

with spheres (FVPVFLPA). The region of the CD8a hinge domain is not hypothesized

to strongly contribute to dimerization.
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exhibited strong and specific recognition of CD19+ target cells, so we
concluded that the Hu19 scFv was an appropriate anti-CD19 scFv to
include in CARs (Table 2).

In addition to recipient anti-CAR immune responses, another poten-
tialmechanism of in vivo elimination of CART cells is AICD.28–32 The
AICD that CAR T cells exhibited in our experiments was likely
(F) Survival of the samemice as in Figure 5E is shown.By the log rank test, therewas a

statistically significant difference in survival between mice receiving T cells that ex-

pressed Hu19-CD828Z versus SP6-CD828Z (p = 0.003). There was also a statis-

tically significant difference in survival between mice receiving T cells that expressed

Hu19-28Z versus SP6-CD828Z (p < 0.0001). There were statistically significant

differences in survival between mice receiving T cells expressing either Hu19-

CD828Z (p = 0.0005) or Hu19-28Z (p < 0.0001) versus untreated mice. There was

not a statistically significant difference in survival by the log rank test when mice

receiving T cells expressing Hu19-CD828Z or Hu19-28Z were compared (p = 0.12).
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dependent on the caspasepathway, as active caspase-3was consistently
increasedwhenCART cells were stimulatedwithCD19+ target cells in
all of our experiments that measured active caspase-3 levels (Fig-
ure 5C). The Hu19-CD828Z CAR with CD8a hinge and transmem-
brane regions underwent less AICD than the Hu19-28Z CAR with
CD28 hinge and transmembrane regions (Figures 5A and 5B). Genetic
modification of CART cellswith an aimof reducingAICDmight be an
effective approach to increase CAR T cell persistence in vivo.

There was not a statistically significant difference in proliferation as
measured by CFSE dilution (Figure 4C) or increase in T cell number
(Figure 4D) when Hu19-CD828Z CAR T cells were compared with
Hu19-28Z CAR T cells. Because of the lower levels of AICD in
Hu19-CD828Z CAR T cells, these findings might be somewhat unex-
pected. These results could be due to the much higher level of IL-2
production by Hu19-28Z CAR T cells (Figure 4E). This high level
of IL-2 production by Hu19-28Z CAR T cells might be one factor pro-
moting in vitro proliferation by Hu19-28Z CAR T cells, while other
factors such as high levels of AICD might limit the increase in the
number of T cells expressing this CAR. IL-2 production might be a
particularly important factor in vitro when no exogenous cytokines
were added to the culture media as was the case in our proliferation
experiments.

In our past clinical experience, we administered T cells expressing the
FMC63-28Z CAR, which contained hinge and transmembrane re-
gions from CD28. T cells expressing FMC63-28Z usually persisted
in the blood of patients for less than 2 months.10,14,19,45 Blood
CAR+ cell numbers in patients who received T cells expressing the
FMC63-28Z CAR usually rose to a peak within the first 2 weeks after
infusion and then rapidly decreased.10,14,19 It is certainly plausible
that AICD was a major mechanism of elimination of these cells
because we have shown that T cells expressing the FMC63-28Z
CAR underwent substantial AICD in vitro (Figure S7).

We found a reduced level of AICD in Hu19-CD828Z compared with
Hu19-28Z, which favored selecting the Hu19-CD828Z CAR for
further testing and development. Importantly, we showed that
T cells expressing Hu19-CD828Z underwent less AICD compared
with T cells expressing Hu19-28Z after only 1 stimulation with
CD19+ target cells (Figure 5B) and after multiple in vitro stimulations
with CD19+ target cells (Figure 6D). Anti-CD19 CAR T cells are
likely undergo repetitive stimulation with CD19 in vivo, so resis-
tance to AICD after multiple antigen exposures is an important
attribute for CAR-expressing T cells. After repetitive in vitro exposure
to CD19, we found lower levels of PD-1 and LAG-3 on T cells ex-
pressing Hu19-CD828Z compared with T cells expressing Hu19-
28Z (Figures 6B and 6C). These markers are associated with T cell
exhaustion.46

