P

Research in Pharmaceutical Sciences, April 2026; 21(2): 236-250 School of Pharmacy & Pharmaceutical Sciences
Received: 11-05-2025 Isfahan University of Medical Sciences
Peer Reviewed: 07-06-2025

Revised: 02-07-2025 . . .
Accepted: 24-01-2026 Original Article

Published: 24-04-2026

PD-1: CD28 chimeric receptors enhance phenotypic and functional
features of T cell subsets

Saba Feghhi-Najafabadi'-?, Farhad Riazi-Rad!, Mohammad Ali Shokrgozar?,
Shahriyar Abdoli*, Fatemeh Hajari Taheri’, Arash Arashkia®", and Zahra Sharifzadeh'"

Department of Immunology, Pasteur Institute of Iran, Tehran, I.R. Iran. 2Sudent Research Committee, Pasteur Institute
of Iran, Tehran, 1.R. Iran. ®National Cell Bank of Iran, Pasteur Institute of Iran, Tehran, I.R. Iran. “Department of Medical
Biotechnology, Faculty of Advanced Medical Technologies, Golestan University of Medical Sciences, Gorgan, |.R. Iran.
5Food and Drug Laboratory Research Center (FDLRC), Food and Drug Administration, Iran Ministry of Health and
Medical Education, Tehran. I.R. Iran. SDepartment of Molecular Virology, Pasteur Ingtitute of Iran, Tehran, I.R. Iran.

Abstract
Background and purpose: The PD-1/PD-L1 immune checkpoint pathway inhibits T cell function, allowing
tumors to escape immune responses. This study aimed to reprogram this inhibitory signaling using a PD-
1:CD28 switch receptor (SR) to convert inhibitory signaling into a co-stimulatory signal and to assess its
effects on the function of CD4* and CD8* T cells.
Experimental approach: PBMCs isolated from both sources were retrovirally transduced with PD-1:CD28
SR. Intracellular expression of cytokines, including IFN-y, IL-4, IL-10, as well as the surface CD25 in CD4"
and CD8" T cells, and the rate of cell apoptosis during engineering and exposure to target cells were assessed.
Findings/Results: Both buffy coat (BC) and whole blood showed comparable transduction efficiency (21.4%
versus 18.5%, respectively), but BC yielded nearly double the number of viable PBMCs per 50 mL. Upon
stimulation and co-culture with target cells, CD4* SR T cells produced significantly higher levels of IFN-y,
IL-4, and IL-10 compared to CD8" SR T cells. These cytokines also significantly increased in co-culture
supernatants exposed to PD-L1* cells. No significant differences were found in CD4/CDS ratios, CD25
expression, or cytokine profiles between PBMC sources. However, BC-derived T cells showed higher
apoptosis rates during co-culture.
Conclusion and implications: BC can be a practical and effective source of PBMCs for T cell engineering.
These findings underscore the SR signaling in the activation of CD4"* T cells that may impact the activation of
CDS8" T cells, which is essential for effective tumor eradication.
Keywords: Blood buffy coat; CD4-positive T-lymphocytes and CDS8-positive T-lymphocytes;
Immunotherapy; PD-1:CD28 switch receptor; PD-L1; Whole blood.
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INTRODUCTION

Adoptive T cell therapy (ACT) is a novel
approach to treating cancers resistant to current
standard therapies. Tumors can escape the
immune system by reducing immunogenicity to
limit recognition by the immune system and
creating an inhibitory microenvironment to
suppress the immune responses and induce T
cell exhaustion (1). Factors such as chronic

antigen  stimulation,  immunosuppressive
cytokines, metabolic dysregulation, and
inhibitory immune checkpoint interactions

within the tumor microenvironment contribute
to T cell exhaustion (2). Among these, the PD-
1/PD-L1 pathway is one of the most significant
contributors, playing a crucial role in tumor
immune evasion and serving as a key target for
cancer immunotherapy (3). The blockade of the
PD-1/PD-L1 axis has revolutionized cancer
therapy and is now considered a key strategy in
immuno-oncology  (4,5). FDA-approved
monoclonal  antibodies  against  PD-1
(nivolumab and pembrolizumab) and PD-L1
(atezolizumab or durvalumab) have shown
remarkable clinical benefits in a wide range of
malignancies, including non-small cell lung
cancer, melanoma, and renal cell carcinoma (6).
However, despite their success, immune
checkpoint inhibitors (ICIs) may elicit immune-
related adverse effects (irAEs), including
autoimmune reactions and cytokine release
syndrome (CRS), which can compromise
patient safety and limit their broader application
(7,8). Furthermore, many patients do not
respond to therapy or eventually develop
resistance, underlining the need for more
precise and controllable immunotherapeutic
modalities (4).

One promising next-generation
immunotherapy approach involves the use of
synthetic immune receptors, particularly switch
receptors (SRs), which are engineered to
convert inhibitory signals such as those from
the PD-1/PD-L1 axis, into stimulatory signals.
By fusing the extracellular domain of PD-1
with an intracellular signaling module, these
receptors enable T cells to recognize and
respond to PD-L1" tumor cells not with
suppression, but with enhanced activation and
function (9).
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The intracellular signaling domain is crucial
for the therapeutic efficacy and safety of SRs,
with CD3( causing tonic signaling and
activation-induced cell death (AICD), while
CD28 enhances proliferation and survival,
avoiding immune activation risks such as CRS
or autoimmunity (10).

