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Abstract
Chimeric antigen receptor (CAR)-T therapy holds great promise to sustainably improve cancer treatment.
However, currently, a broad applicability of CAR-T cell therapies is hampered by limited CAR-T cell
versatility and tractability and the lack of exclusive target antigens to discriminate cancerous from
healthy tissues. To achieve temporal and qualitative control on CAR-T function, we engineered the
Adapter CAR (AdCAR) system. AdCAR-T are redirected to surface antigens via biotin-labeled adapter
molecules in the context of a speci�c linker structure, referred to as Linker-Label-Epitope. AdCAR-T
execute highly speci�c and controllable effector function against a multiplicity of target antigens. In mice,
AdCAR-T durably eliminate aggressive lymphoma. Importantly, AdCAR-T might prevent antigen evasion
by combinatorial simultaneous or sequential targeting of multiple antigens and are capable to identify
and differentially lyse cancer cells by integration of adapter molecule mediated signals based on
multiplex antigen expression pro�les.

Introduction
CAR-T therapy has demonstrated durable clinical responses in patients with hematologic malignancies
and raised great expectations for treatment of other cancer entities. Complete remission rates of 53 to
93% were achieved in patients suffering from heavily pretreated in ALL (1, 2) and in NHL (3, 4) patients,
which led to FDA approval of CD19-CAR-T therapeutics (4, 5). Despite these successes, various
limitations of conventional CAR design appear when translating the technology for a broader spectrum of
indications. Conventional CARs are engineered receptors consisting of an extracellular binding domain
linked via a transmembrane domain to intracellular co-stimulatory and signaling domains (Fig. 1a).
Despite great potency, conventional CARs can only transmit an on- (presence of antigen) or off-signal
(absence of antigen). The consequences are: i) after initial antigen encounter in the patient, CAR-T expand
massively in an uncontrolled manner, accompanied by life-threatening cytokine release syndrome and
neurotoxicity (6–8). ii) effective CAR-T lead to prolonged depletion of normal tissues expressing the target
antigen, that can be life-threatening if the antigen is expressed on vitally essential tissue (5). iii)

continuous stimulation drives CAR-T into exhaustion limiting e�cacy. iv) Monovalent CAR-T create a
strong selection pressure on the tumor, leading to the selection of target antigen low or negative tumor
cells as a major cause of treatment failure (9–12). Especially, cancers with heterogeneous antigen
expression are likely to fail single-targeted therapy (13). Addressing these limitations, novel CAR designs
should combine controllability, �exibility and selectivity. Controllability should allow a tunable “ON”-state,
secure and reversible “OFF”-state as well as temporal on-/off- switching, �exibility should allow multiple
synchronic as well as sequential targeting and selectivity should enable a safe discrimination of
cancerous versus healthy cells, e.g. by incorporating pharmacological switches (14) or drug-inducible
CAR expression (15).

One elegant way to combine several essential features is to split target antigen recognition and CAR-T
activation by introducing adapter molecules (AMs). AMs, de�ned by two functional moieties, an antigen
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binding moiety and a CAR binding moiety, can reversibly redirect CAR-T to different tumor-associated
antigens (TAA) (16–25). Here, we report on the development of a novel anti-tag CAR-T system, referred to
as AdCAR-T. We show that AdCAR-T mediate potent and speci�c antitumor activity against a multiplicity
of TAAs in various cancer entities in vitro and in vivo. We demonstrate a CAR-technology that facilitates
universal targeting, �nely tunable effector function, mitigation of immune evasion due to antigen loss
and differential identi�cation and elimination of cancerous cells based on the integration of multiplex
antigen expression pro�les.

Results

Design of the AdCAR-T system
AdCAR-T comprises a two component signal transduction system based on a split recognition/activation
design in which labeled AMs are applied to transmit antigen recognition into T-cell activation via an anti-
label CAR. AdCAR-T mediated T-cell activation and target-cell lysis is the result of a two-step process
(Fig. 1A), i) antigen-speci�c binding of the AM on the target cell and ii) binding of the AdCAR-expressing T
cell to the AM. We used mAbs and mAb fragments as AMs to utilize their speci�c surface antigen-binding
capacity. AMs are generated by biotinylation using a speci�c linker chemistry, resulting in a molecule
comprising an antigen-binding moiety, a linker moiety and a label moiety (biotin) (Fig. 1A). The AdCAR is
based on unique characteristics of the mAb mBio3. mBio3 binds to biotin in the context of a speci�c
linker, referred to as a Linker-Label Epitope (LLE). We designed AdCAR-T by conjugating mBio3 derived
scFvs on 2nd and 3rd generation CAR backbones consisting of different extracellular spacer domains, as
indicated, CD8 transmembrane, 4-1BB or CD28 and 4-1BB co-stimulatory as well as CD3-ζ signaling
domain. Truncated LNGFR (ΔLNGFR) was integrated downstream of a F2A site for detection and
enrichment. In vitro testing was performed using the AdCAR-4-1BB-CD3-zeta, IgG4 hinge only, construct if
not annotated otherwise. For initial evaluation, we LLE-conjugated the Fc-optimized CD19-4G7SDIE mAb
(LLE-CD19 mAb) and the FDA/EMA-approved GD2 mAb ch14.18/dinutuximab beta (LLE-GD2 mAb), both
in clinical use at our institution (26, 27).

AdCAR-T mediate highly speci�c target-cell lysis
AdCAR can be expressed on activated T cells by lentiviral transduction as determined by ΔLNGFR
expression (�g. S1A). The applied expansion protocol consistently resulted in balanced CD4+ to CD8+ T-
cell ratios (�g. S1B). AdCAR-T got activated exclusively in the presence of antigen-speci�c LLE-
conjugated AMs and the corresponding antigen-expressing target cell, assessed by cytokine production
and transition into an effector phenotype (Fig. 1B, �g. S1C). Importantly, AdCAR-T activation resulted in
speci�c LLE-AM mediated target-cell lysis, demonstrated for LLE-CD19 mAb and LLE-GD2 mAb against
the CD19+ BCP-ALL cell line NALM6 and the GD2+ neuroblastoma cell line LS. No speci�c lysis was
observed in the presence of antigen-speci�c mAb without LLE conjugation or LLE-AMs of irrelevant
speci�city (Fig. 1, C-D). The molecular architecture of the different AdCAR variants is indicated in (�g.
S2A). In these experiments the molecular variation was limited to the spacer length. A similar AdCAR
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expression level on T cells for the different AdCAR constructs is shown after LNGFR enrichment by
microbeads in (�g. S2B). Comparing the impact of different extracellular spacer domains (23, 28, 29), we
found superior performance of the short, IgG4-hinge (XS) construct independent of the i) target antigen
CD19 in BCP-ALL targeting NALM6 (�g. S2C) or GD2 in neuroblastoma targeting LS (Fig. 2SE) and
independent of the ii) the AM format, full-size LLE-CD19 mAb or fragments thereof [LLE-CD19 F(ab’)2,
LLE-Fab], despite the different AM-size (�g. S2D) with regard to cytotoxicity (�g. S2, C-E) and cytokine
production (�g. S2F). In vitro testing revealed no differences in effector function of 2nd versus 3rd
generation AdCAR constructs in terms of cytotoxicity and repetitive cytotoxicity (�g. S3, A-B), however
with regard to proliferative capacity, 3rd gen AdCAR-T were superior (�g. S3C).

