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Abstract

T cells engineered to express artificial chimeric antigen receptors (CARs) that selectively target
tumor-specific antigens or deleterious cell types offer transformative therapeutic possibilities.
CARs contain an N-terminal extracellular antigen recognition domain, C-terminal intracellular

"Correspondence: kylie.walters@nih.gov, taylorn4@mail.nih.gov, philippe.youkharibache@nih.gov.

These two authors contributed equally
Author Contributions
K.J.W., P.Y. and N.T. conceived of the study. X.C. performed protein purification, CD, and NMR data analysis. K.A.S. and H.M.
contributed to SEC-MALS data collection. J.M.M. generated CAR constructs and performed Incucyte assays. K.J.W. and N.T.
supervised the project. All authors contributed to writing the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 2

signal transduction domains, and connecting hinge and transmembrane regions, each of which
have been varied to optimize targeting and minimize toxicity. We find that a CD22-targeting CAR
harboring a CD8a hinge (H) exhibits greater cytotoxicity against a low antigen density CD22*
leukemia as compared to an equivalent CAR with a CD28 H. We therefore studied the biophysical
and dynamic properties of the CD8a H by nuclear magnetic resonance (NMR) spectroscopy. We
find that a large region of the CD8a H undergoes dynamic chemical exchange between distinct
and observable states. This exchanging region contains proline residues dispersed throughout

the sequence that undergo cis-trans isomerization. Up to four signals of differing intensity are
observed, with the most abundantly populated being intrinsically disordered and with all prolines
in the trans isomerization state. The lesser populated states all contain cis prolines and evidence of
local structural motifs. Altogether, our data suggest that the CD8a H lacks long-range structural
order but has local structural motifs that transiently exchange with a dominant disordered state.
We propose that structural plasticity and local structural motifs promoted by cis proline states
within the CD8a. H are important for relaying and amplifying antigen-binding effects to the
transmembrane and signal transduction domains.

Keywords
CD8; CAR T-cell; linker; intrinsically disordered proteins; proline isomerization

1. Introduction

Adoptive T-cell transfer offers promise of a cancer treatment protocol without damage

to healthy tissues [1]. Tumor-specific targeting with long-term anti-cancer outcome has
been achieved by engineering patient T cells to express artificial chimeric antigen receptor
(CAR) transmembrane proteins at the cell surface. CAR expression renders the patient’s
T-cells specific to tumor-specific antigen, resulting in the adoptive transfer of engineered
lymphocytes with cytotoxic potential against malignant and/or other target cells [2]. This
approach has been successful in the treatment of several cancers, including relapsed or
refractory non-Hodgkin lymphoma [3, 4], multiple myeloma [5], and relapsed or refractory
B-cell acute lymphoblastic leukemia [6-15]. Indeed, anti-tumor activity has been achieved
against several hematological antigens, including CD19 [16], CD22 [11], CD20 [17], CD30
[4], B cell maturation antigen [8], as well as the simultaneous targeting of two of these
antigens [10, 18-20]. Nevertheless, despite the ability to engineer CARs against solid tumor
antigens, the success of CAR T-cell therapy in these tumors has been limited, in part due to
challenges in CAR-T trafficking and function in the hostile intratumoral microenvironment
[21, 22].

CARs contain extracellular antigen recognition and intracellular signal transduction domains
that are connected by a hinge (H) and transmembrane (TM) domain. The antigen recognition
domain is typically a single chain fragment variable (scFv) region derived from a
monoclonal antibody, resulting in a specific interaction with the targeted epitope. Following
the binding of a CAR T cell to a tumor cell, the intracellular CAR signaling domain(s)
activates the T cell, inducing tumor cell destruction and CAR T cell proliferation. There
have been many studies aimed at optimizing CAR binding and signal transduction by
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the intracellular domain [23-25], but the H and TM regions can also be optimized. Cell
surface CAR expression and stability are affected by the TM and the H regulates CAR
signaling threshold [26-30]. CD19-targeting CARs including either the CD8a or CD28 H
and TM have been FDA approved. Indeed, CD8 and CD28 H-TM are present in CTL-019
(KYMRIAH, Novartis Pharmaceuticals Corp.) and axicabtagene ciloleucel (YESCARTA,
Kite Pharma, Inc.), respectively. In the context of anti-CD19 CARs, the CD8a H was
associated with lower toxicities compared to the CD28 H [31]. Importantly though, the
dynamic nature of the H region has stymied its characterization although several CAR
antigen recognition domain structures and a limited number of transmembrane domain
structures are available [32-35].

Here, we compared the efficacy of a CD22-targeting CAR incorporating CD28 as compared
to CD8a H and TM. The CD8a H resulted in improved cytotoxicity against leukemic

cells with low CD22 antigen density. We then applied various biophysical techniques to
characterize the structural and dynamic properties of the CD8a H. This H has dispersed
prolines that we find to undergo cis-trans isomerization and promote dynamic exchange
throughout much of the CD8a. H.

Materials and Methods

2.1. CAR construct generation

2.2.

Golden gate assembly was utilized to create each of the indicated CAR constructs. All
enzymes and reaction buffers were purchased from New England Biolabs (Ipswich, MA,
USA) and all primers were synthesized by Integrated DNA Technologies (Coralville, 1A,
USA). Briefly, an anti-CD22 CAR construct using the m971 scFv for CD22 targeting [36] in
a lentiviral backbone [37] was used as a template for creating CAR parts. The backbone for
the modular CARs was created via NMAel and Sal/l double digestion, run on an agarose gel,
and recovered using the Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA,
USA). Primers containing BsmB/ restriction sites with programmable overhangs specifying
orientation and position were used for PCR generation of CAR fragments. Residual template
plasmid was removed via Dpn/ digestion and plasmid was isolated using the QIAquick PCR
Purification Kit (Qiagen, Hilden, Germany). One-pot reactions for each construct, consisting
of DNA template, modular regions, BsmB/-v2, T4 ligase, and T4 ligase buffer, were
performed in a Pro Flex PCR system (Thermo Fisher, Waltham, MA, USA) as described

by the manufacturer [38]. The resulting reaction mixture (4uL) was used to transform One
Shot™ StbI3™ Chemically Competent E. coli (Thermo Fisher). Single colonies were picked
from LB agar plates, cultured overnight, and plasmid DNA was purified using the ZR
Plasmid Miniprep-Classic (Zymo Research). Constructs were sequence verified by Sanger
sequencing Psomagen, Rockville, MD, USA) and DNA generated using the NucleoBond
Xtra Midi kit for transfection-grade plasmid DNA (Macherey-Nagel, Diiren, Germany).

