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ABSTRACT
T cell engagers (TCEs) are becoming an integral class of biological therapeutic owing to their highly 
potent ability to eradicate cancer cells. Nevertheless, the widespread utility of classical CD3-targeted TCEs 
has been limited by narrow therapeutic index (TI) linked to systemic CD4+ T cell activation and aberrant 
cytokine release. One attractive approach to circumvent the systemic activation of pan CD3+ T cells and 
reduce the risk of cytokine release syndrome is to redirect specific subsets of T cells. A promising strategy 
is the use of peptide-major histocompatibility class I bispecific antibodies (pMHC-IgGs), which have 
emerged as an intriguing modality of TCE, based on their ability to selectively redirect highly reactive 
viral-specific effector memory cytotoxic CD8+ T cells to eliminate cancer cells. However, the relatively low 
frequency of these effector memory cells in human peripheral blood mononuclear cells (PBMCs) may 
hamper their redirection as effector cells for clinical applications. To mitigate this potential limitation, we 
report here the generation of a pMHC-IgG derivative known as guided-pMHC-staging (GPS) carrying 
a covalent fusion of a monovalent interleukin-2 (IL-2) mutein (H16A, F42A). Using an anti-epidermal 
growth factor receptor (EGFR) arm as a proof-of-concept, tumor-associated antigen paired with a single- 
chain HLA-A *02:01/CMVpp65 pMHC fusion moiety, we demonstrate in vitro that the IL-2-armored GPS 
modality robustly expands CMVpp65-specific CD8+ effector memory T cells and induces potent cytotoxic 
activity against target cancer cells. Similar to GPS, IL-2-armored GPS molecules induce modulated T cell 
activation and reduced cytokine release profile compared to an analogous CD3-targeted TCE. In vivo we 
show that IL-2-armored GPS, but not the corresponding GPS, effectively expands grafted CMVpp65 CD8+ 
T cells from unstimulated human PBMCs in an NSG mouse model. Lastly, we demonstrate that the IL- 
2-armored GPS modality exhibits a favorable developability profile and monoclonal antibody-like phar-
macokinetic properties in human neonatal Fc receptor transgenic mice. Overall, IL-2-armored GPS 
represents an attractive approach for treating cancer with the potential for inducing vaccine-like antiviral 
T cell expansion, immune cell redirection as a TCE, and significantly widened TI due to reduced cytokine 
release.
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Introduction

T cell engagers (TCEs), which are a class of biologic drugs that 
mediate the formation of functional immunological synapses 
between T cells and cancer cells to trigger cancer cell death, 
represent a promising strategy for the treatment of cancer, 
with several TCEs having received FDA approval for treating 
hematological and solid malignancies.1–4 While TCEs are 
attractive cancer therapeutics based on their potent ability to 
eliminate cancer cells, the widespread clinical translation of 
TCEs has been limited.

A primary challenge obstructing TCE clinical translation is 
narrow TI in which tolerable dosing is restricted by side effects 

such as cytokine release syndrome. Conventional TCEs typi-
cally function via simultaneous engagement of CD3 on the 
T cell surface and tumor-associated antigen (TAA) on the 
cancer cell surface. This reliance on the engagement of CD3 
to bind and activate T cells may be suboptimal considering that 
CD3 is expressed on all T cells, contributing to pan T cell 
activation, elevated cytokine release linked to CD4+ T cell 
activation, and exacerbation of immunosuppression linked to 
regulatory T cell (Treg) activation (Figure 1).5 While shifting 
paradigms for preclinical and clinical dose optimization are 
anticipated to address this issue in part,6 novel strategies with 
the potential for a broader and deeper TI are needed to address 
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the significant unmet clinical need for safe and effective cancer 
treatment.

One strategy used across several platforms and over a range 
of targets to address the narrow TI associated with TCEs is the 
use of affinity optimized variants of the anti-CD3 moiety.7–9 In 
particular, TCEs carrying affinity attenuated anti-CD3 
domains were shown to achieve similar levels of efficacy as 
non-optimized anti-CD3 sequences, but exhibited reduced 
toxicity, peripheral cytokine release, and Treg activation, 
resulting in an improved TI.7–9 Previous investigations also 
highlight the importance of affinity co-optimization of the 
anti-TAA arm in addition to the anti-CD3 arm to improve 
TI.7–9 In particular, Poussin et al. identified that the parameter 
of TAA density is an important consideration when co- 
optimizing multispecific TCE affinities. In their study, the 
authors observed that both anti-TAA and anti-CD3 affinity 
significantly impact TCE potency in the context of low cell- 
surface density receptor targets, whereas anti-TAA affinity 
alone predominantly impacts TCE potency for high-density 
receptor targets. Beyond affinity optimization, the unique epi-
topes of the CD3 and TAA arms, molecular format, and the 
modality pharmacokinetics (PK) have also been identified as 
important factors influencing TCE activity and TI.10,11 Overall, 
molecular engineering and optimization principles have 
broadly improved the design of TCEs for clinical translation.

Another innovative strategy to mitigate the challenge of nar-
row TI associated with conventional CD3 TCEs is the selective 
recruitment and redirection of virus-specific memory bystander 
T cells for selective killing of target cancer cells.12–20 The redirec-
tion of these virus-specific effector memory CD8+ T cells is 
motivated by the remarkable properties of antiviral cells in 

terms of surveillance breadth across tissues, resistance to exhaus-
tion and the capacity for innate and adaptive anti-tumor immune 
responses.12–16 In particular, Rosato et al. identified the consistent 
presence of antiviral T cells, including cytomegalovirus (CMV), 
Epstein-Barr virus (EBV), and influenza, within human tumor 
tissues, such as cancers of the breast, head and neck, brain, and 
uterus. They observed that detection of antiviral cells in the blood 
was fully predictive of their presence within the tumor micro-
environment (TME), which ranged from less than 1% to 10% of 
total CD8+ T cells in the TME.12 Moreover, the authors demon-
strated that mimicking viral infection via intratumoral delivery of 
viral peptides in mice elicited broad anti-cancer immune 
responses and tumor growth arrest. Other important research 
in the field from Schuessler et al. highlights the deployment of 
CMV-specific T cells as an autologous T cell therapy for treating 
recurrent glioblastoma.12 Overall, differentiated CD8+ anti-viral 
bystander cells have demonstrated excellent functionality as rapid 
and durable cytotoxic effector cells.17–20

Building upon these findings, the use of TCEs to selectively 
redirect antiviral cells has recently emerged as a potential 
therapeutic approach (Figure 1).17–20 Preclinical research 
using peptide-major histocompatibility class I (pMHC) IgG- 
based TCEs serves a foundational role in informing next- 
generation approaches to harness and re-direct antiviral effec-
tor memory T cells for treating cancer.17–21 Schmittnaegel et al. 
investigated the fundamental question as to whether the low 
frequency of endogenous CMV-reactive T cells was sufficient 
to confer potent cytotoxic activity.17–20 Interestingly, the 
authors reported that pMHC IgGs induced potent in vitro 
cytotoxic activity despite the low frequency of CMV-reactive 
effector memory cells among non-expanded peripheral blood 

Figure 1. GPS engages virus-specific effector, memory CD8+ T cells to induce potent cytotoxic activity against target tumor cells with reduced risk of cytokine- 
associated toxicity Conventional TCEs engage CD3 expressed on all T cells, increasing the risk for aberrant cytokine release associated with pan T cell activation. GPS 
selectively engage with virus-specific effector memory CD8+ T cells toward maintaining potent cytotoxic activity with reduced risk of cytokine release syndrome 
associated with CD4+ T cell activation.
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mononuclear cells (PBMCs) effector cells (~3% or less among 
CD8+ T cells), suggesting the re-direction of these anti-viral 
cells as highly efficient serial killers.18 Nevertheless, in vivo 
efficacy in mouse models has thus far required ex vivo pre- 
expansion or vaccination to significantly increase the fre-
quency of anti-viral effector cells and achieve significant 
tumor burden reduction. Collectively, these findings indicate 
that anti-viral effector memory cell expansion is likely a critical 
challenge in the translation of pMHC IgGs as effective 
TCEs.18,19 To address this limitation, we sought to develop 
a simple, one-molecule biologics approach with the potential 
to locally expand anti-viral cells within the TME and re-direct 
these effector cells to potently eliminate cancer. Given the well- 
established biological role of interleukin-2 (IL-2) for the acti-
vation and expansion of antiviral T cells22 and the clear clinical 
utility of this cytokine and its engineered variants,23 we posited 
that the incorporation of an engineered IL-2 moiety via cova-
lent fusion to pMHC IgG may be suitable to promote antiviral 
effector memory cell expansion.