Designing CD28 downstream of PD-1
enhances T cell activity while preventing
excessive  immune  responses, thereby
contributing to immune balance and reducing
the risk of adverse events (11). Preclinical
studies have demonstrated the enhanced
cytotoxicity, persistence, and tumor infiltration
of SR-engineered T cells, particularly in PD-
L1-rich cancers (12). Furthermore, ongoing
early-phase clinical trials (NCT06084286,
NCT04684459, NCT03672305, and
NCTO05477927) evaluated SRs in the context of
CAR T-cell therapies for solid tumors,
supporting their translational potential and
safety in clinical settings (13). Therefore, SRs
represented a rational and innovative strategy to
overcome immune resistance and improve the
precision and safety of current checkpoint
blockade therapies (14).

The composition of T cell subsets is critical
in engineered T cell therapies. CD8" cytotoxic
T cells are key effectors in antitumor immunity,
while CD4" T cells enhance cytotoxic T
lymphocytes (CTL) function through cytokine
secretion and dendritic cell modulation (15,16).
CD4" cells are divided into functional subsets,
including T helper 1 (Th1) and T helper 2 (Th2)
cells. Thl cells promote antitumor responses
via interferon gamma (IFN-y), whereas Th2
cells, producing IL-4, are linked to tumor
progression. An imbalance favoring Th2 over
Th1 correlates with poor prognosis in advanced
cancer. IL-10-producing CD4" T cells are
heterogeneous, exhibiting both regulatory and
potential antitumor roles (17,18).

Recent investigation identified the various
subsets of CD8" cytotoxic T cell (Tc),
comparable to CD4" T cell subtypes, each

containing unique effector activities and
cytotoxic abilities that variably enhance
antitumor  immunity (19). Tcl  cells,

characterized by IFN-y production, facilitate
cytotoxicity via perforin or Fas-dependent
pathways and are pivotal in the eradication of



tumor cells. Tc2 cells release IL-4 and employ
perforin-mediated cytotoxicity; yet, their role in
antitumor responses seems constrained (20).
Furthermore, IL-10-producing CD8* T cells
demonstrated immunoregulatory capabilities
by inhibiting the growth of Thl and
Th2 cells (21). The distinct functions of
CD4" and CDS8" T cell subsets are crucial for
cancer immunotherapy, since successful
approaches require the activation and
synchronization of both cell types to elicit
strong and lasting antitumor responses (22).
CD28 co-stimulation elicits distinct responses
in CD4" and CD8" T cells: CD4" T cells
experience prolonged activation, proliferation,
and IL-2 production, whereas CD8" T cells
exhibit temporary activation, subsequent 1L-2
downregulation, and heightened vulnerability
to apoptosis (23). These distinctions highlight
the necessity of analyzing both CD4* and CD8"
subsets to evaluate the effectiveness of ACT

(24).
Peripheral blood mononuclear cells
(PBMCs) are the primary source of

lymphocytes for the generation of genetically
engineered T cells (24,25). The initial step in
producing engineered T cells is isolating
PBMCs, which is followed by activation, gene
alteration, expansion, and performing crucial
functional evaluations to evaluate their
effectiveness (26). The success of in vitro and
clinical applications depends critically on the
quality and functionality of separated cells,
given the important role PBMCs play in this
process (27). Buffy coat (BC) and whole blood
(WB) are the two primary sources for isolating
PBMCs. Each source has unique characteristics
influencing its  suitability for specific
applications, particularly in immunological
research development (28).

The functionality of PBMCs is influenced by
their interaction with environmental and
mechanical factors during isolation and
handling (29). The mechanical stress
impacts various cellular processes, including T
cell activation, where mechanical cues
modulate the activation of T cells by
influencing receptor clustering and signaling
pathways, proliferation, and differentiation,
leading to the development of various
phenotypes, such as Thl, Th2, and regulatory T
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cells (Tregs) (30). The isolation of PBMCs
from WB or BC involves multiple steps that can
subject cells to mechanical stress. Key
mechanical stressors during PBMC isolation-
such as centrifugation-induced shear forces,
repeated  pipetting, and  temperature
fluctuations- can compromise cell membrane
integrity, signaling pathways, and overall
viability. These factors may impact the
functional comparability of PBMCs isolated
from WB versus BC (27,30,31).

This study investigated the frequency of
CD4" T cells producing IFN-y, IL-4, and
IL-10, as well as the analogous subsets in
CD8" T cells, during engineering PBMCs
with PD-1:CD28 SR and when exposed to PD-
L1" target cells. In addition, the effect
of the source of isolated PBMCs (BC and WB)
was also compared on the frequency of
the cell populations during the cell engineering
process.