Lentivirus production and generation of CART cells

The Lenti-X 293T lentiviral packaging cell line (Takara Bio, Kusatsu, Shiga, Japan) was
co-transfected with each CAR construct, the packaging plasmid, Rev plasmid, and VSV-
G pseudotyping envelope plasmid, as previously described [39]. Human T cells were
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transduced as previously described [39] and CAR surface expression was assessed using

a CD22-Fc fusion protein (R&D Sytems, Minneapolis, MN, USA) followed by staining with
a PE-coupled goat anti-human anti-Fc antibody (Jackson ImmunoResearch, West Grove, PA,
USA). Data were acquired on a Fortessa FACS cytometer (BD Biosciences) and analyzed
using FlowJo software (V10, Treestar, Ashland, OR).

2.3. CD22 density quantification in NALM6 cell lines

Fluorescence intensities from Quantibrite PE beads (BD Biosciences, Lot# 27504) were
used to create a calibration curve with the average number of antibodies per bead listed by
the manufacturer. The resulting line of best fit was used to calculate CD22 densities for each
cell line.

2.4. Invitro cytotoxicity assay

The cytotoxic potential of the different CAR-T constructs against CD22* leukemic cell
lines was evaluated using Incucyte ® technology (Sartorius), as previously described [11].
Briefly, CAR-T cells were incubated at a 1:2 ratio with GFP+ NALM6 leukemia cells
(25K/50K). NALMG clones, characterized by different CD22 antigen densities, were utilized
in co-culture experiments; CD22-overexpressing (CD22°F) and CD22-knockout (CD22K0)
NALMBG6 have been described (Fry et al., 2018) and NALMG6 expressing low levels of CD22
(CD22-W) were generated by FACS sorting on a FACSAria (BD Biosciences). Images,
evaluating green fluorescence units per mm?2 (GFU/mm?), were taken every 1 to 2 hours.
50,000 NALMBG cells were added per well to a 96-well plate and the wells were imaged

to determine the initial GFU/mm? prior to co-culture with CAR T-cells at a 1:2 effector :
target ratio (E/T) in a total volume of 200 uL. GFU/mm?2 was monitored by Phase Contrast
Imaging every 1-2 hours. Killing Index was computed as the ratio of GFU/mm? at each
timepoint relative to the initial GFU/mm2.

2.5. Protein sample preparation

CD8a. (UniProtKB# P01732) spanning amino acids F128 to D182 was sub-cloned into the
pET15b vector (GenScript) and expressed in Escherichia coli strain BL21 (DE3) as a fusion
protein with an N-terminal polyhistidine tag and a thrombin cleavage site. Cells were grown
at 37°C to ODgpg of 0.5 — 0.6 and protein expression induced at 17°C overnight by 0.4

mM IPTG. At the time of induction, zinc sulphate was added to a final concentration of 20
UM. The cells were frozen in liquid nitrogen and stored at —80°C for ~4 hours, followed by
resuspension in buffer 1 (50 mM Tris at pH 7.5, 300 mM NaCl, 5 mM 2-mercaptoethanol,
20 pM zinc sulphate) supplemented with EDTA-free protease inhibitor cocktail tablets
(Roche Diagnostics). Cells were lysed by sonication and spun down at 27,000 g for 30

min. The supernatant was incubated with pre-washed Ni-NTA agarose resin (Qiagen) for 1
hour. After extensive washing with buffer 1 and buffer 2 (50 mM Tris at pH 7.5, 50 mM
NaCl, 5 mM 2-mercaptoethanol, 20 UM zinc sulphate), CD8a (128-182) was separated
from the His-tag and the resin by cleaving with thrombin (Millipore Sigma 605195) in
buffer 2. Further purification was achieved by size exclusion chromatography on an FPLC
AKTA pure system (GE Healthcare) using a HiLLoad 16/600 Superdex 75 prep grade column
(cytiva) in buffer 3 (20 mM NaPQy, at pH 6.5, 50 mM NaCl, 5 mM DTT, 20 uM zinc
sulphate). 15N ammonium chloride (Cambridge Isotope Laboratories, Inc. NLM-467-1)
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and 13C glucose (Cambridge Isotope Laboratories, Inc. CLM-1396) were used for isotope
labeling. All NMR samples were validated by mass spectrometry.

2.6. SDS-PAGE

Protein lysates were subjected to SDS-PAGE on 12% NuPAGE Bis-Tris gels (Thermo Fisher
Scientific NP0342) with MOPS SDS running buffer (Thermo Fisher Scientific NP0001) and
visualized by Coomasie staining.

2.7. Electrospray ionization mass spectrometry

Mass spectrometry was performed with CD8a H (10 pM) in buffer 3 with 10% acetonitrile
on a 6100 Series Quadrupole LC mass spectrometer (Agilent Technologies, Inc.), equipped
with an electrospray source and operated in the positive ion mode. Data acquisition and
analyses were performed using OpenLAB CDS ChemStation Edition C.01.05 (Agilent
Technologies, Inc.).

2.8. SEC-MALS

SEC-MALS data were collected by an Ultimate 3000 HPLC (Thermo Scientific) in-line with
an Ultimate 3000 UV detector (Thermo Scientific), miniDawn MALS detector, and Optilab
refractive index detector (Wyatt Technology). The data were collected following in-line
fractionation with a WTC-010S5 (7.8 x 300 mm) 100 A pore size SEC analytical column
(Wyatt Technology), pre-equilibrated in 20 mM NaPQy at pH 6.5, 50 mM NaCl, 20 uM zinc
sulphate, with or without 5 mM DTT, running at a flow rate of 0.4 mL/min. 50 pL of BSA
(30 uM, Thermo Fisher Scientific 23209), ubiquitin (500 uM, R&D systems U-100H-10M),
or CD8a H (500 pM, either purified with or without DTT) was injected onto the column.
Experiments were performed at 25°C. ASTRA software (version 8.0.2.5) was used for data
collection and analyses.