In this study, we report the generation, optimization, and 
early-stage evaluation of an IL-2-armored pMHC IgG modal-
ity referred to herein as guided pMHC staging (GPS). The GPS 
modality is a bispecific immune engager incorporating 
a pMHC class I domain and a TAA-targeting domain as the 
active arms. As proof-of-concept (POC), we focused on redir-
ecting human leukocyte antigen (HLA)-A*02:01 CMV-specific 
antiviral effector memory T cells given that CMV is 
a persistent and ubiquitous infection in which prevalence 
increases with age.24–28 Greater than 60% of adults over the 
age of 50 are estimated to be CMV seropositive worldwide.28 

Here we show that IL-2-armored GPS promotes robust expan-
sion of CMVpp65 CD8+ effector memory T cells and induces 
potent cytotoxic activity against target cancer cells. 
Comparable to GPS, IL-2-armored GPS significantly reduces 
CD4+ T cell activation and pro-inflammatory cytokine release 
relative to a control anti-CD3 TCE. In vivo IL-2-armored GPS 
expands grafted CMVpp65 CD8+ T cells from unstimulated 
human PBMCs in NSG mice. The IL-2-armored GPS modality 
also shows favorable developability and monoclonal antibody 
(mAb)-like PK. Overall, IL-2-armored GPS may represent an 
attractive general therapeutic strategy for the selective expan-
sion and re-direction of antiviral T cells to eliminate cancer 
cells with favorable cytokine release.

Results

Design, production and characterization of GPS

To generate POC GPS constructs, we utilized the DuetMab 
molecule, which incorporates knob-into-hole engineering for 
hetero Fc pairing and has been widely used as a framework for 
clinical-stage biologics, as a scaffold.29–34 We used an epidermal 
growth factor receptor (EGFR) binding moiety as the TAA- 
targeting domain and a CMV-specific nonameric peptide 
pp65495-503 (pp65) presented in the context of HLA-A*02:01 as 
the pMHC domain (Figure 2a, Supplementary Figure S1). In 
terms of molecular design, clone GA201 was selected as the anti- 
EGFR targeting antigen-binding fragment (Fab),35 which was 
incorporated N-terminally to the hole-side IgG1 Fc region. The 

HLA-A*02:01 allele was selected for the pMHC domain, based 
on its high frequency globally36–38 and was incorporated 
N-terminally to the knob-side IgG1 Fc region as summarized 
in Supplementary Figure S1. The pMHC moiety was engineered 
as a single-chain pMHC fusion protein such that the peptide 
was anchored to the HLA groove via a “disulfide trap” as 
previously reported.17 The Fc regions were designed with muta-
tions to abrogate the binding of Fcγ receptors.

For production of GPS molecules, constructs were 
expressed via transient transfection in CHO-K1 cells and pur-
ified via protein A affinity chromatography, followed by pol-
ishing to a purity of greater than 95% monomer via size 
exclusion chromatography. The constructs were validated for 
low endotoxin (below 1 EU/mg) and further interrogated by 
liquid chromatography-mass spectrometry (LC-MS) to vali-
date the intact and digested molecular masses. As shown in 
Supplementary Figure S2, the LC-MS spectra for GPS revealed 
expected molecular masses, consistent with those calculated 
from the amino acid sequences.

GPS shows favorable bioactivity and cytokine release 
relative to a conventional T cell engager

To evaluate the bioactivity of GPS in vitro, we conducted 
assays for cytotoxicity, T cell activation and cytokine release 
using a conventional TCE as a benchmark containing the same 
TAA targeting moiety (anti-EGFR), an anti-CD3 Fab domain 
(clone UCHT1),1 and the same DuetMab scaffold (Figure 2a). 
In terms of assay design, NCI-H358 cancer cells, which endo-
genously express EGFR, were used as target cells. PBMCs from 
CMV+, HLA-A*02:01+ donors were expanded with pp65 pep-
tide and soluble, recombinant human IL-2. The expanded cells 
were subsequently used as effector cells at an effector-to-target 
cell (E:T) ratio of 10 to 1. As shown in Figure 2b and 
Supplementary Figure S3, GPS exhibited potent cytotoxic 
activity and CD8+ T cell activation, which in some donors 
were superior to that observed for the conventional TCE 
treatment in terms of EC50. Moreover, GPS notably showed 
distinct T cell activation and cytokine release profiles com-
pared to conventional TCE treatment in that GPS treatment 
resulted in significantly reduced CD4+ T cell activation 
(Supplementary Figure S3C) and pro-inflammatory cytokine 
release, including IL-6, tumor necrosis factor (Figure 2c,d) and 
interferon-γ (Supplementary Figure S4). Altogether, these data 
demonstrate that GPS shows significantly broadened TI rela-
tive to conventional TCE treatment.

GPS exhibits limited cytotoxic activity in the context of 
non-expanded PBMC effector cells

Based on the observed potent cytotoxic activity and improved 
TI for GPS relative to TCE treatment in the context of pre- 
expanded PBMCs, we sought to evaluate GPS cytotoxicity in 
the context of non-expanded PBMC effector cells from the 
same CMV+, HLA-A*02:01+ donors. As shown in 
Supplementary Figure S5A, B, GPS induced minimal cytotoxic 
activity against NCI-H358 target cells across multiple donors 
in this setting, whereas conventional TCE treatment largely 
retained cytotoxic activity. We hypothesize that the limited 
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cytotoxicity of GPS in these settings is attributed to the low 
frequency of CMV-reactive cells, given that we routinely 
observed less than 2% CMV+ cells among viable CD8+ 
T cells as assessed by tetramer staining. This finding is in 
contrast to data reported by Schmittnaegel et al., where the 
authors observed tumor cell lysis in three donors with 3.3%, 
1.3% and 0.09% CMV+ cells, respectively.18 Altogether, these 
observations highlight the unique effector cell requirements 
for GPS bioactivity relative to a conventional TCE and suggest 

the important role of antiviral T cell expansion for GPS bioac-
tivity, particularly when the initial percentage of CMV-reactive 
cells within the PBMC population is low.

To corroborate the hypothesis that CMV-reactive antiviral 
T cells were insufficient to confer cytotoxic activity in the 
context of non-expanded PBMC effector cells, we evaluated 
GPS bioactivity against NCI-H358 cells using varying cell 
numbers of expanded PBMCs and a fixed number of target 
cells. As shown in Supplementary Figure S5C, D we observed 

Figure 2. GPS induces potent cytotoxic activity in the context of pre-expanded PBMC effector cells with significantly reduced pro-inflammatory cytokine release relative 
to a conventional TCE. (a). Schematic depiction of GPS and conventional TCE b-d. GPS (green) or conventional TCE (red) treatment groups were evaluated for the ability 
to induce cytotoxic activity against NCI-H358 cancer cells using pp65/IL-2 expanded PBMCs as effector cells (b-d). Cytotoxicity, T cell activation and cytokine release (b) 
were determined 24-hours post treatment. (c-d). Pro-inflammatory cytokine release (dashed lines) is depicted on the right y-axes and % cytotoxicity (solid lines) is 
shown on the left y-axes for comparison of therapeutic indices. Error bars are SEM. Results shown are representative from one of five independent experiments from 
five different donors.
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after 48-hour treatment that the degree of cytotoxicity 
decreased proportionally with the number expanded antiviral 
effector cells. We further observed that the level of antiviral 
cells required for partial and complete cytotoxic responses 
varied in a PBMC donor-dependent manner Supplementary 
Figure S5C, D. Collectively, these findings strongly suggest the 
requirement for CMV-specific effector memory cell expansion 
to achieve potent bioactivity.

GPS and IL-2 GPS modalities exhibit favorable thermal 
stability and antigen binding

Based on the limited cytotoxic activity of GPS in the context of 
non-expanded PBMCs, we sought to generate GPS capable of 
both inducing antiviral T cell expansion and redirecting anti-
viral cells as TCEs. As shown in Figure 3(a), we engineered IL- 
2 GPS by covalent fusion of a monovalent IL-2 mutein (H16A, 
F42A). The H16A, F42A IL-2 mutein was selected based on its 
reported ~ 100-fold reduced binding to IL-2 receptor (IL-2R)α 
and ~ 3-fold reduced binding to IL-2 Rβ39 Relative to wild-type 
IL-2, the IL-2 mutein was anticipated to improve selectivity for 
the intermediate-affinity, dimeric IL-2 Rβγ receptor complex 
expressed on effector T cells by way of attenuated engagement 
with the high-affinity, trimeric IL-2 Rαβγ complex expressed 
on Tregs. To understand the impact of IL-2 mutein placement 
on molecule developability and biological activity, we gener-
ated three molecular formats by covalently appending the IL-2 
mutein to different locations: 1) N-terminally to the αEGFR 
Fab (Fab IL-2 GPS), 2) C-terminally to the knob side Fc 

(Fc IL-2 GPS), and 3) N-terminally to the pMHC domain 
(pMHC IL-2 GPS). The IL-2 mutein moiety was flanked by 
a flexible (G4S)2 linker. We further generated negative con-
trols for GPS and IL-2 GPS molecules by replacing pp65 with 
the irrelevant peptide [NLTHVLYPV] preferentially expressed 
antigen in melanoma (PRAME), or by replacing the anti- 
EGFR domain with the TAA null control Fab (NIP228).

