











Figure 1 Primary functional capacities of C6.5 derived CAR T cells. (A) Affinities of Her2-specific C6.5 scFv mutants as
previously determined by surface plasmon resonance (SPR) using BlAcore.?® (B) scFvs were integrated into a second generation
CAR harboring a human IgG1 hinge, CD28 transmembrane and costimulatory, and CD3 signaling domain. CAR expression

level on human peripheral blood T cells was assessed by flow cytometry; data represent the geometric mean of the mean
fluorescent intensity (MFI) for n=3 donors. CAR graphics: Created in BioRender. Abken, H. (2024) https://BioRender.com/
y88w452. 1x10°T cells were co-incubated with 2x10* Her2™ ™ | .S174T cells (C, E, G, |, K) or 2x10* Her2"" SKOV3 cells (D,

F H, J, L). (C, D) CAR-mediated T cell activation strength was evaluated by the Jurkat-Lucia NFAT reporter cell line engineered
with the respective Her2 CAR at similar CAR expression levels. Bioluminescence was recorded as relative light units (RLU) after
20 hours of co-incubation with the respective Her2* target cells. Data represent means+SD of n=4 (C) or n=3 (D) independent
experiments. (E, F) CD8* CAR* T cell proliferation was monitored by recording proliferation dye eFluor™ 450 dilution after 5days
of co-culture with target cells. (G, H) CD8* CAR™ T cell subsets after 72 hours of co-culture were determined by flow cytometry
(naive: CD45R0O™ CD62L*; CM: CD45R0O" CD62L*; EM: CD45RO* CD62L"; E: CD45R0O™ CD62L"). (I, J) FASL expression after

72 hours of co-culture of CD8* CAR™" CD45RO* CD62L* CAR* T cells with target cells. (K, L) Annexin V staining after 72 hours
of co-culture of CD8" CAR™ T cells with target cells. Annexin V MFI for each CAR T cell was normalized to the mean MFI of each
individual donor. Data represent means+SD of n>3 donors. One-way analysis of variance was performed with Tukey‘s multiple
comparison correction. ns (not significant); *p<0.05; **p<0.01; ***p<0.001; ***p<0.0001. CM, central memory; E, effector; EM,
effector memory.

the highest affinity scFv. The same scFv showed the stron- incubation of CAR T cells with Her2" cells was sufficient
gest antigen non-specific binding compared with the to reach a plateau in the contact strength of CAR T cells
scFvs of lower affinities (figure 2D, online supplemental to target cells (figure 3B). The number of bound CAR T
figures 3-5). cells was clearly dependent on the binding affinity within

a certain range; T cells with a CAR of higher affinity up to
fashion above affinity threshold aK ofl 2x107' M bound more tightly to target cells than

To monitor the impact of scFv affinity maturation on CAR T cells with lower affinity. Unexpectedly, T cells with
CAR T cell avidity, we recorded the binding strength of @ CAR within the medium affinity range bound superior
anti-Her2 CAR T cells to a monolayer of Her2" cancer compared with the lowest and highest affinity CAR T cells
cells using z-Movi technology (figure 3A,B). Five min of  (figure 3C,D). T cells with the highest affinity CAR bound

with the same strength as T cells with CARs with lower

CAR T cell avidity and motility both increased in a non-linear
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Figure 2 (C6.5 derived scFv variants with different affinities differ in their antigen-specific and antigen-independent binding
properties. (A) Sequences of the Her2-specific C6.5 scFv mutants previously generated by site-directed mutagenesis.?®

(B) Conformations of V,, CDR3 loops of the C6.5 derived scFv panel were evaluated by MD simulation and PCA to analyze
conformational states of the loop. (C) scFv binding kinetics were characterized in BLI and are shown as association and
dissociation of Her2 protein to/from the immobilized scFv. One representative of a total of three independent experiments is
shown. The maximum response is represented as a parameter for affinity. Data represent mean+SD of n=3. (D) ELISA-based
quantification of Her2 independent scFv binding to plate-coated irrelevant antigens heparin, cardiolipin, and bovine serum
albumin (BSA). One representative of n=3 is shown. Binding to BSA is shown relative to Her2-specific binding. Data represent
mean=SD of n=3. One-way analysis of variance was performed with Tukey‘s multiple comparison test. *p<0.05; **p<0.01;
***p<0.001; ***p<0.0001. BLI, biolayer interferometry; MD, molecular dynamic; PCA, principal component analysis.