AdCAR-T function is not impaired in the presence of biotin
One major obstacle of using biotin as a tag is the presence of free and protein-bound biotin in the human
body. To test possible interference with free or protein-bound biotin, we assessed LLE-AM mediated
target-cell lysis by AdCAR-T under increasing concentrations of biotin, up to 10000-fold of the
physiological concentration (19), or in the presence of 50% human serum. Strikingly, there was only minor
inhibition of AdCAR-T function at supraphysiologic free biotin concentrations, further underscoring the
selective binding of the AdCAR to the LLE-tag (Fig. 2A, �g. S4B).

AdCAR-T mediate highly e�cient and tightly controllable
target-cell lysis
AdCAR-T su�ciently lysed target cells in vitro even at low E:T ratios (1:10), demonstrating serial killing
capacity comparable to conventional CD19- and GD2-CAR-T cells (Fig. 2, B-C). Target-cell lysis was
equally mediated by biotinylated full-size LLE-mAb, LLE-F(ab’)2 and LLE-Fab (�g. S2D). AdCAR-T
e�ciently lysed target cells at LLE-AM concentrations starting as low as 1 pg/mL (EC50 of LLE-CD19 mAb
vs. NALM6 = 7.9 pg/mL) with a coverage of 5 log-levels at highly potent activity, ensuring a wide
therapeutic range with optimal effector function > 1 ng/mL LLE-AM (Fig. 2D, �g. S4A). LLE-AM titration
enabled �nely tunable “ON”-switch function. Moreover, LLE-AM dependent AdCAR-T activity could also be
terminated by addition of antigen-speci�c mAbs without LLE-tag, functioning as an “OFF”-switch
(Fig. 2E), underscoring the speci�city and controllability of AdCAR-T system.

AdCAR-T eradicate disseminated lymphoma in vivo
Having proven functionality of the AdCAR system in vitro, we next set out to investigate e�cacy in vivo.
First we tested the general in vitro stability of the LLE-conjugation of full length mAb in human whole
blood for 24 hours (Fig. 3A). Then we evaluated mouse plasma LLE-mAb levels 24 hours after
intravenous (iv) versus intraperitoneal (ip) application of 5 µg LLE-mAb and found no clear bene�t of iv-
application of the LLE-mAb compared to ip-application (Fig. 3B). Consequently, we proceeded with ip-
application of LLE-mAb in NSG mice in all subsequent in vivo experiments. The plasma levels of LLE-
CD19 mAb were measured after 1 week and after two weeks in non-tumor bearing mice (Fig. 3C) and
revealed a plasma level half-life of t1/2=3.19 days at 50 µg ip application of LLE-CD19 mAb (�g. S4C).
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Consequently, we applied LLE-mAb twice per week. Further we tested the impact of coadministration of
10 mg human IgG ip to saturate Fc-receptors and thus to mitigate Fc-receptor mediated effector function.
There was no impact of LLE-mAb mouse plasma levels without hIgG compared to the condition with
coadministration of 10 mg hIgG (�g. S4D).

In vitro functional testing elucidated a signi�cant higher proliferative capacity of 3rd generation AdCAR-T
compared to 2nd generation AdCAR-T (�g. S3C) and in vivo comparison of 2nd versus 3rd generation
AdCAR-T con�rmed the importance of CAR-T cell proliferation to eradicate leukemia in a NALM6 tumor
model utilizing the LLE-CD19 4G7SDIE mAb as AM. The superiority of 3rd versus 2nd generation CAR
systems in adapter CAR technologies has also been previously reported by other groups (30).
Conventional CD19 CAR-T cells served as positive controls and cleared NALM6 from NSG mice more
rapidly than the 3rd gen AdCAR-T (�g. S3D). In consequence, for subsequent in vivo evaluation of the
AdCAR technology we utilized the 3rd generation AdCAR-CD28-4-1BB-CD3-zeta construct.

To demonstrate the operational versatility and the potential for straight clinical translation of the AdCAR-
T technology, we chose the FDA/EMA approved CD20 mAb rituximab for in vivo evaluation. Rituximab
was LLE-conjugated, achieving a purity of > 95% LLE-rituximab (average 2 LLE/mAb). AdCAR-T were
generated on the CliniMACS Prodigy™, allowing a GMP-compliant closed-system processing for cell
enrichment, activation, transduction, washing and expansion (31, 32). To underscore in vivo e�cacy, we
decided to use a rapidly progressive xenograft model of Burkitt’s lymphoma (Raji cell line) (Fig. 3D, �g.
S5A) (31). After con�rmation of homogeneous engraftment on day − 1 (�g. S5B), mice were grouped and
the treatment according to indicated conditions was initiated. LLE-rituximab was injected
intraperitoneally at 50 µg twice weekly starting on day − 1 and suspended on day + 23. AdCAR-T were
injected intravenously on day 0, 6.23 × 106 AdCAR-T and a total of 20 × 106 human T cells per mouse
(Fig. 3D). Conventional CD20-CAR-T (31), 6.07 × 106 cells per mouse, served as a positive control. Tumor
burden was assessed by in vivo bioluminescence imaging (BLI). Strikingly, AdCAR-T in combination with
LLE-rituximab completely eradicated disseminated lymphoma, as e�cient as conventional CD20-CAR-T,
although with slightly delayed kinetics. Mice remained in complete remission, demonstrated by BLI and
�ow cytometry of bone marrow, even after LLE-rituximab administration was terminated. In contrast,
neither AdCAR-T nor LLE-rituximab alone mediated a signi�cant effect on tumor burden (Fig. 3, E-F, �g.
S5A). Solid engraftment of AdCAR-T was con�rmed in the bone marrow on day + 44 (�g. S5C).

In a NHL JeKo-1 tumor model 1 × 107 AdCAR-T were challenged to control and eradicate tumor burden at
two different dose levels of either LLE-CD19 4G7SDIE mAb or LLE-CD20 rituximab applied ip twice per
week (DL1 50 µg, DL2 5 µg). AdCAR-T plus CD19 mAb and CD20 mAb without LLE conjugation served as
negative controls. At DL1 either with LLE-CD19 mAb or LLE-CD20 mAb, AdCAR-T controlled tumor growth,
whereas at DL2 tumor growth kinetics were delayed in 3 mice and one mouse only achieved tumor
clearance (�g. S3, E-F). Collectively, these data clearly underscore high in vivo therapeutic e�cacy of the
AdCAR-T system and warrant that clinical investigation should be initiated.
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AdCAR-T mediate target-cell lysis against a variety of antigens proportionately to the frequency of
antigen positive expressing target cells

One key feature of the adapter approach is the possibility for versatile and universal targeting. To test this
hypothesis, we generated LLE-mAbs targeting antigens, associated with myeloid malignancies: CD15,
CD32, CD33, CD38, CD117, CD123, CD133, CD135, CD276, CD371.

LLE-mAb speci�c target-cell lysis was evaluated in the acute myeloid leukemia (AML) cell lines HL-60 and
Kasumi-1, harboring inter- and intratumoral heterogeneity of target antigen expression. We found highly
e�cient target-cell lysis for 9 out of 10 evaluated LLE-AMs. Importantly, the percentage of speci�c lysis
correlated well with the percentage of antigen-expressing cells in general, indicating the ability to
speci�cally eliminate antigen-positive cells, while sparing antigen-negative cells (Fig. 4, A-B).

