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Received: 12 April 2025 Abstract: In hematopoietic stem cell transplantation (HSCT), donor-derived
Accepted: 1 May 2025 allogeneic T cells contribute to the graft-versus-tumor (GVT) effect but can also
Published: 2 July 2025 trigger graft-versus-host disease (GvHD), a major source of post-transplant

morbidity and mortality. Regulatory T cells (Tregs), particularly FoxP3* Tregs, play
a pivotal role in promoting immune tolerance and preventing GvHD, as established
in murine models. Translating these findings to human therapy requires the isolation
and expansion of pure, stable Treg populations suitable for clinical infusion. This
study investigates whether clinical-grade CD45RA* naive Tregs—known for their
stem-like properties and enhanced persistence—can be isolated and expanded while
retaining their phenotype and immunosuppressive function. Peripheral blood
mononuclear cells (PBMCs) were used to isolate naive Tregs defined as
CD45RA'CD4'CD25"CD127". Artificial antigen-presenting cells (aAPCs) derived
from genetically engineered K562 cells expressing CD64, CD86, and CD137L were
loaded with OKT3 monoclonal antibody to stimulate Treg cell expansion. Tregs
were re-stimulated on days 0 and 10 and assessed on day 21 using flow cytometry,
CFSE suppression assays, and TCR repertoire analysis. Results showed that
CD45RA" Tregs expanded approximately 500-fold, compared to 200-fold for
CD45RA™ Tregs, with >80% maintaining FoxP3 expression. Cytokine production
remained low, with <5§% IL-2 and <2% IFNy and TNFa. TCR analysis revealed a
maintained broad polyclonal repertoire, supporting the diversity and functional
stability of expanded Tregs. This study demonstrates a feasible and scalable method
for generating clinical-grade, stable, and suppressive CD45RA" Tregs suitable for
immunotherapy. These findings support further clinical trials evaluating their
efficacy in preventing or treating GvHD in HSCT recipients.
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1. Introduction

Allogeneic stem cell transplantation (allo-SCT) represents a potentially curative strategy for a range of
hematologic malignancies and certain non-malignant conditions. Despite its promise, the presence of alloreactive
T cells within the graft initiate an immune response against recipient cells, leading to graft versus host disease
(GvHD) [1,2]. GVHD remains a major complication of allogeneic hematopoietic stem cell transplantation (HSCT),
contributing to significant morbidity and mortality in these patients. The incidence of GVHD varies between 25—

Copyright: © 2025 by the authors. This is an open access article under the terms and conditions of the Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
gy Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://creativecommons.org/licenses/by/4.0/
mailto:pkumaresan@mdanderson.org

Kumaresan et al. Int. J. Clin. Transl. Med. 2025, 1(3), 4

60% in matched related donor transplants and 40—70% in matched unrelated donor recipients despite the use of
pharmacologic immunosuppression for prophylaxis [3,4]. Clearly, the immunosuppressive agents currently
employed—such as methotrexate, steroids, mTOR inhibitors and calcineurin inhibitors are inadequate,
underscoring the need for more effective strategies to mitigate GvHD, which continues to represent the leading
cause of mortality in this patient population [5,6].

Historically, the acute manifestations of GvHD have been attributed primarily to T cells present in the donor
graft. Consequently, several clinical trials investigated T cell-depleted grafts as a means to reduce GvHD. However,
this approach has been accompanied by an increased incidence of tumor relapse and a higher risk of opportunistic
infections and secondary lymphoproliferative disorders [7-9]. These findings highlight the necessity for innovative
approaches to effectively manage GvHD in the context of allogeneic HSCT.

In a series of landmark studies, Sakaguchi et al. identified a subset of CD4" T cells characterized by high
expression of CD25 (the IL-2 receptor a-chain) and its association with GvHD. Depletion of these CD4"CD25hi
cells from T cell suspensions of wild-type BALB/c mice, followed by inoculation into BALB/c nu/nu mice,
resulted in the development of inflammatory lesions and GvHD-like wasting disease. Conversely, co-infusion of
CD4*CD25™ cells prevented the onset of GvHD [10]. Further investigation revealed that IPEX syndrome—a
condition involving immune dysregulation, polyendocrinopathy, and enteropathy—was linked to a loss-of-
function mutation in the FoxP3 gene. FoxP3 emerged as a transcriptional regulator that suppresses T cell activation
[11,12], and the CD4"CD25™i cells identified by Sakaguchi et al. and those deficient in IPEX syndrome were not
mutually exclusive [13].

