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One Sentence Summary: Reducing the expression of N-glycans on tumor cells enhances the

therapeutic potential of chimeric antigen receptor T cells against solid tumors.
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Abstract

Immunotherapy with chimeric antigen receptor (CAR) engineered T cells showed exceptional
successes in patients with refractory B cell malignancies. However, first-in-human studies in solid
tumors revealed unique hurdles contributing to poor demonstration of efficacy. Understanding the
determinants of tumor recognition by CAR T cells should translate into the design of strategies that
can overcome resistance. Here, we show that multiple carcinomas express extracellular N-glycans,
whose abundance negatively correlates with CAR T cell killing. By knocking out mannoside acetyl-
glucosaminyltransferase 5 (MGATY) in pancreatic adenocarcinoma (PAC), we showed that N-glycans
protect tumors from CAR T cell killing by interfering with proper immunological synapse formation
and reducing transcriptional activation, cytokine production, and cytotoxicity. To overcome this
barrier, we exploited the high metabolic demand of tumors to safely inhibit N-glycans synthesis with
the glucose/mannose analogue 2-Deoxy-D-glucose (2DG). Treatment with 2DG disrupts the N-
glycan cover on tumor cells and results in enhanced CAR T cell activity in different xenograft mouse
models of PAC. Moreover, 2DG treatment interferes with the PD-1-PD-L1 axis and results in a
reduced exhaustion profile of tumor-infiltrating CAR T cells in vivo. The combined 2DG and CAR
T cell therapy was successful against multiple carcinomas besides PAC, including those arising from
the lung, ovary, and bladder, and with different clinically relevant CAR specificities, such as CD44v6
and CEA. Overall, our results indicate that tumor N-glycosylation regulates the quality and magnitude
of CAR T cell responses, paving the way for the rational design of improved therapies against solid

malignancies.
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Introduction

Engineering T cells to express chimeric antigen receptors (CARs) targeting lineage-restricted
antigens is an effective tool to treat B cell malignancies (/—4). However, as the technology moves to
solid tumors, clinical responses have not been as robust (3). In this setting, the inefficient trafficking
and infiltration to the tumor site, the presence of inhibitory signals, and the paucity of tumor-restricted
antigens pose unique barriers to the therapeutic benefit of CAR T cells. Even when these features are
successfully counteracted, the therapeutic potential of CARs depends on the ability to exert contact-
dependent biological functions through the formation of a lytic immune synapse (IS) with tumor cells
(6). This multi-step process culminates with the accumulation of actin filaments, the convergence of
lytic granules at the microtubule organizing center (MTOC), the polarization of granule-loaded
MTOC and the final release of granules at the IS cleft (7—9). As this process primarily relies on ligand-
receptor interactions, antigen density and accessibility are both essential attributes defining the
ultimate success of CAR T cell therapy (70).

Glycosylation is one of the most frequently occurring protein modifications. Glycoproteins are
generated through the covalent link of glycans to asparagine or serine/threonine residues. Here we
focus on N-glycans, comprising a core of two N-acetylglucosamine (GlcNAc) and three mannose
residues (/7). In normal cells, core structures undergo extensive processing by several
glycosyltransferases, which poise the maturation of nascent glycoproteins toward high-mannose,
hybrid or complex branched N-glycans (72). Tumor cells display aberrant glycosylation, which
manifests as a profoundly diverse extracellular glycan coat as compared to healthy cells. This coating,
besides regulating fundamental biological events, may also negatively impact the magnitude of
antitumor responses, either by masking neo-epitopes to immune cells or by interfering with immune
cell functions (73) For instance, a tumor cell’s sialic acid might shut down NK activation and favor
polarization of macrophages to an immunosuppressive M2 phenotype through binding to Siglec
receptors (14, 15). In opposite scenarios, the tumor glycan coat provides specific markers that can be

conveniently exploited for immunotherapeutic strategies, as depicted by the clinical application of
4
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CAR T cells targeting the cancer-associated Tn-glycoform of Mucin 1 (16). Increased B1-6 N-glycan
branching is among the most frequent alterations occurring in cancer cells (/7). Such modification is
due to the increased activity of N-acetylglucosaminyltransferase-V (GnT-V), which is encoded by
the mannoside acetyl-glucosaminyltransferase 5 (MGATS5) gene (18). Expression of MGATS is
positively regulated by the Ras-Raf-Ets signaling pathway, which is commonly altered in tumors, and
contributes directly to cancer growth, invasion, and metastasis (79, 20). For example, MGATS
deficiency in glycosylation mutants of metastatic tumor cell lines impairs invasive potential (20). In
contrast, its overexpression correlates strongly with acquisition of metastatic features in a non-
metastatic model of murine mammary carcinoma (21/). Interestingly, MGATS glycan products have
been described in breast and colorectal carcinomas, where they correlate with decreased survival and
poor prognosis (22, 23).

We previously developed a CAR specific for the variant isoform 6 of CD44 (CD44v6) (24, 25) for
the treatment of acute myeloid leukemia (AML) and multiple myeloma (MM). More recently,
CD44v6 CAR T cells have also proved efficacy in xenograft models of lung and ovarian carcinoma,
paving the way for a wider exploitation toward solid tumors (26). CD44v6 is a heavily glycosylated
protein, a feature shared with several solid tumor CAR antigens, including the Carcinoembrionic
antigen (CEA), which is currently under investigation in patients with primary or metastatic
pancreatic carcinoma (27-29). Most commonly, CAR T cells engage their antigen through a
monoclonal antibody (mAb)-derived binding moiety. Glycosylated proteins encompass different
types of antigenic epitopes. Glycopeptidic epitopes are defined by antibodies recognizing
oligosaccharide units and adjacent amino acid residues as opposed to peptidic epitopes, which are
recognized both in fully and partially glycosylated antigens (30). For example, the BIWA-8 mAb,
which was used to construct the 44v6.28( CAR’s single chain fragment variable (scFv), falls in the
latter category, as it recognizes a peptidic epitope lacking the canonical consensus sequence for N-
glycosylation (317). Nevertheless, especially in richly glycosylated proteins, glycosylation of one or

more flanking amino acids can mask mAb binding, as has been reported for the influenza virus
5
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hemagglutinin, the human Mucin 1 (MUC1) protein and, more recently, Programmed death-ligand 1
(PD-L1) (32—34). Because glycosylation is one of the most frequently occurring protein
modifications, this characteristic might become highly relevant while dissecting the factors regulating
CAR T cell activity. Interestingly, preclinical evaluations of CAR T cell efficacy toward solid tumors
have generally not taken this feature into account.

In this study, we generated N-glycosylation defective pancreatic tumor cells by knocking-out the
expression of the glycosyltransferase MGATS5 and exploited CD44v6 and CEA CARs to model the
impact of tumor N-glycans on the targeting of tumor cells by CAR T cells. To safely address this
barrier, we tested the combination of CAR T cell treatment with the glucose/mannose analogue 2-
deoxy-D-glucose (2DG), known for its ability to preferentially accumulate in tumors over healthy
cells (35, 36). The results obtained unravel facets of the biology of tumor recognition by CAR T cells

and instruct the development of improved strategies for the treatment of solid malignancies.

Results
Branched N-glycans shield pancreatic tumors from 44v6.28C targeting.

Pancreatic adenocarcinoma (PAC) has an extremely poor prognosis and limited therapeutic options.
Contrary to expectations, CAR T cell therapy has also failed to achieve responses (29), requiring the
development of more sophisticated strategies. In order to decipher the biological impact of N-glycans
in PAC tumors, we analyzed the mutational burden of the glycosyltransferases involved in the
synthesis of these sugar moieties. We found that 19% of patients from cBioportal (37, 38) carried
genomic alterations in glycosyltransferases involved in the synthesis of N-glycans (fig. S1A), and
this feature associated with poor outcomes (fig. S1B). Comparative analysis further identified a
similar mutational burden among genes specifically accounting for either branched or high-mannose
N-glycan subtypes (Fig. 1A and fig. SIC). However, genes involved in branched N-glycan synthesis
alone associated with markedly worsened disease-free survival, thus providing evidence that

alterations of these sugar structures endow PAC cells with increased aggressiveness (Fig. 1B and fig.
6
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S1D). Interestingly, most of these alterations were amplifications (Fig. 1C), supporting the greater
abundance of branched N-glycans in malignant cells (20). To measure the expression of N-
glycosyltransferases accounting for branched N-glycans elongation, we analyzed RNA sequencing
data of PAC specimens from the Cancer Genome Atlas (TCGA). GSEA analysis (39) showed a
marked enrichment of this pathway in patients as compared to healthy controls (Fig. 1D).

