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We explored the utility of targeting anaplastic lymphoma ki-
nase (ALK), a cell surface receptor overexpressed on pediatric
solid tumors, using chimeric antigen receptor (CAR)-based
immunotherapy. T cells expressing a CAR incorporating the
single-chain variable fragment sequence of the ALK48 mAb
linked to a 4-1BB-CD3z signaling domain lysed ALK-express-
ing tumor lines and produced interferon-gamma upon antigen
stimulation but had limited anti-tumor efficacy in two xeno-
graft models of human neuroblastoma. Further exploration
demonstrated that cytokine production was highly dependent
upon ALK target density and that target density of ALK on
neuroblastoma cell lines was insufficient for maximal activa-
tion of CAR T cells. In addition, ALK CAR T cells demon-
strated rapid and complete antigen-induced loss of receptor
from the T cell surface via internalization. Using a model
that simultaneously modulated antigen density and CAR
expression, we demonstrated that CAR functionality is regu-
lated by target antigen and CAR density and that low expres-
sion of either contributes to limited anti-tumor efficacy of
the ALK CAR. These data suggest that stoichiometric relation-
ships between CAR receptors and target antigens may signifi-
cantly impact the anti-tumor efficacy of CAR T cells and that
manipulation of these parameters could allow precise tuning
of CAR T cell activity.
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INTRODUCTION
Anaplastic lymphoma kinase (ALK) is a transmembrane receptor
tyrosine kinase with important roles in mesodermal differentiation
in Drosophila, eye development in C. elegans, neural crest-derived iri-
diphore development in zebrafish, and the developing nervous system
in mammals.1 However, ALK is largely absent from nonmalignant
post-natal tissues. Cancer-associated ALK was first described as a
truncated oncogenic intracellular fusion protein partneredwith nucle-
ophosmin (NPM) in anaplastic large cell leukemia (ALCL)2 and is
fused to echinoderm microtubule-associated protein-like 4 (EML4)
in �9% of non-small-cell lung carcinomas (NSCLCs).3,4 Activating
mutations of full-length ALK are present in 8%–12% of neuroblas-
tomas5,6 and are responsible for a sizable fraction of familial neuro-
blastoma.5 Overexpression of mutated or wild-type ALK can drive
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oncogenesis in vitro and in vivo6–9 and correlates with poor prognosis
in patients with neuroblastoma.10,11 Strategies to target ALK in neuro-
blastoma using small molecule inhibitors have seen limited success,
potentially due to resistant kinasemutations.12 TargetingALKoverex-
pression, independently of the highly mutated kinase domain, could
provide clinical benefit without risk for this type of mutagenic escape.

T cells engineered to express chimeric antigen receptors (CARs) have
recently joined the rapidly growing repertoire of immunotherapeutics
available to treat cancer. CARs link the epitope specificity of a mono-
clonal antibody to the cytolytic capacity of an activated T cell, allow-
ing targeting of tumors expressing cognate, cell surface antigen in a
major histocompatibility complex (MHC)-independent manner.
CAR T cells have demonstrated significant activity against B cell ma-
lignancies,13–19 but the results in solid tumors have not yet been as
clinically significant.20–22 Antibodies have been developed against
the extracellular domain of ALK23 and can mediate lytic activity
against neuroblastoma cell lines in culture,24 raising the possibility
that ALK may be a viable CAR T cell target. Here we report a CAR
T cell therapy targeting cell surface ALK, and we demonstrate that an-
tigen density and CAR density coordinately regulate ALK CAR T cell
effector functions. Additionally, we identify antigen-dependent CAR
down-modulation as a factor limiting CAR T cell anti-tumor activity,
suggesting that manipulation of CAR surface expression and recy-
cling could enhance CAR T cell efficacy.
RESULTS
Overexpression of ALK in Pediatric Solid Tumors

To evaluate ALK as a potential target for T cell immunotherapy, we
assessed ALK RNA expression across an array of pediatric tumor
cell lines, patient-derived xenografts, and tumor biopsies accessed
through the Pediatric Tumor Affymetrix Database25 (NCI Pediatric
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Figure 1. Expression of Anaplastic Lymphoma Kinase in Pediatric Solid Tumors

Affymetrix mRNA expression data were obtained from the NIH Pediatric Oncology Branch Oncogenomics Database. (A) ALK expression is shown for a normal tissue array

(n = 15) and a collection of Ewing sarcoma (EWS, n = 22), alveolar rhabdomyosarcoma (ARMS, n = 12), neuroblastoma (NB, n = 15), and MYCN-amplified neuroblastoma

(NB-MYCN amp., n = 24) samples. Error bars represent the mean ± SEM. (B) Expression of cell surface ALK protein was evaluated and quantified by flow cytometry.

Representative histograms and quantifications representing the mean number of ALK molecules per cell are shown for human neuroblastoma (CHP-100, SY5Y, Kelly, and

LAN-5) and Ewing sarcoma (EW8) cell lines. The human chronic myelogenous leukemia line, K562, was used as an ALK-negative control. ALK expression on cell lines is

representative of five experiments.
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Oncology Branch). ALK mRNA was overexpressed in neuroblas-
tomas, Ewing sarcomas, and alveolar rhabdomyosarcomas compared
to normal tissue (Figure 1A). Using a previously described mouse
monoclonal antibody, ALK48, directed against the extracellular
domain of ALK,23 we observed surface expression of ALK in hu-
man-derived neuroblastoma and Ewing sarcoma cell lines by flow cy-
tometry, at levels ranging from 1,400 to 25,000 molecules per cell
(Figure 1B). We thus predicted that ALK would provide a viable
target for CAR-mediated immunotherapy.