MATERIALS AND METHODS

Switch receptor design

The SR gene construct consisted of the PD-1
signal peptide (Q15116 - PDCD1_HUMAN aa 1-
24) with a c-Myc tag (EQKLISEEDL) and PD-1
extracellular domain (Q15116 - PDCD1_HUMAN
aa 25-170), fused with the transmembrane
and  co-stimulatory domains of CD28
(P10747 -CD28  HUMAN aa 153-220)
(https://www.uniprot.org/) (Fig. 1A). The designed
SR sequence was verified using CLC software,
its 3D protein structure was modeled with
ChimeraX 1.8, and its interaction with PD-L1 was
analyzed using the HADDOCK online database
(https://rascar.science.uu.nl/haddock2.4/). The
designed SR gene was synthesized by
GenScript (China) and first cloned into
the pUC 57 plasmid. PD-1:CD28 was
subcloned into the lentiviral transfer
plasmid pCDH-CMV-MCS-EF10-PURO
(CD510B-1) (Addgene, USA) to generate the
recombinant lentiviral transfer plasmid
containing PD-1:CD28 SR. This Ientiviral
plasmid also encoded enhanced green
fluorescent protein (EGFP), which served as a
marker of SR expression. Also, the c-Myc tag
was considered the surface expression
recognition factor.
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Fig. 1. Design and production of PD-1:CD28 SR. (A) Schematic representation of the pCDH3.1A vector containing the
extracellular domain of PD-1 and the intracellular domain of CD28; (B) schematic diagram of target cells where HDF
cells induced with IFN-y and expressing PD-L1 were considered as positive targets (HDF-PD-L1" cell), and HDF cells
without induction were considered as negative targets (HDF-PD-L1- cell); (C) protein structure of SR compared to PD-1
and SR docking with PD-L1; (D) flow cytometry analysis showing 77.9% GFP expression in Lenti-x cells transfected
with the SR construct (FL1-GFP); (E) phase-contrast (upper) and fluorescence (lower) images confirming GFP expression
in transfected cells; (F) transduction efficiency measured by GFP expression in HEK293T cells (FL1-GFP); (G) phase-
contrast (upper) and fluorescence (lower) images confirming transduction efficiency in HEK293T cells; (H) flow
cytometry analysis showing 21.4% GFP expression in PBMCs (FL1-GFP); (I) flow cytometry analysis of c-Myc surface
expression in GFP* transduced PBMCs confirming expression of the SR on the cell surface (FL3- PerCP Cy5.5); (J) flow
cytometry analysis showing 96.3% PD-L1 expression in HDF cells after IFN-y stimulation compared to 3.66% in
untreated cells (FL3- PerCP Cy5.5). SR, Switch receptor; HDF, human dermal fibroblast; IFN-y, interferon-y; GFP, green
fluorescent protein; PBMCs, peripheral blood mononuclear cells.

Isolation of PBMCs

Blood samples were collected from 6 healthy
donors through the Iranian Blood Transfusion
Organization (IBTO). All experiments were
conducted according to the guidelines of the
Ethics Committee of the Pasteur Institute of Iran
(PII) with ethical code: IR.PIL.LAEC.1400.072.
Each donor provided a single blood bag
(approximately 450 mL), which was divided into
2 equal portions. One portion was used directly
to isolate PBMCs as a WB sample, while the
other portion was centrifuged for 10 min at 5000
g according to the BC separation process of the
blood bank (32). PBMCs from WB and BC were
rapidly isolated using standard Ficoll-Paque
density gradient centrifugation protocols. The
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resulting PBMC pellets from both sources were
resuspended in  RPMI-1640  medium,
supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine, and recombinant
human IL-2 (100 U/mL), at a concentration of 1
x 10¢ cells/mL to support T-cell survival and
proliferation. Cell counts were conducted with a
hemocytometer (Neubauer, Marienfeld,
Germany), and viability was evaluated using the
trypan blue exclusion technique.

Cell lines

Isolated PBMCs were used as effector cells,
and Lenti-X and HEK293T cells were employed
for lentivirus production and titration,
respectively. Human dermal fibroblasts (HDFs)



served as target cells. All cell lines were acquired
from the National Cell Bank of Iran (NCBI) and
cultured in Dulbecco's modified Eagle medium
(DMEM) enriched with 10% FBS, 1%
penicillin-streptomycin, and 2 mM L-glutamine
at 37 °C in a humidified incubator with 5% COs..

Assessment and induction of PD-L1 expression
on target cells

To evaluate the functionality of SR-
expressing cells against PD-L1* cells, it was
essential to use a cell line that did not inherently
express PD-L1 as the negative control.
However, this was not feasible with cancer cell
lines, which typically express PD-L1. Therefore,
HDF cells were employed as a model target cell.
The baseline expression of PD-L1 in HDF cells
was assessed to confirm their PD-L1-negative
status. Additionally, PD-L1 expression was
induced in HDF cells using interferon-y (IFN-y)
to create a comparable target cell line that
differed only in its PD-L1 expression levels (34).
For this, HDFs were treated with recombinant
human IFN-y (50 ng/mL) using 2 consecutive
doses every 2 days. PD-L1 expression was
evaluated before and after [IFN-y treatment using
flow cytometry with an anti-PD-L1 antibody
(eBioscience, San Diego, USA) to ensure
effective upregulation of PD-L1 before co-
culture experiments (Fig. 1B).