6 Barden M, et al. J Immunother Cancer 2024;12:¢010208. doi:10.1136/jitc-2024-010208

"yBuAdoo Aq paloalold 1sanb Aq £20z ‘6 Jaquiadad uo /wod fwag-onl/:dny wouy papeojumod 'zZ0z Jaquadad Z Uo 802Z0T0-720Z-oM/9STT 0T St paysiiand 1s1y :18oued Jayjounwiw) ¢


http://jitc.bmj.com/

Open access

B . C.,.. CARTcell avidit 5 min contact
H 100
1.5x104 o ns .
= T - E'\i 754 &\C: o
o -
Six10¢-| Cell tracking % %
= S O 10
9(: g L Q@ "{\ - | =
) ® () he] °
x10% Slo 5% c c
5x10 8 o [} 8 25 3 20.
"
© Donor A QT s <|L om m
O Donor B CAR& e
4 Donor C o ctude . 0 . T — 1
— Target cell monolayer 0 200 400 600 800 1000 //I
rForce (pN) Affinity
E Her2+ target 40— anfiHor2 CAR F 1004 Avidity kinetics CAR (MFI)
CAR of ¥ 3 Irelevant 11425
irrele_\;_am *..If “x:.:b' e\i 304 E\‘i 804 C6.5 12950
specificlty S 9 " CAR of - Ce:B1D2 8493
™ ¥ @ irrele_\;_ar?tt § 60
Ny - 20— specificity
anti-Her2 CAR =9 _@_ 18 - =
i e L\* - —— < 407 |
5 10 5 It
N " o N o 4
anti-Her2 CAR %207 ‘\i-"’“ @ a 2091
+soluble Her2 d.”_.q“‘.a\ .1,‘] 5 0 0 ]
1 - T T T T
0 1 100 O 1 100 0 0_.20 .30 40
Her2 (ug/mL) Time (min
G TIRF-microscopy (40 min) | 4000 = J TLLV-mlcroscopy >
T i ) @ 3000 P g |
» 5} s —
- £ 250 rg T
N - &
D 1500 P X on |
a E 1000 § < q
& o ] o o |
& 500 ¥ c o Q
(_') - (1] |:] . =
5um 5um 7 0 . . § : .
x C6.5 C6-B1D2 I——
Affinity

Figure 3 Non-linear correlation between scFv affinity and CAR T cell avidity. (A) The expression levels of Her2 CARs and of
the CD30 CAR of irrelevant specificity on engineered T cells; data represent the geometric mean of the mean fluorescence
intensity (MFI), n=3 donors. CAR graphics (A,G): Created in BioRender. Abken, H. (2024) https://BioRender.com/y88w452.

(B) CAR T cell binding force on a Her2"9" SKOV3 cell monolayer as determined by z-Movi avidity analysis. Graphics: Created
in BioRender. Abken, H. (2024) https://BioRender.com/b81y849. (C) Force ramp applied after 5min CAR T cell co-incubation
with SKOVS cells. Detachment curve of CAR T cells displayed as mean values of n=3 technical replicates (3 runs on 3 different
chips per experimental group), data for one representative donor are shown. (D) Collated data of n=3 technical replicates of
n=3 donors (n=9 runs on n=9 chips total per experimental group); data represent the percentage of T cells bound at plateau
force. (E) Soluble Her2 protein at increasing concentration was added to Her2 CAR (C6MH3-B1) and CD30 CAR T cells; data
represent the percentage of CAR T cells at the end of force ramp+SD, n=3 technical replicates (n=1 donor). Graphics: Created in
BioRender. Barden, M. (2024) https://BioRender.com/q55g213. (F) Percentage of CAR T cells bound after 2, 5, 20, and 40 min;
representative data for 1 out of 3 donors are displayed. (G-I) T cells were engineered with the CAR-GFP CAR, incubated on
Her2 coated plates, and imaged by TIRF microscopy. () Data show the mean fluorescence signal per single cell in the contact
region with Her2 after 40min, n>30 cells for one donor. Wilcoxon-Mann-Whitney test was performed. (J) Mean CAR T cell
motility measured by timelapse-live video (TLLV) microscopy over a time-course of 12.5hours, n=3 donors. Box plots display
IQR and median. One-way ANOVA with post hoc Tukey’s HSD test was performed to identify significant group differences. (A,
D, J). ns (not significant); *p<0.05; **p<0.01; **p<0.001; ***p<0.0001. ANOVA, analysis of variance; HSD, honestly significant
difference; TIRF, total internal reflection fluorescence.

