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Myeloid azurophil granules provide a rich source of intracellular leukemia antigens. Cathepsin G (CG) is a serine protease that has
higher expression in acute myeloid leukemia (AML) blasts in comparison to normal myeloid progenitors. Based on the unique
biology of HLA-A*0201 (HLA-A2), in which presentation of leader sequence (LS)-derived peptides is favored, we focused on the LS-
CG-derived peptide CG1 (FLLPTGAEA). We previously detected CG1/HLA-A2 complexes on the surface of primary HLA-A2+ AML
blasts and cell lines, and immunity targeting CG1/HLA-A2 in leukemia patients. T cell receptor (TCR)-mimic (m) antibodies are
immunotherapeutic antibodies that target peptide-HLA (pHLA) complexes. Here we report on the engineering, preclinical efficacy,
and safety evaluation of a novel CG1/HLA-A2-targeting, T cell-engager, bispecific antibody (CG1/A2xCD3). CG1/A2xCD3 showed
high binding affinity to CG1/HLA-A2 monomers, CD3-Fc fusion protein, and to AML and T cells, with potent killing of HLA-A2+
primary AML and cell lines in vitro and in vivo. This correlated with both tumor- and CG1/A2xCD3-dependent T cell activation and
cytokine secretion. Lastly, CG1/A2xCD3 had no activity against normal bone marrow. Together, these results support the targeting
of LS-derived peptides and the continued clinical development of CG1/A2xCD3 in the setting of AML.
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INTRODUCTION
Acute myeloid leukemia (AML) is susceptible to immunotherapy,
as demonstrated by the success of allogeneic stem cell
transplantation (allo-SCT) in patients with AML, even in those
with relapsed or refractory disease. However, one of the major
limitations to AML immunotherapy has been the paucity of known
myeloid leukemia antigens that can be targeted. To date, most
AML immunotherapy targets are surface molecules that are also
expressed by normal hematopoietic cells. Tumor-associated
intracellular antigens that are processed and expressed on cell
surface human leukocyte antigen (HLA) provide a readily available
source of immunotherapy targets. Such antigens elicit T cell
responses and have been demonstrated to be effective targets for
vaccines and T cell-based immunotherapy. [1–3].
Our previous work has shown that myeloid azurophil granules

provide a rich source of intracellular leukemia antigens. [4–8]
Cathepsin G (CG) is a serine protease that is normally contained
within primary azurophil granules of neutrophils and is expressed
during the promyelocyte stage of myeloid cell development. [9]
CG is highly expressed in AML blasts compared to normal myeloid

progenitors. [6, 7] CG peptides are naturally processed and loaded
on HLA-A*0201 (hereafter referred to as HLA-A2), which has a
unique biology that favors presentation of leader sequence (LS)-
derived peptides. [10–12] We therefore focused on the LS-CG-
derived peptide FLLPTGAEA (hereafter referred to as CG1). We
found CG1 to be a promising immunotherapeutic target in AML,
having eluted CG1 from the surface of primary HLA-A2+ AML
blasts and AML cell lines. [6, 7] CG1-specific cytotoxic T
lymphocytes (CTL) eliminated HLA-A2+ leukemic cell lines and
primary AML blasts and did not affect normal hematopoietic stem
cells in vitro or in vivo. [6, 7] Furthermore, CG1-specific CD8+

T cells were detected in leukemia patient peripheral blood
mononuclear cells (PBMC) following allo-SCT. [6]
Although targeting tumor antigens with vaccines and expanded

or TCR-engineered CD8+ T cell-based immunotherapy has shown
promise in solid tumor and hematologic malignancy settings,
[13–16] one of the barriers to effective immunotherapy that relies
on endogenous T cells is the low TCR avidity for the target antigen
that is often encountered. [17, 18] One approach to overcome this
obstacle is to engineer TCR-mimic (TCR-m) antibodies with higher
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affinity for the peptide/HLA than endogenous TCRs. [19–23] In
addition to the higher affinity provided, TCR-m antibodies bypass
the tumor mediated escape mechanisms that render T cells
dysfunctional. Furthermore, TCR-m antibodies can be adminis-
tered as drugs with consistent manufacturing, dosing, and
scheduling, with no delays associated with cell manufacturing.
We previously published on a TCR-m antibody, 8F4, that targets

PR1/HLA-A2, [19, 20] which is currently being tested in a phase I
study in patients with relapsed and/or refractory AML
(NCT02530034). In this report, we present data for a novel
bispecific T cell engager antibody that employs a TCR-m construct
targeting CG1/HLA-A2. Specifically, we incorporated the TCR-m
CG1/HLA-A2 Fab into a bispecific antibody that also binds CD3:
CG1/HLA-A2-bispecific antibody (CG1/A2xCD3). We demonstrate
high anti-tumor activity and specificity of CG1/A2xCD3, laying the
foundation for a novel immunotherapy to treat AML.