2.9. NMR samples and experiments

Two NMR samples were prepared, namely 0.5 mM 15N, 13C-labeled CD8a. H

(sample 1) and 0.5 mM 1°N-labeled CD8a. H (sample 2). 2D 1H-15N HSQC and

1H-13C HSQC spectra and 3D HNCACB/CBCA(CO)NH, HNCO/HN(CA)CO, HACAN,
(HB)CBCA(CO)N(CA)HA, 15N TOCSY-HSQC, HCCH-TOCSY, and 13C edited NOESY-
HSQC spectra (250 ms mixing time) were recorded on sample 1. To optimize the mixing
time of the 13C edited NOESY-HSQC spectrum, 2D H-1H plans with varying mixing time
from 80 to 300 ms were recorded on sample 1. 2D 1H-15N HSQC and 15N-edited NOESY-
HSQC (120 ms mixing time) spectra were recorded on sample 2. The EXSY experiment was
recorded on sample 2 by monitoring the transfer of heteronuclear N> magnetization during
mixing times ranging from 10 to 100 ms. The conformational interconversion rate (Kzgn7
was analyzed from the EXSY data as described in [40-42] by using composite peak ratios
of intensities of the auto-peaks and cross-peaks and fitting to equation 1 as a function of the
mixing time ¢
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axy(t)ayx(t)

= K(eonp) 22
axx(t)ayy(t) — axy(t)ayx(t) (conf) )

E(r) =

For two states X and Y, the intensities of cross-peaks originating on state Y and detected on
state X are denoted axy(t), whereases those originating on state X and detected on state Y
are denoted ayx(t). axx(t) and ayy(t) represent the intensities of the auto-peaks.

All NMR experiments were conducted in buffer 4 (20 mM NaPOy, at pH 6.5, 50 mM

NaCl, 5 mM DTT, 20 uM zinc sulphate, 1 mM pefabloc, 0.1% NaNs, and 5% 2H,0 / 95%
1H,0), except for 2D 1H-13C HSQC, 3D HCCH-TOCSY, and 13C-edited NOESY-HSQC
experiments, which were acquired on samples dissolved in 2H,0. All NMR experiments
were conducted at 25°C, except for 2D TH-15N HSQC, 3D 15N TOCSY-HSQC, 15N-edited
NOESY-HSQC spectra, and the EXSY experiment, which were acquired at 10°C. Spectra
were recorded on Bruker Avancelll 700, 800, or 850 MHz spectrometers equipped with
cryogenically cooled probes.

All NMR data processing was performed using NMRpipe [43] and spectra were visualized
and analyzed with XEASY [44]. Chemical shift index (CSI) values for CD8a Ca and C’
atoms were generated by comparison to random coil values of the same amino acid type and
in the case of proline isomer state [45, 46] with sequence-dependent correction factors [47].

2.10. CD experiment

2.11.

Far-UV range CD spectra (260-190 nm) of CD8a H (10 uM) were recorded on a Jasco
J-1500 CD spectrometer using a quartz cuvette with 1.0 mm path length and temperature
controlled at 25 + 0.1°C. Buffer 3 was used as a control. All spectra were collected
continuously at a scan speed of 20 nm/min and averaged over accumulation of three spectra.
The buffer spectrum was subtracted from the protein spectra during data analyses. Molar
ellipticity © (in deg cm? dmol~1) was calculated from the measured machine units m® in
millidegrees at wavelength A using Equation 2.

o

m

O=To=csD) (Ea-2)

C is the concentration of the sample in mol L™1 and L is the path length of the cell
(cm). Secondary structure analysis was conducted with the program CDSSTR [48] by the
DichroWeb server [49] using reference dataset 7 (190-240 nm) [48].

Model structure of the CD8a H in different states

To generate the model presented in Fig. 8A, the CD8a H was created and subsequently
energy minimized with proline in the trans conformation in Schrédinger Maestro [50]. The
cis proline isomers of states 2—4 were introduced by adjusting the dihedral O (Pro -1) -

C’ (Pro -1) — N (Pro) — Ca (Pro) angle requiring a distance of 3.5 A between the Ha
atoms of proline and the preceding amino acid. Energy minimization was then repeated in
Schrddinger Maestro.
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3. Results

3.1. A CD22-CAR harboring the CD8a H exhibits higher cytotoxicity against CD22-low
leukemia cells than a CD28-H CAR

The cytotoxic potential of CD22-targeting CARs (m971 scFv) harboring either CD28 or
CD8a H-TM domains were evaluated against CD22* NALM6 leukemia. To eliminate
differences due to intracellular signaling, all CARs were generated with a 4-1BB (CD137;
TNFRS9) signaling domain (Fig. 1A) and all CARs were similarly expressed on transduced
T cells (Fig. 1B). CD22-CART harboring either 28H-28TM or 8H-8TM were able to
specifically eliminate NALMG6 leukemia cells overexpressing CD22 (CD22°F; 25,980
molecules) with no killing detected against CD22-negative (CD22K°) Nalmé (Fig. 1C).
Cytotoxicity against CD229E-Nalmé was very efficient, with a killing index of 0.5 at
approximately 24h following co-culture (Fig. 1D). However, the cytotoxic potential of
CD22-28H-28TM against CD22-°W-NALMSG, harboring only 374 CD22 molecules (Fig.
1C), was significantly reduced as compared to the CD22-8H-8TM (Fig. 1D). Furthermore,
this difference was specifically due to the hinge as a CD22-CAR harboring the 8H with a
28TM (8H-28TM) was as efficacious as an 8H-8TM construct (Fig. 1D). These data indicate
the importance of an optimal H-TM when the targeted antigen is limiting. Notably though,
hinge structure has yet to be elucidated and AlphaFold2 (AF2), the leading computational
method for predicting protein structure [51, 52], predicts the CD8a. H to be intrinsically
disordered (Fig. 1E, left panel) but with low confidence (Fig. 1E, right panel).

