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ABSTRACT

Antibody-based therapeutics represent an important class of biopharmaceuticals in cancer immunother-
apy. CD3 bispecific T-cell engagers activate cytotoxic T-cells and have shown remarkable clinical out-
comes against several hematological malignancies. The absence of a costimulatory signal through CD28 
typically leads to insufficient T-cell activation and early exhaustion. The combination of CD3 and CD28 
targeting products offers an attractive strategy to boost T-cell activity. However, the development of 
CD28-targeting therapies ceased after TeGenero’s Phase 1 trial in 2006 evaluating a superagonistic anti- 
CD28 antibody (TGN1412) resulted in severe life-threatening side effects. Here, we describe the genera-
tion of a novel fully human anti-CD28 antibody termed “E1P2” using phage display technology. E1P2 
bound to human and mouse CD28 as shown by flow cytometry on primary human and mouse T-cells. 
Epitope mapping revealed a conformational binding epitope for E1P2 close to the apex of CD28, similar 
to its natural ligand and unlike the lateral epitope of TGN1412. E1P2, in contrast to TGN1412, showed no 
signs of in vitro superagonistic properties on human peripheral blood mononuclear cells (PBMCs) using 
different healthy donors. Importantly, an in vivo safety study in humanized NSG mice using E1P2, in direct 
comparison and contrast to TGN1412, did not cause cytokine release syndrome. In an in vitro activity 
assay using human PBMCs, the combination of E1P2 with CD3 bispecific antibodies enhanced tumor cell 
killing and T-cell proliferation. Collectively, these data demonstrate the therapeutic potential of E1P2 to 
improve the activity of T-cell receptor/CD3 activating constructs in targeted immunotherapeutic 
approaches against cancer or infectious diseases.
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Introduction

Cytotoxic T cells are key mediators of the adaptive immune 
system to fight cancer. The discovery of the T-cell receptor 
(TCR) revealed the mechanism of how T cells become acti-
vated upon antigen recognition.1–3 TCR engagement is 
initiated by recognizing antigenic peptides, such as tumor 
antigens, presented by the major histocompatibility complex 
(MHC) on antigen-presenting cells (APCs) and tumor cells.4,5 

TCRs lack an intracellular signaling domain. Therefore, their 
association with CD3 and other co-receptors (e.g., CD4, CD8) 
is necessary to trigger an activation signal cascade, referred to 
as “signal 1.”6–9 However, signal 1 alone is typically insufficient 
for the full activation of T cells. The absence of an additional 
signal induces T-cell anergy and impairs T-cell activity.10,11 

The CD28 receptor provides a crucial costimulatory signal that 
enhances T-cell proliferation, survival, and production of key 
cytokines (e.g., IL-2); this costimulatory effect is referred to as 
“signal 2.”12–15 CD28 is a homo-dimeric glycoprotein that is 
constitutively expressed on the surface membrane of most 
T cells (around 95% of CD4+ and 50% of CD8+ T cells).16 In 

the immune synapse, CD28 binds to its counter receptors, 
CD80 and CD86, primarily expressed on APCs.17–21

In T-cell redirection therapy, the integration of signal 1 
(via CD3) and signal 2 (via CD28) has shown remarkable 
antitumor activity.22 For instance, first-generation chimeric 
antigen receptor (CAR) T-cell therapy, based on CD3 domains 
only, suffered from early exhaustion and impaired in vivo 
persistence.23–25 The potency was significantly improved 
after adding costimulatory domains, such as CD28, leading 
to the Food and Drug Administration’s approval of Yescarta® 
(axicabtagene ciloleucel) in 2017 for the treatment of diffuse 
large B cell lymphoma.26–29 A similar approach was also 
adapted to enhance the activity of CD3-targeting bispecific 
T-cell engagers (BiTEs). For example, the combination of an 
activating anti-CD28 monoclonal antibody (mAb) with an 
anti-CD33/anti-CD3 BiTE (AMG 330) improved the cytotoxi-
city against multiple acute myeloid leukemia (AML) cell 
lines.30 Several CD28-targeting bispecific antibodies, such as 
REGN5668 (anti-Muc16/anti-CD28), are currently being 
investigated in clinical trials.31,32
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Despite the crucial role of CD28 in cancer immunotherapy, 
safety concerns halted development of CD28-targeting thera-
peutics following the TeGenero incident. In 2006, a first-in- 
human Phase 1 clinical trial was initiated in which all six 
volunteers, who received TeGenero’s TGN1412 mAb, devel-
oped life-threatening side effects, including multiple-organ 
failures due to cytokine release syndrome (CRS).33 TGN1412 
is a superagonistic mAb that can fully activate T-cells via cross- 
linking CD28 molecules without signal 1, unlike conventional 
anti-CD28 mAbs.34 TGN1412 binds a particular epitope (lat-
erally exposed C” D loop) close to the cell surface membrane of 
T cells.35 By contrast, most conventional anti-CD28 mAbs 
bind close to the natural binding site of CD80/CD86 (near 
the MYPPPY loop) at the apical part of the receptor.35 In rat 
models, anti-CD28 superagonistic mAbs induced the prolif-
eration of T cells without noticeable toxicity.34,36 In cynomol-
gus monkeys, TGN1412 was well tolerated at 5 and 50 mg/kg 
doses; therefore, a proposed dose of 0.1 mg/kg in humans was 
considered safe.37,38 The failure to predict the toxicity of 
TGN1412 at a preclinical level was attributed to three main 
factors. First, TGN1412 did not induce in vitro cytokine release 
when added to human peripheral blood mononucleated cells 
(PBMCs), unless artificially coated on a solid support.39 

