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Chimeric antigen receptor (CAR)-redirected T lymphocytes
are a promising immunotherapeutic approach and object of
pre-clinical evaluation for the treatment of acute myeloid leu-
kemia (AML). We developed a CAR against CD123, overex-
pressed on AML blasts and leukemic stem cells. However,
potential recognition of low CD123-positive healthy tissues,
through the on-target, off-tumor effect, limits safe clinical
employment of CAR-redirected T cells. Therefore, we evaluated
the effect of context-dependent variables capable ofmodulating
CAR T cell functional profiles, such as CAR binding affinity,
CAR expression, and target antigen density. Computational
structural biology tools allowed for the design of rational mu-
tations in the anti-CD123 CAR antigen binding domain that
altered CAR expression and CAR binding affinity without
affecting the overall CAR design. We defined both lytic and
activation antigen thresholds, with early cytotoxic activity un-
affected by either CAR expression or CAR affinity tuning but
later effector functions impaired by lowCAR expression.More-
over, the anti-CD123 CAR safety profile was confirmed by
lowering CAR binding affinity, corroborating CD123 is a
good therapeutic target antigen. Overall, full dissection of these
variables offers suitable anti-CD123 CAR design optimization
for the treatment of AML.
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INTRODUCTION
Adoptive cellular immunotherapy (ACT) employing T lymphocytes
engineered with chimeric antigen receptors (CARs) has demonstrated
impressive antitumor effects in relapsed or refractory patients affected
by B cell neoplasms,1–4 providing ACT with the possibility of being
translated to other aggressive hematological malignancies, such as
acute myeloid leukemia (AML), which is still associated with high
relapse rates.5 CARs are artificial molecules comprising an extracel-
lular antigen binding domain, usually derived from a monoclonal
antibody (mAb) in the form of a single-chain fragment variable
(scFv) and an intracellular signaling moiety, such as the CD3-z com-
plex, together with one or more co-stimulatory signaling modules.6–8

CAR T cell technology is an extremely sensitive approach, because
the minimum number of surface target molecules that can be recog-
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nized is markedly low compared to the mAb from which the same
CAR has been derived due to avidity effects arising from the pres-
ence of multiple CARs on the same T cell.9 Therefore, the target
antigen choice for CAR-based therapies should be carefully evalu-
ated, because drawbacks have emerged in the clinical translation
of CARs. Serious side effects led in the worst cases to the death
of the treated patients because of CAR-mediated recognition of
low expressed tumor-associated antigens (TAAs) on normal tissues,
a problem known as “on target, off tumor.”10,11 Thus, strategies
aimed at ameliorating the CAR-based approach should focus on
an off-tumor target antigen expression at very low levels or be
limited to healthy tissues whose depletion could be well tolerated
by the organism without causing major morbidity (i.e., CD19 target-
ing in B cell malignancies).

In the context of AML, the disease heterogeneity and similarities
between hematopoietic stem cells (HSCs) and leukemia stem cells
(LSCs) make the identification of a good target antigen a challenging
aspect. In this scenario, our attention has been focused on the inter-
leukin-3 receptor alpha (IL-3RA; CD123), which is a poor-prognosis
overexpressed marker on AML blasts and LSCs.12 An anti-CD123
CAR previously generated by our group was able to eradicate AML
blasts in vitro and in vivo, showing a safer profile toward normal
hematopoietic stem or progenitor cells (HSPCs) compared to anti-
CD33 CAR.13,14 However, a moderate in vitro toxicity was observed
toward CD123-low-expressing endothelium and monocytes, suggest-
ing a higher caution level for future clinical translation to avoid poten-
tial on-target, off-tumor effects.
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Although the exact structural and signaling features for an ideal CAR
design are still undefined, it has been demonstrated in several tumor
models that it is possible to affect the functional activity of engineered
T cells by tuning the CAR-TAA binding properties.15–18 However,
further investigation of CAR binding affinity in a more context-
dependent manner is warranted given the differences in each patho-
logical situation in terms of percentage and density of antigen-posi-
tive cells, antigen localization, accessibility of the targeted epitope,
and CAR design. In a model of anti-CD20 CAR, both a lytic and an
activation threshold have been defined as the number of cell surface
antigens required to produce full cytotoxic activity and activation
or expansion of CAR+ T cells, respectively.9 Therefore, we aimed to
unravel how the interplay among CAR affinity, antigen density, and
CAR expression could affect anti-CD123 CAR-redirected effector
cell efficacy and safety profiles.

We generated and tested anti-CD123 lower-affinity CAR mutants
by single-residue substitution on the wild-type (WT) CAR scFv.
In this way, the affinity should be the only variable in the system
while the same epitope binding site and the overall features within
the CAR structure are maintained. Mutation of these residues re-
sulted in lower-affinity antibodies, with Koff (off-rate constant) iden-
tical to the original molecule but a slower Kon (on-rate constant).
This is expected to decrease CAR sensitivity toward low antigen
concentrations, as it does in off-tumor organs with low target anti-
gen expression, thus favoring the recognition of overexpressing tu-
mor cells.

The CAR-redirected effector T cell population has been represented
by cytokine-induced killer (CIK) cells, an ex vivo, easily expandable
population that is greatly heterogeneous, displaying natural killer-
like properties and showing powerful cytolytic activity against both
solid and hematological tumors with no graft versus host disease in
the allogeneic clinical setting.18–20 We show that the CAR expression
profile can strongly influence CAR-CIK cell effector functions, partic-
ularly their later properties, such as proliferation and cytokine pro-
duction. In addition, our set of anti-CD123 CAR affinity mutants
(CAMs) allowed us to define in vitro antigen-specific lytic and activa-
tion functional thresholds, influenced by CAR binding kinetics.

RESULTS
Structure-Based Design of CAR Mutants with Lower Affinity for

the CD123 Antigen

To explore the role of the sole CAR binding affinity, we used a com-
bination of computational tools and structural analysis to design mu-
tants of the anti-CD123 antibody that would (1) equally recognize the
same epitope within the CD123 antigen and (2) have reduced binding
affinity due to slower association rates. We first obtained an atomic
model of the 7G3 antibody (previously used to design our anti-
CD123 CAR)13 and of its complex with the CD123 target antigen
by computational simulations, validated by available experimental in-
formation regarding the antibody binding site.21,22 Computational
and visual analysis allowed us to identify single antibody residues
in the antigen binding loops that, once mutated, could decrease, but
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not abrogate, the antibody binding. We then produced the mutated
antibodies as scFv versions and measured their binding properties
for the CD123 antigen with surface plasmon resonance (SPR).

