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Materials and Methods

Cell lines and antibodies

AK18, AK19, and AK23 PV hybridomas were a gift from Prof. Masayuki Amagai, Keio
University. BK2 control hybridoma targeting human VH3-15 (38) (HB11720), Nalm-6 and
293T (CRL-11268) cells were obtained from ATCC. HaCat keratinocytes were provided by Prof.
John T. Seykora (University of Pennsylvania). The Jurkat T cell line was provided by Arthur
Weiss (University of California, San Francisco). Primary human T cells, peripheral blood
mononuclear cells, and bone marrow aspirates from healthy donors were provided by the Human
Immunology Core at the University of Pennsylvania. Primary human keratinocytes were
obtained from neonatal foreskins according to Institutional Review Board approved protocols.

To engineer K562 cells (ATCC: CCL-243) (previously transduced to express CD19) or
Nalm-6 cells to express surface IlgG BCRs, CD79a and CD79b co-receptors were expressed by
means of lentiviral transduction and sorted based on CD79b expression (Influx, BD) (Fig. S2C).
CD79a/b positive cells were transduced with lentiviral vectors for surface expression of 1gG of
the human anti-Dsg3 clones F779 and PVVB28 and sorted based on IgG expression. Dsg3-
reactivity of the BCRs was confirmed by flow cytometry (Fig. S2D-F).

Human anti-Dsg3 antibodies Px43, Px44, F779, PVB28 were previously described (39-
41). Px43 and Px44 IgG1 were produced as described (42, 43). Px44 was additionally produced
as scFv as previously described (39) and labeled with AF647 (Thermo Fisher) according to the
manufacturer’s recommendations. Px44 binds Dsg3 in the presence of EDTA and can therefore
be used in K2-EDTA anticoagulated blood samples to detect Dsg3 CAAR-Ts. F779 and PVB28
1gG4 were synthesized (IDT) as single transcripts with furin and F2A sites separating 6xHis-
tagged heavy chains and V5-tagged light chains, then cloned into pcDNAG6 (Life Technologies)
for transient transfection into 293T cells. F779 and PVB28 1gG4 were purified using Talon
(Clontech) beads after buffer exchange into 300mM NaCl, 50mM sodium phosphate buffer pH
7.0. AK18, AK19, and AK23 hybridomas were cultured in PFHM-I1I (Life Technologies)
containing 0.25% cholesterol, and antibodies were purified from the culture supernatant using
protein G agarose. CAARs were detected by flow cytometry using the aforementioned antibodies
which were detected with either anti-human 1gG-Fc (clones: HP6017, G18-45)-PE or anti-mouse
IgG1 (clone: A85-1)-PE or APC. In some instances the kappa or lambda light chains of the
human antibodies were used for detection (clone: MHK-49, APC, Biolegend; lambda as negative
control for F779, PVB28 IgG: clone: MHL-38, PE, Biolegend). Sera from PV patients were
collected according to Institutional Review Board approved protocols. Antibodies for flow
cytometry are described below. Mycoplasma contamination was ruled out twice annually. After
cell sorting, cells were cultured in medium prophylactically supplemented with Plasmocin
(Invivogen) for 2-3 passages. Additionally, hybridoma cell lines (AK18, AK19, AK23) were
empirically treated with Plasmocin (Invivogen) for 4 weeks before experimentation.

Design and construction of the Dsg3 CAAR

We cloned the full length Dsg3 CAAR by PCR amplification of DNA fragments from
human peripheral blood mononuclear cell genomic DNA or cDNA or codon-optimized
synthesized DNA (GeneArt, Life Technologies) with primers as outlined in Table S1. Fragments
were gel purified and subjected to extension overlap PCR to assemble the complete Dsg3 CAAR




fragment. We cloned the Dsg3 CAAR into a third generation lentiviral vector,
PRRLSIN.cPPT.PGK-GFP.WPRE (Addgene #12252), in which we had first replaced the PGK
promoter with the human EF1a promoter. The initial Dsg3 EC1-5 CAAR included the
endogenous Dsg3 propeptide and CD8 hinge, but subsequent constructs used the CD8 signal
peptide and replaced the CD8 hinge with a 13 amino acid glycine-serine linker, with a unique
Nhel site that would allow subsequent cloning of extracellular domains using the BamHI-Nhel
sites.

For control CARs, single chain variable fragment (scFv)-based CARs against human
CD19 (clone: FMCB63) (44), HIV-1 gp120 (clone: VRCO01) (45), and mesothelin (clone: SS1)
(46) were synthesized and cloned into lentiviral vectors to express functional CARSs in primary
human T cells (Fig. S4). FMC63 and SS-1 were fused to a CD8 hinge and CD137 and CD3(
cytoplasmic domains, VRCO01 was followed by an IgG4-Fc (CH2+3), CD137 and CD3¢
cytoplasmic domains. Px44 was incorporated into a DAP-12-based, multichain immunoreceptor
(DAP12-KIRS2) (47).

Target cell BCR expression guantification

To quantitate the density of surface BCRs on target cells in comparison to primary human
memory B cells, we stained K562-1gG" or Nalm-6 B cells and primary human B cells with anti-
human IgG (clone G18-45, BD)-PE (fluorescence to protein (F/P) ratio ~1) under saturating
conditions for 25 minutes at room temperature. After 2 washes in PBS, the cells were analyzed
by flow cytometry (LSRII, BD) and the mean fluorescence intensity was calculated with FlowJo
(Treestar). PV hybridoma cells were analyzed similarly using anti-mouse IgG (clone A85-1,
BD)-PE (F/P ratio~1). To quantify the number of PE molecules per cell, PE quantibrite beads
(BD) were analyzed on the same day with the same settings according to the manufacturer’s
recommendations. To calculate the BCR density per cell, the cell surface of PV hybridomas,
K562, Nalm-6 cells and primary human B cells was assessed with a Coulter Counter (Beckman
Coulter). Density was calculated as PE molecules per pm?.