MATERIALS/SUBJECTS AND METHODS
Cell lines
Healthy donor (HD) and patient samples were obtained after
appropriate informed consent through an institutional review
board approved protocol at the University of Texas MD Anderson
Cancer Center (MDACC); samples were collected between 2006
and 2023. U937 and THP-1 AML, Jurkat human T lymphocyte, NCI-
H441 lung cancer, BT-549 and MDA-MB-231 breast cancer, COLO
205 colorectal, and OVCAR3 ovarian cell lines were purchased
from ATCC; MOLM-13, ML-2, OCI-AML3, SKM-1 AML cell lines, EM-2
chronic myeloid leukemia (CML) blast crisis cell line, CCRF-CEM T
cell acute lymphoblastic leukemia (ALL) were purchased from
DSMZ; DFCI032 was obtained through the MDACC Cell Lines
project. Cell lines were cultured in standard media composed of
RPMI-1640 with 25mM HEPES+ L-glutamine (Cytiva, Logan, UT,
USA) supplemented with 10% fetal bovine serum (FBS) (Gemini
Bio-Products, Sacramento, California, USA), and penicillin (100 U/
mL)/streptomycin (100 μg/mL) (Cellgro, Lincoln, NE, USA). Cells
were cultured at 37 °C, 5% CO2. Prior to cell line use, DNA
fingerprinting was performed at MDACC within 3 months to
authenticate them, and mycoplasma testing was performed prior
to cell use. HD and patient PBMC, bone marrow (BM) and
granulocytes were enriched using Histopaque 1077 or 1119
(Sigma, St. Louis, MO, USA) gradient centrifugation.

Peptide elution for mass spectrometry analysis
For peptide elution, >1 × 107 – 1 × 108 leukemia cells and HD
PBMC underwent sonication in standard buffer. Lysates were ultra-
centrifuged to remove cellular debris. Triton X-100 was added to
supernatants (1%). To precipitate HLA-A2-peptide complexes,
protein G magnetic beads were premixed with anti-HLA-A2
antibody BB7.2 (Santa Cruz, Dallas, TX, USA) and then added to
cell lysates. Samples were eluted and analyzed using Time-of-
Flight (ToF)-MS (Waters™, Milford, MA, USA). MS analysis was
performed with an ACQUITY H-Class chromatography system
coupled to a Xevo G2-XS QToF-MS (Waters™). Samples were
loaded on the ACQUITY Premier BEH C4 Column (Waters™). Formic
acid (0.1%, v/v) in water and acetonitrile with 0.1% formic acid
were used as eluents. The intact MS was deconvoluted by Unifi
software (Waters™). A heavy isotype labeled peptide (F)LLPTGAEA
(F+ 10) was synthesized as the absolute quantification standard.
Mascot algorithm was used to search acquired MS/MS spectra

against the SwissProt complete human protein database. Search
results were cross-referenced with HLA-binding specificities using
NetMHC 3.4 (http://www.cbs.dtu.dk/services/NetMHC). Eluted
peptides were compared to synthetic peptides.

Mouse immunization
CG1 (FLLPTGAEA) was refolded with recombinant HLA-A2 and β2-
microglobulin. H2L2 human transgenic mice were purchased from

Harbour BioMed (Boston, MA, USA) and immunized with CG1/
HLA-A2 monomers subcutaneously in a 1:1 volume mix of
monomer (50 mg) and Ribi adjuvant (S6322-1vl, Sigma). Mice
were immunized five times at 2-week intervals, followed by the
last boost injection of antigen alone 3 days prior to splenocyte
harvest.
Single B cell cloning was utilized to amplify variable heavy and

variable light gene regions from immunized mouse memory B
cells. The naturally paired variable regions were cloned into
pcDNA3.1(+) human (h) immunoglobulin (Ig)G1 and hKappa
expression vectors for subsequent ExpiCHO (Thermo Scientific,
Wlatham, MA) high-throughput transient expression. After Protein
A magnetic bead purification (Cytiva), antibody binding avidity
was assayed using bio-layer interferometry (BLI) (Sartorius, Ann
Arbor, MI, USA) with anti-human IgG Fc capture (AHC) biosensors
(Sartorius). Positive clones were then further expanded and used
as the antibody source for EC50, cross-reactivity, epitope binding,
ligand blockage, and stability assays. The MDACC Institutional
Animal Care and Use Committee approved the animal care and
experimental procedures.

Generating the CG1/A2xCD3 bispecific antibody
After determining the highest binding scFv that targets CG1/HLA-
A2, CG1-16, we generated a bispecific antibody, CG1-16 x CD3
epsilon (CD3e) (CG1/A2xCD3), by cloning CG1-16 scFv gene
regions into hIgG1 or hKappa pcDNA3.1+ expression vectors.
Crossbow (Cambridge, MA, USA) and Xencor (Pasadena, CA, USA)
CD3e antibody and knobs-into-holes technology [24, 25] was
applied for the bispecific antibody engineering, as previously
described. [26] CG1/A2xCD3 was expressed in ExpiCHO cells
through transient transfection, and then purified using a Protein-A
column (AKTA FPLC system).