In addition to the WT antibody, four mutants named CAMs (CAR
affinity mutants) were selected and incorporated in a CAR to engineer
CIK cells for biological characterization. Two antibody mutants had
an affinity approximately 10- and 100-fold weaker than the WT anti-
body (KD: 3 � 10�9 M for WT, 3 � 10�7 M for CAM-L [CAM low
affinity], and 3 � 10�8 M for CAM-M [CAM medium affinity]).
Two further mutants with binding properties similar to theWTmole-
cule were generated as controls (1� 10�9M for CAM-H1 [CAMhigh
affinity mutant 1] and 2 � 10�9 M for CAM-H2 [CAM high affinity
mutant 2]). All mutants had Koff rates similar to the WT molecule
but different Kon rates (Kon: 1 � 105 M�1s�1 for WT, 8 �
102 M�1s�1 for CAM-L, and 4 � 104 M�1s�1 for CAM-M; Koff: 2 �
10�4 s�1 for WT, 2 � 10�4 s�1 for CAM-L, and 9 � 10�4 s�1 for
CAM-M) (Figure 1). The mutations did not alter the binding site
and cross-competed with the WT (data not shown).

Reduced CAR Expression Impairs the Anti-CD123 CAR-CIK

Cell’s Later Efficacy Profile

The typical CIK cell phenotype was minimally affected by CAR
engineering for all tested conditions (WT CAR and CAMs), being
comparable to the unmanipulated NO DNA control (Figure S1).
The percentage of CAR expression at the end of culture accounted
for 61% ± 13%, for WT CAR, 62% ± 14% for CAM-H1, and 20% ±

6% for CAM-H2 (Figure 2A). We also observed a reduction of
CAM-H2 mean fluorescence intensity (MFI) in comparison to the
other constructs (Figure 2B).

Cytotoxic activity, cytokine production, and proliferation ability of
CAR-redirected CIK cells against two cell targets were evaluated:
THP-1 (AML cell line, CD123-positive control) and MHH-CALL-4
(B-cell acute lymphoblastic leukemia [B-ALL] cell line, CD123-nega-
tive control). We applied a variant to the canonical cytotoxic assay
by performing a double-target challenge through co-culture of both
target cell lines, together with CAR-redirected CIK cells. This allowed
evaluation of their ability to specifically recognize the CD123+ AML
cells in the presence of a second, unintended target (negative control
or low antigen-positive target cells).

CAR-engineered CIK cell lytic activity against the MHH-CALL-4-
negative control was comparable to NODNA, indicating that the mu-
tations introduced did not render them unspecifically active against
a CD123-negative target. Furthermore, CAR-engineered CIK cells
showed similar and higher killing ability against the THP-1-positive
target, compared to NO DNA, despite the markedly reduced expres-
sion of CAM-H2 (Figure 2C). By contrast, upon stimulation with
THP-1 target cells, the CAM-H2-CIK cell variant proliferated less
than the others, with levels comparable to the NO DNA control (Fig-
ure 2D). This suggests that the low expression of CAM-H2, and not
the affinity for its target, has a strong impact on later effector func-
tions (Figure 2D).



Figure 1. Three-Dimensional Model of the Anti-

CD123/CD123 Complex and SPR Binding Analysis

(Top) Cartoon visualization of CD123 domain 1 (blue, with

the region important for anti-CD123 binding in cyan) and

anti-CD123 antibody (heavy and light chain in dark and

light gray, respectively). Single mutations, shown as

stick, were introduced in the antigen binding loops

to affect CAR affinity. (Bottom) SPR sensogram showing

the binding of immobilized WT single-chain antibody,

CAM-L, and CAM-M to CD123. Raw data are shown in

gray, whereas the fit used to calculate the binding

properties is in color, with gradation indicating different

concentrations. Association, dissociation, and binding

affinity are shown.
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CAR-redirected CIK cells were also able to produce cytokines,
such as interleukin-2 (IL-2) and interferon gamma (IFN-g), in
response to the THP-1 cell line, and not to MHH-CALL-4. How-
ever, CAM-H2-CIK cells stimulated with the THP-1 target pro-
duced statistically significant lower levels of IFN-g and IL-2 in
comparison to WT- and CAM-H1-redirected CIK cells (Figures
2E and 2F). These results suggest that, at comparable binding af-
finities (CAM-H1 and CAM-H2), an optimal CAR expression is
required for later effector functions, such as proliferation and cyto-
kine production, in contrast to the more immediate cytotoxic
activity.

CAR Expression Affects the Anti-CD123 CAR-CIK Cell’s Later

Efficacy Compared to CAR Affinity

To characterize the biological effects of the affinity tuning on
CAR-CIK cell functional properties, we focused on CAM-L and
CAM-M mutants with binding affinity approximately 100- and
10-fold weaker than the WT (KD: 3 � 10�9 M for WT,
3 � 10�8 for CAM-M, and 3 � 10�7 for CAM-L). Both the genetic
Mo
manipulation and the affinity tuning minimally
affected the phenotype of engineered CIK cells,
being comparable to the NO DNA control (Fig-
ure S2). WT CAR, CAM-H1, and CAM-L had
similar expression profiles, whereas both CAR
expression and MFI values appeared lower for
CAM-M (CAM-M = 41% ± 7%; WT CAR =
70% ± 5%; CAM-H1 = 74% ± 5%; CAM-L =
62% ± 5%) (Figures 3A and 3B).

The double-target challenge cytotoxic assay
showed that CIK cells engineered with the
lower-affinity CAM-M and CAM-L receptors
maintained significant killing activity for highly
CD123+ cells in comparison to NO DNA. All
tested CAM-CIK cells showed comparable killing
capacity against primary AML cells and no activ-
ity toward the co-cultured healthy bone marrow
cells (Figure 3C). Similarly, the highly CD123-
positive THP-1 cells were lysed by the engineered
CIK cells, whereas the co-cultured CD123-negative MHH-CALL-4
cells were not.

The proliferation assay confirmed CAM-L- and CAM-M-redirected
CIK cell specificity and ability to respond to the high CD123+ target
compared to the negative control. If CAM-L had a response compa-
rable to WT- and CAM-H1-CIK cells, proliferation induced by
CAM-M was lower. This highlights that CAR expression profile is
more relevant than affinity in determining later effector functions
(Figure 3D). CAM-L expression appeared sufficiently adequate to
grant redirected CIK cells a proliferative advantage with respect to
CAM-M and CAM-H2, even if its binding affinity is one and two
orders of magnitude lower, respectively.