3.2. The CD8a H exhibits intrinsic disorder

The CD8a H used in CARs spans F128 — D182 of homo sapiens CD8a. (Fig. 2A). To study
the structural properties of this hinge, we expressed and purified it from £. coliin frame
with a Hisg tag and thrombin cleavage site for purification by affinity chromatography.
Further purification was achieved by size exclusion chromatography (SEC) with a Superdex
75 column on an FPLC system. During purification, the CD8a H eluted earlier than
expected for its monomeric molecular weight (6,076 Da, with 4 amino acids remaining
from the expression plasmid), but later than expected for a dimeric species, as indicated by
comparison to 8.6 kDa ubiquitin and the 17 kDa hRpn13 Pru (Fig. 2B). To validate that the
eluted protein was indeed CD8a., we performed liquid chromatography-mass spectrometry
(LC-MS), which indicated a molecular weight of 6,074.76 Da (Fig. 2C). The early elution
of CD8a H from the Superdex 75 column mimicked prior experiments performed for
intrinsically disordered proteins, including hRpn10 RAZUL, Pup and SocB (Fig. 2B) [53—
55].

To specifically test whether the CD8a H is intrinsically disordered, we used 2D NMR. A
1H, 15N HSQC experiment performed on 1°N-labeled CD8a H was acquired to detect the
amide groups. The resulting spectrum lacked chemical shift dispersion, with clustering of
CD8a signals in the center of the spectrum (Fig. 2D, with ubiquitin for comparison on the
right [56]. This phenomenon reflects lack of secondary structure, as we observed previously
for other intrinsically disordered proteins [53, 54] and is consistent with the AF2 prediction
(Fig. 1E).
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3.3. The CD8a His monomeric, but can form intermolecular disulfide bonds in the
absence of reducing agent

The extracellular domain of CD8a forms a dimer (Fig. 3A, top right) and previous modeling
has predicted that the hinge facilitates dimerization [28]. All AF2-Multimer predictions
indicate two dimerization domains for CD8a.; hamely, the extracellular Ig domain in
agreement with the experimentally determined domain structure (PDB: 2HP4, overall root-
mean-square deviation between the Ca atoms of 0.7 A) (Fig. 3A, left panel) and the

TM, which is predicted to form a helical dimer. There are two cysteine residues in the
CD8a. H (Fig. 2A) that can, in principle, form disulfide bonds. The CD8a H is predicted

to be intrinsically disordered and without intermolecular interactions except for these two
cysteines (Fig. 3A, left panel). In some cases, AF2-Multimer predicted the TM helix to
begin at either of these cysteines (most often at C181), initiated by their disulfide bonding.

To experimentally probe the oligomerization state of the CD8a. H, we used SEC-MALS
(Wyatt Technology). As NMR experiments are performed at high concentrations (0.5 mM)
compared to cellular levels, the experiments described in Figure 2 were performed in the
presence of the dithiothreitol reducing agent (DTT), as routinely done [57]. We performed
the SEC-MALS experiments both with and without DTT. With the smaller 100 A pore size
of the analytical SEC, the CD8a. H eluted after 67 kDa BSA and 8.6 kDa ubiquitin and

was found by MALS to have a molecular weight of 6,251 Da when DTT was present in

the buffer (Fig. 3B). No signal was observed at higher molecular weights, indicating that no
CD8a H oligomers were present in the sample with DTT. In the absence of DTT, molecular
weights of the CD8a H were detected at 6,258 Da and 13,260 Da, reflective of a dimer (Fig.
3C). These data demonstrate that the CD8a H can form intermolecular disulfide bonds when
its cysteines are not reduced, consistent with many of the AF2-Multimer models (Fig. 3A).

To test whether the presence of disulfide bonds in the CD8a H promotes structure, we used
NMR and circular dichroism (CD). In support of the SEC-MALS data, the amide signals
from the two cysteines (C164 and C181) and neighboring residues shift slightly depending
on the presence of DTT in a 1H, 1N HSQC spectrum acquired on 15N labeled CD8a. H. For
example, new signals (marked by asterisks) were observed that appeared to correspond to
E162, G170, G176, A180, and D182. However, the other signals were not affected by these
changes (Fig. 3D, left panel). Thus, cysteine disulfide bonding causes spectral changes only
for nearby amino acids, indicating that long-range structure is not induced. Similarly, CD
spectroscopy, which informs on secondary structure, indicated intrinsic disorder both with
and without DTT, with negative ellipticity observed near 200 nm and low ellipticity at 190
and 222 nm (Fig. 3E), similar to the intrinsically disordered proteins Pup and SocB [53,
54]. Furthermore, analysis of the CD spectrum by DichroWeb [58, 59] predicted 80% of the
residues in the CD8a. H to be unstructured, irrespective of the presence of DTT (Fig. 3E).
The AF2-Multimer models of a full protein highlight the location of C181 proximal to the
membrane where the TM helical dimer may promote its intermolecular disulfide bonding
(Fig. 3A). Some models also show disulfide bridges at C164 (not shown). The CD data
indicate that even in conditions with the cysteines are engaged in disulfide bonds, helicity is
not induced in the CD8a. H.
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The C-terminal cytoplasmic tail of CD8a (spanning R209 — K227 in homo sapiens) and

the N-terminus of the Src-family tyrosine kinase Lck form a folded heterodimeric structure
with Zn2* acting as a molecular glue (Fig. 3A, right bottom panel) [60]. Zinc sulphate (20
uM) was therefore included in the buffers throughout purification and added at induction, as
done for the Zn-binding protein Put3 [61], unless otherwise noted. We did though directly
test whether the presence of Zn?* impacts the structure of the CD8a H. We acquired 1H,
15N HSQC spectra of CD8a. H samples in the presence or absence of zinc sulphate present
(20 uM and 500 uM, Fig. 3D, right panel). All three resulting spectra superimposed with no
changes. This comparison revealed the CD8a. H to be insensitive to Zn2*.

