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Prior to adoptive transfer, CAR T cells are activated, lentivir-
ally infected with CAR transgenes, and expanded over 9 to
11 days. An unintended consequence of this process is the pro-
gressive differentiation of CAR T cells over time in culture.
Differentiated T cells engraft poorly, which limits their ability
to persist and provide sustained tumor control in hematologic
as well as solid tumors. Solid tumors include other barriers to
CAR T cell therapies, including immune and metabolic check-
points that suppress effector function and durability. Sialic
acids are ubiquitous surface molecules with known immune
checkpoint functions. The enzyme C. perfringens neuramini-
dase (CpNA) removes sialic acid residues from target cells,
with good activity at physiologic conditions. In combination
with galactose oxidase (GO), NA has been found to stimulate
T cell mitogenesis and cytotoxicity in vitro. Here we determine
whether CpNA alone and in combination with GO promotes
CAR T cell antitumor efficacy. We show that CpNA restrains
CAR T cell differentiation during ex vivo culture, giving rise
to progeny with enhanced therapeutic potential. CAR T cells
expressing CpNA have superior effector function and cytotox-
icity in vitro. In a Nalm-6 xenograft model of leukemia, CAR
T cells expressing CpNA show enhanced antitumor efficacy.
Arming CAR T cells with CpNA also enhanced tumor control
in xenograft models of glioblastoma as well as a syngeneic
model of melanoma. Given our findings, we hypothesize that
charge repulsion via surface glycans is a regulatory parameter
influencing differentiation. As T cells engage target cells within
tumors and undergo constitutive activation through their
CARs, critical thresholds of negative charge may impede cell-
cell interactions underlying synapse formation and cytolysis.
Removing the dense pool of negative cell-surface charge with
CpNA is an effective approach to limit CAR T cell differentia-
tion and enhance overall persistence and efficacy.

INTRODUCTION
Chimeric antigen receptor (CAR) T cells have become an important
modality in cancer immunotherapy, producing a high rate of durable
response for Food and Drug Administration-approved indications
such as B cell acute lymphoblastic leukemia.1,2 However, for solid ma-
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lignancies, in which CAR T cells must contend with a complex, hos-
tile, and often heterogeneous microenvironment, the results have
been less encouraging. Most patients in clinical trials of CAR T for
solid malignancies have had no objective response.2 Moreover, even
in relatively favorable indications such as hematologic malignancies,
eventual disease progression is common. To overcome immuno-
therapy resistance, efforts have turned toward developing novel drugs
and combination strategies to sensitize tumors to CAR T-mediated
lysis. Among other approaches, the engineering of CAR T cells to pro-
duce effector proteins that block immune checkpoints, promote im-
mune cell migration, and facilitate immune reactivity are exciting
strategies on the frontier of immunotherapy research.2

The canonical immune checkpoints include inhibitory receptors such
as CTLA4, PD1, and BTLA, which are expressed by T cells, and that
serve tomaintain peripheral tolerance and homeostatic contraction of
T cell populations following immunologic stimulus.3 However,
following the discovery of immune checkpoint receptors, many other
diverse mediators of peripheral tolerance have been discovered,
including inhibitory cytokines, small molecule metabolites such as
kynurenines, and cell-surface glycans.4 For the latter category, the
composition of glycans on mammalian cell surfaces has been shown
to play a powerful role in modulating host-immune interactions.
These discoveries have nominated promising therapeutic targets for
enhancing immunotherapy. For example, glioblastoma cells were
shown to overexpress truncated O-linked glycans that bind to the
MGL receptor, which polarizes macrophages to an immunosuppres-
sive phenotype.5 Other glycan-binding receptors such as sialic acid-
binding Ig-like lectins (siglecs) and dendritic cell (DC)-specific
ICAM-3-grabbing nonintegrin 1 (DC-SIGN) have been shown to
have roles in immune suppression.6,7 Surface sialic acids, in partic-
ular, are appealing targets due to the manifold pathways in which
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they function as protective self-associated molecular patterns.8 By
binding to siglecs, sialoglycans trigger counterinflammatory cellular
programs mediated by immunoglobulin receptor family tyrosine-
based inhibitory motifs in the siglec cytoplasmic domains.5,6 Siglec
signaling on T cells can negatively modulate T cell receptor (TCR)
signaling by reducing phosphorylation of Tyr319 on ZAP-70, one of
the critical downstream mediators of both TCR and CAR signaling.9

Beyond binding to siglecs, sialoglycans also mediate immune inhibi-
tion by reducing cell-cell interactions through electrostatic repulsion,
disabling the contents of T cell cytotoxic granules, and inhibiting
complement activation.10–12 Concordantly, diverse cancer types
have been shown to highly express surface sialic acid, and this over-
expression has been associated with worse clinical outcomes.8,10,13,14

The targeting of sialoglycans for cancer pharmacotherapy is a rela-
tively old concept, predating our understanding of their mechanisms
as immune checkpoint effectors. Treatment of tumor cells with sialic
acid-cleaving neuraminidase enzymes was demonstrated in mouse
and canine models to potentiate immune recognition of both treated
and nontreated cells.15–17 Neuraminidases (NAs) are produced by
diverse species including Vibrio cholerae, Clostridium perfringens,
influenza viruses, and mammals.18 While the initial studies of NA-
treated tumor cells were encouraging, a randomized, controlled trial
in colorectal cancer published in 1989, using subcutaneous injection
of Vibrio cholera neuraminidase (VCN)-modified autologous tumor
cells, found no benefit for progression-free or overall survival over
5 years, a setback in the nascent field of immunotherapy.19

However, as our understanding of sialoglycans as immune check-
points has advanced, there is now renewed interest in targeting these
structures in cancer therapy. Promising next generation strategies
have included an engineered adenovirus expressing the hemaggluti-
nin-NA of Newcastle Disease Virus, which reduced tumor sialic
acid content and promoted disease regression in vivo.20 More
recently, a sialidase-conjugated antibody-like polymer targeting PD-
L1 demonstrated both in vitro and in vivo efficacy against the
MDA-MB-231 mammary adenocarcinoma.21

Wehypothesized that CART cells engineered to express a highly active,
secreted neuraminidase would be a more potent immunotherapeutic
strategy than CAR T alone in solid tumors. We engineered epidermal
growth factor receptor (EGFR) and CD19-directed CAR T cells to
secrete functionalC. perfringensNA. TheC. perfringensNAwas chosen
due tohaving apHoptimum in the rangeof 6.5 to7.2, closer to the phys-
iological range of human extracellular fluid when compared with the
NA of the enteric pathogen Vibro cholerae (optimum pH of 5.5–6.0)
or the humanNAs that are optimized for acidic compartments (optima
of 4.4–4.6 for lysosomalNeu1, 6.0–6.5 for the cytosolicNeu2, 4.6–4.8 for
Neu3, and 3.5 for lysosomalNeu4).22–24 The influenzaNAwas not suit-
able, as adults and the elderly often have high titers of anti-influenzaNA
antibodies due to past virus exposure.25

