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Abstract

Chimeric antigen receptor (CAR) T cell therapy relies on T cells that are guided by synthetic
receptors to target and lyse cancer cells. CARs bind to cell surface antigens through a scFv
(binder), the affinity of which is central to determining CAR T cell function and therapeutic
success. CAR T cells targeting CD19 were the first to achieve dramatic clinical responses in
patients with relapsed/refractory B cell malignancies and to be approved by the U.S. Food and
Drug Administration (FDA). We report cryo-EM structures of CD19 antigen with the binder
FMC63 which is used in four FDA-approved CAR T cell therapies (Kymriah, Yescarta, Tecartus,
Breyanzi), and the binder SJ25C1 which has also been used extensively in multiple clinical

trials. We use these structures for molecular dynamics simulations which guide creation of lower
or higher affinity binders, and ultimately produce CAR T cells endowed with distinct tumor
recognition sensitivities. The CAR T cells exhibit different antigen density requirements to trigger
cytolysis and differ in their propensity to prompt trogocytosis upon contacting tumor cells. Our
work shows how structural information can be applied to tune CAR T cell performance to specific
target antigen densities.
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One-Sentence Summary:

Structures of CAR binders with CD19 antigen are used to engineer new binders which tune CAR
T cells to distinguish between different antigen densities.

Introduction:

Chimeric antigen receptors (CARs) are synthetic receptors for antigen that reprogram the
specificity and function of T cells and other immune effector cells (1). These transmembrane
receptors typically comprise an extracellular single-chain variable fragment (scFv) with
specificity for a cell-surface antigen that is expressed by a particular cancer cell type, and

a cytoplasmic region assembled from immune receptor protein domains and designed to
initiate T cell activation and sustain T cell effector functions and persistence (Fig. 1A) (1-3).
CAR T cell therapy is deployed by isolating T cells from the patient and integrating therein
the CAR cDNA (4). CARs targeting the B cell lineage marker CD19 (5) have provided
remarkable clinical outcomes in patients with relapsed and refractory B cell malignancies
(6). CD19 CAR therapy has become a paradigm for cancer immunotherapy based on genetic
engineering of therapeutic immune responses (6-9). Of the more than 700 CAR therapy
trials listed on the clinicaltrials.gov website about 40% target CD19 (9). There are at present
four CD19-specific CAR T cell products approved by the US FDA (10, 11), all of which
utilize the CD19-specific scFv FMC63 (12) but differ in their signaling and hinge domains
(13, 14). The original CD19 scFv used to demonstrate the feasibility and efficacy of CD19
CAR therapy (5) is SJ25C1 (15), which has also been successfully used in patients with
refractory acute lymphoblastic leukemia (16).

A persistent challenge in CAR T cell development is calibration of the affinity and/or
specificity of the scFv (binder) portion of the receptor (3, 17). A high-affinity binder can
lead to on-target/off-tumor toxicities in which CARs successfully engage cancer cells where
target antigen is over-expressed, but also bind to healthy cells with lower antigen levels
(18-20). In contrast, an exceedingly low-affinity binder may not engage sufficient target
antigen to activate the CAR T cells (20, 21). For an antigen like CD19 which is abundant
on cancerous cells it was conventionally thought that higher affinity CARs would equate

to better CAR performance. However, this straightforward model appears oversimplified. A
recently developed low-affinity anti-CD19 CAR (22) showed enhanced antileukemic effect
in vivo in pediatric patients, which was proposed to be a function of increased cytotoxicity
and increased proliferation of the CAR T cells. In addition, we previously demonstrated
that CAR T cell trogocytosis (one cell gnawing another) has a major role in abating

the performance of anti-CD19 CAR T cells (23), which has been recently extended to

CAR NK cells (24). Both studies showed that acquisition of the target antigen by the T

cell or NK cell exposes the latter to be lysed by other CAR T cells (fratricide killing).

In the CAR NK study it was concluded that the degree of trogocytosis was influenced

by tumor antigen density and CAR binder affinity (24). Altogether these studies further
underscore the relevance of lowering the affinity for the targeted antigen without impairing
tumor recognition, including for CD19. Challenges with binder engineering have motivated
a variety of strategies to identify new binders through large-scale screens (25, 26) or

by integrating multiple binders into a single CAR (27, 28). Notably, structural biology
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approaches have not been emphasized in CAR T cell development, but the increasing

power of experimental and computational structural methods makes it possible to understand
binder-antigen engagement mechanisms for existing CARs, and to rationally improve their
binders.

In this study, we investigated the antigen engagement mechanisms for two different

CAR binders, both of which target CD19. We studied FMC63 which is used in four
FDA-approved CARs (Tisagenlecleucel (Kymriah), Axicabtagene ciloleucel (Yescarta),
Brexucabtagene autoleucel (Tecartus), Lisocabtagene maraleucel (Breyanzi)) (29), and
SJ25C1 which has also been used extensively in clinical trials (16). Their variable region
sequences are unrelated yet the binders show similar performance in the clinic (30). SJ25C1
and FMC63 have long been thought to bind overlapping epitopes in CD19 (12, 31), but
their binding sites have not been hitherto identified. We hypothesized that visualizing

the structures would unlock the ability to rationally design mutant binders with tuned
affinities. First, we solved cryo-electron microscopy (cryo-EM) structures of the two binders
in complex with the soluble ectodomain of CD19 to identify the residues mediating the
binder-antigen interactions. We then used these structures for molecular dynamics (MD)
simulations to calculate the contribution of each binder residue, and each CD19 residue,

to the interaction interfaces. Next, we integrated these data to design a series of mutant
binders and measured their affinities using surface plasmon resonance (SPR). Finally, we
selected a subset of the binder mutants and incorporated them into new CARs, generated
CAR T cells, and compared their cancer cell killing performance. Altogether this study
provides antigen engagement mechanisms for two binders in clinical use and translates these
results to generate new CAR T cells with distinct physiological attributes. Results from this
study are of immediate utility and present a broadly applicable template to aid the design of
optimized CAR T cell therapies.

Structures of FMC63 and SJ25C1 in complex with soluble CD19

To obtain structures of the FMC63-CD19 and SJ25C1-CD19 complexes it was necessary
to express and purify both binders and CD19. We first produced the FMC63 scFv using
the Sf9 insect cell expression system (32) and produced soluble CD19 in HEK 293S

cells (33). Soluble CD19 (31 kDa) contains the entire ectodomain of the protein but lacks
the transmembrane helix and the unstructured cytosolic region. We chose soluble CD19
instead of full-length CD19 because it allowed us to investigate the protein without using
detergents to solubilize the transmembrane helix, which was desirable because detergents
reduce contrast in cryo-EM images (34). For brevity, we refer to soluble CD19 as CD19.
Purified FMC63-CD19 complex (fig. S1A) was imaged by cryo-EM and the structure solved
by single particle analysis. The cryo-EM density map was refined to a global resolution of
3.05 A (fig. S1, S3). The map contained two copies of the FMC63-CD19 complex and one
has slightly higher local resolution so we selected it for structural modeling (fig. S1C).

