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Abstract

Chimeric antigen receptor (CAR) T-cell subsets and immunophenotypic composi-
tion of the pre-infusion product, as well as their longitudinal changes following
infusion, are expected to affect CAR T-cell expansion, persistence, and clinical out-
comes. Herein, we sequentially evolved our previously described cellular kinetic-
pharmacodynamic (CK-PD) model to incorporate CAR T-cell product-associated
attributes by utilizing published preclinical and clinical datasets from two affinity
variants (FMC63 and CAT19 scFv) anti-CD19 CAR T-cells. In step 1, a unified cell-
level PD model was used to simultaneously characterize the in vitro killing data-
sets of two CAR T-cells against CD19+ cell lines at varying effector:target ratios.
In step 2, an augmented CK-PD model for anti-CD19 CAR T-cells was developed,
by integrating CK dataset(s) from two bioanalytical measurements (quantitative
polymerase chain reaction and flow cytometry) in patients with cancer. The model
described the differential in vivo expansion properties of CAR T-cell subsets. The
estimated expansion rate constant was ~1.12-fold higher for CAR+CD8+ cells in
comparison to CAR+CD4+ T-cells. In step 3, the model was extended to character-
ize the disposition of four immunophenotypic populations of CAR T-cells, includ-
ing stem-cell memory, central memory, effector memory, and effector cells. The
model adequately characterized the longitudinal changes in immunophenotypes
post anti-CD19 CAR T-cell infusion in pediatric patients with acute lymphocytic
leukemia. Polyclonality in the pre-infusion product was identified as a categori-
cal covariate influencing differentiation of immunophenotypes. In the future, this
model could be leveraged a priori toward optimizing the composition of CAR T-cell
infusion product, and further understand the CK-PD relationship in patients.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Heterogeneity in the product characteristics of chimeric antigen receptor (CAR)
T-cells significantly influences the overall expansion, persistence, and clinical
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activity. Although widely acknowledged, quantitative differences in CAR T-cell
subsets and immunophenotypes kinetics post-infusion are poorly understood.

WHAT QUESTION DID THIS STUDY ADDRESS?

Using the multiscale cellular kinetic (CK)-pharmacodynamic modeling ap-
proach, this study addresses relative contribution of CAR T-cell CD4+/CD8+ cell
subsets and immunophenotypes (i.e., stem cell memory [Tgy], central memory,
effector memory, and terminally differentiated effector cells) on overall expo-
sure upon treatment. In addition, this study quantitatively integrates some of
the CAR T-cell product attributes, such as CAR affinity, in vitro potency, and
polyclonality which hold a significant translational value when understanding
clinical exposure.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Our unified mechanistic model characterizes CK of a heterogeneous CAR T-cell
product integrating readouts from routine bioassays (flow cytometry and quan-
titative polymerase chain reaction). Upon CAR-Target engagement, the CAR-
mediated expansion rate constant estimate for the CAR+CD8+ subset is higher
than the CAR+CD4+ subset. Using two affinity variants of anti-CD19 CAR T-
cells (FMC63 and CAT19), our model describes the clinical utility of key CAR
T-cell product attributes, such as (1) CAR-affinity toward overall expansion and
potency and (2) polyclonality toward enrichment of Tgc); phenotype in vivo.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

With emerging clinical dataset(s) and continuous learn-confirm iterations, this
modeling framework for CAR T-cells could a priori support product optimization
for CD4/CD8 subsets and immunophenotypes and enhance our quantitative un-
derstanding of factors impacting exposure and response with CAR T-cell therapy.

INTRODUCTION

Chimeric antigen receptor (CAR) T-cells-based im-
munotherapy has emerged as a revolutionary modality
in the past few years. It has demonstrated tremendous
clinical outcomes in CD19 and BCMA expressing re-
fractory hematological malignancies resulting in six
CAR T-cell product approvals in the United States, and
one approval(s) in China and Japan, respectively.1 The
current clinical landscape of CAR T-cell therapy is ex-
ponentially increasing with greater than or equal to
1810 distinct CAR clones under clinical development
(Beacon).” Moreover, the field is rapidly pivoting toward
treatment of solid tumors with novel engineering tech-
nologies.’ Upon infusion, CAR T-cells exhibit a multipha-
sic cellular kinetic (CK) profile with four distinct phases
namely: rapid distribution, expansion, contraction, and
persistence.* Several factors have been shown to influ-
ence expansion and persistence of a CAR T-cell product
post-treatment in patients. These factors could broadly be
classified into (1) drug-specific factors (e.g., CAR affinity,
CAR density, co-stimulatory domains, armoring, etc.),”°
(2) disease-specific factors (e.g., cancer type, tumor

burden, etc.),”® (3) product-specific attributes (CD4:CDS8
ratio, immunophenotypic composition, in vitro function-
alities, etc.),”'® and (4) treatment-specific factors (prior
autologous stem cell transplantation, dose and type of
lymphodepleting agent, etc.).'’ Given the high variability
in the observed CK profiles following CAR T-cell product
infusion, it is paramount to develop mechanistic models,
which incorporate the aforementioned attributes when
describing the CK-pharmacodynamic (PD) relationships
of CAR T-cell therapy."'

Clinical evidence indicates that upon CAR-Target en-
gagement, CAR+CD8+ T-cells show higher rate and extent
of expansion in comparison to the CAR+CD4+ subsets.”*2
Additionally, these subsets demonstrate differential tumor
killing rates and potencies, because CAR+CD4+ cells
produce lower levels of granzyme B required for tumor
cell depletion but longer persistence in comparison to
CAR+CD8+ cells."® The pre-infusion CD4:CD8 ratio has
also been identified as a significant covariate influenc-
ing patient responses for the approved CAR T-cell thera-
pies.' Similarly, the immunophenotypic composition of
a cell product is known to contribute toward overall ex-
pansion and persistence,'’ where naive-like or stem cell
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memory (Tgoy) phenotypes have more self-renewal prop-
erties compared to terminally differentiated (Tgpr) CAR
T-cell phenotypes.' Recently, Biasco et al. showed that
the percentage of Ty, phenotypic population as well as
extent of polyclonality in a pre-infusion product contrib-
uted significantly toward the overall expansion and long-
term persistence of a low affinity anti-CD19 CAR T-cell
(CAT19) therapy.'® Because CAR T-cell therapy is a het-
erogeneous product, where the composition of a product
influences the overall exposure post-infusion, it becomes
imperative to assess the impact of differential CKs of sub-
sets and phenotypes after CAR T-cell treatment as part of
the mechanistic model.

