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Donor lymphocyte infusion (DLI) is employed to either treat or prevent relapse in patients with hematologic malignancies,
as well as to accelerate recovery of adaptive immunity, after allogeneic hematopoietic stem cell transplantation (allo-HSCT).
With the increased use of DLI, there is renewed interest in the development of approaches able to prevent graft-versus-
host disease (GVHD). In this study, we describe a novel and effective safety switch represented by the truncated form of
the human CD19 antigen (ACD19) used to transduce T lymphocytes (hACD19 T cells). We demonstrated that the exposure
of ACD19 T cells to an anti-hCD19-hCD3 T cell bi-specific T-cell engager (BiTE) molecule (structurally identical to blinatu-
momab, an agent largely used in the treatment of B-cell acute lymphoblastic leukemia) resulted into a prompt elimination
of hCD19*/CD3* cells both in vitro and in an in vivo animal model of mice developing a xenograft reaction mimicking GVHD
after infusion of in vitro-activated/expanded human T cells. Importantly, the administration of the anti-hCD19-hCD3 BIiTE
molecule in the animal model, on one hand led to the improvement of signs and symptoms of GVHD, as well as of the
overall-survival of the mice, and on the other hand, after a drug washout, was associated with the resurge of ACD19 T cells
without re-occurrence of GVHD. Our study provides evidence that the ACD79 suicide gene used in combination with an
anti-hCD19-hCD3 T-cell BiTE molecule could represent a valid and effective strategy to control GVHD occurring after the

infusion of donor T lymphocytes.

Introduction

Allogeneic hematopoietic stem cell transplantation (al-
lo-HSCT) is largely used to treat patients affected by sev-
eral malignant and non-malignant disorders.? In patients
with hematological malignancies, the therapeutic effect
of allo-HSCT mainly lies on the immunological capability
of donor T lymphocytes to activate graft-versus-leukemia
(GVL) effect.®* Donor lymphocyte infusions (DLI) are a crit-
ical therapeutic strategy used to leverage GVL, particularly
for patients who experience relapse after HSCT.® Current
research efforts aim to enhance DLI efficacy and safety,
also including the use of ex vivo—stimulated donor T cells.®
GVL is largely associated with the graft-versus-host disease
(GVHD) phenomenon, where donor immune cells attack
not only tumor cells, but also recipient healthy tissues.”®

With an incidence ranging from 40% in matched related
donor (MRD) transplants to 70% in matched unrelated do-
nor (MUD) transplants for grade 2-4 acute GVHD, or from
30% to 70% for chronic GVHD following allo-HSCT,*'® GVHD
requires careful consideration, as it is associated with
morbidity and mortality that significantly limit the curative
potential of allo-HSCT and DLI. Nevertheless, in the context
of hematologic malignancies, a close correlation between
leukemia eradication and development of GVHD has been
demonstrated,” expecially after the use of DLI.?

Approaches of donor T-cell depletion based on either the
positive selection of CD34* hematopoietic stem cells (HSC)
or broad negative selection of T lymphocytes, have been
developed with the goal of reducing GVHD incidence and
severity especially when the donor shows HLA disparities
with the recipient® However, these approaches are not
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without limitations. Indeed, the transplant with positive se-
lection of CD34* HSC implies the loss of allimmune subsets
able to protect the patient against infections, to eliminate
residual leukemia cells and to support the sustained en-
graftment of donor cells;* while the depletion of CD3* T cells
jeopardizes both the protection against pathogens conferred
by antigen-experienced T lymphocytes transferred with the
graft and the T-cell mediated GVL effect’ In light of these
considerations, refinements of graft manipulation approaches
have been developed, including the selective depletion of
TCRop* lymphocytes, which allows to preserve in the graft
not only natural killer cells, monocytes and dendritic cells,
but also yd0 T lymphocytes!®'” Although selective TCRaf* T-cell
depletion has shown remarkable efficacy in children with
acute leukemia/®"® there is still the usolved problem of a
delayed recovery of adaptive immunity conferred by TCRof*
lymphocytes in comparison to patients receiving an unma-
nipulated graft.?° In order to accelerate the post-transplant
recovery of adaptive TCRof* T-cell immunity, a promising
approach is that based on the use of DLI. Indeed, beyond
treating relapse after HSCT, DLI are now used in recipients
of T cell-depleted grafts to fasten immune recovery. In this
scenario, novel strategies have been developed to improve
the efficacy and safety profile of unmanipulated DLI, in-
cluding ex vivo-activated donor-derived T cells,®* and donor
T cells genetically modified with a suicide gene to reduce or
modulate the occurence of GVHD. Specifically, the inducible
caspase-9 (iC9) suicide gene is one activable safety switch
that has been used to genetically modify donor T cells with
the goal of controlling side effects related to DLI. In case
of GVHD occurence, the AP1903 dimerizing drug activating
iC9 is administered, resulting in the elimination of 85-95%
of circulating CD3* T cells within 30 minutes, with no re-
currence of GVHD in the majority of treated patients.”?®
Unfortunately, currently, the dimerizing agent AP1903 is not
commercially available, making it inaccessible for treatment
of patients outside specific trials.

We developed a pre-clinical, innovative strategy based on the
use of ACD19, a new suicide gene represented by the CD19
truncated form, which can be targeted using an anti-hCD19-
hCD3 T-cell bi-specific T-cell engager (BiTE) molecule, which
is structurally identical to blinatumomab, a commercially
available drug approved for the treatment of adult and pe-
diatric patients with B-cell precursor ALL.?*-?¢ Using in vitro
and in vivo preclinical models, we proved that this system
allows a prompt elimination of the most alloreactive ACD19
T cells, preserving the survival of non-activated/non-allore-
active T cells which, after drug discontinuation, are able to
re-expand without subsequent GVHD occurrence.