Simultaneous or sequential targeting might prevent
selection of antigen-loss variants
Therapy failure due to antigen evasion is one of the major clinical challenges in CAR-T therapy (9, 10). To
address this issue, we generated antigen-loss variants for CD19, CD20 and CD19/CD20 of the non-
Hodgkin Lymphoma (NHL) cell line JeKo-1 by CRISPR/Cas9 knockout. All JeKo-1 variants showed similar
growth kinetics, allowing simultaneous evaluation (�g. S6A). To test, whether dual or multiple targeting
might prevent the speci�c selection of antigen-loss variants, we exposed AdCAR-T with a mix of wild type
and knockout variants (Fig. 4C, �g. S6B). Single targeting by either LLE-CD19 mAb or LLE-CD20 mAb
eliminated target antigen positive cells with high selectivity, while sparing antigen negative variants
(Fig. 4, D-E, �g. S6, C-D). Moreover, dual targeting led to the selection of double negative Jeko-1 cells
(Fig. 4F, �g. S6E). Addition of a 3rd AM, LLE-ROR-1 mAb, led to additional reduction of the double
negative subset underscoring the capability for multiple “OR”-gating by AdCAR-T (Fig. 4G). Monotargeting
using the LLE-ROR-1 mAb signi�cantly reduced the cell number in all four JeKo-1 variants comparably
(�g. S6F). Moreover, AdCAR-T were demonstrated to be capable and �exible in sequential targeting. Thus
sequential use of LLE-mAbs of different speci�city (Fig. 5A) led to the anticipated reduction of the
corresponding positive JeKo-1 subset.. Both treatment strategies were successful in sequential targeting.
Either starting with LLE-CD19 mAb and in a second step by adding LLE-CD20 mAb after 48 h or vice
versa. Solely, the corresponding positive tumor cell subsets were sequentially eliminated by addition of
the LLE-mAb. The repetitive and sequential targeting demonstrates the serial killing capacity under
various circumstances indicating the cellular functional integrity of AdCAR-T (Fig. 5A, �g. S3B).

AdCAR-T function as an “AND”-gate
In LLE-AM titration experiments, we revealed that a certain threshold concentration of LLE-mAb bound to
the target cell surface [LLE density (Tρ)] expressed on the target cell is required to activate AdCAR-T
(Fig. 2D, �g. S4A). AdCAR-T speci�cally bind to LLE-tags, independently of the targeted antigen (Fig. 6A).
Thus, we hypothesized that Tρ can either be reached by increasing concentrations of one single speci�c
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LLE-AM (Fig. 6B, left panel) and likewise as the result of the assembly of LLE-AMs targeted to different
antigens (Σρ = ρA + ρB + ρC+…+ ρX) on the target cell surface at below activation threshold
concentrations (Fig. 6B, right panel), referred to as “surface activation matrix” (SAM). To test this
hypothesis, we performed titration experiments with single LLE-AMs and combinations thereof. The
antigen expression of CD19 and CD20 in JeKo-1 is displayed in (Fig. 6C). Monotargeting in JeKo-1
showed parallel lysis curves for LLE-CD19 mAb and LLE-CD20 mAb. Combining these two LLE-AMs vs.
JeKo-1 at equimolar concentrations led to additive lysis (Fig. 6, D-E). Further, titration of monotargeting
was evaluated in NALM6 for LLE-CD19 mAb, LLE-CD10 mAb, LLE-CD138 mAb and LLE-CD22 mAb as
well as the combination of these four LLE-mAbs at below threshold concentrations leading to
signi�cantly increased lysis (�g. S9A). The mechanism of additively reaching ρT (SAM) was con�rmed
for combining three LLE-AMs targeted to CD19, CD10 and CD138 vs. NALM6 in BCP-ALL, in
neuroblastoma targeting GD2, CD81 and CD276 vs. LS and in triple negative breast cancer targeting
EGFR, CD47 and CD276 vs. Hs578T (Fig. 6, F-H, �g. S7, A-B, D, �g. S9A). The expression level of CD32,
CD33, CD38, CD305 and CD371 in the AML cell lines U937, HL-60 and MOLM13 is displayed in (Fig. 7, A,
D-E). Encoded in the same colors, the lysis for the monotargeting is shown. To further potentiate the
combinatorial effect, we combined 5 different AMs targeting the above listed target antigens at below
threshold concentrations at the same time. Unprecedented, we found complete target elimination in
combination of 5 AMs without a signi�cant cytotoxic effect mediated by single targeting, demonstrating
that AdCAR-T can function as an “AND”-gate (Fig. 7, B-E, �g. S7, C-D).

AdCAR-T selectively lyse target cells by integration of
multiplex expression pro�les
If AdCAR-T can identify target cells by multi-variant antigen expression pro�les, they should be capable to
differentiate between cancerous and healthy tissue by rational AM selection. As a proof-of-concept, we
co-cultured AdCAR-T with NALM6 cells, expressing CD10, CD19 and CD138, together with freshly isolated
peripheral B cells expressing solely CD19 or unmanipulated PBMCs containing B cells expressing solely
CD19. Expression level of CD10, CD19 and CD138 is illustrated in (Fig. 8A). Importantly, for B-cell positive
selection CD19 REAlease® beads were used to guarantee no occupation of the CD19 extracellular
domain by CD19 directed microbeads. Titration experiments showed a high intrinsic susceptibility of
NALM6 to AdCAR mediated lysis and a combinatorial effect at fascinating low AM concentrations (�g.
S8). Addition of an AM combination targeted to CD10, CD19 and CD138 at below threshold concentration
for single targeting led to the elimination of NALM6, without signi�cant lysis of healthy B-cells. In
contrast, higher concentrations of LLE-CD19 mAb above the threshold concentration for monotargeting
with LLE-CD19 mAb su�ciently eliminated both, NALM6 and healthy B cells (Fig. 8, B-C). Our results
underscore the potential of selective cytotoxic pressure and elimination of cell subsets by AdCAR-T cells
in combination with LLE-AMs at below threshold concentration based on distinct antigen expression
pro�les which are characteristic in malignant transformed leukemic blasts of the B lineage but also in
other cancers, that do partly share potential target antigens. AdCAR mediated cytotoxicity might be
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reduced by distribution and switch of AM combinations more likely to hit cancerous versus healthy
tissues (�g. S10).

Discussion
CAR-T cell immunotherapy has demonstrated potent antitumor responses in B-lineage malignancies (1–
3, 5) but clinical success is limited in heterogeneous malignancies like AML and solid tumors.
Consequently, there is a great medical need for controllable, �exible and tunable CAR-T cell systems to
face the challenges of acute and chronic toxicities as well as antigen escape and CAR-T exhaustion to
broaden CAR-T applicability and e�cacy (33).

Here, we developed the novel modular AdCAR-T technology for precisely controllable multiplex targeting.
We demonstrate how AdCAR-T can function as a platform to address major limitations of direct CAR
concepts. AdCAR-T facilitate highly speci�c targeting of different antigens with one single CAR construct.
The AdCAR function can be tuned in and out and combinatorial targeting synchronically and sequentially
counteracts antigen escape. The unique features of the surface activation matrix (SAM), a novel concept
of differential targeted immunotherapy, has the potential to overcome the limitations of targeting
promiscuously expressed antigens. Altogether, the AdCAR-T system is a multifaceted technology for high
precision adoptive CAR-T cell therapy.