We next pursued the SJ25C1-CD19 complex. Although SJ25C1 is an scFv we decided to
transfer it into an antigen binding fragment (Fab) format. The Fab format preserves the
structure and binding capacity of scFvs but doubles the mass of the binder from ~25 kDa
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(scFv) to ~50 kDa (Fab). The motivation was to aid cryo-EM single particle alignment,
which generally becomes easier as the target mass increases (35). The SJ25C1 Fab was
produced in HEK 293F cells and used to form the SJ25C1-CD19 complex (fig. S2A). The
complex was imaged using cryo-EM and the structure refined to a resolution of 3.40 A (fig.
S2, S3).

To begin our structural analysis we compared how each binder is oriented on CD19. FMC63
makes contact on the extracellular-facing side of CD19, and at the region of CD19 distal to
the membrane (Fig. 1B, C). The heavy variable (VH) domain forms most of the binder’s
“footprint” on CD19, with an additional contribution from the light variable (VL) domain
(Fig. 2A-D). The complementarity-determining regions (CDRs) of the VH and VL both
make contact with CD19. Specifically, CDRL1 and CDRL2 from VL and CDRH3 from VH
converge on a region of CD19 we designated loop 1 (residues 154-166) (Fig. 2B, C). In
turn, CDRH2 and CDRH3 of FMC63 form multiple contacts with a CD19 region we called
loop 2 (residues 214-224) (Fig. 2D). Inspection of the binder side chains suggested that
contacts with CD19 were formed by residues Y70 and H88 on the VL CDR and S214, T216,
Y218, Y260 and Y261 on the VH CDR (Fig. 2B-D).

Evaluation of the SJ25C1 binding orientation on the surface of CD19 showed that relative

to FMCB63 it is rotated in-plane by ~90° clockwise, as viewed from the extracellular space
(Fig. 1D, E). Like FMC63, the SJ25C1 binder principally contacts CD19 using its VH CDRs
(Fig. 2E). All three VH CDRs form contacts with CD19, but CDR3H3 forms the majority

of contacts which are across CD19 loop 1, loop 2, and loop 3 (the latter loop corresponding
to residues 95-109) (Fig. 2E-I). The VL of SJ25C1 also makes a contact using CDRL1,
which binds to CD19 loop 3 (Fig. 21). We identified residues A47, S49, S50, W52, D74,
D76, T119, 1120, V123, V124 and F126 on the VH CDR and T50 on the VL CDR as likely
mediators of the binder’s interaction with CD19 (Fig. F-I).

This analysis showed that although the two binders adopt different orientations on CD19,
they bind the same overall patch on CD19 (Fig. 1C, E). This observation motivated us to
compare FMC63 and SJ25C1 complexes to available structures of soluble CD19 bound to
Fabs from antibodies B43 (36) and Coltuximab (37), which have CDR sequences unrelated
to those of FMC63 and SJ25C1. Strikingly, all four binders recognize a similar region on
CD19 and their VH domains contribute most of the interactions (fig. S6A-H). We noted
that SJ25C1 has a similar binding orientation as B43, even though these two antibodies are
not related (fig. S6B, C) (15). Altogether, the structural analysis suggests that the region of
CD19, comprised of loops 1-3, may be particularly antigenic.

Affinity tuning of FMC63 and SJ25C1

The structures of FMC63 and SJ25C1 with CD19 provided a framework in which to design
binder mutants with modified affinity. However, the sheer number of contacts the binders
form with CD19 (Fig. 2) presented a challenge in deciding precisely which sites to mutate.
We reasoned that by using MD simulations we could refine the list of binder residues which
are most important to CD19 interaction, and thereby narrow the number of residues to

later subject to mutagenesis. In this way, by including the MD step in our workflow we
aimed to increase the efficiency of the search for viable mutant binders. We used all-atom
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MD simulations followed by Molecular Mechanics-Generalized Born Surface Area (MM/
GBSA\) analysis (38) to calculate binding energy for the FMC63-CD19 and SJ25C1-CD19
complexes as well as the binding energy contributions for each residue forming contact
between the binders and CD19. For both binder-CD19 structures we ran multiple MD
trajectory replicates on the complexes (fig. S4 and see also Methods). In all the runs, the
profiles of the root-mean-square-deviation (RMSD) of the protein systems showed only low
amplitude fluctuations after the initial equilibration phase (fig. S4A, B), suggesting that the
cryo-EM structures, and specifically the interfacial regions, remained stable during MD. We
then used MM/GBSA to approximate per-residue binding energy decompositions (39). This
yielded a list of binder residues ranked by their binding energy contributions to the CD19
interactions (Fig. 3A, B). For completeness, we also extended our structural analysis of

the B43-CD19 (36) and Coltuximab-CD19 (37) complexes (fig. S6C, D, G, H) to include
MD simulations (fig. S5). The MD trajectories exhibit profiles similar to those for the
FMC63-CD19 and SJ25C1-CD19 complexes (fig. S4), suggesting that all four complexes
are comparatively stable.

The highest-ranking residues for FMC63 are Y70, Y260 and Y261 (Fig. 3A). This result is
consistent with our structural analysis showing all three residues contact loops 1 and 2 of
CD19 through hydrophobic interactions, while Y70 also forms a cation-m interaction with
R163 of CD19 (Fig. 2B-D). It is also consistent with the observation that tyrosine plays

a dominant role in specificity and affinity in antibodies (40) and binders created de novo

by /n silico methods (41). Of the FMCB63 residues identified in structural analysis (Fig.
2A-D), all but three appeared in the top ten ranked by MD (Fig. 3A). Based on these results
we designed three mutants in which either Y70, Y260 or Y261 were converted to alanine.
We reasoned that the change to an alanine side chain would largely ablate each tyrosine’s
interactions with CD19, without having a deleterious effect on the overall protein backbone
geometry, and hypothesized this approach would yield binders with reduced affinity. The
mutants are FMC63Y70A FMC63Y260A and FMC63Y261A (table S1).