Methods

ACD19 T-cell generation
Human polyclonal T cells were activated and transduced,
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as previously described,?” with a retroviral vector encoding
the codon-optimized sequence of the ACD19 antigen (ex-
tracellular region in-frame with the transmembrane region
of human CD19, NCBI-GenBank: AH005421.2).

Suicide gene functional assays

For in vitro assays, hACD19 T cells were treated twice a
day for 3 days with 10, 50, 100 ng/mL of anti-pGal-hCD19
(InvivoGen, France, Cat. BIMAB-HCD19BGAL) or anti-hCD19-
CD3 (InvivoGen, France, Cat. BIMAB-HCD19CD3).

For in vivo assays, Cg-Prkdcscid I12rgtm1Wijl/SzJ (NSG)
female mice were provided by Charles River. All animal
procedures were performed in accordance with the Guide-
lines for Animal Care and Use of the National Institute of
Health (Prot. No. 088/2016-PR). Mice were intravenously
(iv.) infused with 20x108 T cells enriched for the expression
of hACD19 by anti-CD19 microbeads (Miltenyi, USA), with
the purity of 98.5%. Mice also received intra-peritoneally
(i.p.) 1,000 IU recombinant human interleukin 2 (I12) (hIL2,
R&D, USA) twice a week. As negative control of GVHD, four
mice were injected with only hIL-2 twice a week. At time
of the xeno-GVHD occurrence, mice infused with hACD19
T cells were randomized in two cohorts, receiving either
anti-pGal-hCD19 control (1 ug/mice/day) or anti-hCD19-CD3
(1 ug/mice/day) by i.v. injection for two drug administration
cycles of 5 days each.

Phenotypic analysis

Flow-cytometry analysis was performed using anti-human
CD45, CD3, CD4, CD8, CD62L, CD45RA, CD19 antibodies (BD
Biosciences, USA). Flow-cytometry analysis was performed
using a BD LSRFortessa X-20 cytometer (BD Biosciences,
USA) and analyzed by FACSDiva software (BD Biosciences,
USA).

Graft-versus-host disease score

Mice were evaluated daily for the occurrence and severi-
ty grading of GVHD. In particular, the following score was
assessed by blinded operators of experimental procedures
on animals: GVHD score 0 (no sign of GVHD); GVHD score 1
(mice with loss and/or ruffled fur; no additional suffering);
GVHD score 2 (mice developing over 10% of weight loss
and fur loss; no additional suffering); GVHD score 3 (mice
showing over 10% of weight loss and complete fur loss and/
or ocular alterations and/or low motility).

Histopathologic analysis

The histopathologic analysis was performed as previous-
ly reported,?®?® using anti-CD3 antibody (1:100, DAKO) as
primary antibody and secondary biotinylated antibody
(K8024, Dako, Carpinteria, USA). Analysis was performed
using Zeiss microscope. The immunofluorescence analysis
was performed using anti-CD3 antibody (1:100, DAKO) or
anti-Ki67 antibody (1:100, Abcam) as primary antibodies and
Alexa Fluor 488 and Alexa Fluor 455 (Invitrogen, Carlsbad,

Haematologica | 110 October 2025
2306



ARTICLE - ACD19 to control T-cell alloreactivity

CA, USA) as secondary antibodies, respectively. Cells were
counterstained with DAPI and analysis was performed using
the Olympus microscope FV3000. Immunohistochemistry
and immunofluorescence images have been collected
through ScanScope XT scanner and digitized to scalable
images by NDPVIEW V.2 software.

Cytokine analysis

Human IFNy, IL-2, TNF-a, IL-10 were analyzed by ELLA au-
tomated enzyme immunoassay system (Bio-Techne, CA,
USA) using Simple Plex software.

Statistical analysis

Data are expressed as mean * standard deviation (SD).
Student t test (two-sided) and Pearson correlation coef-
ficient (r) were used to determine statistically significant
differences between samples, with P value <0.05 indicating
a significant difference. Survival data were evaluated using
Kaplan-Meier survival curves and the Fisher’s exact test
was used to measure differences between animal cohorts.
The IF/IHC image data were quantified using ImageJ soft-
ware. Graphic representations and statistical analysis were
performed using GraphPad Prism 6.

Results

Engineered ACD19 T cells are targeted and in vitro
eliminated by anti-hCD19-hCD3 bi-specific T-cell
engager

To obtain preliminary evidence of the functionality of the
ACD19 suicide gene, whose mechanism is described in Fig-
ure 1A, peripheral blood mononuclear cells (PBMC) derived
from HD were genetically modified to obtain expression of
the ACD19 molecule by transduction with the construct
shown in Figure 1B. First, we sought to evaluate if ACD19
expression induced any change in terms of proliferation
and cell population distribution profile compared to con-
trol non-transduced (NT) T cells. We observed that the
high expression of the ACD79 suicide gene in genetically
modified T cells (hACD19 T cells) (Figure 1C) did not induce
any change, in terms of fold expansion (Figure 1D) and in
CD4*/CD8* distribution (Figure 1E) as compared to control
NT T cells.

Thereafter, we tested the ability of the anti-hCD19-hCD3
BiTE (an antibody featuring blinatumomab’s single-chain
variable fragments [scFv] joined by a glycine-serine linker
and a hexahistidine tag [His6]) to target and kill hACD19 T
cells in culture assays at pre-defined time points. For this
purpose, culture assays were performed in the presence
of either the bi-specific anti-hCD19-hCD3 or the anti-gGal-
hCD19 (used as a negative control and characterized by a
scFv specific for human CD19 joined by a glycine-serine
linker and a His6 to the scFv of an antibody binding E. coli
p-galactosidase). The concentration of anti-hCD19-hCD3 or
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anti-pGal-hCD19 was comprised in the range of 10-100 ng/
mL. We observed a complete elimination from the culture
of hACD19 T cells already using the lowest concentration
of anti-hCD19-hCD3 (10 ng/mL) (Figure 1F shows the data
at the 72-hour time point, whereas Online Supplementary
Figure S1A, B show data at 24 hours and Online Supple-
mentary Figure S1C, D at 48 hours, respectively). Never-
theless, a direct correlation was observed between the
concentration of anti-hCD19-hCD3 used and the ability to
eliminate hACD19 T cells from the culture at earlier time
points (Online Supplementary Figure S1B, D).