Interestingly, the work of Novogrodsky with NA also demon-
strated that its combination with the enzyme galactose oxidase
1202 Molecular Therapy Vol. 30 No 3 March 2022
(GO) can activate T cell mitogenesis and cytotoxicity more so
than NA alone.26,27 The enzyme GO oxidizes the galactose resi-
dues revealed by NA’s uncapping of terminal sialic acids, creating
reactive galactose aldehydes. These reactive groups have been hy-
pothesized to account for the mitogenic effect of the NAGO com-
bination by cross-linking cell-surface glycoproteins in a lectin-like
manner.27 The proinflammatory effect of the NAGO combination
has made it an effective vaccine adjuvant in animal studies,
promoting immunologic memory as measured by antiparasitic
immunity and delayed hypersensitivity reactions to antigen reex-
posure.28 While mitogen activation of T cells also risks overstim-
ulation, inviting exhaustion and activation induced cell death,
there has also been some evidence that stimulating T cell activa-
tion outside of the tumor microenvironment can promote immu-
notherapeutic response. For example, Reinhard et al. co-treated
mice with large syngeneic LL/2-LLc1 or CT26 tumors using
CAR T cells in combination with an RNA vaccine encoding the
claudin target antigen.29 By introducing target antigen outside of
the tumor, this strategy allowed the CAR T product to establish
a foothold in more permissive environments prior to engaging
with the tumor microenvironment. It seemed reasonable to sup-
pose that the combination of NA and GO might similarly augment
tumor lysis beyond the antitumor effects of interfering with sialo-
glycan checkpoint pathways alone.

We explored the potential of C. perfringens NA-producing T cells,
either alone or combined with GO, to promote CAR T mediated tu-
mor lysis. The mechanisms of NA and GO stimulation of T cells, be-
ing previously poorly defined, were probed with CRISPR knockouts
to reveal the importance of the CD2 adhesion and costimulatory re-
ceptor in this therapeutic approach. We demonstrate in vivo that
CpNA secreting CAR T cells exert better control than conventional
CAR T alone, but the addition of exogenous GO produces no further
benefit despite its promise in in vitro assays. Secretion of CpNA led to
enriched naïve-like differentiation of CAR T cells during ex vivo
expansion, a phenotype that is associated with greater persistence
and activity of the therapeutic product in vivo, suggesting that
cleaving surface sialic acids influences T cell differentiation in addi-
tion to modulating checkpoint pathways.30–32 In the design of novel
immunotherapies, the targeting of tumor and immune cell-surface
glycans to enhance immunogenicity, such as through the glyco-active
enzyme NA, has the potential to enhance CAR T efficacy against solid
tumors.

RESULTS
Engineered CAR T cells secrete functional CpNA in an antigen-

responsive manner

To study the potential role of NA as a secreted factor that enhances
CAR T cell antitumor function, we generated the lentiviral vector
GFP_T2A_NA (GTN) by cloning the C. perfringens neuraminidase
(CpNA) into a pTRPE plasmid backbone containing enhanced GFP
(eGFP) and the T2A self-cleaving peptide (Figure 1A). After over-
night stimulation with Dynabeads, activated T cells were co-trans-
duced with GTN and either 806 (an EGFR-specific, 4-1BBZ CAR)



Figure 1. Engineering CAR T cells to secrete functional Clostridium perfringens neuraminidase (CpNA)

(A) Schematic representation of the hEGFR lentiviral CAR containing an 806 scFv, which is linked via a CD8alpha hinge as well as a CD8a TM to the 4-1BB and CD3zeta

intracellular signaling domains. SP, signal peptide; TM, transmembrane. A lentiviral CAR construct against human CD19 containing the FMC63 scFv is also shown. GTN is a

bicistronic lentiviral construct expressingC. perfringens neuraminidase (CpNA) in tandemwith a C-terminal 6�Histidine tag (6�His) as well as the transduction marker GFP.

(B) After overnight stimulation with Dynabeads, T cells were co-infected with an EGFR CAR and GTN lentiviral supernatants. These cells were expanded for 3 days. Cellular

lysates and supernatants were collected and immunoblotted with anti-His antibody. Relative protein loading was determined by immunoblotting for B-Actin. Representative

data from two independent experiments are shown. (C)CpNA-expressing CAR T cells were generated as in (B) Surface EGFRCAR expression wasmeasured by staining with

a recombinant EGFRvIII-Fc protein (H + L) followed by anti-Fc-APC labeling. GTN levels were simultaneously detected by GFP expression. CAR + cells were defined as

double-positive for CpNA (x axis) and PE (y axis). Representative flow plots from three independent experiments are shown. (D) The percentage of T cells positive for CAR

expression after preparation as in (C). Representative data from one of three donors are shown. (E) CAR T cells were co-culturedwith either U87-MG or Nalm6 tumor cells at a

10:1 ratio for 24 h. Cellular supernatants were collected and NA enzymatic activity was detected as described in the materials and methods. The mean ± SEM values of

three independent experiments with separate donors are shown. Data were analyzed with pairwise t tests corrected for multiple comparisons using the Holm-Sidak method.

***p < 0.001 for CAR T cells co-cultured with tumor cells expressing the CAR’s target antigen versus control cells expressing an irrelevant antigen.
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or CD19-specific, 4-1BBZ CAR lentivirus. As a control, T cells were
transduced with eGFP lentivirus instead of GTN. After 3 days,
cellular lysates and supernatants were collected and CpNA expres-
sion was confirmed by western blot with antibodies against the
C-terminal 6� histidine tag (Figure 1B). The CpNA secreting
CAR T cells expanded efficiently (25.4-fold, Figure S1A), although
more slowly than GFP-transduced controls, with 45.3% fewer total
T cells at the end of expansion (defined by median cell size <400 fL)
across three donors (p = 0.016). As sialic acids have been implicated
in protecting immune effector cells from degranulation-associated
self-killing,11 we examined T cell viability at consecutive time points
during expansion (Figure S1B). By live dead staining, there was a
greater proportion of dead cells in the CpNA secreting condition
versus the GFP control, with 20.7% versus 12.5% dead cells on
day 3, 11.8% versus 4.2% on day 5, and 4.4% versus 1.4% on day
7, but these differences were not significant by paired t test statistics
with three donors (p = 0.1172, 0.1147, and 0.0858 on days 3, 5, and
7, respectively).

To evaluate CpNA expression in CAR + subsets, we performed
two-color flow cytometry with GFP positivity indicating transduc-
tion with the GTN construct. After dual transduction with CAR
and GTN lentiviral preparations, we observed a mix of singly pos-
itive CAR, GTN, and CAR + GTN T cells (Figures 1C and 1D).
The CAR + transduction efficiencies were comparable in the
GTN (24.6%) and GFP (25%) populations and similar to the tar-
geted CAR + percentage in clinical products.33 To evaluate
whether CpNA production confers a relative growth disadvantage
to T cells producing it, we examined GFP positivity as a proxy for
CpNA expression at serial time points during expansion (Fig-
ure S1C). By paired t testing across three donors, there was no sig-
nificant decrease in GFP percent positivity between days 3 and 7
(p = 0.4755) in the CpNA condition, suggesting that the decrease
in ex vivo expansion related to NA is due to its effects on the pop-
ulation and not limited to cells expressing the enzyme.