Despite several modular CAR systems have been introduced (16–25), none of these systems have
demonstrated the same level of �exibility and versatility in generating AMs targeting a multitude of TAA
(> 75 AMs, data shown for 23) and utilizing different AM formats explicitly varying in size as AdCAR-T.
Complex non-intuitive optimization of newly generated AMs hamper clinical translation (22, 23), whereas
the simplicity to achieve chemical LLE-conjugation with biotin invites to utilize any clinically available
FDA/EMA-approved antibody and fragments thereof as has been demonstrated for dinutuximab,
cetuximab, trastuzumab and rituximab (�g. S11).

While the structural architecture of the extracellular components in CAR T cells is crucial for effector
function (23, 28, 29), no impact of the AM format on effector function was observed in AdCAR-T. The
AdCAR-T system allows to utilize a huge variety of different AM format (mAb, Fab2, Fab, single domain,
scFv and others) and thus combine all advantages of favorable pharmacokinetics and –dynamics,
biostability and penetration into the tumor (34, 35), adjusted to the requirements of the underlying
malignancy and treatment phase (induction versus consolidation) to improve e�cacy and patient safety.
Moreover, convenient GMP-compliant LLE-conjugation allows economic AM generation.

In modular CAR systems, low immunogenicity of the CAR itself, the AM as well as the tag is crucial for the
engraftment of the CAR-T, persistence and thus long-term functionality. Incorporation of foreign, non-
human, peptide neo-epitopes or �uorochromes like FITC as tags on the AM are likely to be immunogenic
(22, 23). Leucine zippers in the zipCAR are either also non-human or in the humanized version might
interfere with intracellular gene transcription and promote oncogenesis (36). Human-derived peptide neo-
epitopes might cause autoimmunity (24). In contrast, endogenously present molecules for instance
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vitamins, like biotin, appear to be ideal tags. Previously described avidin- and streptavidin-based CARs
(19, 20) targeted to biotin is unlikely to be translatable into the clinic, since avidin (egg-protein) as well as
streptavidin (bacterial derived protein) are likely to be immunogenic (37, 38). Potentially low
immunogenicity of the AdCAR-T system will have to be demonstrated in clinical trials.

Beyond maximal �exibility in AM generation and high speci�city, we address major requirements of next
generation CAR design by AdCAR-T: Controllability by tunable “ON”-state (AM titration) and secure “OFF”-
state in the absence of AMs. AdCAR-T can be universally redirected by exchange of the AM speci�city.
Consequently, AdCAR-T facilitate the treatment on a patient-individual basis utilizing off-the shelf AMs
according to the individual tumor antigen expression pro�le. Antigen loss or downregulation has been
identi�ed in clinical studies as the major cause of treatment failure in CD19 and CD22-CAR-T therapy and
is likely to play an important role in solid cancers with greater heterogeneity in antigen expression (39) as
shown for EGFRvIII in glioblastoma (13). Substantially, we found that AdCAR-T function as an “OR”-gate
by targeting of multiple antigens simultaneously. We demonstrate that trivalent targeting is capable and
might prevent antigen escape by dual antigen loss. Moreover, sequential targeting underscores the
�exibility to counteract antigen loss or downregulation and reallocate toxicities over the course of
treatment. In vivo AdCAR-T demonstrated tumor clearance in three different B-lineage
leukemia/lymphoma mouse models (NALM6, Raji, JeKo-1) utilizing two different clinical available
antibodies targeted to CD19 and CD20. Benchmarking to conventional CD19CAR-T cells, considered the
standard control in CAR-T cell therapy and most advanced in the clinic due to FDA approval (Kymriah®
and Yescarta®), and benchmarking to conventional CD20CAR-T cells revealed slightly delayed kinetics of
tumor clearance by AdCAR-T, however facilitating a higher grade of controllability, �exibility and universal
targeting.

Most remarkably, we demonstrate for the �rst time a technology that allows identi�cation and differential
targeting based on multi-variant antigen expression pro�les, “poly-AND”-gate. In contrast to previously
described technologies utilizing complex T-cell engineering to enable target cell differentiation by means
of recognizing only two antigens (40–44), AdCAR-T differentiate target cells from normal cells by simple
integration of LLE-signals presented by AMs targeting multiple different antigens at once. Our data
clearly demonstrate that combinations of AMs targeting antigens expressed on the same target cell lead
to AdCAR-T activation and target cell elimination at concentrations below the single activation threshold
concentration of each AM. This translates in the ability to differentially lyse target cells vs. bystander
cells based on multiplex partially different expression pattern (Fig. 6–8, �g. S7). Besides the speci�c SAM
effect, the intrinsic susceptibility to AdCAR-mediated lysis appears to add to the differentiation of healthy
versus cancerous tissue (�g. S9B). The selectivity facilitated by the SAM effect is an essential
prerequisite to broaden the indications for CAR-T therapy. Since exclusive TAAs are absent and/or
heterogeneously expressed in many malignancies, regulated targeting of antigens co-expressed in vitally
non-essential as well as vitally essential tissues is inevitable. Applying a poly-targeting approach,
including exclusively, aberrantly and/or shared expressed target antigens, the AdCAR-T system might
enable to focus AdCAR-T activity on the tumor and reduce cytotoxic actions in healthy tissue co-
expressing some of the targeted antigens. Overexpression as well as aberrant expression of targeted
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antigens then can open a therapeutic window through the SAM effect. Individual antigen-pressure could
be modulated in case of intolerable on-target off-tumor activity to spare vitally essential tissues, still
keeping su�cient coverage to prevent antigen escape. Further studies in relevant animal models will have
to underscore the SAM-associated features of the AdCAR-T system.

In conclusion, our �ndings reveal insights to the unique features of the AdCAR-T technology platform that
facilitates patient-individualized “poly-immunotherapy”, expected to increase e�cacy by simultaneous
and sequential combinatorial targeting in heterogeneous cancer entities and safety by tightly controllably
function and target cell discrimination based on multiplex antigen expression pro�les. The concept of
AdCAR-SAM-polytargeting might facilitate CAR-T cell therapy in cancer, where no exclusive antigens are
available. All components of the AdCAR-T system have been manufactured in a GMP-compliant manner
allowing straightforward clinical translation. First-in-human clinical trials to demonstrate safety and
e�cacy are in preparation.

Materials And Methods

Generation of CAR-constructs and lentiviral vectors
Transfer plasmids, based on a 2nd generation lentiviral vector plasmid (45), were generated by cloning of
the anti-LLE, anti-CD19 or anti-GD2 scFv (derived from mBio3, 4G7 and ch14.18, custom synthesized by
GeneArt), on 2nd and 3rd generation CAR backbones incorporating indicated extracellular spacer and
hinge domains, CD8 transmembrane domain and the cytoplasmic domains of 41BB or CD28 and 4-1BB
as well as CD3ζ and truncated LNGFR (ΔLNGFR) after a F2A site. The CD20-CAR used was generated as
previously described (31). Lentivirus (LV) was produced in Lenti-X™ 293T (Clontech) after lipofection
(Lipofectamine 3000, Thermo Fisher) of 2nd generation packaging plasmid, VSV-G envelope plasmid and
indicated transfer plasmid. LV containing supernatants were concentrated (Lenti-X concentrator, TaKaRa)
and cryopreserved.