Establishment of an in vivo model for xenograft-versus-
host disease induced by human donor lymphocyte
infusions

In order to reproduce a simplified in vivo model of GVHD
after injection of in vitro-activated human T cells, NSG
mice received selected hACD19 T cells (20x10%/mouse T
cells that were 98.5% positive for hACD19) generated from
a HD and infused by i.v. injection, coupled with biweekly
i.p. injections of hiL-2 (Figure 2A). By monitoring mice with
weekly bleeding, we observed a significant increase of
human CD45*CD3* cells by day +56 (Figure 2B) associated
with the development of a xenograft reaction mimicking
human GVHD sign. Notably, the percentage of circulating
hCD45* cells strongly correlated with weight loss (Figure
2C). Specifically, at this time point, we assessed the GVHD
grading observed in the animals according to the score
criteria illustrated in Figure 2D. Among the 16 mice infused
with hACD19 T cells, 25% (4 mice) presented GVHD grade 0
(excluded from further investigations since GVHD was not
developed), 18.75% (3 mice) presented GVHD grade 1 and
56.25% (9 mice) presented GVHD grade 2, with a significant
weight and fur loss, combined with general low motility
(Figure 2E). As a negative control of GVHD, four mice were
injected with only hlL-2 twice a week; as expected, these
animals did not develop signs of suffering, weight and fur
loss (GVHD grade 0) (Figure 2E). Interestingly, we observed
a significant correlation between the GVHD score and the
level of IFNy (Figure 2F) and TNF-a (Figure 2G) at day 56.

Anti-hCD19-CD3 bi-specific T-cell engager displays a
therapeutic effect in mice developing graft-versus-host
disease

The ability of anti-hCD19-hCD3 to control GVHD was as-
sessed in the in vivo model using the experimental design
detailed in Figure 3A. In particular, at day 56, when the
majority of the mice infused with hACD19 T cells had pre-
sented at least grade 1 GVHD, mice were randomized in
two cohorts: one given the anti-fGal-hCD19 (1 ug/mice/day,
as negative control) and the other one receiving the anti-
hCD19-hCD3 BiTE (1 ug/mice/day) for two cycles of 5-day
treatment each. Mice not developing signs of GvHD (N=4)
were excluded from the experiment.

First, we sought to evaluate whether the interaction be-
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Figure 1. Characterization of hACD19 T cells and anti-hCD19-hCD3 in vitro activity. (A) The diagram shows the fratricide action
of CD3* T cells transduced with the SFG retroviral construct including the codon optimized hACD79 sequence (CD3*CD19*) fol-
lowing exposure to anti-hCD19-hCD3 T cell bi-specific T-cell engager (BIiTE). (B) Design of the retroviral vector including the hACD19
sequence. (C) Representative flow-cytometry analysis of non-transduced (NT) T cells (left panel) and hACD19 (right panel) T cells
derived from healthy donors (HD) 5 days after transduction. (D) Fold expansion of NT (black line) and hACD19 T cells (red line) in
the presence of interleukin 7 (IL7) and IL15. Data from 6 HD are expressed as average + standard deviation (SD). (E) Fluores-
cence-activated cell sorting analysis was performed to evaluate the CD4* and CD8" cell distribution in NT and hACD19 T cells.
Data from 3 HD are expressed as individual values * SD. (F) hACD19 T cells were plated at 0.5x10° cells/cm? in presence of either
the anti-pGal-hCD19 or the anti-hCD19-hCD3 antibodies within the concentration range of 10-100 ng/mL. Drugs were administered
twice a day for 3 days. Data from 3 HD are expressed as individual values = SD.
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Figure 2. Characterization of an in vivo animal model mimicking graft-versus-host disease after engraftment of ex vivo-expand-
ed gene modified donor lymphocyte infusion. (A) Schematic representation of the in vivo experimental design: mice (N=16) were
infused with 20x10® hACD19 T cells cells/mouse intravenously (i.v.) on day 0 and interleukin 2 h (hIL2) intraperineally (i.p) (1,000
IU) on a twice-weekly basis. Additional mice (N=4) were treated with only human I12 twice a week as control. The development
of skin and ocular graft-versus-host disease (GVHD) manifestations was monitored daily, while weight measurements and blood
bleeding analysis were performed on a weekly basis. (B) Assessment of the hCD45* CD3* cell population in mice before (day +26)
and at the onset of GVHD (day +56) was performed by fluorescence-activated cell sorting analysis. (C) Correlation between the
percentage of circulating hCD45"* cells and weight at day +56. Pearson correlation coefficient (r) was employed to calculate the
strength and direction of the linear relationship between the two continuous variables, and a P value <0.05 was considered to be
statistically significant. (D) Schematic representation of the score criteria to assess GVHD grading: GVHD grade 0 (no sign of
GVHD); GVHD grade 1 (mice with loss and/or ruffled fur; no additional suffering); GVHD grade 2 (mice developing over 10% of
weight loss and fur loss; no additional suffering); GVHD grade 3 (mice developing more than 10% of weight loss and complete fur
loss and/or ocular alterations and/or low motility). (E) Pie charts showing the GVHD grade developed in all animals undergoing
treatment on day 56. IFNy (F) and TNFa (G) cytokine levels measured on day 56 in the animals undergoing treatment. Data are
expressed as individual values. Data from 8 mice are presented instead of 9 for mice developing grade 2 GVHD, as one sample
was excluded from the analysis due to a technical issue occurred with the plasma sample. The Student’s t test was employed
to calculate statistically significant differences between groups and a P value <0.05 was considered to be statistically significant.
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tween the hCD3 scFv of blinatumomab and the hCD3 mol-
ecule expressed on T cells could worsen the conditions
of mice by triggering T-cell activation. For this purpose,
focusing on the evaluation of IFNy secreted by activated
T cells and mediating toxicity,*® we monitored IFNy levels
in mice peripheral blood at early (3 days after the last
BiTE administration) and late (10 days after the last BiTE
administration) time points following the first and second
BiTE cycle. As shown in Figure 3B, the administration of the
initial cycle of anti-hCD19-hCD3 (56-60 days) correlated
with a statistically significant decrease in IFNy levels at
day 63 as compared to the control group of mice, which
received the anti-pGal-hCD19 drug (Figure 3B, left panel).
Since T cells tended to re-expand after treatment discon-
tinuation, at day 70, we also documented that, instead,
the IFNy level did not. Upon re-exposing the mice to the
treatment, we observed a further reduction in IFNy levels
not only 3 days post the treatment cycle, but also 10 days
later. TNFa level were also significantly reduced after the
second cycle of BIiTE (Figure 3B, right panel). By contrast,
no significant difference was observed for both IL2 (Online
Supplementary Figure S2A) and IL10 (Online Supplemen-
tary Figure S2B) levels between the anti-fGal-hCD19 and
anti-hCD19-hCD3-treated cohorts at any of the analyzed
time points.