To test how CpNA secretion responds to CAR stimulation, we
selected target lines U87 and Nalm6 with EGFR and CD19 positivity,
respectively. Activated T cells were co-infected with GTN and CAR,
expanded for 10 days, and frozen before use. CAR T cells were then
co-cultured with either U87 or Nalm-6 target cells for 24 h at a
10:1 effector to target cell (E:T) ratio.

Cellular supernatants were collected and CpNA activity was deter-
mined with a cleavage-activated fluorescent NA substrate. We show
that CpNA activity is significantly induced following direct stimula-
tion of the CARwith its corresponding ligand. As shown in Figure 1E,
CpNA levels/activity significantly increased 2.3-fold from 8.62 to
19.63 mU/mL (p = 0.0001) when GTN 806 CAR T cells were co-
cultured with U87 versus Nalm6 cells, respectively. Similarly, CpNA
functional activity increased 4.9-fold from 3.96 to 19.52 mU/mL
(p < 0.0001) when GTN CD19 CAR T cells were co-cultured with
Nalm6 versus U87, demonstrating that enzyme secretion is enhanced
after CAR-mediated T cell activation.
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CAR T-secreted CpNA enhances T cell-mediated tumor lysis

in vitro

We hypothesized that CAR T cells secreting CpNA would have
enhanced tumor lysis compared with CAR T cells alone. As Novog-
rodsky found that GO in the presence of NA induced T cell mitogen-
esis, we also hypothesized that adding GO to CpNA secreting CAR
T cells would confer additional antitumor function.27 To rule out
direct toxic effect of the enzymes on tumor cell lines, we initially
examined whether NA and GO inhibit the growth of U87 or
Nalm6 cells in the absence of T cells. Using luciferase-expressing tu-
mor cells, we showed that the addition of exogenous CpNA and GO,
in the absence of T cells, did not inhibit growth of either tumor line
(Figure 2A). To determine the effective range of GO doses that stim-
ulate T cell-induced lysis in combination with CpNA secreting CAR
T cells, we co-cultured GTN or GFP CD19 CAR T cells with U87 cells
at a 1:1 ratio for 24 h. In the absence of CpNA, exogenous GO at
higher doses (375 mU/mL) induced nonspecific lysis of U87 cells
by GFP CD19 CAR T cells (Figure 2B). However, CpNA-expressing
GTN CD19 CAR T cells produced significantly greater lysis of U87
cells compared with GFP-transduced CD19 CAR T cells after the
addition of GO, with a 4.4-fold, 3.3-fold, and 1.6-fold increase in tu-
mor cell lysis at GO doses of 3.75, 37.5, and 375 mU/mL, respectively
(Figure 2B, p = 0.0053, <0.0001, and 0.0001).

To assess whether secreted CpNA, alone or in combination with
GO, enhances the ability of CAR T cells to lyse their corresponding
target cells, we co-cultured GTN and GFP CAR T cells with U87,
U251, or Nalm6 target cells. CAR T cells were expanded for
10 days until rested, and then co-cultured with target cells at various
effector to target (E:T) ratios for 24 h. In the absence of exogenous
GO, the cytolytic activity of GTN and GFP CAR T cells against U87
cells is similar (Figures 2C and 2D). However, the addition of exog-
enous GO potentiated U87 cell lysis by CpNA-expressing CAR
T cells, leading to a 2.47-fold increase in tumor lysis at the 1:3
ET ratio compared with CpNA secreting CAR T cells alone (Fig-
ure 2C, p = 0.0024). For U251 and Nalm6 cells, the CpNA secreting
CAR T cells alone outperformed control GFP-transduced CAR
T cells. With U251 targets, CpNA secretion produced a 1.27- and
1.7-fold increase in lysis at ET ratios of 1:1 and 1:3, respectively
(Figure S2A, p = 0.0035 and 0.0347). With Nalm6 targets, CpNA
secretion by CD19-directed CAR T cells produced a 2.5- and
-3.9-fold increase in lysis at ET ratios of 3:1 and 1:1, respectively
(Figure S2D, p = 0.0006 and 0.0053). For both U251 and Nalm6 tar-
gets, the addition of GO further enhanced lysis compared
with CpNA secreting CAR T cells alone, with 1.7- and 3.3-fold in-
creases in tumor lysis, respectively, at an ET ratio of 1:3 (Figure S2,
p = <0.0001 and 0.0098).

By ELISA assay, interferon (IFN)-g and interleukin (IL)-2 cytokine
levels were significantly increased in the CAR T and tumor co-cul-
tures in the presence of secreted CpNA and exogenous GO (Figures
2E and 2F), even with an irrelevant CD19-directed CAR, showing
that CpNA secretion plus exogenous GO leads to antigen-indepen-
dent T cell reactivity and TH1 cytokine production.



Figure 2. The combination of CAR T-secreted CpNA and exogenous galactose oxidase (GO) enhances T cell-mediated tumor lysis of U87 cells

(A) U87-MG as well as Nalm6 tumor cells were treated with exogenousCpNA and GO for 24 h. Tumor cell lysis was measured by luciferase assay. p = 0.31 for enzyme effect

on cell proliferation by a one-way ANOVA using a Tukey multiple comparison correction. (B) CD19-directed CAR T cells were co-cultured with U87 target cells. The media

was conditioned with exogenous GO at various concentrations, and U87-MG tumor lysis was assessed via bioluminescence at 24 h. (C) T cells were co-infected with an

EGFR-specific CAR and either GFP or CpNA lentiviral supernatants. The CAR T cells were co-cultured with luciferase-expressing U87-MG target cells, in medium condi-

tioned with exogenous GO. After 24 h, cytotoxicity across a range of E:T ratios was measured by a luciferase-based killing assay. Values are mean ± SEM. A representative

experiment from three independent replicates with separate donors is shown. ***p = 0.0002 for 806 GTNGO versus 806 GTN at a 1:1 E:T ratio; **p = 0.0024 for 806 GTNGO

versus 806 GTN at a 1:3 E:T ratio. (D) Tumor cell lysis was measured as in (C), but anti-CD19 CAR T cells were used instead of anti-EGFR CAR T cells. ***p = 0.0002 for CD19