Binding assays
Binding of CG1/A2xCD3 with CG1/HLA-A2 monomers and CD3e
antigen was tested using BLI and cellular binding assays. BLI
assays were performed on an Octet® Red384 (Shirley, NY, USA) at
30 °C with shaking at 1000 RPM. Bispecific antibodies were
captured on AR2G sensors, ligands were diluted to 100 nM in
10 × kinetics buffer and loaded for 600 s. After loading and
quenching of the active AR2G surface by 1 M ethanolamine, the
baseline signal was recorded for 1 min in 10 × kinetics buffer.
Different concentrations (100 nM and 20 nM) of CG1/HLA-A2 or
CD3e antigens in 10× kinetics buffer were bound to the sensors
for 300 s and dissociated for 300 s. The kinetics values were fitted
using Octet® software.
For cellular binding assays, EM2 cells (HLA-A2 positive) or Jurkat

T cells (HLA-A2 negative) were placed in a 96-well plate. Cells were
blocked with FcR Blocker (TruStain FcX, San Jose, CA, USA) and
FBS, and stained with the following Alexa-647 conjugated
antibodies: CG1/A2xCD3, CG1-16 hIgG1, control bispecific anti-
body with CD3 enabled arm and CG1/A2 disabled arm, [26] and
isotype control. Flow cytometry was done on live cells using a BD
LSR Fortessa, and data were analyzed using FlowJo software
(FlowJo, Ashland, OR, USA).

Cell-mediated cytotoxicity assay
A flow cytometry-based T cell-dependent cellular cytotoxicity
(TDCC) assay was used to evaluate CG1/A2xCD3 killing of target
cells. For bispecific antibody cytotoxicity, 1 × 104 GFP- or mCherry-
expressing target cells were co-cultured with 5 × 104 HD T cells in
the presence of increasing concentrations of CG1/A2xCD3 or a
negative control bispecific antibody. For the negative control, we
generated a human bispecific antibody with Velo8 heavy chain
and CD138 light chain, employing the same CD3e (Xencor) used in
the bispecific construct. After incubation for 24 and 72 h, flow
cytometry was used to quantify live/dead target cells using light
scatter to determine viability, and GFP and mCherry to exclude
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target cells. Two-sided t-tests and one-way ANOVA followed by
Tukey’s multiple comparisons tests were used to determine
significance. Representative data from one of two experiments,
performed in triplicate experimental groups.

In vitro T cell activation and phenotyping assays
Target leukemia cells (1 × 104) were co-cultured with HD T cells
(5 × 104) and bispecific antibodies (1 ug/mL) for 48 h. Cells were
then surface stained for CD3 (BD Biosciences, San Jose, CA) and
CD69 (Biolegend, San Diego, CA, USA) and analyzed using flow
cytometry. Secreted IFN-g, IL-2, and TNF-a were detected using a
Meso Scale Discovery assay (Meso Scale Diagnostics, Rockville,
MD, USA). Two-sided t-tests and one-way ANOVA followed by
Tukey’s multiple comparisons tests were used to determine
significance. Representative data from one of two experiments,
performed in triplicate experimental groups.

Assessment of CG1/A2xCD3 in vivo
Sublethally irradiated (250 cGy) NOD/SCID gamma (NSG) mice [27]
(6–10 week-old females; Jackson Laboratory, Bar Harbor, ME, USA)
were engrafted with primary AML samples or luciferase-expressing
(Perkin Elmer, Waltham, MA, USA) cell lines via tail vein injection at
a dose of 1 × 105–1 × 107 cells. Human PBMC (1 × 107) were
administered to mice via tail vein, followed 4 days later by
intraperitoneal (IP) administration of bispecific or control anti-
bodies weekly ×4 doses. Mice were monitored for clinical graft-
versus-host disease and AML engraftment three times/week.
Leukemia was monitored using peripheral blood analysis for
human leukemia blasts or bioluminescence imaging. [28] Mice
were sacrificed at ~4 weeks following treatment, or when they
became moribund. BM was analyzed for residual human AML by
flow cytometry. [20, 28] The following flow cytometry antibodies
were used to identify the leukemia: CD13, CD33 (BD Biosciences,
Sparks, MD), CD3, hCD45 (BioLegend), mouse (m)CD45
(eBioscience, San Diego, CA) and GFP. Assuming a significance
level of 0.05, a sample size of 5 mice per treatment group has 80%
power to detect an effect size of at least 1.31 using ANOVA test.
Pairwise differences between treatment groups were assessed
using Tukey’s multiple comparisons test. All animal experiments
were performed under an IACUC-approved protocol. The data
represent one independent experiment, performed in duplicate.

Histology
Immunohistochemistry was used to determine the effects of CG1/
A2xCD3 on residual AML. Mouse BM and spleen were harvested, fixed
in 10% formalin, and then stained with myeloperoxidase (MPO) and
hematoxylin and eosin (H&E) prior to histologic examination.

Colony forming unit (CFU) assay
CFU assays using HLA-A2+ BM from HDs were used to investigate
the effects of CG1/A2xCD3 on normal hematopoiesis. [7, 29] PBMC
were co-cultured with BM in standard media at a 1:5 ratio for 4 h.
Cultures were then added to MammoCult™ H4034 Optimum
Human Medium (STEMCELL Technologies, Cambridge, MA, USA).
These mixtures were transferred to 6-well plates and incubated for
10–14 days. On Day 14, CFUs were counted using a Leica DMi8
microscope. To confirm the cell phenotypes, cells were stained
with fluorescently-conjugated antibodies against CD3, CD4, CD8,
CD14, CD16, CD19, CD33, CD34, and live/dead Aqua (Biolegend).
One-way ANOVA followed by Tukey’s multiple comparisons tests
was used to determine significance. Each group was cultured at
least in duplicate and data represents four independent
experiments.