Furthermore, in our GVHD murine model, anti-hCD19-hCD3-
treated mice demonstrated a significant improvement of the
GVHD signs. Specifically, mice treated with the anti-hCD19-
hCD3 exhibited a significant weight recovery compared to
those treated with anti-pGal-hCD19, reaching levels sim-
ilar to those of the control animals not developing GVHD
(Figure 3C). Figure 3D illustrates exemplificative mice of
each cohort, indicating that animals receiving anti-hCD3-
hCD19 not only halted fur loss, but also animals did not
experience abnormal eyeball growth, in contrast to mice
treated with anti-pGal-hCD19. As shown in Figure 3E, the
comprehensive evaluation of GVHD manifestations reveals
a change in the GVHD severity grading assigned at day 56
(pretreatment) over the course of the experiment.
Specifically, among the animals treated with the anti-
hCD19-hCD3 BITE, four of six mice displayed symptom
improvement, including reduced fur loss, weight gain, and
a transition from grade 2 to grade 1 (grade 1 considering a
not complete fur recovery, in the absence of other signs of
GVHD). The remaining two animals treated with the anti-
hCD19-hCD3 BiTE, one maintained a GVHD grade 2 without
weight recovery, and the other worsening to grade 3 with
ocular aberrations. These two non-responder mice showed
the most severe GVHD manifestations at day 56 compared
to the other animals, having the lowest body weight re-
corded at time of the first cycle of anti-hCD19-hCD3 BITE.
Of the six animals in the control cohort treated with the
anti-pGal-hCD19 control, although IFNy levels tended to
decrease (Figure 2B), two mice failed to regain weight and
experienced complete fur loss, maintaining a classifica-
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tion of grade 2 GVHD. The remaining four mice worsened
to grade 3 GVHD, exhibiting further signs of the disease,
notably abnormal growth of the eyeball (Figure 3E).
Finally, the administration of the anti-hCD19-hCD3 BIiTE
was associated with better overall survival (OS; Figure
3F), with four of six mice surviving the termination of the
experiment, as compared to none of the mice (0/6) in the
cohort receiving the control anti-fGal-hCD3 treatment.

Characterization of hACD19 T cells resurging in vivo after
anti-hCD19-CD3 bi-specific T-cell engager treatment
Alongside the evaluation of GVHD signs and the ability of
the anti-hCD19-hCD3 to improve the outcome of the treated
mice, we sought to study the mechanisms associated with
the control of GVHD at the tissue/cellular level.