Lentivirus production

Three plasmids were used to transfect virus-
producing cells based on the second-generation
lentivirus production system. Lenti-X cells (1.2
% 10°), cultured in a 6-well tissue culture-treated
plate, were transfected using the VSV-G
envelope plasmid PMD2.G (Addgene, USA),
the packaging plasmid psPAX2 (Addgene,
USA) encoding gag-pol, and the transfer vector
encoding the gene of interest, in a ratio of 1:3:3,
respectively. The polyethyleneimine reagent, a
cationic polymer frequently used for DNA
transfection, was employed to transfect the PD-
1:CD28 SR. The lentivirus-containing
supernatant was harvested every 12 h for 3 days.
Lentiviral particles were concentrated by
ultracentrifugation for 2 h at 50000 g. According
to the Trono Lab protocol for viral titer
measurement, 64, 16, and 4 pL of viral harvest
were added to HEK293T cells. Three days after
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transduction, green fluorescent protein (GFP)-
expressing cells were identified using flow
cytometry and a fluorescent microscope to
measure multiplicity of infection (MOI)
(14,35)). Samples displaying GFP expression
below 20% were taken as acceptable.

Flow cytometry analysis

PBMCs obtained from both WB and BC
samples were analyzed in 4 experimental
conditions, including activation using anti-CD3
and anti-CD28 conjugated beads, transduction
via a gene delivery system, and co-culture with
target cells to determine functional properties. At
each stage, we assessed key parameters,
including CD3*, CD4*, and CD8" T cells and the
frequency of CD25, IFN-y, IL-10, and IL-4 in
these cells, and also apoptosis levels. In addition,
we calculated the IFN-y/IL-4, the IFN-y/IL-10,
and the CD8/CD4 ratios. Flow cytometry
analysis was performed to evaluate both surface
and intracellular markers. In all staining
procedures, 5 x 10° cells/tube were collected
and incubated with the specified antibodies.

Following staining

For surface marker analysis, T cells were
stained with PerCP/Cy7-conjugated anti-c-Myc
tag (Santa Cruz Biotechnology, Texas, USA) to
detect PD-1:CD28 SR surface expression, and
the GFP signal was simultaneously acquired.
PD-L1" tumor cells were stained with PerCP-
Cy5.5-conjugated mouse anti-human PD-L1 for
PD-L1 surface detection. Additionally, for each
group WB and BC, cells were divided into 3
tubes as follows: 1. stained with anti-CD3 PerCP
and PE-conjugated anti-CD25; 2. stained with
PerCP-Cy5.5-conjugated anti-CD4 and PE-
conjugated anti-CD25; 3. stained with anti-CD8
PerCP-CyS5.5 and PE-conjugated anti-CD25. For
intracellular cytokine staining, PBMCs were
initially surface-stained with PerCP-Cy5.5-
conjugated anti-CD3, anti-CD4, and anti-CD8
antibodies, fixed with 2% (v/v) formaldehyde,
and permeabilized with 0.1% (w/v) saponin. The
permeabilized cells were then divided into 3
tubes to evaluate cytokine expression separately
for the WB and BC groups. The tubes in each
group were stained with one of the following
PE-conjugated antibodies: anti-IFN-y, anti-IL-
10, or anti-IL-4 (eBioscience, San Diego, USA).
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Fluorescence was assayed using a Partec PAS 111
(Partec GmbH, Germany), and all data were
analyzed with FlowJo V10 software.

T cell expansion and lentiviral transduction

Dynabeads™  Human T  Activator
CD3/CD28 (Thermo Fisher Scientific) was
employed to activate primary T cells at a 1:2
bead-to-cell ratio, supplemented with 100
IU/mL IL-2, throughout a three-day period
preceding lentiviral transduction. The beads
were subsequently extracted utilizing a magnetic
separator. The media of the activated cells were
substituted with lentiviral supernatant at an MOI
of 10 and treated with polybrene at a
concentration of 6 mg/mL in the culture media.
Furthermore, T cell culture media were
supplemented with 50 IU/mL IL-2 every 2 days
for a duration of 72 h. To assess the efficacy of
transduction via flow cytometry, the cell
population was initially gated on GFP* cells,
followed by an analysis of the percentage of c-
Myc-positive cells within each cell population.
In vitro stimulation of SR cells and
quantitation of cytokines

In the co-culture assay, target cells were
plated in 48-well plates, and the transduced
effector cells were introduced at an effector-to-
target (E:T) ratio of 3:1. This ratio was selected
based on the previous experiment demonstrating
that an E:T ratio of 3:1 provided sufficient T cell
activation and cytokine production while
avoiding excessive cytotoxicity that may
obscure differential functional responses (36).
The co-culture was maintained for 24 h under
standard cell culture conditions. Then, the
functional phenotype of CD4" and CD8* T cells
and the rate of apoptosis were assessed by flow
cytometry. The co-culture supernatant was
collected after 24 and 48 h and stored at -80 °C
for further quantification. IL-4, IL-10, and IFN-
v levels in the culture supernatant were
determined using the human IL-4 and IL-10
ELISA Set (R&D, USA) and human IFN-y
ELISA Set (Biolegend, USA).