These CD4*CD25*" FoxP3-expressing cells, further characterized as natural regulatory T cells (nTregs),
have shown great potential for down-regulating inflammatory responses by inhibiting T cell activation. In murine
models, nTregs effectively induce self-tolerance in alloantigen and infection settings [13—16]. Notably, elegant
experiments by Negrin et al. demonstrated that the adoptive transfer of nTregs could prevent GvHD in mouse
models [17]. Tregs have also been shown to promote donor bone marrow graft acceptance while facilitating
immune recovery in GvHD-prone animals [18,19]. In further studies, Blazar et al. revealed that the infusion of ex
vivo cultured Tregs from mice could significantly lessen the severity of lethal GvHD [20]. Cohen et al. found that
Tregs infused with recipient-specific allo-antigens mitigated the intensity of acute GvHD while preserving the
graft versus leukemia (GVL) effect [21,22]. Consequently, Tregs present an enticing therapeutic avenue for
preventing and managing GvHD in allogeneic transplant patients.

A number of clinical trials have investigated the safety and efficacy of infusing ex vivo expanded Tregs in
the context of HSCT. For instance, the NCT00602693 trial involved isolating Tregs from umbilical cord blood
and expanding them ex vivo with anti-CD28/CD3 dynabeads. Results indicated a reduced incidence of grade II to
IV acute GVHD among patients receiving these expanded Tregs compared to a historical control group, notably
without an increased risk of infections, relapses, or early mortality [23].

Despite these promising results, various challenges must be addressed before Tregs can effectively transition
to clinical application. One significant barrier is the relative scarcity of nTregs, which constitute only 1-2% of
total peripheral blood mononuclear cells. Moreover, the intrinsic anergic phenotype of Tregs complicates their
expansion in ex vivo culture systems. It has been shown that appropriate co-stimulation using anti-CD86/CD3 can
overcome this anergy and enhance expansion [24,25]. However, during this process, CD4"CD25™ cells can lose
FoxP3 expression and differentiate into Th17 cells secreting IL-17 and IFN-y raising concerns of potential
phenotype plasticity. This plasticity can lead to contamination by non-Tregs, such as CD25" T-effector or T-
memory cells, which could adversely affect the efficacy of Tregs [26]. Additionally, ensuring the preservation of
Treg CD3 receptor repertoire diversity post-expansion remains crucial.

Recently, several laboratories have explored various strategies for Treg expansion. For example, Bluestone
et al. employed anti-CD86/CD3 beads along with IL-2 and rapamycin, achieving 2 to 3 logs of expansion over 14
days while maintaining around 80% FoxP3 expression and about 60% suppression in a 1:5 ratio of Tregs to
responder cells [27,28]. Meanwhile, the Dr. Blazar’s group successfully expanded CD4"CD25" Tregs from
umbilical cord blood using OKT3-loaded artificial antigen presenting cells (aAPC) expressing CD64 and CD86.
Their subsequent clinical trial (NCT00602693) reported a statistically significant reduction in the incidence of
grade II to IV GvHD among recipients of these Tregs compared to historical controls. The Blazar team’s work
additionally demonstrated that CD4"CD25™ Tregs isolated from peripheral blood could be expanded up to 5 x
105-fold after multiple stimulations [23,29]. Moreover, researchers in Europe, including Andrew Bushnell’s group,
have investigated the application of cilostamide, a phosphodiesterase 3 inhibitor, to enhance the number and
functional capabilities of FoxP3+ Tregs in culture [30].

In this study, we describe our methodology for isolating CD4"CD25™ CD45RA " Tregs and expanding them
using OKT3-loaded aAPCs derived from K562 cells engineered to express CD64, CD86, membrane-bound IL-15,
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and 41BB ligand to generate quality clinically significant number of bonafide nTreg cells. Our results demonstrate
that the expanded Treg populations retain FoxP3 expression and exhibit significant suppressive functions against
CTLs, comparable to the findings reported by others [23,29]. Notably, our aAPC platform is a cost-effective
alternative to dynabead technology, is cGMP-certified, and is approved for clinical use [31-33]. These aAPC are
available as a master cell bank and offer an off-the-shelf solution for Treg expansion, making this an appealing
strategy for cellular therapy to treat GvHD.