Figure 4A illustrates the temporal dynamics of hCD45*
cells over the course of the experiment in the two cohorts:
one treated with the anti-hCD19-hCD3 (top panel) and the
other treated with the control anti-pGal-hCD19 (bottom
panel). By day 56, we observed a significant expansion of
hCD45* cells in the experimental mice, which coincides
with the onset of toxicities, such as fur loss and weight
loss. This time point marks the start of the treatment cy-
cles, as indicated by the arrows in Figure 4A, B (day +56
for the first cycle and day +70 for the second cycle). By
day 63 (namely 3 days after the conclusion of the first an-
ti-hCD19-hCD3 treatment cycle of 5 consecutive days), a
statistically significant decrease in the absolute number
of hCD45" cells were observed in the cohort treated with
anti-hCD19-hCD3 (Figure 4A, top panel), in contrast to the
cohort treated with the control anti-fGal-hCD19 (Figure
4A, bottom panel), which did not show a similar decrease.
Notably, in the anti-hCD19-hCD3-treated cohort, hCD45*
cell levels significantly decreased for further 3 days after
the conclusion of the second treatment cycle (Figure 4A,
top panel). CD19-positive T cells, which represent nearly
the whole hCD45* population infused (98.5% of purity)
into the mice, were significantly reduced very early after
discontinuation of the first anti-hCD19-CD3 cycle (day 63)
(Figure 4B, upper panel), in contrast to the cohort treat-
ed with the control anti-pGal-hCD19 (Figure 4B, bottom
panel), which did not show a similar decrease. Then, we
observed a tendency (although not statistically significant)
of hCD3*CD19* population to re-expand after 3 days from
the end of the first BiTE cycle (day 70). In particular, the ab-
solute number of hCD3* CD19* cells detected at day 70 was
significantly lower than that at day 56 in the same mouse
cohort (Figure 4B, upper panel) and decreased further after
the second round of anti-hCD19-hCD3 treatment, confirming
that persisting hACD19 T cells were still responsive to the
anti-hCD19-CD3 BIiTE (Figure 4A, B, upper panels). In addi-
tion, no modulation of the absolute number of CD19-neg-
ative hT cells, whose levels in terms of absolute numbers
are negligible with respect to CD19* T cells, was observed in
both the anti-hCD19-hCD3-treated cohort (Figure 4C, upper
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Figure 3. Anti-hCD19-hCD3 antibody displays a therapeutic effect in mice developing graft-versus-host disease. (A) Schematic
representation of the in vivo experimental setting: mice developing graft-versus-host disease (GVHD) (N=12) were treated with
either anti-pGal-hCD19 (N=6, 1 ug/mice/day) or anti-hCD19-hCD3 (N=6, 1 ug/mice/day) antibodies for 2 cycles of 5 days of drug
administration. GVHD signs were monitored daily, while weight measurements and blood bleeding analysis were performed on a
weekly basis. (B) IFNy (left panel) and TNFa (right panel) levels were measured in peripheral blood of mice given either anti-pfGal-
hCD19 or anti-hCD19-hCD3 antibodies at day +63 and day +70 (corresponding to day 3 and 10 following the end of the first drug
administration cycle) and at day +78 and day +85 (corresponding to day 3 and 10 following the end of the second drug adminis-
tration cycle). Data are expressed as individual values * standard deviation (SD). All data were compared by a two-tailed Student
t test and P value <0.05 was considered to be statistically significant. (C) Left panel reports the weight monitoring during the
entire study period of control mice (black dotted line), anti-pGal-hCD19-treated mice (black line) and anti-hCD19-hCD3-treated
mice (red line). Right panel shows the weight measurement at day 108 (the last day of the animals undergoing the anti-pGal-hCD19
control treatment, which had to be sacrificed). (D) GVHD phenotypic manifestation in the interleukin 2 (IL2), anti-pGal-hCD19 and
anti-hCD19-hCD3 treated mice. (E) Progression of GVHD severity at both the pre- and post-exposure to anti-fGal-hCD19 and
anti-hCD19-hCD3 time points (F) Kaplan-Meier survival curve of hACD19 T-cell mice treated with either anti-fGal-hCD19 antibody

(black line) or anti-hCD19-hCD3 antibody (red line).

panel) and the control cohort of anti-pGal-hCD19-treated
(Figure 4C, bottom panel).

Notably, we did not observe any significant reduction in
the mean of fluorescence intensity of CD19 expression
in mice receiving anti-hCD19-CD3 at any time points
compared to control mice (Figure 4D), suggesting that
the BIiTE targeting CD19 did not induce a selection of re-
sidual CD19* engineered T cells with a downregulation of
CD19 expression. The different level of absolute number
of hCD45* T cells in the two treatment cohorts of mice
recorded overtime, are reported in Figure 4E, to clarify
the statistically significant different absolute count of
hCD45* T cells in the presence of the anti-hCD19-CD3
BiTE treatment with respect to controls.

Surviving mice of the cohort receiving the anti-hCD19-
CD3 BIiTE were euthanized (day 133) and organs com-
monly involved in GVHD pathophysiology were analyzed
for the presence of human infiltrating T cells by the use
of immunohistochemistry (IHC) (to assess CD3* T-cell
tissue distribution) and immunofluorescence (to assess
the proliferative state of the tissue-infiltrating CD3* T
cells). Our study clearly shows that the percentage of
tissue-infiltrating hCD45* T cells was significantly low-
er in the tissues of mice receiving anti-hCD19-CD3 BiTE
compared to controls sacrificed for suffering at day 108
(Figure 5A, anti-CD3 IHC line), with the only exception of
T-cell infiltrating the spleen. Moreover, the Ki67* staining
was significantly higher in T cells infiltrating the skin and
the spleen of control mice compared to that observed
in mice treated with the anti-hCD19-CD3 BiTE (Figure
5A, B). The amount of hCD3* cells, as well as CD3* Ki67*
cells, was quantified and presented in Figure 5B, showing
a significant lower number of hCD3* or Ki6e7* T cells in
tissues derived from mice treated with anti-hCD19-CD3
BiTE respect to controls.

Blinatumomab responder and non-responder mice have
distinct circulating and tissue-resident T-cell subsets
We also performed a flow-cytometry analysis on T cells
from murine peripheral blood or tissues to study the

T-cell subset profile. First, we analyzed the distribution
of CD4*CD19* and CD8*CD19* T-cell populations in the
anti-hCD19-hCD3 and anti-pfGal-hCD19 control cohorts
(Figure 6). As shown in Figure 6A, C and E; and in Online
Supplementary Figure S3A, C and E; CD4*CD19* T cells
accounted for the majority of T cells, being significantly
higher compared to CD8*CD19* T cells in all the tissues
analyzed both in anti-hCD19-hCD3 and anti-pGal-hCD19-
treated mice. Subsequently, we sought to investigate
whether the treatment with anti-hCD19-hCD3 BiTE could
impact the representation of memory cell subpopulations.
By examining the dynamic states of T-cell differentiation,
our findings indicate that in mice treated with anti-hCD19-
hCD3 BIiTE and with a significant improvement of GVHD
manifestations (anti-hCD19-hCD3 responders), both CD4*
and CD8" T cells show a significant higher percentage of
central memory (CM) T cells in the peripheral blood, as
compared with T cells found in the peripheral blood of con-
trol mice, in which the preponderant population was that
of effector memory (EM) T cells (Figure 6B). Moreover, in
both control mice and mice treated with anti-hCD19-hCD3
not improving GVHD manifestations (non-responders), T
cells infiltrating liver and spleen were characterized by
a terminal effector memory profile (TEMRA), whereas T
cells infiltrating the same tissues in the responder mice
were EM (Figure 6B, C).