Cytokine-mediated toxicity is a significant clinical problem limiting
CAR T cell therapies.9,15,16,33 We have shown in prior clinical trials
that patients receiving T cells expressing the FMC63-28Z CAR often
experienced substantial toxicity that was associated with increased
serum levels of inflammatory cytokines.9,10,19 If cytokine-mediated
toxicity of CAR T cells could be reduced, higher doses of CAR
T cells could potentially be administered. Increased CAR T cell doses
might improve anti-malignancy efficacy because most murine models
indicate that higher doses of adoptively transferred T cells are more
effective than lower doses of T cells at eliminating tumors.47,48

Perhaps the most important current goal of the CAR field is to find
approaches that reduce the toxicity of CAR T cells without substan-
tially impairing their anti-malignancy efficacy. We found that cyto-
kine production by Hu19-CD828Z-expressing T cells was lower
than cytokine production by Hu19-28Z-expressing T cells, but in vivo
anti-tumor activity of T cells expressing the two CARs was similar.
The reduced cytokine production by Hu19-CD828Z-expressing
T cells compared with Hu19-28Z-expressing T cells is a potential clin-
ical advantage for Hu19-CD828Z and possibly the most important
finding of this study.

The results of our solid tumor experiments showed no statistically
significant difference in the ability of Hu19-CD828Z versus Hu19-
28Z to eliminate tumors (Figures 6E and 6F). Despite the reduced
cytokine production of T cells expressing Hu19-CD828Z versus
T cells expressing Hu19-28Z, T cells expressing Hu19-CD828Z
can eliminate malignant cells from mice. Our goal is to find a
CAR that has the best efficacy to toxicity ratio in humans. Because
toxicity is such a significant clinical problem with CAR T cell ther-
apies,10,15–17,49 it is possible that the better overall CAR for clinical
use might be a CAR that is associated with less toxic cytokine
release even if this CAR has slightly less anti-malignancy activity
in NSG mice. We hypothesize that Hu19-28Z has an advantage
over Hu19-CD828Z in NSG mice because T cells expressing
Hu19-28Z produce much higher levels of cytokines such as IL-2.
For anti-malignancy activity, the importance of cytokines produced
by CAR T cells is possibly greater when NSG mice receive human
CAR T cells than when humans receive human CAR T cells. For
the important cytokine IL-15, murine IL-15 is much less effective
than human IL-15 at inducing proliferation of human T cells.50

Any anti-malignancy advantage that Hu19-28Z has over Hu19-
CD828Z in NSG mice because of the greater cytokine production
by T cells expressing Hu19-28Z might be reduced or absent in
humans because human serum contains important cytokines such
as IL-15 and IL-7 at the time of CAR T cell infusion, which might
make production of cytokines such as IL-2 by CAR T cells less
important.49

Importantly, there was not a statistically significant difference in erad-
ication of solid tumors from mice when T cells expressing either
Hu19-CD828Z or Hu19-28Z were compared, while levels of poten-
tially toxic cytokine release and AICD were decreased with Hu19-
CD828Z versus Hu19-28Z. T cells expressing Hu19-CD828Z were
active against disseminated leukemia in a murine model, but Hu19-
CD828Z was modestly inferior to Hu19-28Z at eliminating dissemi-
nated leukemia (Figures S8 and S9). We observed no difference in
toxicity in mice receiving the T cells expressing the different CARs,
but this is not surprising because we have found that mice seem to
Molecular Therapy Vol. 25 No 11 November 2017 2461
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be quite resistant to CAR T cell toxicity. In our experience, mice have
had no apparent toxicity after receiving weight-based CAR T cell
doses that were much higher than doses that caused severe toxicity
in humans.9,10,38,51 We have designed and constructed novel anti-
CD19 CARs with fully human variable regions, and we have shown
that the hinge and TM regions of CARs can affect CAR T cell cytokine
production and AICD susceptibility. Compared with T cells express-
ing Hu19-28Z, T cells expressing Hu19-CD828Z exhibited lower
levels of potentially harmful cytokine production and AICD. T cells
expressing either Hu19-CD828Z or Hu19-28Z had similar ability to
eradicate tumors in vivo; therefore, we selected Hu19-CD828Z for
testing in a phase I clinical trial. Early results from this trial confirm
that Hu19-CD828Z has anti-lymphoma activity in humans; 9 of
12 patients treated with T cells expressing this CAR have obtained
objective anti-lymphoma responses (Brudno et al., 2016, American
Society of Hematology, abstract).