Lentiviral production

VSV-G pseudotyped lentiviral particles were produced using a 4th generation packaging
system. 293T cells (as these are commonly used for lentivirus production) were transfected at a
confluency of 90% with a mixture of the pRRLSIN.cPPT.EF1a-gene-of -interest. WPRE, the
envelope plasmid pMD2.G (Addgene #12252), the packaging plasmids pRSVRev (Addgene
#12253) and pMDLgm/pRRE (Addgene #12251) in a complex with Lipofectamine 2000 (Life
Technologies). Lentivirus containing supernatant was harvested after 24 and 48 hours, filtered
through a 0.4 micron PES membrane, concentrated at 12,000xg for 12 hours at 4°C and stored at
-80°C.

Stimulation and expansion of primary human T cells

Primary human T cells were cultured in RPMI1640, 10% FBS, 10 mM HEPES, 1%
penicillin/streptomycin. Bulk T cells (CD4" and CD8") were stimulated with anti-CD3 and anti-
CD28 beads (Dynabeads, Life Technologies) at a bead:cell ratio of 3:1. The culture medium was
supplemented with 100 1U/mL interleukin 2. 24 hours after stimulation, 10° T cells were
transduced with CAAR or control constructs or mock transduced. Expansion of the T cells was




monitored for 8-12 days by measurement of cell volume and concentration (Coulter counter,
Beckman Coulter) (Fig. S1F,G). Cell surface expression of the CAAR constructs was validated
by flow cytometry (BD LSRII) with aforementioned antibodies against Dsg3 (Fig. S1B,C).
CAAR expression was quantified by staining with P\VB28 1gG4 (100ug/ml) for 25 minutes at
room temperature. Subsequently, after washing twice, bound human antibodies were detected
with anti-human IgG (clone: G18-45) and the antibody-binding capacity was quantified with
Quantum Simply Cellular beads (Bangs Laboratories). All staining procedures were performed
under saturating conditions. CAAR-T cells and quantification beads were analyzed by flow
cytometry and the antibody binding capacity was calculated with QUICKCAL (Bang
Laboratories) (Fig. S1E). For some experiments, transduced T cells were previously frozen in
90% FBS and 10% DMSO. Experiments were performed when cells were rested after
stimulation (i.e. volume of <450fl).

Proliferation was quantified with the carboxyfluorescein diacetate succinimidyl ester
(CFSE) dilution method. CAAR-T cells were labeled in PBS-1 mM Ca?* at a density of 107 /ml
with CFSE (1 uM) for 5 minutes at room temperature. The reaction was quenched by adding
PBS-10% FBS. After washing twice in PBS-Ca®*-10%FBS, T cells were adjusted to a
concentration of 1x10%ml and stimulated in a volume of 400ul with either anti-CD3/anti-CD28
beads (Dynabeads, ThermoFisher), soluble anti-Dsg3 monoclonal antibodies at a concentration
of 100ug/ml, normal human IgG (Privigen) (10 mg/ml), or PV serum from a patient off therapy
(Dsg3 ELISA index 180 U/ml). Unlabeled and labeled cells that were left unstimulated were
used as controls. Proliferation was assessed after 96 hours by flow cytometry after staining dead
cells with 7-AAD (BD). Cultures were set up in duplicate. After 48 hours, 100 ul of the culture
supernatant was removed to assess cytokine production by ELISA.

Analysis of CAAR-mediated signaling with NEFAT-GFP Jurkat reporter T cells

To test signal transduction by CAAR-target interaction, the CAAR constructs were
expressed in a Jurkat reporter cell line selected with G418 for stable expression of GFP
controlled under an NFAT response element, which results in GFP expression after CAAR
engagement and phospholipase Cy/IP3-mediated intracellular calcium release (48). Jurkat cells
were transduced with CAAR lentivirus at a multiplicity of infection of 5-10 and expression of
the CAAR construct was validated after >72 hours by flow cytometry. As a positive control for
Dsg3 expression and chimeric immunoreceptor engagement, Jurkat cells were transduced with
an anti-Dsg3/1 antibody-based Px44 CAR (Fig. S4), which binds Dsg3 and Dsgl expressed on
primary human keratinocytes. For characterization of CAAR-target interaction, the CAAR Jurkat
cells were incubated for 4-16 hours with target cells at a ratio of 3:1 or with soluble anti-Dsg3
monoclonal antibodies or okt3 (Biolegend) at a concentration of 50ug/ml. GFP expression was
validated by flow cytometry (LSRII, BD). In addition to the target cells, primary human
keratinocytes were used to test for off-target effects. Primary human keratinocytes were co-
incubated with 2-5x10° Jurkat reporter cells at confluencies from 50-100% and after increasing
the Ca?* concentration to 1 mM for 16-72 hours to induce Dsg3 surface expression.