CG1 CRISPR Knockout (KO)
CRISPR/Cas9 gene editing was carried out using Nucelofection® of
Cas9/guide RNA (gRNA) ribonucleoprotein (RNP) complex using SF
Cell Line 4D-Nucleofector™ X Kit S (Lonza, Houston, TX, USA). The

following sgRNAs targeting the exon 1 of CTSG1 gene was
designed according to the protospacer adjacent motif sequences
availability: gRNA-1 gcagccactcctgcttctgc; and gRNA-2 agtggacg-
gagtcggggtca. Briefly, Cas9 protein and gRNA (Integrated DNA
Technologies [IDT], Coralville, IA, USA) were pre-incubated to form
RNP complexes. U937-A2 cells were resuspended in SF buffer
(Lonza) and mixed with CRISPR-RNP complex. This mixture
underwent Nucleofection® according to the manufacturer’s
instructions. Cells were then expanded, CG1 knockdown was
confirmed by flow cytometry using CG1/A2 TCR-m, and single-cell
cloning was subsequently performed. Following cloning, two
clones were isolated. Disruption of genomic sequences of target
site within CG1 exon 1 in these clones was performed using
Sanger sequencing.

RESULTS
CG1 expression by HLA-A2+ myeloid leukemia
We first verified whether the CG1 peptide is found on the surface
of HLA-A2+ myeloid leukemia cells (Table 1). To accomplish this,
we utilized the anti-HLA-A2*0201 antibody BB7.2 (Santa Cruz) to
perform immunoprecipitation (IP) of HLA-A2 molecules present in
the cell lysate, along with their associated peptides. Following IP,
the HLA-A2/peptide/β2m complexes were dissociated and the
fraction containing the peptides was analyzed using targeted ToF-
MS with high sensitivity. Seven myeloid leukemia cell lines were
examined, including six AML cell lines, and one CML in blast crisis
cell line. Additionally, we examined CG1 expression by T cell
leukemia, solid tumor malignancies, including lung, breast, colon,
and ovarian carcinoma, as well as HLA-A2+ HD PBMC and
neutrophils. Since U937 and MOLM-13 cell lines lack HLA-A2, these
cell lines were transduced with HLA-A2, as previously described.
[6, 30]
In the eluted fractions, CG1 was identified in all of the HLA-A2+

myeloid leukemia cell lines, confirming our previous report. [7]
Furthermore, we eluted CG1 at very high levels in cell lines that
were inherently HLA-A2 negative but that were transduced with
HLA-A2 (i.e., U937-A2 and MOLM-13-A2). This in part may be due
to the imposed high expression of HLA-A2 in these cell lines, and
the binding of HLA-A2 to intracellular CG1. Consistent with the
known lack of endogenous expression of CG by non-myeloid
malignancies, CG1 was not eluted from solid tumor cell lines.
Similarly, although CG is expressed by normal granulocytes, we
did not elute CG1 from the surface of normal HLA-A2+

granulocytes or PBMC, the latter lack granulocytes due to removal
through standard blood processing. Taken together, these
findings provide confirmation that CG1 is naturally processed
and presented on the surface of HLA-A2+ myeloid leukemia blasts,
highlighting its potential as a myeloid leukemia-associated target.

Characterization of CG1/A2xCD3
A schematic of CG1/A2xCD3 is shown in Fig. 1A. We confirmed the
structure of CG1/A2xCD3 using SDS-PAGE gel electrophoresis
(Fig. 1B). Under reducing conditions, we detected two bands with
molecular weights consistent with heavy and light chains, the
latter composed of the CG1-HLA-A2 binding moiety light chain,
since the CD3e binding moiety is composed of only the scFv. As
expected, non-reducing conditions demonstrated primarily a
single band representing the intact bispecific antibody.
We used Octet® BLI to determine the binding avidity and

affinity of the bispecific antibody to CD3 and CG1/HLA-A2
monomers, respectively (Fig. 1C, D). After coating an AR2G
biosensor with CG1/A2xCD3, we added either CD3e-Fc or CG1/
HLA-A2 at 100 nM and 20 nM concentrations. The fitted (red) and
actual (green) binding curves are shown in Fig. 1C, D. We
calculated high binding affinity of CG1/A2xCD3 to CD3e (KD=
7.52 × 10−10M); K-on= 2.25 × 105 1/M × seconds [Ms]; K-off=
1.69 × 10−4 1/second [s]. For the CG1/HLA-A2 monomer, we

C. Shi et al.

890

Leukemia (2025) 39:888 – 898



calculated high binding affinity of CG1/A2xCD3 to CG1/HLA-A2
(KD= 1.28 × 10−10M); K-on= 1.25 × 105 1/Ms; K-off= 1.60 × 10−5

1/s. Of note, the affinity of CG1/A2xCD3 to CG1/HLA-A2 was much
higher than the affinity of the CD3e arm for its cognate ligand.
We also used the Meso Scale Discovery (MSD) platform to

determine the specificity of CG1/A2 TCR-m for CG1/A2. In this
assay, CG1/A2 TCR-m or control antibodies anti-Her2 (trastuzu-
mab; Roche, Indianapolis, IN, USA), anti PD-1 (pembrolizumab;
Rahway, NJ, USA), and anti-PD-L1 (atezolizumab; Genentech, San
Francisco, CA, USA) were added to protein-coated MSD plates at
10 nM and 100 nM concentrations, as previously described. [31] As
shown in Supplementary Table 1, CG1/A2 TCR-m demonstrated
high specificity for CG1/A2, with negligible cross-reactivity with
other proteins.
We also performed cellular assays using flow cytometry to show

the binding kinetics of CG1/A2xCD3 to cell lines. Using the CG1-
expressing EM2 HLA-A2+ CML cell line (Table 1), we found a high
affinity of CG1/A2xCD3 and CG1 Fab for CG1/HLA-A2 (Fig. 1E).
Similarly, we demonstrated high affinity of CG1/A2xCD3 for CD3
using the Jurkat T cell line, which lack HLA-A2, CG and CG1
(Fig. 1F).