The molecules were produced and evaluated by quality control 
metrics analogous to those described for GPS lacking IL-2 mutein 
fusion (Supplementary Figure S6). Notably, IL-2 mutein fusion 
had limited impact on expression titer and percent monomer 
relative to GPS for both the Fab IL-2 GPS and Fc IL-2 GPS 
formats. Significant aggregation was observed for the pMHC IL- 
2 GPS format, which was therefore discontinued from further 
assessment. LC-MS spectra of IL-2 GPS molecules indicate 
masses consistent with glycosylated protein, which is expected 
for both natural and CHO-expressed IL-2.40 To further interro-
gate the molecular masses, deglycosylation treatment was con-
ducted prior to the LC-MS analyses. As shown in Supplementary 
Figure S6, the LC-MS spectra of Fab IL-2 GPS following degly-
cosylation revealed intact and reduced masses that were consis-
tent with the calculated masses without glycosylation. LC-MS 
spectra of the Fc IL-2 GPS and control constructs indicated that 
N- and O-linked glycosylation were not completely removed by 
standard deglycosylation treatment. Future investigation outside 
the scope of this work is warranted to optimize the deglycosyla-
tion of these molecules, systematically characterize these glycan 
species and glycosylation sites, and address glycosylation liabilities 
relating to product development.

Figure 3. GPS and IL-2 GPS modalities exhibit favorable thermal stability, antigen binding. (a) Schematic depiction of GPS armed with IL-2 mutein fused at either the 
N-terminus of the hole-side heavy chain (Fab IL-2 GPS) or C-terminus of the knob-side heavy chain (Fc IL-2 GPS) (b) Summary of thermostability (Tm) assessed via DSF 
(c) Summary of octet binding kinetic analyses. Octet analyses are averages of two independent experiments and error values are SEM.
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To assess the developability and translational potential of our 
GPS platform technology, we characterized GPS and IL-2 GPS 
molecules for thermal stability and antigen binding. As shown 
in Figure 3(b), GPS exhibited a melting temperature (Tm) of 
56.3°C as assessed by differential scanning fluorimetry (DSF). 
Further, IL-2 mutein fusion had limited impact on Tm, given 
that Fab IL-2 GPS and Fc IL-2 GPS had Tm of 56.1°C and 
55.8°C, respectively. Overall, both GPS and IL-2 GPS exhibited 
acceptable thermal stability, significantly above physiological 
and accelerated storage assessment temperatures.41

To characterize TAA binding, we used Octet to characterize 
GPS and IL-2 GPS binding to the biotinylated EGFR ectodo-
main using streptavidin biosensors for antigen capture. As 
summarized in Figure 4(c), kinetic analyses revealed sub- 
nanomolar αEGFR affinities for GPS (KD = 0.96 ± 0.01 nM) 
and Fc IL-2 GPS (KD = 0.66 ± 0.02 nM), consistent with the 
reported affinity for clone GA201.29 Interestingly, Fab IL-2 
GPS showed modestly impaired αEGFR affinity (KD = 2.75 ±  
0.25 nM), i.e., approximately 5-fold reduced relative to Fc IL-2 
GPS. Altogether, these observations suggest that IL-2 mutein 

Figure 4. IL-2 GPS promote robust expansion of cmv-specific effector, memory CD8+ T cells. (a) PBMCs were treated with 6 nM test article (GPS, Fab IL-2 GPS, or Fc IL-2 
GPS) or positive control (1 ug/mL pp65, 30 units/mL IL-2) in 24 well GREX plates and evaluated for antigen-specific T cell expansion at days 0, 7, and 14 via tetramer 
staining and flow cytometry. FACS plots are representative from one of four independent experiments with four different donors. (b) Expanded PBMC samples from 
a were employed as effector cells in cytotoxicity assays against NCI-H358 cells by adding serial-diluted, treatment-group matching test articles. Cytotoxicity and T cell 
activation was evaluated 48 hours post treatment.
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placement proximal to the anti-EGFR Fab partially occludes 
EGFR binding via steric hindrance.

To characterize IL-2 binding, we employed Octet analyses 
using the high-affinity IL-2 Rαβγ and intermediate affinity IL- 
2 Rβγ IL-2 R complexes as antigens. As summarized in 
Figure 3(c), Fab IL-2 GPS and Fc IL-2 GPS constructs engaged 
the high-affinity IL-2 R complex with KD = 0.23 ± 0.08 nM and 
KD = 0.12 ± 0.03 nM, respectively, which were significantly 
impaired relative to the reported wildtype IL-2:IL-2 Rαβγ 
interaction (KD of ~0.01 nM).42 Further, Fab IL-2 GPS and 
Fc IL-2 GPS showed only modestly impaired binding to the 
intermediate-affinity IL-2 R complex (KD = 5.64 ± 0.33 nM 
and KD = 1.5 ± 0.004 nM, respectively) compared to the 
reported wild-type IL-2:IL-2 Rαβγ interaction (KD of ~1 nM). 
Altogether, these data demonstrate that the IL-2 R binding 
properties for the IL-2 GPS constructs are consistent with the 
reported selectivity of the IL-2 mutein (H16A, F42A).39 

Further, these data indicate that the Fc IL-2 GPS format 
shows modestly enhanced binding to both high-affinity and 
intermediate affinity IL-2 R complexes compared to the Fab 
IL-2 GPS format.

IL-2-armored GPS robustly expands CMV-specific CD8+ 
effector memory T cells and confers potent cytotoxic 
activity as a TCE

Building upon the entirety of these findings, we investigated 
the capacity of IL-2-armored GPS constructs to expand CMV- 
specific effector memory CD8+ T cells from CMV+, HLA- 
A*02:01+ PBMCs. In terms of assay design, we treated PBMCs 
with test articles (6 nM) for 14 days in 24-well G-REX plates 
and characterized the kinetics of CMV antiviral cell expansion 
by staining with fluorescently labeled pMHC tetramers (pp65/ 
HLA-A*02:01) at days 0, 3, 7, and 14. As shown in Figure 4(a), 
limited expansion was observed at day 0 and day 3 timepoints 
for all test groups. At day 7 and day 14, clear expansion was 
observed in the positive control group (pp65 + IL-2) with the 
percentage of CMV+ cells among viable CD8+ T cells reaching 
24.5% and 35.0% for days 7 and 14, respectively. At day 7, Fab 
IL-2 GPS and Fc IL-2 GPS induced modest expansion with 
5.5% and 11.0% CMV+ cells among viable CD8+ T cells, 
respectively. GPS lacking IL-2 mutein fusion showed no evi-
dence of expansion for the same donor at the 7-day time point 
(Figure 4(a)). By day 14, Fab IL-2 GPS and Fc IL-2 GPS 
treatment groups both strikingly showed substantial expan-
sion, quantified at 79.1% and 86.3%, respectively. Altogether, 
IL-2 GPS molecules showed robust capacity to significantly 
expand CMV-reactive cells in multiple donors (Supplementary 
Figures S7-S8), beginning at Day 7 and increasing by Day 14, 
which is in contrast to GPS lacking IL-2 mutein fusion, which 
conferred limited potential to expand CMV+ cells within 14  
days, with only modest expansion observed in a donor- 
dependent manner.

To test whether the IL-2-armored GPS expanded PBMCs 
could then be re-directed for subsequent killing as effector 
cells, we conducted subsequent in vitro cytotoxicity assays. 
The test article-expanded PBMCs were rested, washed and 
applied directly as effector cells following the 14-day expan-
sion. Serially diluted test articles matching the treatment group 

for the expansion were added as treatment. As shown in 
Figure 4(b) and Supplementary Figure S8C, both Fab IL-2 
GPS and Fc IL-2 GPS induced potent cytotoxic activity against 
NCI-H358 cells, whereas GPS showed limited cytotoxic activ-
ity in this assay, consistent with the observed lack of expansion. 
We observed modest enhancement in cytotoxic activity for Fc 
IL-2 GPS relative to Fab IL-2 GPS, which corresponded with 
the observed modest increase in expansion as well as the 
observed higher relative αEGFR binding affinity. To further 
assess the relative killing capacity of IL-2-armored GPS com-
pared to GPS lacking IL-2 mutein fusion when the frequency 
of CMV-specific effector memory cells is high and controlled 
across groups, we evaluated relative cytotoxic activity in the 
context of pp65 IL-2 expanded PBMC effector cells. As shown 
in Supplementary Figure S9, Fc IL-2 GPS and Fab IL-2 GPS 
exhibited potent cytotoxic activity against NCI-H358 cancer 
cells in multiple donors, similar to that observed for GPS 
treatment. Altogether, these data highlight the significance of 
anti-viral effector memory cell expansion as a requirement for 
potent GPS bioactivity.