2. Materials and Methods

2.1. Isolation and Characterization of Treg Cells

Leukocyte preparations were performed from buffy coats obtained from deidentified donors from the Gulf
Coast Blood Bank, Houston, TX. Buffy coats were prepared using Ficoll Hypaque density gradient centrifugation.
Regulatory T cell (Treg) isolation was performed based on the expression of surface markers: CD4+ CD25+
CD1277¢, utilizing the BD Aria II sorter at the MD Anderson Flow Cytometry Core Laboratory, in collaboration
with BD Biosciences, which provided GMP-grade antibodies for Treg cell isolation. To differentiate naive Tregs
from memory Tregs, CD4+ CD25+ CD127 7" cells were further stained with CD45RA, sorting CD45RA *(naive
Tregs) and CD45RA™ (memory Tregs) cells via fluorescence-activated cell sorting (FACS), as illustrated in Figure

CD4SRA

Figure 1. (A). Isolation strategy for naive and memory T regulatory cells using flow cytometry. After magnetic
bead based CD25* selection using AutoMACS the CD25* fraction was labeled with CD4FITC CD25Brilliant violet
CDI127PE CD 45RA PE Cy5.5. From the CD127"¢ fraction in P4 the CD25hi cell were selected in P5. From this
P5 fraction CD45RA * and CD45RA- cells were isolated as different fractions. (B). Expansion of CD4" CD25hi
CD127"¢ cells on K562 aAPCs that express CD86 CD64 CD19 4-1BB ligand and membrane bound IL15.

2.2. OKT3 Loaded Clone 4 aAPCs

To expand Treg cells a master cell bank (MCB) of clinical-grade artificial antigen presenting cells (aAPC,
kind gift from Dr. Carl June, University of Pennsylvania, Philadelphia) was used. It was developed by genetically
engineering K562 cells to express CD64 (Fc receptor) and the T-cell co-stimulatory molecules CD86 and CD137L.
The aAPCs were loaded with clinical-grade monoclonal antibody (mAb) OKT3 that imparts a T-cell proliferative
signal upon cross-linking CD3 on T cells. CD25" cells were positively enriched from peripheral blood
mononuclear cells using anti-CD25 antibody coated magnetic beads, and then CD4" CD25* CD127" Tregs were
isolated using fluorescent activated cell sorting (FACS). CD4" CD25~ CD127" cells were also isolated and used
in place of responder cells in a suppression assay.

2.3. Expansion of Sorted Treg Cells

Expansion of Treg cells was conducted using designer artificial antigen-presenting cells (aAPCs). K562 cells
modified to express CD64, alongside co-stimulatory molecules CD137L and CD86, and membrane-bound IL-15,
were utilized as APCs. These aAPCs were GMP-certified and stored as a master cell bank. Isolated Treg cells were
co-cultured with irradiated aAPCs at a 1:1 ratio in the presence of IL-2 at a final concentration of 200 ITU/mL on
Day 0 and Day 10. Additional IL-2 and Rapamycin (100 nM/mL) were administered on Days 0, 3, 5, 8, 12, 15,
18, and 20. The cultured Tregs were evaluated for expression of CD4, CD25, CD127, and FoxP3 using flow
cytometry with a BD FACS Calibur on Days 5, 8, 12, 18, and 21.
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2.4. Suppression Assay

The immunosuppressive capacity of expanded Treg cells was assessed through a suppression assay, where
their ability to inhibit the proliferation of conventional T cells in the presence of anti-CD3 antibody (OKT3) was
evaluated. CD4+ T cells were isolated from a buffy coat sample followed by Treg isolation via flow cytometry
based on CD25" CD127" Tregs selection. The CD25~ CD127" fraction was used as T effector cells. HLA-DR"
cells were further selected from the CD4" fraction using magnetic beads on an AutoMACS. These HLA-DR" cells
were cultured with OKT3 at a concentration of 0.25 pg/mL. T effector cells were labeled with CFSE and
subsequently added to the APCs with serial dilutions of Tregs at ratios of 1:2, 1:4, and 1:8. After 5 days,
suppression was measured based on CFSE dilution in T effector cells.