3.4. Four conformational states are observed for CD8a H residues

A greater than expected number of amide signals appeared in the 1H, 15N HSQC spectrum
of 15N labeled CD8a H (Fig. 2D), suggesting that a subset of CD8a residues undergo
chemical exchange between multiple states at a time scale slow enough for observation by
NMR, as observed in other proteins with dynamic exchange between conformation states
[62]. To assign the signals of the 2D spectrum to amide groups of CD8a., we acquired 3D
1H, 13C, 15N experiments that correlate sequential amino acids, as described in the Materials
and Methods. The CD8a H is proline-rich (12 of 55 residues are prolines, Fig. 2A) and we
therefore also used a HACAN spectrum [63] for assignment (Fig. 4A). Similar to the 2D 1H,
15N HSQC experiments (Fig. 2D), these 3D experiments indicated multiple signals for Ca
(Fig. 4A and Fig. 4B, black signals in HNCACB and orange signals in CBCACONH) and
CB (Fig. 4B, blue signals in HNCACB and orange signals in CBCACONH). Three distinct
signals were observed for the V131, A135, T138, T147, A149, T151, L157 or E162 amide
groups (Fig. 4A and 4B), and four signals were observed for A142 and R144 (Fig. 4B).

For each amino acid, the number of signals observed for the Ca and Cp atoms was identical,
and four signals corresponded to P141, A142, P143, and R144. Plotting these values across
the sequence highlighted the signal multiplicity that spans from F128 to A168 of the CD8a
H (Fig. 4C). In contrast, multiple signals were not observed for amino acids G169 — D182
(Fig. 4C). Thus, 3D spectra could be used to establish sequential amino acid assignments
across the CD8a H sequence for each of the four states (Fig. 4A-B).

3.5 Prolines in the CD8a H exhibit trans and cis isomerization states

The CD8a H proline residues are confined to the region that undergoes chemical exchange
(Fig. 4C). We therefore hypothesized that the prolines undergo cis-trans isomerization.
Chemical shift values of proline Cp and Cy atoms inform on the cis versus trans isomer
state [64]. All proline residues displayed multiplicity of signals that included chemical shifts
reflective of the trans state, but 11 prolines also showed one set of signals indicative of

a cis state (Table 1 and black arrows in Fig. 4C). We acquired a 13C-dispersed NOESY
spectrum to directly evaluate the isomer state of the prolines with an optimized mixing time
of 250 ms; this mixing time was chosen by comparing the signals in 2D H-H planes
acquired with different mixing times (Fig. 5A). NOEs from the proline Ha or H8 atoms to
the preceding residue’s Ha atom indicate cis or trans isomeric states respectively (Fig. 5B).
We observed NOEs between proline H5 and the preceding amino acid’s Ha for all prolines
but P146, indicating trans isomerization (Fig. 5C). The chemical shift values of Ca and Ha

J Magn Reson. Author manuscript; available in PMC 2023 July 01.
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for P146 are very similar to P145, causing the intra-residue NOE interactions to overlap with
any possible inter-residue interactions, thus excluding P146 from this analysis.

In addition to the NOEs reflective of trans isomer states, NOE interactions between

Ha atoms, which indicate the cis state, were observed for all prolines except P145 and
P146 (Fig. 5D). NOEs between P145 and P146 Ha atoms could not be detected due to
their similar values. However, the chemical shift values indicate P146 to be in the cis
conformation for state 3. Hence, all prolines except for P145 can adopt either the cis or
trans isomerization state. Moreover, multiple trans states were observable for all prolines
except for P166. The cis/trans proline assignments were mapped onto the sequence of the
four observable states in Fig. 5E.

3.6. Chemical shift values of the lesser populated states suggest local structural motifs

The CD data acquired on the CD8a H indicated a lack of global secondary structure (Fig.
3E). To provide insight into the structural characteristics of each of the four states, we
generated chemical shift index (CSI) values by comparing the chemical shift values for

Ca and C’ to random coil values of the same amino acid type, taking into account sequence-
dependent correction factors [47]. No state displayed a sequential series of negative or
positive values, which would reflect secondary structural elements (Fig. 6A-B). State 1
clearly indicated random coil values across the CD8a. sequence. Fluctuations were observed
however for the Ca values between the different states of V129, T140, T147, A149, E162,
and T167 (Fig. 6A), all of which are located in a proline-rich region (Fig. 5E). We further
evaluated this variance for the amide values and similarly detected large differences between
the various states of V129, L133, T140, R144, T147, A149, E162, and A167 (Fig. 6C). We
propose that the dispersed signals that appear in states 2—4 originate from regions with local
structural motifs that are promoted by proline cis isomerization states.

To further probe the structural features of the CD8a. H, we acquired an 1°N-dispersed
NOESY experiment (120 ms mixing time) on 0.5 mM 1°N-labeled CD8a H. Low
abundance and corresponding poor signal-to-noise stymied the detection of intermolecular
NOEs for states 2—4 and therefore this experiment was unable to inform on the structural
features of these states. Consistent with the CSI data (Fig. 6A), state 1 showed only intra-
residue and sequential NOE interactions (Fig. 6D), reflective of intrinsic disorder for this
state.

We determined the relative abundance of states 1, 2, 3 and 4 to be 85%, 7%, 4%, and 4%,
respectively. These values were obtained by measuring the Ca peak intensity of residues
P141, A142, P143, and R144, which show clear signals for each of the four states in

the HNCACB experiment (Fig. 4B). We expect that state 4 is distinguished from state 1
solely by cis-trans isomerization of P143, as all amino acids except for P141 — R144 have
identical chemical shift values for these two states, indicating that structural effects are not
propagated beyond the local neighboring sequence. In contrast, we note that P150, P156,
P161, and P166 are either all cis or all trans in the observable states, suggesting a long-range
correlation. In a longer construct, we expect that this correlation with a dimeric TM region
may be further propagated by C164 and C181.
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3.7. The conformational states of the CD8a H exchange dynamically

To directly test whether the four states observed within the CD8a H are in exchange,

we acquired H, 1°N, ZZ-exchange spectroscopy (EXSY) experiments with mixing times
varying from 10 — 100 ms [65] at 25°C (not shown) and 10°C (Fig. 7A). Spectral crowding
limited observation of EXSY exchange peaks (Fig. 2D and 7B), such as signals from
different states of F128 or L159, or those will similar amide values, such as A135 or

T151; these cases were therefore excluded from this analysis and labeled as “8” in Fig.
7A. Exchange peaks were observed for most amino acids with sufficient chemical shift
dispersion (Fig. 7A), as illustrated for A149, S158, A163, and A167 (Fig. 7B and 7C). For
two amino acids (V129 and T147), dispersion was sufficient but EXSY exchange peaks
were not observed at neither 10°C nor 25°C. Moreover, exchanges peaks were only observed
between state 1 and state 2 or 3.