To evaluate the capacity of IL-2 GPS to both expand CMV- 
specific antiviral T cells in the presence of cancer cells and 
induce cytotoxic activity in a ‘one-pot assay’, we used Fab IL-2 
GPS and control constructs of the same format (i.e., incorpor-
ating the TAA-null NIP228 Fab or the CMV peptide-null 
PRAME pMHC) as POC test articles. The goal was to under-
stand the influence of each active domain (i.e., anti-EGFR, 
pMHC and IL-2 mutein) on antiviral T cell expansion and 
anti-cancer cytotoxic activity (Figure 5(a)). In terms of assay 
design, NCI-H358 cells (5e3 cells per well) were seeded in 96- 
well plates and then 24-hours post seeding, non-expanded 
PBMCs and test articles were added to the wells. Cell growth 
was monitored by xCELLigence over 14 days and tetramer 
staining was conducted at the end point. As shown in 
Figure 5(b), only the Fab IL-2 GPS and Fab IL-2 GPS 
NIP228 treatment groups induced significant expansion 
at day 14, indicating that active domains for both pMHC and 
IL-2 are required for CMV+ antiviral T cell expansion. As 
shown in Figure 5(c), Fab IL-2 GPS exhibited higher cytotoxic 
activity relative to control treatment groups. Overall, these 
data indicate that all three functional domains (i.e., anti- 
EGFR, pMHC and IL-2) are needed for optimal cytotoxic 
activity.

IL-2-armored GPS selectively expands CMVpp65-specific 
CD8+ T cells

To evaluate the selectivity of IL-2-armored GPS-mediated 
CMVpp65-specific CD8+ T cell expansion, whole PBMCs from 
HLA-A*02:01+healthy CMV+ donors were cultured in the pre-
sence of GPS, IL-2-armored GPS, or control and the frequency of 
immune cell subsets (CMVpp65-specific, nonspecific CD8+ 
T cells, natural killer (NK) cells, Tregs and conventional CD4+ 
T cells) were evaluated after 11 days by flow cytometry. As shown 
in Figure 6(a), IL-2-armored GPS expanded CMVpp65-specific 
CD8+ T cells in a concentration dependent manner. As expected, 
neither GPS nor IL-2-armored PRAME GPS molecules expanded 
CMVpp65-specific CD8+ T cells. As shown in Figure 6(b), 
CMVpp65 IL-2-armored GPS molecules also induced expansion 
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of other immune cell subsets including NK cells and to a lesser 
extent CD4 Tregs compared to the observed expansion of 
CMVpp65-specific CD8+ T cells. These observations may be 
attributed to expression of IL-2 Rβγ on NK cells and IL-2 Rαβγ 
on Tregs, respectively.43 In line with these observations, NK cell 
expansion has also been reported for the clinical-stage pMHC IgG 
CUE-101, which likewise contains the IL-2 mutein F42A, 
H16A.39 To improve the selectivity for virus-reactive effector 
memory cells, further optimization of the IL-2 mutein fusion 
moiety may be warranted such as by engineering conditionality 
to ‘turn on’ IL-2 mutein binding activity only upon GPS engage-
ment with cognate T cell receptors (TCRs), or alternatively by 
further modulating IL-2 mutein specificity by, for example, 
further reducing affinity to IL-2Rα. In order to further probe 
the expansion specificity, we evaluated the frequency of circulat-
ing human T cell subsets (i.e., naïve, central memory (TCM), 
effector memory (TEM), and terminal effector (TEMRA)) among 
CMVpp65-specific CD8+ and non-CMVpp65-specific CD8+ 
T cells following test article treatment of the PBMCs for 11  
days. As shown in Supplementary Figure S10, IL-2-armored 
GPS molecules mediated the expansion of pp65 CD8+ TEM 
cells in an antigen-specific manner. The lack of pp65 CD8+ 

TEM expansion with IL-2-armored PRAME GPS treatment and 
lack of non-CMV CD8+ TEM expansion with IL-2-armored GPS 
treatments further corroborates the selective nature of these 
molecules in expanding and maintaining the CMV-specific 
CD8+ TEM cells.

GPS and IL-2-armored GPS exhibit mAb-like PK in vivo

To model the PK properties of GPS and IL-2 GPS in vivo, Tg32 
transgenic mice expressing human neonatal Fc receptor (FcRn) 
were injected with a single intravenous dose (5 mg/kg) of GPS, 
Fab IL-2 GPS, or Fc IL-2 GPS. Sera samples were collected 
across 6-time points spanning 35 days and human IgG content 
was determined by ELISA. As shown in Figure 7, GPS and IL-2 
GPS constructs remained detectable in sera samples throughout 
the 35-day period at levels higher than those required for in vitro 
bioactivity. Altogether, these data suggest acceptable PK for the 
GPS modalities. Future investigation is warranted to further 
characterize PK in terms of half-life and clearance rate, espe-
cially using in vivo models possessing human IL-2Rs that may 
impact PK properties.

Figure 5. IL-2 GPS expand CMV-specific effector, memory CD8+ T cells in the presence of NCI-H358 cells leading to potent tumor cell killing (a) Schematic depiction of 
Fab IL-2 GPS, irrelevant pMHC control (Fab IL-2 GPS PRAME), TAA control (Fab IL-2 GPS NIP228), and GPS. The active molecular domains are highlighted in blue, green, 
yellow and pink, respectively. (b and c) Test articles were evaluated in the one-pot expansion and killing assay using non-expanded PBMCs as effector cells. 
(b) Following 14 days of treatment, CMV+ antiviral cell expansion was assessed by tetramer staining as shown for the 6.25 nM treatment group. (c) % cytotoxicity was 
determined by xCelligence as shown at the 14 day post-treatment condition. Error bars are SEM (n = 2). Expansion and cytotoxicity data correspond with the test article 
in each of the four columns, with cytotoxicity curve fits colored as blue (Fab IL-2 GPS), green (Fab IL-2 GPS PRAME), orange (Fab IL-2 GPS NIP228), and pink (GPS), 
respectively. Data shown are representative from one of three independent experiments.
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IL-2-armored GPS expands CMV reactive CD8+ memory 
cells in vivo

To examine whether the IL-2-armored GPS was capable of 
expanding CMV-specific memory cells in vivo, we adoptively 
transferred 2e6 unstimulated PMBCs from one of our HLA- 
A*02:01 CMV+ positive donors into a NSG host. The untreated 
group instead received adoptive transfer of pre-expanded PBMCs 
from a HLA-A*02:01+, CMV+ positive donor (2e6 per mouse). 
The animals were dosed at 1 mg/kg with Fab IL-2 GPS, PRAME 
IL-2 GPS and GPS for a total of five doses, on days 0, 3, 7, 10, and 

14. Blood was drawn and subsequently stained for CMV+ CD8+ 
cells on day 24 and day 31. As shown in Figure 8 and 
Supplementary Figure S11, of the three test articles, only Fab IL- 
2 GPS demonstrated significant expansion of tetramer positive 
CD8+ memory cells. In the GPS animals and untreated animals, 
limited viable adoptive T cells were observed after 24 days, sug-
gesting the potential need for IL-2 stimulation or additional 
molecular cues to maintain T cell viability in this setting. 
Altogether, these data notably establish POC that IL-2-armored 
GPS expands CMV-specific effector memory cells in vivo.

Figure 6. IL-2-armored GPS molecules selectively expand CMVpp65-specific CD8+ T cells. Whole PBMCs from HLA-A*02:01+ healthy CMV+ donors were cultured in the 
presence of various concentrations of GPS molecules for a period of 10-11 days for a period of 10-11 days. (a) The absolute number and fold expansion (mean ± SEM) of 
CMVpp65-specific CD8+ T cells on day 10-11 of culture with GPS and IL-2-armored GPS molecules. As a positive control, PBMCs were stimulated with CMVpp65 peptide  
+ wildtype IL-2. Data shown here are from six individual donors from two independent experiments. (b) The absolute number (mean± SEM) of CMVpp65-specific and 
nonspecific CD8+ T cells, NK cells, CD4 tregs and total CD4+ T cells on day 10-11 of PBMC culture with Fc IL-2 GPS or Fab IL-2 GPS molecules. Data shown are from six 
individual donors from two independent experiments.