GTN GO versus CD19 GTN at a 1:1 E:T ratio; *p = 0.0108 for CD19 GTN GO versus CD19 GTN at a 1:3 E:T ratio. (E) CAR T cells, coexpressing either GFP or CpNA were

treated with exogenous galactose oxidase for 24 h. Cellular supernatants were collected and IFNg levels were detected by ELISA. (F) IL-2 levels in 24 h supernatants as

detected by ELISA.
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With light microscopy, we observed that the presence of CpNA
led to greater cell-cell association between T cells and tumor
cells in co-cultures (Figures S3A and S3B). While co-cultures
without NA had many T cells that were not engaged in clusters
with tumor targets, the cultures with CpNA had comparatively
few unengaged T cells (Figures S3A and S3B). The ability of NA
to promote cell-cell adhesion has been previously demonstrated
and has been hypothesized by others to explain its pro-immuno-
genic effect.10

CpNA and GO-mediated T cell activation depends on the

CD2:CD58 signaling axis

The mechanism by which the CpNA and GO combination acts as
T cell mitogens remains incompletely described. Novogrodsky
Molecular Therapy Vol. 30 No 3 March 2022 1205
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Figure 3. The combination of CpNA and GO activate T cells and promote tumor lysis in a CD2:CD58-dependent manner

(A) Jurkat cells were infected with the lentiCRISPR-v2 system adapted with gRNAs forCD2, CD28,CD58, the T cell receptor alpha and beta chains (TRAC and TRBC), and a

scrambled nontargeting control. The cells were selected with puromycin and knockout confirmed by flow cytometry 5 days after transduction. After an overnight incubation

with NA and GO, the cells were stained with APC-conjugated anti-CD69 antibody and assessed by flow cytometry. (B) Luciferase expressing U87 and U251 cells were

infected with the lentiCRISPR-v2 system encoding gRNAs against CD58 or a scrambled sequence. Knockout was confirmed after 5 days. The target cells were plated at

20� 103 per well and co-incubated with nontransduced or 806 CAR T cells at E:T ratios of 10:1, 3:1, 1:1, or 1:3. Wells with nontransduced T cells were treated with NA and

GO (50 mU/mL and 375 mU/mL, respectively) or PBS vehicle. Tumor lysis was determined by bioluminescence assessment after 24 h. Data are means ± SEM, showing a

representative experiment from three replicates with separate donors.
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hypothesized that free amines may attack the GO- generated reactive
aldehydes in a Schiff base reaction, leading to covalent cross linking of
cell-surface receptors and transmission of activating signals.27 How-
ever, the precise receptors involved in transmitting the activating
signals are unknown. A report by Ocklind et al. demonstrated that
anti-CD2 or CD58 monoclonal antibodies could block the formation
of rosettes between human T cells and sheep erythrocytes in the pres-
ence of CpNA and GO.34 We hypothesized that eliminating CD2 or
CD58 expression would abrogate the effects of CpNA and GO on
T cell activation and tumor cell lysis.

We adapted the lentiCRISPR-v2 system of Sanjana et al. with
guide RNAs (gRNAs) for CD2, CD28, CD58, TRAC, TRBC, and
a scrambled control.35 After producing lentiviral particles, we
transduced Jurkat cells, a T cell leukemic line commonly used in
investigations of TCR and CD2 signaling. We confirmed gene
knockout by flow cytometry 5 days later (Figure S4). To assess
activation of the cells after overnight CpNA and GO stimulation,
we measured expression of CD69, a marker of T cell activation.36

These data show that Jurkat cells deficient in CD2, CD58, or the
TRC chains TRAC and TRBC are not activated by CpNA and
GO treatment (Figure 3A).

Conversely, the loss of CD28 or expression of a nontargeting gRNA
did not affect the response to the enzymes (Figure 3A). Therefore,
CD2, its ligand CD58, and the TCR are required for CpNA and GO
in combination to activate Jurkat cells.
1206 Molecular Therapy Vol. 30 No 3 March 2022
Based on the CRISPR knockout data, we suggest that Jurkat
cells are activated in the presence of CpNA and GO through
complementation of CD2 and its ligand CD58 expressed on
neighboring cells. The requirement for the TCR is due to its role
in transmitting signals from the CD2 axis.37 If the enzymes do
act through CD2-CD58 complementation, then CD58 expression
on tumor cells may contribute to their CpNA and GO-mediated
lysis. Using the lentiCRISPR-v2 constructs, we transduced
luciferase-expressing U87 and U251 tumor cells with CD58 or
scrambled gRNAs and confirmed knockout 5 days later (Fig-
ure S4). We co-cultured these cells with nontransduced T cells
at various E:T ratios, with and without exogenous CpNA
and GO, for 24 h and determined cell lysis with bioluminescence
assay. These data show that CD58-deficient tumor cells are
resistant to NA- and GO-stimulated T cell cytotoxicity, with tu-
mor-specific lysis decreasing 47.8% (p = 0.0081) and 91.7% (p =
0.00053) for U87 and U251 cells, respectively, when CD58 is
knocked out (Figure 3B, values for ET = 1). In parallel experi-
ments, we included EGFR-directed CAR T cells to examine
whether CD58 knockout confers resistance to CAR-stimulated
lysis. We found that CAR T cell-mediated lysis was not signifi-
cantly inhibited in CD58 deficient tumor cells, with reductions
of 0.06% (p = 0.92) and 41.3% (p = 0.092) compared with
scrambled gRNA transduced cells (Figure 3B, values for ET = 1),
suggesting that loss of CD58 confers resistance to NA and
GO-mediated lysis specifically instead of only providing a general
resistance to T cell cytotoxicity.
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CpNA secretion confers naı̈ve-like differentiation to T cell

cultures in vitro

Differentiation status is an important determinant of CAR T cell ef-
ficacy. Therefore, we performed a comprehensive assessment of dif-
ferentiation using well-established surface markers. We show that
CpNA-expressing T cells possess significantly higher levels of naïve-
like subsets at the end of the ex vivo culture process (Figures S5A
and S5B). Importantly, levels of naïve-like cells provide the most
meaningful predictors of efficacy in CAR T cell trials, with superior
engraftment, proliferation, and persistence following infusion. These
differentiation data suggest that one mechanism for enhanced CpNA-
expressing CAR T performance in vivo may be enhanced durability
and long-term immunosurveillance.

CpNA secretion enhances CAR T activity against U87 solid

tumors and Nalm6 leukemia in vivo.