affinities; binding of the lowest affinity CAR was similar to
the binding of CAR T cells of irrelevant specificity. CAR

was formed (figure 3D). After prolonged incubation with
the target cell monolayer, the CAR with the highest affinity

binding forces were specifically mediated by the scFv
engagement of Her2 on target cells since the addition
of soluble Her2 protein reduced binding down to back-
ground levels as observed with CAR T cells of irrelevant
specificity (figure 3E).

We assumed that the degree of CAR recruitment
depends on the K /K  values reflecting the probability
of binding to and detaching from the cognate antigen
when recorded after 5min when the CAR-target contact

(C6-B1D2 CAR) showed increased binding strength which
is in line with its low K . (figure 3F). During the process
of contact formation with the respective target cell, CAR
molecules are recruited toward the contact zone. CAR
molecules involved in interactions with antigen in the
contact zone over time may constitute only a subset of
CAR molecules present on the T cell surface. We, there-
fore, recorded CAR recruitment to the contact zone
dependent on the binding affinity using TIRF microscopy.
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T cells were engineered with a respective panel of CARs
that are intracellularly linked to GFP to allow antibody-
independent visualization (figure 3G-I). The CAR with
the highest affinity (C6-B1D2 CAR) showed more signal
of labeled molecules in the contact zone than did the
CAR with medium affinity (C6.5 CAR), demonstrating
that a high affinity CAR is more efficiently recruited into
the contact zone, providing more antigen binders and
potentially stronger downstream signaling.

We asked whether different CAR T cell avidities resultin
different CAR T cell motilities or times in contact to target
cells. By implementing time lapse live video microscopy
and algorithm-based tracking of CAR T cells, we revealed
that increasing CAR binding affinity decreased CAR T
cell motility in the presence of an excess of target cells
(figure 3J). CAR T cells with the three highest binding
affinities produced similarly low CAR T cell motilities,
substantially lower than the CARs of medium and low
affinities. Our results suggest that high affinity CARs are
more efficiently recruited into the contact zone which
is associated with longer contact times of CAR T cells to
target cells and decreased CAR T cell motility compared
with low affinity CARs.

Her2 CARs with high affinity were superior to low/medium
affinity CARs in repetitive target cell killing and in elimination
of xenograft tumors

While primary activation by CAR T cells depends on
binding affinity above threshold (figure 1C,D), we asked
whether an increase in avidity also shows superiority
under conditions of repetitive antigen engagement
simulating tumor conditions with an excess of antigen
(“stress test”). T cells engineered with the affinity panel of
anti-Her2 CARs were incubated with LS174T cancer cells
with medium Her2 levels and SKOV3 cancer cells with
high Her2 levels, respectively, for 3 or 4days. CAR T cells
and cancer cells were counted, and the initial number
of cancer cells was added again for the next round of
stimulation (figure 4A). A CAR of irrelevant specificity
served as control. Initially, CAR T cells, except for low
affinity CAR T cells, efficiently eliminated cancer cells
with high or medium Her2 levels; low affinity C6.5G98A
sckv CAR T cells failed to control cancer cell growth
from the beginning (figure 4B), likely not reaching the
minimum activation threshold. After five or more rounds
of stimulation, CAR T cells in all groups lost their killing
capacity (figure 4B,E). Medium affinity C6.5 scFv CAR T
cells controlled LS174T cancer cell amplification until
the end of round 3, after which the killing capacity was
lost. The C6ML3-9 scFv CAR with moderately increased
affinity provided only minor advantages over the C6.5
sckv CAR whereas high affinity CAR T cells with the
C6MH3-B1 and C6-B1D2 scFv provided prolonged cancer
cell control outperforming C6.5 sckFv CAR T cells. CAR T
cells expanded to some degree during the first round of
stimulation with Her2™¢4"™ 1,8174T cells, but CAR T cell
numbers decreased after round 2 (figure 4C). Engage-
ment with Her2"8" SKOV$ cells resulted in a decrease in