MATERIALS AND METHODS
Construction of Plasmids Encoding Anti-CD19 CARs

We designed anti-CD19 CARs containing variable region sequences of
a fully human antibody called 47G-4.52 A scFv designated Hu19 was
designed with the following sequence from 50 to 30: human CD8a
signal sequence, light chain variable region, a linker peptide44

(GSTSGSGKPGSGEGSTKG), heavy chain variable region. A DNA
sequence encoding a CAR with the following components from 50 to
30 was designed: Hu19 scFv, part of the extracellular region and the
transmembrane region of the human CD8a molecule (Figure 1B),
the cytoplasmic portion of the human CD28 molecule, and the cyto-
plasmic part of the human CD3z molecule. The DNA sequence was
synthesized (Thermo Fisher Scientific/Invitrogen). We designated
this CAR Hu19-CD828Z. By using standard methods, we replaced
the coDMF5 portion of the pRRLSIN.cPPT.MSCV.coDMF5.oPRE53

lentiviral vector plasmid with the Hu19-CD828Z CAR sequence.
We designated the resulting plasmid LSIN-Hu19-CD828Z. The
sequences of CD8a, CD28, and CD3z were obtained from the
National Center for Biotechnology Information website (http://www.
ncbi.nlm.nih.gov). Guidance regarding the portions of each molecule
to include in the CARs was obtained from prior work.54

The Hu19-28Z CAR had this sequence from 50 to 30: the Hu19 scFv,
part of the extracellular region of human CD28, all of the transmem-
brane and cytoplasmic regions of CD28, and the cytoplasmic part of
CD3z. The LSIN-Hu19-28Z plasmid has the same sequence as LSIN-
Hu19-CD828Z except for the replacement of the CD8a hinge and
transmembrane region in LSIN-Hu19-CD828Z with hinge and trans-
membrane regions from CD28 in LSIN-Hu19-28Z.

The SP6 scFv recognizes the hapten 2, 4, 6-trinitrobenzenesulfonic
acid.5 We constructed a lentiviral plasmid encoding a CAR with the
SP6 scFv designated LSIN-SP6-CD828Z, and we used it as a negative
control as previously described.51

Construction of the gammaretroviral MSGV-FMC63-28Z plasmid
encoding the FMC63-28Z anti-CD19 CAR has already been
2462 Molecular Therapy Vol. 25 No 11 November 2017
described.54 A DNA fragment encoding part of the extracellular
region and all of the transmembrane region of the human CD8a
molecule and the cytoplasmic portion of the CD28 molecule was syn-
thesized by Thermo Fisher Scientific/Invitrogen. This fragment was
used to replace the entire CD28 portion of the MSGV-FMC63-28Z
plasmid to form FMC63-CD828Z.

Patient Samples and Cell Lines

Peripheral blood mononuclear cells (PBMCs) and chronic lympho-
cytic leukemia samples were obtained from hematologic malignancy
patients who were enrolled on National Cancer Institute, institutional
review board-approved protocols. In experiments that used primary
CLL cells as target cells, unmanipulated PBMC from patients
with CLL were used. We previously transduced K562 cells to
express CD19 (CD19-K562) or low-affinity nerve growth factor
(NFGR-K562).54 The NGFR-K562 cells served as CD19-negative
control cells. CD19+ NALM6 cells (acute lymphoid leukemia from
DSMZ) were used. The following CD19-negative human cell lines
were used: A549 (lung carcinoma, ATCC), CCRF-CEM (T cell leuke-
mia, ATCC), MDA231 (breast carcinoma, ATCC), 293T-17 (embry-
onic kidney cells, ATCC), TC71 (Ewing’s sarcoma, a kind gift of
Dr. M. Tsokos, National Cancer Institute).

T Cell Culture

PBMCs were thawed and washed in T cell medium that consisted of
AIM V medium (Invitrogen) plus 5% AB serum (Valley Biomedical),
100 U/mL penicillin, and 100 mg/mL streptomycin. Prior to transduc-
tions, PBMC were suspended at a concentration of 1 � 106 cells/mL
in T cell medium plus 50 ng/mL of the anti-CD3 monoclonal anti-
body OKT3 (Ortho) and 300 IU/mL of IL-2. After transductions,
T cells were maintained in T cell medium plus IL-2.