In SJ25C1 the MM/GBSA analysis identified 1120, V123 and V124 as forming the top
three most significant binder contacts on CD19 (Fig. 2F-I, 3B). We reasoned that to
decrease the interactions between these residues and CD19 we should mutate the sites

to have smaller side chains. Accordingly, we substituted glycine at all three positions
(SJ25C11120G  5)25C1V123G 5)25C1V124G) and also substituted alanine and valine at
position 1120 (SJ25C1120A, 5325C11120V) (table S1). Residue W52 was another prominent
candidate (Fig. 3B) for substitution because tryptophan frequently appears at binding energy
“hotspots” in protein-protein interactions (42). We substituted phenylalinine (SJ25C1W52F)
to decrease the size of the side chain but preserve its hydrophobic character (table S1).
Finally, we selected binder residue S121 for mutagenesis because it ranked fourth on the
list of most significant contacts with CD19 and has relatively high binding energy. Unlike
other sites targeted in this study, S121 appears to make contact with CD19 via the protein
backbone, not its side chain (fig S11). We substituted alanine (SJ25C15121A) with the
hypothesis that this would increase mobility of the backbone and thereby decrease affinity
(table S1).
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Having designed mutants for FMC63 and SJ25C1 we next sought to measure their affinities
(Kp) for CD19 relative to the unmodified binders (wildtype, WT) using SPR. The affinity
for wildtype FMC63 is 4.5 nM and for SJ25C1 is 26.9 nM (Fig. 3D, E). The value for
FMC63 is in an agreement with the literature (12, 22) and to our knowledge no value for
SJ25C1 has been reported. The low nanomolar affinities of the two binders and their similar
CD19 binding sites is consistent with their overall similar performance in CAR T cells (23).
Notably, FMC63 has an especially slow dissociation rate such that even after ~0.5 hour a
significant fraction of the proteins were still in complex (Fig. 3D). We confirmed that CD19
alone does not bind the SPR chip (fig. S9A), which rules out non-specific binding of CD19
as an explanation for the slow dissociation time observed for CD19 with FMC63. Thus, the
slow dissociation of CD19 from FMCB63 is an inherent property of the binder.

SPR measurements of the FMC63 mutant FMCY269A showed virtually no signal and a
binding affinity could not be confidently calculated (Fig. 3D). In contrast, both FMC63Y70A
and FMC63Y281A gave defined SPR signals and affinities were measured as 275.3 and
682.5 nM, respectively (Fig. 3D). Next, we measured binding for the two SJ25C1 1120
mutants (SJ25C1120A, 5325C11120V) and found that although alanine is too small to
preserve CD19 interaction (Fig. 3E), valine is large enough to preserve binding and the
substitution successfully weakens the affinity to 285.5 nM (Fig. 3E). The SJ25C1W52F
mutant also has a decreased affinity (220.2 nM) (Fig. 3E). The remaining SJ25C1 mutants
did not give the hypothesized reduction in affinity. The glycine mutants (SJ25C1V120G,
SJ25C1123G, 5325C1V124G) essentially lost the ability to bind CD19 (fig. S9B) while
SJ25C1121A showed an increase in affinity (fig. S11A). We speculate that glycine is

too flexible to support the surrounding peptide backbone geometry, and that an allosteric
effect was obtained at position 121 since SJ25C1 contacts CD19 via the protein backbone
at this site, rather than via the side chain (fig. S11B). In considering these results we

note that the target binder sites were selected for mutagenesis and SPR because of their
positions in the structures, and because MD simulations ranked them as the most significant
contributors to CD19 binding. In summary, the substitutions weakened or abrogated binding,
and one of them increased binding affinity, consistent with the selected sites making a large
contribution to antigen interaction (Fig. 3A, B).

Characterization of CAR T cells incorporating FMC63 and SJ25C1 binder mutants

Through our mutational screen we successfully identified FMC63 mutant binders
(FMC63Y70A FMC63Y261A) and SJ25C1 mutant binders (SJ25C1120V 5325C1W52F) with
weaker affinity for CD19 relative to their respective wildtype binders (Fig. 3D, E). We
hypothesized that CAR T cells incorporating these binders would retain the ability to kill
cancer cells, but that their weaker CD19 affinity would limit their ability to kill those
CD19+ cells displaying lower levels of CD19 surface antigen. We also hypothesized that
the FMC63 and SJ25C1 mutant binders for which CD19 binding was not detected by SPR
(Fig. 3, fig. S9), would not be able to Kill cells displaying CD19. For these experiments

we established a panel of CAR T cells bearing CARs composed of a wildtype or mutant
binder, a CD28 co-stimulatory signalling domain and a CD3-( chain activating domain (fig.
S7A) (13). To assess the CAR T cell cytolytic ability, we used a panel of cells derived

from NALMBG6, a well-established CD19+ leukemia cell line (5) displaying either high
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(27,000 molecules, NALM6/WT), medium (2,000 molecules, NALM®6/12-39), or low (200
molecules, NALM6/12—-4) surface density of CD19 and are a model for the range of CD19
surface expression across healthy and cancerous blood cells (21).

We first analyzed CAR T cells incorporating FMC63WT and FMC63 mutants. Fluorescence-
activated cell sorting (FACS) was used to verify that the CAR T cells all display CAR
surface protein at similar levels (Fig. 4A). We also used FACS to evaluate the capacity of
each CAR T cell type to bind surface CD19 (Fig. 4B). We found that the FMC63Y70A
CAR binds CD19 at ~50% of the wildtype level (Fig. 4B), while the FMC63Y261A CAR
binds an even lower percentage of cells (Fig. 4B), and the FMC63Y280A CAR shows no
evidence of target cell binding. Altogether, the cell binding results for FMC63 CARs are in
agreement with SPR binding data (Fig. 3D). We next evaluated the cytolytic performance
of WT and mutant CAR T cells and all showed robust cytolytic activity against high
density CD19 cells, although FMC63Y260A CAR T cells exhibited lower activity compared
to the other FMC CAR T cells (Fig. 4C). We were surprised that FMC63Y260A CAR has
cytolytic activity at all because SPR and CD19 FACS binding data gave no evidence of
soluble CD19 binding for this mutant (Fig. 3C-D, 4B). However, we reasoned that the

Kp of FMC63Y260A s outside the detection limit of our SPR experimental setup, and
based on the SPR biochemical conditions is likely weaker than 5 uM (Fig. 3C, D and

see also Methods). We concluded that interaction between FMC63Y260A CAR T cells and
NALMG6/WT (Fig. 4C) was enhanced by an avidity effect (43, 44) compensating for the
inherently low affinity of the FMC63Y260A pinder. At medium CD19 density FMC63Y261A
CAR T cell activity declined and FMC63Y260A CAR T cell activity was lost (Fig. 4D).

At the lowest antigen density FMC63Y70A CAR T cell activity dropped to slightly below
FMC63WT, and FMC63Y261A CAR T cell activity was close to baseline (Fig. 4E).

Next, we investigated CAR T cells incorporating SJ25C1WT and SJ25C1 mutants. FACS
analyses confirmed that all CAR T cells display similar amounts of CAR surface protein
(Fig. 4F), and that the ability of the SJ25C1 CAR T cells to bind CD19 (Fig. 4G)

matched the performance of the SJ25C1 binders in SPR experiments (Fig. 3E). Specifically,
SJ25CIWT, SJ25C1W52F and SJ25C1'120V all bind CD19 with progressively decreasing
ability. Cytolysis experiments showed CAR T cells with SJ25C1WT, $125C1W52F and
SJ25C1'120V have robust and nearly equivalent cytolytic ability against target cells with
high and medium CD19 density (Fig. 4H-1). However, their cytolytic performance diverged
against target cells with low CD19 density (Fig. 4J). CAR T cells with SJ25C1WT were most
cytolytic, followed by SJ25C1W52F and SJ25C1120V (Fig. 4J). This ranking of cytolytic
activity supports the hypothesis that weaker binder affinity offers greater sensitivity to
antigen density. Meanwhile, CAR T cells with SJ25C1120A were unable to kill target cells
even at the highest CD19 density. As expected from SPR data (fig. S9), CAR T cells derived
from the three SJ25C1 glycine mutants (1120G, V123G, V124G) were unable to bind CD19
and also showed no cytolytic activity (fig. S9).