CAR T cell numbers from the first round on; moreover,
the low affinity CAR T cells did not decrease in number
(figure 4F). With multiple rounds of stimulation, the
number of CAR molecules per T cell was downregulated,
likely due to CAR internalization on antigen engagement
and/or trogocytosis to target cells. Unexpectedly, CARs
with high affinity remained at high levels on Her2™ "™
cancer cell engagement throughout all restimulation
rounds (figure 4D); CAR levels were even more reduced
on engagement of SKOV3 cells with high Her2 levels
(figure 4G).

To address how the different killing capacities toward
cancer cells in vitro translate to tumor control, NSG mice
were engrafted with Her2"8" N87 tumors® and CAR T
cells were applied at low doses intravenously on day 14
when tumors were fairly established (figure 4H). T cells
with the highest affinity C6-B1D2 CAR significantly
outperformed T cells with the lower affinity C6.5 CAR in
controlling tumor progression, which was also substanti-
ated by improved survival of tumor-bearing mice.

scFv affinity tuning affected both antigen-dependent and
antigen-independent CAR signaling

We asked how CAR triggered T cell functionality
correlates with scFv intrinsic properties, such as homom-
erization and oligomerization, which are suggested to
contribute to spontaneous CAR clustering and ulti-
mately antigen binding-independent “tonic” signaling.”
In line with non-specific binding of the C6-B1D2 scFv
(figure 2D), the C6-B1D2 CAR showed high spontaneous
CAR clustering on the T cell surface independent of
antigen engagement (figure 5A). NFAT activation, an
indicator for downstream signaling, also increased with
the C6-B1D2 CAR (figure 5B) indicating spontaneous
tonic CAR signaling. The CAR number on cell surface
was nearly the same for the entire CAR panel, thus is
unlikely a confounding factor (online supplemental
figure 1). CD3/CD28 stimulation induced NFAT acti-
vation which further increased with the affinity of the
expressed CAR (figure 5C), indicating that TCR/CD28
stimulation and tonic CAR signaling cooperate in down-
stream signaling. For comparison, antigen-induced CAR
signaling by adding Her2-Fc protein increased NFAT acti-
vation in a dose-dependent fashion; expectedly, NFAT
activation increased with scFv binding affinity to Her2
(figure 5D). Taken together, antigen-induced NFAT
activity increased with scFv affinity, however, the contribu-
tion of scFv intrinsic, antigen-independent NFAT activa-
tion was altered by the scFv affinity (figure 5D).

Recently, a correlation between patches of positively
charged amino acids and tonic signaling was proposed.”'
Even though in the case of the C6-B1D2 scFv CAR non-
specific scFv-binding and tonic signaling seems to be
mainly due to the mutational introduction of hydro-
phobic, non-polar amino acids into the CDR3 of the scFv
heavy chain, the respective mutations could still affect
the distribution and functional availability of the posi-
tively charged patches (PCPs) on the scFv’s surface. We,
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Figure 4 High affinity Her2 CAR T cells provide a prolonged antitumor response in vitro and in vivo. CAR graphics: Created
in BioRender. Abken, H. (2024) https://BioRender.com/y88w452. (A) Her2 CAR T cells (1 x105) and control CAR T cells of
irrelevant specificity (CD19 CAR) were repetitively stimulated with Her2™ ™ |.S174T or Her2"9" SKOV3 cells (2x10%) until

cancer cell outgrowth (R6 and R5). After each round of co-culture (ie, after 3 or 4days),