Discussion

For many patients with hematological malignancies, al-
lo-HSCT represents a valuable treatment option, whose
efficacy is largely based on the GVL effect mediated, among
others, by donor T lymphocytes. This T-cell mediated GVL
effect can be further increased by the use of DLI. However,
the therapeutic potential of DLI is limited by an increased
GVHD risk, a serious complication associated with signif-
icant morbidity and mortality.”

The most extensively validated safety switch systems in
clinical settings are the herpes-simplex thymidine kinase
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(HSV-TK) and iC9. These suicide gene technologies can as gene-directed enzyme prodrug therapy, or GDEPT) or
be broadly classified based on their mechanisms of ac- dimerization-inducing strategies. HSV-TK is a well-known
tion, which include either metabolic approaches (such example of the GDEPT approach that, unlike the mam-
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Figure 4. Anti-hCD19-hCD3 antibody eliminates hACD19 T cells in mice developing graft-versus-host disease. (A) Fluorescence-ac-
tivated cell sorting (FACS) analysis was performed to evaluate the hCD45* cell distribution in peripheral blood of mice treated
with either anti-hCD19-hCD3 (Ai) or anti-fGal-hCD19 (Aii) antibodies during the entire study period. Data are expressed as abso-
lute cell count in 50 uL of blood, as individual values. (B) FACS analysis was performed to evaluate the CD3*CD19* cell subset
distribution in peripheral blood of mice treated with anti-hCD19-hCD3 (Bi) or anti-pGal-hCD19 (Bii) antibodies during the entire
study period. Data are expressed as absolute cell count, as individual values. (C) FACS analysis was performed to evaluate the
CD3*CD19- cell subset distribution in peripheral blood of mice treated with anti-hCD19-hCD3 (Ci) and anti-pGal-hCD19 (Cii) anti-
bodies during the entire study period. Data are expressed in absolute cell count, as individual values. (D) FACS analysis was per-
formed to evaluate the CD19 mean fluorescence intensity (MFI) of hACD19 T cells in peripheral blood of mice treated with anti-
BGal-hCD19 or anti-hCD19-hCD3 antibodies during the entire study period. Data are expressed in percentage, as individual values
* standard deviation (SD). (E) Statistical analysis of the data shown in Figure 4A to compare the 2 cohorts (mice treated with
anti-pGal-hCD19 in Aii and anti-hCD19-hCD3 in (Ai) in order to highlight the statistical differences between these groups over
time. Data are expressed as absolute cell count, as mean * SD. All data were compared by a two-tailed Student t test and a P
value <0.05 was considered to be statistically significant.

Haematologica | 110 October 2025



S. Manni et al.

ARTICLE - ACD19 to control T-cell alloreactivity

Jueoiyiugis Ajjeo

-13S13e1S 9Q 01 PaJapPISUOD SEM GO'0> SNJeA 4 B {1S9] 7 1USpNIS pallel-oml e Agq pasedwod aiam elep pue apl)s Jad ,WW +°0 4O Seale palda)as A|WOPUES 881yl Ul alem
-yos ragdew| guisn paljiauenb sem s1199 ,291) 10 ,£QDY 40 3unowe ay| (g) ‘uoizediyiugew X0v Jepun paulelqo aiam sagewl syl “(dul] pJiyl ay3 ul 41) s11992 ,291Y 40 (dul
puUO28S 8Y3 Ul 4| pue ‘aul] 3sJi} DHI) UOIINQIIISIP 1192 €AY dy3 Sullenjeas uaa)ds pue JaAl] ‘@ullsalul ‘uiys uo sisAjeue (4]) @dusdsalonyounwiudl pue (QH|) A1asiwayo
-o3siyounwuwi wJojtad 03 ‘(Juawiiadxs 4o pud) £cL+ pue (Suliajins aolw 03 anp) Q0L+ Aep Je AjaAiroadsal paziueyine aiom adjw pajeali-cddy-6Ldoy-1aue gujpuods
-9J pue gLdoy-1enyg-11uy (V) "aseasip 3soy-snsian-yes suidojanap asiw Jo sanssij ayj ul ajesjjijul Jejnj)ad uewny sajejnpow Apoqgniue €ady-6LAIY-nuy °s aingid

—00
—¢0
—¥0

=d -9°0

aie vm,.mmm:
€d0-61aoy-ue

us9|dg

(uesdg) slI80 1 +£A0/+291M

pajeal

61aou-leog-nue

us9|dg

(usaldg) s1e0 L +£ao

[
v1000=d

pajeal

JoA

~S00

—0L°0

~SG1°0

=020

€d0-61a0y-hue

(49A7) 81199 | +£AD/+L9IM

L
6L000=d

pajean

61Ad0u-leng-pue

J8AIT

~00L

-00cC

-00€

(18A17) sl18o L +€ad

I & 3 &
e _ o o
o o o o
aunsaul) sjI90 L +€QD/+L9MM

pajean

€d0-6.ady-hue
aunsau|

]
&
X N
eomv Oo,v
Ko N
3
acO ()
. L
—0C0 — 0€000 = d

pajean
61aou-leog-nue
aulsaju|

Q&
&%Jwv@ /v\,/.v,/v m%/.ﬁv@
@)
g &
S &
i -0
=
- 5
~0s o F¢0 +
* S
I_
-00L o - ¥
ol ~¥0 —
w Q
oSt 5 v
g o0 g
Lo0z 5 2
s )
Losz Bl