We hypothesised that CAR T cells with diminished CD19 binding activity would also have
reduced CD19 trogocytosis (the transfer of the target antigen from the tumor cell to the CAR
T cell) (23) and cytokine release. To assay trogocytosis we used NALM6 cells expressing

a CD19-mCherry fusion which allowed tracking of target cell material before and after
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transfer to the CAR T cell (23) (Fig. 4K, fig. S10). We found that while FMC63Y70A CAR
T cells uptake tumor antigen similarly to FMC63WT, both FMC63Y260A and FMC63Y261A
CAR T cells showed greatly attenuated CD19 uptake, mirroring the lower affinity of their
binders (Fig 3C-D, Fig. 4L). Similarly, CAR T cells with SJ25C1WT and SJ25C1W52F
transferred more CD19 antigen than CAR T cells with SJ25C1120A and SJ25C1!120V (Fig.
4M). Cytokine release was evaluated by measuring release of two effector cytokines, IFN-y
and TNF-a (fig. S8). We found that only the FMC63Y260A and SJ25C1!120A CAR T cells
showed significant impairment of cytokine release upon exposure to NALM6/WT cells (fig.
S8A, C). This response is in line with the cytolytic activity described above and confirmed
the ability of FMC63Y70A FMC63Y261A 5325C1W52F and SJ25C1!120V to direct not only
cytolysis but also effective cytokine secretion. For completeness we also assayed CAR T
cells with SJ25C15121A  the binder with stronger affinity than its parent wildtype (fig. S11),
and found that the cells exhibit similar trogocytosis and cytolysis compared to wildtype (fig.
S11). Altogether, these functional experiments demonstrate that tuning CAR binder affinity
allows for tailoring CAR T cell sensitivity to target antigen, trogocytosis, and cytokine
release, all of which are key performance metrics of CAR therapies.

Discussion:

In this study we aimed to characterize the CD19 engagement mechanisms for FMC63,
which is used in FDA-approved CAR T cell therapies (29), and SJ25C1, which has been
used in multiple clinical trials as well (16). In addition, we aimed to use this structural
information to guide the design of new CARs. We find that the binders target the same
site on CD19 albeit with different binding orientations. Moreover, close inspection of

MD simulation data of CD19 with FMC63, SJ25C1 and two non-CAR binders, B43 and
Coltuximab (fig. S4, S5), revealed that the same three CD19 residues (Arg163, Lys220,
Pro222) are the top three most significant contributors to interaction with FMC63, SJ25C1
and B43 (fig. S6). This finding is in agreement with CD19 deep sequencing results where
Arg163 and Pro222 were identified as determinants for FMC63 binding (45). In addition,
our results may explain why the CD19 mutation Arg163Leu is associated with patient
relapse after treatment with FMC63-based CAR T cell therapy treatment (46). We note
that the mutation Leu174Val is also associated with therapeutic resistance but it is ~23 A
from the FMC63 binding site (fig. S12), suggesting the mutation may impact FMC63 CAR
performance through allostery or some unknown physiological mechanism. We conclude
that the site formed by Arg163, Lys220 and Pro222 is highly antigenic, which may be
related to the site’s location on “top” of CD19 where it is exposed and relatively distant
from the membrane (Fig. 1). The CD19 binding epitope for FMC63 which we defined in
this study is in close agreement with the site mapped out previously using deep mutational
scanning (45). The key differences are that in the previous work Lys220 on CD19 was

not identified as part of the FMC63 binding epitope, and Trp159 was proposed to be

in the epitope but we find it is not. We speculate that mutation of Trp159 may impact
FMC63 binding through an allosteric effect. Our general conclusion about the antigenicity
of site on “top” of CD19 is also consistent with an earlier epitope mapping study (45)
which concluded that FMC63 and the CD19 antibodies 4G7 and 3B19 all bind partially
overlapping regions of CD19. The overlapping binding site for these four independent CD19
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binders underscores the general challenge of creating panels of immunoglobulin binders
targeting diverse sites on a given antigen (47), and highlights the value of fine-tuning binders
using structural and computational methods.

Recent advances in computational structure prediction raised the question of whether

the FMC63-CD19 and SJ25C1-CD19 structures could be accurately predicted using such
methods. We used AlphaFold2 (48) to generate model predictions and compared them to
our cryo-EM structures (fig. S13). While AlphaFold2 gave good results for the overall
scFv proteins, it generated partially disordered CD19 ectodomains. Critically, the FMC63-
CD19 model from AlphaFold2 gave an incorrect interface between the scFv and CD19. In
turn, the SJ25C1-CD19 result showed an implausible interaction between CD19 and the
scFv in which the binder forms an arbitrary interface with CD19, with its CDRs directed
into the surrounding solution rather than contacting the antigen. Overall this is consistent
with the assessment that computational tools cannot yet routinely predict heteromeric
protein complexes, and especially protein-antibody complexes (49), and that experimental
approaches such as cryo-EM, X-ray crystallography, and epitope mapping will continue to
be essential for understanding such systems.

Our study showed that decreasing FMC63 and SJ25C1 affinity yielded CARs with
distinctive features that could be rationalized from the change in binding affinity. This
suggests that alterations in CAR binder affinity will be a predictive of key aspects of CAR
performance. FMC63Y70A (275.3 nM Kp) elicited an effector cytokine response comparable
to FMC63WT (4.5 nM Kp) and effectively lysed NALM6/WT cells presenting a high
density of CD19 molecules, but the mutant binder showed diminished activity against
NALM®6/12-4 which displays only low numbers of CD19 molecules (Fig. 4C, E). In turn,
the weaker binder FMC63Y261A could still engage target cells with 2,000 but not 200 CD19
molecules (Fig. 4D-E). Although its binding was not detectable by SPR, FMC63Y260A sti]|
showed modest cytolytic activity if target antigen density reached 27,000 copies (Fig. 4C).
Interestingly, FMC63Y261A showed a decrease in trogocytosis while retaining the ability

to efficiently engage and lyse NALMG6/WT cells (Fig. 4C, L). This finding is relevant

to ongoing CAR development since high trogocytosis has been shown to impair CAR T
cell function (23). While FMC63WT, FMC63Y70A (Fig. 4L) and SJ25C1WT (23) showed
strong trogocytosis, a mutant of FMC63 with an affinity of 14 nM was recently shown

to decrease trogocytosis and improve CAR T cell expansion (50). The general findings
from experiments with SJ25C1WT and its lower-affinity mutants are consonant with those
of FMC®63 and, in aggregate, suggest it is possible to optimize binder affinity to diminish
trogocytosis without abolishing antigen recognition.