Flow-cytometry based sorting of bone marrow B cells

Flow-cytometry based cell sorting of bone marrow aspirate cells from healthy donors was
performed by isolating mononuclear cells by Ficoll-Paque (GE Healthcare Bio-sciences,
Pittsburgh, PA) density centrifugation. Cells were then surface stained using the following
antibodies: anti-CD3 APC-Cy7 (clone: SP34-2), anti-CD14 APC-H7 (clone: M5E2), anti-CD16
APC-H7 (clone: 3G8), anti-CD20 PerCP (clone: L27), anti-CD38 BV605 (clone: HB7), anti-
CD45 FITC (clone: HI30), anti-CD138 BV421 (clone: MI15) all from BD Biosciences (Franklin
Lakes, NJ), and anti- CD19 PE-Cy7 (clone: J3-119, Beckman Coulter, Pasadena, CA). Cells
were then stained for viability using eFluor780 (eBioscience, San Diego, CA). Sorting was
performed using a FACSAria (BD Biosciences, Franklin Lakes, NJ). Bone marrow B cells with
the exception of plasma cells were defined and sorted as live, CD3", CD14", CD16°, CD38,
CD138 CD20" events. B cells and events obtained in the ‘dump’ channel (CD3", CD14",
CD16") were coincubated with either Dsg3 CAAR, CD19 or non-transduced NFAT-GFP
reporter Jurkat T cells for 16 hours at an E:T ratio of 3:1. GFP expression was analyzed by flow
cytometry (LSRII, BD) and quantified with FlowJo (Treestar).

Surface stain of Dsg3-specific target cells

The extracellular portion of human Dsg3-Avitag was co-expressed with BirA under a
polyhedrin promoter in a bicistronic vector (49). Human Dsg3-Avitag was produced by
transfection and amplification in Sf9 cells and production in High Five cells using 50 uM D-
biotin supplementation in the culture medium. For staining anti-Dsg3 BCR expressing target
cells, 5x10° cells were resuspended in 200ul sterile-filtered High Five cell supernatant and
incubated at room temperature for 25 minutes. After washing twice, biotinylated Dsg3 was
detected with Streptavidin-PE (0.25 ug/ml, BD) after 25 minute incubation at room temperature
and 2 additional washes. Staining specificity was optimized by titration of Streptavidin-PE
concentration (Fig. S2D,E).

In vitro cytotoxicity and cytokine assays

In vitro killing of hybridomas, K562, Nalm-6 and HaCat cells was tested with a >'Cr-
release assay. 5x10° target cells were loaded with 50 uCi of Na,>*CrO, (Perkin Elmer) for 90-
120 minutes, washed twice and resuspended in phenol red-free medium with 5% FBS. Dsg3
CAAR, control CAR, or mock transduced T cells (8-10 days after initial activation) were co-
incubated with loaded target cells for 4 hours at various effector:target (E:T) ratios, and
chromium release into the supernatant was measured with a MicroBeta2 plate counter (Perkin
Elmer). Soluble antibodies were added to target cells at indicated concentrations to test inhibition
of CAAR-T cells. To test killing in the presence of soluble, polyclonal serum IgG, PV IgG was
purified from plasma with Melon gel (Thermo Fisher) according to the manufacturer’s
recommendations and buffer-exchanged into PBS (Amicon, Merck Millipore). Appropriate
dilutions within the linear range of the Dsg3 ELISA with indices between 160 and 70 1U/ml were
determined with a commercially available Dsg3 ELISA kit (Euroimmun). Killing assays in the
presence of soluble monoclonal or polyclonal 1gG were performed at an E:T of 30:1 with
concentrations between 10-100 ug/mL, the physiologic range observed in most PV patients (50).
Spontaneous release by target cells (without effector cells) was analyzed in the same volume,
and maximum release was assessed by lysing target cells with SDS at a final concentration of




5%. Percent specific lysis = [(Experimental Release — Spontaneous Release)/ (Maximum Release
— Spontaneous Release)] *100. All experiments were performed with at least 3 replicates, and
with primary human T cells from >10 distinct donors.

To test redirected, Fc-receptor mediated lysis, K562 cells positive for CD64 (FcyRI) were
incubated in serum from a PV patient (Dsg3 ELISA index >200 U/ml) for 30 minutes at room
temperature, washed twice and loaded with chromium as mentioned above. After 2 additional
washes CD64" K562 cells were resuspended in PV serum and added to effector T cells already
cultured in PV serum.

Interferony production was quantified by ELISA (R&D) according to the manufacturer’s
recommendations in duplicate culture supernatants after co-culture of 3x10° effector cells and
10° target cells in 400 pl for 24-96 h.

Planar lipid bilayers and total internal reflection (TIRF) microscopy

Glass supported planar lipid bilayers were prepared in FCS-2 flow cells (Bioptechs).
Small unilamellar vesicles (SUVs) were created from DOPC and 25% DGS-NTA (Avanti).
Organic solvents were removed in vacuum overnight and lipids were rehydrated in PBS by
sonication. Rehydrated lipids were extruded through a 50nm pore membrane (Avanti) and stored
at 4C. Piranha etched (H,SO4: H,0, 2:1) glass slides were loaded with 1-2 ul SUVs (final NTA
concentration: 12.5%) to induce bilayer formation. After charging with 100 uM NiCl, and
blocking of the bilayer with 3% fetal bovine serum for 30 minutes , human ICAM-1 (1ug/ml)
and anti-Dgs3 1gG4-12-His (PVB28 or F779, density: 250 molecules/um?) labeled with Alexa
Fluor 647 (Life Technologies) were reacted with lipid bilayers. All buffers used in these
experiments contained 1mM Ca®" to keep the Dsg3 CAARSs in their native conformation. FCS-2
flow cells were prewarmed to 37°C and EC1-4 CAAR Jurkat T cells were injected in PBS/Ca2+
supplemented with 3% fetal bovine serum. Jurkat cells were transduced with either CD45-GFP
or actin-GFP and sorted by flow cytometry. EC1-4 CAAR tagged with mCherry was lentivirally
transduced into CD45-GFP or actin-GFP Jurkat cells. Cells were cultured as described above
and injected into the flow cell in PBS/Ca’* at a density of 5x10° cells/ml. After injection, cells
were imaged immediately and for up to 90 minutes at 37°C (u environment controller,
Bioptechs). TIRF imaging was performed using an Apo TIRF 100x Oil 1.49 NA objective,
Andor iXon EMCCD camera, 491 nm, 561 nm and 633 nm lasers, FITC/Cy3/Cy5 emission
filters, SRIC cube (IRM), a programmable mechanized stage, and infrared autofocus (Perfect
Focus) on a Nikon Eclipse Ti inverted fluorescence microscope automated with NIS-Elements
software. The contact plane between cell and bilayer was confirmed by focusing in SRIC mode
(Nikon). For real-time experiments, images were acquired every 3 seconds for 60-70 minutes.
ImageJ-F1JI (NIH) was used for analysis of images. At indicated time points, cells were fixed by
injection of 4% paraformaldehyde into the flow cell. Protein densities were quantified by coating
5um silica beads (Bangs Laboratories Inc.) with lipid bilayers and indicated proteins at various
concentrations. Densities were calculated in comparison to Quantum AF647 MESF calibration
beads (Bangs Laboratories Inc.) according to the manufacturer’s recommendations after
acquisition by flow cytometry (BD, LSRII).