Development of CARs Targeting ALK

To evaluate the potential for ALK CAR T cell therapy directed against
neuroblastoma, we built and characterized several CARs incorpo-
rating single chain variable fragments (scFvs) targeting ALK and
either CD28-CD3z or CD8a-4-1BB-CD3z signaling motifs. After
retroviral transduction into human T cells, CARs built from two scFvs
(ALK53 and ALK58)23 showed either negligible expression or modest
activity in vitro (data not shown). However, CARs built from
the ALK48 scFv (ALK48.CD28.z and ALK48.4-1BB.z) expressed on
the T cell surface (Figures S1A and S1B), produced interferon-gamma
(IFN-g) upon antigen stimulation, and specifically lysed an ALK-
expressing tumor cell line in vitro (Figures S1C and S1D). Previous
studies have demonstrated that the addition of a spacer between
the CAR transmembrane domain and scFv can significantly
impact CAR T cell activity.26,27 We constructed two additional
long ALK48 CARs bearing the CH2-CH3 domain of human IgG1
(ALK48L.CD28.z and ALK48L.4-1BB.z). These long CARs expressed
at similar levels to short CARs on the T cell surface, but long ALK48
CAR T cells showed considerably diminished cytokine production
and cytolytic activity. Based on these data and emerging evidence
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that CARs bearing the 4-1BB-CD3z motif are less prone to exhaus-
tion in vivo,28 we selected the ALK48.4-1BB.zCAR (hereafter referred
to as the ALK CAR) (Figure 2A) for further investigation.

We consistently noted that the ALK CAR expressed moderately on
the T cell surface (Figure 2B), contrary to several other high-express-
ing CARs we have worked with targeting CD19 and CD22.29 ALK
CAR T cells produced IFN-g when exposed to the ALK-expressing
neuroblastoma cell lines SY5Y and Kelly (Figure 2C). Additionally,
in vivo function of the ALK CAR against SY5Y and Kelly xenografts
was evaluated. Tumor growth in mice treated with ALK CAR was
significantly attenuated compared to mock-treated mice in both
models (Figure 2D). However, most mice in the CAR T cell-treated
groups eventually succumbed to tumor, suggesting a need to better
understand factors limiting the efficacy of the ALK CAR.

Optimal In Vitro and In Vivo ALK CAR T Cell Function Requires

High Tumor Antigen Expression

While solid tumors mediate suppression within the tumor microen-
vironment (TME), we have previously reported that neuroblastomas
mediate diminished local immunosuppression when compared to
sarcomas.30 These data raise the prospect that factors other than a
locally immunosuppressive TME could contribute to tumor escape
in this model system. To assess the impact of ALK expression on
ALK CAR T cell efficacy, we expressed the transmembrane and extra-
cellular domains of ALK at varying levels in the NALM-6-GFP-lucif-
erase leukemia line (NALM-6-GL). We have previously shown that
NALM-6-GL can be efficiently cleared by CAR T cells targeting
CD19 and CD22,29 and, thus, it is a suitable model for the evaluation
of CAR T cell efficacy in vitro and in vivo.



Figure 2. Design and Characterization of a Chimeric

Antigen Receptor Targeting ALK

(A) The ALK48 single-chain variable fragment was cloned

into an MSGV1 retroviral expression vector containing a

CD8a transmembrane-4-1BB-CD3z signaling motif to

create the MSGV.ALK48.4-1BB.z construct encoding the

ALK CAR. (B) Human peripheral blood mononuclear cells

(PBMCs) were transduced with MSGV.ALK48.4-1BB.z

CAR retroviral supernatant, and surface ALK CAR

expression was evaluated by flow cytometry. (C) ALKCAR

T cells were assayed for IFN-g release after co-incubation

with tumor targets. Differences in ALK CAR production of

IFN-gwere evaluated by a one-way ANOVA followed by a

Tukey’s multiple comparisons test, and they are repre-

sentative of three experiments with different PBMC do-

nors. (D) In vivo efficacy of ALK CAR T cells was assessed

in two xenograft models of neuroblastoma. Growth

curves of SY5Y or Kelly tumors after treatment with ALK

CAR or mock-transduced T cells are shown. Differences

in tumor growth were determined using a repeated-

measures ANOVA. Error bars represent SEM (n = 5 mice

per group [SY5Y] and n = 10 mice per group [Kelly]).

In vivo experiments were repeated twice for each tumor

model with different PBMC donors.
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Surface ALK expression varied up to 75-fold across the library
of lines (Figure 3A), and maximum ALK expression was �15
times higher than maximum ALK expression observed in neuro-
blastoma cell lines. Notably, ALK CAR T cells lysed ALKhigh

NALM-6-GL-ALK cells (�450,000 copies of ALK) more effectively
than ALKlow cells (�18,000 copies of ALK) (Figure 3B). ALK
CAR T cells were then co-incubated with NALM-6-GL-ALK
cell lines comprising a broad range of ALK densities. Production
of IFN-g, interleukin-2 (IL-2), and tumor necrosis factor
(TNF)-a showed a sharp threshold dependent on tumor antigen
expression, and half-maximum cytokine production was reached
at significantly lower antigen densities for IFN-g compared
to IL-2 (Figures 3C and 3D). Consistent with in vitro results,
ALK CAR T cells significantly prevented outgrowth of ALKhigh,
but not ALKlow, leukemia in vivo (Figure 3E). As neuroblas-
toma ALK levels were comparable to those found on ALKlow

NALM-6, these data suggest that the ALK levels expressed on
neuroblastomas tested are not sufficient to induce maximal CAR
functionality, and they provide evidence that CAR signal strength
and effector function are limited by tumor antigen density in this
model system.
Molecula
CAR T Cells Show Antigen-Dependent

Receptor Down-Modulation

During in vivo experiments with the ALK CAR,
we noted that we could not detect ALK CAR-
positive T cells in the blood of tumor-bearing
mice. This phenomenon could result from
poor persistence of transduced CAR T cells or,
alternatively, from loss of CAR receptor in
transduced T cells in vivo. To explore these pos-
sibilities, we inoculated mice with ALKhigh NALM-6-GL tumor and
subsequently adoptively transferred ALK CAR T cells. Indeed, ALK
CAR surface expression could not be detected at 5 or 12 days after
transfer into mice (Figure 4A, top panel). However, ALK CAR+

T cells could be readily detected by qPCR from peripheral blood of
these mice (Figure 4A, bottom panel), suggesting that T cells trans-
duced with the ALK CAR persist in vivo but lose surface expression
of the CAR.