In summary, we show the ability to rationally design affinity-tuned CARs to achieve a
desired level of antigen sensitivity. Affinity tuning is desirable to target high antigen density
tumor cells while averting recognition of low antigen density in normal cells, or conversely
to maximize antigen detection and CAR T cell activation when tumor cells express low
antigen density. Our approach combines cryo-EM, MD, and SPR which together provide a
platform to visualize binder-antigen complexes, identify binder sites for mutagenesis, and
experimentally measure binder affinity. All three methods are rapid, robust, and widely
available. Consequently, we anticipate the strategy will find broad utility in optimizing new
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and existing CARs, and may substitute for screening large numbers of scFvs that may
unknowingly be limited and redundant in their epitope diversity and biophysical features
including affinity range. Furthermore, it is highly complementary to emerging methods in
protein structure prediction (48) and generation (51, 52). A structure-guided strategy for
lowering binder affinity may be particularly valuable for attenuating on-target/off-tumor
cytotoxicity for CARs targeting solid tumor antigens such as HER2 and mesothelin.

Materials and Methods

Study design

Expression,

The sample size selection for cryo-EM data collection and analysis followed standard
practice and was guided by the structural resolutions needed to answer the target questions
in the study. Specifically, in this study we targeted resolutions of 3—4 A and acquired

a quantity of data sufficient to achieve these resolutions. At this resolution range we

were able to model side chains to characterize the binder-antigen interactions and perform
computational analysis. The overall objective of our study was to determine the CD19
antigen recognition mechanism for select CAR T cell binders and translate that knowledge
to the development of lower-affinity binders. The design of the study used cryo-EM for
structure determination, MD simulation and MM/GBSA analysis to quantify the energetics
of binder-antigen interaction, SPR to characterize the affinity of wildtype and mutant
binders, and cellular assays to evaluate binder performance in CAR T cells. The study

did not require use of subjects or experimental units in experimental groups. The study did
not employ blinding. Replicates for each experiment are provided in figure legends.

purification and digestion of soluble CD19

The pTT5 vector containing a fusion of 1gGx signal peptide, 8 x histidine tag, AviTag, the
small ubiquitin-like modifier- (SUMO) star fusion protein, a human rhinovirus (HRV) 3C
cleavage site and CD19-SF05 mutant (M75V, R76S, F85S) was a gift from Dr. Michael W.
Traxlmayr (33). The plasmid was used for transient protein expression in HEK293S cells
as follows. Flasks of HEK293S GnTI~ suspension cells (ATCC catalog number CRL-3022)
were cultured in FreeStyle suspension media (Gibco) supplemented with 2% fetal bovine
serum (Gibco) and Anti-Anti (Gibco) at 37°C and 8% CO,, and a total of 1 ug plasmid
DNA and 2 g of PEI (Polysciences) per ml culture volume was added when the suspension
cells reached a density of 1.7 x 106 cells/ml. After 48 hours post-transduction, valproic
acid (Sigma) was added into the suspension cells to a final concentration of 5 mM. The
supernatants were clarified and harvested 120 hours post-transfection by centrifugation at
6,200 x g for 20 min at 4°C, and filtered through a 0.45 pum filter.

The supernatants were loaded on pre-equilibrated HisTrap HP column (Cytiva) with
purification buffer containing 20 mM Tris (pH 8.0) and 300 mM NaCl. The column was
washed with 2 column volumes of purification buffer and 2 column volume of purification
buffer containing 5 mM imidazole. Protein was eluted with successive additions of 2 column
volumes of purification buffer containing 40 mM imidazole then 250 mM imidazole. The
main elution fractions were concentrated to 700 pl using a centrifugal filter unit (10 kDa
MWCO, Amicon) and injected on a Superose 6 Increase 10/300 GL column (Cytiva)
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equilibrated with buffer containing 20 mM Tris (pH 8.0) and 300 mM NaCl. The peak
fractions were verified by SDS-PAGE gel, then pooled and concentrated. The concentrated
proteins were digested with Recombinant PreScission Protease (rPSP, GenScript) at a

ratio of 60 pg protein per 0.6 1U rPSP overnight at 4°C. The mixture was loaded on pre-
equilibrated TALON resin (Takara) with purification buffer and was washed with 3 column
volumes of purification buffer. Both the flow-through and washed fractions were collected,
combined and loaded onto a Superdex 200 Increase 10/300 GL (Cytiva) with running
buffer containing either purification buffer for cryo-EM experiments or PBST (Cytiva) for
SPR experiments. The digested peak fraction was collected, analyzed by SDS-PAGE gel,
concentrated and flash frozen in liquid nitrogen for further use.

Expression and purification of FMC63-scFv

To generate the FMC63-scFv a DNA sequence encoding a fusion of the GP67 secretion
peptide (32), FMC63-scFv, a human rhinovirus (HRV) 3C cleavage site and an 8 x histidine
tag was cloned into the pFastBacl expression vector. The construct was transformed into
DH10Bac cells (Gibco) to generate bacmid, which was used to produce P1 baculovirus by
transfecting Sf9 insect cells in ESF 921 media (Expression Systems) and further amplified
to P2 baculovirus. After 96 hours post-transduction the supernatants were clarified and
harvested by centrifugation at 680 x g for 30 min and at room temperature, and pH balanced
by addition of Tris pH 8.0. Chelating agents in the Sf9 media were quenched by addition

of 10 mM CacCl, (32) and the mixture was incubated with stirring for 1 hour at room
temperature. The supernatants were clarified by centrifugation at 8,000 x g for 30 min and at
4°C, then filtered through a 0.45 pm filter.

The supernatants were loaded on a HisTrap HP column (Cytiva) pre-equilibrated with
high-salt purification buffer containing 20 mM Tris (pH 8.0), 500 mM NaCl and 10 mM
imidazole. The column was washed with 5 column volumes of high-salt purification buffer
and 5 column volumes of low-salt purification buffer containing 20 mM Tris (pH 8.0), 100
mM NaCl and 10 mM imidazole. The protein was eluted with 4 column volumes of elution
buffer containing 20 mM Tris (pH 8.0), 500 mM NaCl and 250 mM imidazole. The main
elution fractions were collected, combined and loaded onto a Superdex 200 Increase 10/300
GL (Cytiva) column with running buffer containing 20 mM Tris (pH 8.0) and 500 mM
NaCl. The peak fractions were evaluated by SDS-PAGE, then pooled and concentrated.