Among enriched genes, MGATS5 encodes for a Golgi enzyme pivotal for branched N-glycans
biosynthesis and responsible for the increased B1-6GlcNAc-branching that notoriously accompanies
malignant transformation (2/). Therefore, to weigh the contribution of tumor branched N-glycans to
the targeting by CAR T cells, we knocked-out the expression of MGATS5 in T3M-4 PAC cells, thereby
preventing B1-6 elongation whilst preserving core sugars (Fig. 1E). This pattern was confirmed by
decreased binding to Phytohemagglutinin-L lectin (PHA-L), which specifically marks MGATS
glycan products, concurrent with increased Concanavalin A staining, that reveals mannose residues
(Fig. 1F and G). Reduced binding to PHA-L was further confirmed by immunohistochemistry, both
at intracellular and surface level (Fig. 1H). By contrast, surface accessory molecule concentrations
remained relatively stable, indicating no perturbations of the overall surface phenotype (fig. S2A).
Similarly, no major differences emerged in the expression of CD44v6 (fig. S2B), which was selected
as model CAR antigen being highly glycosylated and expressed on several solid tumors (40).

To generate CAR T cells, T lymphocytes were stimulated with aCD3/CD28 beads, transduced with
CD28-costimulated CARs specific for CD44v6 (44v6.28() or control CD19 (19.28C) and expanded
with interleukin (IL)-7 and IL-15, according to a protocol that preserves T cell fitness (4/—43). The
effect of MGATS5 knock-out on tumor recognition by 44v6.28C cells was analyzed in co-culture
experiments at different effector-to-target (E:T) ratios. Hampering branched N-glycans in T3M-4
PAC cells dramatically enhanced antitumor efficacy by CAR T cells, marked by increased cytolytic
activity (Fig. 1I), secretion of interferon (IFN)-y and tumor necrosis factor (TNF)-a (Fig. 1J). These

findings were corroborated with the N-glycosylation inhibitor tunicamycin that abrogates core N-



161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

glycans synthesis, further underscoring the negative impact of these sugar structures on tumor cell

targeting by CAR T cells (fig. S2C and D).

Impairing the synthesis of MGATS N-glycan products in pancreatic tumors improves
functional engagement by CAR T cells.

To investigate the basis for the enhanced antitumor efficacy toward N-glycosylation-defective cells,
we examined limiting steps of the targeting process by CAR T cells, reasoning that N-glycans
removal would alter the quality and strength of tumor recognition. As previously reported, the quality
of the immunological synapse (IS) predicts antitumor activity of CAR T cells (6). Accordingly, we
characterized the IS formed between CAR T cells and either wild-type or MGATS5 knocked-out T3M-
4 tumor cells. The IS was reconstituted and visualized as maximum projection of 0.2 um z-stack and
quantification analysis was performed as previously described (44). Remarkably, T3M-4 cells devoid
of MGATS glycan products engaged in a superior IS with 44v6.28C cells, featuring higher F-actin
accumulation, stronger granule convergence, and reduced distance of microtubule-organizing-center
(MTOC) to F-actin (Fig. 2A and B), three well established parameters for functional cytolysis (9, 45).
No such differences were observed in control 19.28C cells (fig. S3A).

Because IS strength dictates the degree of T cell activation (6), we examined whether N-
glycosylation-defective tumors would elicit a stronger functional engagement by CAR T cells. To
this aim, we analyzed intracellular signaling events by exploiting a triple-parameter-reporter (TPR)
Jurkat cellular model, which allows measuring transcriptional activity through the expression of
fluorescent proteins (46). TPR Jurkat cells were transduced to express either 44v6.28C or 19.28(
constructs and stimulated with wild-type or MGAT5 knocked-out T3M-4 tumor cells (Fig. 2C).
Importantly, N-glycosylation-defective tumors induced stronger calcineurin-nuclear factor of
activated T cells (NFAT) and nuclear factor kappa B (NF-kB) signals in 44v6.28C" TPR Jurkat cells

(Fig. 2D). In contrast, Activator protein 1 (AP-1) appeared to be poorly informative, so we relied on
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NFAT and NF-«B for further investigations (fig. S3B). The specificity of this effect was confirmed
by the lack of signal in 19.28C" TPR Jurkat cells (fig. S3C). Overall, these findings support a
mechanism of tumor resistance to CAR T cell therapy that place tumor engagement and CAR

signaling strength under the control of malignant branched N-glycans.

Prophylactic treatment with 2DG sensitizes pancreatic tumors to 44v6.28C targeting.

To pharmacologically overcome the glycosylation barrier, we employed the glucose/mannose
analogue 2-Deoxy-D-glucose (2DG). Although 2DG is mainly known for its capacity to block
glycolysis through hexokinase and phosphoglucose isomerase inhibition (47), its interference with
N-linked glycosylation has also been reported. 2DG competes with mannose and incorporates into
lipid-linked oligosaccharides (LLOs) of nascent glycoproteins, overall causing an aberrant
glycosylation status (48).

Treatment with 2DG inhibited branched N-glycans expression in T3M-4 cells, as indicated by
reduced PHA-L binding (Fig. 3A). Interestingly, this effect manifested at concentrations of 2DG as
low as 2mM and 4mM, which were less effective in driving glycolytic flux as measured by cellular
lactate production (fig. S4A). Hence, based on our results and previously reported findings (48), we
relied on 4mM 2DG for subsequent evaluations and functional testing. Inhibition of glycosylation
usually triggers endoplasmic reticulum (ER) stress due to the accumulation of unfolded and degraded
proteins. Accordingly, treatment of T3M-4 tumors with either tunicamycin or 2DG showed a clear
upregulation of the ER stress marker GRP78 by western blot analysis. This effect was reverted by
addition of mannose, but not glucose, and was not induced by 2FDG, which preferentially blocks
glycolysis, confirming that 2DG inhibits N-glycosylation by mannose mimicry. Interestingly, the
same result was not observed for MGAT5 knocked-out cells, possibly suggesting that 2DG causes a
more potent glycosylation interference compared to the MGATS deficiency (Fig. 3B).

To gain further insights into the dynamic activity of 2DG in T3M-4 cells, we analyzed the kinetics

of de-glycosylation and re-glycosylation upon treatment. PHA-L binding was abrogated within 18
9
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hours of initial exposure to 2DG (fig. S4B). Binding was restored by 18 hours after treatment wash-
out, showing rapid de-glycosylation and re-glycosylation kinetics (fig. S4B). Before proceeding with
functional testing, we assessed the effects of 2DG-mediated de-glycosylation on the surface exposure
of tumor antigens, which is a crucial requirement for CAR T cell targeting. Although CD44v6 and
B1 integrin stained positive (fig. S4C), biotinylation assay of surface proteins showed a molecular
weight shift compatible with extensive de-glycosylation (Fig. 3C). Accordingly, N-glycans removal
through treatment with PNGase F produced comparable results, suggesting that 2DG treatment allows
surface exposure of proteins deprived of sugar structures.