To determine whether this apparent loss of CAR from the cell surface
was in part antigen dependent, we co-incubated ALK CAR T cells
with ALKhigh or ALK�NALM6-GL tumors in vitro, and we evaluated
CAR expression by flow cytometry. ALK CARs were profoundly
down-modulated from the cell surface after antigen encounter
(Figure 4B). This down-modulation was abrogated in cells main-
tained at 4�C, consistent with receptor internalization rather than
CAR blockade by shed antigen (Figure S2A). Receptor surface expres-
sion was similarly diminished in CD19 CAR T cells co-incubated with
CD19+ NALM6-GL tumors compared to CD19 CAR T cells co-incu-
bated with CD19KO NALM6-GL (Figure 4B), suggesting that this is a
conserved phenomenon in CAR T cells. Using T cells expressing a
r Therapy Vol. 25 No 9 September 2017 2191
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Figure 3. In Vitro and In Vivo Functionality of ALK CAR across a Range of Tumor Antigen Densities

(A) The human B cell leukemia line, NALM-6, expressing GFP-luciferase (NALM-6-GL) was lentivirally transduced to create clones expressing a range of cell surface ALK

expression. (B) NALM-6-GL-ALK lines were used to assess cytolytic capacity of ALK CAR T cells, and differences in cytolytic activity against ALKlow compared to ALKhigh

tumors were assessed by a two-way ANOVA followed by a Sidak’s multiple comparisons test. (C) Cytokine production by ALK CAR T cells across a range of antigen densities

was also assessed after a 24-hr co-incubation with NALM-6-GL-ALK cell lines, and curve fitting was done using a four-parameter variable slope dose-response curve. The

gray shaded area indicates the range of endogenous ALK density found on neuroblastoma and Ewing sarcoma cell lines evaluated, and the dotted line indicates the ALK

density that elicited half-maximum cytokine production (EC50). (D) The amount of antigen required to elicit half-maximum production of IL-2, TNF-a, and IFN-gwas calculated

for three independent experiments, and differences in the half-maximum threshold between cytokines was evaluated using a repeated-measures one-way ANOVA followed

by a Dunnett’s multiple comparisons test. EC50 values from the same experiment are indicated by matched symbols. (E) In vivo anti-tumor activity of the ALK CAR against

ALKhigh and ALKlow NALM-6-GL was assessed. Leukemia burden was monitored by imaging of luciferase activity. Tumor-free survival was calculated and significance

evaluated by the log rank test (n = 5 mice per group). In vitro and in vivo data are representative of three experiments with different PBMC donors.
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Figure 4. Down-Modulation of CAR Surface Expression after Antigen Encounter

CAR persistence was evaluated by flow cytometry from the peripheral blood of mice inoculated with NALM-6 ALKhigh cells followed by ALK CAR T cells. (A) The number of

surface CAR+ T cells in the peripheral blood on day 5 and day 12 post T cell transfer are shown (top panel). CAR persistence was also evaluated by qPCR of genomic DNA

isolated from peripheral blood (bottom panel). Differences in the number of T cells expressing surface CAR or CAR DNA compared to mock T cells were assessed by a

repeated-measures two-way ANOVA followed by a Sidak’s multiple comparison test. Flow cytometry data are representative of three in vivo experiments with different

donors, and qPCR data were collected from one experiment at two time points. (B) ALK or CD19 CAR T cells were mixed 1:2 with CD19KO NALM6-GL (ALK�CD19�) or
NALM6-GL-ALK+ (ALK+CD19+) tumor lines, and CAR expression was evaluated 5 hr later by flow cytometry. (C) Measures of surface CAR mean fluorescent intensity (MFI)

and CFP MFI after antigen encounter are expressed as percentages of initial CAR/CFP expression. Differences from initial CAR expression at 0 min were determined by a

repeated-measures two-way ANOVA followed by a Dunnett’s multiple comparisons test. (D) T cells expressing a CD19 CAR-CFP fusion protein were exposed to CD19-

expressing tumor for 24 hr, and then they were replated with or without tumor. T cells were evaluated for CAR surface expression and total CAR expression (CFP) by flow

cytometry at 24 and 40 hr. Downregulation experiments were repeated three times with different PBMC donors.
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CD19 CAR fused with CFP,28 we further probed the kinetics of CAR
down-modulation. Down-modulation of the CAR was rapid, as
nearly all CAR disappeared from the T cell surface within 10 min
of antigen encounter (Figure 4C). Total cellular CAR protein levels
as measured by CFP fluorescence were partially diminished at this
time point, but to a lesser extent than surface CAR.

To better study the dynamics CAR receptor loss, we co-incubated
CD19 CAR-CFP T cells with CD19-positive tumor cells for 24 hr,
and then we replated these cells either in media or again with anti-
gen-positive tumor cells. As expected, surface CAR expression was
markedly diminished after 24-hr incubation with CD19+ tumor cells.
However, total CAR protein levels as measured by CFP fluorescence
remained comparatively high at this time point, indicating the pres-
ence of internalized CAR in T cells that had been exposed to antigen
(Figure 4D). CAR T cells regained surface CAR expression after an
additional 16-hr incubation in media, but surface CAR remained
low in CAR T cells incubated again with CD19+ tumor (Figure 4D).
We attempted to replicate these experiments in the ALK CAR system,
but fusion of the CFP protein to the ALK CAR completely abro-
gated ALK CAR expression, potentially due to an inherent ineffi-
ciency of expression with this construct. Nonetheless, we conclude
that CAR down-modulation occurs at least in part due to receptor
internalization.