Different mathematical models have been published
to characterize the multiphasic CK profile of CAR T-cells
ranging from empirical piece-wise function to mecha-
nistic compartmental models. #1518 However, none of
these CK/CK-PD models comprehensively accounted for
(1) distinct expansion and disposition properties of each
CAR T-cell subset and phenotype in peripheral blood and
other sites of action and (2) integration of multiple bioan-
alytical measurements associated with CK of CAR T-cells
in the clinic.

In our prior modeling effort, we presented a quanti-
tative relationship, that incorporated drug-specific and
system-specific factors in addition to in vitro functional-
ities." The model accounted for the distribution of two
CAR T-cell types (Tgpp and CAR T-cells memory [Tgy]
cells) between blood and tissue compartments as well
as the differentiation of CAR Tgpp cells to memory cells.
CAR-target engagement in the tissue compartment led to
simultaneous expansion of CAR T-cells and depletion of
tumor cells. Although the model was able to capture the
multiphasic CK profile, the model did not include CK of
CAR T-cell CD4/CD8 subsets and immunophenotypes.
Moreover, the model did not capture data from the two
commonly used bioanalytical assay methods for mea-
suring CAR T-cell levels namely: flow cytometry (FCM)
reported in cells/pL, and quantitative polymerase chain
reaction (QPCR) reported in transgene copies/pg gDNA.

Herein, we extended our previously published CK-PD
model to integrate multiple bioanalytical measurements
and differential kinetics of CAR+CD4+ and CAR+CD8+
subsets using data obtained from two affinity vari-
ants anti-CD19 CAR T-cell therapies. In a subsequent
step, the model was evolved further to account for the
in vivo kinetics of different immunophenotypes using
a subset data obtained from CAT19-based CAR T-cell
therapy. The developed multiscale mechanistic frame-
work described in this article can be used to refine CAR
T-cell infusion product composition and provide mech-
anistic understanding toward the exposure-response
relationship.

ASCPT

METHODS

Preclinical and clinical datasets for model
building

Digitized in vitro cytotoxicity experimental data
for affinity variants anti-CD19 CAR-T cells

Data describing in vitro cytotoxicity assay measuring
chromium (Cr*") release at 4h following the killing of
SupT1 CD19 cell lines were digitized from published lit-
erature.””?! The assay assessed in vitro functionality of
two affinity variants anti-CD19 CAR T-cells with similar
signaling domain, identical K, values but different CAR-
binding affinity with a ~40-fold different K 4 value in the
two binders (i.e., FMC63 and CAT19). The experimental
data were obtained through CAR T-cells and SupT1 CD19
tumor cell lines cocultures at varying effector:target (E:T)
ratios 0.4:1 to 6.4:1 to obtain mean percentage of cytolysis.

Clinical studies for anti-CD19 CAR-T cells
accounting for differential CKs of CAR+CD4+
and CAR+CDS8+ subsets

Summary level CK datasets from two different clinical
studies of Liso-cel (Lisocabtagene Maraleucel), a CAR T-
cell product with predefined 1:1 ratio of CD4:CD8 cells,
were digitized from multiple sources (Table 1) and uti-
lized to develop the mechanistic CK-PD model. The first
CK dataset included mean FCM-based longitudinal meas-
urements of CAR+CD4+ and CAR+CD8+ cells after ad-
ministration of Liso-cel at either 2x 10> or 2 x 10° cells/kg
in adult patients with acute lymphocytic leukemia (ALL;
n=13 and 15 for each dose level, respectively).9 The mean
body weight of 70kg was used as dosing amount and dis-
tributed equally (i.e., 1:1) for CD4 and CD8 subsets. The
second CK dataset included median FCM based longitu-
dinal measurements of CAR+CD3+, CAR+CD4+, and
CAR+CD8+ at a dose of 50x10° cells and qPCR data
after dosing at 50x10° (n=45), 100x10° (n=176), and
150 % 10° (n=41) cells in patients with diffuse large B-cell
lymphoma (DLBCL).!?

Clinical study of CAT19 CAR-T cells accounting
for longitudinal changes in immunophenotypes
post-infusion

Individual level CK dataset from pediatric patients with
ALL (n=14) who received a median dose of 1 x 10° CAT19
CAR T-cells/kg was digitized (an assumed weight of 30 kg
to calculate total dose amount). The digitized dataset
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included FCM and qPCR-based measurements of CAR T-
cells from peripheral blood (PB) and bone-marrow (BM)
aspirates.20 Besides individual CKs from all subjects, im-
munophenotypic composition as percentage of CAR+
Tgem central memory cell (Tey), Tpy, and Tgpp in the
infused product and different timepoints post-infusion
was digitized from four patients (2 responders and 2
nonresponders).'

Development of a multiscale mechanistic
CK-PD model

In step 1, a unified cell-level PD model was developed to
characterize the in vitro functionalities of FMC63 and
CAT19 CAR T-cells cocultured with SupT1 CD19+ tumor
cell lines. As shown in Figure 1a, the model depicts the
interaction between CAR T-cells (FMC63 or CAT19 con-
struct) and SupT1 CD19 tumor cells where both cells grow
with their own growth rates. Upon target engagement,
the “number of CAR-Target Complexes per tumor cells
(Cmplx)” drives simultaneous killing of tumor cells and
the expansion of CAR T-cells. The unknown parameters
that determine CAR T-cell functionality (i.e., maximum
killing rate [K¥2] and in vitro potency [KCSR-T]) were
estimated, whereas other system specific parameters, such
as doubling times of tumor cells or CAR T-cells, CAR, and
tumor associated antigen (TAA) densities, as well as bind-
ing rate constants were fixed to previously reported values
(Table 2). The estimated KCS*®~T values (fixed effect) from
this modeling step were fixed in the subsequent in vivo
model-based characterization of these CAR T-cells based
on assumption(s) that (1) the TAA densities on tumor cells
reflect actual antigen densities in CD19+ tumor cells in
vivo as well as (2) the binding interactions within in vitro
settings match the in vivo scenarios.

