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Abstract

Immunotherapies, including cell therapies, are effective anti-cancer agents. However, cellular product persistence can be
limiting with short functional duration of activity contributing to disease relapse. A variety of manufacturing protocols are
used to generate therapeutic engineered T cells; these differ in techniques used for T-cell isolation, activation, genetic
modification, and other methodology. We sought to determine how pre-selection affected the phenotype of T cells engi-
neered to secrete a CD123xCD3 bispecific engager (ENG-T). These cells were designed to treat acute myeloid leukemia (AML).
We evaluated the effect of T-cell selection on transduction efficiency, T-cell activation, short- and long-term anti-AML
cytotoxicity, and gene transcription. Unselected, CD4, CD8, and CD4/CD8 pre-selected ENG-T cells have minor differences
in T-cell subset components, equivalent activation, and equal cytotoxicity in short-term assays. While unselected and CD4/
CD8-selected ENG-T cells have identical CD4:CD8 composition prior to target cell exposure, serial stimulation in vitro showed
CD4/CD8 pre-selection supports ENG-T-cell survival and long-term activity. Likewise, CD4 and CD4/CD8 pre-selected ENG-T
cells display superior anti-tumor efficacy and prolong murine survival in AML xenografts. Unselected ENG-T cells are exposed
to cytokines during early manufacture that imprint upregulation of intracellular inflammmatory pathways. This early activation
likely underpins long-term observed functional differences. Pre-selection of T cells from banked patient biospecimens de-
creased blast contamination, exposure to inflammatory cytokines, and may improve T-cell expansion during manufacture.
Pre-selection of T-cell products should continue to be performed to enhance the quality of clinical cellular therapeutics.

Introduction

The use of chimeric antigen receptor (CAR) T-cell therapy
has dramatically improved outcomes for patients with
relapsed and refractory B-cell malignancies.! However,
clinical trial meta-analysis and long-term follow-up of pa-
tients treated with CAR-T cells has revealed high relapse
rates.* There remain unknown factors that contribute to
therapy failure. Manufacturing methods determine cell
therapy phenotype,*® yet there is a lack of manufacturing
standardization across CAR T-cell products, even those
that target the same antigen for the same indication. Ex-
pansion of CAR T-cell products has been reported directly
from whole peripheral blood mononuclear cells (PBMC)
using plate-bound anti-CD3 and anti-CD28 antibodies and
a mixture of IL-7 and IL-15.5® Others use alternative manu-
facturing strategies, with the use of CD3/CD28-stimulating
microbeads and IL-2 support being common.®™

Selection of CD4* and CD8* cells from whole PBMC using
magnetic isolation before activation and expansion is an
additional step incorporated by some groups, with the
goal of either setting a consistent ratio of CD4:CD8 cells™
or to remove contaminating blasts that survive T-cell ex-
pansion.® CAR T cells with a defined CD4:CD8 ratio have
demonstrated improved anti-tumor efficacy in preclinical
models™™" and are extremely potent in patients with B-cell
acute lymphoblastic leukemia.”? Selection of CD4* and
CD8" cells before activation also allowed for anti-CD22
CAR T-cell doses to be decreased in clinical trial.® T-cell
selection steps are costly and add complexity to already
complicated manufacturing protocols,”® limiting their wide-
spread adoption. Manufacturing standards can differ even
within the same institution. For example, some trials at the
University of Pennsylvania include a selection step prior to
cell plating and transduction,®'” while others expand cells
directly from whole PBMC."8" To date, seven engineered

Haematologica | 111 February 2026
583



ARTICLE - T-cell pre-selection improves ENG-T-cell activity

T-cell therapies have been approved for clinical use.!®20-3°
Of these products, only three (brexucabtagene autoleucel,
lisocabtagene maraleucel, and ciltacabtagene autoleu-
cel) assert selection steps. Activation and transduction
methodology also differ, as summarized in Online Sup-
plementary Table S1.