CAR Expression Levels and Antigen Density Cooperate to

Determine the Strength of CAR T Cell Activation

Based on the evidence that target density limits CAR T cell function
(Figure 3), we reasoned that CAR expression level could similarly
impact signal strength and limit CAR T cell function, especially since
CARs are rapidly lost from the cell surface after antigen encounter.
We therefore sought to simultaneously probe the impact of CAR den-
sity and antigen density on CAR signaling. Given the ability of protein
L to bind to the extracellular scFv component of the ALK CAR, we
titrated plate-bound Protein L to model variable target density. We
first confirmed that Protein L stimulation largely replicated the find-
ings seen using variable levels of cell-based target. Indeed, ALK CAR
T cells required exposure to higher densities of cross-linking Protein
Molecular Therapy Vol. 25 No 9 September 2017 2193
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L to produce IL-2 compared to IFN-g (Figure S3A). We next titrated
the ALK CAR retroviral supernatant to achieve different levels of
ALK CAR expression on T cells. We were able to modestly diminish
cell surface CAR density by this method, and we also observed a
decrease in the percentage of CAR+ T cells when lower amounts of
retroviral supernatant were used (Figure 5F). We then measured
CAR T cell activation using an NFAT-inducible GFP reporter31,32

following receptor cross-linking (Figure 5A). Induction of GFP
expression by Protein L stimulation was specific to signaling through
the CAR, as untransduced T cells did not increase GFP expression af-
ter stimulation with Protein L (Figures S3B and S3C). As shown in the
representative contour plots and quantified data (Figures 5B and 5C),
both target density and CAR density significantly influenced NFAT
activity in ALK CAR T cells. When CAR density was high, increasing
antigen density elicited an NFAT-GFP response of progressively
higher magnitude. However, low CAR-expressing cells failed to elicit
an increased response at higher antigen densities. Importantly, the
intrinsic ability of low CAR-expressing T cells to activate the
NFAT-GFP reporter was not impaired compared to medium and
high CAR-expressing T cells, as demonstrated by a slightly higher
NFAT-GFP response after stimulation with anti-CD3/CD28 beads
(Figure S3D).

To determine whether this interaction between CAR density and an-
tigen density is conserved across CARs, we repeated similar experi-
ments with CD19.4-1BB.z-BFP CAR T cells and an NFAT-GFP re-
porter that also expressed truncated surface nerve growth factor
receptor (NGFR) to allow for gating NFAT-GFP reporter-positive
cells only. We sorted via fluorescence-activated cell sorting (FACS)
the high, medium, and low CAR-expressing populations based on
BFP expression, and we were able to achieve a broader and more
pure range of CAR expression than seen in the ALK CAR T cells (Fig-
ure 5F). We stimulated these CD19 CAR T cells on plates coated with
anti-(CD19 scFv)-idiotype antibody,33 and we evaluated NFAT-GFP
activity. Similarly to ALK CAR T cells, high CD19 CAR-expressing
T cells showed an increased magnitude of response at higher antigen
densities, whereas low CD19 CAR-expressing T cells rapidly reached
a plateau of NFAT-GFP response (Figures 5D and 5E).
Figure 5. Regulation of CAR T Cell Activity by CAR Density and Antigen Densit

A GFP reporter system indicating NFAT activity was used to evaluate CAR T cell activ

idiotype antibody. (A) The lentiviral construct incorporates six NFAT-binding elements

activation. (B) ALK CAR/NFAT-GFP reporter T cells were spun onto 96-well plates coat

flow cytometry 24 hr later for surface CAR and GFP expression. Representative plots o

medium initial CAR expression (CAR++), and high initial CAR expression (CAR+++) ar

expression was quantified in the GFP-positive population of responding cells. Insets a

(+++, blue) and low- (+, white) expressing ALK CAR T cells. (D and E) CD19.4-1BB. z-BF

concentrations of anti-(CD19 scFv)-idiotype antibody, and they were assessed by flow

NFAT-GFP activity in populations of T cells with low initial CAR expression (CAR+), me

indicated (D) and quantified (E). (F) Representative FACS plots of CAR expression and gM

assays. For the ALK CAR: dark blue, high (+++) CAR; light blue, medium (++) CAR; black

light purple, medium (++) CAR; black, low (+) CAR; gray shaded, unsorted CAR-trans

sponding to anti-idiotype stimulation is shown. (H) IFN-g and IL-2 production was asse

plate-bound anti-idiotype antibody. Differences in the gMFI of GFP, percentage of CA

followed by a Tukey’s multiple comparisons test. Experiments were repeated three tim
Since we were able to obtain pure populations of CAR+/NFAT-GFP
reporter+ T cells by sorting the CD19 CAR and gating only on
T cells expressing the truncated NGFR tag included in the NFAT-
GFP reporter construct, we could also better assess the impact of
CAR density and antigen density on recruitment of T cells into the
responding (GFP+) pool. The percentage of CD19 CAR T cells re-
sponding increased with antigen density. Additionally, while high-
and medium-expressing populations of CD19 CAR T cells showed
similar percentages of response at each antigen density, low-express-
ing CD19 CAR T cells showed a markedly lower percentage of cells
responding, especially at high antigen densities (Figure 5G). This
attenuated magnitude and penetrance of response by low-expressing
CAR T cells was also reflected in the amount of IFN-g and IL-2 pro-
duced by this cell population in response to antigen stimulation.
Indeed, populations of low-expressing CD19 CAR T cells produced
drastically reduced amounts of cytokines compared to medium-
and high-expressing cells (Figure 5H). We conclude from these
data that CAR surface density and target antigen density cooperate
to regulate signal strength in CAR T cells. The impact of low
CAR or low antigen density on the activation of CAR T cell effector
functions is profound and conserved across the CARs we have
examined.

DISCUSSION
Several recent studies have identified aberrant ALK activity as a driver
of neuroblastoma transformation and growth,5–7,34 and high ALK
expression has been correlated with poor survival in patients with
neuroblastoma.10,11 Based on ALK overexpression in a majority of
neuroblastoma patient samples and cell lines evaluated and a known
role for ALK in oncogenesis,6,8,34 we sought to develop a CAR target-
ing ALK. ALK surface protein expression on neuroblastoma cell lines
was moderate and significantly increased above normal tissues, yet
the ALK CAR showed limited in vivo anti-tumor activity. Using a li-
brary of NALM-6 B cell leukemia lines overexpressing ALK at
different densities, we demonstrated a critical role for target antigen
density in limiting CAR efficacy, in agreement with previous reports
showing impaired CAR T cell lytic capacity at low antigen den-
sities.35–42
y

ation upon receptor cross-linking with plate-bound Protein L or anti-(CD19 scFv)-

upstream of a minimal IL-2 promoter, and it drives GFP expression upon T cell

ed with biotinylated Protein-L concentrations as shown, and they were assessed by

f NFAT-GFP activity in populations of T cells with low initial CAR expression (CAR+),

e indicated. (C) Geometric mean fluorescent intensity (gMFI) of NFAT-driven GFP

re visual comparisons of the NFAT response to increasing antigen density by high-