Figure 7. GPS and IL-2 GPS modalities exhibit mAb-like pharmacokinetics in Tg32 mice. PK analysis of GPS, Fab IL-2 GPS and Fc IL-2 GPS administered via a single 
intravenous dose of 5 mg/kg in female Tg32 mice (n = 3 per group) with human IgG serum content determined by ELISA. The error bars are SEM. ‘ns’ refers to no 
significant difference for the area under the curve based on one-way ANOVA with Tukey multiple comparisons test.
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Discussion

In this study, we report on the IL-2-armored GPS as an optimized 
pMHC bispecific TCE modality for potential therapeutic applica-
tions against hematological and solid malignancies. We find that 
IL-2-armored GPS is well-suited to overcome the safety limita-
tions of existing TCE strategies while maintaining potent cyto-
toxicity, even when the frequency of anti-viral cells in circulation 
is low. We demonstrate in vitro that IL-2-armored GPS signifi-
cantly enhances anti-cancer activity in the context of non- 
expanded PBMC effector cells. To our knowledge, IL-2-armored 
GPS is the first reported pMHC modality that both robustly 
expands and specifically redirects CD8+ virus-specific effector 
memory cells.12,17,19–21,39,44,45 We present a focused POC evalua-
tion of IL-2-armored GPS for the redirection of CMV-reactive 
effector memory cells. In our internal investigations, we are 
actively exploring the engineering and redirection of a wide 
range of antiviral cells, covering additional HLA types as well as 
different virus-specific peptides, e.g., SARS-CoV-2, EBV, influ-
enza. Overall, we anticipate that the GPS platform technology 
may be broadly applied for the expansion and redirection of 
immune cells for the treatment of cancer and other pathologies.

Several engineered IgGs containing pMHC and cytokines 
domains, i.e., non-native IgG components, have advanced to 
clinical trials. Such molecules, which are distinct from GPS and 
other pMHC IgGs17–19 in that they lack an TAA-targeting arm, 
highlight the general translational potential of pMHC modal-
ities. The most clinically advanced pMHC fusion protein is 
CUE-101, which is undergoing evaluation in a Phase 1 clinical 
trial (NCT03978689) for the treatment of human papilloma-
virus (HPV)-positive head and neck squamous cell carcinoma 
as either a monotherapy or in combination with PD-1 inhibi-
tory pembrolizumab (Keytruda®).39,44 In terms of molecular 
design, CUE-101 is an Fc fusion protein containing two 
pMHC domains (HPV16 E711-20 – HLA-A*02:01) and four 
IL-2 mutein domains, designed to respectively deliver primary 
activation signal and cytokine support for the expansion of 
CD8+ tumor-specific memory T cells. Several additional 
pMHC fusion proteins aimed at expanding tumor-specific 
memory CD8+ T cells are in clinical development, including 
CUE-102 (NCT05360680), which expands Wilms’ Tumor 1 
(WT1) tumor-specific memory CD8+ T cells for the treatment 
of various cancer indications. Overall, progress on the clinical 

Figure 8. IL-2-armored GPS expands CMV-reactive effector, memory CD8+ T cells in vivo. (a) Summary of in vivo assay design: female NSG mice (NOD.Cg-PrkdcscidIL- 
2Rgtm1Wjl/SzJ) aged 6 to 8 weeks (n = 10 per group) received adoptive transfer of unstimulated PBMCs from a HLA-A*02:01+, CMV+ donor (2e6 per mouse) on day 0. 
Mice were dosed with Fab IL-2 GPS, Fab IL-2 GPS PRAME and GPS (1 mg/kg) on days 0, 3, 7, 10, and 14. On day 24 (b) and day 31 (c), blood samples were collected and 
analyzed for expansion via tetramer staining and flow cytometry analysis. The untreated group received adoptive transfer of pre-expanded PBMCs from a HLA-A*02:01 
+, CMV+ donor (2e6 per mouse) on day 0. For statistical analyses, ** indicates p < 0.0021 as assessed by Tukey multiple comparison test. Error bars are SEM. Outliers 
were calculated and removed using the ROUT method with Q set to 1%.
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development of pMHC fusion proteins motivates the contin-
ued development of next-generation modalities, especially 
those possessing unique mechanisms of biological activity.

One clear distinction between the clinical development- 
stage pMHC modalities (i.e., CUE-101 and CUE-102) and 
IL-2-armored GPS relates to their respective ‘passive’ versus 
‘active’ mechanisms of action in terms of cytotoxic activity. 
The former relies on antigen-specific cytotoxic lymphocytes to 
recognize endogenous pMHC on the cancer cell surface, 
whereas GPS actively recruits cytotoxic lymphocytes to 
synapse with cancer cells, thereby inducing cytotoxic activity 
as a TAA-targeted TCE. As a result, current clinical-trial stage 
pMHC therapeutics may be limited by evasion and resistance 
mechanisms owing to HLA mutations and downregulation, 
HLA loss of heterozygosity and β2M loss, as has also been 
observed for various immuno-oncology (IO) therapies.46–53 By 
contrast, GPS can potentially overcome these evasion and 
resistance mechanisms. In particular, GPS may show utility 
in tumor settings characterized by a low frequency of neoanti-
gens in which IO therapy is less efficacious due to the ability to 
redirect highly reactive viral-specific cytotoxic lymphocytes.

Beyond the approach of IL-2 mediated T cell expansion, 
recent preclinical research showcases alternative approaches to 
achieving antiviral cell expansion.19,45 For example, Li et al. 
demonstrate the utility of multivalent pMHC biologics armed 
with co-stimulatory domains targeting CD28 and CD137 for 
the selective expansion of CMV or HIV antiviral cells for the 
application of inhibiting viral infection.45 By extension, GPS 
could foreseeably be engineered with alternative molecular 
cues to modulate the expansion of antiviral cells and poten-
tially modulate other properties relating to biologic potency, 
PK, and pharmacodynamics. In a separate study, Fischer et al. 
reported on pre-vaccination as an innovative approach to 
augment bioactivity in the context of murine models.19 The 
authors generated and evaluated a bispecific TCE containing 
two anti-TAA Fab domains that bind to fibroblast activation 
protein alpha (expressed in 90% of human carcinomas) and 
a murine-derived MHC arm presenting a murine CMV 
peptide.19 They observed that pre-vaccination followed by 
IgG treatment eliminated tumor growth in some of the 
in vivo cancer models tested, albeit not all, with efficacy corre-
lating with initial tumor size. Overall, the IL-2-armored GPS 
single molecule approach is unique from the previously 
reported vaccination strategy and may be desirable in terms 
of driving local expansion of anti-viral effector, memory cells 
within the tumor microenvironment.

Previous research on pMHC TCEs both externally and 
internally has served an important role in informing the 
development of IL-2-armored GPS.17–21 In particular, 
Schmittnaegel et al. evaluated the impact of pMHC valency, 
TAA valency, and molecular format on bioactivity, safety, 
and developability to inform the identification of optimized 
pMHC IgG formats.17,18 In our internal in vitro investiga-
tions, GPS containing two pMHC domains showed signifi-
cantly enhanced potency relative to GPS containing one 
pMHC domain in cytotoxicity assays using pre-expanded 
effector cells. Likewise, GPS containing two pMHC domains 
induced CMV-reactive effector memory cell expansion to 
some extent in CMV+, HLA-A*02:01+ PBMC donors 

samples within 14 days (unpublished data). Others have 
showcased the favorable attributes of a fusion protein therapy 
containing an anti-TAA Fab against epithelial cellular adhe-
sion molecule (EpCAM) covalently linked to a pMHC 
domain presenting pp65 peptide in the context of HLA- 
B*07:02, which exhibited potent cytotoxic activity and sig-
nificantly reduced cytokine release relative to the TCE bench-
mark solitomab, which is an EpCAM/CD3 bispecific TCE.20 

We investigated the cytokine release profile of IL-2-armored 
GPS treatment relative to GPS lacking IL-2 mutein fusion 
and observed that IL-2-armored GPS retains an attractive 
cytokine release profile similar to GPS. Altogether, these 
findings and others18 collectively suggest the generality of 
our observations on the attractive safety profile of the GPS 
modality relative to conventional TCE treatment.