CG1/A2xCD3 lyses HLA-A*0201 AML
To assess the ability of CG1/A2xCD3 to activate T cells, we used
flow cytometry staining of T cells after co-culturing normal PBMC
with target myeloid leukemia: AML (U937-A2 and ML2) and CML
(EM2) cell lines. T cell activation (Fig. 2A, D, G) and cytokine
secretion (Fig. 2B, E, H) were higher in the CG1/A2xCD3-treated
groups compared to the control bispecific antibody-treated
groups. Furthermore, the ability of CG1/A2xCD3 to kill HLA-A2+

myeloid leukemia was assessed using in vitro flow cytometry-
based cytotoxicity assays (Fig. 2C, F, I). After co-culturing
fluorescently-labeled U937-A2, ML2 and EM2 cell lines with HD
T cells and CG1/A2xCD3 for 24 h, flow cytometry analysis
demonstrated high killing of target cells by T cells in the CG1/
A2xCD3-treated groups, in comparison to the control bispecific
antibody-treated groups. Cytotoxicity was HLA-A2 dependent, as
shown by the lack of killing of the HLA-A2 negative cell line U937
(Fig. 2A–C).

CG1/A2xCD3 eliminates AML in vivo
Given that CG1/A2xCD3 showed anti-leukemia activity in vitro, we
investigated its potential as an immunotherapeutic in vivo (Fig. 3).
After engrafting HLA-A2+ ML2 cells, HD PBMC (1 × 107 cells) were
administered intravenously to NSG mice. Four days later, mice
received 4 weekly IP doses of CG1/A2xCD3 (0.01mg/Kg, 0.05mg/
Kg, and 0.1mg/Kg) or PBS via IP injection. Bioluminescence imaging
showed that mice treated with PBMC+ CG1/A2xCD3 had signifi-
cantly lower numbers of ML2 cells in the BM compared with mice
treated with PBMC alone. Similar potent anti-leukemia activity was
seen at all dose levels (Fig. 3B, C). A higher percentage of human
T cells (hCD45-/hCD3+) was seen in all the treatment groups
(Fig. 3D). Histologic analysis with MPO and H&E staining of BM
confirmed the bioluminescence imaging and flow cytometry
results, showing a smaller leukemia burden and higher BM
restoration and normal hematopoiesis in the CG1/A2xCD3-treated
groups (Fig. 3E–J). Similar results were demonstrated when mice
were engrafted with primary AML patient blasts (Fig. 4), U937-A2
AML cells (Supplementary Fig. 1), and EM2 CML cells (Supplemen-
tary Fig. 2), with results further indicating the anti-leukemia activity
of CG1/A2xCD3 in vivo. The difference in the degree of the anti-
leukemic effect of CG1/A2xCD3 and overall survival (OS) (Fig. 4) may
be due to irreversible organ toxicity that may have been caused by
the AML. While a large reduction in the AML burden was noted after
treatment with CG1/A2 xCD3, the mice may have not recovered
from such irreversible AML-induced toxicity. Nevertheless, CG1/A2
xCD3 did demonstrate increased OS compared with control groups.

CG1/A2xCD3 does not inhibit healthy donor hematopoiesis
and is specific for CG1/A2-expressing AML
Although CG expression is expected on normal hematopoietic
progenitor cells (HPC), we previously reported that primary AML
blasts and CD34+/CD38- leukemia progenitor cells express higher
levels of CG compared to normal HPC. [6] We therefore
investigated the effects of CG1/A2xCD3 on the formation of
typical colonies from HD BM progenitor cells. Using standard CFU
assays [7, 29] we cultured HD HLA-A2+ BM in a semi-solid matrix
of methylcellulose either alone or in the presence of PBMC and
either CG1/A2xCD3 or isotype control antibody (Fig. 5). After

Table 1. CG1 peptide is eluted from cell surface of HLA-A2+ myeloid leukemia.