2.5. Cytokine Secretion

To assess the secretion of immunosuppressive cytokines like IL-10 by Treg cells, intracellular cytokine
staining was performed following PMA/ionomycin stimulation. We anticipated that Treg cells would exhibit an
anergic state, exhibiting no secretion of IFN-y or IL-17 upon stimulation. Fresh Treg cells were cultured in
supplemented RPMI medium for 4 h with or without PMA (2 ng/mL) and ionomycin (I pg/mL). Following
stimulation, cells were harvested and stained for CD4, CD25, FoxP3, and cytokines (IL-2, IL-4, IL-17, and IFN-
vy) or granzyme B using a standard FoxP3 intracellular staining kit.

2.6. TCR Repertoire Abundance and Diversity

Detailed digital TCR profiling using nCounter analysis (NanoString Technologies, Seattle, USA) was
previously described [34].This method was employed to quantify mRNA transcripts for 45 TCR a alleles, 46 TCR
B alleles, 13 TCR v alleles, and 5 TCR  alleles from RNA samples obtained from Day 0 and Day 20 Treg cells
expanded on OKT3 loaded with clone #4. For donors K and L, both Day 0 and expanded Day 20 Tregs were sorted
into CD45RA" and CD45RA™ populations. Total RNA was extracted from the cell pellets using a commercial
DNA/RNA preparation kit (Qiagen) and stored at —80 °C in nuclease-free water until further analysis. Custom-
designed TCR gene code sets were hybridized with 100 ng of total RNA samples, combined with hybridization
buffer (10 pL), reporter probes (10 pL), and capture probes (5 pL). The reaction mixture was then incubated at
65 °C for 12—18 h in a thermal cycler with a heated lid (Pelletier, BIO-RAD DNA Engine). Post-hybridization,
samples were processed using an nCounter PrepStation and counted using an nCounter Digital Analyzer
(NanoString Technologies) [35]. TCR expression data were normalized relative to both spiked positive control
RNA and housekeeping genes (ACTB, G6PD, OAZ1, POLRI1B, POLR2A, RPL27, RPS13, and TBP). The spiked
positive control normalization factor was calculated as the average of sums for all samples divided by the sum of
counts for each individual sample, and similar methodology was applied for the normalization of geometric means.
Normalized counts were reported accordingly.

3. Results

3.1. Isolation of T Regulatory Cells by FACS

We employed a FACS-based approach to obtain a highly purified population of Tregs. The sorting process
focused on CD4"CD25*CD127 cells, which were subsequently expanded in culture as outlined in the methods.
To distinguish between naive and memory phenotypes, we further sorted the CD4"CD25°CD127 Tregs into
CD45RA" and CD45RA™ populations. Post-sorting analysis confirmed greater than 90% purity based on the
relevant surface markers. The yield of sorted cells ranged from 0.5 x 10° to 2 x 10° on average. See Figure 1A for
the sorting strategy and post-sort analysis details. The genetically modified K562 aAPCs used in our experiments
expressed CD86 and CD64, allowing for the attachment of the Fc region of the CD3 antibody to the CD64 receptor.
Additionally, membrane-bound IL15 (mIL15) provided robust stimulation and improved Treg survival as
illustrated in Figure 1B.

3.2. Expansion Kinetics of Treg Cells

Normal donor’s peripheral blood mononuclear cells (PBMC) were isolated from their buffy coats of 4 normal
donors after receiving signed consensus form at Gulf Coast Blood Bank. To numerically expand Treg cells to
clinically sufficient numbers, a clinical-grade artificial antigen presenting cells aAPC was used to stim on Day 1
and on Dayl0. Also, included rapamycin (100 ng/mL) in the culture media to selectively expanded
CD4"CD25"FoxP3* Tregs while inhibiting T effector cell proliferation. FoxP3 expression was measured to
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evaluate the purity of Treg population in the FACS sorted population and expanded Treg population. Initially, on
day 0, CD45RA" and CD45RA™ Tregs exhibited 40-85% FoxP3 positivity, averaging around 70% (Figure 2A).
Remarkably, these cells maintained 80-90% FoxP3 expression at the end of the 21-day culture (Figure 2B).