pajean
€d0-61d0y-ue
uns

pajeasy

61Ad0y-leng-nue

uns

ol

-0¢

(unig) si1eo L +dd

L 1 Loe
6LE00=d

ERXE]

ideq

GGv Jon|4 exsly
L9IM-huy

881 Jon|4 exs|y
€ao-huy

OHI
€do-huy

Haematologica | 110 October 2025



ARTICLE - ACD19 to control T-cell alloreactivity

malian thymidine kinase, is characterized by 1,000-fold
higher affinity to specific nucleoside analogues,*? includ-
ing ganciclovir (GCV), making it suitable for the use as a
suicide gene in mammalian cells. Although it was shown
that HSV-TK-modified T cells were able to persist in the
circulation, and were sensitive to be eliminated effective-
ly upon GCV administration,®* immunogenicity remains a
significant challenge, as the modified T cells can be recog-
nized by the immune system and be destroyed. In addition,

S. Manni et al.

reduced immune function and impaired responses to viral
infections can complicate its use, particularly in patients
undergoing allo-HSCT.**3* By contrast, the /iC9 suicide gene
is an example of apoptotic genes extensively used in clin-
ical settings, especially for therapies involving genetically
modified T cells, such as chimeric antigen receptor (CAR)
T-cell therapies. It involves the expression of a modified
form of caspase-9 which is engineered to be non-functional
under normal conditions, but functional after administra-
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Figure 6. Anti-hCD19-hCD3 affects differently circulating and tissue-resident memory cells in responder and non-responder
mice. Anti-fGal-hCD19 and responding anti-hCD19-hCD3-treated mice were euthanized respectively at day +100 (due to mice
suffering) and +133 (end of experiment). Fluorescence-activated cell sorting (FACS) analysis was performed on peripheral blood
(A), liver (C) and spleen (E) of both the control mice treated with anti-pGal-hCD19 and of those given the anti-hCD19-hCD3 to
evaluate the CD4*CD19* and CD8*CD19* cell distribution. Data are expressed in percentage, as individual values. FACS analysis
was performed to assess the T-cell subset profile in peripheral blood (B), liver (D) and spleen (F) in anti-pGal-hCD19 cohort and
anti-hCD19-hCD3 responder or non-responder mice. In particular, for the definition of the memory T-cell subsets, the following
analysis was applied: CD4* or CD8+ Naive (CD62L*/CD45RA"), central memory (CM; CD62L*/CD45RA"), effector memory (EM,
CD62L-/CD45RA-), terminal differentiated effector memory (TEMRA, CD62L-/CD45RA"). Data are expressed in percentage, as mean
*+ standard deviation. All data were compared by a two-tailed Student t test and a P value <0.05 was considered to be statisti-

cally significant.
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tion of a small dimerizing molecule drug (such as AP1903
or AP20187), triggering the apoptotic pathway and leading
to the selective elimination of the genetically modified
T cells. Within 24 hours after exposure to the dimerizing
molecule drug, this system offers near-complete T-cell®®
or CAR T-cell?™* depletion, making it highly effective in
controlling T-cell persistence. Furthermore, compared to
HSV-TK, the iC9 system is characterized by a much lower
immunogenicity, being iC9 derived from a protein that is
naturally present in human cells.®®3° |n this study, we in-
vestigated a novel monoclonal antibody-mediated safety
switch mechanism using preclinical models designed to
control the expansion of genetically modified T cells and
thereby to manage GVHD manifestations. To this end, we
engineered human T lymphocytes to express the extracel-
lular domain of the CD19 antigen, generating CD19*CD3* T
cells. As iC9, the ACD19 sequence is fully human, this min-
imizing its immunogenicity at difference with the HSV-TK
strategy.** The genetic modification of T cells with ACD19
rendered the engineered T cell susceptible to the lytic ac-
tion of an anti-hCD19-hCD3 BIiTE molecule, which mimics
the cytotoxic effect of blinatumomab - an Food and Drug
Administration/European Medicines Agency-approved anti-
hCD19-hCD3 bi-specific antibody used to target leukemia
blasts in patients with B-cell precursor ALL.?*264% |n the
event of GVHD, administration of the anti-hCD19-hCD3 BIiTE
can selectively eliminate CD19*CD3* T lymphocytes through
a fratricidal mechanism involving the mutual engagement
of CD3 and CD19 antigens. The mechanism leading to the
reduction of CD19*CD3* T lymphocytes in culture after ex-
posure to the BiTE was activated rapidly, with a significant
decrease in transduced cells observed as early as 24 hours.
This timing closely mirrors the effects seen with the /C9
suicide gene system, but is notably faster than the apop-
totic process triggered by ganciclovir exposure in HSV-TK
cells.*” We first confirmed the efficacy of anti-hCD19-hCD3
to selectively ablate ACD19-engineered T cells in vitro by
studying hACD19 T cells in the presence of varying concen-
trations of the anti-hCD19-CD3 antibody. We observed a
correlation between BIiTE concentration and early kinetics of
elimination of hACD19 T cells. Next, we developed an in vivo
xenograft-reaction mouse model that mimics GVHD manifes-
tations after engraftment of ex vivo-expanded, gene-modified
human DLI represented by high numbers of hACD19 T cells.
We assessed GVHD severity in mice using a scoring system,
based on four distinct degrees of GVHD severity, which
correlated with the percentage of expanded hCD45* cells,
and the changes in inflammatory cytokine levels, notably
IFNy and TNFa. Although the model is not suitable for the
evaluation of the GVL effect of ACD19-engineered T cells, it
effectively recapitulates human GVHD pathology and provides
avaluable platform for testing the therapeutic effects of the
BiTE used in combination with hACD19 T cells. Indeed, this
model allowed to develop GVHD signs in 75% of the mice by
day 56. This timeline and frequency for GVHD onset are in