Based on the in vitro findings, we hypothesized that CAR T cells
secreting CpNA would better eradicate xenografted solid tumors in
mice compared with CAR T cells alone, and that exogenous GO
may further augment this benefit. We generated anti-EGFR and
anti-CD19 CAR T cells as previously described, co-transduced with
either the GTN (CpNA secreting) or GFP constructs. Each mouse
received 250 � 103 luciferase-expressing U87 tumor cells via subcu-
taneous injection in the flank (Figure 4A). On day 7, the tumors
were palpable, and the mice received 500 � 103 CAR T cells in PBS
each by tail vein injection. On days 8 and 21, the mice received
30 mL of GO (37,500 mU/mL in PBS) or vehicle by intra-tumoral in-
jection. On a weekly basis, the tumor volume and bioluminescence
were assessed with caliper measurements and the IVIS Spectrum im-
aging system, respectively. In animals receiving the irrelevant CD19-
directed CAR T cells, the best tumor control occurred with CpNA
secreting CAR T cells plus GO injections, which produced a 42.7%
(p = 0.0474) and 66.3% (p = 0.0069) reduction in tumor biolumines-
cent imaging (BLI) at days 21 and 28, respectively, compared with the
next best treatment (Figure 4B). This suggests NA and GO may have
stimulated T cell activation and lysis of the tumor. However, by day
35, 2 weeks after the last injection of GO, the CpNA secreting CAR
T plus GO arm was no longer significantly better than other condi-
tions (Figure 4B, p = 0.9800). In 806 CAR T treated animals, the
CpNA secreting T cells controlled the tumor significantly better
than all other conditions, with an 85.9% lower tumor BLI compared
with the next best treatment at the final time point (Figure 4D,
p = 0.0005). However, 806 GTN CAR T-treated animals that received
injected intra-tumoral GO did worse than those receiving PBS (Fig-
ure 4D, p = 0.0005). The mice showed no evidence of accelerated
graft versus host effect either by physical inspection or serial weights.
Overall, the secretion of CpNA by EGFR-targeting CAR T cells led to
enhanced tumor control, while producing no adverse effects in the
mice (as assessed by weight, blood counts, and serum chemistries).
The addition of GO, however, did not further benefit animals
receiving CpNA secreting EGFR-targeting CAR T cells.

Mechanistically, our in vitro assays had revealed that
CpNA secreting CAR T cells possessed a more naïve-like
(CCR7+CD45RO� with slower expansion) phenotype. As naïve-
like T cells have been demonstrated to confer superior persistence
and longer-lasting immunosurveillance against hematologic malig-
nancies, we used an NSG mouse/Nalm6 tumor rechallenge model
to test the hypothesis that CpNA secreting CAR T cells would pro-
duce more durable tumor control. Each mouse (five per cohort)
received 1 � 106 luciferase-expressing Nalm6 tumor cells by tail
vein injection (Figure 5A). On day 5, we infused CpNA secreting
versus GFP control CD19-directed CAR T cells. On day 33,
mice received an additional 1 � 106 Nalm6.GFP/Luc cells by tail
vein injection. By day 50, mice treated with the CpNA secreting
CAR T cells had a greater than 1,000-fold lower tumor burden
than those treated with control CAR T cells (*p = 0.0163, Fig-
ure 5B) Concordantly, 80% of mice in the CpNA CAR T group
survived until the end of the experiment versus 0% survival in
the GFP control group (*p = 0.0210, Figure 5C). Blood was
collected on day 44, and while the CpNA CAR T group did
demonstrate 350-fold higher levels of human CD45 + engrafted
lymphocytes, this result was not significant perhaps due to
low sample size secondary to mortality in the GFP group
(p = 0.3372, Figure 5D). Two weeks after tumor rechallenge, the
BLI of the CpNA CAR T group started to decrease, indicating tu-
mor regression, and by the last measurement on day 50 the tumor
burden in that group was barely detectable (Figure 5E).

CpNA secretion enhances CAR T activity against B16melanoma

but not the SY5Y neuroblastoma model

As in vitro studies suggest that GO adds to the effect of NA by facil-
itating activation of in situ T cells through CD2:CD58, we hypothe-
sized that the absence of an endogenous immune system in NSG
mice might account for the lack of enhancement of CpNA CAR
T-mediated lysis after addition of GO. To test the system in an im-
mune-competent model, we implanted C57BL/6 mice with syngeneic
B16F10 tumor cells expressing human CD19. Mice were randomized
to treatment on days 5 and 12 with CD19-directed CAR T cells, co-
transduced with GTN or GFP constructs, or NTD controls (Fig-
ure S6A). Mice also received intra-tumoral injections of NA and
GO, GO, or PBS vehicle on days 6 and 13 as indicated in figures.
Similar to the NSG experiment, we saw the best tumor control in
the CpNA CAR T plus PBS injection treatment arm, with a 42.8%
reduction in tumor volume by day 21 compared with NTD- and
PBS-treated animals (p = 0.0126) and 33.3% reduction compared
with the CpNACAR T plus GO treatment arm (Figure S6B), although
the latter was not significant (p = 0.0667). Analyzing blood collected
on day 21, we saw engraftment of CD45.1+ adoptively transferred
T cells in all treatment arms, although as assessed by one-way
ANOVA with corrections for multiple comparisons, there were no
significant differences between arms (Figure S6C, p = 0.0642). Assess-
ment of weights by two-way ANOVA (mixed effects model) showed
no significant treatment or time-treatment interaction effects (Fig-
ure S6D, p = 0.2635 and 0.0598, respectively). Overall, in this synge-
neic solid tumor model, we observed superiority of CpNA secreting
CAR T cells but an absence of improvement with additional exoge-
nous GO.
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Figure 4. Tumor bioluminescence in NSG mice after implantation with U87 tumor cells and treatment with CpNA secreting CAR T cells

(A) NSG mice were implanted by subcutaneous flank injection with 250 � 103 luciferase-expressing U87 tumor cells. On day 7, the mice received 500 � 103 CAR T cells in

PBS injected by tail vein. The CAR T cells expressed 806 (EGFR-targeting) or anti-CD19 CARs plus co-transduced GTN (CpNA secreting) or GFP constructs. On days 8 and

21, the mice received 30 mL of GO (37,500 mU/mL in PBS) or vehicle by intra-tumoral injection. Every seventh day, the tumor bioluminescence was assessed with the IVIS

Spectrum imaging system. (B) Bioluminescence measurements in mice treated with CD19 CAR T cells. Data are means ± SEM from seven replicate mice per cohort. By T

test statistics, *p = 0.0474 for CD19GTNGO versus CD19GTNPBS at 21 days; **p = 0.0069 for CD19GTNGO versus CD19GTNPBS at 28 days; p = 0.9800 for CD19GTN

GO versus CD19GTNPBS at 35 days. (C) Tumor volumemeasurements in mice treated with CD19CAR T cells. Data aremeans ±SEM from seven replicatemice per cohort.

By T test statistics, p = 0.1013 for CD19 GTN GO versus CD19 GTN PBS at 35 days. (D) Bioluminescence measurements in mice treated with anti-EGFR (806) CAR T cells.