T-cell transduction
PBMCs were isolated from whole peripheral blood, acquired from healthy volunteer donors at the
University Children’s Hospital Tuebingen, by Ficoll-Paque density gradient (Biocoll, Biochrom). T cells were
isolated using anti-CD4 and anti-CD8 microbeads (Miltenyi Biotec) separately and mixed at a 1:1 ratio. T
cells were activated with TransAct™ (anti-CD3 and anti-CD28 agonistic signal) (Miltenyi Biotec) and
cultivated in TexMACS media supplemented with 10 ng/mL IL7 and 5 ng/mL IL15 (all Miltenyi Biotec).
After 24 hours, activated T cells were transduced at a multiplicity of infection (MOI) of 3. Transduced T
cells were maintained at 0.5-2 × 106 cells/mL in IL7/IL15 containing TexMACS media. On day 7, AdCAR
transduction e�ciency was determined by �ow cytometry using FITC or APC conjugated mouse anti-
LNGFR antibodies. In some experiments, transduced T cells were enriched using anti-LNGFR microbeads
(Miltenyi Biotec). For in vivo experiments, AdCAR-Ts were generated using the TCT process on the
CliniMACS Prodigy™ device as previously described (31) according to the manufacturer's instructions
(Miltenyi Biotec).
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Adapter molecule conjugation
Adapter modi�cation was performed at 30 °C for 1 h in PBS buffer using 2-10-fold molar excess of biotin-
LC-LC-NHS (Thermo Fisher Scienti�c, CAS-No. 89889-52-1), followed by separation of the antibody/label
mix on a Sephadex G25 column. Protein containing fractions were pooled and concentration was
measured by absorption at 280 nm. Successful conjugation was con�rmed by LC-MS and/or by �ow
cytometry on cell lines expressing the target antigen and secondary staining with a �uorophore
conjugated anti-biotin antibody.

Generation of mAb fragments
F(ab’)2 and Fab fragments were generated by digestion of monoclonal antibodies on immobilized pepsin
and papain resin (both Thermo Fisher Scienti�c), respectively, followed by subsequent puri�cation on a
protein A column to remove Fc fragments and undigested antibody.

Cell lines and culturing conditions
All cell lines, leukemia (NALM6, U937, MOLM-13, Kasumi-1, HL-60), lymphoma (JeKo-1, Raji)
neuroblastoma (LS) and breast cancer (Hs578T) were purchased from ATCC or DSMZ (LS) and
maintained in RPMI 1640 or DMEM (Hs578T) media supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (Thermo Fisher Scienti�c), 2 mM L-glutamine and 1 mM sodium pyruvate
(Biochrom), referred to as complete media. Lenti-X™ 293T cells (Clontech) were maintained in DMEM
media (Thermo Fisher Scienti�c) supplemented with 10% FBS, 2 mM L-glutamine and 1 mM sodium
pyruvate (Biochrom). All media contained 100 units/mL of penicillin and 100 µg/mL of streptomycin
(Biochrom).

Generation of luciferase expressing cell lines
Transfer plasmids, based on a 3rd generation lentiviral vector plasmid, containing luciferase and mCherry
or GFP were kindly provided by Irmela Jeremias, Helmholtz Center Munich, Germany (46). LV particles
were generated as described above. Cell lines were transduced at a MOI of 3. Transgene expression was
con�rmed by �ow cytometry using the co-expressed �uorescent protein. Transduced cells were enriched
by bulk �uorescence-activated cell sorting (FACS) to maintain some degree of heterogeneity.

Generation of CD19/CD20 JeKo-1 knockout variants using
CRISPR/Cas9 technology
JeKo-1 wildtype (CD19+/CD20+) was used to generate three distinct knockout variants negative for CD19
or CD20 or negative for CD19 and CD20. Electroporation was done on the Nucleofector 2b Device and the
Cell Line Nucleofector Kit V (Lonza). For chemical CRISPR, 1 µg of Cas9 DNA and 1 µg of sgRNA were
mixed with 2 × 106 JeKo-1 and electroporated using Nucleofector® Program M-013. After electroporation,
cells were expanded in vitro. Single cell clones were generated via a depletion strategy, veri�ed for distinct
immunophenotype by �ow cytometry and then used for experiments.
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Quanti�cation of cytokine release
For determination of secreted cytokines, 100.000 AdCAR-T cells per well cultivated according to the
indicated conditions with added LLE-CD19 mAb plus 100.000 NALM6 cells per well in RPMI 1640-based
complete media (see above) in a HERAcell incubator (Heraeus) at 37 °C, 95% humidity and 5% CO2. After
12 hours, supernatants were collected.

Quanti�cation of cytokines in the supernatants was performed via cytokine capture beads using the
MACSPlex® custom cytokine assay with indicated speci�cities, the MACSQuant® Analyzer and the
MACSQuantify® software according to the manufacturer's instructions (Miltenyi Biotec).

Luciferase-based cytotoxicity assay (LCA)
Tumor cells were plated in RPMI 1640-based complete media (see above) at 50.000 cells per 96 �at
bottom well in white plates, (Greiner bio one). Synthetic D-luciferin (Sigma Aldrich) was added at
4 µg/mL. Effector cells were plated at indicated effector to target ratio. The total volume per well was
200 µl. Therapeutic antibodies (AMs) or combinations thereof were used at indicated concentrations.
Free biotin (Sigma Aldrich) and human serum (healthy donor) was used at indicated concentrations.
Plates were incubated in a HERAcell incubator (Heraeus) at 37 °C, 95% humidity and 5% CO2. Plates were
measured using the Wallac Victor 1420 Multilabel Counter (Perkin Elmer) at 37 °C, at indicated time
intervals. Lysis was determined by relative luminescence of testing condition to dilution series according
to standard controls.

Real-time impedance-based cytotoxicity assay (ICA)
For label-free real-time cytotoxicity assessment, the xCELLigence device, an impedance-based Real Time
Cytotoxicity Analyzer (RTCA) (ACEA Biosciences Inc.) that allows continuous assessment of cell growth
and cytolysis was used(47). The adherent growing neuroblastoma cell line LS was plated at 30.000 cells
per well in RPMI 1640-based complete media (see above) in 96-well electronic microtiter plates E-Plate®
96 (ACEA Biosciences Inc.). After cell attachment for 24 hours to achieve a robust cell index, effector cells
were added according to indicated effector to target ratio. The total volume per well was 200 µl.
Therapeutic antibodies (AMs) were used at indicated concentrations. Plates were incubated in a HERAcell
incubater (Heraeus) under 37 °C, 95% humidity and 5% CO2 and impedance was assessed every 15
minutes for 24 hours.

Flow cytometry-based cytotoxicity assays (antigen evasion)
To visualize antigen-speci�c killing, JeKo-1 wildtype, JeKo-1 CD19KO, JeKo-1 CD20 KO and JeKo-1
CD19/CD20 KO were incubated at a 1:1:1:1 ratio with 25.000 cells per JeKo-1 variant (in total 100.000
cells) plus 200.000 AdCAR-T (E:T 2:1), according to the indicated conditions in RPMI 1640-based
complete media (see above) in a HERAcell incubator (Heraeus) at 37 °C, 95% humidity and 5% CO2.
Further LLE-CD19 mAb, LLE-CD20 mAb or LLE-ROR-1 mAb and combinations thereof were added at
indicated timepoints, incubated for indicated time and then analyzed on a BD™ LSR II �ow cytometer. Cell
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populations were identi�ed as outlined in Supplementary Fig. 4b. AdCAR-T cells were identi�ed by CD3
expression, JeKo-1 in total by GPF expression and JeKo-1 subpopulations by CD19 and CD20 expression.
Normalizing beads were used for quanti�cation and acquisition, with a stopping gate at 100.000 beads
(BD™ CompBeads per tube, Negative Control Compensation Particles, BD Biosciences). Normalized
viability of target cells (JeKo-1) was calculated: Viability [%] = [(total number of target cells study
condition) / (total number of target cells control condition AdCAR-T only)] × 100