Statistical analysis

The data were presented as mean + SD and
analyzed using GraphPad Prism software
(version 10). An unpaired t-test was performed
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to identify differences across the treatment
groups. P-values < 0.05 were considered

statistically significant.
RESULTS

Generation of SR cell using lentiviral gene
transfer and PD-L1" target cell

This study investigated the feasibility of
designing an SR for PD-L1" tumor cells
applicable in cell-based immunotherapy. A
chimeric SR was designed by fusing the signal
peptide and extracellular domain of PD-1 with
the transmembrane and intracellular signaling
domains of CD28 (Fig. 1A). The protein and
structural conformation of the SR were
modeled by fusing the extracellular domain of
PD-1 with the transmembrane and intracellular
signaling domains of CD28. The full-length
PD-1 structure was retrieved from the Protein
Data Bank (PDB) and used as a reference to
evaluate the modeled SR. Protein-protein
docking analysis with PD-L1 was performed
using the HADDOCK platform to assess
binding feasibility. The analysis confirmed
stable interaction between PD-1 and PD-LI in
the context of the SR, supporting the structural
integrity and functional compatibility of the
engineered receptor (Fig. 1C). The construct
transfection efficiency was assessed by flow
cytometry (Fig. 1D) and fluorescence
microscopy (Fig. 1E), based on GFP expression
as a reporter, which showed a high transfection
rate of 77.9%.

Lentiviral particles were produced and
titrated in HEK293T cells according to the
Trono lab protocol (35). In this study, a 16 uL
aliquot of viral harvest with a transduction
efficiency of 11%- within the recommended
range of less than 20%- was selected for viral
titer determination. Based on this, the viral titer
was estimated to be approximately 9 x 10°
TU/mL. This value was subsequently used to
calculate the required volume of wviral
supernatant to achieve an MOI of 10, which
was then added to the PBMCs (Fig. 1F and G).
To evaluate the efficiency of transduction in
PBMCs by flow cytometry, both WB and BC
groups underwent lentiviral transduction. No
notable disparity was detected in transduction
efficiency between both groups, with mean



GFP* cell percentages of 18.5% for the WB
group and 21.4% for the BC group (Fig. 1H).
To verify surface localization of the receptor, c-
Myc expression was analyzed within the GFP*
population using flow cytometry. The results
demonstrated that 39.6% of the transduced cells
expressed the SR on the BC surface (Fig. 11).
To validate PD-L1 expression and investigate
the effect of IFN-y on its induction, HDF cells
were treated with IFN-y, and PD-L1 surface
expression was analyzed using flow cytometry.
The results indicated that, after induction, over
96% of cells expressed PD-L1 compared to
3.66% in the untreated group (Fig. 1J). This
notable distinction significantly confirmed the
appropriateness of these cells as the target cells
in subsequent research.

Comparative analysis of the behavior of T cell
subsets in engineering and co-culture
processes based on the PBMC source

In the first step, the effect of mechanical
stresses during the processing of PBMCs from
different sources (BC versus WB) on T cell
phenotype and function was investigated. For
this purpose, a comprehensive assessment of
the quality and phenotype of engineered T cells
was performed by measuring key immune
parameters, including the frequency of CD4"
and CD8" T cell populations, the apoptosis rate
in cells, the frequency of CD25" cells (a marker
of activated cells), and the frequency of cells
producing the cytokines IFN-y (a marker
cytokine of Thl and Tcl groups), IL-4 (a
marker cytokine of Th2 and Tc2 subgroups),
and IL-10 (an inhibitory cytokine produced by
regulatory cells) at all stages of engineering and
co-culture in PBMCs isolated from BC and
WB. To better understand the results, the
CDS8/CD4, IFN-y/IL-4, and IFN-y/IL-10 ratios
were used to compare the BC and WB results.
This integrated analysis allowed us to identify
the impact of both T cell subset composition
and PBMC source on the efficacy and
reliability of SR expression and functional
outcomes.

During the PBMC isolation step,
approximately 50 x 10° viable cells were
obtained from 50 mL of WB, whereas the same
volume of BC yielded around 100 x 10¢ viable
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PBMCs, indicating a significantly higher cell
yield from the BC compared to the WB.

The frequency of apoptotic cells in cells
isolated from BC was higher in the CD3/CD28
bead stimulation, co-culture with PD-L1" target,
and PD-L17 target stages than those in WB
(Fig. 2A). No significant differences were
observed in the frequency of CD25" cells (Fig.
2B) and the ratios of [FN-y/IL-10 (Fig. 2C) and
IFN-y/IL-4 (Fig. 2D) between PBMCs from
WB and BC during the engineering process and
co-culture with target cells. Following PBMC
isolation by Ficoll, the initial CD8:CD4 ratio
was approximately 1:2 (data not shown), but
after stimulation with CD3/CD28 beads, this
ratio shifted to about 2:1, indicating the
preferential CD8* expansion. However, no
significant difference in the CD8/CD4 ratio was
observed between BC and WB sources in the
subsequent phases of the study. (Fig. 2E). In
general, irrespective of the apoptosis level, the
findings from the BC group seemed to be
analogous to those of WB.