We then explored the ability of 2DG to sensitize tumors to CAR T cell targeting. Notably, 2DG-
treated T3M-4 cells were more efficiently killed by 44v6.28C cells (Fig. 3D) and elicited a stronger
transcriptional engagement in 44v6.28C but not 19.28C TPR Jurkat cells (Fig. 3E and fig. S4D).
Treatment with low dose 2DG alone did not interfere considerably with tumor cell proliferation or
survival (fig. S4E and F). To support that this effect is truly accountable to inhibition of mannose (N-
glycosylation) rather than glucose (glycolysis) pathway by 2DG, we performed co-culture
experiments supplementing each sugar individually. Whereas addition of glucose did not alter the
improved tumor cell killing following treatment with 2DG and 44v6.28C cells, exogenous mannose
blocked the effect of 2DG exposure (Fig. 3F). Importantly, treatment of T3M-4 cells with 2FDG did
not increase killing by CAR T cells, ultimately pointing at inhibition of tumor glycosylation as the
main underlying mechanism of action (Fig. 3F).

This treatment combination was then investigated in a xenograft mouse model of PAC, whereby
engrafted T3M-4 retained high expression of branched N-glycans (fig. S4G). In this model, T3M-4
cells were transduced to express a secreted luciferase, which allows the easy monitoring of tumor
progression by serial peripheral blood analysis (49). To test the potency of the combined approach,
we exploited both a permissive and a more challenging in vivo setting, the former with low tumor

burdens and high CAR T cell doses, the latter with high tumor burdens and low CAR T cell doses

10
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(Fig. 3G). In both settings, 2DG was administered prior CAR T cell infusion to sensitize tumors to
CAR T cell assault. In the context of low tumor burden, tumor control was achieved regardless of
2DG treatment (Fig. 3H). In the high tumor burden model, however, tumor growth was controlled
more effectively in mice treated with 44v6.28( cells and 2DG (Fig. 3H). Notably, improved efficacy
was associated with a reduced exhaustion profile of tumor-infiltrating 44v6.28( cells. We observed
a significantly lower frequency of cells expressing one or more inhibitory receptors such as T-cell
immunoglobulin domain and mucin domain 3 (TIM-3), lymphocyte activating 3 (LAG-3),
programmed cell death protein 1 (PD-1) and CD57 (SPICE analysis P=0.001, Fig. 31 and fig. S4H).
N-glycosylation was reported to be crucial for co-inhibitory ligand-receptor pair bindings, including
programmed death-ligand 1 (PD-L1)-PD-1, poliovirus receptor (PVR)-T-cell immunoreceptor with
Ig and ITIM domains (TIGIT), galectin-9 (Gal9)-TIM-3, cytotoxic T-Lymphocyte associated protein
4 (CTLA4)-the cluster of differentiation 80 (CD80 or B7-1) and CTLAA4- cluster of differentiation 86
(CD86 or B7-2). Among these, the PD-L1-PD-1 interaction underwent the most substantial loss upon
N-glycans removal (50, 51). Considering the relevance of blocking this inhibitory axis from a clinical
standpoint, we tested whether 2DG-induced tumor de-glycosylation would directly impede the PD-
1-PD-L1 interaction. Interestingly, western blot biotinylation assay of surface proteins from PD-L1*
T3M-4 cells revealed a marked shift in PD-L1 weight upon treatment with 2DG, which is compatible
with de-glycosylation (Fig. 3J). Accordingly, upon treatment with 2DG, PD-L1" T3M-4 cells
exhibited a significant decrease in the ability of binding to recombinant human PD-1 (P=0.024, Fig.
3K). These findings suggest that combination with 2DG not only improves tumor clearance but might
also enable CAR T cells to evade immune checkpoint inhibition.

Due to metabolic deregulation, 2DG should preferentially accumulate in tumors rather than healthy
tissues (47, 52). To substantiate this assumption, we examined the effects of 2DG on healthy
keratinocytes as putative site of on-target off-tumor reactions by 44v6.28C cells. A biotinylation assay

of surface proteins confirmed an invariant glycosylation status of primary keratinocytes upon

11
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treatment with 2DG (fig. S5A). Accordingly, cytotoxicity of 44v6.28( cells also remained negligible
toward 2DG-treated primary keratinocytes (fig. S5B). A similar pattern was observed in peripheral
blood mononuclear cells, where exposure to 2DG had no effect on either PHA-L binding and the

overall survival (fig. S5C and D).

Co-treatment with 2DG prolongs the survival of pancreatic tumor-bearing mice receiving
44v6.28C cells.

To explore combinatorial regimens, we previously administered 2DG prior to CAR T cell transfer
in order to sensitize solid tumors to killing by CAR T cells (Fig. 3D to I). However, the short-term
effect on N-glycosylation observed after 2DG treatment could impair long-term benefit of CAR T
cell treatment. We therefore proceeded to test a combinatorial regimen comprising prolonged
treatment with 2DG. This differs from the previous setting in which 2DG was administered
beforehand to tumor alone. Therefore, it became crucial to test the potential accumulation of 2DG in
CAR T cells and identify if there were any consequent effects. To this aim, we used the fluorescent
glucose analogue (2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) as a
tracer to quantify glucose uptake in living cells (53, 54). 2NBDG uptake was evident in resting T
cells and, expectedly, more so in 44v6.28C cells activated through polyclonal stimulation with
aCD3/CD28 (Fig. 4A). However, when 44v6.28( cells were challenged with target BxPC-3 tumor
cells in co-culture, 2NBDG uptake was highly skewed toward the tumor (Fig. 4B). This phenomenon
occurred despite marked T cell activation, as confirmed by CD69 upregulation in 44v6.28C cells
compared to control T cells (Fig. 4C). Accordingly, whereas lactate production was reduced upon
treatment of polyclonally activated 44v6.28C cells with 2DG in vitro (fig. S6A), no such alteration
was observed in 44v6.28( cells retrieved from tumor masses of mice receiving 2DG (fig. S6B).
Overall, these data point to a preferential accumulation of 2DG in tumors during co-treatment

regimens and suggest that there are only minor direct effects on CAR T cells. Importantly, we also
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observed that cytotoxicity was associated with glycosylation blockade by 2DG in this treatment
setting, as addition of exogenous mannose, but not glucose, reverted the effect of 2DG treatment and
2FDG failed to synergize with 44v6.28C cells (Fig. 4D).

We then tested the prolonged co-treatment of 2DG and 44v6.28( cells in high tumor burden PAC
xenograft models (Fig. 4E). In T3M-4 xenografts, treating mice with repetitive injections of 2DG
alone proved ineffective, as opposed to 44v6.28(C cells that achieved a significant survival benefit
(T3M-4 versus T3M-4+2DG P=0.4945; T3M-4 versus 44v6.28C P=0.0010). However, the
combination of 2DG and 44v6.28( cells afforded the most durable tumor control, outperforming both
individual treatments (T3M-4+2DG versus 44v6.28C+2DG P=0.0003, Fig. 4F). This result was
confirmed in BxPC3 xenografts, in which the combined therapy provided the best therapeutic
potency, significantly prolonging the survival of mice compared to either single treatment alone
(BxPC3 versus BxPC3+2DG P>0.9999; BxPC34 versus 44v6.28( P=0.3523; BxPC3+2DG versus
44v6.28C+2DG P=0.0047, Fig. 4G). In both models, CD8" CAR T cells expanded robustly at early
time points and contracted over time in favor of CD4" T cells, regardless of the 2DG combination
(fig. STA and B). Prominent phenotypical differences emerged in the late phase of the immune
response in mice receiving the combined therapy. The persisting progeny of circulating 44v6.28C
cells from 2DG-treated mice comprised a higher percentage of early-differentiated
CD62L"CD45RA" stem cell memory T (Tscm) cells or CD62LTCD45RA" central memory T (Tcwm)
cells, at the expense of CD62L-CD45RA" effector memory T (Tem) cells or CD62L"CD45RA*
terminal effector (Temra) T cells (Fig. 4H). To expand the characterization of tumor-infiltrating (TIL)
CAR T cell fitness in the co-treatment regimen, we interrogated the co-expression of multiple
exhaustion and activation markers with Barnes-Hut Stochastic Neighbor Embedding (BH-SNE) (55)
and Kmeans clustering through a data optimization and deconvolution workflow (56, 57). The
analysis identified distinctive phenotypic clusters of 44v6.28C TILs deriving from the two treatment

conditions (fig. S8A and B, Fig. 41). Cluster analysis revealed that 44v6.28C TILs retrieved from mice

13



312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

receiving 2DG exhibited a reduced exhaustion profile, characterized by a lower expression of
multiple inhibitory receptors, either considered alone as shown by heat map visualization (Fig. 4J) or
in combination (Fig. 4K). These data further support the multifaceted benefit of combining 2DG and

CAR T cells.