10% of culture volume was removed

for flow cytometric quantitation of cell numbers and CAR surface expression. (B) Frequencies of LS174T cells, (C) CAR T
cells co-cultured with LS174T cells, (E) SKOVS cells, (F) CAR T cells co-cultured with SKOV3 cells were determined by flow

cytometry using counting beads. Data represent mean values of n=3 healthy T cell donors. (D, G) CAR molecules per cell were
estimated by flow cytometry using PE quantitation beads. Data represent mean+SD of n=3 healthy donors. (H) NSG mice were
s.c. injected with Her2"9" N87 ffLLuc (3x10°) cells. On day 14 mice received one intravenous dose of non-modified T cells (NT)
(5x10°, n=3, beige line), or C6.5 scFv CAR T cells (5x10°, n=5, pink line), or C6-B1D2 scFv CAR T cells (5x10°, n=5, grey-blue
line). Bioluminescence imaging was performed weekly. (I) Tumor growth was monitored by luminescence intensity recording
(photons/s/cm?/sr). Graphs represent mean values=SD. (J) Percent survival of mice is shown as Kaplan-Meyer curve; Log-rank
(Mantel-Cox) test was applied for analysis. Two-way ANOVA (D, G) or one-way ANOVA (I) was performed with Tukey'‘s (D, G) or
Bonferroni‘s (I) multiple comparison correction. *p<0.05; **p<0.01; **p<0.001; ***p<0.0001. ANOVA, analysis of variance.
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Figure 5 C6-B1D2 scFv CAR clustering and tonic NFAT signaling enhances CAR T cell persistence in the absence of target
antigen. (A) CAR clustering was analyzed by confocal imaging of unstimulated CAR-GFP engineered SupT1 cells (n=15).

(B-D) CAR mediated T cell activation strength was evaluated by the Jurkat-Lucia NFAT reporter cell line transduced with the
respective Her2 CAR and expressed at similar CAR levels. Bioluminescence readout was performed after 20 hours of co-
incubation. Data represent means+SD of n=4 (C) or n=3 (D) independent experiments. 1x10°CAR T cells were incubated

(B) without stimulation, (C) with anti-CD3 and anti-CD28 antibody stimulation, (D) or with increasing concentrations of plate-
coated Her2 protein. Percentages of tonic and antigen-specific signals were calculated based on maximum NFAT value in the
entire experiment. (E, F) 1x10°CAR T cells were incubated without antigen. Every 3days, 20% of the culture volume was taken
for flow cytometric recording of T cell counts. (G) IFN-y was measured by ELISA after 24 hours of co-incubation of CAR T cells
with target cells. Data represent means+SD of n=2 donors. (H) CD8" CAR" T cell proliferation was evaluated by proliferation dye
eFluor 450 dilution after 72 hours co-culture. (I) FASL was recorded after 72 hours co-culture CD8* CAR™" CD45RO* CD62L*
CAR' T cells. (J) Annexin V staining after 72 hours co-culture of CD8" CAR™ T cells. CAR graphics: Created in BioRender.
Abken, H. (2024) https://BioRender.com/y88w452. CAR T cell graphics (B-D): Created in BioRender. Abken, H. (2024) https://
BioRender.com/k790277. Data represent means+SD of n>3 donors. One-way ANOVA was performed with Tukey‘s multiple
comparison correction (B-E). ns (not significant); “p<0.05. ANOVA, analysis of variance.
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therefore, calculated the PCP score of the scFv constructs
as previously described using the Swiss-Model and
BindUP web server.”’™ Interestingly, we received PCP
scores in the range of 40-58 for all constructs (online
supplemental table 1) with C6MHS3-B1 scFv having the
highest score. The score of C6-B1D2 scFv (52) is still in
the range that was considered optimal by the authors
(46-56),>* however, there was no general correlation
between PCP scores and antigen-independent NFAT
activation as primary indicator for CAR tonic signaling
(figure 5D). Further, tonic signaling induced sponta-
neous T cell proliferation triggered by the C6-B1D2 scFv
CAR was not reduced under high salt conditions (online
supplemental figure 6), as previously described for PCPs
in the anti-CSPG4 and anti-GD2 CARs.”!

In regard to functional relevance of tonic signaling,
we assumed that an increase in tonic CAR signaling may
sustain long-term survival of CAR T cells. To test this
hypothesis, we incubated T cells with CARs of different
affinities for several rounds in the absence of target cells
(figure BE). After the first round, and more pronounced
after the third round, T cells with the high affinity C6-B1D2
sckFv CAR survived in a greater proportion than T cells
with the lower affinity CARs that were no longer detected
after the third round (figure 5F). These findings were
substantiated by the increase in IFN-yrelease (figure 5G),
higher spontaneous proliferation rate of T cells with
the highest affinity CAR (figure 5H), unaffected FASL
expression (figure 5I), and less spontaneous Annexin V
signal indicating lower rate in apoptosis (figure 5]), as
compared with the other CARs above affinity threshold.