Functional activity and cytokine secretion of
SR cells in response to PD-L1" target cells

In the next step, the effect of PD-1:CD28 SR
signaling on effector CD4" and CD8" T cell
subsets was assessed after exposure to PD-L1*
and PD-L1- targets. Flow cytometry analysis
was performed at each stage of the experiment,
and representative results for CD25 expression
were presented in Fig. 3A as an example. The
percentage of IL-10" (Fig. 3B) and IFN-y* (Fig.
3C) cells in CD4* T cells was significantly
increased when co-cultured with PD-L17 cells
compared to PD-L1- cells. No significant
difference was observed in the frequency of IL-
47 (Fig. 3D) and CD25" (Fig. 3E) cells in CD4"
and CD8* T cells between Target™ and Target
groups. However, the ratios of IFN-y/IL-4°
(Fig. 3F) and IFN-y/IL-10* (Fig. 3G) did not
differ in CD4" and CD8" T cells when co-
cultured with Target® and Target. Cytokine
measurement in the supernatant of the cells co-
cultured with Target" and Target showed a
significant increase in the production of IFN-y,
IL-4, and IL-10 in the Target” group compared
with the Target” group at both 24 h (Fig. 3H) and
48 h (Fig. 31) post co-culture.
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Comparable tests were performed on T cells
obtained from the WB group; however, due to
the absence of statistically significant
differences between the results of WB and BC,
only the findings from the BC group were

populations after co-culture with PD-L17 and
PD-L1" cells (Fig. 4A). The results showed that
the frequency of IL-4, IL-10, and IFN-y-
producing cells significantly increased in CD4*
T cells in response to PD-1:CD28 SR signaling

reported here. compared to CD8" T cells. However, no
Differential  cytokine  expression  and significant differences were observed in the

activation signatures of CD4" and CD8" SR
cells upon engagement with PD-L1" target
cells

To compare PD-1:CD28 SR signaling in
CD4* and CDS8" T cells in the presence of target
cells, the frequency of IL-4, IL-10, and IFN-y
producing cells and CD25 expressing effector

IFN-y/IL-10" and IFN-y/IL-4" ratios between
the two subsets (Fig. 4B). A strong positive
correlation was observed among the IFN-y/IL-
10 and IFN-y/IL-4 ratios within both CD8" and
CD4" T cell subsets (Pearson's r > 0.98 for all
comparisons), indicating highly coordinated
cytokine expression profiles across these

cells was compared in these two cell immune populations.
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Fig. 2. Comparison of phenotype and function of T cells derived from WB and BC in response to target cells. (A)
Apoptosis percentage; (B) CD25 expression; (C) IFN-y/IL-10 ratio; (D) IFN-y/IL-4 ratio; (E) CD8/CD4 ratio. Statistical
analysis was performed using an unpaired t-test for comparisons between treatment groups. Data were expressed as mean
+ SD. "P < 0.05 and P <0.01 demonstrate significant differences between respective groups. WB, Whole blood; BC,
buffy coat; IFN-y, interferon-y; IL, interleukin.
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Fig. 3. Cytokine secretion profile and activation status of SR-PBMCs (BC source) following target cell co-culture. (A)
Representative flow cytometry dot plots for CD25 and CD4 expression across both experimental conditions of SR-
PBMCs with PD-L1- target (target) and SR-PBMCs co-cultured with PD-L17 target cells (target”). Y axes show FL3
channel and PerCP/CY5 fluorochrome, and X axes show FL2 and PE fluorochrome; (B) IL-10, (C) IFN-y, (D) IL-4, and
(E) CD25 expression in CD4" and CD8" T cell subsets; (F) IFN-y/IL-4 and (G) IFN-y/IL-10 ratios in both CD4" and
CD8" T cells, indicating a shift in Th1/Th2 and inflammatory/regulatory balance; concentration of cytokines including
IFN-y, IL-4, and IL-10 measured in the culture supernatant using ELISA after (H) 24 h and (I) 48 h co-culture with PD-
L1* targets. Statistical analysis was performed using an unpaired t-test for comparisons between treatment groups. Data
were expressed as mean = SD. "P <0.05, P <0.01, and **P <0.001 demonstrate significant differences between
respective groups. IFN-y, Interferon-y; IL, interleukin; PBMCs, peripheral blood mononuclear cells.
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Fig. 4. Cytokine and activation marker expression in CD4" and CD8" T cells upon co-culture with PD-L1* target cells.
(A) The percentage of intracellular IFN-y, IL-4, IL-10, and CD25 expressing cells and (B) the IFN-y/IL-4 and IFN-y/IL-
10 ratios. Statistical analysis was performed using an unpaired t-test for comparisons between treatment groups. Data
were expressed as mean + SD. "P <0.05 and **P <0.001 demonstrate significant differences between respective groups.
IFN-y, Interferon-y; IL, interleukin.
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DISCUSSION