Co-treatment with 2DG improves CAR T cell efficacy against multiple carcinomas.

To examine the exploitability of the combined therapy, we screened N-glycans expression in a panel
of cell lines deriving from different human carcinomas. PHA-L binding analysis revealed that besides
PAC, tumors arising from lung and bladder also express N-glycans (Fig. 5A). Of note, the
combination with 2DG markedly increased killing of highly glycosylated tumors that are hardly
targeted by 44v6.28C cells alone, such as 5637 cells, while having marginal effects on poorly
glycosylated tumors efficiently recognized by CAR T cells, such as MDA-231 cells (Fig. 5A and fig.
S9A). Correlative analysis of CD44v6" tumors challenged with CAR T cells revealed that antigen
expression failed to fully predict the degree of target cell killing; on the contrary, N-glycan expression
assessed through PHA-L binding showed a strong negative association (Fig. 5B) and predicted the
effectiveness of the combined therapy (fig. S9B), supporting the central role of this post-translational
modification in defining susceptibility to CAR T cell targeting.

To expand the assessment of the therapeutic potential with multiple tumors, we employed a model
of bladder carcinoma (5637 cells) and of ovarian (IGROV-1 cells) carcinoma. Importantly, in line
with previous observations from T3M-4 PAC tumors, treatment with 2DG induced extensive PD-L1
de-glycosylation (Fig. 5C) and robustly decreased binding of PD-1 to tumor-expressed PD-L1 (Fig.
5D). In both tumor xenograft models, 2DG proved ineffective whereas 44v6.28( cells, either as
monotherapy or in combination with 2DG, were equally capable of eliciting potent antitumor
responses, leading to marked tumor clearance. However, the superiority of the combined treatment
was confirmed by the unique capacity to elicit effective recall responses after tumor rechallenge,

suggesting long-term protection from relapse (Fig. SE and F). Consistent with previous findings,
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persistent 44v6.28C cells isolated from mice receiving 2DG injections featured increased proportions
of early memory T cells (fig. SIOA and B). In contrast, 44v6.28C alone readily acquired an effector
memory phenotype, possibly accounting for the inadequate control of tumor rechallenge.

To confirm the broad exploitability of the combined treatment toward different tumors, we analyzed
genomic mutational burden and RNA sequencing data of hallmark enzymes for N-glycan synthesis
in patients with different types of carcinomas using cBioportal and TCGA data. As anticipated from
cell line screening, N-glycosyltransferases were found mutated (fig. S11) and upregulated (Fig. 5G)
in many tumor specimens compared to corresponding normal tissue samples, including several
tumors already targeted by CAR T cells in clinical trials. Although each specific tumor indication
will certainly require dedicated pharmacokinetic and pharmacodynamic studies, these results support
the inclusion of 2DG as a tool to improve the therapeutic outcome of 44v6.28C cells toward multiple

carcinomas.

2DG boosts the antitumor efficacy of CEA.28C cells.

We next examined if removing N-glycans would be beneficial for CAR specificities other than
CD44v6. To this aim, we generated T cells engineered to express a CD28-costimulated CAR targeting
the Carcinoembrionic antigen (CEA.28C) (27-29). Although glycosylated T3M-4 PAC cells were
highly resistant to CEA.28( cells, knockout of MGATS5 markedly enhanced tumor elimination and T
cell activation (Fig. 6A and fig. S12A). Similar results were obtained when core sugar synthesis was
inhibited with tunicamycin (fig. S12A and B). Accordingly, MGAT5 knocked-out T3M-4 tumors
induced stronger NFAT signals in CEA.28C" TPR Jurkat cells compared to control N-glycosylation-
competent cells (Fig. 6B). Treatment with 2DG confirmed and extended these results, showing
increased targeting of T3M-4 tumor cells measured as killing (Fig. 6C), NFAT signaling (Fig. 6D),
CD69 upregulation (fig. S12A) and IFN-y production (fig. S12C). Importantly, the mechanism by

which 2DG enhances CEA.28( functionality was confirmed to be related to interference of tumor
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glycosylation rather than glycolysis, as addition of exogenous mannose prevented the benefit of 2DG
treatment in both the prophylactic and co-treatment regimens (Fig. 6E and fig. S12D). Interestingly,
the benefit from the 2DG combination was seemingly unrelated to the CAR design, as improved
NFAT and NF-kB signaling was also evident when 4-1BB-costimulated CEA CARs (CEA.BBC)
were employed (fig. S12E). Importantly, the mechanism by which 2DG enhances CEA.28z
functionality was confirmed to be related to interference of tumor glycosylation rather than
glycolysis, as addition of exogenous mannose prevented the benefit of 2DG treatment in both the
prophylactic and co-treatment regimens (Fig. 6E and fig. S12D). Similar to 44v6.28C cells, the uptake
of 2NBDG was also skewed toward tumor cells, rather than activated CEA.28( cells, in co-culture
experiments (Fig. 6F to H). Importantly, besides PAC cell lines, the combination of CEA.28C cells
and 2DG proved effective against other cancer cell lines (Fig. 61 and fig. S12F), including lung and

bladder cancer, further confirming the potential for a wide applicability of the proposed approach.

Discussion

In this study, we have demonstrated that N-glycans provide multifaceted protection to solid tumors
from CAR T cell killing. Furthermore, we provide evidence that pharmacologic interventions
inhibiting N-glycan synthesis, such as treatment with the glucose/mannose analogue 2DG,
successfully offset this shield, restoring susceptibility to CAR T cell targeting toward several solid
malignancies. The biology of tumor recognition by CAR T cells remains poorly unraveled. The
relative resistance of solid tumors to CAR T cells has underscored the need for a thorough
understanding of all possible determinants. Altered glycosylation is a hallmark of malignant
transformation, frequently manifesting as incomplete synthesis of O-glycans and increased branching
of N-glycans (20, 21). Whereas the former provides neoantigens for CAR T cells (16), cumbersome

N-glycans may have a direct impact on tumor cell recognition. To shed light on this unexplored

16



388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

subject, we fine-tuned the stepwise N-glycan elongation by knocking-out the glycosyltransferase
MGATS from tumors. Using MGATS5-deficient tumor cells, we explored quantitative imaging of the
CAR lytic synapse and analysis of transcription factor activation. We demonstrated that extracellular
branched N-glycans allow cancer cells to resist CAR T cell killing by increasing their activation
threshold and interfering with immunological synapse formation ab initio. Importantly, the N-glycan
shield applies to several types of carcinomas and CAR antigen specificities, not only revealing that
evaluation of target expression is insufficient to infer the potency of killing but also identifying N-
glycans as an actionable target for pharmacological intervention. Accordingly, we observed a clear
negative correlation between N-glycan expression and the potency of killing by CAR T cells,
warranting the potential adoption of N-glycan expression as a predictive biomarker for the screening
of patients who are likely to resist CAR T cell treatment and might benefit from de-glycosylating
strategies.