P/NFAT-GFP reporter CAR T cells were spun onto 96-well plates coated with varying

cytometry 24 hr later for surface CAR and GFP expression. Representative plots of

dium initial CAR expression (CAR++), and high initial CAR expression (CAR+++) are

FI are shown for ALK CARs and sorted CD19 CARs used in the NFAT-GFP reporter

, low (+) CAR; gray shaded, mock. For the CD19 CAR: dark purple, high (+++) CAR;

duced population. (G) The percentage of CD19 CAR T cells (NFAT-GFP+ cells) re-

ssed after co-incubation of sorted CD19 CAR T cells with varying concentrations of

Rs responding, and cytokines produced were determined by a two-way ANOVA

es with a total of two different donors.
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Production of IL-2, TNF-a, and IFN-g by stimulated ALK CAR
T cells revealed a sharp threshold, with appreciable cytokine produc-
tion occurring only above the upper limit of ALK expression observed
on neuroblastoma cell lines. Cytokine production thresholds have
also been demonstrated for CAR T cells targeting CD20 and CD30
antigens.40,41 With the ALK CAR, there was a significantly higher
threshold for IL-2 production compared to IFN-g, which parallels
data showing hierarchical cytokine production for T cells stimulated
through the native T cell receptor (TCR).43 These antigen-dependent
differences in cytolytic activity and cytokine production by ALK CAR
T cells correlated with in vivo anti-tumor efficacy. Thus, antigen den-
sity governs several aspects of ALK CAR T cell function, and it has a
substantial impact on the efficacy of CAR T cell anti-tumor responses
in vivo. This differential response of CAR T cells to low and high an-
tigen density may allow for the exploitation of a therapeutic window
in which a low level of tumor antigen expression on normal tissue
can be tolerated when targeting a tumor with high expression of
the antigen.

We also sought to determine whether modulation of CAR density in-
fluences the efficacy of CAR T cell therapy. Activation of ALK CAR
T cells or CD19 CAR T cells expressing a low density of surface recep-
tor was severely impaired compared to T cells expressing a high den-
sity of receptor, especially at high antigen densities. These findings
suggest that an interaction between CAR density and antigen density
regulates T cell potency. Previous studies report impairment of cyto-
lytic capacity and cytokine production at low CAR and low antigen
densities.35,36,44,45 Our data additionally suggest that differences in
these population-based measures of T cell function are driven by
both the magnitude of response by individual CAR T cells and by
the proportion of responding cells across the population of CAR
T cells. This result in part contrasts with recent reports of digital cyto-
kine production by T cells stimulated through the native TCR, where
an increase in the density of peptide-MHC presented led to an in-
crease in the number of T cells producing IL-2 and TNF-a, but not
to an increase in the magnitude of cytokine production by individual
T cells.46 This discrepancy could result from differences in methodol-
ogy used to address this question or, more intriguingly, from funda-
mental differences in the regulation of signaling through the native
TCR versus through engineered CAR receptors.47

Our data indicate that strategies to manipulate tumor antigen and/or
CAR density could allow fine-tuning of CAR T cell activity. Modula-
tion of antigen density is an emerging possibility due to techniques
aimed at epigenetic modification of tumor gene expression.48,49

Target expression may also be amenable to regulation by other classes
of small molecule therapeutics. For example, the inhibition of ALK
signaling by the tyrosine kinase inhibitor Crizotinib leads to upregu-
lation of ALK surface expression,24 providing an opportunity for
rational co-therapy. CAR density could be regulated by the alteration
of promoter strength, and it could additionally be controlled at the
transcriptional, translational, or post-translational level. A final strat-
egy to augment the interaction between CAR receptors and tumor an-
tigen could include alteration of CAR affinity, as has been demon-
2196 Molecular Therapy Vol. 25 No 9 September 2017
strated by several recent studies.39,50 An affinity-enhanced ALK
CAR could allow for targeting of pediatric tumors with low to inter-
mediate expression of ALK by stabilizing T cell-tumor interactions in
the absence of high-density receptor-antigen binding. A more precise
mathematical modeling of the tripartite relationship among CAR af-
finity, CAR density, and antigen density, with regard to activation of
T cell effector functions, would be informative, since simultaneous
tuning of these parameters has the potential to enhance anti-tumor
activity while minimizing on-target, off-tumor toxicities.

We also discovered that ALK CAR and CD19 CAR T cells showed
nearly complete CAR down-modulation upon co-incubation with
tumors expressing high levels of cognate antigen. These data agree
with previous studies of first-generation CARs targeting CD20 and
CD22,37,45 as well as second-generation CARs targeting HER-2 and
C4 folate receptor-alpha.51,52 CAR down-modulation seems to be
well conserved across scFvs and co-stimulatory domains. To more
carefully study CAR down-modulation, we took advantage of a
CAR construct comprising the CD19.4-1BB.z CAR tagged with
CFP.28 The CD19.4-1BB.z-CFP CAR showed rapid down-modula-
tion that was enforced by constitutive antigen contact in vitro.
CARs re-expressed on the cell surface upon the removal of antigen,
consistent with CAR cycling to the cell surface after initial CAR
T cell contact with antigen. Similarly, native TCRs recycle to the
cell surface after initial antigen encounter,53,54 and they contribute
to the sustained TCR signaling that is required for full activation of
T cell cytokine production and proliferation.46,55–58 We further
demonstrated that significant CAR down-modulation occurred
in vivo. As reported previously, down-modulation may also occur
as a result of epigenetic silencing of the retroviral construct used to
introduce the CAR.59

Regardless of the mechanism, the question remains as to how CAR
down-modulation contributes to the outcome of the CAR T cell
anti-tumor response. Regrettably, we were not able to inhibit CAR
down-modulation in this model system to answer this question defin-
itively. However, based on our data regarding the detrimental impact
of low CAR density on CAR T cell function, we propose that CAR
down-modulation could regulate CAR T cell activation by limiting
the number of receptors available to sustain downstream signaling af-
ter initial antigen encounter. For CARs that initially express at lower
levels like the ALK CAR, down-modulation may lead to diminished
efficacy because ligation of this small number of receptors is insuffi-
cient to allow the cell to reach a threshold required for the activation
of effector functions. Conversely, CARs that express high levels of re-
ceptor like the CD19 CAR might benefit from CAR down-modula-
tion, as it could limit hyper-activation and exhaustion of the T cell
that results from repetitive antigen stimulation. It is important to
note for future CAR development that receptors that do not express
at sufficient levels may be functionally impaired, even when tumor
antigen is expressed at a moderate to high level.