The exchange peak signals increased over time to 80 ms and then decayed by 100 ms

(Fig. 7D). The build-up to 80 ms was fit to quantitatively determine a conformational
interconversion rate (K, between 0.53 — 0.74 s™1 for exchange between state 1 and state
2, based on V131, Al142, S158, A163, and A167, and between state 1 and state 3, based

on Al49 (Fig. 7E). Altogether, these findings indicate that the CD8a H undergoes dynamic
conformational exchange between different conformational states.

4. Discussion

Differences in the length, flexibility and composition of the hinge region can affect CAR
expression, signaling, epitope recognition, and strength of activation outputs [66, 67]. We
report here that the CD8a H region has four distinct conformational states of differing
populations, with the most abundantly populated state being intrinsically disordered.
Dispersed chemical shift values of certain amino acids in the NMR spectra suggest that
local structural motifs are formed in the minor states.

We propose that the conformational exchange between the CD8a. H states is driven by
proline cis-trans isomerization. Supporting this model is the finding that exchange is absent
in the C-terminal quartile of the sequence that lacks prolines. Proline generally adopts the
trans isomeric state [68] and in State 1, which is most abundant and intrinsically disordered
state, all prolines are all trans (Fig. 5E). A distinguishing feature of the other states is the
presence of prolines that are in the cis conformation (Table 1). Cis isomeric states induce
kinking in the chain, and we propose that this effect promotes local structural motifs. The
cis/trans conformational state of certain prolines appear to be coordinated; for example, the
four most C-terminally located prolines at positions P150, P156, P161, and P166 are either
all cis or all trans. To determine whether the proline exchange is independent or coordinated,
future studies with amino acid substitutions are planned.

AT cell interacts with an antigen-presenting cell to form an immunological synapse

with an intermembrane distance between the extended T cell receptor (TCR) and the
peptide-major histocompatibility complex (MHC) complex of ~15 nm [69]; molecules with
extracellular domains longer than this distance are sterically excluded. [69]. Proline cis-trans
isomerization in the CD8a H appears to drive conformational exchange and CAR structural
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plasticity with cis proline states promoting local structural motifs that may act as switches
to increase local order and perhaps thereby enhance allostery between the extracellular
antigen binding domain and the intracellular signaling domain (Fig. 8A). This allostery may
be amplified intermolecularly in full proteins by disulfide bridges at C164 and C181. We
propose that the dynamic switching and the local structural features enabled by proline in
combination with disulfide bridging between dimeric molecules promotes signaling in the
low antigen context. This model requires future experiments, and a limitation of our study
is that the isolated H domain may behave differently compared to the full-length CAR

in the cell membrane setting. Interactions with the cell surface may stabilize certain local
structures and/or alter exchange dynamics.

In the context of our study, which showed that a CD22-CAR with a CD8a H has more
efficacy than a CD28 H against a CD22 low density leukemia (Fig. 1A-D), it is interesting
to note that the CD28 H is shorter and contains less prolines (Fig. 8B). Three of the CD28

H prolines are located at the N-terminal end, neighbored by tyrosines, and the remaining five
prolines are distributed at the C-terminal end (Fig. 8B). It is likely that the 3-residue proline
sequence in CD28 also contains cis isomers, as neighboring aromatic residues are reported
to promote cis proline isomers [70] by rt-CH interactions [71]; this feature may make CD28
superior as a hinge in certain contexts and in future work, it will be important to evaluate the
relative activity of a CD28 H as a function of different CAR transmembrane domains. We
propose that proline residues in the CAR H regions as well as the presence of cis-promoting
neighboring amino acids may be important for CAR activity.

Peptidyl prolyl cis/trans isomerases (PPlases) specifically enhance proline cis-trans
isomerization [72] and act on CD8a. during endogenous activities. The mitochondrial PPlase
Cyclophilin D promotes CD8* T cell-mediated response to viral infection [73]. Also, CD8*
T cell proliferation in response to infection with L. monocytogenes is impaired by loss of
PPlase Pinl [74], which catalyzes cis-trans interconversions of pSer/pThr-Pro peptide bonds
[75]. As the CD8a H contains two Thr-Pro peptide bonds (Fig. 8B), it will be of interest to
investigate whether CAR T-cell therapies would benefit from inclusion of a PPlase such as
Cyclophilin D or Pinl. This is critical in the context of low antigen density tumor targets
such as CD22 wherein antigen loss and downregulation result in a resistance to CD22 CART
cells [76-78]. In conclusion, our study demonstrates structural plasticity in the CD8a H
characterized by exchange on the millisecond time scale between a dominant intrinsically
disordered state and ones with local structural features. This exchange and the local structure
is promoted by cis-trans isomerization of dispersed prolines. Future studies aimed at testing
the importance of these prolines in the CD8a H for cytotoxicity may lead to improved
engineering of CARTS.
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Highlights

CD8a outperforms CD28 hinges in CD22-CARs at killing low antigen
leukemia cells

CD8a hinge residues exchange dynamically between distinct states
observable by NMR

The dominant CD8a hinge state is intrinsically disordered with only trans
prolines

Sparsely populated states contain cis prolines and apparent local structural
motifs

Prolines in the CD8a. hinge undergo cis-trans isomerization
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Fig. 1.
Generation of CD22 modular CAR constructs reveals the importance of the CD8a H

v

/ —— 22-28H-28T-41BBCS-Z
| —— 22-8H-8T-41BBCS-Z
—— 22-8H-28T-41BBCS-Z

region in cytotoxicity against CD22!%" |eukemia. (A) Schematic representation of CD22