In step 2, our previously published CK-PD model"
was extended by accounting for differential CKs of
CAR+CD4+ and CAR+CD8+ T-cells in PB and BM com-
partments (Figure 2a). The model was able to characterize
distinct expansion profiles for CD4+ and CD8+ subsets
which maintaining similar dispositional properties.****
To mimic the B-cell malignancies, a growing population
of CD19+ B-cells that emerges from the BM compart-
ment and distributes into PB was modeled. Each CAR T-
cell subset could then engage with CD19+ B-cells to form
CAR-Target complexes, which leads to simultaneous ex-
pansion of CAR T-cells and depletion of CD19+ B-cells.
Total number of CAR-T cells in PB were linearly linked
to transgene copies/pg gDNA as previously described for
Tisagenlecleucel >

Log(CD3ansgene) = 7-62 + 0.85 + Log(CD3y, ) )

ASCPT

All the CK parameters (fixed effects) were either esti-
mated (as listed in Table 2) or were fixed to previously re-
ported values or estimates obtained from prior step (EC]:(’)‘ P
Kel,). A random effect term was added to the first order
maximum rate for tumor killing (K%?IX) to account for the
heterogeneity in cancer type (DLBCL vs. ALL) which was
fixed to a value of 50%. This value was determined based on
the difference in percentage of patients with complete re-
mission after Liso-cel administration in both cancer types
(93% for ALL and 53% for DLBCL).>* The random effect
model was assumed to follow log-normal distribution with
a mean of zero and a standard deviation of @ on selected
CK parameters as listed in Table 2. As the merged CK data-
sets contained two disease indications (ALL and DLBCL),
disease-specific parameters were considered. Due to lim-
ited disease burden information in DLBCL patients, it was
assumed that the interaction between CAR T-cells and
tumor cells would only occur within the BM compartment
and initial tumor burden was set to zero in PB. Within step
2, the modeling framework was implemented on combined
summary level CK dataset of Liso-cel measured from FCM
and qPCR to quantitatively characterize (1) differential
CKs of CD4 and CDS8 subsets, and (2) CK profiles from
FCM and gPCR based bioanalytical measurement(s).

Similar modeling framework (Figure 2a) was used to
simultaneously capture the individual CK data obtained
after single dose administration of 1x 10° cells/kg of low-
affinity CAT19 CAR T-cells in pediatric patients with ALL
using FCM (n=13), and qPCR (n =14) assays measured in
PB and BM compartments. Because the CAT19 CK dataset
by qPCR and FCM was not dissociating CAR+CD4+ and
CAR+CD8+ fraction, the differential fold expansion rate
constant between CD4+ (KP4 and cDs+ (KEPCPE)
was derived from prior modeling of Liso-Cel dataset,
which conserves identical FMC63 binder. Throughout
step 2, the data below the limit of quantification were
handled using censoring or M3 method as described by
beal.”® Table 2 lists all the parameters used during CAT19
CK characterization and between subject variability (BSV)
was estimated on selected CK parameters following log
normal distribution with a standard deviation of w.

In step 3, the model was evolved to account for dif-
ferential kinetics of CD4/CD8 subsets and longitudi-
nal changes of CAT19 CAR T-cell immunophenotype
data in pediatric patients with ALL. Detailed CK data-
set (n=14) was available from all patients within the
trial, whereas longitudinal changes in percentage of
immunophenotypes in pre- and post-infusion samples
were available from four patients. Figure 3 describes the
model structure, where overall administered CAR T-cell
dose was compartmentalized into different subset- and
immunophenotype-species using autologous CAT19
product characteristics (listed in Table 1). Within both
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FIGURE 1 (a)Model schematics for a cell-level pharmacodynamic model to characterize the in vitro functionalities of CAR T-cells. A
dynamic population of CAR-T cells and tumor cells were depicted in coculture media where both populations of cells were assumed to grow
according to first order-based kinetics (Kgear=0.029h™" and Kgpumor=0.023h ™", respectively). Upon interaction between the effector and
target cells, which is primarily governed by K /K ¢ processes, the CAR-Target complexes mediate a Michaelis-Menten-based simultaneous
killing of tumor cells and expansion of CAR T-cells. (b) Observations (red dots + standard error of the mean) and model fitted values (black
lines) for the in vitro percent tumor lysis datasets obtained from CAT19 (left panel) and FMC63 (right panel) based CAR Ts: 5% 10° tumor
cells (SupT1 CD19+ cell lines) were cocultured with anti CD19 targeting CAR T-cells (carrying either CAT19 or FMC63 binders) with
varying effector:target (E:T) ratios in coculture media. Tumor percent lysis was measured 4 h after coculture.

PB and BM compartments, a catenary differentiation
model was implemented via which CAR T-cells differ-
entiated from Ty phenotype to terminally differenti-
ated Tgpr phenotype (Figure 3) using a series of transit
rate constants (i.e., Ry,;, Ry, and R ;). Median values
(with standard deviations) were reported for CD4/CD8
composition in pre-infusion product, a random effect
term (50%) was added to match the variability in prod-
uct composition and observed CKs. Majority of the CK
associated parameters for CAT19 were obtained from
step 2, whereas the differentiation rate constants were
estimated within this step with an assumption of 20%
BSV following the US Food and Drug Administration's
(FDA's) guidelines on acceptable variability for compar-
ing exposures. Within the final model, CAR T-cell ex-
pansion was restricted to CAR+Tgcy+, CAR+Ty+, and
CAR+Tgy+ populations. To account for differences in
immunophenotypic changes and CAR T-cell persistence
between responders and nonresponders, “polyclonality”

in a cell product was implemented as a categorical co-
variate impacting differentiation from Tgcy to Tgpr phe-
notypes (via R,;, R, and R ;). While characterizing
percentage change in immunophenotypes, an additive
error model with logit-normal distribution was used to
constrain the values between 0% and 100% because the
observations were reported as percentages.

Because we were operating under low data environ-
ments using a mechanistic model, the performance and
adequacy of the model structure was evaluated based on
following criteria: (1) model fittings (i.e., observed ver-
sus predicted profiles for CK); (2) mechanistic relevance
and precision on parameter estimates; and (3) abil-
ity of the model to adequately describe the multipha-
sic CK profile, which is the main feature of the model
and characterized by rapid distribution, expansion,
contraction, and persistence phases. Table 2 contains
detailed information about the model parameters, and
the Appendix S2 describes further details on the model
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TABLE 2 List of parameters, either fixed or estimated, which were utilized to develop the preclinical (in vitro) and clinical cellular
kinetic-pharmacodynamic (CK-PD) models for CAR T-cells.