Cell line/type Disease HLA-A Genotype CG1/cell A2/Cell

U937-A2a AML 03:01, 03:01; A2- Transduced 2300 12,000

THP-1 AML 02:01, 02:01 320 34,000

MOLM-13-A2a AML A2-Transduced 2500 51,000

OCI-AML3 AML 02:01, 23:01 750 11,000

ML-2 AML 02:01, 02:01 3700 63,000

SKM-1 AML 33:03, 02:07 10 17,000

EM-2 CML 02:01, 03:01 950 17,000

CCRF-CEM T cell leukemia A02+ ND 10,000

DFC1032 NSCLC A02+ ND 160,000

NCI-H441 NSCLC 02:01, 03:01, ND 140,000

BT-549 Breast adenocarcinoma 02:01, 01:01, ND 9500

MDA-MB-231 Breast adenocarcinoma 02:17, 02:17 ND 540,000

COLO 205 Colorectal adenocarcinoma 02:01, 01:01 ND 31,000

OVCAR3 Ovarian adenocarcinoma 02:01, 29:02 ND 5200

HD Neutrophils Normal 02:01 ND 9500

HD PBMC#1 Normal 02:01 ND 4900

HD PBMC#2 Normal 02:01 ND 1500

AML acute myeloid leukemia, CML chronic myeloid leukemia, NSCLC nonsmall cell lung cancer, ND not detected.
aEndogenously HLA-A2 negative but transduced with HLA-A*0201.
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14 days, the average number of CFUs was similar between
untreated, CG1/A2xCD3, and isotype-treated groups, irrespective
of the doses used. As expected, the cytarabine (ara-c) treated
group showed a significantly lower number of CFUs. Based on
these findings, treatment with CG1/A2xCD3 does not significantly
impair normal hematopoiesis.

Furthermore, we tested the specificity of CG1/A2xCD3 for CG1/
A2 in in vitro cytotoxicity assays using CG-expressing U937-A2
AML cells (i.e., U937-A2) or CG-knockout (KO) clones (U937-A2 CG
KO clones #1 and #2). In this assay, CG1/A2xCD3 or control
bispecific antibody were added to human T cells that were co-
cultured with U937-A2 or CG-KO clones (U937-A2 CG KO clones #1
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Fig. 1 CG1/A2xCD3 design and characterization. A Structure of CG1/A2xCD3 bispecific antibody showing the CG1/HLA-A2 Fab, the anti-
CD3e scFv and knobs-in-holes. B SDS-PAGE of CG1/A2xCD3 under reducing and non-reducing conditions. Reducing conditions yielded two
bands, consistent with heavy chain and light chain. The lower band is primarily composed of the CG1-HLA-A2 binding moiety light chain,
since the CD3e binding moiety is composed of scFv. Intact CG1/A2xCD3 is detected under nonreducing conditions. Octet® bio-layer
interferometry (BLI) was used to determine the binding affinity of CG1/A2xCD3 to CD3 (C) and to CG1/HLA-A2 (D) monomers. CD3e-Fc and
CG1/HLA-A2 monomers were added at 100 nM and 20 nM concentrations. The fitted (red) and actual (green) binding curves are shown.
Binding of CG1/A2xCD3 to CD3e demonstrated KD= 7.52 × 10−10M; K-on= 2.25 × 105 1/M × seconds [Ms]; K-off= 1.69 × 10−4 1/second [s].
Binding of CG1/A2xCD3 to CG1/HLA-A2 monomers demonstrated KD= 1.28 × 10−10M; K-on= 1.25 × 105 1/Ms; K-off= 1.60 × 10−5 1/s. Cell
surface binding of CG1/A2xCD3 to EM2 (E) and Jurkat T cells (F) was measured using flow cytometry. HLA-A2+ EM2 CML cells express CG1 on
cell surface and therefore demonstrate high affinity binding of CG1/A2xCD3 for CG1/A2. Staining of Jurkat T cells shows high affinity binding
of CG1/A2xCD3 to CD3; Jurkat cells express CD3 and lack HLA-A2, CG and CG1. As control antibodies, we used CG1/A2 Fab, human IgG (h-IgG),
and Velo8/CD138-CD3e (control) bispecific antibody.
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Fig. 2 CG1/A2xCD3 activates T cells and lyses CG1/HLA-A2-expressing myeloid leukemia. U937-A2 AML cells (A–C), ML2 AML cells (D–F)
and EM2 CML cells (G–I) were co-cultured with PBMC and CG1/A2xCD3 for 24 h. Addition of CG1/A2xCD3 led to T cell activation, as measured
using flow cytometry staining for CD69 (A, D, G) and increased cytokine section (IFNg, IL-2, and TNF-a) (B, E, H) by T cells in comparison with
control bispecific antibody. C, F, I CG1/A2xCD3 increased the killing of target myeloid leukemia calls in comparison with control bispecific
antibody. ***p < 0.001.
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Fig. 3 CG1/A2xCD3 has potent in vivo activity against myeloid leukemia. A Schema of experimental design. Female NSG mice were
engrafted with luciferase-transduced ML2 cells via tail vein injection of 1 × 105 cells. After 1 week, 1 × 107 normal donor PBMC were
administered via tail vein injection. Four days after PBMC injection, mice were treated increasing doses of CG1/A2xCD3 (0.1, 0.05, and 0.01mg/
Kg) or PBS. B, C Bioluminescence imaging of mice shows a dose dependent decrease in bioluminescence after treatment with CG1/A2xCD3 in
comparison with PBS. D Percentage of CD3+ T cells in blood after treatment over time. IHC analysis shows lower MPO staining (E, F), lower
numbers of tumor cells by H&E staining (G, H), and higher bone marrow restoration of normal hematopoiesis (I, J) in the CG1/A2xCD3-treated
group in contrast with the PBS-treated groups. ****p < 0.0001; ***p < 0.001; **p < 0.01.
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and #2) for 24 h. CG1/A2xCD3 increased the killing of target U937-
A2 in comparison with U937-A2 CG KO clones #1 and #2, and
control bispecific antibody (Supplementary Fig. 3).