Data are means ± SEM from seven replicate mice per cohort. **p = 0.0040 for 806 GTN GO versus 806 GTN PBS at 21 days; p = 0.1131 for 806 GTN GO versus 806 GTN

PBS at 28 days; ***p = 0.0005 for 806 GTNGO versus 806 GTN PBS at 35 days. (E) Tumor volumemeasurements in mice treated with anti-EGFR (806) CAR T cells. Data are

means ± SEM from seven replicate mice per cohort. *p = 0.0240 for 806 GTN GO versus 806 GTN PBS at 35 days.
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We next evaluated the antitumor function of CpNA-expressing
CAR T-cells, using our well-established human xenograft model
of neuroblastoma. SY5Y xenografts establish an immune-suppres-
sive tumor environment enriched with immune and metabolic
checkpoints. Infused CAR T cells effectively traffic to SY5Y tu-
mors.38 Despite undergoing robust proliferation, their antitumor
function is limited.39 The experimental layout for testing the effi-
cacy of anti-GD-2 CAR T cells in this model is illustrated in Fig-
ure S7A. CpNA -expressing, anti-GD-2 4-1BBsCAR-T cells were
expanded over 9 days until rested. To establish xenografts, immu-
nodeficient mice were intravenously (i.v.) injected with 0.5 � 106
1208 Molecular Therapy Vol. 30 No 3 March 2022
Click Beetle Green Luciferase-expressing SY5Y tumor cells. To
determine the influence of CpNA on CAR T cell potency, we
infused, 0.75 � 106 GFP or CpNA-expressing CAR T cells and
measured tumor size at regular intervals by bioluminescence imag-
ing. As expected, SY5Y xenografts grew exponentially over time.
Control T cells (no CAR) had minimal impact on tumor cell
growth (Figure S7C). Overall tumor volume was significantly
reduced in tumor-bearing mice infused with CAR infected
T cells. However, overall tumor burden remained high in CpNA-
expressing CARTs. The levels of circulating T cells were signifi-
cantly less in the CpNA CAR group, suggesting that proliferation



Figure 5. Targeting sialic acids with NA enhances CAR T cell antitumor function in the Nalm-6 xenograft model of leukemia

(A) NSG mice were infused by tail vein injection with 1 � 106 luciferase-expressing Nalm tumor cells (day 0). On day 5, the mice received 1 � 106 CAR T cells in PBS

injected by tail vein. The CAR T cells expressed either tumor-targeting anti-CD19 CARs or irrelevant control 806 (EGFR-targeting) CARs, plus co-transduced GTN

(CpNA secreting) or GFP constructs. Every week, the tumor bioluminescence was assessed with the IVIS Spectrum imaging system. (B) Bioluminescence

measurements in Nalm6 tumor-bearing mice treated with anti-CD19 or 806 CAR T cells either secreting CpNA (GTN construct) or expressing GFP. Data are means ±

SEM from starting cohorts of five mice per treatment arm. By two-way ANOVA, including all treatment arms, both time effect (*p = 0.0485) and treatment cohort effect

(*p = 0.0226) were significant. A two-way ANOVA including only CD19 GTN and CD19 GFP arms showed significant time (*p = 0.0446), treatment (*p = 0.0163), and

time � treatment interaction (***p < 0.0001) effects. (C) Survival proportions of Nalm6 tumor-bearing mice in each treatment cohort. Mice were killed if found to have

BLI measurements over 1 � 1010 photon flux (p/s). Analysis with log rank (Mantel-Cox) testing demonstrated that the CD19 GTN and CD19 GFP survival curves are

significantly different (*p = 0.0210). (D) Blood harvested on day 44 by retro-orbital puncture was stained with anti-human CD45 antibody in Truecount tubes (BD

Biosciences) to detect adoptively transferred T cells. Data are CD45 + cells per mL of blood for individual mice plus cohort means ± SEM. By T test statistics with

Welch’s correction for unequal variances, the differences between CD19 GTN and CD19 GFP were not significant (p = 0.3372). (E) Images from final weekly

measurement demonstrating BLI (photon flux intensity) of surviving mice, treated with either CpNA secreting (top) or control GFP-expressing (bottom) CD19-directed

CAR T cells.
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was diminished following antigen exposure in this distinct micro-
environment (Figure S7D). Overall effector function was compro-
mised due to significantly lower CD8+ T cell numbers in the CAR
CpNA group. SY5Y is a rapidly growing tumor and the aggressive
nature of this malignancy limits the in vivo study to approximately
2 weeks. This is unsuited to approaches that offer therapeutic po-
tential via enhanced persistence.
Conclusions

In this study, we engineered CAR T cells to secrete C. perfringensNA,
hypothesizing that NA-expressing CAR Ts would have enhanced
antitumor function by counteracting sialoglycan-mediated check-
point pathways. We found that, in vitro, CAR T-secreted NA alone
does enhance cytotoxicity against certain tumor lines during short-
term co-culture assays. Moreover, ex vivo expanded T cells exposed
Molecular Therapy Vol. 30 No 3 March 2022 1209
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to NA activity have a more naïve-like (CCR7+; CD45RO�) differen-
tiation profile. Less-differentiated CAR T products such as naive (Tn),
stem cell memory (Tscm), and central memory T cells (Tcm) have
more potent antitumor activity compared with effector or effector-
memory differentiated T cells.30–32 Correspondingly, the NA-
secreting CAR T cells had enhanced persistence and more durable
immunosurveillance within a tumor rechallenge model. One compel-
ling model for T cell differentiation is that of “quorum sensing,” in
which interactions between clustering, primed T cells during a critical
period determine their effector versus memory differentiation fate.
Surface intercellular receptors including the integrin LFA-1 have
been demonstrated to transmit differentiating signals between
T cells.40 Treatment with NA has been used for decades in research
to promote rosette formation and contact between immune cells
and targets.41,42 On microscopy, there is generally a relative absence
of unengaged, bystander T cells when NA is included in the media;
virtually all T cells are involved in rosettes. These results suggest a
model in which sialic acid removal influences T cell intercellular con-
tact and therefore differentiation fate. Therapeutic strategies that
target the immunomodulatory functions of sialic acids may also
benefit from polarizing adoptive T cell products to a naïve-like
phenotype.

Our findings regarding the CD2:CD58 axis are intriguing, because
recent research has demonstrated the importance of the CD58 ligand
in tumor immunosurveillance. Diverse tumor types can gain resistance
to T and natural killer cell-mediated cytotoxicity through loss of CD58
expression.43–45 Majzner et al. demonstrated that large B cell lym-
phomas (LBLCs) with aberration of CD58 had only a 25% rate of com-
plete response with CAR T therapy compared with 82% for CD58-
intact tumors.44 The finding that theNA andGO combination requires
CD58 for mitogenic signaling could provide a non-genetic approach to
assay for the functional expression of this ligand on tumor cells. Impor-
tantly, our findings regarding the CD2:CD58 axis do not extend the
known immune potentiatingmechanisms of NA alone, as the presence
of GO is required in addition to NA for this phenomenon.