Expression and purification of SJ25C1-Fab

The SJ25C1-Fab was engineered using a mouse 1gG as a template. The sequences for

the template light and heavy chains are [UniProt ID: P01834] and [UniProt ID: P01857],
respectively. The SJ25C1-Fab light chain was designed by replacing the template VL
domain with the VL domain from SJ25C1-scFv. The SJ25C1-Fab heavy chain was designed
by removing the Fc portion from the template heavy chain and replacing the template VH
domain with the VH domain from SJ25C1-scFv. An N-terminal signal peptide [UniProt ID:
P01750] was added to both chains of the SJ25C1-Fab. A C-terminal 8 x histidine tag was
added to the Fab heavy chain. The two chains were cloned into the pEZT-BM expression
vector (53).
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The Fab was generated by transiently transfecting the light and heavy chain plasmids in
Expi293F cells (Gibco) using the ExpiFectamine 293 Reagent (Gibco) according to the
manufacturer’s protocol. The supernatants were clarified and harvested 5 — 7 days post-
transfection by centrifugation at 5,000 x g for 20 min at 4°C, then filtered through a 0.45
um filter. The whole purification was performed in the cold room at 4°C. The supernatants
were loaded on TALON resin (Takara) pre-equilibrated with purification buffer containing
20 mM Tris (pH 8.0) and 300 mM NaCl. The column was washed with 2 column volumes of
purification buffer and 2 column volumes of purification buffer containing 5 mM imidazole.
Protein was eluted with successive additions of 2 column volumes of purification buffer
containing 40 mM imidazole then 250 mM imidazole. The main elution fractions were
concentrated to 700 pl using a centrifugal filter unit (10 kDa MWCO, Amicon) and injected
on a Superose 6 Increase 10/300 GL column (Cytiva) equilibrated with purification buffer.
The peak fractions were evaluated by SDS-PAGE, then pooled and concentrated.

Protein complex formation and cryo-EM sample preparation

To form the FMC63-CD19 complex, CD19 was mixed with FMC63-scFv in a ratio of 1:1.7
(w/w). To form the SJ25C1-CD19 complex, CD19 was mixed with SJ25C1-Fab in a ratio of
1:2 (w/w). For each complex, the mixture was injected on a Superdex 200 Increase 10/300
GL column (Cytiva) with running buffer containing 20 mM Tris (pH 8.0) and 30 mM NacCl.
The peak fractions were verified by SDS-PAGE gel, then pooled and concentrated. Cryo-EM
samples were prepared by adding a 3 ul droplet of FMC63-CD19 complex (2.2 mg/ml) with
3 mM fluorinated Fos-Choline-8 (Anatrace) or SJ25C1-CD19 complex (2.1 mg/ml) with 3
mM fluorinated Fos-Choline-8 (Anatrace) to plasma-treated UltrAuFoil 1.2/1.3 300 mesh
grids (Quantifoil) (54), followed by blotting and plunge freezing using a Vitrobot Mk IV
(Thermo Fisher) set for 1 sec blot time and -1 blot force.

Cryo-EM data acquisition

The FMC63-CD19 complex was imaged on a Talos Arctica (Thermo Fisher) operated at
200 kV and 36,000 x nominal magnification and equipped with a Gatan K3 camera. Movies
were acquired in super-resolution mode (0.5480 A pixel size) with a nominal defocus range
of 1.1 — 2.9 ym. Each movie was 48 frames and had a total exposure time of 2.4 sec and an
accumulated dose of 50.40 — 50.82 e/A2. A total of 2,341 movies were collected.

The SJ25C1-CD19 complex was imaged on a Talos Arctica (Thermo Fisher) operated at
200 kV and 45,000% nominal magnification and equipped with a Gatan K3 camera. Movies
were acquired in super-resolution mode (0.4296 A pixel size) with a nominal defocus range
of 1.4 — 2.5 pm. Each movie was 40 frames and had a total exposure time of 1.6 sec and

an accumulated dose of 53.47 — 54.04 e/A2. A total of 8,752 movies were collected. Data
collections were managed using Leginon (55).

Image processing

Structure determination for the FMC63-CD19 complex was initiated by processing movie
stacks with beam-induced motion correction and dose weighting in Relion 3.1 (56) with
two-fold binning, yielding an image pixel size of 1.096 A. These images were imported into
cryoSPARC v3.3.1 (57) and used for contrast transfer function (CTF) estimation with the
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Patch CTF estimation module. Particles were picked with Blob picker and extracted with

a box size of 320 pixels and binned to 128 pixels. Next, the particles were processed with
2D classification and ab initio reconstruction, followed by several rounds of heterogeneous
refinement to obtain a homogeneous set of particles. The particles were re-extracted with

a box size of 320 pixels without binning, processed with multiple rounds of ab initio
reconstruction and heterogeneous refinement, and a final set of 442,863 particles were
refined with non-uniform refinement to 3.05 A.

Structure determination for the SJ25C1-CD19 complex was initiated by processing movie
stacks with beam-induced motion correction and dose weighting in Relion 3.1 (56) with
two-fold binning, yielding an image pixel size of 0.8592 A. These images were used

for CTF estimation with CTFFIND4.1 (58). Particles were picked with the reference-free
Laplacian-of-Gaussian (LoG) tool in Relion, extracted with a box size of 300 pixels

and binned to 60 pixels. Particles were then imported into cryoSPARC v3.3.1 (57) and
processed with 2D classification and ab initio reconstruction, followed by several rounds
of heterogeneous refinement to obtain a homogeneous particle set. The particles were
re-extracted in Relion with a box size of 300 pixels without binning, and processed in
cryoSPARC with ab initio reconstruction followed by multiple rounds of heterogeneous
refinement, and a final set of 371,968 particles was refined with non-uniform refinement
to 3.91 A. To improve the resolution further, particle polishing was done in Relion, and ab
initio reconstruction, heterogeneous refinement and non-uniform refinement were done in
cryoSPARC to yield a 3.40 A map with a final set of 351,934 particles.

Model building

For both the FMC63-CD19 and SJ25C1-CD19 complexes the soluble CD19 protein was
built starting from the crystal structure of human CD19 ectodomain (PDB: 6ALS5).

To model the FMC63 scFv, a homology model was generated with SWISSMODEL (59)
using the crystal structure of a human scFv (PDB: 6TCS) as input. The starting models for
FMC63-scFv and CD19 were docked into the cryo-EM density map using UCSF Chimera
(60), refined using real-space refinement in Phenix (61) and rebuilt using Coot (62). The
following regions were not resolved in the cryo-EM map so were omitted from the atomic
model: residues 146-160 corresponding to the GS linker in the FMC63 scFv, and residues
21-22, 40-46, 133-152 and 175 —184 corresponding to flexible loops in CD19.