One potential strategy to further improve GPS cytotoxic 
potency is modulating the inherent weak interaction between 
MHC class I and CD8, which is reported as ~140 μM.54 We 
generated CD8 affinity-enhanced GPS containing the muta-
tion Q115E in the heavy chain α2 domain, which is reported to 
enhance CD8:MHC class I to a KD of 98 μM,54 and evaluated 
in vitro cytotoxicity using pre-expanded PBMCs from CMV+, 
HLA-A*02:01+ seropositive donors as effector cells and NCI- 
H358 target cells. As shown in Supplementary Figure S12, we 
observed modestly enhanced killing with CD8 affinity- 
enhanced GPS relative to GPS bearing the wild-type α2 
domain. We posit that anti-CD8 affinity-enhanced GPS may 
augment the recruitment of additional CMV-specific T cells 
with lower affinity TCRs and may therefore be valuable toward 
improving TI, particularly for donors that possess antiviral 
cells with lower affinity TCRs. Overall, future investigation 
may be warranted to optimize the parameter of anti-CD8 
affinity to enhance cytotoxic potency without compromising 
specificity, cytokine release, and developability.

Further investigation is also warranted to better predict if 
and under which clinical settings GPS may confer sufficient 
anti-cancer activity. More comprehensive characterization of 
the frequency and memory status of anti-viral effector- 
memory T cells within TMEs may aid in this prediction. 
Previously, investigators suggested that a pMHC IgG TCE 
(with bivalent TAA targeting) may be sufficient to potently 
kill tumor cells, even at low frequency of effector memory cells 
(e.g., below 1% among CD8+ T cells), which to our knowledge 
has not been shown in vivo.12 Herein, we suggest that IL- 
2-armored GPS, or alternative GPS armored with other co- 
stimulatory molecular cues, may be required to confer anti- 
cancer activity, particularly if the TME-resident CMV effector 
memory cell population is low. This is based on the unique 
mechanism of IL-2 GPS to both expand antiviral T cells and re- 
direct them to synapse with cancer cells. Notably, we identified 
that all three functional domains of IL-2 GPS are important for 
mediating anti-cancer activity in terms of cytotoxic activity in 
the context of non-expanded PBMCs. Previous research indi-
cates that both the expansion of antiviral cells within the tumor 
microenvironment and the decoration of the cancer cell sur-
face with IL-255,56 have the potential to confer intrinsic anti- 
cancer activity to some extent. Our findings align with these 
observations, while further illustrating that IL-2 GPS confers 
anti-tumor activity beyond these mechanisms.
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Future investigation is also warranted to comprehensively 
evaluate the in vivo bioactivity of IL-2-armored GPS in terms 
of efficacy in human xenograft models. Selection of animal 
host, tumor model, and other assay design parameters likely 
influence the suitability of in vivo efficacy studies. 
Schmittnaegel et al. have previously shown in vivo efficacy of 
pMHC IgGs against MDA-MB435 tumors in the context of 
pre-expanded CMV-specific effector memory cells mixed with 
non-expanded PBMCs in NOG immunodeficient mice.18 We 
utilized an NSG mouse model to establish that IL-2-armored 
GPS treatment expands CMV-specific effector memory cells in 
the absence of tumor xenograft. While NOG and NSG mice 
were both developed by backcrossing of IL-2 Rγnull mice, these 
models are different in that NOG mice produce IL-2Rγ protein 
that can bind cytokine but not signal, whereas NSG mice do 
not produce IL-2Rγ.57 As such, NOG mice may complicate the 
in vivo evaluation of IL-2-armored GPS due to potential sink 
effects for the IL-2 domain. Mouse surrogate pMHC IgGs have 
also been successfully used to establish in vivo efficacy in 
mouse tumor models and therefore may be useful for the 
future investigation of surrogate IL-2-armored GPS 
molecules.19 Overall, additional pivotal biological evaluation 
of the IL-2-armored GPS remains to be conducted in future 
work to better understand the translational potential of this 
strategy for the treatment of cancer. Beyond the evaluation of 
tumor growth inhibition in vivo, these studies foreseeably 
include evaluating: 1) the impact of the IL-2 mutein fusion 
on the expansion of cell subsets other than CMV-specific 
memory T cells in vivo in the NSG mouse setting, 2) the impact 
of the IL-2 moiety on cytokine release in vivo, 3) the risk of IL- 
2 armored GPS treatment on immunogenicity, and 4) the 
pharmacodynamics of anti-viral effector memory cell expan-
sion within the TME and in peripheral tissues.

Comprehensive profiling of anti-viral cell phenotype war-
rants further discussion and may serve predictive value in 
identifying CMV+, HLA-A*02:01+ patient populations that 
are most likely to respond to pMHC IgG therapies. Of the 
four reported circulating human T cell subsets as defined by 
their CD45RA, CCR7 expression profile, i.e., naïve, TCM, 
TEM, and terminal effector TEMRA, persistent CMV- 
specific CD8+ T cells are largely characterized by TEM and 
TEMRA phenotypes.58 The benefit of exploiting and re- 
directing CMV anti-viral cells owing to this unique late- 
differentiated TEM and TEMRA memory phenotype 
(CD45RA- or +, CCR7+, CD62L-, CD27-, and CD28-) is 
characterized by: 1) the capacity for rapid effector function, 2) 
resistance to exhaustion, senescence, or dysfunction, 3) 
enhanced longevity as indicated upregulation of CD127, 4) 
rapid replenishment, 5) lack of requirement for co- 
stimulation, and 6) migration to inflamed tissue via expression 
of CXCR3.18,58–65

A patient’s CMV-reactive TCR repertoire is also likely to 
influence responsiveness to pMHC IgG therapies and future 
investigation is warranted toward characterizing potential 
determinants, e.g., diversity and frequency of high-affinity 
TCRs. We profiled the TCRβ CDR3 repertoires for six CMV 
+, HLA-A*02:01+, CMV tetramer+ PBMC samples after 
expansion with pp65 and IL-2 treatment by next-generation 
sequencing (NGS). As shown in Supplementary Table S1, we 

observed substantial diversity of the TCRβ CDR3 repertoire in 
terms of unique sequence reads, which aligns with previous 
reports profiling CMV TCR repertoire diversity.66 Frequent 
TCRβ CDR3 sequences were also observed publicly (i.e., across 
multiple donors) and, importantly, these consensus sequences 
were corroborated as either identical or highly similar to 
published CMV-reactive TCRβ CDR3 sequences66,67 as 
shown in Supplementary Figure S13. Future investigation 
comparing the CMV-reactive TCR repertoire for control treat-
ment (expanded via pp65/IL-2) versus IL-2 GPS treatment 
may also be valuable toward understanding potential mechan-
istic differences in CMV-reactive T cell expansion.

To our knowledge, CD8-biased TCE modalities have yet to 
be trialed clinically. GPS represents a specialized CD8-biased 
modality, designed to engage with a specific subset of CD8+ 
T cells, while minimizing CD4+ T cell activation and cytokine 
release. Further investigation is warranted toward interrogat-
ing the influence of CD8 bias on TCE bioactivity in preclinical 
models. One additional consideration would be the potential 
need for balancing CD8+ and CD4+ T cell activation/redirec-
tion as evidenced by the reported role of CD4+ T cells as direct 
and indirect mediators of anti-cancer activity.68,69 Overall, our 
work herein demonstrates the promise of the IL-2-armored 
GPS as next-generation TCEs for broad therapeutic and anti- 
cancer applications.

Materials and methods

Tumor cell lines

NCI-H358 (ATCC) and were maintained in RPMI 1640 med-
ium (Gibco) with 10% heat-inactivated fetal bovine serum (HI- 
FBS, Gibco) and 1% penicillin/streptomycin (P/S). The cells 
were cultured at 37°C and 5% CO2.

PBMC isolation

PBMCs were isolated from the fresh leukopaks of healthy 
donors following the manufacturer’s protocol (StemCell 
Technologies, Document #PR00002). PBMCs aliquots were 
then frozen in CryStor CS10 cryopreservation medium 
(StemCell Technologies) following the manufacturer’s protocol.