In summary, we demonstrate that CAR T cell function can be limited
by both CAR receptor density and target antigen density. Unlike
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native T cells, which are known to signal through the TCR in response
to very low antigen density, the engineered CAR T cells studied here
require much higher antigen densities to fully activate effector func-
tions. This work leads to the prediction that selection of tumor vari-
ants with low-level antigen expression may prove to be an Achilles’
heel for CAR T cell therapy, as has been previously observed with
CD19 CAR T cells and now with CD22 CAR T cells as well (T.J.F.,
N.N. Shah, R.J.O., H. Qin, M. Stetler-Stevenson, C.M. Yuan, P. Wol-
ters, S. Peron-Martin, S. Ramakrishna, C. Delbrook, B. Yates, H. Sha-
labi, R.G. Majzner, D.F. Stroncek, M. Sabatino, Y. Feng, D.S.
Dimitrov, L. Zhang, S.M.N., B. Dropulic, D.W. Lee, and C.L.M., un-
published data). Furthermore, this work has important implications
for tumor target selection. High absolute antigen expression appears
to be a prerequisite for effective CAR therapeutics, and, as a corollary,
low expression of target antigen on normal tissues may be tolerable in
some circumstances. This understanding could broaden the range of
tumor-associated antigens exploited for CAR T cell therapy, espe-
cially for solid tumors where the selection of antigens that are
completely absent on normal tissue has been challenging. Future
work is needed to more fully understand the factors responsible for
a high-density antigen requirement for CAR T cells and to further
explore the impact of manipulating CAR receptor down-modulation
on CAR T cell function.
MATERIALS AND METHODS
Mice

Immunodeficient NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl /SzJ)
were purchased from The Jackson Laboratory or bred in house.
Mice used for in vivo experiments were between 6 and 12 weeks
old, and the ratio of male to female mice was matched in experimental
and control groups. All animal studies were carried out according to
NCI Animal Care and Use Committee-approved protocols.
Cells and Culture Conditions

Human cell lines used in these studies were supplied by the following
sources: SH-SY5Y, LAN5, K562, and CHP-100 by C. Thiele (NCI,
NIH); Kelly by Sigma-Aldrich (92110411); EW8 by L. Helman
(NCI, NIH); 143B by C. Khanna (NCI, NIH); NALM-6-GL by
S. Grupp (University of Pennsylvania); and 293GP and 293T by the
Surgery Branch (NCI, NIH). A short tandem repeat (STR) DNA anal-
ysis (DDC Medical) was conducted to verify the identity of all cell
lines, and each cell line was validated to be Mycoplasma free by
qPCR. The 293GP and 293T cell lines were cultured in DMEM. All
other cells were cultured in RPMI-1640. DMEM and RPMI-1640 me-
dia were supplemented with 2 mM L-glutamine, 10 mM HEPES,
100 U/mL penicillin, 100 mg/mL streptomycin (Invitrogen), and
10% heat-inactivated fetal bovine serum (FBS; Gemini Bioproducts).

Elutriated human peripheral blood mononuclear cells (PBMCs) from
consenting, healthy donors were obtained from the Department of
Transfusion Medicine, NIH Clinical Center, under an NIH IRB-
approved protocol, and cryopreserved. Thawed PBMCs were cultured
in AIM-Vmedia (Invitrogen) supplemented with 2 mM L-glutamine,
10 mM HEPES, 100 U/mL penicillin, 100 mg/mL streptomycin, 5%
heat inactivated FBS, and r-human IL-2 (aldesleukin, Prometheus).

ALK CAR Construct Synthesis

To sequence the variable regions of ALK48 heavy and light chains,
PCR primers were used to amplify hybridoma cell line-derived
cDNA. PCR primer sequences specific for murine IgG were obtained
from Kettleborough et al.60 Frozen hybridoma cell pellets were resus-
pended in RLT buffer and passed over QIAShredder columns, and
total RNA was isolated on RNAeasy spin columns (QIAGEN),
following the manufacturer’s protocol. PCR products were cloned
into a TopoTA vector (Invitrogen), and ten independent bacterial col-
onies were DNA sequenced. Sequence runs for heavy and light chains
were aligned, consensus was determined, and cognate heavy and light
chains were linked with a (GGGGS)�3 sequence to create an scFv
sequence. ALK scFv-encoding plasmids were sequence optimized
and synthesized by DNA2.0, and then they were introduced into an
MSGV.1 retroviral expression vector containing a CD8-a transmem-
brane domain, a CD137 (4-1BB) co-stimulatory motif, and a CD3z
signaling domain, or a CD28 transmembrane and co-stimulatory
motif and a CD3z signaling domain as previously described.29

Where indicated, the sequence of the human IgG1 constant domain
(CH2-CH3) was inserted between the scFv and the transmembrane
domain. Resultant ALK CAR constructs were sequence verified
(Macrogen USA) and used for downstream applications.