The cytokine production profile after stimulation with CD123+ target
cells further showed that CAM-M-CIK cells, like CAM-H2, produced
significantly less IFN-g and IL-2 than the other constructs (Figures 3E
and 3F). Cytokine production was more abundant in the presence of
CAM-L, strengthening the more prominent role of CAR expression
lecular Therapy Vol. 25 No 8 August 2017 1935
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Figure 2. Later Effector Functions, and Not Early

Cytotoxic Profile, Are Impaired in CAR-CIK Cells

Displaying Identical Binding Affinity but Reduced

Expression

(A and B) CAR expression (A) and MFI values (B) at day 21

of anti-CD123 CAR-CIK cells and NO DNA control.

Data represented are the result of mean ± SEM. (A) n = 6

(**p < 0.01; one-way ANOVA, Bonferroni test); (B) n = 9

(**p < 0.01; ***p < 0.001; one-way ANOVA, Dunn’s multiple

comparison test). (C–F) Short-term AnnV-7AAD assay by

means of the cytotoxic double-target challenge at an

effector-target (E:T) ratio of 5:1 after a 4 hr co-culture with

both THP-1 and MHH-CALL-4 cell lines (C). Long-term

proliferation assay after a 72 hr co-culture of the effector

cells with THP-1 and MHH-CALL-4 cell lines (D). Intracel-

lular cytokine staining of IFN-g (E) and IL-2 (F) after a 5 hr

co-culture between effector cells and both THP-1 and

MHH-CALL-4 targets. Data represented are the result of

mean ± SEM. n = 4 (***p < 0.001; two-way ANOVA, Bon-

ferroni test).
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over target affinity for later cellular functions. All these assays
confirmed that CAM-L is equally effective in redirecting CIK cells
as WT CAR and CAM-H1, despite having a 100-fold lower binding
affinity for its target antigen.

We also measured the killing of CD123-positive cells over time in a
long-term cytotoxic assay for 1 week (Figure S3A). CAM-L-, WT
CAR-, and CAM-H1-CIK cells were all found to be effective in killing
THP-1 cells, while sparing CD123-negative MHH-CALL-4 cells, in
comparison to NODNA. Altogether, the preceding observations indi-
cate that a 10�7M binding affinity for the target antigen is sufficient to
ensure significant and robust functional responses in vitro against high
CD123+ leukemic conditions in both THP-1 and primary AML cells.

Lowering CAR Binding Affinity Confirms CD123 as a Safe Target

Antigen for CAR-CIK Cell Approach

With the aim of studying the role played by CAR binding affinity
in the recognition of cells with lower CD123 expression, we investi-
gated the functional effects of CAM-L-CIK cells on cell lines with a
progressive CD123 expression and density (Figure S4). We chose
THP-1 (97% of CD123+ cells, with 7,435 ± 1,986 CD123 molecules/
cell) and KG-1 (81% of CD123+ cells, with 4,550 ± 559 CD123 mol-
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ecules/cell) AML cell lines as high CD123+

target cells. The AML U937 cell line and healthy
telomerase immortalized human microvascular
endothelium (TIME) cells were representative
of CD123 low-expressing cells, with a CD123
expression of 13% for U937 and 9% for TIME
and comparable numbers of CD123 surface mol-
ecules (U937 = 1,603 ± 215; TIME = 1,688 ± 328).

As before, we confirmed both the efficacy and
the specificity of CAR-CIK cells when co-cultured
with CD123+ THP-1 and CD123�MHH-CALL-4
(Figure 4A). Co-culture of the THP-1 cell line with low CD123-
positive conditions showed preferential killing of THP-1 cells (Figures
4B and 4C), highlighting that the presence of a second target,
low CD123+, does not inhibit the killing of a first intended highly
CD123+ target. Although CAM-L-CIK cells were as effective as
WT- and CAM-H1-CIK cells in killing highly CD123+ cells, they
showed a trend of lower killing activity in comparison to the other
constructs when challenged with low CD123+ cells (Figure 4D).

To characterize the safety profile of CAM-L-CIK cells against the
TIME healthy tissue, we also performed a 72 hr long-term cytotox-
icity assay (Figure S3B). Results supported the observation that
CAM-L-CIK cells had cytotoxic effects against THP-1 cells, but not
against the MHH-CALL-4-negative control or the TIME endothelial
cells. This strengthens the idea that a mutant with 10�7 M affinity,
100-fold lower than the WT, is able to retain an optimal effector pro-
file, carrying a safe profile against the healthy tissue.

Furthermore, because the killing activity exerted by CAR-CIK cells
against the low CD123+ cells was higher than the negative control,
but significantly lower compared to the high CD123+ leukemic target,
it appeared that the presence of approximately 1,600 CD123



Figure 3. Reduced CAR Binding Affinity Does Not

Affect CIK Cell Cytotoxic Functions in Response to

Highly CD123+ Target Cells

(A and B) CAR expression (A) and MFI values (B) at day 21

of anti-CD123 CAR-CIK cells and NO DNA control. Data

represented are the result of mean ± SEM. (A) WT CAR,

CAM-H1, and CAM-L: n = 18; CAM-3: n = 7; (B) n = 7 (one-

way ANOVA, Bonferroni test). (C–F) AnnV-7AAD assay

through double-target challenge after 4 hr co-culture with

both THP-1 and MHH-CALL-4 cell lines and primary AML

and healthy bone marrow samples (C). E:T ratio 5:1, n = 4.

Long-term proliferation assay after the co-culture of the

effector cells with THP-1 and MHH-CALL-4 cell lines for

72 hr (D). Intracellular cytokine staining of IFN-g (E) and

IL-2 (F) after 5 hr co-culture between effector cells and

THP-1, MHH-CALL-4 targets, primary AML, and healthy

BM samples. Data represented are the result of mean ±

SEM. WT CAR, CAM-H1, and CAM-L: n = 7; CAM-M: n = 4

(*p < 0.05, ***p < 0.001; two-way ANOVA, Bonferroni test).
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molecules/cell is sufficient to induce the activation of the lytic cell ma-
chinery by CAR-redirected CIK cells, in line with the presence of a
lytic threshold suggested by other literature.9

By contrast, no proliferation activity was detected against the low
CD123+ cells (Figure 5A), while there was a strong and equal prolif-
erative response obtained against the high CD123+ targets for all
CARs studied. According to these findings,�1,600 CD123 molecules
are sufficient to trigger the lytic activity, but not to induce the prolif-
eration of CAR-redirected CIK cells.