We sought to boost the effect of NA by testing it in combination with
a second glyco-active enzyme, GO, which can oxidize galactose resi-
dues exposed by NA. The combination of secreted NA and exogenous
GO does enhance T cell polyfunctionality and nonspecific cytotox-
icity in vitro. Mechanistically, the enzyme combination relies on the
CD2:CD58 signaling axis to induce stimulatory effects. Results
from our xenograft models of GBM, as well as our syngeneic model
of B16 melanoma, however, show that NA alone enhances CAR
T cell antitumor function in vivo, but when combined with GO, the
subset of CAR Ts secreting NA demonstrates inferior tumor control.
By distinguishing the relative importance of NA versus GO as adju-
vants for CAR T cell therapies, we provide novel evidence that arming
CAR T cells with NA enhances immunotherapeutic activity.

Our findings suggest possible mechanisms for the failure of injected
GO to further enhance the performance of CAR T cells secreting
NA in vivo. In the presence of both enzymes, T cells broadly react
1210 Molecular Therapy Vol. 30 No 3 March 2022
to targets expressing CD58. When applied to a co-culture assay, the
effect of the enzyme combination leads to greater engagement of ef-
fectors (particularly nontransduced T cells) with tumor targets.
Within the animal models, however, the enzyme combination may
misdirect CAR T cells toward antigen-negative but CD58-positive
bystander cells, effectively reducing the effector to tumor target ratio.
Therefore, the success of the combination in co-culture assays may be
an artifact of the lack of cellular diversity in vitro, with absent stromal
and benign host cells that one would find in the tumor microenviron-
ment. An alternative but not mutually exclusive hypothesis is that the
stimulatory signal of the enzyme combination may be supraphysio-
logic and facilitate T cell exhaustion, an effect that may not be
apparent in short-term co-culture assays but would be revealed in
longer term animal studies. The calcium-calcineurin-NFAT signaling
axis in T cells provides a link between excessive activation signals and
an exhausted phenotype, and this effect could be at work in our in vivo
findings of the NA and GO combination.46

In the design of combination immunotherapies, proteins that act on im-
mune cell and tumor glycoproteins have been underexplored. Here, we
use a nonnative enzyme, CpNA, to directly target surface glycans that
suppress T cell function. Arming CAR T cells withCpNA confers supe-
rior efficacy and durability across a wide range of tumor models. Inter-
estingly, we observed a striking T cell intrinsic benefit of CpNA. We
show that NA shifts the differentiation of T cells into a naïve-like state,
culminating in increased persistence and sustained tumor control
in vivo. Our work addresses an immediate challenge and important pri-
ority for the clinical domain. Future work will be directed toward
defining the role of CpNA in T cell differentiation. Such studies will
shed light on sialic acids as a regulatoryparameter influencingTcell fate.

MATERIALS AND METHODS
Tumor cell lines and culture

The human GB cell lines U87 and U251 and human B cell leukemia
cell line Nalm6 were acquired from the American Type Culture
Collection (ATCC). The tumor cell lines were transduced to stably ex-
press the CBG and eGFP under control of the EF-1a promoter. The
cells were sorted on an Influx cell sorter (BD Biosciences) 3 days after
transduction to be 100% GFP positive. The GB cell lines were main-
tained in Improved MEM Zinc Option (Gibco) with 10% fetal bovine
serum (FBS) and 1% each of penicillin-streptomycin, GlutaMAX,
HEPES, and sodium pyruvate. The Nalm6 cells were maintained in
RPMI (Corning) with 10% FBS and 1% each of penicillin-strepto-
mycin and HEPES.

Lentiviral production

The lentiviral vector pELNS-GFP_T2A_NA (GTN) encodes eGFP
and C. perfringens NA separated by a T2A self-cleaving peptide and
under the transcriptional control of EF-1 a. Lentiviral supernatants
were generated by transient transfection of 293-T cells with pELNS-
GFP_T2A_NA. 293-T cells were initially seeded in T150 flasks
and grown to 80% confluence in 25 mL of culture medium
(RPMI1640); 90 mL Lipofectamine 2000 DNA transfection reagent
was combined with 7 mg pCL-VSVG, 18 mg pRSV-REV, and 18 mg
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of pGAG-POL (Nature Technology) as well as 15 mg of pELNS-
GFP_T2A_NA. This mixture was incubated at room temperature
for 15 min. DNA-Lipofectamine complexes were then added to the
293-T cells.

After 24 h, infectious supernatants were sterile filtered through a
0.45-mm syringe tip cellulose acetate filter and collected in a 50-mL
conical tube. To pellet the lentivirus, the supernatant was spun in a
Thermo Fisher Scientific Centrifuge (LYNX 4000) at 18,000 RCF,
overnight, at 4�C. The supernatant was removed, and the lentiviral
pellet was resuspended in 1.6 mL of culture medium, aliquoted, and
stored at �80�C. Generation of the 806 CAR, CD19 CAR, and
eGFP encoding lentiviral particles followed the same procedure.

In vitro T cell transduction and expansion

Primary human leukocytes (PBLs) from healthy male and female vol-
unteers were collected at the University of Pennsylvania’s Apheresis
Unit. Informed consent was obtained from all participants before
collection. All experimental procedures and methods were approved
by the University of Pennsylvania Institutional Review Board. T cells
were purified at the University’s Human Immunology Core by nega-
tive selection using the RosetteSep T cell enrichment cocktail (Stem-
cell). The T cells were activated overnight with anti-CD3/CD28 beads
(Thermo Fisher Scientific). Populations of the cells were then trans-
duced with lentiviral vectors for 806 CAR, CD19 CAR, GFP, or
GTN constructs. The cells were expanded in complete RPMI Media
(Corning), and after 10 days were frozen in aliquots and thawed as
needed for experiments.

Cytotoxicity assay

The ability of CAR T cells co-transduced with GTN or GFP to kill tu-
mor targets was tested in a luciferase-based cytotoxicity assay. CBG-
expressing U87 cells (20 � 103) were cultured overnight in a 96-well
microplate (Corning). The following day, CAR+ T cells were added to
each well at E:T ratios of 10:1, 3:1, 1:1, and 1:3. Recombinant NA and
GO (Millipore Sigma) were added in PBS to certain wells to final con-
centrations of 50 mU/mL and 375 mU/mL, respectively, while other
wells received vehicle. Each condition was repeated in triplicate. After
24 h, luciferin in PBS was added to each well for a final concentration
of 150 mg/mL. Bioluminescence was recorded with a Synergy HTX
plate reader (BioTek).

Flow cytometry

For knockout studies, cell-surface protein expression was assessed us-
ing the following antibodies: anti-CD2–APC [RPA-2.10], anti-CD28–
APC [CD28.2], anti-CD58–APC [TS2/9], anti- TRAC/TRBC–APC
[IP26] (BioLegend). For anti-EGFR CAR expression, cells were incu-
bated with recombinant EGFRvIII-Fc (Novus Biologicals) followed
by polyclonal APC-conjugated anti-Fc secondary (Jackson ImmunoR-
esearch). The anti-CAR19 idiotype for surface expression of CAR19
was provided by Novartis. The expression of murine CD45.1 was as-
sessed with anti-mCD45.1–APC [A20] (Biolegend). In all cases, cells
were washed with PBS, incubated with antibodies at room temperature
for 30 min in buffer consisting of PBS, 1% BSA, and 5 mM EDTA,
washed twice in PBS (or stained with secondary if indicated and
washed), and evaluated on a BD LSR Fortessa. Analysis was performed
using FlowJo software (Tree Star Inc. version 10.1).