Gammaretroviral Transductions

To produce replication-incompetent gammaretroviruses, packaging
cells were transfected with plasmids encoding CARs along with a
plasmid encoding the RD114 envelope protein as previously
described.54 Gammaretroviral transduction of T cells was performed
as previously described 2 days after initiation of T cell cultures.54

Lentiviral Transductions

To produce lentivirus-containing supernatant, 293T-17 cells (ATCC)
were transfected with the following plasmids as detailed previously:
pMDG (encoding the vesicular stomatitis virus envelope), pMDLg/
pRRE (encoding gag and pol), pRSV-Rev (encoding Rev), and the
appropriate CAR-encoding plasmid.51

Twenty-four hours after the T cell culture initiation, lentivirus vector
and protamine sulfate were added to the T cell cultures. The cells were
cultured with the lentivirus vector for 48 hr, and then they were
washed and returned to culture in T cell medium.

CAR Detection on Transduced T Cells

Biotin-labeled polyclonal goat anti-mouse-F(ab)2 antibodies (anti-
Fab, Jackson Immunoresearch) were used to detect the FMC63 scFv

http://www.ncbi.nlm.nih.gov
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as previously described.54 In experiments that evaluated the human
Hu19 scFv, cell-surface CAR expression was detected with Biotin-
labeled protein L (GenScript). The percentage of CAR-expressing
(CAR+) T cells was calculated as the percentage of T cells in CAR-
transduced cultures that stained with the anti-Fab antibodies or pro-
tein L minus the percentage of identically cultured untransduced
T cells from the same donor staining with anti-Fab or protein L.

IFN-g, TNF-a, and IL-2 ELISAs

One hundred thousand effector T cells were combined with 100,00
target cells in each well of 96-well plates. The plates were incubated
at 37�C for 18-20 hr. Following the incubation, ELISAs were per-
formed using standard methods (Thermo Fisher Scientific/Pierce).
In some experiments, antigen-specific cytokine release was calculated
by subtracting cytokine release by T cells cultured with NGFR-K562
negative-control target cells from cytokine release by T cells cultured
with CD19+ target cells. When two or more CARs were compared,
cytokine release was normalized for CAR expression by dividing
the cytokine levels by the fraction of T cells expressing a given CAR.

Cytotoxicity Assay, CD107a Degranulation, and Proliferation

Cytotoxicity assays, CD107a degranulation, and carboxyfluorescein
succinimidyl ester (CFSE; Thermo Fisher Scientific/Invitrogen) pro-
liferation assays were conducted as previously described.51,54,55

CD107a expression was normalized for CAR expression by dividing
the fraction of CD107a+ T cells by the fraction of T cells expressing
a given CAR.

Phosphorylated CD3z Staining

CAR-transduced T cells were stained with protein L and CD3. Cells
that were positive for CD3 and protein L were sorted by using either
a BD Influx cell sorter or a BD FACsAria cell sorter (BD Biosciences).
The T cells were cultured overnight in IL-2-containing media. After
overnight culture, 1 � 106 CD3+L+ cells were stimulated with
0.5 � 106 NALM-6 or NGFR-K562 target cells. To initiate stimula-
tion, cells were centrifuged at 300 � g for 30 s and incubated at
37�C for 8–10 min. Stimulation was stopped, and cells were fixed
by adding 4 mL of PhosFlow Lyse/Fix Buffer (BD Biosciences) and
incubating at 37�C for 10 min. The cells were washed then permeabi-
lized by adding 3 mL of PhosFlow Perm Buffer III (BD Biosciences)
and incubating on ice for 20 min. Cells were then stained for
20 min at room temperature with anti-CD3 and a PE-conjugated
antibody that binds only to phosphorylated tyrosine 142 in an
ITAM of the CD3z molecule (BD Biosciences).

Annexin V Staining

CAR-transduced T cells were incubated overnight in 24-well plates
with either NALM6 or NGFR-K562 target cells with 1.5 � 106

T cells and 1 � 106 target cells in each well. After overnight incuba-
tion, cells were stained with protein L and CD3. The cells were washed
twice with PBS, re-suspended in annexin V binding buffer (BD Bio-
sciences), and incubated with allophycocyanin-conjugated annexin
V (BD Biosciences) and 7AAD (BD Biosciences) for 15 min at
room temp. The cells were immediately analyzed by flow cytometry.
Active Caspase-3 Staining

We incubated 1.5� 106 CAR T cells overnight with 1� 106 NALM-6
or NGFR-K562 cells. Cells were then stained with protein L to detect
CAR+ T cells and stained for CD3. After washing twice, the cells
were fixed and permeabilized with 1 mL of BD Cytofix/Cytoperm
(BD Biosciences) and stained with anti-active caspase-3-PE (BD
Biosciences).