Consistent with previous studies, the glycan shield might act in multiple ways, either by direct
masking of antigenic epitopes or by hindering close cell-to-cell proximity. This last feature is a pillar
of the kinetic segregation model for T cell receptor (TCR) triggering, which postulates that close cell-
to-cell apposition sustains enhanced T cell activation by causing the passive marginalization of
phosphatases, such as CD45, which no longer counteracts kinase activities (58). Recently, this model
has proved valid also for bispecific antibodies (59), supporting the assumption that tumors with bulky
extracellular glycans might be suboptimal for lytic immune synapse formation with CAR T cells.
From our studies, short-term in vitro mechanistic evaluations strongly point at direct antigen
engagement and cell-to-cell proximity as two major forces driving differential tumor cell killing in
the presence or absence of N-glycans. However, the specific contribution of either of the two will be
the object of future studies. Conversely, accessory molecules shape the quality and duration of
antitumor responses in the long-term. In particular, signaling by immune checkpoint molecules is a
well-documented mechanism of resistance to T cell killing posed by solid tumors. In line with this

notion, CAR T cell therapy can greatly benefit from disruption of inhibitory pathways, either through
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checkpoint blockades or by pursuing genetic strategies for counteracting their signaling (60, 61).
Interestingly, it has been recently reported that N-glycosylation ensures proper functionality of co-
inhibitory ligand-receptor pairs, including the PD-L1-PD-1 axis, while being dispensable for co-
stimulatory signaling, hence directly driving cancer-cell mediated immunosuppression (50).
Accordingly, we show here that treatment with 2DG abrogates binding of PD-1 to PD-L1-expressing
tumors. Moreover, in two mouse models of PAC, we show that inhibition of tumor N-glycosylation
skews effector cells to resist the damaging consequences of inhibitory signals, as indicated by
decreased expression of exhaustion and senescence markers and robust cytotoxic effector response.
Therefore, the beneficial effects of combining de-glycosylating agents to CAR T cells might be at
least two-fold, either to be ascribed to a superior immunological synapse or to the disruption of
checkpoint signaling pathways.

In this study, we demonstrated that tumor treatment with tunicamycin resembles the phenotype of
MGATS knocked-out cells, supporting the key role of N-glycans in the resistance of tumors to CAR
T cell activity. However, in a translational effort toward a safe clinical applicability, we propose
combinatorial treatment with 2DG to overcome the glycosylation barrier. Differently from other de-
glycosylating agents entering cells indiscriminately, 2DG accumulates preferentially in tumors as a
consequence from the Warburg effect (35). This characteristic is exploited in cancer diagnosis where
radiolabeled 2DG (2-deoxy-2-[!8F]fluoro-D-glucose) is commonly used as a tracer in positron
emission tomography (PET) scans. The selective responsiveness of tumors to 2DG is further
supported by previous clinical experience proving good tolerability in solid cancers, either by itself
or in combination with chemotherapy or radiotherapy, even during repetitive treatment schedules (36,
62, 63). Most recently, the unique capacity of 2DG to accumulate in cells with high metabolic demand
has led to its approval by the Indian government for emergency use as adjunct therapy to the standard
of care in the treatment of patients with COVID-19 (64). Accordingly, our results endorse the safety
of this compound by showing that 2DG preferentially de-glycosylates tumors rather than healthy

cells.
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Although 2DG is commonly employed as glycolysis inhibitor, in our conditions (normoxia), its
impact on tumor cells was seemingly unrelated to such effect, as no major cytostatic activity was
observed (65). To support that the synergy with CAR T cells was accountable to inhibition of
mannose (N-glycosylation) rather than glucose (glycolysis) pathway by 2DG, we supplemented
either sugar individually during killing assays. Whereas addition of glucose did not alter the synergy
between 2DG and CAR T cells, exogenous mannose reverted such effect, pointing at inhibition of
tumor glycosylation by mannose mimicry as the main underlying mechanism of action in our
conditions. Nevertheless, within hypoxic tumor microenvironments, 2DG should likely induce cell
death per se as a consequence from metabolic impairment, predicting that in some applications the
effects of combining 2DG with CAR T cells might likely be superior to what reported from our
results. At the same time, during co-treatment regimens, 2DG might have an impact on CAR T cells
as well. The metabolic switch toward aerobic glycolysis also occurs in immune cells as well upon
pro-inflammatory signals (66). While it is known that glycolysis sustains highly proliferating effector
T cells (67), enforcing glycolytic metabolism was found to inhibit the generation of early memory
CDS8"* T cells (54). Accordingly, it has been reported that the ex vivo priming of CD8" T cells in the
presence of glycolysis inhibitors, such as 2DG, favors the generation of long-lived memory CD8"
cells displaying superior antitumor activity once transferred in vivo (54). Although we observed a
clear uptake of the fluorescent glucose analogue 2-NBDG in CAR T cells when cultured alone, which
mirrored a marked decrease on lactate production upon treatment with 2DG in a dose-dependent
fashion, no such effect was evident in T cells when the tumor was present, suggesting that 2DG has
only marginal effects in CAR T cells. This phenomenon was observed when testing both 44v6.28C
and CEA.28( cells in vitro and was further supported by the observation of an invariant intracellular
lactate production in tumor infiltrating 44v6.28C cells retrieved from mice receiving 2DG co-
treatment. Nonetheless, we observed a robust skewing toward an early memory phenotype in

circulating CAR T cells from mice receiving prolonged 2DG. This finding is particularly appealing,
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since clinical experience with CAR T cells identified early memory gene signature as one paramount
determinant of therapeutic success (68, 69) and multiple strategies are currently underway to enrich
and maintain CAR T cells with a stem and central memory phenotype (43, 70). Although we have no
proof of a direct accumulation of 2DG in peripheral CAR T cells during prolonged co-treatments, we
might speculate that its inherent effect was anything but beneficial to the therapeutic outcome.

We recognize some potential limitations of our present study. First, we acknowledge the lack of
functional results on patient-derived samples. However, the analysis of RNA sequencing data in
patients with different types of carcinomas showed that N-glycans biosynthesis enzymes are
upregulated in many tumor specimens, which suggest consistency with malignant cell lines functional
results. Second, as anticipated above, the specific contribution of antigen versus de-glycosylation of
other molecules remains unclear and will be the object of future studies.

In summary, we have demonstrated that extracellular N-glycans provide a potent tumor resistance
mechanism by increasing the CAR T cell activation threshold and by promoting CAR T cell
exhaustion. Our findings point to the therapeutic potential of combining CAR T cells with 2DG to
counteract multiple layers of tumor resistance, including the inadequate tumor engagement and the
damaging effects of inhibitory pathways (fig. S13). This knowledge has immediate translational
opportunities and also provides new directions for the rational design of improved therapeutic

approaches for solid tumors.
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Materials and Methods

Study Design

The objective of this study was to analyze the impact of tumor N-glycosylation on the targeting by
CAR T cells and to demonstrate that the combination with the glucose/mannose analogue 2DG safely
potentiates the antitumor efficacy toward several carcinomas in vitro and in vivo. All in vitro
experiments were performed with at least three different healthy donors and immunological synapse
studies were performed by an operator who was blinded to group’s allocation. In vivo experiments in
NSG mice were performed with 3 to 9 mice per group based on previous experiments showing that
this size could guarantee good reproducibility and emergence of statistically significant differences.
No statistical methods were used to pre-determine sample size. Tumor-bearing mice were randomized
into treatment groups before T cell infusion based on the amount of established tumors. Mice were
treated by an operator who was blinded to treatment groups. All analysis in vitro and in vivo was
based on objectively measurable data and the specific number of animals and experimental replicates

are indicated in the figure legends.

Generation of CAR constructs

44v6.28C, 19.28C, CEA.28C and CEA.BBC CARs contain specific single chain fragment variables
(scFv) derived from BIWA-8, FMC63 and BW431-26 mAbs, respectively. All scFvs were
synthetized by GeneArt (Thermo Fisher Scientific) as previously described (25) and cloned into an
original CAR incorporating an IgG1-derived hinge spacer, a CD28 transmembrane and costimulatory
domain and a CD3({ endodomain (71). To generate CEA.BB(, the CD28 transmembrane and co-
stimulatory domains were substituted with CD8 and 4-1BB sequences, respectively. All CAR cDNAs
were cloned in bidirectional lentiviral vectors kindly provided by L. Naldini (San Raffaele-Telethon
Institute for Gene Therapy), in which expression of green fluorescent protein (GFP) marker gene was
substituted with truncated nerve growth factor receptor devoid of the intracellular signaling domain

(ANGFR) (71). Briefly, CAR constructs were placed under the direct control of the human
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phosphoglycerate kinase promoter (PGK) in place of the ANGFR marker gene, whereas ANGFR was
substituted to GFP under the control of a minimal core promoter derived from the cytomegalovirus

(minCMYV). Viral supernatants were produced in 293T packaging cells.