Concerning the cytokine production, CAR-CIK cell sensitivity to
the targets appeared to be clearly influenced by their CD123 positiv-
ity. A hierarchical cytokine production, from the highly CD123+

THP-1 cells to the lower and lowest CD123 levels of KG-1 and
U937 cells, was found. This was particularly evident in the case of
IFN-g and IL-2 production. Instead, a significant amount of tumor
necrosis factor alpha (TNF-a) and interleukin-6 (IL-6) was only pro-
duced in the presence of THP-1 cells (Figure 5). No activation was
Mo
induced against the CD123-negative control and
the healthy tissue by all CAR-CIK cells tested
and for all cytokines analyzed.

Moreover, with the aim of evaluating the
response of anti-CD123 CAR-redirected CIK
cells against the endothelium in a more physio-
logical context, we set up a co-culture of Matri-
gel-embedded endothelial cells and CIK cells.
Endothelial TIME cells are known to undergo
tubule formation when cultured on Matrigel.23

Thus, the impact on vessel formation induced
by unmodified and CAR-redirected CIK cells
was monitored after 4 hr co-culture. Branching
points were counted to have a measure of the po-
tential impairment on endothelial network stability and spreading.
The same and limited impairment of vessel formation was observed,
with no differences encountered between NO DNA and CAR-redir-
ected CIK cells (Figures 6A and 6B). Therefore, in this model of
endothelial vessel formation, anti-CD123 CAR CIK cells were not
activated more than the unmanipulated counterpart, independently
of CAR binding affinity.

Later Effector Functions, and Not Early Cytotoxic Activity, Are

Proportional to CAR Downmodulation

After antigen engagement by T cells with canonical T cell receptors
(TCRs), a serial triggering process leads to the internalization of sur-
face TCR molecules until the activation threshold is overcome. This
process is due to the low affinity of TCRs, which can be sequentially
engaged and thus serially downmodulated. According to this model,
the signaling strength is proportional to the rate of receptor internal-
ization and thus to the potency of T cell activation.24–28 Similarly,
CAR+ T cell activation can be described as a specific case of TCR-an-
tigen engagement in which serial CAR triggering is abrogated due to
lecular Therapy Vol. 25 No 8 August 2017 1937
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Figure 4. Short-Term Cytotoxic Double-Target

Challenge

AnnV-7AAD assay, E:T ratio 5:1, (A) THP-1/MHH-CALL-4

(n = 5; CAM-H1: n = 4), (B) THP-1/U937 (n = 5; CAM-H1:

n = 4), (C) THP-1/TIME (n = 6), (D) U937/MHH-CALL-4

(n = 5; CAM-H1: n = 4), and (E) TIME/MHH-CALL-4 (n = 6)

double-target combinations. Data represented are the

result of mean ± SEM (*p < 0.05; **p < 0.01; ***p < 0.001;

two-way ANOVA, Bonferroni test).
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the high affinity of CARs compared to TCRs.29 Therefore, to better
understand the mechanisms at the basis of the lower CIK cell
functional later responses encountered with both CAM-M and
CAM-H2 receptors, we analyzed the CAR downmodulation in rela-
tion to both later cellular responses and lytic activity.

The amount of CAR downmodulation was found to be indepen-
dent of binding affinity for the target antigen. CAM-L, for instance,
had the same amount of downmodulation as WT CAR and
CAM-H1, despite a 100-fold lower binding affinity. By contrast,
the lower-expressing CAMs, CAM-M and CAM-H2, had progres-
sively lower amounts of downmodulation and lower IFN-g pro-
duction while having higher affinity than CAM-L (Figures 7A
and 7B).

By plotting the percentage of the killing activity detected against
THP-1 cells as a function of CAR downmodulation, we found no
apparent relation between the cytotoxic activity on highly CD123-
positive THP-1 cell lines and the amount of CAR downmodulation.
The killing response of CAM-M- and CAM-H2-CIK cells was similar
1938 Molecular Therapy Vol. 25 No 8 August 2017
to that of the other CARs, even with a lower CAR
downmodulation pattern (Figure 7C).

The amount of CAR downmodulation was
found to be related to CD123 antigen density
(Figure 7D), accounting for a different strength
of CAR+ T cell activation and thus func-
tional related responses (Figures 5 and 7D).
Increasing numbers of CD123 molecules per
cell lead to a larger amount of CAR downmo-
dulation, resulting in escalating CAR+ T cell
activation. The results are comparable among
WT CAR, CAM-H1, and CAM-L and thus
independent of binding affinity, reflecting the
hierarchical trend previously observed with
cytokine production.

DISCUSSION
In search for a CAR-mediated targeting optimiza-
tion, we investigated the effect of three of
the main variables affecting CAR T cell activity:
(1) CAR binding affinity for the target antigen, re-
ported to modulate CAR T cell effector func-
tions;15–18 (2) CAR T cell expression levels; and (3) target antigen
density.

Anti-CD123 CAMs were rationally designed on the basis of compu-
tational and structural investigation of CD123 antigen-anti-CD123
antibody interaction to produce antibody mutants with slower asso-
ciation rate in comparison to the WT. Experimental SPR analysis
confirmed that two anti-CD123 mutants had 100-fold (CAM-L)
and 10-fold (CAM-M) lower affinity in comparison to the WT.
Introduction of single amino acid substitutions in the antigen bind-
ing loops allows evaluating the real effect of CAR affinity tuning
without simply comparing antibodies targeting different binding
epitopes.

Altogether, computational simulations allowed rapid and inexpensive
design of a limited set of mutants, bypassing the need to generate and
screen large number of mutations in randomized sequence searches.
This integrated approach connects the biochemical aspects of in silico
selection of antibody mutants with the biological relevance given by
their subsequent experimental validation.