Flow cytometry-based cytotoxicity assays (differential
killing)
To visualize antigen-speci�c differential killing, NALM6 were incubated with freshly isolated PBMCs at a
1:3 ratio with 100 000 NALM6 cells and 300.000 PBMCs plus 200.000 AdCAR-T (E:T 2:1) or freshly
isolated peripheral B-cells at a 1:1 ratio with 100.000 cells each plus 200.000 AdCAR-T (E:T 2:1),
according to the indicated conditions in RPMI 1640-based complete media (see above) in a HERAcell
incubator (Heraeus) at 37 °C, 95% humidity and 5% CO2. Further LLE-CD19 mAb, LLE-CD10 mAb or LLE-
CD138 mAb and combinations thereof were added at indicated concentration, incubated for indicated
time and then analyzed on a BD™ LSR II �ow cytometer. Cell populations were identi�ed as outlined in
Fig. 6. AdCAR-T cells were identi�ed by CD3 expression, NALM6 by mCherry expression and B-cells by
being negative for both CD3 expression and mCherry. In conditions with PBMCs, cells were stained for
CD10 and CD19 to differentiate B cells and NALM6. Normalizing beads were used for quanti�cation and
acquisition, with a stopping gate at 100.000 beads (BD™ CompBeads per tube, Negative Control
Compensation Particles, BD Biosciences). Peripheral B-cells were freshly isolated from PBMCs using anti-
CD19 REAlease™ microbeads (Miltenyi Biotec) according to the manufacturer's instructions. Importantly,
REAlease™ technology facilitates the dissociation of all labels from the cell surface, ensuring that no
epitopes are masked. PBMCs were isolated from whole peripheral blood, acquired from healthy volunteer
donors at the University Children’s Hospital Tuebingen, by Ficoll-Paque density gradient centrifugation
(Biocoll, Biochrom). Viability of target cells NALM6 and B-cells was calculated: Viability [%] = [(total
number of target cells study condition) / (total number of target cells control condition AdCAR-T only)] × 
100

Antigen screening on tumor cell lines
Immunophenotyping was performed on a BD™ LSR II �ow cytometer. Antibody staining was done
according to standard operating procedure at 4 °C in PBS buffer. Staining of tumor cells using primary
labeled mAbs compared to isotype control de�ned antigen positivity. Further, to mimic AdCAR-T
recognition, tumor cells were �rst stained with a primary biotinylated mAb with speci�city of interest or of
irrelevant speci�city for isotype control. Unbound mAb was washed off carefully. Then a �uorophore
labeled secondary LLE-mAb was used to semiquantify surface antigen expression. Overton positivity was
calculated by integral subtraction (speci�c �uorescence minus �uorescence of isotype control) using
FlowJo 10.4 software.

Animals and in vivo model
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For all in vivo experiments 6 to 8 week old NOD.Cg-PrkdcSCID Il2rgtm1Wjl/SzJ (NSG) mice of female sex
from Charles River Laboratories were used and kept in individually ventilated cages (IVC) at a maximum
of 5 animals per cage. General health status of all animals was monitored daily. All experiments were
performed according to the guidelines of the Federation of European Laboratory Animal Science
Associations (FELASA) in the animal husbandry facilities of the Miltenyi Biotec GmbH in Bergisch
Gladbach. On day − 6 of the experiment, 0.4 × 106 Raji cells, stably expressing a �re�y luciferase gene,
were injected into the tail vein. Engraftment of the tumor cells was monitored by in vivo bioluminescence
imaging (BLI) on day − 1 and animals were randomized into groups according to tumor burden. All mice
received 10 mg human IgG (Gammaguard) by intraperitoneal injection twice weekly starting on day − 1.
Rituximab-LLE (50 µg) was applied by intraperitoneal injection twice per week starting on day − 1. CAR-T
were injected intravenously on day 0. Tumor growth was monitored twice per week by BLI. Mice were
sacri�ced when reaching end point criteria or latest after 50 days according to the approval by the local
authorities. For analysis of bone marrow, samples were taken from femur and tibia after mice were
sacri�ced. Cells were treated with Red Blood Cell (RBC) Lysis Buffer for 10 min and washed into PEB
buffer for staining with �uorophore conjugated antibodies against huCD45-vioblue, huCD4-viogreen,
huCD19-FITC, Biotin-PE, 7-AAD, huCD20-PE-Vio777, huCD271-APC, huCD8-APC-Vio777 in order to
enumerate the number of Raji lymphoma cells and AdCAR-T cells per microliter of blood. All tubes were
recorded exhaustively on a MACSQuant X �ow cytometer.

Optical Imaging
For tumor burden monitoring, mice were injected 3 mg D-Luciferin (Goldbio, St. Louis, MO, USA) i.p. for
bioluminescence imaging (BLI) following a 5 min uptake period. An IVIS Spectrum Optical Imaging
system (Perkin Elmer) was used to acquire BLI scans for 60 sec or 1 sec and signals were normalized for
the luciferase activity [photons/second]. ROI scans were analyzed using Living Image Software 4 (Perkin
Elmer), by drawing regions of interest (ROI) around the whole animal and corrected for background
signal.

Stability and quanti�cation of LLE-CD19 mAb in human
whole blood and mouse plasma
For testing the stability of the LLE-conjugation to mAb and to determine the LLE-CD19 mAb concentration
in human whole blood and mouse plasma we used an indirect method utilizing NALM6. In triplicates per
condition 100.000 NALM6 cells were incubated at 8 °C for 10 min in 50 µl of human plasma or mouse
plasma containing de�ned concentrations of LLE-mAb (1 ng/mL, 5 ng/mL, 10 ng/mL, 25 ng/mL,
50 ng/mL, 100 ng/mL, 250 ng/mL, 500 ng/mL, 1000 ng/mL). In a second step, a secondary anti-biotin
�uorophore labeled mAb (PE or APC) was used for staining after centrifugation at 500xg, 2 min in a �at
bottom 96 well plate. Plate was washed with PBS twice 200 µl and after the washing step resuspended in
50 µl PBS. Secondary anti-biotin mAb was added in saturation (5 µl per well) and incubation at 8 °C for
10 min, twice washed and then was followed by data acquisition on a �ow cytometer. The best �t line
was calculated of LLE-CD19 mAb (y-axis) versus median �uorescence intensity (MFI, x-axis) and the
formula was subsequently used for calculation of LLE-mAb concentrations in the linear range of the
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�tting line. If not in the linear range, the samples were diluted (e.g. x2). Consequently, to determine the
LLE-CD19 mAb concentration in human whole blood (plasma) or mouse plasma, NALM6 were incubated
in 50 µl of the corresponding plasma and then proceeded according to the same protocol. The LLE-CD19
mAb concentration was calculated from the calculated formula. All measurements were done using at
least three different plasma donors (mice or humans).

Software
Flow cytometric data was analyzed by FlowJo 10.4. Graphs and statistics were generated using the
GraphPad Prism 8 software.