In vitro functional assays

CAR T cells were co-cultured with target cells at different effector:target (E:T) ratios in RPMI-1640
fully supplemented in the absence of cytokines. After 24 hours, supernatants were collected and
analyzed with the LEGENDplex bead-based cytokine immunoassay (BioLegend, 740724). After 4
days (tumors) or 3 days (primary keratinocytes), surviving cells were counted using Flow-Count
Fluorospheres (Beckman Coulter, 7547053) and analyzed by flow cytometry. T cells that were
untransduced or transduced with an irrelevant CAR (19.28() were used as control. Elimination index
was calculated as follows: 1 — (number of residual target cells with experimental CAR T cells /
number of residual target cells with control T cells). In co-culture assays addressing the combination
of CAR T cells with specific supplements (2DG 4mM 48 hours, Sigma-Aldrich, D6134; Mannose
ImM 48 hours, Sigma-Aldrich, 415537; Glucose ImM 48 hours, Sigma-Aldrich, G8270; 2FDG
4mM 48 hours, Sigma-Aldrich, F506; Tunicamycin 100 ng/ml 48 hours, Sigma-Aldrich, 11089-65-
9), target cells were exposed to treatments before wash-out and co-culture with CAR T cells. In co-
treatment experiments, as specified in figure legends, treatment was not washed-out and the assay
took place in its presence. For transcriptional activation studies, CAR" Jurkat TPR cells were co-
cultured with target cells at 1:1 ratio and reporter gene activation was assessed using CytoFLEX
(Beckman Coulter).

Lactate production was assessed using the Lactate-Glo assay kit (Promega, J5021) per
manufacturer’s instructions. Toxicity of 2DG toward hematopoietic compartment was tested by
exposing buffy coat cells to 4mM 2DG-supplemented X-VIVO media (Lonza, BE02-054Q) with 2%
human serum (Euroclone, ECS0219D), IL-2 (300 IU/mL; Chiron Therapeutics), IL-21 (10 ng/ml;

Peprotech, 200-21) and IL-15 (5 ng/mL; Peprotech) for 18 hours. For flow cytometry-based 2-(N-(7-
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Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2NBDG, Invitrogen, 11569116) uptake
assay, cells were incubated with 100pM 2NBDG for 2 hours before measuring fluorescence by flow

cytometry.

Mouse experiments

All experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of
IRCCS San Raffaele Scientific Institute and by the Italian Governmental Health Institute. Female or
male 6 to 9-week-old NOD.Cg-Prkdcscid I12rgtm1Wjl (NSG) mice (Charles River Laboratories)
were kept in a specific-pathogen-free (SPF) facility within individually ventilated cages. For end-
point experiments comprising luciferase (Luc”) T3M-4 pancreatic cancer cells and prophylactic
treatment with 2DG prior to CAR T cell therapy, we employed a high and low tumor burden settings.
In both settings 0.1x10° tumor cells were injected orthotopically after mice were anesthetized with
inhaled isoflurane and oxygen. In high tumor burden experiments, mice were injected
intraperitoneally (i.p.) with 500 mg/kg 2DG (Sigma-Aldrich, D6134) on day 6 and 7 after tumor
engraftment, before receiving 5x10°® CAR T cells intravenously (i.v.). In low tumor burden
experiments, mice were treated with 500 mg/kg 2DG on day 2 and day 3 before receiving 10x10°
CAR T cells. Tumor growth was monitored by bioluminescence assay using the QUANTI-Luc
detection reagent (InvivoGen, rep-qlcl) and expressed as relative light units (RLUs). Mice were
euthanized at RLU > 10 in control groups. At euthanasia, tumor masses were retrieved, dissociated
using gentleMACS (Miltenyi Biotec, 130-093-235) and tumor dissociation reagents (Miltenyi Biotec,
130-095-929) and analyzed by flow cytometry. For survival experiments with Luc” T3M-4 tumors,
0.1x10° tumor cells were injected i.p. and treated with 6.5x10° CAR T cells on day 7. Mice were
euthanized at RLU > 10% or when showing signs of discomfort. For survival experiments with Luc*
BxPC3 pancreatic cancer cells, 0.5x10° tumor cells were injected i.p. and treated with 3x10° CAR T
cells on day 7. Mice were euthanized at RLU > 10° or when showing signs of discomfort. For ovarian

cancer models using Luc* IGROV-1 cells, 0.3x10° tumor cells were injected subcutaneously and
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treated with 4.5x10° CAR T cells on day 7 (26). For bladder cancer models using Luc* 5637 cells,
1x10% tumor cells were injected subcutaneously and treated with 4x10° CAR T cells on day 14. In
experiments using IGROV-1 and 5637 tumors, mice received tumor rechallenge on day 19 and 20
respectively and were euthanized at RLU > 10* or when showing signs of discomfort. In all
experiments comprising the prolonged co-treatment with 2DG, mice received 2DG i.p. at day -1 and
0 from CAR T and every day after, with repetitive cycles of 5 days followed by 2-day treatment wash-

out.

Statistical Analysis

Raw, individual-level data are presented in data file S1. All data are presented as mean + s.e.m.
Statistical analysis was performed on GraphPad Prism 8 software; SPICE software was used for
analysis of inhibitory receptors co-expression. Datasets were analyzed with paired or unpaired
Student’s t-test, one-way or two-way ANOVA and the Log-rank Mantel-Cox tests, depending on the
experimental design. Appropriate statistical tests were used as described in the figure legends.
Biological replicates are indicated in figure legends as “independent donors”, technical replicates are
indicated as “independent samples”. Differences with a P value < 0.05 were considered statistically

significant.
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Fig. 1. Branched N-glycans protect pancreatic adenocarcinoma from 44v6.28C cells. (A) The
frequency of patients with pancreatic adenocarcinoma carrying at least one genomic alteration in
glycosyltransferases responsible for the synthesis of branched N-glycans was quantified using the
cBioportal database (n = 1033). (B) A Kaplan-Meier plot comparing disease-free survival rates in
patients with unaltered versus altered glycosyltransferases from (A) is shown. (C) The frequency of
mutations types in patients with altered glycosyltransferases is shown (n = 77). (D) Left: Pre-ranked
GSEA is shown for the expression profile of tumor tissue samples from patients with pancreatic
cancer and adjacent normal tissue samples using branched N-glycans glycosyltransferases gene set.
Right: A heat map of gene expression is shown. Expression data were retrieved from TCGA and
GTEx databases using Gepia2. (E) A schematic representation of N-glycans is shown for T3M-4
wild-type (wt) or T3M-4 cells knocked-out for the expression of the glycosyltransferase MGATS

(MGATS5 KO). Phytohemagglutinin-L (PHA-L) and Concanavalin A (ConA) specificities are shown
40
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(dark box). The dotted gray box shows core N-glycans. (F and G) Flow cytometric profiles of PHA-
L (F) and ConA (G) binding to T3M-4 are shown. Left, representative plots showing frequency of
positive cells. Negative control is shown in white. Right, relative fluorescence intensity (RFI, n =3
independent samples). (H) PHA-L binding (brown) to T3M-4 cell-block sections is shown. Control,
unstained cells. Scale: 20 um. (I) Target cell killing was measured after T3M-4 cells were co-cultured
with 44v6.28C at 1:10 effector:target (E:T) ratio. Killing is expressed as elimination index, which was
calculated as compared to control T cells (see Methods; n = 3 donors). (J) IFN-y and TNF-a
production after co-culture of 44v6.28C with target cells is shown (n = 3 donors). UT, untransduced
T cells. P values (*P < 0.05; **P <0.01; ****P <(0.0001) were determined by log-rank Mantel-Cox

test (B), two-tailed z-test (F, G, I) or two-way ANOVA (J). Data are presented as mean + s.e.m.