Surface antibody binding competition assay

To detect antibody retention, CAAR-T cells (EC1-4) were incubated with biotinylated
AK18, AK19, AK23, F779 IgG4 or PVB28 1gG4 (20ug/ml) for 20 minutes on ice. Cells were
washed twice and incubated at 37°C or 4°C in medium with fivefold excess of soluble, non-
biotinylated antibody (i.e. 100ug/ml). At indicated time points, cells were washed and stained
with streptavidin-PE for 20 minutes at room temperature before assessment of retained
biotinylated antibody was quantified by flow cytometry (BD LSRII). Mean fluorescence
intensity was calculated with FlowJo (Treestar), and the proportion of IgG-retaining cells was
determined in relation to cells at the time point 0.

Surface plasmon resonance

All experiments were performed with a BiacoreX (Biacore, Inc) optical biosensor at 25°C in
TBS 1 mM CaCl; running buffer as previously described (40) with the following modifications.
Anti-human IgG and anti-mouse 1gG were immobilized on a CM5 chip according to
manufacturer’s instructions (GE Healthcare, Antibody Capture Kit). Mouse and human IgG were
immobilized with the respective capture antibodies resulting in immobilization levels of ~150
RUs. For kinetic measurements of 1gG binding to Dsg3, conformational, mature Dsg3
(Euroimmun) was injected at indicated concentrations (nM) using a flow rate of 50 pl/min, 2
minutes association time, and 3-5 minutes dissociation time. The sensor surface was regenerated
with 10 mM glycine-HCI pH 2.5. Flow cells with anti-mouse and anti-human IgG alone were
used as a reference for background binding subtraction. Off-rate, on-rate and binding constants
were calculated after background subtraction with BlAevaluation 3.0 (Biacore) software using a
1:1 Langmuir binding model with separate fit for association and dissociation.

PV hybridoma and Nalm-6 in vivo CAAR-T xenograft experiments to evaluate CAAR-T
efficacy

NOD-scid-gamma (NSG; NOD.Cg-Prkdc* 112rg™"1'/SzJ) mice, which lack an adaptive
immune system, were obtained from the Jackson Laboratory (Bar Harbor) or bred in house under
an approved institutional animal care and use committee protocol and maintained under
pathogen-free conditions. Animals were assigned in all experiments to treatment/control groups
based on an urn randomization approach. All animals were included in endpoint analyses.
Hybridoma cells were transduced with lentiviral vectors expressing click-beetle green or click-
beetle red luciferase and GFP. 10 days after transduction GFP™ 1gG” cells were sorted by flow
cytometry (BD Aria). Hybridomas were sorted on a regular basis to ensure persistence of the
luciferase and surface 1gG expression over several passages.

To test efficacy of CAAR-T cells against polyclonal PV hybridomas, AK18, AK19 and
AK23 were mixed at equal proportions and a total number of 2x10° hybridoma cells was injected
intravenously into NSG mice (age 6-8 weeks), after pre-treatment of mice daily for 2 days with
600 mg/kg intravenous immunoglobulin (IVIG, Privigen) to minimize FcyR-mediated toxicity
against hybridoma cells. After 5 days, a mixture of EC1-3 and EC1-4 Dsg3 CAAR T cells (10’
cells per mouse) were injected intravenously in a final volume of 200 ul. Bioluminescence was
quantified with an Xenogen IVIS spectrum (Caliper Life Sciences) onday 1, 4,7, 9, 11, 14, and
18 after injection. To do so, D-Luciferin potassium salt (Thermo Fisher) was injected




intraperitoneally at a dose of 150mg/kg body weight, which was combined with intraperitoneally
administered IVIG (600 mg/kg). Mice were anaesthetized with 2% isoflurane and luminescence
was assessed 10 minutes after injection in automatic exposure mode. Total flux was quantified
using Living Image 4.4 (PerkinElmer) by drawing rectangles of identical area around mice
reaching from head to the 50% of the tail length; background bioluminescence was subtracted for
each image individually.

Serum samples for antibody quantification were obtained by retro-orbital bleeding on day
5 and day 14 in serum-separator tubes (BD), processed according to the manufacturer’s
recommendations and stored at -80°C. Serum antibodly titers were determined by Dsg3 ELISA
(Euroimmun) at a serum dilution of 1:10 (AK18, AK19 and AK23). Serum anti-Dsg3 antibodies
were detected with donkey anti-mouse 1gG (H+L)-HRP (Abcam). Complete blood counts were
obtained with a Hemavet 1700 counter (Drew Scientific) from K2-EDTA blood samples at the
end of each experiment.