These differences present challenges for those develop-
ing manufacturing platforms for novel engineered T-cell
therapies. There is clearly a lack of consensus regarding
which activation method is superior and if the benefits of
selection can balance increased manufacturing complexity.
While selecting CD4* and CD8* cells has been shown to
modulate CAR T anti-tumor efficacy,>*' the direct impact
of selection on the molecular characteristics of engineered
T cells has not been thoroughly examined. Defining these
characteristics may help identify best manufacturing prac-
tices to improve engineered T-cell products in general.
CAR T cells have yet to show optimal efficacy against
acute myeloid leukemia (AML). It has been demonstrated
that myeloid cells®* and AML blasts can impair effective
T-cell expansion.** These challenges, as well as a lack of
an ideal tumor target, have together contributed to the
observed poor response to immunotherapies in patients
diagnosed with AML. Our lab has developed a T-cell therapy
(ENG-T) engineered to secrete a bispecific T-cell engager
molecule that targets CD123 (CD123xCD3), an AML-associ-
ated antigen.**38 T cells engineered to secrete an engager
have high therapeutic potential as the protein can bind
and functionalize both engineered and unmodified T cells.
Infused cells can also recruit and activate any cells in
the patient T-cell reservoir, amplifying anti-tumor effect.
To translate our anti-AML T-cell therapy, we questioned
if pre-selection was necessary for manufacture, which
populations to select, and how selection before activa-
tion affected our final product. The heterogeneity of AML
complicates manufacture from autologous blood cells,
as AML blasts can express CD4,* potentially leading to
blast selection and contamination. While CD4* CAR T
cells have been shown to be critical for CAR T-cell per-
sistence and tumor control,” no essential role has been
established for ENG-T cells. We evaluated the impact of
positive selection on ENG-T cell phenotype and function.
We compared ENG-T cells produced from CD4, CD8, and
CD4/CD8-selected starting material to those expanded
directly from whole PBMC and found equivalent activ-
ity, equal cytotoxicity, and similar immunophenotype in
short-term studies. Differences emerged in the treatment
responses in AML xenografts, which were further examined
in long-term in vitro assays in unselected and CD4/CD8
pre-selected ENG-T cells. CD4/CD8-selected ENG-T cells
were exposed to fewer inflammatory cytokines during ear-
ly manufacture. Pre-selected ENG-T cells also displayed
improved expansion and survival during serial stimulation
with AML in vitro. The manufacturing environment of un-
selected ENG-T cells contributed to alterations in gene
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transcription that correlated with lesser performance
in vivo. To further validate our manufacturing plan for
future clinical studies, we engineered ENG-T cells from
unselected and CD4/CD8-selected biospecimens from 5
AML patients. Selection decreased blast contamination,
decreased concentrations of inflammatory cytokines early
in manufacture, and has the potential to improve T-cell
product expansion.

Methods

Flow cytometry, cell line maintenance, CD123xCD3 trans-
gene generation, viral production, ENG-T cell production,
transduction efficiency, short-term cytotoxicity measure-
ment, mouse modeling, murine blood processing, and RNA
sequencing were performed using standard protocols, and
are detailed in Online Supplementary Methods, including a
table of antibodies used (Online Supplementary Table S2).
All research using primary human cells was approved or
acknowledged by the Johns Hopkins University School of
Medicine Institutional Review Board.

CD123xCD3 quantification

CD123xCD3 concentration was quantified by ELISA as de-
scribed.’ Concentrations were assessed in the growth media
of patient-derived ENG-T cells on day 7 or day 10, after 1:1
patient-derived ENG-T cell co-culture with autologous AML,
and in media collected 24 hours (hr) after plating healthy
donor ENG-T cells in complete RPMI supplemented with
rhiL-7 and rhiL-15. A 96-well plate was coated with 20 ng
recombinant human CD123 (rhCD123, Sino Biological) per
well. A standard curve was prepared using recombinant
CD123xCD3 (Creative Biolabs) with samples and standards
incubated in duplicate. Absorbance was recorded at 450
nm and 570 nm using a BMG CLARIOstar Plus microplate
reader. Standard curves and concentrations were calculated
using Microsoft Excel Version 16.94.

Cytokine quantification

Healthy donor ENG-T cells were incubated for 24 hr 1:1
with CD123* cell lines (MOLM-13, MV-4-11, and K-562.CD123
[Online Supplementary Figure S1A] and CD123-negative
[K562]) in complete RPMI. IL-2 and IFN-y were quantified
in the media of these co-cultures. IL-1f, IL-6, and CXCL10
were quantified in the expansion media of patient-derived
ENG-T cells. All proteins were quantified using DuoSet
ELISA kits (R&D Systems) according to the manufacturer’s
instructions. Absorbance was recorded at 450 nm and 570
nm. Microsoft Excel version 16.94 was used for calculations.
During the manufacture and serial stimulation of healthy
donor-derived ENG-T cells engineered with a nuclear lo-
calized mCherry (ENG.NLSmCh), media was collected and
stored. Samples were assayed using a 29-analyte Human
Magnetic Luminex Assay Luminex kit (R&D Systems) ac-
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cording to the manufacturer’s instructions. One analyte was
removed from analysis due to elevated blank fluorescent
intensity. Samples were run in duplicate with a Luminex
MagPix by the Johns Hopkins Bloomberg Flow Cytometry
and Immunology Core. Data were analyzed using BioPlex
Manager 6.1.1.

Serial stimulation

Unselected and pre-selected T cells engineered with ENG.
NLSmCh were plated 1:1 with MOLM-13 engineered to ex-
press nuclear localized enhanced green fluorescent protein
(MOLM-13.NLSGFP#*) in poly-D-lysine-coated 96-well plates
(Corning). Cells were tracked with an Incucyte S3 live cell
imaging system. ENG.NLSMCh-T cells were stimulated by
adding 1e5 MOLM-13.NLSGFP every 48 hr for healthy donor
cells and every 72 hr for patient-derived cells. Images were
collected every 4 hr over 10-22 days. Data were accumu-
lated in the Incucyte 2021A or 2022B Rev2 software. Raw
data were analyzed in Microsoft Excel version 16.94.