Figure 5. Target Antigen Density, and Not CAR

Binding Affinity, Affects Later Effector Functions

(A) Long-term proliferation assay after the co-culture of the

effector cells with the indicated cell lines for 72 hr. (B–E)

Intracellular cytokine staining of IFN-g (B), TNF-a (C), IL-2

(D), and IL-6 (E). Effector cells were co-cultured for 5 hr with

THP-1, KG-1, U937, TIME, andMHH-CALL-4 targets. Data

represented are the result of mean ± SEM. n = 12 (ALONE

condition); n = 9 (THP-1, U937, and TIME experimental cell

conditions); n = 3 for all CARs tested against the KG-1 cell

line (*p < 0.05; **p < 0.01; ***p < 0.001; two-way ANOVA,

Bonferroni test).
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We found that all CAMs were specific for CD123+ AML cells,
including AML primary samples. Unlike other published con-
texts,15,16,18,30 even the weaker binders CAM-L and CAM-M
showed enhanced redirected-CIK cell effector properties. How-
ever, CAM-H2 and CAM-M had lower CAR expression and
MFI, which strongly affected the later functional cell proper-
ties, independently of CAR binding affinity. CAM-M-CIK cells
showed lower proliferation and cytokine production than CAM-
L-CIK cells, despite a 10-fold higher binding affinity. At the
same time, the low CAM-M- and CAM-H2-CAR expression pro-
file was not a limiting factor in determining a powerful cytotoxic
activity against a highly CD123+ leukemic target, similar to WT.
These results are in sharp contrast with previous findings suggest-
ing the presence of a functional balance between TAA den-
sities and CAR expression profiles. Accordingly, a lower CAR
density was equally able to induce both target cell lysis and pro-
duction of pro-inflammatory cytokines against a high TAA+ target
cell.31
Mo
In our model, a CAR expression ceiling of �40%
CAR+ cells, together with lower CARMFI values,
was observed. Below this threshold, no satisfac-
tory cell activation was detected, even in the
presence of high CAR affinity and high TAA den-
sity, leading to decreased later cellular effector
functions.

We then investigated the effect of CAR binding
affinity and target antigen density on the efficacy
and safety profiles of CAR-redirected CIK cells.
No reduction of cytotoxic activity against a first
intended target (THP-1), highly CD123+, in the
presence of a second unintended target (U937-
AML or TIME-endothelium), low CD123+, was
detected. This is in contrast to what observed in
an anti-CD20 CAR model described by James
et al.29

A value of approximately 1,600 CD123 mole-
cules/cell (in U937 and TIME) was found suffi-
cient to produce a detectable lytic activity, albeit
significantly lower than the response to highly CD123+ THP-1 cells.
Watanabe et al. described this feature as the CAR lytic threshold.9

The double-target challenge cytotoxic assay, which is to our knowl-
edge the first attempt in challenging CART cells withmultiple targets,
allowed us to better assess this threshold.

Moreover, CAM-L-CIK cells were as able to kill THP-1 cells as WT
CAR- and CAM-H1-CIK cells, despite having a 100-fold lower bind-
ing affinity. Therefore, binding affinity above 10�7 M is sufficient
to achieve a satisfactory CAR T cell lytic activation. In contrast,
CAM-L showed a trend of inferior killing levels in comparison to
CAM-H1- and WT CAR-redirected cells, against the low CD123+

U937 and TIME cells, pointing out that 10�7 M binding affinity could
offer a better safety profile.

In a model of anti-ErbB2 targeting, Chmielewski et al. identified an
affinity ceiling of 10�8 M, below which there is no additional
improvement of receptor-mediated cellular activation.16 However,
lecular Therapy Vol. 25 No 8 August 2017 1939
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Figure 6. TIME Cell Vessels Are Not Hampered by CAR-CIK Cells

(A) Representative 5� and 10�magnifications of TIME cell vessels after a 4 hr culture onMatrigel (TIME cells alone) or with NODNA andCAR-CIK cells (WTCAR andCAM-L),

respectively. (B) Analysis of TIME cell branching point number, alone or after a 4 hr co-culture with unmanipulated andCAR-CIK cells, as ameasure of TIME cell tissue integrity

and vessel spreading. Data represented are the result of mean ± SEM. n = 3 (***p < 0.001; one-way ANOVA, Bonferroni test).
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differences in CAR affinities arose from the dissociation rate. In our
case, by contrast, the lower affinity depends on the association rate.
This could allow a long-lasting interaction between CAR and antigen,
which might be important to induce potent CAR-CIK cell later
effector functions.

Furthermore, we found later T cell effector properties being affected
by target antigen density. An antigen escalation seems to govern
CAR-CIK cell-dependent cytokine production, particularly concern-
ing IFN-g and IL-2. In contrast, CAR-CIK cell proliferative capability
was no longer sensitive to an antigen density above �5,000 antigen
molecules/cell. We observed that the triggering of cytokine produc-
tion and T cell proliferation depends on different antigen thresholds,
whose definition is of fundamental importance to propose proper and
specific target antigens in any CAR-based adoptive cell immuno-
therapy approach.

Caruso et al. proposed the possibility of limiting the recogni-
tion of healthy tissues by lowering anti-epidermal growth factor
receptor (EGFR) CAR binding affinity. However, similar later
1940 Molecular Therapy Vol. 25 No 8 August 2017
effector functions by low-affinity CARs were detected against the
low EGFR+ healthy tissue (�15,000 molecules/cell) and the U87
tumor cell line (engineered with �30,000 antigens/cell). Thus,
the lytic and activation thresholds might have been exceeded,30

limiting the proper interpretation of a potential on-target, off-tu-
mor effect.

Anti-CD123 CAR-CIK cells could recognize healthy targets, such as
HSPCs, monocytes, and endothelium, reaching the antigen activa-
tion thresholds. In a previous publication, we employed colony as-
says and in vivo secondary transplantation experiments to demon-
strate that anti-CD123 WT CAR was able to spare the different
CD34 subpopulations at levels similar to the unmanipulated CIK
cells and was safer than an anti-CD33 CAR.13,14 In the present
work, we performed cytotoxic assays against healthy bone marrow
(BM) cells and observed that the CAM mutants had the same low
toxicity as the previously characterized anti-CD123 WT CAR
(Figure 3C), strongly suggesting that we are in a safe window in
regards to the potential on-target, off-tumor effect against the
normal hematopoietic compartment. Therefore, we investigated



Figure 7. CAR Downmodulation in CAR-CIK Cells

(A and B) Percentage of CAR-CIK cell downmodulation

(A) and percentage of IFN-g production by CAR-CIK cells

(B) in response to THP-1 cells. (A) WT CAR, CAM-H1,

and CAM-L: n = 11; CAM-M: n = 9; CAM-H2: n = 7

(*p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA,

Bonferroni test). (B) WT CAR, CAM-H1, and CAM-L:

n = 11; CAM-H2 and CAM-M: n = 4. (C) Plot of CAR

downmodulation as a function of killing activity against

both THP-1 and MHH-CALL-4 targets. (D) CAR-CIK

cell downmodulation as a function of target antigen

density. Data represented are the result of mean ± SEM,

n = 11 for the stimulation with MHH-CALL-4, TIME,

U937, and THP-1 cell lines; n = 7 for the stimulation with

KG-1 cells.
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CAR affinity-tuned targeting of low CD123+ endothelium by co-
culturing differentiated endothelial cells and CIK cells on Matrigel.
The antigen presentation within the fully differentiated endothelial
network has been shown to be different from monolayer plating
on plastic wells.23 Same and limited impairment of vessel formation
was found, with no differences between NO DNA and CAR-CIK
cells, suggesting lower CD123 antigen detection in this more phys-
iological context. The lack of homology of human and mouse
CD123 molecules represents the major limitation for performing
in vivo experiments on safety profile evaluation. Gene-editing ap-
proaches might deserve further consideration to generate a human-
ized mouse model to confirm the safety profile of our CD123 CAR
mutants against the endothelial tissue and are under evaluation for
future studies.