To test efficacy of CAAR T cells against monoclonal PV hybridomas, AK18, AK19 and
AK23, CAAR T cells were co-engrafted with hybridoma cells into NSG mice. For this purpose,
1-2x10° hybridoma cells were mixed and kept on ice with 3-4x10° CAAR T cells and injected
intravenously in a final volume of 200ul. Bioluminescence was quantified with an Xenogen IVIS
spectrum (Caliper life sciences) on day 0, 3, 7, 13, and 18 after injection. Serum samples for
antibody quantification were obtained by retro-orbital bleeding on day 10 and at the end of each
experiment in serum-separator tubes (BD), processed according to the manufacturer’s
recommendations and stored at -80°C. Serum antibodly titers were determined by ELISA against
human Dsg3 (Euroimmun) at a serum dilution of 1:10 (AK18, AK23) and 1:20 (AK19). Serum
anti-Dsg3 antibodies were detected with donkey anti-mouse 1gG (H+L)-HRP (abcam).

After injection of hybridomas and CAAR-T cells, animals were clinically monitored for
signs of graft-versus-host disease and other toxicity as evidenced by >10% weight loss, loss of
fur, diarrhea, conjunctivitis, or leukemia-related hind-limb paralysis. In initial studies,
intravenous injection of hybridoma doses between 5x10* and 10° cells result in a 200- to 2000-
fold expansion and death (or severe toxicity requiring euthanasia) beginning at 3 weeks. A 1000-
fold expansion was observed between day 7 and day 17 (Fig. S8A), indicating an in vivo
doubling time of approximately 24 hours. Because death is an inhumane endpoint, a total flux of
10® photons/second, indicating a >100-fold expansion of the target cells compared to the initial
burden and therefore loss of disease control, was defined as the study endpoint. Control and
Dsg3 CAAR-T treated mice were euthanized 18-25 days after hybridoma/T cell injection; in
some experiments Dsg3 CAAR-T treated mice were allowed to progress longer to determine
mechanisms of escape in Dsg3 CAAR-T treated mice.

To test CAAR efficacy in the Nalm-6 B cell model, Nalm-6 B cells were transduced with
a lentiviral vector expressing CD79a and CD79b (as they are lacking their endogenous
expression, which is required for cell surface BCR presentation (51)), sorted for CD79b (clone:
CB3-1, Southern Biotech) expression (BD Aria), and re-transduced with a lentiviral vector
encoding PVB28 or F779 1gG BCR (Fig. S2A,B). Finally, cells were transduced with click-
beetle green luciferase and GFP expressing vectors and sorted for GFP expression.

Mice were pretreated with IVIG (Privigen, CSL Behring) at a dose of 600 mg/kg i.v. for
2 days in order to block FcyRs on monocytes and neutrophils, which has been shown to be
sufficient to enable engraftment of 1gG4-Fc expressing T cells (52) and was required to enable



Nalm-6 1gG* engraftment. On day 3, mice were injected via the tail vein with 10° Nalm-6 B cells
expressing F779 and PVB28 IgG mixed in equal proportions in 0.2 ml sterile PBS. T cells were
injected via the tail vein at 5x10° in a volume of 0.2 ml of sterile PBS/Ca®* 5 days after injection
of Nalm-6. Nalm-6 at this dose produces fatal leukemia in NSG mice within 25 days if left
untreated (53). As with the PV hybridoma model, because death is an inhumane endpoint, total
flux >10™ photons/s was used as the study endpoint for Nalm-6 experiments based on initial
studies comparing bioluminescence flux with the timeframe for when death begins to occur or
euthanasia becomes necessary.

Peripheral blood was obtained by retro-orbital bleeding, and the presence of B cells and
T-cell engraftment was determined by flow cytometry using BD TruCOUNT (BD Biosciences)
tubes as described in the manufacturer's instructions. Bioluminescence was assessed on day 5, 6,
7, 10, 13 and 18 after B cell injection, which was combined with intraperitoneally administered
IVIG (600 mg/kg). For both models, mice were euthanized for organ harvest according to local
IACUC guidelines, and bone marrow, spleen and blood samples were assessed by flow
cytometry. Heart, gut, kidney, lung, liver and skin tissue was fixed in 4% formalin and processed
by the pathology core of the University of Pennsylvania.

Animal experiments were periodically performed/assessed by blinded investigators,
including bioluminescence imaging experiments, serum anti-Dsg3 ELISA assays, and tissue
harvests.

Flow cytometry based ex vivo analysis of T cells, hybridoma cells, and Nalm-6 cells

Flow-cytometry based analysis of T cells, PV hybridoma cells and Nalm-6 cells was
performed from flushed bone marrow, homogenized spleen and blood obtained at the end of
each experiment. Cells were surface stained using the following antibodies: anti-CD3 BV711
(clone: okt3), anti-CD19 BV650 (clone: HIB19), anti-CD4 BV515 (clone: okt4), anti-CD45
APC-Cy7 (clone: HI30), all from BioLegend, and anti-CD8 APC-Cy5.5 (clone: RFT8, Southern
Biotech), anti-mouse 1gG PE or APC (clone A85-1, BD). Whole blood was then stained in
Trucount tubes (BD) and fixed with FacsLyse solution (BD) according to the manufacturer’s
recommendations. Spleen and bone marrow samples were stained in RPMI, 3%FBS. Unless
Trucount tubes were used, cell numbers were quantified with countbright absolute counting
beads (Thermo Fisher).

Human skin xenografts

Human neonatal foreskins were obtained from the newborn nursery according to IRB-
approved protocols and grafted to mice within 36 hours of collection as previously described
(54). Grafts were allowed to heal for 7-9 weeks, then 10° T cells (Dsg3EC1-4 CAAR, Px44, or
CART19) were injected intravenously into xenografted NSG mice. 2 mm punch biopsies of the
grafts were performed on day 3. T cell engraftment was confirmed by flow cytometry on day 5
and day 18 as mentioned above. Skin biopsies were fixed in 4% paraformaldehyde for 16 hours
at 4C, grossed and transferred into 70% ethanol before further processing for paraffin embedding
and H&E/immunohistochemistry staining. Epidermal and dermal T cell infiltration was
quantified with the ITCN plug-in (Center for Bio-Image Informatics, UC Santa Barbara) for
F1J1/ImageJ (NIH).