PD-1 is a pivotal immune -checkpoint
molecule that inhibits anti-tumor effector
responses and is essential for the management
of advanced cancer patients (ACP). The
engagement of PD-1 on T cells with its ligand
PD-L1 on tumor cells facilitates clonal deletion
and T cell exhaustion, resulting in
immunological suppression (37). Tumors evade
immune surveillance by downregulating CD28
ligands on their surface, a process that may also
be promoted by tolerogenic processes affecting
tumor-specific T cells (38). Additionally, active
T cells inherently reduce CD28 expression as a
natural feedback mechanism to regulate
immunological responses (39). Previous
investigation indicated that the intratumoral
induction of B7-1 (CD80), a ligand for CD28,
can augment T cell responses and facilitate
tumor regression (40). We developed a PD-
1:CD28 SR to transform the inhibitory signals
from PD-1/PD-L1 interactions into a
stimulatory signal mediated by CD28, based on
this evidence. This study examined the impact
of the chimeric receptor on the activation of
CD4" and CD8" T cell subsets when exposed to
PD-L1-expressing target cells without antigen-
specific stimulation. This study investigated the
impact of the source of PBMCs from WB or BC
and the stress conditions during isolation on the
phenotype and transduction efficiency of
engineered T cells. The results clarified how
cellular background affected the functional
outcomes of T cell engineering with PD-1:CD28
SRs.

High-quality PBMC:s in clinical trials serve as
an essential resource for generating functional T
cells and maintaining the stability of cell subsets
(41). While both WB and BC serve as common
sources for PBMC isolation, they differ
significantly in cellular yield and processing
demands. WB contains all blood components,
which may dilute the concentration of the cells of
interest, whereas the BC represents an enriched
fraction predominantly consisting of PBMCs and
platelets (42). The current data indicated that for
equal volume, the cell yield in BC was twice that
of WB.

However, the additional handling steps
required for BC processing, such as

245

centrifugation and extensive pipetting, may
introduce mechanical stress that negatively
impacts the survival and functionality of T
cells. The apoptotic profiles of PBMCs from
WB and BC become increasingly similar after
Ficoll preparation. Consistent with this,
Szczepiorkowski et al. indicated that physical
stress does not induce apoptosis in the BC cells
(43). In the present study, although the
CDB8/CD4 ratio and the frequency of CD25"
cells (a marker of T cell activation) were similar
between PBMCs derived from WB and BC, we
observed a significantly higher rate of apoptosis
in BC-derived T cells following CD3/CD28
stimulation and co-culture with PD-L1-and PD-
L1" targets. Although no significant difference
in apoptosis levels was observed between
PBMCs derived from BC and WB following
Ficoll isolation and lentiviral transduction, a
statistically significant difference emerged
upon co-culture with PD-L1* target cells.

The comparison of effector cell frequency
between PBMCs derived from BC and WB in
different phases of engineering and co-culture
indicated that although the effector cell ratios
were comparable, the frequency of effector
cells, particularly those producing IFN-y, was
significantly increased in BC compared to WB
upon stimulation (CD3/CD28 beads and co-
culture) (data not shown). IFN-y can induce
apoptosis in activated T cells (44,45), which is
dependent on the mitochondrial pathway of
apoptosis (46). Therefore, increased apoptosis
in BC-derived T cells could be due to an
increase in activated cells and IFN-y,
suggesting additional investigation in the
future. CD4" T cells, rather than CD8" T cells,
are recognized as the primary mediators of
cytokine release syndrome (CRS). Previous
research has highlighted the significance of
sustaining a CD4:CDS8 ratio close to 1:1 to
optimize antitumor synergy, whereas increased
ratios (exceeding 1.12) have been associated
with  weaker treatment results  (47).
Interestingly, the current study showed that the
initial CD4:CD8 ratio was approximately 2:1.
However, upon CD3/CD28 stimulation, this
ratio shifted to roughly 1:2, reflecting the
preferential expansion of CD8" T cells. This
reversal persisted throughout the downstream
processes, potentially contributing to reduced



CRS risk while preserving the cytotoxic
potency of the T cell product. These findings
suggested that CD3/CD28 stimulation not only
enhances activation but may also steer the T cell
composition toward a functionally favorable
profile for adoptive cell therapy.

To facilitate the comparison of effector
populations at various stages of SR-PBMC cell
engineering and co-culture with targets, the
ratios of IFN-y/IL-10 and IFN-y/IL-4 cytokines
were assessed. No differences in these ratios
were observed during the study phases,
indicating that the PBMC sources did not affect
lymphocyte phenotypes. According to the
present results, this study suggests BC as a
feasible and practical source for the isolation of
PBMCs, which can replace the WB.