Enzyme-linked immunosorbent assay

Target-expressing cells (20 � 103 U87 per well) were cultured over-
night in a 96-well V-bottom plate. Thawed and rested CAR T cells
were added at an E:T ratio of 1:1. The conditions included the
following: CAR T cells, CAR T cells with NA secretion and GFP
expression, and CAR T cells with GFP expression alone. The enzymes
NA and GO were added at final concentrations of 50 mU/mL and
375 mU/mL, respectively, to appropriate wells as indicated in figure
legends. All conditions were performed in triplicate. After 20 h, super-
natants were removed, and the cytokines IFN-g and IL-2 were quan-
tified by Duoset ELISA (R&D Systems).

Neuraminidase activity assay

U87 and Nalm6 target cells (20 � 103 per well) were cultured over-
night in a 96-well V-bottom plate. Thawed and rested CAR T cells
co-transduced with GTN or GFP were washed once in fresh media
and then added at a 10:1 ratio of GFP+ cells to target cells. After 24
h, the plate was centrifuged at 500 � g for 3 min, and supernatants
were tested for NA activity using the Fluorometric – Blue Neuramin-
idase Assay Kit (Abcam) per the manufacturer’s protocol.

In vivo models

All mouse experiments were conducted in according to IACUC-
approved protocols. Using NSG mice, 250 � 103 U87-luc-eGFP cells
were injected subcutaneously in the right flank, with seven mice per
group. For each injection, the tumor cells were suspended in in 100 mL
of 20%Matrigel in PBS.Oneweek after tumor implantation, the animals
were injected i.v. via tail vein with 0.5 � 106 EGFR or CD19-directed
CAR T cells, either secreting CpNA or not as indicated in the figures.
On a weekly basis, anesthetized mice were imaged using a Xenogen
IVIS Spectrumsystem(Caliper Life Science) to assess tumorbiolumines-
cence. Total bioluminescent flux was quantified using Living Image 4.4
(PerkinElmer). Tumor volumes were assessed via caliper measurement.

In the Nalm6 leukemia model, NSG mice were infused with 1 � 106

Nalm6-luc-eGFP tumor cells on day 0. On day 5, the mice received
either CpNA secreting or GFP-expressing CAR T infusions by tail
vein injection, with five mice per cohort. Bioluminescence was evalu-
ated weekly with the IVIS Spectrum imager as in the U87 experiment.
On day 31, mice were re-challenged with an additional 1� 106 tumor
cells. Bloods were collected into Trucount tubes by cheek bleed proced-
ure on day 44, stained for human CD45, and evaluated by flow cytom-
etry to quantify the engrafted adoptive cells in the peripheral blood.

For the syngeneic mouse melanoma model, 50 � 103 B16F10.CD19
melanoma cells expressing human CD19 were implanted subcutane-
ously on the right flank in CD45.2 + C57BL/6 mice (The Jackson Lab-
oratory), with sevenmice per treatment arm. To generate CART cells,
splenocytes were harvested from CD45.1 + congenic donor mice,
from which T cells were isolated using the EasySep Mouse T cell
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Isolation Kit (Stemcell Technologies), activated with Dynabeads
Mouse T-Activator CD3/CD28 beads, and transduced by spinfection
with ecotropic retrovirus encoding the CD19-directed CAR, GTN, or
GFP constructs. Prior to use of mouse CAR T cells, the expression of
CAR, GFP, and functional NA were confirmed by flow cytometry or
enzyme activity assay as previously described for human cells. Mice
with evidence of tumor engraftment (tumor volume >50 mm3) on
day 5 were randomized to either CD19-directed CAR T (co-express-
ing CpNA or GFP) or NTD cell infusions, which occurred on days 5
and 12, as well as intra-tumoral injections of NA and GO, GO, or PBS
as described in the figures. Tumor volumes were measured weekly
beginning on day 5 as well as at the end of the experiment on day
21. To assess CAR T engraftment, blood was collected on day 21 by
cardiac puncture, stained with APC-conjugated anti-CD45.1 anti-
body (Biolegend, clone A20) in Trucount tubes (BD Biosciences),
and evaluated with flow cytometry. Animals were euthanized at the
end of the experiment or when they met prespecified endpoints ac-
cording to the protocols.

For the GD-2 xenograft model, animals were injected via tail vein
with 0.5 � 106 SY5Y- CBG tumor cells (ATCC) in 0.1 mL sterile
PBS. On day 4, tumor engraftment was confirmed; 0.75 � 106 anti-
GD2 CART cells or nontransduced NTD human T cells were injected
i.v. in 100 mL of sterile PBS, 5 days after injection of SY5Y-CBG tumor
cells. Anesthetized mice were imaged using a Xenogen IVIS Spectrum
system (Caliper Life Science) twice a week. Mice were given an intra-
peritoneal injection of D-luciferin (150 mg/kg; Caliper Life Sciences).
Total flux was quantified using Living Image 4.4 (PerkinElmer) by
drawing rectangles of identical area around mice, reaching from
head to 50% of the tail length. Peripheral blood was obtained by
retro-orbital bleeding in an EDTA-coated tube, and blood was exam-
ined fresh for evidence of T cell engraftment, and differentiation, by
flow cytometry using BD Trucount (BD Biosciences).

Animals were euthanized at the end of the experiment before showing
signs of toxicity and before reaching signals higher than 1 � 1011 p/s
total flux per mouse (in accordance with our Institutional Animal
Care and Use Committee [IACUC] protocols).

T cell differentiation assay

Activated CAR T cells were expanded for 9 to 11 days and
subsequently stained with a panel of monoclonal antibodies to assess
differentiation. The following pre-titrated antibodies were used: anti-
CCR7–FITC (clone 150,503; BD PharMingen); anti-CD45RO-PE
(clone UCHL1), anti-CD8-H7APC (clone SK1; BD Biosciences);
anti-CD4-BV605 (clone OKT4). 1 � 106 cells were immunostained
as follows: cells were washed with PBS and stained for viability using
LIVE/DEAD Fixable aqua (Molecular Probes) for 15 min, washed
once, and resuspended in fluorescence-activated cell sorting (FACS)
buffer consisting of PBS, 1% BSA, and 5 mM EDTA. Cells were then
incubated with the above indicated antibodies for 30min at room tem-
perature. Samples were then washed three times with FACS buffer and
fixed in 1% paraformaldehyde. Positively stained cells were differenti-
ated from background using fluorescence-minus-one controls. Flow
1212 Molecular Therapy Vol. 30 No 3 March 2022
cytometry was performed on BD LSR Fortessa. Analysis was per-
formed using FlowJo software (Tree Star version 10.1).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2021.11.014.
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