CAR constructs harboring the m971 scFv together with CD28 or CD8a hinge (H) and

transmembrane (TM) domains together with 41BB costimulatory (CS) domain. (B) Human

peripheral blood T cells were transduced with the indicated CAR constructs and cell

surface CAR expression was evaluated using a CD22-Fc fusion protein. Representative

dot plots are shown and percentages of CAR* cells are indicated (1 of 4 biological

replicates). (C) Representative histograms of CD22-overexpressing (CD22°F), CD22 low
density (CD22L%), and CD22 knockout (CD22KO) NALM6 are shown (left). CD22 antigen

density was quantified using Quantibrite-PE beads and numbers of cell surface CD22

molecules are indicated (right). (D) Ex vivo cytotoxicity was evaluated by co-culture of

the indicated CAR-T with CD22CE, CD22!9W, or CD22XO NALMS6 leukemia cells at a 1:2
ratio in an Incucyte assay. Killing index was evaluated as a function of time; solid lines show
the average killing index and shaded areas are the standard error of the mean of biological
replicates. Data are representative of 1 of 2 independent experiments. (E) Ribbon diagram

of the AF2-predicted structure of CD8a illustrating the IgV-like extracellular domain,

transmembrane helix, and cytoplasmic region in grey with the hinge region highlighted
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orange (left panel) or with coloration according to the AF2 per-residue confidence score
(pLDDT) as indicated by the scale bar (right panel). UCSF Chimera [79] was used to make
panel E.
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Fig. 2.

Tr?e CD8a H is intrinsically disordered. (A) Amino acid sequence of the CD8a H region
under study with the prolines and cysteines highlighted in red and yellow respectively. (B)
SDS-PAGE of fractions from SEC with a Superdex 75 column on an FPLC system for

the CD8a H. A standard molecular weight marker is included in the left-most lane with
labeling in kilodaltons (kDa). Elution volumes for other protein samples and their molecular
weights are indicated above (chromatograms not shown). Like hRpn13 Pru, ubiquitin, and
intrinsically disordered hRpn10 RAZUL, Pup, and SocB, CD8a elutes earlier than expected.
(C) LC-MS analysis of purified CD8a H demonstrates its expected molecular weight. (D)
Side-by-side view of 2D 1H, 15N HSQC spectra for the CD8a H (left) and ubiquitin (right,
for comparison), with chemical shift assignments for the CD8a H region. The CD8a H
lacks the amide chemical shift dispersion characteristic of a folded protein (as displayed for
ubiquitin). All values are given in parts per million (p.p.m.) units.
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Fig. 3.

Long-range structure is not promoted in the CD8a H by disulfide bond formation or Zn2*.
(A) Schematic representation (center) highlighting the dimerization of CD8a (shades of
blue) as mediated through its extracellular 1gV-like domain and ribbon diagram depicting
Zn2* (blue sphere) as a molecular glue for Lck (green) interaction with the CD8a
cytoplasmic domain (bottom right, PDB:1Q69). Right top: ribbon diagram of the CD8a
extracellular IgV-like domain dimer (light blue and dark blue, PDB: 2HP4). Left top:
AF2-Multimer-predicted structure of the CD8a. dimer with the hinge in orange. C164 and
C181 in the CD8a H are labeled in yellow. (B, C) SEC-MALS analysis of bovine serum
albumin (BSA, red, as a control, expected MW of 66.5 kDa), ubiquitin (blue, expected MW
of 8564.7 Da), and CD8a. H (green, expected MW of 6,076 Da) by using a 100 A pore

size SEC analytical column with (B) and no (C) DTT. MALS is plotted against elution time
and determined molecular weights are provided. (D) 1H, 15N HSQC spectra of 15N-labeled
CD8a H with 5 mM (black) or no (orange) DTT in buffer 4 (left panel) or with 20 pyM
(black), 500 uM (orange), or no zinc sulphate (blue) in buffer 4 containing DTT (right
panel). Signals that shift or appear in the spectrum recorded without DTT are indicated
with labels or asterisks; the spectrum without DTT is not assigned. (E) CD spectra of the
CD8a. H with (black) and without (orange) DTT in the far-UV region spanning from 190 to
260 nm at 25°C, with a table listing DichroWeb-predicted percentage of helix, strand, and
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unstructured regions. In (D) all values are given in p.p.m. units. Pymol (PyMOL Molecular
Graphics System, http://www.pymol.org) was used to make Fig. A.
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Fig. 4.
Up to four distinct states are observable in the CD8a. H. (A) Strip plot series for CD8a H

residues P130 — T151 generated by using 2D 1H, 15N planes of a 3D HACAN spectrum
acquired at 850 MHz. Labels inside and below the strips correspond to N and Ca atoms
respectively. For state 4, only strips P141 — R144 are displayed as all others are identical to
state 1. (B) Strip plots of 2D 1H, 13C planes of a 3D HNCACB or CBCACONH spectrum
for selected residues with greater than one set of resonances displaying Ca and Cp signals in
black and blue (HNACAB) or orange (CBCACONH) respectively. Labels within the strips
correspond to carbon atoms as indicated with N atoms assigned below. The spectra of panels
(A) and (B) were acquired with 0.5 mM 15N, 13C labeled CD8a H and plotted in p.p.m.
units. (C) The number of Ca and Cp signals observed for the CD8a H plotted across the
sequence with those amino acids showing multiple Ca and C signals highlighted in blue.
Proline residues displaying signals for both cis and trans isomerization states are indicated
with black arrows.
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Fig. 5.