To model SJ25C1 Fab, homology models for the heavy chain and light chain were generated
with SWISSMODEL (59) using a human Fab heavy chain (PDB: 5040) and a human Fab
light chain (PDB: 6R2S) as input, respectively. The light and heavy chain models were
docked into the cryo-EM map, refined and rebuilt as described above. The following regions
were not resolved in the cryo-EM map so were omitted from the atomic model: residues
40-46, 133-152, 175-184 and 276-277 corresponding to the flexible regions in CD19. The
resolution in the constant region of the Fab was attenuated so the heavy chain (residues
141-241) and light chain (residues 126-234) in this region were modeled as poly-alanine
chains.
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Molecular dynamics simulations

Structural models of the FMC63-CD19, SJ25C1-CD19, B43-CD19 (PDB: 6AL5) and
Coltuximab-CD19 (PDB: 7JIC) complexes were used as inputs for all-atom MD
simulations. Each system was solvated and ionized in 150 mM NaCl at pH 7.5 using
CHARMM-GUI (63). The total system size was ~212,000 atoms for FMC63-CD19,
~167,000 atoms for SJ25C1-CD19, ~207,000 atoms for B43-CD19, and ~167,000 atoms
for Coltuximab-CD19.

Each system was first equilibrated using the multi-step equilibration protocol provided

by CHARMM-GUI. This was followed by the production simulations during which each
system was run in six independent replicates for 150 ns per replicate. All the simulations
were performed with OpenMM 7.4 (64) and using the latest all-atom CHARMM36m

force fields for protein and ions (65). The simulations implemented a 4 fs integration
timestep (with hydrogen mass repartitioning), Particle Mesh Ewald (PME) for electrostatic
interactions (66), and were carried out in isothermal-isobaric (NPT) ensemble with the
periodic boundary conditions, at a temperature of 310 K. The van der Waals interactions
were calculated by applying a cutoff distance of 12 A and switching the potential from 10 A.
The root mean square deviation (RMSD) analysis was calculated with VMD (67).

Molecular Mechanics-Generalized Born Surface Area (MM-GBSA) calculations

MM-GBSA free energy calculations were carried out on 20 ns—150 ns time intervals

of the all-atom trajectories, with the same settings as described previously (68). Briefly,

the dielectric constant inside the protein was set to 2 and the accurate Generalized Born
Molecular Volume Il (GBMVII) method (69) was used to calculate the polar solvation free
energies. The non-polar solvation free energy was assumed to be proportional to the solvent
accessible surface area (SASA) with a coefficient of —0.0072 kcal/mol/A2 (70). We used
the Debeye-Hiickel correction to account for ionic screening (71), with screening constant
x=0.316 \/[sal1] (expressed in A™1) (72), where [salt] is the monovalent ion concentration
taken to be 0.154 mol/l. The system for each complex was composed of a binder (FMC63,
SJ25C1, B43 or Coltuximab) and CD19, and per residue decomposition was performed for
all binder and CD19 residues located near the binder-CD19 interface.

Production of mutant CAR binders

The binders were expressed in a Fab scaffold because, compared to scFv expression, we
found Fab expression to be more efficient and robust. CAR binders were engineered in a
Fab format with a C-terminal 8 x histidine tag on the Fab heavy chain and cloned into the
pPEZT-BM expression vector (53) as described above. The light and heavy chains of the
Fab were transiently transfected into Expi293F cells (Gibco) using the ExpiFectamine 293
Reagent according to the manufacturer’s protocol. The supernatants containing Fabs were
clarified and harvested 5 — 7 days post-transfection by centrifugation at 5,000 x g for 20
min at 4°C, then filtered through a 0.22 pum filter. The expression of Fabs were verified by
SDS-PAGE.
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Surface plasmon resonance (SPR)

Cell lines

Surface plasmon resonance (SPR) was performed on a Biacore 8K instrument (Cytiva). The
supernatants containing Fabs with an 8 x histidine tag at the C-terminus were coupled to

a sensor chip NTA (Cytiva) at a target density of 1,000 response units (RU). Single cycle
kinetics was performed by injecting CD19 protein at five different concentrations (0.5 nM,
4 nM, 20 nM, 100 nM, 500 nM) followed by one dissociation step over the flow cell at a
flow rate of 30 pl/min. The relative response curve was fitted with a 1:1 kinetics Langmuir
binding model and the kinetic rate constants were obtained on Biacore Insight Evaluation
software (Cytiva).

GFP-firefly-luciferase (FFL)-expressing NALM®6 cells (NALM6/WT and 19-mCherry
fusion-expressing NALM6/WT (23), NALM6/12-4 and NALM6/12-39 (21) were cultured
in RPMI 1040 medium supplemented with 10% fetal bovine serum (HyClone), 10 mM
HEPES (Invitrogen), 2 mM L-glutamine (Invitrogen), 1X NEAA (Invitrogen), 1 mM sodium
pyruvate (Invitrogen), 50 uM B-mercaptoethanol, 10U/ml Penicillin, 10 pg/ml Streptomycin
(Gibco), and 2.5 ug/ml Plasmocyn (InvivoGen). Cells were split every 2-3 days and plated
at 0.5x106 cells/ml.

T cell isolation, activation, and culture

T cell culture was performed as described (21). In brief, healthy donor peripheral blood
mononuclear cells obtained from buffy coats (New York Blood Center) were used to isolate
T cells with a Pan T cell isolation kit (Miltenyi Biotec). T cells (>90% viability) were
activated with Dynabeads (1:1 beads:cell) Human T-Activator CD3/CD28 (ThermoFisher) in
X-vivo 15 medium (Lonza) supplemented with 5% human serum (Gemini Bioproducts) with
5 ng/ml human recombinant IL7 (Miltenyi Biotec) and 5 ng/ml human recombinant 1L15
(Miltenyi Biotec) at a density of 10° cells per ml. The medium was changed every 2 days,
and cells were replated at 1-1.5 x106 cells per ml.

Gammaretroviral vector construction, production, and transduction

Plasmids encoding the SFG -y-retroviral vector were used to clone a bicistronic construct to
express a gene for a CAR containing an anti-CD19 scFv (FMC63, SJ25C1, or mutants),
CD28, and CD3-(, simultaneously with the gene for low-affinity nerve growth factor
receptor (LNGFR) (23). VSV-G pseudotyped vector supernatants derived H29 cells were
used to construct stable RD114 retroviral-producing cell lines (73). T cells were transduced
with RD114-derived vector supernatants by centrifugation on RetroNectin-coated plates
(Takara), as described previously (73).

Flow cytometry

CAR expression was measured with Alexa-Fluor-647-conjugated goat anti-mouse F(ab”)2
antibody (AF647-GAM, Jackson ImmunoResearch). LNGFR expression was measured
with either PE- or Alexa-Fluor-647-conjugated mouse anti-human LNGFR antibodies (BD
Biosciences). CD3 was detected with Pacific Blue-conjugated mouse anti-human CD3
antibody (Biologend). T cells were incubated with antibodies in 100 ul MACS buffer (PBS,
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0.5 mM EDTA and 0.5% BSA) at 4°C for 20-30 min, washed, and resuspended in 300 pl
MACS buffer. Flow cytometric data were acquired on a 5-laser Aurora (Cytek Biosciences)
and analyzed in FlowJo v10.1 (BD).