DISCUSSION
We report the engineering of CG1/A2xCD3, a novel bispecific
antibody targeting the azurophil granule protease CG. We show
high expression of CG1 peptide on HLA-A2 in myeloid leukemia
cell lines and patient samples, and absence of CG1 expression in
non-myeloid and HLA-A2 negative cells. We show high binding of
CG1/A2xCD3 to target CG1/HLA-A2 and CD3. We demonstrate

activation of T cells, and in vitro and in vivo T cell killing of target
myeloid leukemia mediated by the CG1/A2xCD3. Lastly, we show
that CG1/A2xCD3 does not kill HD HLA-A2+ BM.
The binding between the TCR and the pMHC is a weak

interaction, with a KD of 1–90 μM. In contrast, antibodies strongly
bind cognate antigens through a high affinity interaction, with a
KD of 10 nM–10 μM. The low affinity of the TCR for pMHC,
characterized by slow association rate (K-on) and rapid dissocia-
tion rate (K-off), enables T cells to rapidly survey a large array of
peptides presented by MHC molecules on normal and diseased
cells. [17, 18] This allows T cells to establish an immune synapse
with the target cells that trigger activation, while bypassing non-
diseased tissues. However, in cancer immunotherapy with known
antigens, the low avidity interaction between pMHC and TCR
becomes an obstacle to complete tumor eradication. Although we
previously demonstrated tumor reduction of CG1-expressing AML
by polyclonally-expanded CG1-CTL, [6, 7] we recognize that this
approach yielded antigen-specific CTLs with a lower binding
affinity of the TCR to the CG1-pMHC. Hence, the higher affinity
afforded by TCR-m antibodies compared to the native TCR of
T cells that are expanded via conventional methods or elicited by
vaccination, could grant TCR-m antibodies an advantage in
targeting CG1/HLA-A2 expressed on AML. TCR-m antibodies have
been a breakthrough in immunotherapy, as they: (1) target
intracellular antigens expressed on HLA; (2) are engineered to
have high affinity for HLA; (3) can elicit their cytotoxic effect
independent of the TCR; and (4) can be produced in large
quantities and are easily available for infusion, in contrast with
cellular approaches.
In general, there is a direct correlation between the affinity and

activity of an antibody, with higher affinity antibodies demonstrating
more potent anti-tumor activities. To generate high affinity antibodies,
we used a vaccination approach to generate the CG1/HLA-A2 Fab,
rather than an antibody display library, as we strongly believe this
approach yields more potent antibodies. Specifically, we immunized
humanized mice (i.e., Harbor mice) with CG1/peptide-HLA (pHLA)
monomers to generate antibodies that target CG1/pHLA. This
approach utilizes the physiologic affinity maturation processes that
yield antibodies with high affinity for antigen. [19, 32] It also allows for
the direct generation of humanized antibodies, bypassing the
requirement for humanizing antibodies after their generation.
Antibodies that are not fully humanized can cause major immune
complications when infused to humans. [33] Furthermore, humanizing
murine antibodies runs the risk of interfering with the tumor antigen
binding moiety and altering the antibody’s affinity for its target. [34]
We chose a bispecific antibody approach since bispecific

antibodies provide an off-the-shelf product that can be readily
infused into patients. Additionally, there is minimal engineering

A. B.

0 7 14 21 28
0

2

4

6

8

10

Days after treatment

%
 L

eu
ke

m
ia

Control

CG1/A2 x CD3 1 mg/Kg
CG1/A2 x CD3 0.1 mg/Kg
CG1/A2 x CD3 0.01 mg/Kg

0 7 14 21 28
0

20

40

60

80

100

Days after treatment

Pr
ob

ab
ili

ty
 o

f  S
ur

vi
v a

l

Control
CG1/A2 x CD3 1 mg/Kg
CG1/A2 x CD3 0.1 mg/Kg
CG1/A2 x CD3 0.01 mg/Kg

Fig. 4 CG1/A2xCD3 eliminated primary AML in vivo. Patient primary HLA-A2+ AML sample was engrafted into NSG mice via tail vein
injection. After confirming engraftment using flow cytometry staining of mouse blood for hCD45, 1 × 107 normal donor PBMC were infused
intravenously to mice via tail vein. Mice were treated intraperitoneally weekly for 3 weeks with increasing doses of CG1/A2xCD3 (1.0, 0.1, and
0.01mg/Kg) or PBS. A Leukemia burden in the blood was identified by flow cytometry staining for hCD45+/hCD3- cells. B Kaplan-Meir curves
showing increased survival of CG1/A2xCD3-treated mice, in comparison with PBS.