A B
@
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Statistical analysis

Statistical analyses were performed in GraphPad Prism
10 unless otherwise stated. Statistical methods used are
specified in figure captions. Compositional analyses were
performed using the R package DirichletReg#4? and Dirichlet
regression models with common parametrization. The eul-
err R package*® was used to generate Euler diagrams using
version R-4.41 and RStudio v2024.04.2+764.

Results

Transduction and expression of CD123xCD3 are
equivalent regardless of T-cell pre-selection

T-cell subsets were selected using magnetic column iso-
lation (Figure 1A). CD4* and CD8* selections of healthy
donor PBMC yielded pure T-cell products of the desired
populations (Online Supplementary Figure S1B, C). Cells
were transduced with a retroviral vector encoding both
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Figure 1. Human T cells can be transduced with equal efficacy regardless of pre-selection. (A) Primary T cells were isolated from
peripheral blood mononuclear cells (PBMC) by selecting CD4*, CD8*, or both T-cell types with MACS microbeads. Unselected T
cells were included as a control. (B) T cells were transduced using replication incompetent retroviral vectors to secrete CD123x-
CD3. The CD123xCD3 molecule is composed of two scFv (anti-CD123: 26292, anti-CD3: OKT3) connected by a GGGGSx3 linker. A
transduction marker (CD20) was included. (C) Purity of selections was determined by flow cytometry on day 7 of culture. Differ-
ences between the proportions of CD4* and CD8* populations with and without transduction were assessed using the R package
DirichletReg; **P<0.01. (D) Transduction was confirmed by flow cytometry using anti-CD20 antibodies. Statistical comparison was
completed using two-way ANOVA (donor and selection) with Tukey tests for multiple comparisons. (E) CD123xCD3 expression and
secretion was confirmed by ELISA on T-cell supernatant. Two-way ANOVA (donor and selection) with Tukey tests was used to
compare selection groups. (C, D, E) N=3 or 4 independent transductions of unique T-cell donors. Non-transduced T cells were
grown under the same conditions and for the same period of time as the respective ENG-T cells. No sel: no selection; NT:
non-transduced; CD4/8: CD4 and CD8-selected; ns: not significant.
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the CD123xCD3 sequence and full length CD20 two days
after activation (Figure 1B). Stable purity was confirmed
with low contamination detected on day 7 after isolation
(Figure 1C). Notably, unselected and CD4/CD8 pre-select-
ed ENG-T cells had equivalent proportions of CD4*, CD8",
double positive (*’*) and double negative (/-) T cells on day
7. Transduction with resultant CD123xCD3 secretion did not
alter the distribution of CD4*, CD8*, */*, or /- cells, with the
exception of CD8-selected ENG-T cells which were en-
riched for ** cells (Figure 1C). To test whether our selection
process altered transduction or expression, we assessed
CD20 surface expression by flow cytometry (Figure 1D) and
quantified CD123xCD3 protein secretion by ELISA (Figure
1E). There were no differences in transduction efficiency
or in CD123xCD3 production between conditions.

Short-term in vitro functionality of CD123xCD3
bispecific engineered T-cell engager cells is equal across
selection groups

The T-cell subset composition of ENG-T cells was measured
after one week of ex vivo expansion to define percentages
of naive/stem central memory (naive/SCM), central mem-
ory (CM), effector memory (EM), and T effector (Teff) cells.
There were minor differences in subset distribution between
selection groups (Figure 2A). CD4* unselected ENG-T distri-
butions differed from CD4 pre-selected and CD4* CD4/CD8
pre-selected ENG-T, with differences driven by increased
naive/SCM and CM proportions in unselected cells. CD8*
unselected ENG-T distributions differed fromm CD8 pre-se-
lected ENG-T, with differences driven by increased naive/
SCM and Teff components of unselected cells. In general,
transduction did not cause compositional differences, except
in unselected cells, which had alterations driven by increased
CM percentages in both CD4* and CD8* ENG-T populations
(Figure 2A). Target-specific T-cell activation was tested us-
ing CD123* and negative cell lines. ENG-T cells co-cultured
with CD123* targets produced similar amounts of IL-2 and,
in most cases, IFNy regardless of pre-selection (Figure 2B).
Selection did not impact the ability of ENG-T cells to kill
targets (Figure 2C). All ENG-T cells killed CD123* targets
more effectively than unmodified cells without variability
between selection groups at each tested effector-to-tar-
get ratio. As previously reported,***® ENG-T cells were not
cytotoxic against a CD123-negative cell line, confirming an-
tigen-specificity. When ENG-T cells were titrated such that
the secreted CD123xCD3 was below our detection threshold,
specific cytotoxicity of CD4/CD8 pre-selected ENG-T cells
was not affected (Online Supplementary Figure S2). Taken
together, CD123xCD3 secretion potently increases T-cell
antigen-specific cytotoxicity, regardless of pre-selection.