In Vitro Multi-stimulation

PBMC were cultured and transduced as described under T Cell
Culture and Lentiviral Transductions above. On day 7 after T cell
culture initiation (day 7), Hu19-28z and Hu19-CD828z CAR
T cells were suspended in AIM V with no IL-2 and were incubated
at 37�C with irradiated CD19-K562 at a ratio of 1:1 for 3 days. Three
days later, on day 10 of culture, CAR-T cells were counted and
incubated with freshly irradiated CD19-K562 at a 1:1 ratio for another
2 days. On day 12 of overall culture, CAR T cells were stained with the
cell surface markers or were set up for an annexin V assay. The
annexin V assay consisted of an overnight culture with NALM6 or
NGFR-K562 target cells followed by staining with anti-CD3,
protein L, and annexin V staining as described under Annexin
V Staining.

Murine Solid Tumor Experiments

NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) (Jackson Laboratory)
were used. Mice received intradermal injections of 4 � 106 NALM6
cells. The cells were suspended in a solution of 50% PBS and 50%
Matrigel (Corning). Tumors were allowed to grow for 6 days, and
then the mice received intravenous infusions of 8 � 106 human
T cells that were transduced with either LSIN-Hu19-28Z or LSIN-
Hu19-CD828Z. Tumors were measured with calipers every 3 days.
The longest length and the length perpendicular to the longest length
were multiplied to obtain the tumor size (area) in square millimeters.
When the longest length reached 15 mm, mice were sacrificed.
Animal studies were approved by the National Cancer Institute Ani-
mal Care and Use Committee.

Murine Disseminated Leukemia Experiments

Mice were intravenously injected with 2 � 106 NALM6-GL via the
retro-orbital route. After 3 days, mice were infused with 4 � 106

Hu19-28z or Hu19-828z total T cells. Any difference in the percent-
age of CAR expressing T cells between the two CARs was normalized
by adjusting the total number of T cells infused for one group. Biolu-
minescence images of the mice were taken on the day of CAR T cell
infusion and every 4 days thereafter. Imaging was done as follows:
mice were intraperitoneally injected with 15 mg/mL of luciferin
(Goldbio) in 200 mL of PBS. Bioluminescence images were taken
10 min after luciferin injection, while the mice were under anesthesia
with 3% isoflurane. Images were captured using Xenogen IVIS Imag-
ing System with Living Imaging software. Ventral images were
captured at 30 s exposures on a 24 cm field of view and at binning fac-
tor 4. Bioluminescence was quantified through region of interest anal-
ysis over the whole mouse excluding the tail. Bioluminescence signals
were given as photons per second per square centimeter per steradian.
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Flow Cytometry and Statistics

In all flow cytometry experiments, acquisition was performed with
either LSR II or LSRFortessa (both from BD Biosciences) flow cytom-
eters, and analysis was performed with FlowJo (TreeStar). Statistical
analyses were performed with Graph Pad Prism version 6. Cell
cultures were stained during in vitro multi-stimulation experiments
with cell surface markers LAG-3-eFlour450 (eBioscience), PD-
1-BV711 (Biolegend), CD57-FITC, TIM-3-APC, CD25-FITC,
Fas-L-V450, Fas-APC, CD69-FITC, CD45RA-FITC, CCR7-APC,
and CD62L-V450 (BD Biosciences) for flow cytometry analysis
before and after multi-stimulation with target cells in vitro.

Molecular Modeling and Visualization

Structural coordinates for CD28 (PDB: 1YJD) and CD8a (PDB:
1CD8) were obtained from the Protein Data Bank (http://www.
rcsb.org).56 Molecular visualization and figure generation was per-
formed using PyMOL (Schrodinger). Additional residues were
modeled into the CD28 structure on the basis of sequence and struc-
tural alignment with a CTLA-4 structure (PDB: 3BX7). Additional
energy minimization was performed with Molecular Operating Envi-
ronment (MOE) version 2013.08 (Chemical Computing Group).
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