Parameters associated with preclinical (in vitro) cell-level PD model (step 1; Figure 1a)

Random
effect
Fixed effect estimate estimate
Parameter Source
name Description (units) Mean (RSE%) ® (RSE%) reference
pTTumor The doubling time of tumor cells SupT1 CD19+ (h) 30 - [37]
DTCAR-T The doubling time of CAR T-cells (h) 24 - [38]
AgTumor Overall density of TAA (numbers/cell) 4000 - [39]
AgCAR Overall density of CARs on CAR T-cells (numbers/CAR 15,000 - [19]
T cell)
Kll‘gfl‘lx The first order maximum rate of killing of tumor cells by FMC63=0.24 (11.9) - Estimated
CAR T-cells (1/h) CAT19=0.22 (4.5)
KCSAR-T The number of “CAR-Target Complexes per tumor cell” FMC63=9.16 (24.8) - Estimated
required to achieve 50% of the maximum killing rate CAT19=0.28 (10.9)
(number/cell)
Kon The binding affinity of CAR to TAA (1/Ms) FMC63=2.07E5 - [20]
CAT19=2.15E5
Kog The dissociation rate of CAR to TAA (1/s) FMC63=6.81E-5 - [20]
CAT19=0.003
Tumor, The initial tumor cells (cell) 5000 - [21]
Vel Volume of reaction well (uL) 175 - [21]
Parameters associated with clinical CK-PD model accounting for differential CD4/CD8 expansion (Liso-cel) (step 2;
Figure 2a)
Random
effect
Fixed effect estimate estimate
Parameter
name Description (units) Mean (RSE%) ® (RSE%)
K:i);g(CDS The first order maximum rate of CAR T-cells expansion  2.14 (5.4) - Estimated
for CAR+CD8+ subset (1/day)
KE’;I;CD“ The first order maximum rate of CAR T-cells expansion  1.92 (5.8) - Estimated
for CAR+CD4+ subset (1/day)
EC‘;’)‘P The number of “CAR-Target Complexes per effector 10 - 19
cell” required to achieve 50% of the maximum rate
of CAR T-cell expansion (number/cell)
R, The “net” first order conversion rate constant from 0.000007 (52) - Estimated
effector cells to memory cells (1/day)
Kel, The first order elimination rate constant of effector 113 - 19
CAR T-cells (1/day)
Kel,, The first order elimination rate constant of memory 0.024 (44) - Estimated
CAR T-cells (1/day)
K, The first order distribution rate constant from blood 0.4 (51.8) - Estimated
compartment to bone marrow compartment (1/day)
K5 The first order redistribution rate constant from bone 0.15(14.1) - Estimated
marrow compartment to blood compartment (1/day)
Vi The volume of blood compartment (L) 5 - 40
Vim The volume of bone marrow compartment (L) 1.6 - 40

(Continues)
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TABLE 2 (Continued)
Parameters associated with clinical CK-PD model accounting for differential CD4/CD8 expansion (Liso-cel) (step 2;
Figure 2a)
Random
effect
Fixed effect estimate estimate
Parameter
name Description (units) Mean (RSE%) ® (RSE%)
AgEAR Overall density of CARs on CAR T-cells (numbers/CAR 15,000 - 19,41
T-cell)
AgTumor Overall density of TAA on different tumor cell lines 20,000(DLBCL)/4000 (ALL) - 39
(numbers/cell)
Kon The binding affinity of CAR to TAA (1/Ms) 2.07E5 - 20
Ko The dissociation rate of CAR to TAA (1/s) 6.81E-5 - 20
o The log qPCR value in copies/ pg gDNA when the log 7.62 - 24
flow value in cells/pL is zero (copies/ pg gDNA)
i The slope of linear relationship between the log qPCR 0.85 = 24
value in copies/ pg gDNA and the log flow value in
cells/pL (unitless)
pTumor The tumor doubling time (day) 29 (DLBCL)/ 5.8 (ALL) - 42,43
I‘K’Il‘l‘l" The first order maximum rate of killing of tumor cells 1.8 (21.3) 0.5 (fixed) Estimated
by CAR T-cells (1/day)
ch(‘;*R*T The number of “CAR-Target Complexes per tumor cell” 9.16 - In vitro
required to achieve 50% of the maximum killing rate estimates
(number/cell)
migration The first-order trafficking constant of tumor cells from  0.001 - 44
bone marrow to blood (1/day)
ICrumor BM Initial tumor burden in bone marrow (cells/L) 5E10 (DLBCL)/1.06E11 - 45-47
(ALL)
ICymor PB Initial tumor burden in peripheral blood (cells/L) 0 (DLBCL)/5.5E9 (ALL) - 48
Parameters associated with clinical CK-PD model accounting for differential CD4/CD8 expansion (CAT19) (step 2;
Figure 2a])
Fixed effect Random effect
estimate estimate
Parameter
name Description (units) Mean (RSE%) ® (RSE%)
KE}’;{(CDS The first order maximum rate of CAR T-cells 159 (17.6) 0.4 (18.3) Estimated
expansion for CAR+CD8+ subset (1/month)
KE";I;CD“ The first order maximum rate of CART-cells Ki’;l;CDS /1.12=142 - Fixed from Liso-cel
expansion for CAR+CD4+ subset (1/month) estimates
PCTCD8 Percentage of CDS8 subset in CAR T-cell infused 38 0.5 (fixed) 20
product (%)
PCTCP4 Percentage of CD4 subset in CAR T-cell infused 54 0.5 (fixed) 20
product (%)
ECE(’;p The number of “CAR-Target Complexes per 10 - 19
effector cell” required to achieve 50% of the
maximum rate of CAR T-cell expansion
(number/cell)
R, The “net” first order conversion rate constant 0.001 (81) 5.04 (16.6) Estimated

from effector cells to memory cells (1/month)
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TABLE 2 (Continued)

Parameters associated with clinical CK-PD model accounting for differential CD4/CD8 expansion (CAT19) (step 2;
Figure 2a])

Fixed effect Random effect
estimate estimate
Parameter
name Description (units) Mean (RSE%) ® (RSE%)
Kel, The first order elimination rate of effector CAR 113 - 19
T-cells (1/day)
Kel,, The first order elimination rate constant of 0.39 (29.5) 1.35(16.4) Estimated
memory CAR T-cells (1/month)
Ky, The first order distribution rate constant 3.3(44.6) 2.08 (15.5) Estimated
from blood compartment to bone marrow
compartment (1/month)
Ky The first order redistribution rate constant 0.176 (fixed) 1.08 (17.8) 19
from bone marrow compartment to blood
compartment (1/day)
Vy The volume of blood compartment (L) 5 % ( 30 - 40
7
Vim The volume of bone marrow compartment (L) 1.6 * ( 30 ) - 40
: 0
AgEAR Overall density of CARs on CAR T-cells 15,000 - 19,41
(numbers/CAR T-cell)
g Overall density of TAA on different tumor cell 4000 - 39
lines (numbers/cell)
Kon The binding affinity of CAR to TAA (1/Ms) 2.15E5 - 20
Kot The dissociation rate of CAR to TAA (1/s) 0.003 - 20
a The log qPCR value in copies/ pg gDNA when 7.26 (10.7) - Estimated
the log flow value in cells/pL is zero (copies/
Hg gDNA)
p The slope of linear relationship between the log  0.74 (6.9) - Estimated
qPCR value in copies/ pg gDNA and the log
flow value in cells/pL (unitless)
pTumor The tumor doubling time (day) 10.7 - 49
K?é[flllx The first order maximum rate of killing of 1.8 - Fixed from Liso-cel
tumor cells by CAR T-cells (1/day) estimates
KCSC(;*R—T The number of “CAR-Target Complexes per 0.28 - Invitro estimates
tumor cell” required to achieve 50% of the
maximum killing rate (number/cell)
migration The first-order trafficking constant of tumor 0.001 - 44
cells from bone marrow to blood (1/day)
ICrumor BM Initial tumor burden in bone marrow (cells/L) 1.06E11 - 45,47
IC amor B Initial tumor burden in peripheral blood 1.8E9 - 50