TCR downmodulation was reported to be proportional to antigen-
TCR binding strength and thus to T cell activation.24–28 Similarly,
CAR-antigen engagement can trigger CAR internalization at a spe-
cific rate, leading to reduced CAR availability on the engineered
T cell surface.29,30 We noted that CAR affinity has no impact on
CAR downmodulation when CAR-CIK cells are challenged with
highly antigen-positive THP-1 cells. The lytic activity is not related
to CAR downmodulation, because equal killing activity was detected
for mutants with different downmodulation levels. Instead, mutants
with higher downmodulation appeared to have increased IFN-g
production, strengthening the idea that downmodulation is mainly
responsible for later effector functions rather than early lytic
activity.
Mo
Finally, there was a clear correlation between
antigen density and amount of CAR downmodu-
lation, suggesting that the number of CARs
internalized (downmodulation) depends on the
number of interactions with antigen molecules.
According to this functional profile, there would
be a threshold of CAR downmodulation able to
trigger the cytotoxic activity of CAR T cells. Inter-
nalization of CARs above such threshold would
represent accessory signaling events that can be required to sustain
different and later effector functions.

In conclusion, low CAR expression levels resulted in impaired CAR-
CIK cell activity, especially regarding later functions. This seems to arise
from decreased CAR internalization or downmodulation levels upon
antigen binding, which has no impact on early lytic activity but leads
to decreased cytokine production. As a consequence, when designing
a newCARwithin the specific tumor context, efforts should be directed
toward the screening of optimal CAR expression profiles, and not
exclusively toward the hunt for a high-affinity antibody-derived CAR.
CIK cells redirected with the lowest-affinity mutant showed a trend
of decreased killing of low CD123+ targets and were as active as high-
affinity CAR-CIK cells against highly antigen-positive cells. In conclu-
sion, a combination of computational structural biology and cellular as-
says allowed us to characterize the role and interplay of CAR binding
affinity and CAR expression in the efficacy and safety profiles of anti-
CD123CAR-redirectedCIK cells towardAMLcells and healthy tissues,
expressing different target antigen levels. Overall, the pre-clinical iden-
tification of a proper balance between efficacy and safety of CAR
therapy will help the improvement of the therapeutic index of such
innovative treatments, particularly when dealing with highly aggressive
malignancies not responsive to available standard treatments.

MATERIALS AND METHODS
Cell Lines and AML Primary Cells

THP-1, U937, KG-1 (AML cell lines), MHH-CALL-4 (B-ALL cell
line), andTIME (ATCCCRL-4025, dermalmicro-vascular endothelial
lecular Therapy Vol. 25 No 8 August 2017 1941
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cell line) have been obtained from the American Type Culture Collec-
tion (ATCC). The THP-1, U937, and KG-1 cell lines were maintained
in culture with Advanced RPMI medium (Invitrogen) supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-gluta-
mine, 25 IU/mL of penicillin and 25 mg/mL of streptomycin (Lonza).
The MHH-CALL-4 cell line was maintained in culture with 20% FBS
Advanced RPMI complete medium. The TIME cell line was main-
tained in culture with Vascular Cell Basal Medium (ATCC), supple-
mented with the Microvascular Endothelial Cell Growth Kit-VEGF,
containing several purified human recombinant (rh) growth factors
(rh_VEGF [vascular endothelial growth factor], rh_EGF [epidermal
growth factor], rh_FGF [fibroblast growth factor] basic, and rh
IGF-1 [insulin growth factor 1]) and combined with 10 mM L-gluta-
mine, 0.75 U/mL of heparin sulfate, 1 mg/mL of hydrocortisone hemi-
succinate, 5% FBS, and 50 mg/mL of ascorbic acid (ATCC).

Bone marrow and peripheral blood cells were collected from non-
leukemic controls and children with AML at diagnosis. The Institu-
tional Review Board approved this study, and informed consent
was obtained from patients or their guardians.

Protein Modeling of Anti-CD123 and CD123

Structural analysis of anti-CD123 antibody in complex with its
antigen was performed using a computational approach. CD123
experimental structure is available at PDB: 4JZJ, while anti-CD123
antibody was obtained using RosettaAntibody software. The tem-
plates are coded as follows (sequence identity is indicated in parenthe-
ses)—PDB: 1MVU for the light-chain framework (96.77%), PDB:
1MJ8 for the heavy-chain framework (91%); PDB: 1MVU for L1
(100%) and for L3 (88.89%), PDB: 1Q9R for L2 (100%), PDB: 1EGJ
for H1 (100%) and for H2 (82.35%), and PDB: 12E8 for H3 (same
length, no identity). The best 10 of 2,100 antibody models were
selected because of their RosettaAntibody algorithm score.

Computational Modeling of Anti-CD123-CD123 Complex

Complex models were predicted using Rosetta Docking 2.3, a compu-
tational docking software. The starting structures were visually ori-
ented with the antibody (Ab) complementarity-determining region
(CDR) loops facing the N-terminal part of the CD123 protein,
because it is known that domain 1 of CD123 is fundamental for
anti-CD123 binding,32 and then separated by 25 Å. Docking runs
of ten antibody models with its antigen were conducted as previously
described.33 Best models of each simulation, selected because of their
energetic score and by visual analysis after discarding complexes with
an interface far from the first 30 residues of N-terminal CD123, were
then subjected to clustering and contact map analysis. This allowed us
to select residues showing interaction in several models likely to be
important in mediating binding.