CD4 and CD4/CD8 pre-selection improve CD123xCD3
bispecific engineered T-cell engager cell tumor control
in vivo

All in vitro studies indicated selection did not alter engi-

N.J. Holl et al.

neered T-cell functionality. We were hopeful that CD8-se-
lected ENG-T cells would sufficiently eliminate leukemia
in vivo while mitigating the possibility of CD4* leukemia
contamination during manufacture. To test if CD8 pre-se-
lected ENG-T cells retain in vivo activity, we injected NSG
mice with a CD123* AML cell line expressing ffLuc, moni-
tored leukemia engraftment, then treated mice seven days
later with unmodified T cells or ENG-T cells manufactured
from healthy unselected PBMC, CD4*, CD8", or CD4*/CD8*
starting material (Figure 3A). Animals were monitored over
the course of 100 days with weekly imaging and peripheral
blood collection (Figure 3B, C). All mice treated with ENG-T
cells had tumor control and prolonged survival compared
to those who received unmodified cells (Figure 3D). Mice
treated with CD4 and CD4/CD8 pre-selected ENG-T cells
had a survival advantage compared to animals injected
with unselected or CD8 pre-selected ENG-T cells (Fig-
ure 3D). Mice treated with CD4 pre-selected ENG-T cells
were cured and thriving at the experimental endpoint. The
prolonged survival of mice that received ENG-T produced
from CD4* starting material was associated with a trend
toward increased circulating ENG-T cells, but low sample
numbers precluded a sufficiently powered analysis (Figure
3E). Notably, despite the marked difference in in vivo an-
ti-tumor activity of unselected and CD4/CD8 pre-selected
ENG-T cells, at the time of treatment these two ENG-T
cell products had the same percentages of CD4* and CD8*
cells (Figure 1C) as well as similar subset compositions
(Figure 2A). We further studied our products to identify
determinants of the observed in vivo differences between
unselected and CD4/CD8 pre-selected ENG-T cells.

Serial stimulation of CD123xCD3 bispecific engineered
T-cell engager cells uncovers requirement for CD4* and
CD8"* engager T cells

To study the contribution of individual CD4* versus CD8*
cells to differential in vivo anti-tumor activity, we designed
an in vitro serial stimulation assay. ENG-T cells engineered
to express nuclear localized (NL) mCherry (ENG.NLSmCh)
(Online Supplementary Figure S3) were plated in co-cul-
ture with CD123* MOLM-13 cells engineered with NL green
fluorescent protein (MOLM-13.NLSGFP*°) (Online Supple-
mentary Figure S4A). AML and ENG-T cells were individually
tracked by measurement of GFP and mCherry fluorescence
(Figure 4A). To elucidate the relative contribution of CD4*
and CD8" ENG-T cells to directed cytotoxicity and T-cell
survival, ENG-T-cell products with discrete CD4:CD8 ratios
(CD4* only, 3:1, 1:1,1:3, CD8* only) were tested. Comparison
of fixed ratios of CD4:CD8 ENG-T cells reinforce the need
for both cell populations for sustained target cell killing.
All ENG-T cell products containing both CD4* and CD8*
cells chronically stimulated with AML had the potential to
maintain robust cytotoxicity for several stimulations regard-
less of CD4* starting percentage. Curve fitting of the data
highlights that CD4* and CD8* alone among ENG-T prod-
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ucts demonstrate progressively diminished killing capacity
beginning at the third and fifth stimulations, respectively,
with complete lack of killing by the CD8* only product by
stimulation 8 (Online Supplementary Table S3, Online Sup-
plementary Figure S4B). Increasing ratios of CD4:CD8 cells
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Figure 2. T-cell short-term in vitro functionality is equivalent across selection groups. (A) CD4* and CD8* T-cell subsets (using
CD4, CD8, CCR7, and CD45A as markers) were delineated on day 7 after activation and plating. Differences in subset compositions
were analyzed using the R package DirichletReg; *P<0.05, **P<0.01. A representative flow plot showing gating is provided. (B)
Cytokine (IL-2 and IFNy) present after 24-hour co-culture of T-cells with target cell lines (CD123-negative: K-562 and CD123*:
K-562.CD123, MOLM-13, MV-4-11) was measured using ELISA. Statistical comparisons were completed using two-way ANOVA (do-
nor and selection) with Tukey tests for multiple comparisons for selection groups co-cultured with each cell line; *P<0.05. (C)
Cytotoxicity was examined in vitro against target cell lines engineered to express firefly luciferase in 18-hour bioluminescence