Molecule expression, purification and quality control

CHO-K1 cells were transiently transfected with plasmids 
encoding heavy and light chain sequences at a 1:1 ratio using 
polyethyleneimine as the transfection reagent. Cellular super-
natants were harvested ~14 days post-transfection, sterile fil-
tered, captured via MabSelect SuRe columns (GE Healthcare) 
and buffer exchanged to phosphate-buffered saline (PBS; pH 
7.2). If monomer content was below 95%, the antibodies were 
further purified via Superdex 200 16/600 column (GE 
Healthcare) after concentrating samples via Amicon Ultra-15 
Centrifugal Filter Units with 50kD NMWL (Millipore Sigma). 
The percent monomer, and endotoxin level of each purified 
antibody was determined by analytical size-exclusion chroma-
tography and Endosafe LAL testing (Charles River) to ensure  
> 95% monomer content and < 1 EU/mg endotoxin.
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LC-MS

All analyses were performed on an Agilent 1260 infinity HPLC 
coupled to an Agilent 6520 Accurate-Mass Q-TOF LC/MS with 
an electrospray ionization source. The following LC conditions 
were used: flow rate 0.5 mL/min, mobile phase A contained 
water with 0.1% formic acid (LC-MS grade) and mobile phase 
B contained acetonitrile with 0.1% formic acid (LC-MS grade). 
The step elution condition was as follows: 10% B for 5 min; 90% 
B for 6 min; 10% B for 3 min. For sample preparation, samples 
were treated with deglycosylation mix II (NEB) at 37°C for 16 
hours. Reduced samples were obtained by treated with 10 mM 
DTT at 37°C for 30 min. 8 ug of intact antibody, while 2 ug of 
reduced antibody, were loaded onto a Poroshell 300SB-C3 col-
umn (2.1 × 75 mm, Agilent), MS spectra were acquired over 
1000–3000 m/z range, then processed using Agilent Mass 
Hunter software from Agilent Technologies.

Melting temperature assessment

Protein melting temperatures (Tm and Tonset) were determined 
by DSF using a previously established method with minor 
modifications.70 DSF samples were prepared by combining 
5 µL of SYPRO Orange dye (diluted with PBS (pH 7.2) to 
40X concentration; Invitrogen S-6651) with 20 µL of protein 
sample at 1 mg/mL in PBS (pH 7.2) in duplicate in a 96-well 
MicroAmp Optical plate (ThermoFisher N8010560). The plate 
was sealed and measurements performed in a QuantStudio 7 
Flex Real-Time PCR System (Applied Biosystems). Samples 
were subjected to an initial equilibration step at 25°C for 2 min, 
followed by a temperature ramp to 99°C at 0.05 °C/sec incre-
ments. The fluorescence emission was monitored using the 
FAM filter set. The Tm value for each sample was calculated 
in the Protein Thermal Shift software (Applied Biosystems) 
using the Boltzmann method, and Tonset values were approxi-
mated from these curves.

Octet binding assessment

Bio-layer interferometry was conducted using the Octet384 
instrument (ForteBio) with Octet buffer (PBS, pH 7.2 contain-
ing 3 mg/ml bovine serum albumin, and 0.05% Tween-20) as 
the assay diluent. Biotinylated antigen (2 µg/mL) was loaded 
onto streptavidin biosensors (Sartorius, catalog #18-5019) and 
the following antigens were used: biotinylated human EGFR 
ectodomain (Acro Biosystems, Catalog #: EGR-H82E3), bioti-
nylated IL-2 Rαβγ ectodomain (Acro Biosystems, Catalog #: 
ILG-H82W9), biotinylated IL-2 Rαβγ ectodomain Fc (Acro 
Biosystems, Catalog #: ILG-H82F3). In terms of the kinetic 
binding assay workflow, streptavidin biosensors were first 
equilibrated in Octet buffer for 10 minutes, and then sequen-
tially dipped into a series of 384-well plate (Sartorius, Catalog 
#: 18–5076) wells containing: 1) Octet buffer as the sensor 
check step, 2) biotinylated antigen (2 µg/mL) as the loading 
step, loaded to 0.5 nanometers, 3) Octet buffer as the equili-
bration step, 4) serially diluted antibodies as the association 
step, and 5) Octet buffer as the dissociation step. Data analysis 
was conducted using Octet 384 software (v.7.2) using a global 
fit with a 1:1 binding model.

Bioactivity assays

The expansion assays for monitoring the CMV-specific effec-
tor, memory CD8+ T cell population were carried out in 6-well 
and 24-well G-REX plates (Wilson-Wolf). Briefly, PBMCs at 
a final density of 2e6 cells/mL were treated with antibody, or 
positive/negative control, diluted into in RPMI 1640 media 
supplemented with 10% HI-FBS and 1% P/S. The cells were 
cultured at 37°C and 5% CO2 for 14 days. For positive control 
treatment, PBMCs were treated with a final concentration of 
1 µg/mL of the peptide pp65495-503 (Anaspec, amino acid resi-
dues NLVPMVATV, catalog #: AS-28328) and 30 units/mL 
recombinant human IL-2 (PeproTech). For negative control 
treatment, PBMCs were treated with 30 units/mL recombinant 
human IL-2 (PeproTech) only. For expansion in 6-well G-REX 
plate format, 70E6 PBMCs were incubated in 5 mL supple-
mented media containing 7X concentrated pp65 (or test arti-
cle) for 30 minutes prior to dilution to a final volume of 35 mL. 
For expansion in 24-well G-REX plate format, 5E6 PBMCs 
were incubated in 500 mL supplemented media containing 5X 
concentrated pp65 (or test article) for 30 minutes prior to 
dilution to a final volume of 2.5 mL.

For the cytotoxicity assays, 50 µL of assay medium contain-
ing RPMI 1640 media supplemented with 10% HI-FBS, 1% 
P/S, 50 µM 2-mercaptoethanol was added per well in a 96-well 
xCELLigence E plates (Agilent, part #5232368001). The 
E plates were loaded into the xCELLigence instrument 
(Agilent) under the conditions of 37°C and 5% CO2 for the 
baseline acquisition step. Next, NCI-H358 target cells were 
seeded at 1E4 per well in the E plates in an additional 100 µL 
volume per well of assay medium. The E plates were again 
loaded into xCELLigence for monitoring of net cellular adhe-
sion on a per well basis. Following 24-hour incubation, the 
E plates were temporarily removed from the xCELLigence 
instrument for addition of the PBMCs and test articles. 
Briefly, 1E5 PBMCs were added to each well in additional 
volume of 50 µL per well. Similarly, test articles were added 
to each well in additional volume of 50 µL per well and the 
E plates were returned to xCELLigence for 48 hours of addi-
tional monitoring. The one-pot expansion and killing assays 
were conducted using methods analogous to those described 
previously albeit with several distinctions. Briefly, NCI-H358 
cells were seeded at a density 2.5 -5E3 cells per well. The test 
article treated co-culture of culture of PBMCs and cancer cells 
were incubated at 37°C and 5% CO2 for 14 days with mon-
itoring by xCELLigence.

Flow cytometry analyses for T cell activation and tetramer 
staining

For T cell activation assessment, PBMCs were transferred to 
a round-bottom 96-well plate and washed twice with fluores-
cence-activated cell sorting (FACS) buffer (PBS, pH 7.2, 2% 
HI-FBS, 2 mM ethylenediaminetetraacetic acid, and 0.01% 
sodium azide). The cells were then labeled for 30 minutes at 
4°C in a FACS buffer solution containing 6-diamidino-2-phe-
nylindole (DAPI, Life Technologies), anti-CD4-FITC (clone 
RPA-T4, Biolegend), anti-CD2-PE-Cy7 (clone RPA-2.10, 
Biolegend), anti-CD25-PE (clone M-A251, Biolegend), and 
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anti-CD69-APC (clone FN50, Biolegend), Fc receptor block-
ing reagent Human TruStain FcX (Biolegend). The cells were 
then washed twice in FACS buffer. All centrifugation steps 
were carried out at 400 g for 3 minutes. Labeled PBMC samples 
were assessed by flow cytometry using a FACSymphony 
instrument (Becton Dickinson) and the data were analyzed 
using FlowJo. T cell activation was determined as the percen-
tage of live CD25+CD69+CD4+ (or CD8+) cells among the 
total live CD4+ (or CD8+) cells.

For tetramer staining, the tetramers were prepared in- 
house. Briefly, streptavidin R-phycoerythrin (R-PE, Jackson 
ImmunoResearch) was added stepwise to 200 µg biotinylated 
pMHC monomer (pp65 – HLA-A*02:01) every 10 minutes 
across 10-time intervals, at a final ratio (binding sites: biotin) 
of 1:1. The tetramer preparation was conducted at room tem-
perature, protected from light. For tetramer staining, the cells 
were labeled for 30 minutes at 4°C in a FACS buffer solution 
containing DAPI (Life Technologies), anti-CD8-FITC (clone 
SK1, Biolegend), anti-CD3-APC (clone OKT3, Biolegend), 
R-PE tetramer and Human TruStain FcX (Biolegend). 
Labeled cell samples were assessed by flow cytometry using 
a FACSymphony instrument (Becton Dickinson) and the data 
were analyzed using FlowJo.

Cytokine release assessment

Co-culture supernatants were thawed on ice and then exam-
ined for pro-inflammatory cytokine levels using a custom 
ProcartaPlex Human, NHP, and Canine Mix & Match Panels 
Luminex Kit (ThermoFisher Scientific) according to manufac-
turer’s instruction. Supernatant (50 μl volume each) was trans-
ferred to the assay plate. Upon addition of the Read buffer the 
plate was read on Bio-Plex 3D Suspension Array System (Bio- 
Rad) and cytokine concentrations were calculated using 
Luminex xPONENT software. Data were analyzed and plotted 
using GraphPad Prism v 9.4.0.