A Non-Tregs Tregs B Non-Tregs Tregs

CD25-CD127°CD45RA" CD25-CD127°CD45RA°  CD25°CD127-CD45RA- CD25°CD127-CD45RA CD25CD127°CDASRA" CD25°CD127 CDASRA CD25°CD127-CD45RA"
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E
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CD4-FITC
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Figure 2. Phenotypical characterization studies: (A). Post sort analysis of a representative donor showing FoxP3
purity after sorting based on CD4"CD25*CD127- CD45RA* and CD45RA™ sorting (upper panel). FoxP3
expression of corresponding samples are shown in lower panel. (B). FoxP3 expression of 2 representative donors
after 21 days in culture. The first column shows foxP3 expression in the control population of CD4"CD25°CD127~
cells. The 2nd column shows CD45RA™ naive Tregs from two donors, third column shows FoxP3 expression in
CD45RA memory Tregs. These cells were stimulated 48hrs prior to flow analysis.

3.3. Suppressive Function of T Regulatory Cells

After 21 days of culture, we observed approximately 500-fold expansion of CD45RA™ Tregs and about 200-
fold expansion of CD45RA™ Tregs (Figure 3A—D) on average from 4 donors. To confirm that expanded Tregs
retained their suppressive function, we co-cultured CFSE-labeled CD25neg responder cells with HLA-DR+ APCs
and evaluated proliferation in the presence or absence of allogeneic Tregs. After 4 to 5 days, flow cytometry
analysis revealed that Tregs expanded on aAPCs exhibited approximately 60% suppression of responder cell
proliferation (Figure 3E-H).
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Figure 3. Expansion kinetics. (A) Sort purified Treg cells based on the CD4"CD25*CD127" selection were
propagated on OKT3 loaded clone 4 in the presence of IL2 and rapamycin. (Upper panel) shows cell expansion
kinetics of 4 representative donors of CD4"CD25*CD127~ Tregs; (B) shows expansion of CD4"CD25"CDI127~
CD45RA™ naive Tregs and (C) shows expansion of CD4"CD25"CD127~ CD45RA-memory Tregs. (D) compares
the cell expansion kinetics in fold with various Treg fractions. In lower panel, (E). shows the suppression at 1:2 1:4
and 1:8 dilution of expanded Tregs to CD4"CD25*CD127"¢ responder cells. (F). shows CD4"CD25*CD127 Tregs
(G). CD45RA" Tregs and (H). CD45RA™ Tregs.
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3.4. Cytokine Profile

The issue of Treg plasticity remains controversial. Previous studies, such as those by the Bluestone group,
indicated that cells lose their FoxP3 phenotype and suppressive function after bead-based stimulation. In our
assessment of the cytokine profile post 21 days in culture, we induced Tregs with PMA-ionomycin for intracellular
staining of IL10, IL17, and IFNy. Our findings revealed that less than 2% of the expanded cells secreted 1L17,
while 3—5% secreted IL2, and again less than 2% produced IFNy. Collectively, these results indicate that the Tregs
retained their lineage and suppressive capabilities after 21 days in culture (Figure 4A).
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Figure 4. (A). Cytokine profile of one representative donor. CD45RA™ Tregs and B CD45RA-Tregs Compared to
non Tregs CD4"CD25 CD127" cells propagated in similar fashion. Cells were stimulated with PMA ionomycin in
the presence of golgi-plug and tested for presence of IFNy, IL2, IL10 and IL17. (B). TCR repertoire of TCR-a,
TCR-B, TCR-5 and TCR-y shown in (a). CD4 CD25 CD127 population, (b). CD4+CD25+CD45RA+ population
and (c¢). CD4+CD25+CD45RA- population.