assays. Differences between selection groups at each E:T were

assessed by three-way ANOVA (donor, selection, E:T) with Tukey

tests for multiple comparisons using R. Asterisks indicate least significant P value of experimental conditions versus NT; *P<0.05,
**pP<0.01, ***P<0.001, ****P<0.0001. N=3 independent transductions of unique T-cell donors. Non-transduced T cells were grown
under the same conditions and for the same period of time as the respective CD123xCD3 bispecific T-cell engager (ENG-T) cells.
No sel: no selection; NT: non-transduced; CD4/8: CD4 and CD8-selected; ns: not significant; E:T: effector:target ratio.
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correlating with degree of T-cell proliferation and survival
(Figure 4A, B). Interestingly, T cells sampled at experiment
end (day 22) had converted to a majority CD8* population
in all conditions save the CD4* alone product (Figure 4C).
The relatively poorer cytotoxic activity and ENG-T cell ex-
pansion of unselected ENG-T cells seen in the xenograft
model was replicated when direct comparison of unse-
lected ENG-T cell products to the most relevant CD4:CD8
ratios for each T-cell donor was performed (Figure 4D, E,
Online Supplementary Figure S4C, D). Given the clear ne-
cessity for both CD4* and CD8* ENG-T cells for sustained
anti-AML cytotoxicity, we further limited our investigation
to dual CD4/CD8-selected products as compared to un-
selected ones. To minimize cell manipulation, we decided

N.J. Holl et al.

together with our clinical manufacturing team to perform
combined CD4/CD8 selection to avoid the need for two
separate selection steps.

Neither CD123xCD3 bispecific engineered T-cell engager
cell subset distribution nor exhaustion marker
expression define the dysfunctional CD123xCD3
bispecific engineered T-cell engager cell phenotype

To investigate the reason for inferior unselected T-cell ex-
pansion, we first investigated whether serial stimulation
led to selective loss of memory-like T-cell subsets, which
have been associated with CAR T-cell clinical durability.**®
We noted a shift in subset distributions on day 7 before
co-culture driven by differences in the Teff percentage in
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Figure 3. CD4 and CD4/CD8 pre-selection of engager T cells results in improved tumor control in vivo. (A) NSG mice were inject-
ed via tail vein with 5e4 firefly luciferase-expressing MOLM-13 cells. Seven days after acute myeloid leukemia (AML) injection, 5e6
engager T (ENG-T) cells were injected also via tail vein. (B) AML burden was tracked in mice with weekly bioluminescence imag-
ing and (C) quantified for each mouse. (D) Mouse survival was recorded. Log-rank Mantel-Cox tests were used to compare sur-
vival curves; *P<0.05, **P<0.01. (E) The number of circulating T cells in peripheral blood (PB) was determined by flow cytometric
analysis. (B) Pink asterisks indicate from which animal blood was collected and processed as seen in (D). (C and E) Dotted lines
represent individual animals and solid lines are the mean of each group. Non-transduced T-cell controls were unselected and
grown under the same conditions as engineered cells. N=4 per group. No sel: no selection; NT: non-transduced; CD4/8: CD4 and
CD8-selected.
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both CD4* and CD8* populations (Figure 5A, Online Supple-
mentary Figure S5A); however, these minimal differences
were not apparent after 5 repeat serial stimulations with
target cells (Figure 5A, Online Supplementary Figure S5B).
We next evaluated T cells post-chronic target exposure
for markers of exhaustion (PD-1, TIM-3, and LAG-3). We
did not identify differences in individual or co-expressed
exhaustion markers between unselected and CD4/CD8
pre-selected ENG-T cells (Figures 5B, Online Supplemen-
tary Figure S5C, D).

Unselected T cells are exposed to an inflammatory
manufacturing environment
Given the lack of differences in T-cell composition or ex-
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haustion, we hypothesized that immunosuppressive cells
present in unselected starting material may be negatively
imprinting T cells during manufacture.® To test for the
presence of immunomodulatory molecules, we collected
supernatant during manufacture and serial stimulation
of unselected and CD4/CD8 pre-selected ENG-T cells.
Strikingly, during initial manufacturing (days 1 and 2) we
measured increased levels of pro-inflammatory cytokines
and chemokines in the media of unselected cells (Figure
5C). We detected increased levels of CCL2, CCL3, CXCL10,
IL-1a, IL-1B, IL-6, IL-1 receptor antagonist (IL-1RA), and IL-
6Ra. There were no differences in IL-10 concentrations,
suggesting that Tregs were likely not differentially activat-
ed or selected. By day 7 of T-cell expansion, inflammatory
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Figure 4. CD4* and CD8* T cells are both required for durable anti-acute myeloid leukemia activity and T-cell survival. CD123xCD3
bispecific engager T (ENG-T) cells and MOLM-13 marked with NLS-mCherry and NLS-GFP, respectively, were co-cultured in an
Incucyte S3 live cell imaging system at an initial (E:T) after it ratio of 1:1 per well. Cells were tracked in a 22-day serial stimulation
assay (day 7 to 29 post activation), with fresh target cells added every two days. (A) Cytotoxicity was determined by measurement
of target cells per image, with viability calculated as a percentage of the total number of green objects recorded after re-stimu-
lation. T cells per image quantified by detection of mCherry normalized to the number of red objects per image at time 0 hours
(thick lines represent means, vertical thin lines represent standard error), 4 images per well, 3 wells per donor, 3 independent
T-cell donors. (B) Comparative area under the curve (AUC) of T-cell expansions with indicated initial CD4:CD8 ENG-T cell ratios.
95% Confidence Intervals (ClI) depicted for each condition. (C) Number of T cells per well at end experiment (day 22) following 11
stimulations with target cells. CD4* and CD8* T-cell numbers measured using flow cytometry, *P<0.05 representative of CD4" cell
number comparison across groups. (D) Cytotoxicity measured as in (A), 4 images per well, 3 wells per donor, comparing unse-
lected products to those pre-selected of the most similar set CD4:8 ratios. (E) T-cell expansion per donor. No sel: no selection;