(cells/L)

Parameters associated with clinical CK-PD model accounting for CD4/CD8 and immunophenotypes subsets (CAT19) (step3,
Figure 3)

Random effect
Fixed effect estimate estimate
Mean (RSE%) ® (RSE%)
KExpCDs The first order maximum rate 3.44 (23.3) 0.4 (fixed) Estimated

max

of CAR T-cells expansion for
CAR+CD8+ subset (1/day)

(Continues)
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TABLE 2 (Continued)

Parameters associated with clinical CK-PD model accounting for CD4/CD8 and immunophenotypes subsets (CAT19) (step3,

Figure 3)

ExpCD4
Kmax

PCTCDS
PCTCD4

Exp
EC,,

ml

m2

m3

Bpolyclonalityl
ﬁpolyclonalityz
ﬁpolyclonality3

Kel

€

Kel

m

me

AgCAR

The first order maximum rate
of CAR T-cells expansion for
CAR+CD4+ subset (1/day)

Percentage of CD8 subset in CAR
T-cell infused product (%)

Percentage of CD4 subset in CAR
T-cell infused product (%)

The number of “CAR-Target
Complexes per effector cell”
required to achieve 50% of the
maximum rate of CAR T-cell
expansion (number/cell)

The first order differentiation rate
constant from Tgcy, to Ty
(1/day)

The first order differentiation rate
constant from Ty to Ty
(1/day)

The first order differentiation rate
constant from Tgy; t0 Tgpp
(1/day)

Fractional effect of having high
polyclonality on R,

Fractional effect of having high
polyclonality on R,

Fractional effect of having high
polyclonality on R;3

The first order elimination rate of
effector CAR T-cells (1/day)

The first order elimination rate
constant of memory CAR
T-cells (1/day)

The first order distribution
rate constant from blood
compartment to bone marrow
compartment (1/day)

The first order redistribution
rate constant from bone
marrow compartment to blood
compartment (1/day)

The volume of blood
compartment (L)

The volume of bone marrow
compartment (L)

Overall density of CARs on CAR
T-cells (numbers/CAR T-cell)

Fixed effect estimate
Mean (RSE%)
ExpCD8
Ko /1.12=2.9
38
54

10

0.26 (21)
0.4(17.3)
0.29 (19)

0.08 (10)
0.21 (14.5)
0.19 (13.7)
113

0.013

0.11

0.176

30
SX<%)
30
Lox(2)

15,000

Random effect
estimate

® (RSE%)

0.2 (fixed)

0.2 (fixed)

0.2 (fixed)

1.35 (fixed)

2.08 (fixed)

1.08 (fixed)

Fixed from Liso-cel
estimates

20

20

19

Estimated

Estimated

Estimated

Estimated

Estimated

Estimated

19

Fixed from CAT19
estimates

Fixed from CAT19
estimates

Fixed from CAT19
estimates

40

40

19,41
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Parameters associated with clinical CK-PD model accounting for CD4/CD8 and immunophenotypes subsets (CAT19) (step3,

Figure 3)
Random effect
Fixed effect estimate estimate
Mean (RSE%) ® (RSE%)
AgTumor Overall density of TAA on 4000 - 39
different tumor cell lines
(numbers/cell)
Kon The binding affinity of CAR to 2.15E5 = 20
TAA (1/Ms)
Kot The dissociation rate of CAR to 0.003 - 20
TAA (1/s)
Dy The tumor doubling time (day) 10.7 - 49
K]I\("fl‘lx The first order maximum rate of 1.8 - Fixed from Liso-cel
killing of tumor cells by CAR estimates
T-cells (1/day)
KCSAR-T The number of “CAR-Target 0.28 - Invitro estimates
Complexes per tumor cell”
required to achieve 50% of
the maximum killing rate
(number/cell)
migration The first-order trafficking 0.001 - 44
constant of tumor cells from
bone marrow to blood (1/day)
1€ ramor BM Initial tumor burden in bone 1.06E11 - 45,47
marrow (cells/L)
ICrumor PR Initial tumor burden in peripheral  1.8E9 - 50

blood (cells/L)

Abbreviations: ALL, acute lymphocytic leukemia; CAR-T-cell, chimeric antigen receptor T-cell; CK-PD, cellular kinetic-pharmacodynamic; DLBCL, diffuse
large B cell lymphoma; qPCR, quantitative polymerase chain reaction; Rm, transit rate constants; RSE, relative standard error; TAA, tumor associated antigen;
Tew, T central memory cells; Tyeg, T effector cells; Tpy, T effector memory cells; Tgey, T stem cell memory cells.

equations, assumptions, and approaches toward param-
eter estimation.

RESULTS

A cell-level PD model to characterize in
vitro functionalities of CAR T-cells

Figure 1b shows the model fitted profiles overlaid with
observed data for percentage lysis of SupT1 CD19+ cell
lines, following coculture with CAT19-based (left panel)
and FMC63-based (right panel) CAR T-cells at different
E:T ratios. The estimated KCS*®~T for CAT19 was 0.28
number of complexes/cells compared to 9.16 complexes/
cells for FMC63 indicating higher killing potency asso-
ciated with low affinity CAT19 CAR T-cells (~32.7-fold
compared to FMC63-based CAR T-cells).*

Multiscale mechanistic CK-PD

model describing differential CK of
CD4+ and CD8+ CAR T-cells and CD19+
B-cell dynamics