CAR T Cell Transduction

Retroviral supernatant for the ALK CARs or other CD19
CARs (MSGV.CD19.4-1BB.z, MSGV.CD19.4-1BB.z.CFP, and
MSGV.CD19.4-1BB.z-BFP)28 was produced by transient transfection
of 293GP cells with the corresponding CAR plasmid and an RD114
envelope plasmid. Lentiviral supernatant carrying the NFAT-induc-
ible GFP vector (courtesy of Dr. Richard Morgan, NCI-Surgery
Branch) or NFAT-GFP/truncated NGFR vector was produced by
transient transfection of 293T cells with a third-generation transfer
plasmid and packaging plasmids RRE, pMD-G, and REV. PBMCs
were thawed and activated by culture for 2 or 3 days in the presence
of 40 U/mL rhIL-2 and anti-CD3/CD28 beads (Dynabeads, Human
T-Activator CD3/CD28, Life Technologies) at a 3:1 bead:T cell ratio.
Cells were exposed to RV-containing supernatants on days 2 and 3, or
days 3 and 4, in media containing 300 U/mL rIL-2 on retronectin-
coated non-tissue culture plates (on plate method as per manufac-
turer, Takara/Clonetech). Beads were magnetically removed on day
4 or 5, and cells expanded in AIM-V media containing 300 U/mL
IL-2 until use in vitro and in vivo. For experiments using the
NFAT-inducible GFP reporter, bead-activated PBMCs were trans-
duced on day 1 with NFAT-GFP lentiviral supernatant and then on
days 2 and 3 with CAR retroviral supernatant on retronectin-coated
plates, and they expanded as described above. For most assays, CAR
T cells were used on day 2–5 post bead removal.

Lentiviral Engineering of Tumor Cell Lines

NALM-6-GL cell lines stably overexpressing ALK were produced by
lentiviral transduction with supernatant (produced as described
Molecular Therapy Vol. 25 No 9 September 2017 2197
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above) containing a third-generation vector encoding the extracel-
lular and transmembrane domains of ALK. The resultant bulk popu-
lation was stained using ALK48 antibody and sorted into high-, me-
dium-, and low-expressing lines on a FACS Aria (BD Biosciences).
The bulk populations were then single-cell cloned on 96-well plates
to create clones with distinct levels of ALK expression.

The CD19 knockout NALM-6-GL cell line was produced using
CRISPR/Cas9 technology. Briefly, guide RNAs were designed from
the GeCKO human single-guide RNA (sgRNA) library, cloned into
a LentiCRISPR v2 plasmid (plasmid 52961, Addgene), and trans-
formed as previously described.61 Guide RNA sequences were as fol-
lows: hCD19F: 50CACCGTGGAATGTTTCGGACCTAGG 30 and
hCD19R: 50 AAACCCTAGGTCCGAAACATTCCAC 30. CRISPR
vector and packaging plasmids RRE, pMD-G, and REV were co-
transfected into LentiXHEK293T cells (Clontech). Viral supernatants
were collected and concentrated using a Lenti-X concentrator (Clon-
tech). After transduction, CD19 expression was assessed by flow
cytometry and CD19- cells were sorted for single-cell cloning.
DNA from clones was amplified using the Plantinum PCR Supermix
High Fidelity Kit (Invitrogen) and verified by sequencing (Macrogen
USA).

T Cell Functional Assays

T cell cytolytic function was assayed in standard 51Cr-release assays as
described elsewhere.29 Cytokine release was assayed by co-incubating
25,000 or 100,000 T cells with 25,000 or 100,000 tumor cell targets in
complete RPMI-1640 (composition described above). At 24 hr, cul-
ture media were collected and cytokines were measured by a Human
TH1/TH2 multiplex assay (Meso Scale Discovery).

Antibodies and Flow Cytometry Analyses

The ALK48 antibody was a generous gift from Dr. Marc Vigny. Addi-
tional ALK48 antibody was produced by the Frederick National Lab-
oratory Protein Expression Laboratory (NIH, NCI) by expressing the
antibody heavy- and light-chain sequences in HEK293e cells and pu-
rification of supernatant on a Protein A column. The ALK48 antibody
was conjugated using a Dylight 650 Antibody Labeling Kit (Thermo
Fisher Scientific). Staining for ALK expression on tumor lines was
performed using methods described above, and ALK expression
was quantified using the same antibody with the Quantum Simply
Cellular kit62 (Bangs Laboratories).

CAR expression on transduced T cells was also measured by flow cy-
tometry. CAR T cells were stained with Biotin-Protein L (Thermo
Fisher Scientific), followed by fluorophore-conjugated streptavidin
(BD Biosciences) and anti-human CD3ε (clone OKT3, eBioscience).
In some cases, CD19 CARs were stained using an anti-(CD19scFv)-
idiotype antibody provided by L.J. Cooper (MD Anderson).33 For
in vivo experiments, CAR T cells were identified in the peripheral
blood of recipient mice using anti-human CD45 (clone H130,
eBioscience), anti-human CD3ε (clone OKT3, eBioscience), and
Biotin-Protein L and fluorophore-conjugated streptavidin. All stain-
ing was performed in 0.1 mL FACS buffer (PBS + 2% BSA + 2 mM
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EDTA). Live single T cells were identified by forward scatter and
side scatter parameters and additional staining with Fixable Viability
Dye eFluor 506 (eBioscience). Flow cytometry was performed using a
FACS Fortessa (BD Biosciences) and analyzed with FlowJo software
(Tree Star).

Microarray Data for ALK Expression

Microarray data for ALK RNA expression was accessed through the
Pediatric Tumor Affymetrix Database (NCI Pediatric Oncology
Branch, https://home.ccr.cancer.gov/oncology/oncogenomics). This
database includes expression data for an array of pediatric tumor
cell lines, patient-derived xenografts, and tumor biopsies. Log fold
change values were calculated relative to mean ALK expression in a
normal tissue array included in the dataset.