CD4/8: CD4 and CD8-selected. (A-E) N=3 unique T-cell donors.
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mediator differences had resolved (Online Supplementary
Figure S6). We similarly found no differences during or after
serial target stimulation (Figure 5C, Online Supplementary
Figure S6).

Unselected T cells up-regulate activation and
inflammatory markers during manufacture

To further understand the observed differences in T-cell
survival and in vivo anti-tumor activity, bulk RNA sequenc-
ing was performed on unselected and CD4/CD8 pre-se-
lected ENG-T cells. Overall gene expression did not vary
between the two groups (Online Supplementary Figure
S7A); yet unbiased clustering analysis clustered CD4/CD8
pre-selected separately from unselected ENG-T cells,
highlighting global transcriptional differences (Figure 6A,
B, Online Supplementary Figure S7B). Of transcripts with
significant differences, 203 genes were up-regulated and
99 down-regulated in CD4/CD8 pre-selected ENG-T cells
compared to unselected ENG-T cells (Figure 6C). Further
analysis included using Enrichr#¢4” on these clustered gene
sets with pathway enrichment compared to the Reactome
2022 database (Online Supplementary Tables S4 and S5)
and gene ontologies examined against GO Biological Process
2023 (Online Supplementary Tables S6 and S7). Relevant
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reactome and GO terms identified that unselected ENG-T
cells down-regulate genes associated with metabolism, ion
homeostasis, and several important cell signaling regulatory
pathways, including WNT and NOTCH, as well as anti-apop-
tosis mediators (Figure 6D). Additionally, regulators of TCR
signaling were down-regulated in unselected ENG-T cells.
Up-regulated transcripts in unselected ENG-T cells are
associated with cell cycle, cytokine signaling, chemokine
signaling, and effector function (Figure 6D).

Pre-selection of patient-derived CD123xCD3 bispecific
engineered T-cell engager cells improves product
characteristics

To further validate our clinical manufacturing plan, we
engineered ENG.NLSMCh-T cells from unselected and
CD4/CD8 pre-selected biospecimens collected from the
peripheral blood of 3 patients diagnosed with CD123* AML
(5800, 6034, and 6675) (Online Supplementary Table S8).
CD4/CD8 pre-selection prior to T-cell activation decreased
CD3-negative contamination of all patient samples (Fig-
ure 7A) prior to transduction. Products were successfully
modified (Figure 7B) with contamination further reduced
after ex vivo expansion post-activation in sample 5800
and 6034, both of which had low level (5800) or no (6034)

Figure 5. Cytokine imprinting of unselected engager T cells stunts survival during chronic stimulation. (A) T-cell subset compo-
sition (using CD4, CD8, CCR7, and CD45A as markers) was evaluated by flow cytometry during manufacture (day 0 and 7) and
after serial stimulation (day 17). The DirichletReg R package was used to determine group differences. (B) Exhaustion associated
marker (PD-1, LAG-3, and TIM-3) expression was measured by flow cytometry before and after serial stimulation. Euler diagrams
of average individual and overlapping marker expression were created using the eulerr R package. (C) Cytokines were detected
and quantified in the supernatant of engager T (ENG-T) cells during manufacture on day 1 (D1) and day 2 (D2) after activation and
on day 17 (D17) after serial stimulation using a Luminex multiplex assay. > indicates at least one sample above the detection range.
Statistical comparisons were made using two-way ANOVA (donor and selection) for each day. Samples with values above the
detection range were not assessed statistically. *P<0.05, **P< 0.01. For all plots, No sel: no selection; CD4/8: CD4 and CD8-se-