Figure 2bl Left panel shows the model-based predic-
tions overlaid by the observations of median CD3+,
CD4+, and CD8+ longitudinal profiles for the adult pa-
tients with DLBCL who received single 50x10° cells of
Liso-cel. Figure 2bl middle and right panels describe
the model-based predictions overlaid by mean observa-
tions of CD4+ and CD8+ subsets for adult patients with
ALL who received 2x 10’ cells/kg (dose level 1) or 2x10°
cells/kg (dose level 2). In general, the model adequately
characterizes the overall CK profile (CD3+ T cells) in the
DLBCL population as well the CD3+CD4+ profiles (ex-
cept for CD4+ profile of dose level 2 where the model
tends to overpredict the profile at the persistence phase)
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FIGURE 2 (a)Schematics of a multiscale mechanistic CK-PD model describing differential cellular kinetics of CD4+ and CD8+ CAR
T-cells and CD19+ B-cell dynamics: The developed CK-PD model has two major compartments namely: peripheral blood (PB) and bone-
marrow (BM) (or the tissue compartment). Upon infusion of a heterogeneous CAR T-cell product, with a predefined ratio of CD4:CD8
subsets, both effector- and memory-phenotypes of each subset of CAR T-cells were assumed to exhibit 1st order elimination rates (via

Kel, and Kel,,,) from the PB compartment and distribution rates (via K;, and K,,) to BM and back to PB, respectively. CD19+ B-cells were
assumed to have first order growth kinetics both in PB and BM as well as unidirectional trafficking from BM to PB through first order
constant K igraion- Within both PB and BM, effector CD4+ and CD8+ CAR T-cells differentiate into memory CAR T-cell phenotypes using
a “net” first order differentiation rate constant (R,). In both PB and BM, total CAR-T cells of CD4/CD8 subsets interact with tumor cells
and form “CAR-Target complexes,” which drives simultaneous expansion of effector CAR T-cells (with differential expansion rate constants
for CD4/CD8 subpopulations) and killing of the CD19+ malignant B-cell population. (b) Characterization of differential clinical cellular
kinetics of CD4+ and CD8+ subsets of Lisocabtagene Maraleucel (Liso-cel, 1:1 dose ratio of CD4:CD8) using a multiscale mechanistic
CK-PD model. (b1) Model fittings for flow-cytometry (FCM) based bioanalytical measurements of cellular kinetics for CD4+, CD8+ and
CD3+ subsets of CAR T-cells: Observed (in dots +standard error of the mean) and model fitted profiles (lines) of CD3 + CAR+ (in black),
CD4+CD3+ CAR+ (in blue) and CD8 + CD3 + CAR+ (in green) populations of Liso-cel in peripheral blood. The left panel displays the
median CK profiles of patients with DLBCL who received 50 x 10° cells (n=45) CAR+ cells. The other two panels show the mean cellular
kinetic profiles of adult patients with ALL who received dose level one (DL1) of 2 x 10° cells/kg (middle panel) or DL2 of 2 x 10° cells/

kg (right panel). (b2) Model fittings for qPCR-based bioanalytical measurements of CKs of CAR T-cells. Observed (red dots) and model-
predicted profiles (black lines) of peripheral blood cellular kinetics of Liso-cel depicted in CAR transgene copies/ pg gDNA (LLOQ=5
copies/jg gDNA). The left, middle, and right panels show the CKs in patients with DLBCL upon single infusion of Liso-cel at 50 x 10° cells
(n=45),100x 10° cells (n=176), and 150 x 10° cells (n=41), respectively. The plots as inserted in each panel show the model-predicted
profiles depicting the expansion phase after CAR T-cell infusion. Figure b1 left panel and Figure b2 do not include error bars because they
were not reported in the original publication. ALL, acute lymphocytic leukemia; CK, cellular kinetic; DLBCL, diffuse large B-cell lymphoma;
LLOQ, lower limit of quantification; PD, pharmacodynamic; CK, cellular kinetic; qPCR, quantitative polymerase chain reaction.

and CD3+CD8+ profiles for both patients with DLBCL
and patients with ALL.

The CK profiles show distinctive rapid distribution, ex-
pansion, contraction, and persistence phases. Figure 2b2
shows the model fits for CK by qPCR-based measurements
(transgene copies/pg gDNA) for Liso-cel doses of 50x10°
(left panel), 100x10° (middle panel), or 150x10° (right
panel) cells in patients with DLBCL. Overall, the model
was able to simultaneously describe flow- and qPCR-
based CK datasets for Liso-cel. The estimate for first-order
maximum expansion rate for CD8 subset (KEXPCDg) was

max

2.14h7" versus 1.92h™" for CD4 subset (Ki’;ﬂcm), which
indicates 1.12-fold higher expansion for CAR+CD8+
compared to CAR+CD4+ cells.

Similarly, the individual CK profiles for CAT19 CAR
T-cells in in pediatric patients with ALL were adequately
characterized by the model (Figure 4) in both PB and
BM compartments. A linear relationship (as described in
Equation 1) was utilized to simultaneously characterize
FCM and qPCR-based datasets. The estimated intercept
and slope were 7.26 copies/pg gDNA and 0.74, respec-
tively, which is similar to previously reported values for
tisagenlecleucel (7.62 copies/pg gDNA and 0.85 for inter-
cept and slope, respectively).**

The maximum expansion rate constant (K-2P®) for
CAR+CD8+ fraction of CAT19 CAR T-cells was 5.3day !
versus 2.14day " for Liso-cel reflecting higher overall rate
of expansion for low-affinity CAT19 CAR T-cells in com-
parison to FMC63 based CD19 CAR T-cells. Additionally,
model estimates showed slower elimination rate constant

of memory cells (0.013day " vs. 0.024day ") and higher
conversion rate constant from effector to memory cells
(0.000037 day " vs. 0.000007 day ") suggested a prolonged
persistence of CAT19 CAR T-cells in comparison to
Liso-cel.

Multiscale mechanistic CK-PD model
describing longitudinal changes in CAR
T-cell immunophenotypes in patients
with cancer

Our final iteration of the model (in Figure 3) was able
to characterize the differential CKs of CD4/CD8 sub-
sets and longitudinal changes of CAR T-cell immu-
nophenotypes for CAT19 CAR T-cells in pediatric ALL
population. Figure 5 describes the model-fitted profiles
overlaid with observed percentage change in four im-
munophenotypic populations (i.e., CAR+Tgc+ [panel
A], CAR+Tcy+ [panel B], CAR+Tgy+ [panel C], and
CAR+ Tgpp+ [panel D]) for four out of 14 pediatric pa-
tients with ALL administered with CAT19-based CAR
T-cell therapy. Upon infusion, the T, population in-
stantly transforms into Tgy; population during the ex-
pansion phase of CAR T-cells. Furthermore, CAR+Tgcy
percentage in the infusion product is low and it in-
creases over time specifically for patients who demon-
strate persistence which indicates the importance of this
immunophenotypic population in driving CAR T-cell

. . ExpCD8
persistence. The expansion rate constant (K, ) was
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FIGURE 3 Schematics of a multiscale mechanistic CK-PD model describing differential CKs of CAR T-cells subsets and
immunophenotypes in patients. The model has two compartments namely: peripheral blood (PB) and bone-marrow (BM; or the tissue

compartment). The CAR T-cell product infused in the PB is assumed to be heterogeneous mixture with different proportion of CAR T-cell
subsets (CD4/CD8 ratios) and immunophenotypes (i.e., stem cell memory [Tgcy ], central memory [T¢y], effector memory [Tgy], and
terminally differentiated effector [Tgpp| phenotypes). Each subpopulation is modeled to distribute to BM using first order distribution rates
(K;, and K,;) and eliminate from PB using first order elimination rate constants (Kel, for Tgpr and Kel, for Tgey, Tey, and Tryy, respectively).