Tonic CAR signaling and antigen-triggered signaling
contribute in a non-additive fashion

To address the impact of CAR clustering on CAR signaling
in the absence of antigen, we incubated CAR T cells with
increasing concentrations of an anti-IgG antibody that
crosslinks the CAR independently of antigen affinity
by binding to the extracellular IgGl CH2-CH3 spacer
domain. NFAT activity induced by the C6-B1D2 scFv CAR
was elevated at baseline in absence of the anti-IgG anti-
body (figure 6A, tonic signaling level indicated by dotted
line). With increasing anti-IgG antibody concentration,
NFAT activity for the C6.5 scFv CAR was raised to the
tonic signaling level of the C6-B1D2 CAR and beyond
(figure 6A). The same effect was observed for the other
anti-Her2 CARs (online supplemental figure 7). Even
though anti-IgG CAR crosslinking mechanistically differs
from antigen-scFv triggered CAR clustering, by achieving
quantitatively similar levels of NFAT activity this model
enabled us to study general effects of CAR clustering
on CAR T cell functionality. After four rounds of restim-
ulation through low-dose clustering through the IgGl
spacer domain (figure 6B), predominantly CD4" CAR T
cells with the highest affinity and highest tonic signaling
scFv were amplified up to fivefold whereas the CD8" CAR
T cells were not (figure 6C-F). For control, the number
of CAR molecules per T cell did not substantially change

on anti-IgGl antibody mediated CAR clustering (online
supplemental figure 8).

Adding Her2 increased NFAT signaling in CAR T cells
in a dose-dependent fashion, which was expectedly more
pronounced in T cells with higher affinity CARs than
in those with medium affinity CARs (figure 6G-I and cf
figure 5D). Notably, adding increasing Her2 doses while
forcing CAR pre-clustering through an anti-IgG antibody
did not further increase NFAT signaling in either high
or medium affinity CARs. NFAT activation could not be
increased above highest level obtained either by highest
antigen-independent clustering or by highest antigen
dose. Data indicate that Her2 mediated and spontaneous
clustering can complement in a dose dependent fashion
up to a celliintrinsic, maximum level of downstream
signaling. The absolute NFAT level, however, depends on
an intrinsic scFv property being more pronounced with
the high affinity C6-B1D2 scFv than the medium affinity
C6.5 scFv. Taken together, these data support our conclu-
sion that in the highest affinity C6-B1D2 CAR both the
antigen-mediated and the antigen-independent tonic
downstream signaling integrate in increasing the degree
of T cell activation.

DISCUSSION

Strength of CAR mediated T cell activation is defined by a
complex matrix of dependencies. In this study, we set out
to optimize CAR T cell activation and finally antitumor
effector functions by a rational CAR design. For a CAR
panel targeting the same epitope and having the same
CAR expression level, we leveraged an integrative pipe-
line bridging the gap between CAR scFv affinity matura-
tion and CAR T cell functional capacities.

Our analyses confirmed previous observations that
productive CAR triggered T cell activation requires a
binding affinity to cognate antigen above threshold to
result in T cell downstream signaling, including NFAT
activation, and T cell effector functions and expansion,
thereby furthermore amplifying the antitumor response.”
In the initial round of killing, low affinity anti-Her2 CAR
T cells eliminated SKOV3 cells with high Her?2 levels as
efficiently as did CAR T cells of higher affinity, however,
the same low affinity CAR T cells failed to deliver a
persisting antitumor response on repetitive engagement
of target cells due to insufficiently maintaining the acti-
vation strength. This was not the case for high affinity
CAR T cells, indicating that differences in overall func-
tional capacities become visible under repetitive antigen
engagement, which provokes CAR T cell amplification
and survival. Although it remains challenging to define an
upper and lower affinity threshold in general, recording
both cellular avidity and the signaling strength of each
individual CAR under standardized conditions allows
narrowing down a window of productive activation.