NOESY data confirm that the four CD8a. H states are distinguishable by cis versus trans
proline status. (A) 2D 1H, H planes of 1H, 13C dispersed NOESY experiment with mixing
time of 100, 120, 150, 200, 250, or 300 ms. (B) Trans (left) and cis (right) proline (carbons
in yellow) isomers with a preceding alanine (green) to demonstrate distances between

the alanine Ha and proline H8 (left) and Ha (right) atoms, as displayed and labeled.
Oxygen, nitrogen, and hydrogen atoms are colored red, blue, and white, respectively. (C,
D) Selected regions from a 1H, 13C-dispersed NOESY experiment with a mixing time of
250 ms illustrating NOE interactions between proline H8 (C) and Ha (D) atoms and the
preceding residue’s Ha.; these NOEs indicate trans and cis isomerization states respectively.
This spectrum was acquired with a sample dissolved in buffer 4 with 100% 2H,0. (E)
Amino acid sequence of the CD8a H region with prolines indicated in red and assignments
of cis and trans conformers for each of the four observable states. State 2, 3, or 4 prolines
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with trans configuration and C’ assignments that are different from state 1 are labeled in
blue, green, or orange respectively.
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Fig. 6.
Lesser populated CD8a H states show spectral dispersion. (A, B) CSI profile for CD8a H

Ca (A) or C’ (B) atoms for each of the four states. Yellow highlighting demarks V129,
1133, T140, R144, T147, A149, E162 or A167. (C) 2D 1H, 15N HSQC spectra for the
CD8a H showing assignments for V129, L133, T140, R144, T147, A149, E162 or A167 as
indicated. (D) Regions of an 1°N dispersed NOESY spectra acquired with 120 ms mixing
time, labeling intra-residue and sequential NOE interactions. This spectrum was acquired
with 0.5 mM 15N labeled CD8a H.
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The CD8a H undergoes dynamic exchange. (A) Amino acid sequence of the CD8a H
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region as in Fig. 4C but with green asterisks below residues that show EXSY exchange
signals. (B) EXSY spectrum of the CD8a H with 80 ms mixing time. (C) Enlarged regions
of overlaid EXSY spectra with 10 ms (black) and 80 ms (green) mixing time demonstrating
cross-peaks for A149, S158, A163 and A167. The enlarged regions are indicated by black
boxes in (B). (D) Enlarged regions of EXSY spectra for A149 and A167 with mixing times

of 10, 30, 60, 80 and 100 ms. (E) Exchange buildup plotted against time and fit to rate

values for selected amino acids (left) with values provided in a table (right). In (B), (C) and
(D), all values are given in parts per million (p.p.m.) units.
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(A)
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Extracellular

' CD8a transmembrane domain

SR E S

4-1BB Intracellular

TCRC

(B)

CD28 hinge IEVMYPPPYLDNEKSNGTIIHVKGKHLCPSPLFPGPSKP

CD8ahinge TTTPAPRPPTPAPTIASQPLSLRPEACRPAAGGAVHTRGLDFACD
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trans-Pro I i

‘gominant cis-Pro < p

dominant

Intracellular

Fig. 8.
Schematic representation of CD22-CAR structure as a function of the CD8a and CD28

hinge domains. (A) Diagram of the CAR construct used in this study harboring the CD22-
targeting m971 scFv (blue), CD8a TM (brown), 4-1BB costimulatory domain (yellow),

as well as TCR C (red) as indicated. Four model structures (black, blue, green or orange)
generated by Schrodinger maestro represent the CD8a H in the different states observed in
NMR spectra. A distance of 15 nm is indicated as representing the intermembrane distance
for T cell interaction with an antigen-presenting cell. (B) Amino acid sequence of the CD28
H and CD8a H under study with the prolines highlighted in red.
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Chemical shift values (p.p.m.) of the CD8a H proline carbonyl (C’), Ca, CB, Cy, and N signals with State 1,
2, 3 and 4 indicated in black, blue, green, and orange, respectively.

c Ca Cp Cy N
trans cis trans cis trans cis trans cis  trans cis
P130 176.3, 1757 62.7, 62.4 32.1, 343 27.1, 247 1153, 1143
176.0 62.7 32.0 26.9 115.3
P134 176.4, 1757 626, 624 319, 344 272, 246 1128, 1118
176.2 62.5 32.0 27.1 112.7
pP137 177.1, 176.2 63.0, 626 321, 343 271, 245 1142, 1127
177.0 63.0 32.2 27.2 114.2
P141 176.2, 1755 628, 626 320, 344 270, 247 1163, 1149
175.4, 63.0, 32.2, 27.1, 116.3,
175.1 63.0 32.1 27.1 116.3
P143 176.6, 1759 627, 623 320, 343 269, 245 1125, 1120
176.6, 62.8, 32.0, 27.1, 112.5,
176.6 62.8 32.0 26.9 112.4
P145 61.4, 30.7, 27.2, 115.6,
61.4, 30.7, 27.1, 115.6,
62.2 30.4 27.2 115.5
P146 176.7, 176.1 62.7, 62.5 31.9, 33.8 274, 245 1122, 1118
175.7 63.0 31.9 26.8 112.1
P148 176.2, 1756 62.8, 627 320, 342 269, 242 1163, 1148
176.1 62.7 31.9 27.4 115.0
P150 177.0, 176.2 629, 624 320, 344 271, 248 1124, 1119
177.0 62.9 32.0 27.2 112.4
P156 176.9, 176.2 63.1, 623 320, 343 271, 246 1142, 1127
176.8 63.0 32.0 27.1 114.2
P161 1773, 176.0 63.4, 625 320, 343 272, 247 1143, 1126,
176.8 63.1 32.0 27.3 114.3
P166 1766 1758 63.0 62.7 32.0 344 272 248 1142 1130

J Magn Reson. Author manuscript; available in PMC 2023 July 01.



	Abstract
	Introduction
	Materials and Methods
	CAR construct generation
	Lentivirus production and generation of CART cells
	CD22 density quantification in NALM6 cell lines
	In vitro cytotoxicity assay
	Protein sample preparation
	SDS-PAGE
	Electrospray ionization mass spectrometry
	SEC-MALS
	NMR samples and experiments
	CD experiment
	Model structure of the CD8α H in different states

	Results
	A CD22-CAR harboring the CD8α H exhibits higher cytotoxicity against CD22-low leukemia cells than a CD28-H CAR
	The CD8α H exhibits intrinsic disorder
	The CD8α H is monomeric, but can form intermolecular disulfide bonds in the absence of reducing agent
	Four conformational states are observed for CD8α H residues
	Prolines in the CD8α H exhibit trans and cis isomerization states
	Chemical shift values of the lesser populated states suggest local structural motifs
	The conformational states of the CD8α H exchange dynamically

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Table 1.