Cytotoxicity assays

The cytotoxic activity of CAR T cells was determined as previously described (21). LNGFR
expression was used to determine the percentage of CAR-expressing T cells, which were
prepared at 1 M/ml. FFL-expressing NALM®6 cell lines WT, 12-39, and 12—-4 were used

as target cells, and they were resuspended at LM/ml in T cell medium. The effector | and
tumor target (T) cells were co-cultured in triplicates at the indicated effector/target (E/T)
ratio using black-walled 96-well plates with 1x10° target cells in a total volume of 100

ul per well. Eighteen hours later, 100 pl luciferase substrate (Bright-Glo, Promega) was
added to each well. Emitted light was detected in a luminescence plate reader, and lysis was
calculated using the formula 100 x (1-(RLUsample)/(RLUtarget alone)).

CD19 binding assays

CAR T cells (0.1 million) were incubated in 100 ul MACS buffer containing Alexa-
Fluor-488-conjugated recombinant hCD19-hFc (AF488-CD19, R&D Systems) at 4 °C for
1 hour. After a wash with 2 ml of MACS buffer, cells were resuspended in 300 ul MACS
buffer and analyzed by FACS. Experiments with FMC63-based CAR T cells used 0.5 pg of
AF488-CD19. Experiments with SJ25C1-based CAR T cells used 1.5 ug AF488-CD19.

Trogocytosis assay

CAR T cells (0.5 x 10°) were co-cultured with 19-mCherry fusion-expressing NALM6/WT
target cells (0.5 x 10°) in 96-well plates containing 100 pl of T cell medium. After 1

hour incubation at 37 °C cells were stained with AF647-anti-LNGFR and PB-anti-CD3
antibodies. Cells were incubated for 30 min at 4 °C. Following staining, cells were washed
and then analyzed by FACS. Trogocytosis was measured by the acquisition of 19-mCherry
by CAR T cells (GFP- CD3+ LNGFRmed/hi+).

Cytokine analyses

Statistics

To measure intracellular levels, CAR T cells were incubated with NALM6/WT at 1:1 ratio
for 4 hours in the presence of Brefeldin A. T cells were first stained with mouse anti-human
LNGFR antibodies (BD Biosciences) then fixed and permeabilized using Cytofix/ Cytoperm
Plus kit (BD Biosciences) as per the recommendation of the manufacturer, followed

by staining with BV711-conjugated mouse anti-human TNF-a Antibody (Biolegend) or
BV421-conjugated mouse anti-human IFN-y Antibody (Biolegend). Cytokine levels were
determined by FACS.

Statistical significance was determined by two-tailed t-test analysis using GraphPad Prism 9
software. Data are expressed as means +/— SEM and differences were considered significant
when P<0.05, and nonsignificant (n.s.) when P>0.05. In addition, * is P<0.05, ** is P<0.01,
*** js P<0.001, and **** js P<0.0001.
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Fig. 1. Structures of CAR bindersin complex with CD19.
(A) Hlustration of a CAR on a CAR-T cell in complex with CD19 antigen displayed on

a tumor cell. (B) Cryo-EM density map (left) and molecular model (right) of FMC63

scFv in complex with CD19. (C) Surface view of the FMC63-CD19 complex as shown
perpendicular to the membrane (top). CD19 is also shown in surface view with the footprint
of FMC63 colored by contact with the VL or VH region (bottom). (D) Cryo-EM density
map (left) and molecular model (right) of SJ25C1 Fab in complex with CD19. (E) Surface
view of the SJ25C1-CD19 complex as shown perpendicular to the membrane (top) but with
the Fab constant regions (CH and CL) omitted for clarity. CD19 is also shown in surface
view with the footprint of SJ25C1 colored by contact with the VL or VH region (bottom). In
(C) and (E), the footprints of the binders on CD19 correspond to CD19 residues within 4 A
of each respective binder. TM, transmembrane; CL, light chain constant domain; CH, heavy
chain constant domain.
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SJ25C1

Fig. 2. Binding interface between CAR bindersand CD19.
(A to D) Molecular model of FMC63 in complex with CD19 (A). The VL domain of

FMC63 contacts CD19 with residues of CDRL1 and CDRL2 (B). The VH domain forms
most of the contacts for FMC63, and these are mediated by residues in CDRH2 and CDRH3
(C and D). (E to I) Molecular model of SJ25C1 in complex with CD19 (E). The VH domain
forms extensive contacts with CD19 through CDRH1, CDRH2, and CDRH3 (F to I), with
more limited contact from CDRL1 of the VL domain (1).
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Fig. 3. Affinity measurements of CAR binder mutants.

(A and B) Binding energies for residues from FMC63-CD19 (A) and SJ25C1-CD19 (B)
complexes obtained from MM/GBSA analysis of the MD trajectories. Residues were
ordered by decreasing magnitude of per-residue binding energy at the interface with CD19
(left to right). The binding energies are quantified by averaging six independent MM/GBSA
simulation decompositions for each residue. Error bars represent means + SEM. Residues
from the VL and VVH domain are labeled with “(L)” and “(H),” respectively. Data for the
VL domain residues are shown using lighter colored bars. (C) Illustrated SPR sensorgram
depicting the experimental protocol used to measure CD19 binding to Fabs. Single-cycle
kinetics was performed by injecting CD19 protein at five concentrations (0.5, 4, 20, 100, and
500 nM) followed by one long dissociation step and reported with response units (RUs). (D
and E) SPR sensorgrams of binding kinetics between CD19 and FMC63 (D) and SJ25C1
(E) binders. Experimental data are shown in red. Fitted curves calculated using 1:1 kinetics
Langmuir binding model are shown with black dashed lines. Dissociation constant (KD) for

each binder is displayed as an average of triplicates with SEM.
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Fig. 4. CD19-interacting residues differentially shape CAR T cell function.
(A and F) CAR expression analyses for FMC63 (A) and SJ25C1 (F) CAR T cells. Data

are from two independent experiments using different T cell donors. (B and G) Binding
activity for FMC63 (B) and SJ25C1 (G) CAR T cells. Data for FMC63 CAR T cells are
from two independent experiments using different T cell donors (one replicate in each
experiment). Data for SJ25C1 CAR T cells are from two independent experiments using
different T cell donors (two replicates in each experiment). (Cto Eand Hto J) CAR T
cell cytotoxic activity against NALM6/WT (~27,000 CD19 molecules; C), NALM®6/12-39
(~2000 CD19 molecules; D), or NALM6/12—4 (~200 CD19 molecules; E) target cells. In
(C) to (E), data are means + SEM (n = 3). In (H) to (J), data are means + SEM (n =

5, with three replicates from T cell donor 1 and two replicates from T cell donor 2). (K)
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Illustration of the trogocytosis assay. (L and M) Percentage of FMC63 (L) and SJ25C1 (M)
CAR T cells (both CD4 and CD8 cells) with CD19-mCherry signal after coculture with
CD19-mCherry—expressing NALMS6 cells. Unpaired t test P value for FMC63 CAR T cells
(L) or SJ25C1 CAR T cells (M). Data are representative of two independent experiments
using two different T cell donors, with each experiment performed with three replicates (n =
3). Error bars are SEM.
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