lection. N=3 independent T-cell donors.
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Figure 6. Transcriptional analysis highlights phenotyp-
ic differences in unselected versus pre-selected engag-
er T-cell products. On day 7 of manufacture, 1€6 unse-
lected or should be CD4/CD8-selected engager T (ENG-T)
cells tagged with NLS-mCherry were pelleted, RNA ex-
tracted, and bulk RNA sequenced. (A) Clustering of
unselected and CD4/CD8-selected ENG-T derived from
3 unique T-cell donors was performed using the log2(F-
PKM+1) with expression normalized to Z-score. Two main
clusters of genes were identified and further interrogat-
ed to identify genes of biological relevance. Expression
level is coded from high (red) to low (green). (B) PCA
analysis of unselected and CD4/CD8-selected ENG-T
cells. (C) Signficant differences in gene expression be-
tween CD4/CD8 pre-selected versus unselected ENG-T
cells with up-regulated (red) and down-regulated (green)
genes annotated (adjusted P value <0.05, |[log2 fold
change| > 1). (D) Genes identified in differentially ex-
pressed clusters correlated to biological pathways iden-
tified with Enrichr.
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disease contamination prior to T-cell activation (Figure
7C). We also tested isolation of two bone marrow-derived
patient biospecimens (patients 4293 and 4316), with sim-
ilar outcome (Online Supplementary Figure S8A, B). Non-T
cell contamination was reduced by pre-selection, and all
samples were satisfactorily transduced (Online Supple-
mentary Figure S8C). ENG-T cells from patients 6675 and
4316 ultimately failed to expand to a number needed for
further functional analysis, likely due to disease contam-
ination (Figure 7D, Online Supplementary Figure S8D, E).
Despite failed expansion and relatively low transduction
efficiencies, all evaluable ENG.NLSMCh products produced
quantifiable secreted CD123xCD3 (Figure 7E, Online Sup-
plementary Figure S8F). The media of unselected ENG-T
cells from patients 6034, 5800, and 4293 had increased
concentrations of IL-13, IL-6, and CXCL10 measured on the
day following plating (Figure 7F, Online Supplementary Figure
S8G). Patient-derived ENG.NLSMCh-T cells with sufficient
expansion were serially stimulated with MOLM-13.NLSGFP
(Online Supplementary Figure S9A). Unselected ENG-T cells

A 5800 6675

N.J. Holl et al.

from patient 4293 killed over three AML stimulations, while
CD4/CD8-selected cells effectively killed AML across two
stimulations. CD4/CD8 pre-selected ENG-T cells again
had increased expansion when challenged with target
cells when compared to matched unselected cells (Online
Supplementary Figure S9A). ENG-T cells co-cultured with
autologous AML were cytotoxic to CD33* blasts (Online
Supplementary Figure S9B, C). CD123xCD3 was detectable
in the media of ENG-T cells co-cultured with autologous
AML (Online Supplementary Figure S9D).

Discussion

We began this study to develop the clinical manufactur-
ing standard for an ENG-T cell product and to elucidate
the biological effects of pre-selection. While we did not
observe differences in T-cell activation or antigen-specif-
ic cytotoxicity, and only minor differences in the subset
composition of ENG-T cells manufactured from unselected,
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Figure 7. Patient-derived CD4/CD8-selected engager T cells have decreased CD3-negative cell contamination. Engager T (ENG-T)
cells were produced from banked peripheral blood samples from 3 patients treated at the Johns Hopkins Hospital. (A) T cells
from patients 5800, 6034, and 6675 were activated on day O either without or after CD4/CD8-selection. CD3*, CD4*, CD8*, and
disease populations were detected using flow cytometry. (B) Unselected and selected cells were transduced with an NLS-mCher-
ry tagged ENG vector and expression of mCherry was detected on day 18 post activation using flow cytometry. (C) CD3-negative
cell and acute myeloid leukemia (AML) contamination was evaluated on day 18 post activation using flow cytometry. (D) Expansion
of unselected and selected products was evaluated by manual counting. (E) Production of CD123xCD3 was confirmed in the ex-
pansion media of transduced cell products by ELISA. (F) The presence of IL-1p, IL-6, and CXCL10 were detected in the T-cell ex-
pansion media on the day following activation. Product from patient 6675 was not evaluated due to high disease contamination.

No sel: no selection; CD4/8: CD4 and CD8-selected.
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CD4, CD8, or CD4/CD8 pre-selected starting material in
short-term assays. Mice with AML xenografts treated with
CD4 or CD4/CD8 pre-selected ENG-T cells had improved
survival. CD4* ENG-T-cell support was required for optimal
anti-tumor efficacy, as has been demonstrated using CART
cells.® Overall improved survival of mice treated with CD4/
CD8 pre-selected as compared to unselected ENG-T cells
could not be readily explained; while unselected ENG-T
cells appeared to have a higher percentage of naive and
central memory subsets which have been associated with
greater expansion, persistence, and anti-tumor efficacy of
engineered T cells in the clinic,*** CD4/CD8 pre-selected
ENG-T cells had superior tumor control. Our identified
optimal ENG-T-cell product for use as therapy for murine
AML xenografts would be one manufactured from selected
CD4* starting material. However, we recognize that exclu-
sive CD4* selection may result in blast contamination, the
seriousness of which was highlighted by a prior study that
identified transduction of a single leukemic clone during
CAR T-cell manufacturing with conferred resistance that
ultimately led to disease relapse.*® Our upcoming clinical
trial testing CD123-targeting ENG-T cells includes release
criteria and intensive clinical monitoring to evaluate for
infusion and emergence of transduced non-T cells. In ad-
dition, we acknowledge the immense body of data that
clearly identifies the need for CD8* cells as anti-tumor
effectors,**%° supported by our extended in vitro study of
sustained anti-tumor activity. We are also cognizant of the
inherent physiological and environmental differences when
using immunodeficient mice that limit the generalization
of data obtained exclusively using animal models.