In vitro T cell expansion specificity assays

Whole PBMCs from HLA-A*02:01+healthy CMV+ donors were 
cultured in complete RPMI/AIM-V medium (RPMI/AIM-V +  
5% human A/B serum + 1% P/S) in the presence of GPS or IL- 
2-armored GPS molecules at concentrations of 25, 5, 1, and 
0.2 nM in 24-well G-Rex plate (NC1000861, Wilson Wolf) for 
a period of 10–11 days. As a positive control, PBMCs were pulsed 
with 1 µg/mL of CMVpp65495-503 peptide (NLVPMVATV, 
SP0010, MBL) and 1.6 nM IL-2 (HIL2-RO, Roche). As negative 
controls, PBMCs were cultured with PRAME-GPS or Fab/Fc IL-2 
versions of PRAME-GPS. Abundance and the differentiation 
status of CMVpp65-specific and nonspecific CD8+ T cells, NK, 
Tregs and conventional CD4+ T cells were assessed on days 0 and 
10 of the expansion. CMVpp65-specific and nonspecific CD8+ 
T cells were identified as HLA-A*02:01CMVpp65 Tetramer+ 

CD8+ and HLA-A *02:01CMVpp65 Tetramer-CD8+, respec-
tively. NK cells, Tregs and conventional CD4+ T cells were 
identified as CD3−CD56high/dim, CD4+CD25+CD127low and 
CD4+CD25±, respectively. To characterize the differentiation 
phenotype of T- cells, baseline (day 0) and day 10 cultured 
PBMCs were stained with HLA-A*02:01CMVpp65 Tetramer, 

anti-human CD8, anti-human CCR7 and anti-CD45RA antibo-
dies. Based on these markers, T cells were classified as Naïve 
(Tnaive; CCR7+CD45RA+), TCM (CCR7-CD45RA-), TEM 
(CCR7-CD45RA-) and TEMRA (CCR7-CD45RA+) subsets 
among CMV-specific and nonspecific CD8+ T cells.

In vivo mouse model studies

For the in vivo PK study, female Tg32 mice (n = 3 per group) 
were treated with 5 mg/kg of test article (GPS, Fab IL-2 GPS, 
and Fc IL-2 GPS) via single intravenous dose. Sera was col-
lected at 6-time points, i.e., 1, 24, 96, 264, 504, and 840 hours. 
Human antibody level in the mouse serum was measured by 
a universal ELISA method.

For the in vivo expansion study, female NSG mice (NOD.Cg- 
PrkdcscidIL-2Rgtm1Wjl/SzJ) aged 6 to 8 weeks (n = 10 per group) 
were purchased from Jackson Laboratory and housed and cared 
for in accordance with the approved Institutional Animal Care 
and Use Committee protocol and guidelines. On day 0, non- 
tumor bearing mice were IV engrafted with 2e6 unstimulated 
PBMCs or 2e6 CMV+ CD8+s per mouse. Following 6 hours 
post engraftment, mice in the treatment groups received via 
intraperitoneal injection 1 mg/kg of the appropriate test article 
with 20 mg/kg anti-mouse CD16/32 Cone 2.4G2 (BioXcell, 
BE0307). Mice continued to receive doses on Day 3, 7, 10, and 
14 for 5 treatments. On day 24 and day 31, blood was collected via 
submandibular lancet sticks and analyzed for expansion via tetra-
mer staining and flow cytometry analysis.

All animals were cared for following federal, state, and local 
guidelines and all animal experiments were conducted in com-
pliance with the Animal Research: Reporting of In Vivo 
Experiments guidelines.

Deep sequencing of sorted CMV tetramer+ TCRβ CDR3 
repertoires

Sorted CMV tetramer+ TCRβ CDR3 repertoires from six 
donors, pre-expanded via 1 µg/mL pp65 and 30 Units/mL IL- 
2 for 14 days, was isolated using the Zymo Quick RNA 
MicroPrep kit (Zymo Research, Cat#R1050) and quantified 
by NanoDrop. First-strand cDNA synthesis and TCR alpha 
and beta chain amplification were performed separately using 
the SMARTer Human TCR α/β Profiling Kit (Takara, 
Cat#635014). Illumina sequence adapters and unique HT 
indexes were added to β amplicons of each donor in the final 
semi-nested PCR to allow for NGS and demultiplexing. PCR 
products were gel purified on a 2% agarose gel. The final 
libraries were quantified by Qubit dsDNA HS assay 
(ThermoFisher) and their molecular sizes were determined 
by Tapestation D1000 assay on a Tapestation 4200 (Agilent). 
After equimolar concentrations of libraries were pooled 
together, sequencing and data demultiplexing was performed 
on an Illumina MiSeq sequencer with a V3 flow cell and 
2X300bp paired-end reading. An average of 4 million reads 
were obtained for each sample.

For analysis of fastq files, for each sample, paired end reads 
were merged using fastp71 (version 0.20.1) using correction over 
paired region (Command 1). The resulting fasta files were passed 
through a simple custom program to trim-off the first and last 8 
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bps to remove artificial variation introduced during priming, and 
then the resulting output was then de-duplicated using vsearch72 

(v2.14.2), incorporating count into fasta header (Command 2). 
Fasta sequences were then filtered (Filter set 1) to remove any 
sequences containing ambiguous base calls (N) using a custom 
script and then run through Igblastn72 (v1.16.0 from igblast 
package 1.17.0) against IMGT germlines (202049–2 
(1 December 2020)) to enable the extraction of CDR3 sequences. 
The output of which was then parsed with a shell script to extract 
the initial vsearch count (unique DNA replicate count) and the 
CDR3 sequences to generate a table of three columns (Sample 
name, Count, CDR3). Lastly, the sequences were further aggre-
gated on unique CDR3 amino acid sequences by adding together 
the unique DNA replicate counts for each CDR3 as detailed in 
Supplementary Table S1. Sequences occurring in at least two 
donors and at least 10 times per donor were selected for multiple 
sequence alignment and phylogenetic analysis via Clustal Omega.

Command 1: fastp – merge -i <inputpath>R1_001.fastq.gz 
-I inputpath>R2_001.fastq.gz -w 6 -c – merged_out <out-
path>merged.fa – out1 <outpath>R1.orphan – out2 
<outpath>R2.orphan – unpaired1 <outpath>R1.unpaired – 
unpaired2 <outpath>R2.unpaired

Command 2: vsearch – derep_fulllength <input.fa> –output 
<output.fa> –sizeout – fasta_width 0

Filter set 1: igblastn -germline_db_V TRV.fasta -germline 
_db_D TRD.fasta -germline_db_J TRJ.fasta -auxiliary_data 
optional_file/human_gl.aux -ig_seqtype TCR -organism 
human -domain_system imgt -num_alignments_V 1 -num 
_alignments_D 1 -num_alignments_J 1 -outfmt 19 -query –

Data analysis, in silico protein modeling and statistical 
analysis

Data and statistical analyses were performed using Prism 9.5.1.733 
(GraphPad). Curve fitting and EC50 value determination was per-
formed by non-linear regression. Significant differences were 
determined by one-way ANOVA followed by Tukey multiple 
comparisons test and paired t-test as specified. Statistical signifi-
cance was accepted for p values < 0.05 at 95% confidence interval. 
For Octet, kinetic analyses were performed using Octet 384 soft-
ware (v.7.2) with a global fit and 1:1 binding model, with Pearson’s 
Chi-squared test less than 5. For in silico protein modeling, protein 
lobes were modeled using ESMfold (Evolutionary Scale Modeling) 
and arranged based on linker length, flexibility and minimal steric 
hindrance. The loops were built manually by coot with local 
simulation, and the graphics were produced using PyMol.
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DSF differential scanning fluorimetry
EBV Epstein-Barr virus
EGFR epidermal growth factor receptor
Fab antigen-binding fragment
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HLA human leukocyte antigen
IL-2 interleukin-2
LC-MS liquid chromatography-mass spectrometry
mAb monoclonal antibody
NK natural killer
PBMCs peripheral blood mononuclear cells
PK pharmacokinetics
pMHC peptide-major histocompatibility class I
pMHC-IgGs peptide-major histocompatibility class I bispecific 

antibodies
POC proof-of-concept
pp65 CMV-specific nonameric peptide pp65495-503
PRAME preferentially expressed antigen in melanoma
TAA tumor-associated antigen
TCE T cell engager
TI therapeutic index
Tm melting temperature
TME tumor microenvironment
Treg regulatory T cell
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