Statistics
All analyses were performed with GraphPad Prism 8 software. Data were presented as means ± SEM with
statistically signi�cant differences determined by tests as indicated in �gure legends. P < 0.05 was
considered as signi�cant.
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Figure 1

Design and characterization of the AdCAR-T system A) Schematic illustration of a conventional CAR (left
panel) and the AdCAR-T system (right panel). B-C) AdCAR-T activation translates into speci�c cytokine
production and target-cell lysis. AdCAR-T were incubated with the CD19+ ALL cell line NALM6 at an E:T
ratio of 1:1 with or without 10 ng/mL of CD19 mAb (without LLE-tag), LLE-CD19 mAb or LLE-GD2 mAb.
Cytokine levels in the supernatant were determined after 12h (n=3, p<0.0001 for TNFα and IFNγ). Target-
cell lysis after 24h was determined by luciferase-based cytotoxicity assay (LCA). C-D lower panel)
Schematic illustration of AdCAR-T speci�city, eliminating CD19+ NALM6 or GD2+ LS target cells
exclusively in the presence of the LLE-CD19 or LLE-GD2 mAb, respectively. D) AdCAR-T were incubated
with the GD2+ neuroblastoma cell line LS at an E:T ratio of 1:1 with or without 10 ng/mL GD2 mAb
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(without LLE-tag), LLE-GD2 mAb or LLE-CD19 mAb. Target-cell lysis was determined by impedance-based
real-time cytotoxicity assay (ICA), (n=3, p<0.0001). Data shown in B) represent mean ± SEM of 3
independent experiments from 3 different donors. Data shown in C-D) represent mean ± SEM of (n=4)
independent experiments in triplicates from 4 different donors. In B-D) signi�cance was determined by
one-way ANOVA and Tukey post hoc test. (n.s.) not signi�cant.

Figure 2

Speci�city and sensitivity of the AdCAR-T system A) AdCAR-T were incubated for 24h with NALM6 at an
E:T ratio of 1:1 in the presence of 10 ng/mL LLE-CD19 mAb and indicated concentrations of free biotin or
human serum. Target-cell lysis was determined by LCA. Comparison of conditions without LLE-CD19
mAb was not signi�cant. Comparison of conditions with LLE-CD19 mAb was not signi�cant. Conditions
without versus with LLE-CD19 mAb were highly signi�cant (n=4, p<0.0001). B) AdCAR-T or non-
transduced activated T cells with or without 10 ng/mL LLE-CD19 mAb or conventional CD19-CAR-T were
incubated with NALM6 at indicated E:T ratios. Target-cell lysis was determined by LCA after 6h and 12h
(n=4, p=0.0055 at E:T 0.15:1, 12h). C) AdCAR-T or non-transduced activated T cells with or without 10
ng/mL LLE-GD2 mAb or conventional GD2-CAR-T were incubated with LS at an E:T ratio of 2:1. Target-
cell lysis was determined by ICA. Comparison of conditions without LLE-GD2 mAb was not signi�cant.
Comparison of AdCAR-T with LLE-GD2 mAb was not signi�cant. Comparison of AdCAR-T without versus
with LLE-GD2 mAb was highly signi�cant (n=4, p<0.0001). D) AdCAR-T were incubated with NALM6 at an
E:T ratio of 1:1 for 24h in the presence of LLE-CD19 mAb at indicated concentrations. Target-cell lysis
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was determined by LCA. Titration curve is shown. EC50=7.9 pg/mL. E) AdCAR-T were incubated with
NALM6 at an E:T ratio of 1:1 for 24h at 1 ng/mL LLE-CD19 mAb and indicated concentrations of CD19
mAb (without LLE-tag). Target-cell lysis was determined LCA (upper panel). Concentrations of LLE-CD19
mAb and CD19 mAb are schematically illustrated (lower panel). Data shown in A-C) and E) represent
mean ± SEM of 4 independent experiments in triplicates from 4 different donors. Data shown in D)
represent mean ± SEM of (n=5) independent experiments in triplicates from different donors. In A) and C)
signi�cance was determined by one-way ANOVA and Tukey post hoc test, in B) by unpaired, two-tailed
Mann-Whitney test. (n.s.) not signi�cant.

Figure 3

In vivo evaluation of AdCAR-T A) First we tested the stability and functionality of the LLE-conjugation to
mAb in human whole blood at 37°C for 24 hours (Fig. 2A). The starting concentration was 1 µg/mL. We
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added 1 µg of LLE-CD19 mAb to freshly isolated human plasma (10 IU/mL sodium heparin) (n=12)
independent donors in one experiment. The LLE-mAb concentration was measured indirectly as the
binding capacity to the cell line NALM6 with a secondary anti-biotin mAb calculated by a standard curve.
The analysis revealed stability of the LLE-conjugation. B) Three mice received PBS (w/o LLE-mAb) or
either 5 µg of LLE-CD19 mAb intraperitoneally or intravenously. After 24 hours the plasma levels of LLE-
CD19 mAb were measured by �ow cytometry. The comparison revealed no signi�cant difference in the
plasma levels. C) Three mice received PBS (w/o LLE-mAb) or CD19 mAb w/o LLE-conjugation or 5, 25 or
50 µg of LLE-CD19 mAb intraperitoneally. At the time points 7 days and 14 days the plasma levels of LLE-
CD19 mAb were measured by �ow cytometry and were detectable after 14 days at relevant
concentrations in a non-tumor bearing NSG mouse model. D) Schematic illustration of the in vivo
experiment: NSG mice were inoculated with the NHL cell line Raji (Raji-�uc) at day -6. At day -1, mice were
randomized after in vivo imaging according to BLI activity (Supplementary Figure 3b). LLE-rituximab (50
µg) was injected intraperitoneally twice weekly as indicated, starting on day -1. Application was
suspended on day +23. AdCAR-T or CD20-CAR-T were injected intravenously as indicated on day 0. E)
Luciferase activity [photons/sec] was determined by in vivo BLI. Representative BL images of the study
group, AdCAR-T + LLE-rituximab, and the control groups, AdCAR-T, LLE-rituximab and CD20-CAR-T are
shown. F) Luciferase activity was quanti�ed and plotted over time. Arrowhead indicates the termination
of LLE-rituximab application. Comparison of BLI activity at day 44 revealed no difference between the
groups conventional CD20CAR-T and AdCAR-T + LLE-rituximab (LLE-CD20 mAb) by Mann-Whitney test,
p=0.78. (BLI) bioluminescence. (n.s.) not signi�cant.
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Figure 4

Universal targeting and combinatorial targeting to avoid antigen evasion A-B) Target-antigen expression
was determined by �ow cytometry and calculated by Overton subtraction. Target-cell lysis was
determined by LCA after incubation with AdCAR-T for 24 h at an E:T ratio of 2:1 with 10 ng/mL of the
indicated LLE-mAb. Percentage of target-antigen expressing cells and normalized target-cell lysis for AML
cell lines HL-60 and Kasumi-1 is shown. C-G) AdCAR-T were incubated for 48h with an equicellular mix of
antigen knockout variants of Jeko-1 (JeKo-1WT, JeKo-1CD19KO, JeKo1CD20KO and Jeko-
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1CD19/CD20KO) at an E:T (AdCAR-T to JeKo-1) of 2:1 in the presence or absence of the 10 ng/mL LLE-
CD19 mAb, LLE-CD20 mAb or LLE-ROR1 mAb or combinations thereof and analyzed by �ow cytometry. c)
Gating strategy to differentiate AdCAR-T (CD3 positive) and JeKo-1 (GFP positive) (left panel) and
determine Jeko-1 variants by CD19 vs. CD20 staining: JeKo-1WT (upper right), JeKo-1CD19KO (upper
left), JeKo-1CD20KO (lower right) and Jeko-1CD19/CD20KO (lower left) (middle panel). Schematic
illustration (right panel). D-G) to demonstrate the effect of the indicated AMs or AM combination,
absolute populations (upper panel), quanti�cation of the viability of the Jeko-1 (middle panel) and
distribution of the Jeko-1 variants (lower panel) are demonstrated. Data shown in A-B) represent mean ±
SEM of (n=3) independent experiments in triplicates from 3 different donors. In D-G) representative plots
and mean ± SEM of (n=3) independent experiments of 3 different donors are shown.