3.5. Maintenance of a Polyclonal TCR Repertoire

To evaluate the TCR repertoire of expanded Tregs, we analyzed the expression of TCR Va, TCR VB, TCR
Vy, and TCR V3 chains. A direct TCR expression assay (DTEA) assessed the diversity of TCR chains across time
in culture. With the capacity to detect 45 TCR Va alleles, 46 TCR V{ alleles, 13 TCR Vy alleles, and 5 TCR V6
alleles, we identified the availability of diverse TCR repertoires pre- and post-expansion [35]. Analyses indicated
that the aAPC design, alongside high concentrations of IL2, supported the numeric expansion of Treg populations
while preserving a broad TCR repertoire. Spearman’s non-parametric correlation confirmed that the TCR
repertoires showed a strong correlation (coefficient > 0.8, p > 0.8) within the 95% confidence interval, supporting
the polyclonal nature of the Treg repertoire expanded under these conditions ((Figure 4B).

4. Discussion

The therapeutic potential of regulatory T cells (Tregs) in preventing GvHD and various autoimmune disorders
has been extensively demonstrated in murine models by multiple research groups [18,21]. However, translating
these findings into effective therapies for human diseases poses significant challenges, most notably in generating
enough Tregs and ensuring their safety characterized by stable FoxP3 expression. Critical here is maintaining Treg
integrity without shifting towards a Th17 phenotype in vivo.

Current clinical approaches have largely focused on Tregs isolated from umbilical cord blood cells, which
presents limitations due to variability in cell numbers and availability. For example, in the NCT0602693 trial, up
to 30 x 10° Tregs per kg body weight were infused shortly after transplantation. Some patients received a second
infusion two weeks post-transplant [23]. In contrast, the use of peripheral blood allows for the isolation of
approximately 0.5 to 1 million CD4"CD25*CD127" cells from a typical buffy coat, and an apheresis pack yields
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roughly ten-fold this amount. Through our protocol utilizing activated artificial antigen-presenting cells (aAPCs)
irradiated at 100Gy, we achieve Treg expansion resulting in an estimated 10 x 10° cells—adequate for clinical
application. Notably, while our aAPCs, originating from a chronic myeloid leukemia cell line, lose viability after
7 to 10 days in culture, the GMP-approved Clone 4 aAPCs facilitate robust Treg expansion.

In our findings, we consistently observe a 200 to 250-fold increase in Treg populations following two
stimulation rounds with aAPCs and IL-2. Starting from 10 to 20 million Tregs isolated from a leukopheresis pack,
this process allows us to generate a minimum of 2 x 10° Tregs for infusion, with the option of repeat donations
from donors if additional cells are needed. Thus, peripheral blood emerges as a superior source for Treg harvesting
compared to umbilical cord blood.

Ensuring the generation of pure and stable Tregs is vital for their therapeutic use. Extended ex vivo
stimulation can inadvertently result in the loss of Treg suppressive phenotype and contamination with T cells
producing IL-17 and IFN-y, leading to adverse effects. Addition of rapamycin in our expansion protocol has proven
instrumental; we observed over 80% FoxP3 positivity after 21 days of culture, alongside preserved Treg
suppressive function. In addition, flow cytometry analysis indicated minimal presence (~0.48%) of IL-17 or IFN-
y expressing cells, in CD45RA™ ve population compared to ~5% seen in CD45RA-ve Treg population confirming
that the Treg phenotype of the expanded cells. Furthermore, assessment of the TCR VJ repertoire revealed it
remained unchanged pre- and post-expansion, reinforcing the notion that our protocol is efficacious in generating
a polyclonal Treg population suited for the treatment of GvHD, autoimmunity, and other conditions.

Future Directions

Research conducted by the Bluestone group and others suggests that CD45RA+ naive Tregs maintain stable
FoxP3 expression post-expansion [23,27,28]. We hypothesize that while CD45RA+ naive Tregs may have stable
FoxP3 expression, their restricted TCR repertoire might attenuate their ability to suppress GVHD compared to the
CD45RA™ fractions. Testing this hypothesis through in vitro assays presents challenges; thus, we plan to
implement a humanized GvHD mouse model to verify our hypothesis. Current experiments focus on assessing the
impact of infusing CD4"CD25"CD127 cells on mouse weight, fur loss, and overall survival following the
administration of allogeneic PBMCs, with and without Tregs.

In summary, our Treg expansion methodology utilizing aAPCs presents a promising avenue for developing
an “off-the-shelf” cellular therapy using Tregs derived from HLA-matched donors boasting established efficacy
and safety profiles. This advancement could significantly impact the field of cell therapy, providing scalable and
reliable treatment options for GvHD and other immune-mediated conditions.
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