Our in vivo study illuminated a puzzling difference between
unselected and CD4/CD8 pre-selected ENG-T cells. Despite
near apparent identical T-cell characteristics at the time of
treatment, CD4/8 pre-selected ENG-T cells had improved
anti-tumor activity. Further analyses revealed greater ex-
pansion and subsequent prolonged persistence of CD4/
CD8-selected ENG-T cells when challenged by chronic
stimulation in vitro. We observe increased T-cell numbers
to be biologically relevant with alignment to the durability
of anti-tumor activity in vivo.

Detailed testing of the ENG-T manufacturing environment
highlighted differences dependent on pre-selection of T
cells. We detected higher levels of mediators that influ-
ence T-cell differentiation, recruitment, and anti-cancer
potential: CCL2, CCL3, CXCL10, IL-1a, IL-1B, IL-6, IL-1RA, and
IL-6R0.5%¢ Given that many of the analytes that were de-
tected at increased levels in the media of unselected cells
are known to be secreted by myeloid cells, we conclude
that these non-T cells imprint a dysfunctional phenotype
on the ENG-T product. Although T cells are still able to
effectively expand with myeloid cell contamination,*?3% any
myeloid presence is potentially detrimental if sufficient
immunomodulatory factor secretion occurs. Though less
likely, we recognize that unselected ENG-T cells may have

N.J. Holl et al.

also been influenced by yd T cells as these cells do not
bind to anti-CD4 or anti-CD8 microbeads.*

Overall, transcriptional analysis revealed phenotypic dif-
ferences between ENG-T manufactured from whole PBMC
or CD4*/CD8"* starting material. Unselected cells displayed
higher levels of transcripts associated with inflammation
and proliferation in the absence of AML targets. For exam-
ple, ITGAM, FUT7, TRPC3, CD80, and CD40LG have all been
detected in T cells following activation®”"?2 and these were
all up-regulated in unselected ENG-T cells. Interestingly,
upregulation of RGS16 was also detected, a gene that has
been linked to anti-tumor CD8* T-cell exhaustion.”™ Generally
higher, unspecific basal activation may explain why unse-
lected ENG-T cells were less effective over the long-term in
our serial stimulation assays and in vivo AML xenograft study.
Reduced immunomodulatory cytokine exposure during
manufacturing is associated with transcriptional expression
that may prepare CD4/CD8 pre-selected ENG-T cells for
the metabolic demands of expansion and differentiation.
CD4/CD8 pre-selected ENG-T cells up-regulated transcripts
associated with ionic transport and homeostasis, including
calcium (RYR1, NOL3, CACNA1I, JPH2, PLCH2, CACNAITF)
and sodium (FXYD7, FGF11). Important biosynthetic meta-
bolic pathways were up-regulated in pre-selected ENG-T
cells. For example, the oxidation and synthesis of fatty
acids is required for T-cell differentiation and memory,™
and genes involved in this process (GSTM2, EPHX1, DPEP2)
were up-regulated. Important regulators of TCR signaling
and T-cell cytotoxicity were also up-regulated in CD4/CD8
pre-selected ENG-T cells. PIK3IP1 negatively regulates TCR
signaling by inhibition of PI3K,” with higher expression likely
preventing acquisition of an overactive phenotype. EBF4
positively regulates genes involved in T-cell cytotoxicity,
including granzymes and perforin, with transcription re-
pression after T-cell stimulation.”® Decreased EBF4 tran-
script levels in unselected ENG-T cells is further evidence
of unproductive, non-specific activation during manufac-
turing. Taken together with the pro-inflammatory factors
detected in the manufacturing environment, unselected T
cells are conditioned to be more highly activated before
target exposure and are likely to exhaust sooner than CD4/
CD8-selected ENG-T cells.

We produced ENG-T cells from available primary AML patient
peripheral blood and bone marrow biospecimens. CD4/CD8
pre-selection led to higher sustained cell numbers during
serial stimulation. Importantly, two products failed to ex-
pand or survive ex vivo due to high leukemic contamination,
readily detectable via flow cytometric analysis. Of products
that did expand, both selected and unselected cells were
engineered and secreted CD123xCD3 ENG protein. As an-
ticipated, patient-derived ENG-T cells were less active and
expanded less well than healthy donor-derived ENG-T cells
overall, likely because of pre-existing AML-directed T-cell
suppression by malignant blasts.

In summary, we found that positive selection of CD4*/CD8*
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cell populations prior to manufacture produces superior
ENG-T cells. Mechanistically, unselected T cells are phe-
notypically imprinted by immunosuppressive cells early in
ex vivo manufacture, altering their transcriptional profile
and underpinning long-term effector cell behavior. The
manufacturing environment of T-cell products is highly
influential and curation via selection of desired cell pop-
ulations can ensure the long-term health of T cells used
as immunotherapy for devastating diseases.
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