BM

BM + 
PBMC

BM + 
PBMC + 

CG1x
CD3e

 1 
ug/m

L

BM + 
PBMC + 

CG1x
CD3e

 5 
ug/m

L

BM + 
PBMC + 

CG1x
CD3e

 10
 ug/m

L

BM + 
PBMC + 

Iso
typ

e 5
 ug/m

L

BM + 
PBMC + 

Iso
typ

e 1
0 u

g/m
L

BM + 
Cyta

rab
ine 1

mM
PBMC

0

100

200

300

N
um

be
r o

f C
ol

on
ie

s

** **

NS

Fig. 5 CG1-bispecific antibody does not inhibit normal hemato-
poiesis. Healthy donor HLA-A2+ bone marrow (BM) was cultured
alone or co-cultured with peripheral blood mononuclear cells
(PBMC) at increasing concentrations of CG1/A2xCD3 or control
bispecific antibody. Cells were then resuspended in methylcellulose
semi-solid matrix on low adhesion 6-well plates and co-cultured for
14 days. On day 14, colonies were counted and imaged using an
inverted light microscope. Each group was cultured at least in
duplicate and data represent four independent experiments.
Cytarabine-treated BM was used as positive control.
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required for bispecific antibodies (vs. cell therapies), making this
approach ideal in the setting of AML, which can be a rapidly fatal
disease. We recognize that the optimal timing for administration
of bispecific antibodies in AML would be in a setting where there
is a lower disease burden and an adequate immune system,
specifically T cells, to be engaged by the bispecific antibody. Since
T cell dysfunction may be detected in patients with AML, [35]
another potential setting for CG1/A2xCD3 may be the post allo-
SCT setting, where there is a potent donor-derived immune
system, including T cells, that could be recruited to sites of AML
through engagement with CG1/A2.
We acknowledge that there are numerous studies, including

studies by our group, [19, 20] on the development of TCR-m
antibodies to treat solid tumor malignancies (NY-ESO-1, [36] E75
[21]) and leukemia (PR1 [19, 20, 37] and WT1 antigens [22]). There
are two characteristics of CG1/A2xCD3 that distinguish it from
other TCR-m constructs. Firstly, it was engineered using a
humanized mouse model that produced a fully human antibody
with high affinity for target antigen. Secondly, CG1/A2xCD3
targets a LS-derived peptide, highlighting the potential for LS-
derived peptides to serve as tumor antigens. This is particularly
relevant in the context of HLA-A*0201 and cells with deficiencies
in antigen processing machinery (APM), including defects in
transporter associated with antigen processing (TAP)-1, where LS
peptides are favored for presentation. [10–12] Of note, defects/
downregulation of TAP-1 and other APM components have been
reported in several malignancies, including AML, and have been
correlated with worse outcomes. [38–43]
While myeloid leukemia, including AML and CML, [6, 7, 44] are

the primary settings for applying CG1-targeting therapy, CG was
shown to be expressed in non-myeloid malignancies. Specifically,
we demonstrated endogenous expression of CG, uptake of CG
from the BM microenvironment, and presentation of CG1 in the
setting of HLA-A2+ ALL. [45] Alongside our investigations, other
reports have documented the presence of CG in lymphoid
malignancies, including ALL, [46] chronic lymphocytic leukemia
[47] and Hodgkin’s lymphoma. [48] CG expression was also
observed in the setting of non-small cell lung cancer through
uptake from the tumor microenvironment. [49] We previously
reported on uptake and cross-presentation of serine proteases by
breast cancer, melanoma and lung cancer. [50–52] Although there
are no reports to date demonstrating CG1 peptide in solid tumor
malignances or killing of solid tumor malignancies by CG1-
targeting approaches, once confirmed, CG1/A2xCD3 could poten-
tially be used in the setting of some solid tumor malignancies.
We recognize that CG1/A2xCD3 will be restricted to patients

who are HLA-A2 positive. Nevertheless, considering that HLA-A2 is
the most prevalent HLA-A allele family, and its frequency ~50% in
several ethnic groups, CG1/A2xCD3 could be applicable to a large
number of patients. Although CG is expressed by normal
hematopoietic cells, in this report and previous publications, CG
expression was elevated in leukemic cells when compared to
normal hematopoietic cells and was aberrantly localized outside
azurophil granules. [6, 7, 29] Thus the lower expression and
localization of CG within azurophil granules in normal hemato-
poietic cells and granulocytes could explain the sparing of normal
hematopoiesis when targeting CG1. Additionally, CG is known to
be expressed by multiple cell types within thymic tissue. [53–55]
Endogenous expression of CG by thymic myeloid-derived cells,
specifically dendritic cells, is expected as we have previously
reported this for other azurophil granule proteases. [56] CG
expression by non-myeloid derived cells, though, may be due to
cross-presentation of CG, as we reported for CG, [45] as well as
neutrophil elastase (NE) and proteinase 3 (P3). [56] Nevertheless,
considering AML is a disease of the elderly (median age 68) where
the thymus is dysfunctional due to age-associated thymic
involution, compounded by chemotherapy-induced thymic dys-
function in patients with AML following treatment, cross-reactivity

of CG1/A2xCD3 with thymic tissue is less of a toxicity concern in
the general AML patient population. [57–60]
We recognize that the off-target toxicity experiments that were

performed in this study evaluated a limited number of peptide/
HLA antigens. Considering the unexpected significant clinical
toxicity that was observed with the affinity-enhanced MAGE A3-
TCR, [61] where fatal cardiac toxicity was encountered despite
safety demonstrated in preclinical studies, caution must be
exercised when administering novel TCR- and TCR-m-based
immunotherapy to patients. Clinical studies with CG1/
A2xCD3 should include careful dosing strategies and strict toxicity
parameters to mitigate unexpected significant adverse events.
Our study validates the targeting of CG1, a LS-derived peptide,

in myeloid leukemia using a novel TCR-m human bispecific
antibody. This approach appears to be efficacious and safe in vitro
and in vivo. Moreover, given the broad expression of CG by tumor
cells and the tumor microenvironment, the application of CG1/
A2xCD3 could extend beyond myeloid leukemias to lymphoid and
solid tumor malignancies.

DATA AVAILABILITY
The data presented in this study is available upon request to the corresponding
author.
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