This study identifies an additional layer of complexity in
the matrix controlling T cell effector functions. We revealed
that adjusting antigen-triggered CAR T cell activation by
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Figure 6 Antigen-independent CAR signaling leads to expansion of CD4" CART cells and allows for combinatorial signaling.
CART cell graphics: Created in BioRender. Abken, H. (2024) https://BioRender.com/p11r349. (A) Anti-IgG crosslinking induced
T cell activation strength was evaluated by the Jurkat-Lucia NFAT reporter cell line transduced with the respective Her2 CAR
and expressed at similar CAR levels. Bioluminescence readout was performed after 20 hours of co-incubation. Data represent
means+SD of n=3 independent experiments. Based on figure 6A data, we selected the anti-IgG antibody concentrations used in
the CAR T cell survival determination (figure 6B-F) and for the combined antigen-triggered and antigen-independent activation
(figure 6G-I). (B-F) T cells with C6.5 scFv CAR and C6-B1D2 scFv CAR, respectively, (1x10° CAR" T cells/well) were incubated
on a 96-well plate over four rounds (3—4 days each round). CARs were antigen-independently crosslinked by a plate-coated anti-
IgG antibody that binds to the extracellular IgG1 spacer. CD4* CAR T cell counts (C, E) and CD8" CAR T cell counts (D, F) were
recorded by flow cytometry using counting beads. CAR T cell counts after round 4 (R4) are displayed. (G-I) CAR mediated T

cell activation strength was evaluated by the Jurkat-Lucia NFAT reporter cell line engineered with the respective Her2 CAR

and expressed at similar CAR levels. Bioluminescence was recorded after 20 hours of coincubation. 1x10°CAR T cells were
incubated with increasing concentrations of plate-coated Her2 protein with or without anti-IgG antibody. Data represent
means+SD of n>2 independent experiments. Statistical calculation was done by ANOVA with Tukey‘s multiple comparison
correction. *p<0.05. ANOVA, analysis of variance.

scFv affinity maturation was accompanied by an increase in  previous observations with another CAR."” Our data further-
antigen-independent “tonic” activation strength, which is ~ more indicate that antigen-independent scFv binding is
an intrinsic property of the scFv.'® Exchange of individual — associated with tonic signaling. In the case of the C6-B1D2
amino acids in the CDR of the Ig heavy or light chain  scFv CAR, tonic signaling seems to be driven by hydrophobic
substantially altered the antigen-independent, tonic strength ~  interactions of the scFv and is unlikely to be primarily due
of the respective CAR (figure 5) which is in accordance with to the scFv’s positive charge. While the analyzed scFvs have
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a similar PCP score, tonic signaling by the respective CAR is
strikingly different (online supplemental table 1; figure 5).
The increase of tonic signaling appears to be a side effect of
affinity maturation rather than being in direct correlation
with affinity. Notably, the molecular basis of tonic signaling
may be different for each scFv in the same CAR backbone.
Tonic signaling may additionally be due to a short linker,” to
CDR Clusten'ng,16 or due to clustering with other molecules
on the T cell surface, like heterodimerization of CD28 CARs
with the T cell endogenous CD28.*°

Tonic signaling triggered by the CAR underlies the same T
cell intrinsic regulatory mechanisms as antigen-specific CAR
signaling. The FDA recently reported cases of secondary
malignancies after CAR T cell treatment which are poten-
tially caused by mutations of nuclear genes such as TET2,
NFKB2, PTPRB and/or JAKS.37 In this context, it remains
unclear how tonic CAR signaling would affect a T cell clone
with a pre-existing mutational load and malignant potential.
As long as the T cells’ regulatory mechanisms are in place,
excessive tonic signaling through the CAR drives the T cell
into exhaustion,14 38 therefore, seems to be “self-limiting” and
is not expected to cause secondary CAR T cell malignancies.
Noteworthy, tonic signaling can be beneficial to the CAR T
cell therapeutic efficacy as the high affinity CAR with elevated
tonic signaling was superior in sustaining CAR T cell amplifi-
cation, tumor control, and survival without showing signs of
malignant transformation.

Taken together, our findings draw a caveat with the current
dogma of improving CAR T cell functionality and safety exclu-
sively by decreasing CAR affinity and tonic signaling which
may result in diminished CAR T cell survival on prolonged
antigen exposure. Antigen-triggered and tonic signaling
seem to be associated and need to be adjusted in an integra-
tive manner to augment CAR T cell efficacy in the context
of repetitive antigen encounter in the response toward solid
tumors.
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