Statistical analysis

Unless otherwise indicated, the graphs represent the mean value +s.e.m.. If individual
data points are represented, a horizontal line indicates the mean of the group. Statistical
comparison between unrelated groups was performed with an unpaired 2-sided Mann-Whitney
or Student’s t-test. In the human skin xenograft experiment, epidermal T cell infiltration was
compared to dermal infiltration with a paired ratio t-test. Survival or the time until the pre-
determined threshold was reached in the hybridoma and Nalm-6 mouse model was compared
with a log-rank (Mantel-Cox) test. Kaplan-Meier statistical analysis was used to determine
whether treatment with the Dsg3 CAAR decreases disease burden by BLI. Our expected
outcome was that 100% of untreated mice would die, whereas >75% of Dsg3 CAAR-treated
mice would live. Even if 10% of untreated mice survived, the sample size had >85% power to
detect a difference, calculated by log-rank test and assuming alpha error of 0.05. Unless
otherwise indicated, asterisks in graphs represent as follows: *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001. P values <0.05 were considered statistically significant. In flow cytometry plots,
black crosses within a gate indicate the mean fluorescence intensity (MFI) of the gated
population. Statistical analysis was performed with Prism (Graphpad software, v6.05).
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Fig. S1.

CAAR-T cells express high levels of conformational, mature Dsg3. (A) Schematic of the CAAR concept. (B) Surface staining of Dsg3 CAAR-T cells with anti-
human Dsg3 EC1 (clone Px44) IgG. (C) Transduction efficiencies for each construct and experiment used throughout the studies; Dsg3EC1-3 and Dsg3EC1-4
CAAR show consistently robust expression in primary human T cells whereas Dsg3EC1-5 CAAR expression is variable. (D) Staining CART19 and Dsg3EC1-4
CAAR-T cells with AK23, which stains only mature conformational Dsg3, and Px44, which stains both conformational and denatured Dsg3, show comparable
expression levels, indicating that the vast majority of the surface Dsg3 is native-like Dsg3. (E) CAAR surface expression level of a representative batch of EC1-3
and EC1-4 CAAR-T cells from the same normal human T cell donor indicates that Dsg3 CAAR T cells express 4-5e4 molecules per cell. CAAR surface
expression levels are approximately half those observed with endogenous TCRs (10%/cell (55)). CAAR-T cells were stained with anti-Dsg3 1gG (clone PVB28)
which was detected with anti-human IgG PE (clone G18-145) at saturating concentrations. Antibody binding capacity was quantified by flow cytometry with
calibrated anti-mouse 1gG beads coated with saturating concentrations of G18-145-PE. Under saturating conditions, the fraction of monovalently binding 1gGs
represents the majority of bound antibodies. (F,G) Volume and proliferation of CAAR-T cells during expansion after stimulation with CD3/CD28 activating beads.
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Fig. S2

Engineering and validation of target cells expressing anti-Dsg3 B cell receptors. Lentiviral constructs for expression of BCR surface
immunoglobulin in K562 cells. (A) CD79a and CD79b were co-expressed from a lentiviral vector, separated by an F2A site. (B) Surface
immunoglobulin was expressed as a single transcript, heavy chain and VV5-tagged light chains separated by furin and F2A sites. Signal peptides from
CD8 or human growth hormone (hGH) were used. (C) Sorting scheme for CD79b™ K562 cells (BD influx). (D) To verify Dsg3-specific surface 1gG
staining, <1% K562 cells expressing PVB28 1gG4-kappa were mixed with Ramos B cells (expressing lambda light chain (LC)) and detected with
anti-human kappa light chain and biotinylated Dsg3-Avitag. (E) Quantification of non-specific background and (F) Dsg3-specific staining indicates

optimum streptavidin (SA)-PE concentration is 0.25 ug/mL. wt= wild type.
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Fig. S3

Target cells express anti-Dsg3 BCRs at levels comparable to primary human 1gG* B cells. (A,B)
Histograms of phycoerythrin (PE) signal for PE quantification beads, target cells, and primary human B cells
used for quantification of target cell surface BCRs (see Methods). F:P, fluorescence:protein. (C) Flow
cytometric analysis of purified primary human B cells used for surface immunoglobulin expression analysis.
(D) Anti-1gG PE plot of primary human B cells from which the histograms in A,B are derived. (E) Coulter
counter histograms of cell surface area of primary human B cells compared to K562 and hybridoma cells. Mean
cell surface area (standard deviation) is shown. (F) PE density, representing IgG BCR density, relative to a
representative batch of primary human B cells from a healthy donor, indicates that all target cells express
surface anti-Dsg3 BCRs at levels comparable to primary human 1gG™ B cells.
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Fig. S4

Schematic of control CAR constructs. (A) Anti-CD19 (clone FMC63), negative control for PV hybridoma in
vitro cytolysis and positive control for CD19" Nalmé in vitro cytolysis and in vivo model. (B) SS1, anti-
mesothelin negative control in in vitro killing assays. (C) VRCO01, anti-HIV-1 gp120 negative control in in vitro
killing assays. (D) Px44, anti-Dsg3/1 positive control for in vivo/in vitro toxicity studies. (E) HIV-1 gp120/41
(isolate: YU-2) for expression on K562 cells, intended target for VRC01 CAR.
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Fig. S5