Antigen, Antibody, and Variant Protein Production

The human CD123 domain 1+2 nucleotide sequence was cloned in
frame into pET21a plasmid and expressed using the E. coli system
(Rosetta DE2 cells). Single-clone cells were grown in Luria-Bertani
broth ampicillin+cyclohexylammonium salt+ (LB AMP+CHA+) me-
1942 Molecular Therapy Vol. 25 No 8 August 2017
dia until 0.6 optical density (OD) and then induced with 1 mM iso-
propil-b-D-1-tiogalattopiranoside (IPTG) and harvested after 3 hr.
CD123 domain 1+2 was found in the insoluble fraction, so the protein
pellet was washed and solubilized using mild-denaturing buffer
(100 mM Tris [pH 12.5], 2 M urea, 5 mM b-mercaptoethanol
[B-ME]). Protein was loaded into an anion exchange column (HiPrep
Q FF 16/10, GE Healthcare) pre-equilibrated with solubilization
buffer and eluted with NaCl gradient, starting from 0 to 1M. Fractions
containing CD123 1+2 protein were then loaded into size exclusion
column (HiLoad 16/60 Superdex 75, GE Healthcare) pre-equilibrated
with 50 mM Tris (pH 8.5), 150 mM NaCl, and 1% PEG3350. CD123
domain 1+2 elutes at 68 mL according to its monomeric molecular
weight.

The anti-CD123 single-chain antibody nucleotide sequence was
cloned in frame into pET21a plasmid and expressed using the
E. coli system (Rosetta DE2 cells). Single-clone cells were grown in
LB AMP+CHA+ media until 0.6 OD and then induced with 1 mM
IPTG and harvested after 3 hr. Single-chain antibody was found
in the insoluble fraction, so the protein pellet was washed and
solubilized using denaturing buffer (50 mM MES [pH 6.5], 1 M
NaCl, 6 M guanidinium-HCl). Protein was loaded into a HiTrap
column (GE Healthcare) pre-equilibrated with solubilization buffer
and eluted with same buffer plus 500 mM imidazole. Fractions
containing antibody were refolded using direct dilution into
20 mM NaP (pH 10), 150 mM NaCl, 200 mM arginine, and 1 mM
Glut Red 0.1 Glut Ox. Protein was concentrated by centrifugation
(2,000 rpm, 4�C) with 10 kDa Vivaspin (Sartorius) and loaded on
a size exclusion column (HiLoad 16/60 Superdex 75, GE Healthcare)
pre-equilibrated with 50 mM Tris (pH 9) and 50 mM NaCl. Anti-
CD123 elutes at 64 mL according to its monomeric molecular
weight.

Mutagenesis of Anti-CD123 Single-Chain Ab

Mutagenesis was performed using the QuikChange Lightning Site-
Directed Mutagenesis Kit (Agilent Technologies). Specific mutated
primers were synthesized by Microsynth and used to generate protein
variants.

Site-directedmutagenesis PCRs were performed according to the pro-
tocol kit and following the cycling parameters listed below. After the
PCR reaction, themixtures were treated with DpnI restriction enzyme
at 37�C for 5min to remove the parental (i.e., the nonmutated), super-
coiled, double-stranded DNA (dsDNA). The DpnI-treated DNAs
(mutated plasmids) were used to transform XL10-Gold Ultracompe-
tent Cells; the colonies obtained from the transformations were used
for DNA amplification and extraction with the QIAGEN Maxi or
Mini Prep Kit.

The sequence of each mutated plasmid was verified by DNA
sequencing (Microsynth); the verified plasmids were used for protein
expression and stored in aliquots at �80�C. Antibody variants were
tested for protein purification, showing no difference in yield and sta-
bility in comparison to WT.
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PCR cycling parameters were as follows:

95�C 2 min
95�C 20 s
60�C 10 s
68�C 30 s=kb of plasmid length
68�C 5 min
4�CN:

9>>>>>>=
>>>>>>;

� 18 cycles

SPR

SPR experiments were performed to validate computational results.
The scFvs were immobilized on the surface of a GLC chip (a thin algi-
nate layer for amine coupling) at 500 nM in 10 mMNaOAc (pH 4.0).
CD123 domain 1+2 was used as analyte (protein and running buffer:
20 mMHEPES (pH 7.4), 150 mMNaCl, 3 mM EDTA, 0.005% Tween
20). The injection of the antigen spanned a concentration range
between 200–12.5 nM at flow rate of 70 mL/min. Data were fit using
the Langmuir equation.

Transposons Plasmids

The WT anti-CD123/pTMNDU3 Sleeping Beauty (SB) trans-
poson expresses the human third-generation anti-CD123-CD28-
OX40-CD3z CAR under pTMNDU3 promoter. The construct has
been derived as a SB expression plasmid, replacing the EGFP
sequence from pT-MNDU3-EGFP with the scFv CD123 (7G3
clone) previously cloned in frame with CH2CH3-CD28-OX40-z
from SFG.aGD2 (provided by Dr. Martin Pule, University College
of London). The DNA sequences of each anti-CD123 affinity
mutant scFv were cloned in place of the anti-CD123 WT scFv.
The plasmid pCMV-SB11 encodes for the SB11X transposase
(from the University of Minnesota).

Generation of CIK Cells Genetically Modified for the Expression

of the Anti-CD123 CARs

CIK cells were generated starting from peripheral blood mono-
nuclear cells (PBMCs) from healthy subjects, obtained after centrifu-
gation of fresh blood on a density gradient using Ficoll-Hypaque
(Pharmacia). Once collected, PBMCs were resuspended in Amaxa
Nucleofector solution, provided with the P3 Primary Cell 4D-Nuceo-
fector X kit (Lonza), together with SB11X transposase and DNA
plasmid encoding for one of the anti-CD123 CAR mutants, and
were transfected using the 4D-Amaxa Nucleofector device (Lonza).
Our controls included unmodified cells, which were nucleofected
with no DNA, and EGFP episomal transfected cells (with 2 mg
of Amaxa control plasmid) to assess the gene transfer efficiency.
After nucleofection, the cells were transferred into a 6-well plate
containing 4 mL of pre-warmed medium (advanced RPMI supple-
mented with 20% of heat-inactivated FBS and 1% of L-glutamine),
ð% annexin V+ target cells+% annexin V+ 7AAD+ target cellsÞafter co
ð% annexin V+ target cells+% annexin V+ 7AAD+ target c
and 1,000 U/mL of IFN-g (Dompè Biotec) were added to each
well.34 Twenty-four hours later, IL-2 (Chiron) and OKT-3 (Jans-
sen-Cilag) were added at 300 U/mL and at 50 ng/mL, respectively.
Fresh medium and IL-2 were added twice a week, and cell concentra-
tion was maintained around 0.75 � 106 cells/mL. Cells were then
cultured for 21 days.