S. Manni et al.

the range of other more complex murine models of GVHD
induced by the transplantation of T-cell-depleted bone mar-
row supplemented with varying numbers and phenotypic
classes of donor lymphocytes (either splenocytes or lymph-
node-derived T cells) into lethally irradiated recipients.*? In
these models, the bone marrow provides donor stem cells
that allow hematopoietic reconstitution after irradiation (a
key element of the model to induce tissue damage and cy-
tokine storm), while T-cell depletion is carried out to control
the dose and type of immune cells that are delivered. In our
experimental setting, we sought to investigate a model of
xeno-GVHD induced by ex vivo activated and gene-modified
human T cells. In particular, several studies have shown that
the CD3-induced cell activation required to transduce T cells
and expand gene-modified cells leads to an impairment of
alloreactivity in terms of GVHD induction and mortality,**-4¢
compared with non-cultured, non-transduced resting T cells
obtained from murine spleen cells or human PBMC. For these
reasons, to develop an animal model in which to test the
functionality of a novel suicide gene approach in the con-
text of gene-modified T cells, we decided to infuse a large
dose of hACD19 T cells in combination with recombinant
human IL2. At the onset of GVHD symptoms, two cycles of
anti-hCD19-CD3 BIiTE were administered. Treatment with
anti-hCD19-CD3 resulted in significant clinical improvements,
including weight gain, reduction of fur loss and no abnormal
eyeball growth compared to control animals. Importantly,
we observed a marked reduction in GVHD severity in four
of six animals and a statistically significant improvement in
OS compared to control animals. The anti-hCD19-CD3 BIiTE
reduced significantly the circulating hCD45" cells, particu-
larly CD19* hCD3" cells, which were sensitive to be further
reduced by a second cycle of BiTE. Although not significant,
we observed a slight re-expansion of the CD19* hT cells after
the termination of the first BiTE cycle, suggesting that the
antibody preferentially targeted xenoreactive T cells, while
sparing less activated T cells. This observation is in line with
previously published reports showing that, when iC9 was
used as safety switch, the susceptibility to the AP1903 di-
merizing drug was influenced by the activation status of the
T cells, since the agent eliminated the most highly express-
ing and most highly transduced T cells, sparing quiescent
gene-modified cells.?® Previous studies have documented
that transgene expression derived from retroviral constructs
is highly dependent on the state of T-cell activation;*” during
GVHD, for example, alloreactive cells are the most activated,
express the highest level of iC9, and therefore are the most
readily eliminated after exposure to AP1903.3¢ Moreover, we
found that the re-expanded cells remained highly sensitive
to the fratricidal mechanism triggered by a second challenge
with the anti-hCD19-hCD3 BITE. This finding is in line with
a previously published report documenting the safety and
efficiency of repeated activation of the iC9 safety switch
for treatment for persistent or recurring toxicity from T-cell
therapies.”
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Further, our tissue analysis indicated that the reduction in
GVHD manifestations was associated with decreased infil-
tration of CD3* T cells in GVHD target organs, contributing
to the amelioration of disease symptoms and supporting
the proposed mechanism of GVHD control via the targeted
depletion of alloreactive T cells.

Lastly, the distinct profiles of memory T-cell subpopulations
between responder and non-responder mice offer valuable
insights into the immunological landscape following BiTE
treatment. Responders exhibited a higher proportion of
CM T cells, which are associated with long-term immune
surveillance and potentially less inflammatory activity. By
contrast, non-responder animals displayed a predominance
of EM and TEMRAT cells, indicative of a more differentiat-
ed and potentially pro-inflammatory immune state. These
findings suggest that successful GVHD management may
involve not only the depletion of pathogenic T cells, but
also the preservation or induction of a less differentiated
and less inflammatory memory T-cell profile.

Our study provides compelling evidence that the infusion
of hACD19 T cells, in combination with the anti-hCD19-
hCD3 BIiTE, represents a promising therapeutic approach
to accelerate the restoration of adaptive immunity, while
offering an effective control of GVHD manifestations in
case this complication occurs. In addition, in the context
of B-cell malignancies, the administration of anti-hCD19-
hCD3 BIiTE may help not only to control toxicity of CD3*CD19*
cells, but also to eventually target re-emerging leukemic
B cells, potentially enhancing the overall GVL effect and
strengthening the antitumor response. The transient de-
pletion of peripheral B cells following the infusion of an
anti-hCD19-hCD3 BIiTE to control GVHD after DLI is unlikely
to markedly impact the reconstitution of B-cell precursors
of HSCT recipients. This is due to the drug’s short half-life
and the brief duration of anti-hCD19-hCD3 BiTE infusion re-
quired to induce apoptosis in allo-reactive CD19* T cells, in
contrast to the continuous 28-day i.v. infusion regimen used
in BCP-ALL patients.*® Likewise, B-cell recovery after HSCT
is not expected to sequester anti-hCD19-hCD3 to an extent
that would prevent effective depletion of CD19* CD3* cells.
The approach we have developed can be also used as a
safety switch in CAR T-cell constructs, other than those
targeting CD19, such as constructs targeting GD2 or CD7
antigens.*®® The selective/preferential targeting of allore-
active T cells while sparing non-alloreactive ones offers a
novel and potentially safer method to mitigate the adverse
effects associated with DLI in allo-HSCT recipients. Future
clinical studies are warranted to validate these preclinical
findings and optimize the dosing and administration strat-
egies of the BiTE to maximize therapeutic efficacy, while
minimizing potential drawbacks.
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