TIRF microscopy of CAAR-BCR synapse formation. (A) TIRF microscopy demonstrates the Dsg3 CAAR forms immunologic synapses with
central-c, peripheral-p, and distal-d supramolecular activation complexes mediated by actin cytoskeleton re-organization, and (B) relative CD45
exclusion from early CAAR-IgG microclusters (30 seconds after initial contact with the lipid bilayer). Graphs in (A) and (B) show localization of
immunofluorescence intensity along dashed line. Scale bar=5 um. SRIC= surface reflective interference contrast. Representative cells are shown and
were confirmed in 3 independent experiments with observation of at least 20 cells per experiment.
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Surface plasmon resonance analysis of anti-Dsg3 1gG binding kinetics. (A) Sensorgrams for binding of target 1gGs to Dsg3 (concentrations in
nM). Quantitative statistics shown in Fig. 2G and H indicate similar on-rates, but increased off-rates and lower affinity for non-inhibitory antibodies
AK18, AK23, and F779. (B) Dsg3EC1-4 CAAR-Ts secrete IFNy and (C) proliferate in response to F779 and PV serum IgG, more so than Dsg3EC1-
3 CAAR-Ts, indicating low-level CAAR-T stimulation by anti-Dsg3 1gG. CAAR- T cells were incubated in the presence of 100ug/ml soluble
monoclonal antibody or PV serum adjusted to a Dsg3 titer of 1801U/ml. Mean values of duplicate cultures are shown, data are representative of 3

independent experiments.
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Fig. S7

Dsg3 CAAR-T cells eliminate anti-Dsg3 target cells in vivo. (A) Experimental design of the polyclonal
antibody-secreting PV hybridoma model shown in Fig. 3A-D, with indicated injection time points,
bioluminescence imaging and serum antibody analysis. (B) Experimental design for the human Nalm6 model
expressing human slg (F779 and PVB28) shown in Fig. 3E-H, with indicated injection time points and
bioluminescence imaging. Mice were sacrificed 22 days after Nalm6 injection. (C) Kaplan-Meier curve for
mice in the Nalmé experiment reaching a bioluminescent signal of >10*° photons/second (total flux). N=6 per
group, log-rank (Mantel-Cox) test.
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Fig. S8

Dsg3EC1-4 CAAR-T cells control antibody-secreting slg” but not slg” PV hybridoma cells and persist
despite presence of soluble anti-Dsg3 antibodies. (A) Different numbers of AK23 expressing click-beetle red
luciferase/GFP were injected intravenously into NSG mice and bioluminescence was assessed at indicated time
points. Doubling time in vivo is approximately 24 hours once a total flux of 5x10° photons/s is reached. (B)
Experimental design for antibody-secreting PV hybridoma model. (C) Reduced serum anti-Dsg3 ELISA reflects
hybridoma control in CAAR-T-treated mice. (D) Negative mucosa direct immunofluorescence reflects hybridoma
control in CAAR-T-treated mice. Scale bar=50 um. (E) Serial quantification of hybridoma burden by
bioluminescence imaging. (F) Kaplan-Meier curves for CAAR-T-treated mice using a 100-fold hybridoma
expansion (total flux >10° photons/s) as an endpoint representing lack of disease control. (G) Serial
quantification of hybridoma burden by bioluminescence imaging. White dashed lines separate images from
different cages/experiments. (H) Representative flow cytometric analysis of slg expression in AK19 (GFP™) and
BK2 (surface 1gG", GFP") hybridoma cells in culture, indicating that approximately 1% of AK19 cells are slg".
(1) Flow cytometric analysis of the bone marrow of Dsg3-CAAR treated mice with no bioluminescence signal at
day 18 (no escape) shows that no significant GFP+ populations are detectable. (J) Escape from Dsg3EC1-4
CAAR T cell control is caused by GFP™ slgG™ hybridoma cells. (K) Mice challenged with AK19 were treated
with Dsg3EC1-4 CAAR-T or control CAR-T cells and allowed to progress for an extended period of time. In a
fraction of CAAR-treated mice, serum anti-Dsg3 antibodies were detectable (due to escape as shown in E-G).
Spleens of these mice were harvested and CAAR-T cells were detectable in all mice at comparable frequencies
by flow cytometry, indicating that lack of CAAR-T cell persistence or loss of Dsg3 CAAR expression on T
cells is not responsible for Dsg3 CAAR escape. Representative plots are shown from 2 mice and the
fluorescence-minus-one (FMO) control, which was stained with the same antibody cocktail except for anti-
Dsg3 (Px44-AF647). (L) Representative spleen sample showing engraftment and persistence of CAAR-TSs even
in the absence of Dsg3-BCR expressing target cells (scale bar =100 um).
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Fig. S9
No off-target toxicity against desmosome-bearing murine lung, gut, heart, liver, and kidney by CAAR-T
cells. 1-2x10° Dsg3 CAAR-T or CART19 cells from one healthy human donor (n=3 per group) were engrafted
into NSG mice that were sacrificed 18 days later; indicated organs were harvested, H&E stained and subjected
to immunohistochemistry for human CD3" CAAR-T detection. Mild T cell infiltration into lung tissue was
observed in Dsg3 CAAR and CART19 treated mice (arrows) and was interpreted as early xenoreactive graft
versus host disease, which is expected in this experimental model. Scale bars = 125 pum.