41



901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

MGAT5 ko B

- = P=00514
— %k
5107 7 e Es5q raen 315
< 71 i @ 101 i
o 4 841 ° 221 &
= 3 E31 0 g 4
© = 3,
£ 2 o2 2 g
g 1 S O 1
oo 80 g 0
o 0] o o
é‘/\g(— “X\/\b“ «i‘@\e
A » o
W W N
/Granzyme B/Cell Trace/F-actin
c D o wt - MGAT5ko
NFAT A4V ] — 40 — 8
—Iﬁ- MP>eGFP] c X IS Fkkk
transduction a 30 o 6
NF-kB — N 5 b Kk
Q20 S 4
g <10 g2 .
NP5 mCherry |- L]
MR mCherry | z Z,
4 6 24 48 4 6 2448
Time (h) Time (h)

Fig. 2. Removing MGATS N-glycan products results in superior immunological synapse quality
and improves CAR signaling. (A) Left, confocal microscopy images showing conjugation of CAR
T cells (dotted line) with target T3M-4 cells. Scale: 10 pm. Right, image magnification onto a
representative immunological synapse (IS) showing pericentrin (yellow), F-actin (Phalloidin, green),
granzyme B (red), and a target T3M-4 cell (blue). (B) Quantification of F-actin accumulation,
granzyme lytic granules convergence, and microtubule-organizing-center (MTOC) polarization were
quantified from 44v6.28C cells engaged in an IS with target T3M-4 cells. Each dot represents one IS
quantification from 3 donors of independent experiments (n = 58 for T3M-4 wt; n = 62 for T3M-4
MGATS ko). A.U., arbitrary units. (C) Schematic representation of the Jurkat triple reporter (TPR)
CAR" system is shown. Jurkat TPR were transduced with 44v6.28(, allowing measurement of CAR-
induced activation of transcription factors through the expression of fluorescent proteins. (D)
Frequency of NFAT and NF-«xB activation in 44v6.28C" Jurkat TPR was measured during a time-
course stimulation with target T3M-4 cells (n = 3 independent samples). P values (*P < (0.05; ** P <
0.01; ****P < 0.0001) were determined by two-tailed z-test (B) or two-way ANOVA (D). Data are

presented as mean =+ s.e.m.

42



918
919

920

921

922

923

924

925

926

*

—— k — 1
A — % —— B ISP 7 1—***—| [ J
[ k — % 8, 3+ rxkar-x— -
— w— (kDa) £53 .
e 705 == o= o= - = GRP7E 3O
100 1 @ i : o2 .
< 80 @ 130 - | . — — w—— — = |\/inculin %é1
= 60 0
< 40 2DG - + o+ o+ - - - 2DG - + + o+ - - -
T
o 9 Mannose - -+ - - - - Mannose -+ - - -
0 Glucose - - + - - - Glucose - - + - -
0 2 4 8 16 64 2FDG - - e 2FDG S -
2DG (mM) Tunicamycin = - - - -+ - Tunicamycin - - - - -+
MGAT5ko - - - - -+ MGAT5ko - - - - - - +
C F
(kDa) o- Control -e- 2DG ®- Control -® 2DG —
Fededed
130 - . ITGB1 %08 . 50 e 5 1.0 p ik o g ek o
206 ; & 40 Tos
S 30 o S 0.6
180 - . |aave o Qo S
130--. - ‘§°‘4 3 g 20 » T 04
DG -+ i E02 "él' 10 Eo2
PNGase - -  + oo 0 @ oo _
'\%\'t\g\‘(ﬁa \QQ 4T'6 2h4 48 4-|—6 2h4 48 44v6.28¢ + + +
N ime ime
E:T ratio M () DG - + o+ o+ -
Mannose - -+ - -
Glucose - - -+
2FDG - - - - o+
MRD HTB MRD HTB 44v6.28T +2DG
— 7. — 7
10 = 10
L
\§> é \§> Z 106 3 B 106 \ >
T3M-4'uc+ T3M-4Uey) 7 1 1
o
= 5
20G—+{-1/0 210
high CART—|0 2DG—»|-1/0 g u
2 Q /
low CART —(0 1371115 1.3 710 P=0.01
Days from CART Days from CAR T IRs expression on TILs (%)
- 19.28¢ 0" 44v6.28¢ CD57 MMPD-1 EEITIV-3 BMILAG-3
®- 19.28t+2DG @~ 44v6.287+2DG
Number of IRs expressed
J K [Jo 1 02 ms mm4
rx"
(kDa) =907 o
< 40
55 1 PDL1  —
o R
35 1 2 20
6 -  + - g 10
PNGase - - + 0 N
S
o°"$ ®

Fig. 3. Prophylactic treatment with 2DG inhibits N-glycosylation and sensitizes pancreatic
tumors to 44v6.28C cells. (A) Frequency of PHA-L binding to T3M-4 cells treated with incremental
concentrations of 2DG for 48 hours is shown (z = 3 to 15 independent samples). (B) Western blot
analysis of T3M-4 lysates shows expression of the ER stress protein GRP78 upon treatment with the
indicated drugs. MGATS5 ko denotes control MGATS5 knocked-out T3M-4. Left, representative
western blot. Right, quantification of GRP78 protein normalized over vinculin from 4 independent
experiments. (C) Pull down of biotinylated surface proteins from T3M-4 extracellular membrane

lysates showing B1 integrin (ITGB1) and CD44v6 molecular weight shifts upon treatment with 2DG
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(4mM, 48h) or control PNGase F (representative of three experiments). (D) Killing of T3M-4 cells
was quantified after co-culture with 44v6.28C cells at different effector:target (E:T) ratios (n = 5
donors). (E) Frequency of NFAT and NF-«B activation was measured in 44v6.28C" Jurkat TPR cells
during a time-course stimulation with T3M-4 target cells (n» = 3 independent samples). (F) Killing of
T3M-4 cells was quantified after co-culture with 44v6.28C cells at 1:10 E:T ratio (see Methods for
treatments; n = 3 to 6 donors). In (D to F), treatments were washed-out before functional assays and
co-culture killing is expressed as elimination index (see Methods). (G) Schematics of T3M-4
pancreatic cancer (PAC) xenograft models are shown. In the minimal residual disease (MRD) setting,
mice bearing T3M-4 tumors expressing a secreted luciferase (Luc”) were injected i.p. with 2DG (500
mg/kg) or PBS on day 2 and 3 before treatment with 10 x 10° CAR T cells on day 3 (19.28(, n = 4
mice per group; 44v6.28C, n = 9 mice per group). In the high tumor burden (HTB) setting, mice
bearing Luc” T3M-4 tumors were injected i.p. with 2DG or PBS on day 6 and 7 before treatment with
5 x 10 CAR T cells on day 7 (19.28C, n = 5 mice per group; 44v6.28(, n = 4 mice per group). (H)
Tumor growth was measured by bioluminescent analysis of blood samples. RLU, relative light unit.
MRD, results from a two-way ANOVA are shown as 44v6.28C groups versus 19.28C groups. HTB,
results from a two-way ANOVA are shown as 44v6.28(+2DG versus 19.28C+2DG. (I) Exhaustion
marker SPICE analysis is shown for 44v6.28( cells retrieved from tumor masses 10 days after
injection in mice from the HTB tumor setting from (H). IRs, inhibitory receptors; TILs, tumor-
infiltrating lymphocytes. (J) Pull down of biotinylated surface proteins from T3M-4 extracellular
membrane lysates show PD-L1 molecular weight shifts upon treatment with 2DG (4mM, 48 hours)
or control PNGase F (representative of three experiments). (K) Frequency of PD-1 binding to PD-
L1+T3M-4 cells is shown (n = 3 independent samples). T3M-4 cells were fixed and assayed for the
capacity of binding to recombinant human PD-1 Fc protein. In (D, E, and K), Control and 2DG denote