CD19+ B-cells were assumed to have growth kinetics in PB and BM and trafficking from BM to PB through first order constant Kigration-
Within both PB and BM, a transit compartment-based differentiation model is assumed for each CAR T-cell subset (CD4/CD8), where
Tscy differentiates into Tey, Tcy differentiates into Tgy, and Ty, terminally differentiates into Tggp through first order differentiation rate
constants (R;,,; Ry, and R,5 respectively). Within each compartment (PB and BM), total CAR T-cells interact with tumor cells to form
“CAR-Target complexes,” which drives simultaneous killing of CD19+ B-cells and expansion of CAR T-cells with Tgcy;, Ty, and Tiy

phenotypes with differential expansion rate constants for CD4 and CD8 subpopulations. CK, cellular kinetic; PD, pharmacodynamic.

assumed to be similar across different immunopheno-
types (i.e., CAR+Tgcpy+, CAR+T ¢y +, and CAR+Tgy+),
whereas terminally differentiated effectors (Tgpp+) were
modeled not to proliferate. The differentiation rate con-
stants Ry, Ry, and R,,; were estimated to 0.26 day ',
0.4day™', and 0.29day™", reflecting fastest transition

from CAR+Tcy+ to CAR+Tgy+, as reflected in the
dataset (Figure 5).

The autologous drug product of patient IDs 4 and 6
constituted higher polyclonality and demonstrated supe-
rior CAR T-cell persistence in comparison to patient IDs
10 and 17, where persistence was limited. The model was
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FIGURE 4 Characterization of differential clinical CKs of CD4+ and CD8+ subsets of low affinity CAT19 based anti-CD19 CAR T-
cells using a multiscale mechanistic CK-PD model. Flow cytometry (FCM) based cellular kinetics of anti-CD19 CAR-Ts. (a) Observed (in
dots) and model fitted profiles (lines) for individual ALL patient cellular kinetics (LLOQ=1 CAR+ cell/pL, n=13) in PB and (b) BM. The
gPCR-based CKs of anti-CD19 CAR T-cells. (¢) Observed (in dots) and model fitted profiles (lines) for individual patients with ALL patient
CKs (LLOQ =100 copies/pg gDNA, n=14) in PB and (d) BM. The patients received a median dose of 10° CAR+ cells/kg. The median CD4+
percentage in the infused product was 54.65% in comparison to 37.65% for CD8+ CAR+ cells. ALL, acute lymphocytic leukemia; BM,

bone marrow; CK, cellular kinetic; LLOQ, lower limit of quantification; PB, peripheral blood; PD, pharmacodynamic; qPCR, quantitative

polymerase chain reaction.

able to simultaneously capture all the longitudinal in vivo
percentage change for each immunophenotypic popula-
tion in the four subjects by incorporating polyclonality as
a categorical covariate accounting for lesser terminal dif-
ferentiation for responders compared to nonresponders.

DISCUSSION

CAR T-cell therapy has recently become a pivotal thera-
peutic option in refractory hematological malignancies'
with astonishing clinical outcomes and survival benefits
and slowly pivoting toward solid tumors.?’ In numerous
CAR T-cell clinical trials, adequate expansion and persis-
tence of CAR T-cells has been shown to be a crucial ele-
ment of improved clinical outcomes. As a heterogeneous

autologous T-cell product, the CD4/CD8 subsets and im-
munophenotypic composition in the pre-infusion material
are shown to influence the CK expansion and persistence
in vivo.'*!! Quantitatively characterizing different subsets
and immunophenotypes using mechanistic models would
help optimizing CAR T-cell products.*®

Studies have shown distinct cellular expansion and
tumor killing characteristics for CD4 and CD8 subsets.
In the study by Macallan et al., CD8+ cells expanded at
a rate of 5.1% day ', whereas CD4+ cells expanded at a
rate of 2.7% day~'.* Furthermore, pharmacometric anal-
ysis by Mueller-Schoell et al. showed that the exponent
of covariate effect of CAR+ CD4/CDS8 ratio at day 7 on
maximum expansion rate was —0.385.1 Hence, maxi-
mum expansion rate decreases as the ratio of CAR+CD4+
cells to CAR+CD8+ increases. There are several CAR
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FIGURE 5 Simultaneous characterization of longitudinal changes in immunophenotypic composition post-infusion of CAT19 based
anti-CD19 CAR T-cell therapy using a multiscale mechanistic CK-PD model. Observed (dots) and model fitted (lines) profiles for four
patients (out of 14 pediatric ALL patients receiving CAR T-cell therapy), representing longitudinal changes in percentage of CAR+Tgcy+
(a), CAR+Ty+ (b), CAR+Tgy+ (¢) and CAR+Tggp+ (d) populations in vivo. Patients 4 and 6 showed higher polyclonality and superior
CAR T-cell persistence in comparison to patients 10 and 17, where persistence was limited. ALL, acute lymphocytic leukemia; CK, cellular
kinetic; PD, pharmacodynamic; SCM, stem-cell memory; Ty, T central memory cells; Tgpp, T effector cells; Ty, T effector memory cells;

Tgems stem cell memory cells.

T-cell products, either approved or under clinical devel-
opment, which have evaluated a predefined ratio of CD4/
CD8 subset."** These include infusion products with
1:1 ratio of CD4:CD8 subpopulations, such as Liso-cel
(FDA approved) or Relmacel (National Medical Products
Administration [Chinese drug agency] approved).'**!
Therefore, toward development of mechanistic frame-
work to describe CK of CAR T-cells, incorporating distinct
behavior of these subsets become imperative.