Figure 5

Sequential combinatorial targeting mediated by AdCAR-T A) AdCAR-T were incubated for 48 hours (h)
with an equicellular mix of JeKo-1WT, JeKo-1CD19KO, JeKo1CD20KO and Jeko-1CD19/CD20KO at an
E:T (AdCAR-T to JeKo-1 WT and KO variants) of 2:1 in the presence of either 10 ng/mL LLE-CD19 mAb
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(upper path) or 10 ng/mL LLE-CD20 mAb (lower path). After 48 h, distribution of AdCAR-T and JeKo-1
variants was determined by �ow cytometry and either 10 ng/mL LLE-CD19 mAb or 10 ng/mL LLE-CD20
mAb was added to additional samples of each condition leading to the following 4 conditions: 1) LLE-
CD19 mAb plus at 0h plus LLE-CD20 mAb at 48 h (top plot, right panel), 2) LLE-CD19 mAb plus at 0h plus
LLE-CD19 mAb at 48 h (upper middle plot, right panel), 3) LLE-CD20 mAb plus at 0h plus LLE-CD20 mAb
at 48 h (lower middle plot, right panel) and 4) LLE-CD20 mAb plus at 0h plus LLE-CD19 mAb at 48 h
(bottom plot, right panel). After additional 24 h (total incubation time 72 h) distribution of AdCAR-T and
JeKo-1 variants was determined by �ow cytometry. The experiment demonstrates that AdCAR-T can be
redirected to a 2nd target antigen sequentially even in the presence of the LLE-AM against the 1st target
antigen. Data display representative �ow cytometric plots of (n=2) independent experiments in triplicates
of two different donors.
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Figure 6

6 Surface Activation Matrix (SAM) a new concept of targeted polyimmunotherapy A) Schematic
illustration of the SAM effect. B) Schematic illustration of target cell identi�cation and lysis by integration
of antigen expression pro�les. C) Target-antigen expression on JeKo-1 determined by �ow cytometry. D-E)
AdCAR-T were incubated with JeKo-1 at an E:T ratio of 2:1 for 48h in presence of the indicated AMs at
indicated concentrations or an additive combination of both. Target-cell lysis was determined by LCA. E)
Speci�c lysis for 20 pg/mL LLE-CD19 mAb, 20 pg/mL LLE-CD20 mAb and 20 pg/mL LLE-CD19 mAb + 20
pg/mL LLE-CD20 mAb as well as unspeci�c control LLE-mAb at 40 pg/mL is demonstrated. F) AdCAR-T
were incubated with NALM6 at an E:T ratio of 1:1 for 24h in presence of the indicated AMs or additive
combinations thereof at indicated concentrations. Target-cell lysis was determined by LCA. G) AdCAR-T
were incubated with LS at an E:T ratio of 2:1 for 48h in presence of the indicated AMs or additive
combinations thereof at indicated concentrations. Target-cell lysis was determined by LCA. H) AdCAR-T
were incubated with Hs578T at an E:T ratio of 2:1 for 48h in presence of the indicated AMs or additive
combinations thereof at indicated concentrations. Target-cell lysis was determined by LCA. Data shown
in D) represent mean of (n=3) independent experiments from different donors in triplicates. Data shown
in E) represent mean ± SEM of (n=5) independent experiments from different donors in triplicates. Data
shown in F) and G) represent mean ± SEM of (n=2) independent experiments in triplicates from different
donors. Data shown in H) represent mean ± SEM of (n=5) independent experiments in triplicates from
different donors. In E-H) signi�cance was determined by one-way ANOVA and Tukey post hoc test. (LCA)
luciferase cytotoxicity assay. Titration curve was calculated by nonlinear regression [log(agonist) vs.
response] (n=3). Uncalculated lysis curve for JeKo-1 is shown in (�g. S7A).
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Figure 7

Identi�cation and target cell lysis by integration of antigen expression pro�les in AML. Target-antigen
expression in three AML cell lines U937, HL60 and MOLM13 was determined by �ow cytometry. The
colors in the histoplot consistently encode the expression and lysis, targeting these �ve indicated
potential CAR-T cell target antigens CD32, CD33, CD38, CD305, CD371. Cytolysis at 48h of indicated cell
lines by AdCAR-T was determined by LCA in the presence of the indicated AMs at indicated
concentrations or an additive combination of all �ve AMs. A) Target-antigen expression of U937. B-C)
AdCAR-T versus U937 at an E:T ratio of 0.5:1. Titration curve was calculated by nonlinear regression
[log(agonist) vs. response] (n=2) from two different experiments from different donors in triplicates.
Uncalculated lysis curve is shown in (�g. S7C). D-E) AdCAR-T versus HL60 or MOLM13 at an E:T ratio of
1:1. B-C) Speci�c lysis for 10 pg/mL of the individual AMs and the additive combination of all �ve, 10
pg/mL each ∑ = 50 pg/mL, as well as unspeci�c control LLE-mAb is shown. Data shown in B-E)
represent mean of (n=4) independent experiments and different donors in triplicates, respectively. In B-E)
signi�cance was determined by one-way ANOVA and Tukey post hoc test. (LCA) luciferase cytotoxicity
assay.
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Figure 8

Differential target cell lysis by AdCAR-T A) Target-antigen expression pro�le of CD19, CD10 and CD138
on freshly isolated peripheral B cells and BCP-ALL NALM6 tumor cells determined by �ow cytometry. B-C)
AdCAR-T were incubated for 24h with NALM6 and freshly isolated peripheral B-cells at an E:T ratio of
2:1:1 (AdCAR-T : NALM6 : B cells) in the presence or absence of 25 pg/mL LLE-CD19 mAb, 50 pg/mL
LLE-CD10 mAb or 200 pg/mL CD138-LLE mAb or the combination thereof or 10 ng/mL LLE-CD19 mAb
and analyzed by �ow cytometry. B) Schematic illustration of speci�c lysis based on differential
expression pro�les (upper panel). As illustrated, the combination of below threshold concentrations of
AMs against the antigens CD19, CD10 and CD138, all expressed on NALM6, causes AdCAR-T activation
and lysis of NALM6 while sparing B-cells only expressing CD19 (middle upper panel). In contrast, above
threshold concentration of CD19 targeted AM mediates complete lysis of both NALM6 and B-cells.
Representative �ow cytometry plots of (n=3) independent experiments in triplicates from 3 different
donors are shown (lower panel). AdCAR-T are identi�ed by CD3 expression, NALM6 by mCherry
expression, B-cells by being negative for CD3 and mCherry. C) Viability of NALM6 and B cells after
incubation at indicated conditions was quanti�ed. Data shown represent mean ± SEM of (n=4)
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independent experiments from 4 different donors in triplicates. In C) signi�cance was determined by
unpaired, two-tailed Mann-Whitney test (n=4, p<0.0001). (n.s.) not signi�cant.
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