Flow Cytometry

Immunostaining and flow cytometric analysis were performed
with the following antibodies: allophycocyanin (APC)-anti-CD123
(Becton Dickinson [BD]), phycoerythrin (PE)-anti-CD123 (BD),
v-500-anti-CD45 (BD), phycoerythrin-cyanine 7 (Pe-Cy7)-anti-
CD34 (BD), PE-anti-CD38 (BD), peridinin-chlorophyll-protein
complex (PerCP)-anti-CD3, PE-anti-CD56 (BD), fluorescein isothio-
cyanate (FITC)-anti-CD8 (BD), PE-anti-CD4 (BD), PE-anti-CD62L
(BD), FITC-anti-CD45RO (BD), Alexa Fluor 647-F(ab0)2-anti-
immunoglobulin G (IgG) (H+L) (anti-Fc), PE-anti-IL-2, FITC-anti-
IFN-g, Pe-Cy7-anti-TNF-a, Horizon BV421-anti-IL-6, Horizon
BV421-anti-Ki-67, FITC-anti-CD19 (BD), and PE-anti-CD144
(BD). Cell death and apoptosis were detected using the GFP-Certified
Apoptosis/Necrosis detection kit (Enzo Life Sciences), according to
themanufacturer’s instructions. Cell membrane labeling was also per-
formed using two lipophilic fluorescent dyes: FITC- and PE-Cell
Tracker (Invitrogen).

To quantify the number of CD123 molecules on the surface
of the target cell lines and primary AML samples, we used the
QuantiBRITE PE fluorescence quantitation kit (BD), which allows
the conversion of cell fluorescence intensity values into absolute
numbers of receptors per cell through the creation of a calibration
curve.35 Flow cytometry was performed on a FACSCanto II flow
cytometer (BD), and data were analyzed using BD FACSDiva
software v.6.1.3.

Short- and Long-Term Cytotoxicity Assays

To evaluate the killing ability of both unmodified and CAR-redirected
CIK cells, short- and long-term cytotoxicity assays were performed.
In the short-term cytotoxic assay assessed by means of the double-
target challenge, CIK cells were co-cultured for 4 hr with the
CD123-positive targets (THP-1, primary AML cells, U937, and
TIME cell line), together with the CD123-negative control (MHH-
CALL-4 cell line), at an effector-target (E:T) ratio of 5:1. Target cells
were previously labeled with FITC- and PE-Cell Trackers. At the end
of the incubation, target cell killing was measured through apoptosis
detection by flow cytometry, after annexin V and 7-amino-actino-
mycin D (7-AAD) (AnnV-7AAD) staining, gating in the Cell Tracker
PE+ and FITC+ cells. The percentage of killed cells was calculated ac-
cording to the following formula.
-culture with CIK cells
ellsÞalone
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Two long-term cytotoxicity assays were conducted at an E:T ratio of
1:5. The first was performed by co-culturing CIK cells with THP-1
and MHH-CALL-4 cell lines for 1 week, and the second was per-
formed by co-culturing CIK cells with THP-1, MHH-CALL-4, and
TIME cell lines for 72 hr. Target cell survival was then evaluated after
surface staining with PerCP-anti-CD3 (BD) antibody, to detect CIK
cells, and by comprising the following antibodies: APC-anti-CD123
(BD), FITC-anti-CD19 (BD), and PE-anti-CD144 (BD), for THP-1,
MHH-CALL-4, and TIME cell line detection, respectively. The
percentage of target cell survival was calculated according to the
following formula.�
No: target cells after co-culture with effector T cells

Total No: target cells alone

�
� 100

Proliferation Assay

The proliferation ability of CAR-CIK cells was evaluated after co-cul-
ture with the various Cell Tracker-labeled targets, irradiated at 100 Gy
g-radiations at an E:T ratio of 1:1. After a 72 hr co-culture, the cells
were collected, immunostained for intracellular Ki-67, and then
analyzed by flow cytometry by performing detection of Cell Tracker
negative-Ki-67+ cells.

Intracellular Cytokine Staining

CAR-CIK cell ability to produce cytokines was evaluated following a
stimulation with the various target cell conditions at an E:T ratio of
1:3. After a 2 hr and 30 min co-culture, BD GolgiStop was added.
The co-culture was then maintained for an additional period of 2 hr
and 30 min, after which the cells were collected and stained for anti-
CD3 and anti-Fc surface molecule detection. Finally, intracellular
cytokine staining (ICS) for IL-2, IFN-g, IL-6, and TNF-a was per-
formed using the BDCytofix/Cytopermkit, according to themanufac-
turer’s protocol. Specimens were then analyzed by flow cytometry.

Matrigel-Embedded Endothelium and CIK Cell Assay

250 mL of Matrigel (Corning) were plated on the surface of a 24-well
plate and allowed to solidify by incubation at 37�C for 30 min. Sub-
sequently, a number of 60,000 TIME cells and CIK cells (both un-
modified and CAR redirected) were plated together, at an E:T ratio
of 1:1, and left for additional 2 hr at 37�C.

After this time interval, real-time monitoring of vessel formation was
performed bymicroscope observation to assess the state of tubule for-
mation of each sample, duplicated in every independent experiment.
Four hours after plating, picture acquisition was performed by col-
lecting nine pictures per well at 10� magnification. Branching point
count through ImageJ software was then performed in each of the
nine pictures per well to obtain a sufficient representation of the entire
well surface.

CAR Downmodulation Quantitation

Following the ICS protocol previously described, after the CIK cell
surface staining of CAR expression, we analyzed the CARMFI values
1944 Molecular Therapy Vol. 25 No 8 August 2017
with no stimulation and in response to different targets. The
CAR downmodulation percentage was calculated according to the
following formula, as described by James et al.29

% CAR downmodulation= 100�
�
1� stimulated MFI
unstimulated MFI

�

Statistical Analysis

Data were analyzed using GraphPad Prism 5 software (GraphPad).
One-way ANOVA and two-way ANOVA statistical tests were per-
formed for column statistics and grouped statistics, respectively, using
no matching and repeated-measures criteria according to the type of
dataset analyzed and presence or absence of matched values, as indi-
cated in the figure legends. Reported values of the statistical analyses
are the result of the evaluation of mean ± SEM. All p values are pro-
vided in the figure legends.
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