Biasco et al. have recently demonstrated that the per-
centage of CAR+ Tgoy cells in the pre-infusion prod-
uct and, polyclonality of CAR+Tcy+ and CAR+Tgy+
cells have critical contribution to the overall persistence
of circulating CAR-T cells.'® Similarly, Gattinoni et al.
demonstrated that CAR+Tgcy+ immunophenotype is
self-renewing and can generate T-memory and effector
phenotypes to prolong tumor regressions.*> Arcangeli et al.
developed a protocol to expand and enrich CAR+Tgcy+

cells obtained from patients with B-cell acute ALL which
demonstrated enhanced anticancer response in murine
models."® The first-in-human trials of YTB323 (an investi-
gational anti-CD19 CAR-T produced using T-Charge pro-
cess with enriched CAR+Tgq\+ in the infusion product)
showed similar expansion and clinical response at ~25-
fold lower dose levels in comparison to clinically approved
Tisagenlecleucel.®® Similarly, P-MUC1C-ALLO1, a CAR
T-cell product under clinical development against solid
tumors, has enriched CAR+ Tgcy, cells in the infusion
product.® Thus, mathematical models capturing these
product characteristics are crucial for better understand-
ing CK-PD relationship.

CAT19 CAR T-cells have ~40-fold faster K. values
than FMC63 based CAR T-cells enabling higher serial
killing capacity, expansion (3-5 times increase in max-
imum plasma concentration and 0-28-day area under
the concentration-time curve) and persistence.”” Our in
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vitro model estimated a 33-fold higher in vitro potency
(KCEAR-T) for CAT19-based CAR T-cells compared to
FMC63-based CAR T-cells, which is consistent with the hy-
pothesized mechanism of action reported by Ghorashian
et al.?® Moreover, our in vivo model estimated superior
expansion rate constant of CAR+CD8+ population of
CAT-19-based CAR T-cell therapy compared to FMC63-
based CAR T-cell therapy (5.3days™" vs. 2.14days ™, re-
spectively). When comparing the extent of persistence
by quantitatively comparing “Rm” parameter estimate,
our modeling analysis estimated superior persistence for
CAT19 compared to FMC63 CAR-T cells (0.00003 day ™
vs. 0.000007 day ™, respectively).

One of the further modifications within this mechanis-
tic framework compared to prior published CK models for
CAR T-cells has been to simultaneously characterize data-
sets from FCM and qPCR-based bioanalytical measure-
ments. Each assay has its own pros and cons and can be
used together to gain a holistic understanding of CAR T-cell
CKs. Molecular assays like qPCR are often sensitive, reli-
able, and present less site-to-site variability. However, due
to varying lymphocyte counts post-lymphodepletion che-
motherapy, reportable units from PCR-based method gen-
erally overpredict CAR T-cell concentration in expansion
and underpredict exposure during contraction. An FCM-
based method could describe differential CKs of CAR T-cell
subsets but is less sensitive and highly variable."®*® Further
nuances between these two assays are described within
the Appendix S1. The mass transfer within different com-
partments of our model(s) was concentration units (cells/
pL) reportable from FCM bioanalytical readout. The FCM
predictions were transformed to “copies/pg gDNA” units by
using a linear relationship (Equation 1) integrating both CK
readouts. Our linear model parameters (intercept and slope)
estimated from CAT19-based CAR T-cell datasets were com-
parable to published relationships for tisagenlecleucel.** Of
note, our results showed that this relationship adequately
captured both CAR+CD3+ T-cells FCM and qPCR trans-
gene copies/pg gDNA bioanalytical assays. Alternative
methods could convert copies/pg gDNA to units of CAR+
cells/pL by quantitatively integrating information on white
blood cells count, transduction efficiency, and mean vector
copy number.*® CK datasets derived from qPCR could be
used to characterize the overall disposition of CAR T-cells,
whereas CK datasets from FCM could be used to estimate
parameters related to the differential disposition of CAR T-
cell subsets and immunophenotypes thus providing holistic
CAR T-cell exposure characterization.

While evaluating longitudinal changes in different im-
munophenotypic populations, it was observed that the
Tem transitions to Tgy and Tgpe during the CAR T-cell
expansion stage. This observation was consistent across
the patients (Figure 5) with “long term persistence” (ID4

ASCPT

and ID6) versus “short-term persistence” (ID10 and ID17).
Therefore, a unified catenary model (described in step 3)
was adopted from the work by Gattinoni et al.,”® which
could characterize one set of the differentiation rate
constants to predict percentage changes in different im-
munophenotypes. In a low data environment with mul-
tiple readouts, our model provides adequate mechanistic
interpretation of the observed dataset. The model incor-
porates polyclonality (i.e., increased clonal populations
in cell product) as a categorical covariate influencing the
differentiation rate constants for different immunophe-
notypes, demonstrating its role in long-term persistence.
Polyclonality significantly reduced R,,;, R,,, and R ; by
~92%, 79%, and 81%, respectively, in CK datasets from
responders and nonresponders, impacting persistence
by enriching the circulating CAR+ Ty, population.
However, the broader utility of this model is limited, until
the model structure will be evaluated on a larger compre-
hensive dataset.

Although current modeling framework present signif-
icant improvements from previously published relation-
ships, the analysis present several limitations. The cell
killing potencies and binding interactions within the in
vitro setting were assumed to be conserved in an in vivo
scenario, which does not necessarily hold true. The digi-
tized clinical CK-PD datasets lack patient-level covariate
information, such as body weight, individual CD4/CD8 ra-
tios, etc., which are imperative for adequate model build-
ing. Consequently, summary level information on body
weight within a patient population, or average CD4:CD8
ratios were implemented. Often random variabilities (as
described in the Method section) were implemented to
account for (1) different disease indications, (2) varying
summary statistics for FCM based readouts, (3) dealing
with summary level patient—/product-characteristics,
and (4) simultaneously integrating multiple bioanalytical
measurements. Moreover, the final model (in step 3) was
characterized on longitudinal changes of “percentage” of
immunophenotypes and not absolute counts, which could
affect parameter estimation. These limitations are more
comprehensively discussed in the Appendix S1.

In conclusion, we have evolved our previously pub-
lished multiscale mechanistic CK-PD model to success-
fully capture in vitro data (from CAT19 and FMC63-based
CAR T-cells) and clinical CK datasets following admin-
istration of Liso-cel or CAT19-based CAR T-cells. The
framework adequately described in vitro functionalities,
incorporation of multiple bioanalytical techniques, CAR
T-cell pre-infusion product-related attributes, such as
CD4/CDS8 subsets and immunophenotypes, along with
their longitudinal changes post-infusion. Validation of
this framework with additional clinical datasets will
enable future optimization of product characteristics,
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providing further mechanistic understanding of CK-PD
relationships.
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