Antitumor immune responses are mostly
mediated by CD8" cells activated by Thl cells
that secrete IFN-y. Nonetheless, despite
variations in the Th1/Th2 ratio across different
tumors, research indicated that the Thl
response is predominantly inhibited in the
majority of cancer cases (18). Bos et al.
demonstrated that in the tumor
microenvironment, the recruitment,
proliferation, and effector function of CD8" T
cells are augmented by IFN-y and IL-2 secreted
by CD4" T cells (48). The elevation of this ratio
in CD4" T cells in response to a PD-LI-
expressing target cell in BC-derived PD-
1:CD28 SR cells may confer a benefit for this
cellular source. Numerous studies indicated
that PD-1:CD28 receptor switch signaling
results in the activation and secretion of IFN-y
from CD4" and CD8* T cells (49,50). The
present study investigated, for the first time, the
influence of PD-1:CD28 SR signaling on
cytokine production of IFN-y, IL-4, and IL-10
in CD4" and CDS8* T cells interacting with PD-
L1" and PD-LI1- target cells. Although no
significant variations were seen in the
percentage of CD25" cells among CD4* and
CDS8" T cell subsets between PD-L1* and PD-
L1- co-cultures, a marked elevation of IFN-y*
and TL-10" CD4" T cells was observed in
response to PD-L1* targets. PD-1:CD28 SR
signaling appears to more effectively activate
CD4" T cells compared to CD8" T cells, and
these CD4" T cells may influence the
phenotypes of CD8" T cells.
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One study indicated that in activated CD8* T
cells exhibiting diminished CD28 expression,
and in this situation, NKG2D signaling
functions as a co-stimulatory signal, enhancing
levels of IFN-y and TNF-a (51). NKG2D
ligands are frequently expressed by tumor cells
(52), facilitating the elimination of cancer cells
by CD8" T cells in animal models that express
these ligands (53). The absence of notable
variations in cytokine-producing cells between
co-cultured PD-L1* and PD-L1- target cells
may result from the participation of NKG2D
and its ligands in the PD-L1- target, which
compensates for PD-1:CD28 SR signaling in PD-
L17 target cells. This conclusion aligns with
Prosser’s study, which revealed no significant
change in the frequency of IFN-y" CD8* T cells
between PD-L1* and PD-L1- cells (49).

In pathogenic and inflammatory tumor
conditions, IFN-y  within the tumor
microenvironment promotes PD-L1 expression
on tumor cell surfaces and diminishes NKG2D
expression on CD8" T cells (54). Thus, PD-
1:CD28 SR signaling seems capable of
activating CD8" T cells in this environment.

The ELISA results indicated a markedly
significant elevation in cytokine secretion
within the supernatants of PD-L17 target cells
relative to PD-L1- cells. This finding aligns
with the study that, despite no discernible
difference in cell frequency via flow cytometry,
demonstrated that IFN-y secretion was
significantly greater in the PD-L1* cell group
compared to the PD-L1- group (49). CD4* T
cells play a crucial role in orchestrating
antitumor immune responses, making their
presence indispensable in CAR-T cell therapy.
Lee et al. demonstrated that CD4" T cells
directly influenced CD8" T cell activation
during ex vivo CAR-T expansion, independent
of antigen-presenting cells (APCs) (59),
although CD4* CAR-T cells tended to exhibit a
more exhausted phenotype. Nevertheless, they
are capable of mediating cytotoxicity through
IFN-y-dependent mechanisms (56). This study
revealed a strong correlation between the IFN-
v/IL-4 and IFN-y/IL-10 ratios within both CD4"
and CD8" T cell populations. Notably, the
frequency of IFN-y* and IL-10" cells was
significantly higher in CD4" T cells than in
CD8" T cells upon interaction with PD-L1*
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target cells, suggesting that activated CD4* T
cells may influence CD8* T cell phenotype
through PD-1:CD28 SR. Furthermore, the
levels of IFN-y and IL-10 in co-culture
supernatants increased substantially at 48 h
compared to 24 h post-co-culture with PD-L1*
targets. While IL-10 is traditionally known for
its immunosuppressive functions, emerging
evidence indicates that IL-10-producing CD4*
T cells can enhance mitochondrial activity,
oxidative  phosphorylation, and  tumor
infiltration, thereby improving the persistence
and efficacy of IL-10-expressing CAR-T cells
(57). This mechanism is associated with
resistance to T cell dysfunction and sustained
clearance of solid tumors and metastases.
Together, these findings underscored the central
role of CD4" T cells in regulating CAR-T
function and highlight their therapeutic
potential in improving responses against solid
tumors (58,59).

Collectively, these data emphasized the
pivotal role of SR function and showed their
therapeutic potential in enhancing responses to
solid malignancies.

CONCLUSION

The present study findings indicated that BC
serves as a viable and effective source for
PBMC isolation in T cell engineering. BC is
less susceptible to adverse effects on function
and phenotype due to the brief interaction of
immune cells, particularly T cells, with RBCs.
The quantity of effector cells, particularly IFN-
v-producing cells in T cells separated from BC
following stimulation (CD3/CD28 beads and
co-culture) showed a significant rise compared
with WB, despite the ratio of these effector cells
remaining similar. The elevated apoptosis
observed in this context may result from the
apoptosis of T cells induced by IFN-y.
Moreover, these data supported the hypothesis
that showed engineered T cells elicited a robust
type 1 response (characterized by elevated IFN-
vy secretion) in reaction to SR signaling.
Furthermore, CD4" T cells exhibited a more
pronounced response to SR signaling compared
to CD8" T cells and, as primary IFN-y-secreting
cells, can modulate CD8* responses.
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