Tumor Models and CAR T Cell Therapy

Animal studies were carried out under protocols approved by the NCI
Bethesda Animal Care and Use Committee. The Kelly and SY5Y cell
lines were expanded under standard culture conditions (described
above) and harvested with 2 mM EDTA (KDMedical) in PBS (Gibco,
Thermo Fisher Scientific). Cells were washed twice in cold PBS and
resuspended in a 1:1 mixture of PBS and Growth Factor ReducedMa-
trigel (356231, Corning). NSG Mice were inoculated subcutaneously
on the right flank with 1.0 � 106 (Kelly) or 2.0 � 106 (SY5Y) tumor
cells in 0.1 mL total volume with a sterile 25-gauge needle. Two days
after inoculation, treatment groups were injected intraperitoneally
(i.p.) with 2.0 mg Cyclophosphamide in 0.2 mL PBS (EMD Biosci-
ences). ALK CAR-bearing T cells (1.5 � 107 CAR-positive cells or
an equivalent total number of mock-transduced cells in PBS per
mouse) were transferred by tail vein injection (intravenously [i.v.])
on day 3 or day 5 after tumor inoculation. Mice received i.p. injections
of 1.0 mg recombinant human (rh) IL-7 (Cytheris) and 5.0 mg M25
(anti-IL-7 antibody, Immunex/Amgen) in 0.2 mL PBS three times
per week following T cell transfer. Tumor growth was measured
with digital calipers, and area was calculated by multiplying the length
of the major and minor axes of each tumor.

For studies involving NALM-6-GL-ALK tumors, 1 � 106 tumor cells
were transferred to NSG mice by tail vein injection. Three days later,
1 � 107 ALK CAR+ T cells or an equivalent total number of mock-
transduced T cells were transferred intravenously. NALM6-GL leuke-
mia burden was evaluated using the Xenogen IVIS Lumina (Caliper
Life Sciences). Mice were injected i.p. with 3 mg D-luciferin (Caliper
Life Sciences) and then imaged 4 min later with an exposure time of
30 s. Luminescence images were analyzed using Living Image soft-
ware (Caliper Life Sciences). Mice were considered tumor free if
they did not show luciferase signal at any point during the course
of treatment. Mice that died with symptoms of graft versus host dis-
ease but undetectable tumor burden were censored in the log rank
survival analysis.

NFAT-GFP T Cell Activation Assay

NFAT activity downstream of CAR activity was assessed after
cross-linking of CARs by plate-bound Protein L or anti-(CD19
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scFv)-idiotype antibody. 96-well ELISA microplates were coated with
varying concentrations of Biotin-Protein L (0.0–2.0 mg/mL) or anti-
idiotype antibody (0.0–4.0 mg/mL) in PBS overnight at 4�C. Plates
were washed three times with PBS and allowed to dry before use.
Varying levels of surface CAR expression for the ALK CAR were
achieved by transducing T cells with different concentrations of
ALK48.4-1BB-z supernatant after NFAT-GFP reporter transduction.
Varying levels of CD19 CAR were achieved by FACS of T cells
co-transduced with CD19.4-1BB.z-BFP supernatant and NFAT-
GFP/tNGFR supernatant based on varied BFP expression. CAR or
Mock T cells co-transduced with an NFAT-inducible GFP reporter
were spun onto coated plates in triplicate (200,000 cells in 200 mL
AIM-5/well) at 100 � g for 1 min, and they were incubated at 37�C
for 24 hr. As a control for maximum NFAT activation, separate
groups of CAR or Mock T cells were also mixed at a 1:1 ratio with
anti-CD3/CD28 beads and spun onto PBS-coated wells. T cells
were harvested from wells and transferred to a round-bottom
96-well plate for subsequent staining and analysis by flow cytometry.
For the ALK CAR, the magnitude of NFAT activity at varying antigen
and CAR densities was calculated as the geometric mean fluorescent
intensity of GFP+ T cells. For the CD19-BFP CAR, cells containing
the NFAT-GFP reporter construct were first identified by gating on
T cells co-expressing the tNGFR tag. Then, the magnitude of NFAT
activity was calculated as the geometric mean fluorescent intensity
of GFP+ cells, and the percentage of responding cells was calculated
as the percentage of GFP+ cells out of total cells.

CAR Down-Modulation Assays

Antigen-dependent CAR T cell down-modulation was assessed by co-
incubating ALK CAR, CD19 CAR, CD19-CFP CAR, or CD19-BFP
CAR T cells at a 1:2 T cell:tumor ratio with NALM-6-GL-ALK
cells (CD19hiALKhi) or isogenic NALM-6-GL-CD19KO cells
(CD19�ALK�) (created by CRISPR-mediated knockout). T cells
were mixed with tumors, centrifuged for 1 min at 100 � g, incubated
at 37�C, and harvested into ice-cold FACS buffer containing 0.1% so-
dium azide at various time points. CAR surface expression and CFP
fluorescence were assessed by flow cytometry at different time points
between 0 and 6 hr after antigen contact. To study the dynamics of
CAR recycling after antigen encounter, we seeded CD19-CFP CAR
T cells into six-well plates containing a monolayer of adherent
CD19+ 143B tumor cells.28 After a 24-hr co-incubation, CAR
T cells were harvested and transferred to a new plate either containing
CD19+ 143B cells or media. After an additional 16-hr incubation,
CAR surface expression and CFP expression were determined as
described above.

Real-Time PCR for CAR T Cell Persistence

Peripheral blood (50 mL) was harvested by retro-orbital bleed into hep-
arinized tubes, and genomic DNA was harvested with the DNeasy
Blood and Tissue Kit (QIAGEN). Total gDNA was assayed for CAR
expression by qPCR using TaqMan Fast Universal PCR Master Mix
(Applied Biosystems) on an Applied Biosystems StepOnePlus real-
time PCR machine. The following TaqMan primers (Applied Bio-
systems) were used: a probe targeting the 4-1BB:CD3z junction of the
CAR construct (CDTMBB; assay ID AJBJXJ0) and cyclin-dependent
kinase inhibitor 1 (CDKN1A; assay IDAIQJCFT). Relative CAR persis-
tence was calculated by normalizing CAR signal to CDKN1A DNA.

Graphs and Statistical Analysis

Data were visualized and analyzed using GraphPad Prism software.
Graphs represent either group mean values ± SEM or individual
values. The p values were calculated using the following: one or two-
way ANOVAs followed by appropriate post hoc tests reflecting multi-
ple comparisons (details indicated in the figure legends); the repeated-
measures ANOVA for tumor growth curves; and log rank statistics for
survival analyses. p < 0.05 was considered statistically significant, and
p values are denoted with asterisks as follows: p > 0.05, not significant,
NS; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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