cells either untreated or exposed to 4mM 2DG for 48 hours, respectively. P values (*P < 0.05; **P
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951 <0.01; ***P <0.001; ****P <(0.0001) were determined by one-way ANOVA (A, B, F), two-way
952 ANOVA (D, E, H) or two-tailed ¢-test (I and K). Data are presented as mean + s.e.m.
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Fig. 4. Co-treatment with 2DG enhances 44v6.28(C cells potency and mitigates exhaustion in
xenograft models of pancreatic cancer. (A) Frequency of 2NBDG uptake (100uM, 2 hours) is
shown for T cells from at least 3 donors. CD3 and 44v6.28( denote resting T cells and CAR T cells
stimulated with polyclonal aCD3/CD28 microbeads, respectively. (B) The frequency of 2NBDG
uptake in BXxPC3 and T cells from co-culture is shown. Left, flow cytometric representative plot.
Negative control is shown in white. Right, 2NBDG uptake in three donors. (C) Frequency of CD69
expression is shown for 44v6.28( cells cocultured with BxPC3 (n = 3 donors). In (B) and (C), UT,
untransduced T cells. (D) Killing of T3M-4 cells was measured after co-culture with 44v6.28C cells
ata 1:10 E:T ratio (n = 3 donors). Treatments were not washed-out during co-culture and killing is
expressed as elimination index. (E) Schematics of the co-treatment regimen in luciferase (Luc*) T3M-
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4 and BxPc3 pancreatic cancer (PAC) xenograft models are shown. Briefly, mice bearing high tumor
burdens (HTB) were treated with 44v6.28( (6.5x10° for the T3M-4 model, 3x10° for the BxPC3
model) and injected i.p. with 2DG (500 mg/kg) or PBS daily. (F) A Kaplan—Meier survival plot is
shown for mice with T3M-4 HTB (19.28(, n = 4 mice per group; 44v6.28C, n = 9 mice per group).
(G) A Kaplan—Meier survival plot is shown for mice with BxPC3 HTB (19.28C, n = 3 mice per group;
44v6.28C, n = 6 mice per group). (H) The memory phenotype of circulating 44v6.28( cells was
evaluated two weeks after infusion into mice from (F, left) and (G, right). (I to K) BH-SNE
algorithm-mediated analysis of inhibitory and activation markers is shown for purified tumor-
infiltrating 44v6.28C cells retrieved 14 days after infusion into HTB T3M-4 PAC xenografts co-
treated with either PBS or 2DG (7 = 4 mice per group). (I) BH-SNE plots identifying the localization
of clusters defined by cytofluorimetric markers co-expression are shown. (J) Expression heat map
are shown for clusters ascribed to specific experimental groups after K-means statistical analysis.
Mean fluorescence intensity (MFI) values were normalized on the mean value. Negative grey circles,
inhibitory markers. Positive green circles, activating markers. (K) The frequency of inhibitory
receptor (IR) marker co-expression is shown for clusters enriched in either PBS or 2DG treatment. P
values (*P < 0.05; **P < 0.01; ***P < 0.001) were determined by two-tailed #-test (A, C), one-way
ANOVA (B, D), log-rank Mantel-Cox test (F, G) or two-way ANOVA (H). Data are presented as

mean £ s.e.m.
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Fig. 5. Glycosylation blockade with 2DG is widely applicable to boost 44v6.28( cells against
multiple solid tumors. (A) The heat map depicts expression (RFI, relative fluorescence intensity) of
branched N-glycans (PHA-L) and CD44v6 on a panel of tumor cells lines (green lines) and target cell
killing (elimination index) after co-culture with CAR T cells alone (Control) or in combination with
2DG at 1:5 effector:target E:T ratio (blue lines). NA, not applicable. (B) Pearson correlation analysis
is shown for CD44v6 (left) or N-glycans (PHA-L, right) expression and killing by 44v6.28( cells.
Analysis was performed on antigen-positive tumors (RFI > 2). (C) Pull down of biotinylated surface

48



992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

proteins from 5637 and IGROV-1 extracellular membrane lysates shows PD-L1 molecular weight
shifts upon treatment with 2DG (4mM, 48h) or control PNGase F (representative of three
experiments). (D) Frequency of PD-1 binding to PD-L1* tumor cells was quantified from 3
independent samples. Tumor cells were fixed and assayed for the capacity of binding to recombinant
human PD-1 Fc protein. In (A and D), Control and 2DG denote cells either untreated or exposed to
4mM 2DG for 48 hours, respectively. (E) Tumor growth and relapse incidence was measured after
tumor rechallenge of mice injected with luciferase (Luc*) 5637 bladder tumor cells and infused with
4x10° CAR T cells on day 14 (only tumor, #n = 3 mice per group; 44v6.28(, n = 4 to 5 mice per group).
Tumor rechallenge (black arrow) was performed on day 20. (F) Tumor growth and relapse incidence
was measured after tumor rechallenge of mice injected with Luc* IGROV-1 ovarian tumor cells and
infused with 4.5x10° CAR T cells on day 7 (only tumor, n = 3 to 4 mice per group; 44v6.28(, n = 6
mice per group). Tumor rechallenge (black arrow) was performed on day 19. In (E and F), secreted
luciferase was measured by bioluminescent analysis of blood samples. RLU, relative light unit. Mice
received daily i.p. injections of either 2DG (500 mg/kg) or PBS. (G) Expression (counts per million)
of N-glycans glycosyltransferases is shown in tumors and adjacent normal tissues from patients with
different cancer types plotted using TCGA data. P values (*P < 0.05; **P < 0.01; ***P < 0.001;
*akEP < (0.0001) were determined by two-way ANOVA (A, E, F), non-linear regression curve fit

(B), two-tailed #-test (D) or Fisher test (G). Data are presented as mean =+ s.e.m.
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Fig. 6. Inhibition of N-glycan expression with 2DG boosts CEA.28C cell killing against different
solid tumors. (A) Killing of T3M-4 cells was measured after co-culture with CEA.28( cells at the
1:10 effector:target (E:T) ratio (n = 3 donors). (B) Frequency of NFAT activation is shown in Jurkat
TPR CEA.28(" cells during time-course stimulation with wt or MGATS ko target cells (n = 3
independent samples). In (A and B), wt and MGAT5 ko denote wild-type and MGATS5 knocked-out
T3M-4 cells, respectively. (C) Killing of T3M-4 cells was measured after co-culture with CEA.28(
cells at different E:T ratios (n = 3 donors). (D) Frequency of NFAT activation is shown in Jurkat TPR
CEA.28(" cells during time-course stimulation with untreated or 2DG-treated target cells (n = 3
independent samples). In (C and D), Control and 2DG denote T3M-4 cells either untreated or exposed
to 4mM 2DG for 48 hours, respectively. (E) Killing of T3M-4 cells was measured after co-culture
with CEA.28( cells at 1:10 E:T ratio after exposure to the indicated treatments (n = 3 to 6 donors).
(F) Frequency of 2NBDG uptake (100uM, 2h) was measured in T cells from at least 3 donors. CD3
and CEA.28C denote resting T cells and CAR T cells stimulated with polyclonal aCD3/CD28
microbeads, respectively. (G) Frequency of 2NBDG uptake in BxPC3 and T cells was measured after
co-culture. Left, flow cytometric representative plot. Negative control is shown in white. Right,

2NBDG uptake in three donors. (H) Frequency of CD69 expression was measured in CEA.28( cells
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co-cultured with BxPC3 cells (n = 3 donors). In (G and H), UT, untransduced T cells. (I) The heat
map depicts expression (RFI, relative fluorescence intensity) of branched N-glycans (PHA-L) and
CEA on a panel of tumor cells lines (green lines) and target cell killing after co-culture with CAR T
cells alone (Control) or in combination with 2DG at 1:5 E:T ratio (blue lines). NA, not applicable. In
(A, C, E, and I), killing is expressed as elimination index. In (C, D, and I), Control and 2DG denote
cells either untreated or exposed to 4mM 2DG for 48 hours, respectively. In (C, D, E, and 1),
treatments were washed-out before assays. P values (*P < 0.05; **P < 0.01; ***P <(0.001; ****P <
0.0001) were determined by two-tailed #-test (A, F, H), two-way ANOVA (B, C, D, I) or one-way

ANOVA (E, G). Data are presented as mean =+ s.e.m.
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