4 2E-4 | 0.086
-= EC1-3 CAAR, PV serum
50 -o- EC1-4 CAAR, PV serum
. ¥- NTD, PV serum
3 — 404 -+ EC1-3 CAAR, RPMI
2 -~ EC1-4 CAAR, RPMI
0" 2 30- “¥. NTD, RPMI
2>
© 20+
0 5 =
E 1]
8
L | )
C‘ = -133 =
rryeT Ty AALE. BERELRLLLL BERERELL | B | hERAL DL B B |
IDC 101 102 IIJ:i ID_‘ 135 IDJ ‘0‘ 132 ‘-0‘a ‘|l:IIl 10U 0 10 E'T ratio 30
anti human IgG '

Fig. S10

Dsg3 CAAR-T cells do not show off-target toxicity. (A) CD64"(FcyRI)K562 cells were loaded with PV
serum IgG and slg binding was confirmed by flow cytometry. (B) *'Cr- release into supernatant was measured
after 4 hours of co-culture of loaded target cells and CAAR-T cells. Mean values of triplicate culture are shown;
data are representative of 2 independent experiments. (C) Differential blood count of Dsg3 CAAR-T-treated
mice confirms lack of cytotoxicity against Fcy-receptor-expressing cells in vivo. K/ul=thousand cells per
microliter. Dashed lines indicate normal range. Black horizontal lines indicate the mean of each group. WBC:
white blood count; NE: neutrophils; LY: lymphocytes; MO: monocytes; EO: eosinophils, BA: basophils. Data
are pooled from 2 independent experiments. No significant difference was detected for any of the cell types in
any of the experiments. T-test, 2-tailed.
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Fig. S11

Immature bone marrow B cells are not subject to off-target toxicity. Jurkat NFAT-GFP Dsg3 CAAR-T cells do not show signaling in response to
immature CD20" bone marrow B cells, indicating that theoretical targeting of polyreactive or potentially Dsg3-autoreactive immature B cells in the
bone marrow will not cause significant toxicity. Wildtype (wt) NFAT-GFP Jurkat cells or those expressing Dsg3EC1-3/EC1-4 CAARs or CD19
CAR were incubated for 16 hours with indicated target cells and their GFP expression was assessed by flow cytometry. Okt3, positive control for
activating NFAT-GFP signaling. K562 PVB28 IgG* CD19" cells, positive control for activation of CART19 and Dsg3 CAAR signaling. Numbers
represent the percentage of GFP positive cells. Crosses represent the MFI of the GFP positive population.




Table S1. Primers for construction of the Dsg3 CAAR.

Fragment Template Primer (F=forward, R=reverse) Cloning Notes
human PBMC F: 5GGATCCTGCTAGACTCACGACACCTGAAATGGAAG adds Kozak sequence and BamHlI site
EF1 alpha promoter
genomic DNA R: 5 GAGGAGGTCGACATTCGTGAGGCTCCGGTGCCCGTC overlap to the propeptide sequence of Dsg3
F: 55GAGGAGGAGGGATCCGCCACC Gene fragment includes BamHI, CD8 signal peptide, Dsg3 EC1-5;
Human Dsg3 EC1-5 GeneArt
R: 5'CCTCCGCCGCCGCTAGCTCTGCC CD8 hinge replaced with GS linker and Nhel site
F: 55GAGGAGGAGGGATCCGCCACC Gene fragment includes BamHI, CD8 signal peptide, Dsg3 EC1-4;
Human Dsg3 EC1-4 GeneArt
R: 5'CCTCCGCCGCCGCTAGCCTTTTCCAGCACGGCGG CD8 hinge replaced with GS linker and Nhel site
F: 55GAGGAGGAGGGATCCGCCACC Gene fragment includes BamHI, CD8 signal peptide, Dsg3 EC1-3;
Human Dsg3 EC1-3 GeneArt
R: 5'TCTCCTCGCTAGCGAAGGCAATGCCC CD8 hinge replaced with GS linker and Nhel site
CD8 hinge and human PBMC F: 5CTCAGGGAGGAAGCCCACCACGACGCCAGCGCCGC overlap to EC5 of human Dsg3
transmembrane region cDNA R: 5’CCCCGTTTGGTGATAACCAGTGACAGGAGAAGG overlap to human CD137 signal transduction domain
CD137 signal human PBMC F: 5CTGGTTATCACCAAACGGGGCAGAAAGAAACTCC
transduction domain cDNA R: 5"TTCACTCTCAGTTCACATCCTCCTTCTTCTTCTTCTGG overlap to human CD3 zeta signal transduction domain
CD3 zeta signal human PBMC F: 5GATGTGAACTGAGAGTGAAGTTCAGCAGGAGCGC
transduction domain cDNA R: 5 GGTTGATTGTCGACGCGGATCTTAGCGAGGGGGC

adds Sall site after TAA stop codon




Movie 1: CAAR synapse formation as observed by TIRF microscopy is associated with
actin reorganization and centripetal movement of CAAR-slg complexes. Jurkat T cells were
transduced with actin-GFP and a Dsg3EC1-4 CAAR that was tagged with mCherry at the C-
terminus of the cytoplasmic tail. Planar lipid bilayers were loaded with ICAM-1 (unlabeled) and
PVB28 IgG4-AF647 at a density of ~250 molecules/um?. CAAR-T cells were allowed to react
with the target molecules on the lipid bilayer at 37°C and images in the GFP, mCherry, AF647
channels and the SRIC mode were acquired every 3 seconds. Channels were computationally
overlaid. Scale bar = 10um.



Movie 2: CD45 is excluded from early Dsg3 CAAR-slg microclusters and enriched in the
periphery of the immunologic synapse. Jurkat T cells were transduced with CD45-GFP and
Dsg3EC1-4 CAAR-mCherry. Planar lipid bilayers were loaded with ICAM-1 (unlabeled) and
PVB28 IgG4-AF647 at a density of ~250 molecules/um?®. CAAR T cells were allowed to react
with the target molecules on the lipid bilayer at 37°C and images in the GFP, mCherry, AF647
channels and the SRIC mode were acquired every 3 seconds. Channels were computationally

overlaid. Scale bar = 10um.
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