Second, it was shown that tissue-resident CD4+ effector mem-
ory (CD4+ EM) cells are the primary source of cytokine release; 
these cells are rare or absent in young and clean laboratory 
rats.39,40 Third, CD4+ EM cells in cynomolgus monkeys down-
regulate CD28; thus, the toxicity could not have been predicted 
based on studies in non-human primates.40 However, the 
TeGenero incident sparked a debate in the scientific commu-
nity on whether the adverse events, including CRS, should 
have been predicted based on the available knowledge of the 
CD28 receptor and the expected pharmacological action of 
TGN1412.41–43 Overall, the TeGenero tragedy highlighted the 
importance of having a translational preclinical model that can 
predict the toxicity of any tested biologic. Chunting et al. has 
recently shown that humanized NSG mice engrafted with 
human PBMCs represent an effective model for predicting 
CRS induced by TGN1412 and other immunomodulatory 
agents, such as anti-CD3 mAbs.44

Considering the TGN1412 toxicity, new agonistic mAbs 
against CD28 that better resemble the natural ligands are 
needed to offer a better safety profile while providing 
a strong costimulatory signal to unleash the full T-cell activity 
against cancer. Here, we describe the generation, characteriza-
tion, and in vivo safety validation of a new anti-human CD28 
mAb termed “E1P2.” E1P2 is a fully human mAb isolated by 
phage display technology from our AMG synthetic library.45 

E1P2 binds to human and mouse CD28, facilitating preclinical 
testing. Unlike TGN1412, E1P2 did not activate human 
PBMCs in vitro without TCR/CD3 stimulation. However, 
E1P2 showed a strong costimulatory effect when combined 
with an anti-CD3 mAb (OKT3) or a CD3-targeting BiTE, 
mimicking the function of the endogenous CD80/CD86. 
Epitope mapping revealed that E1P2 binds close to the natural 
CD80/CD86 binding region. A toxicity study in NSG mice 
showed no signs of CRS from E1P2 compared to TGN1412. 
Collectively, these data support the development of E1P2 as an 
immunomodulatory agent for boosting T-cell activity toward 

difficult-to-treat tumors or as a modular building block for the 
construction of immunostimulatory therapeutics.

Results

Isolation of fully human anti-CD28 antibodies by phage 

display

Phage display technology allows the implementation of anti-
body discovery strategies that may be biased toward a given 
epitope within a target protein of interest.46 For the execution 
of antibody phage display selections, we cloned and expressed 
the extracellular domain (ECD) of human CD28 with an Fc tag 
for homo-dimerization and an AviTag™ for site-specific bioti-
nylation (the amino acid sequence is highlighted in 
Supplementary Figure S1). The biotin moiety was attached to 
the membrane-proximal part of CD28, near the C” D loop (the 
epitope of most superagonistic antibodies),35 to favor the iso-
lation of binders toward the apex of CD28. The homogeneity 
of the recombinant protein was confirmed by size exclusion 
chromatography (SEC) and SDS-PAGE [Supplementary 
Figure S2A]. Binding to a commercial anti-CD28 mAb was 
shown by ELISA [Supplementary Figure S2B]. A synthetic 
phage display single-chain variable fragment (scFv) library 
(AMG)45 was screened against the recombinant human 
CD28 antigen by an affinity capture procedure [Figure 1A]. 
After two rounds of panning, 92 random clones were picked 
and screened by ELISA on the human CD28 Fc fusion protein 
and in parallel on human IgG1 to exclude potential binders 
against the Fc portion [Supplementary Figure S3]. Positive 
clones were analyzed by sequencing, resulting in seven unique 
clones. All clones shared a partial consensus in the amino acid 
sequence of both CDR3 loops, highlighting that the selection 
favored binders against a distinct epitope. All binders were 
cloned into an IgG4 format and expressed in Chinese hamster 
ovary (CHO) cells. Clone “E1P2” was selected based on purity, 
stability, expression yield, and binding to T cells by flow 
cytometry. The purity and homogeneity of IgG4(E1P2) were 
evaluated by SEC and SDS-PAGE [Figure 1B].

Binding of E1P2 to human and mouse CD28 by ELISA

ScFv(E1P2) was expressed in E. coli, and the affinity to 
human CD28 was assessed by ELISA, revealing an EC50 

value of 31 nM [Supplementary Figure S4]. Similarly, E1P2 
and TGN1412 in IgG4 format were tested by ELISA on 
human and mouse CD28 to calculate the apparent affinity 
and to check for cross-reactivity [Supplementary Figure 
S5]. IgG4(E1P2) showed binding to both human and 
mouse CD28 with EC50 values of 2.7 nM and 18.5 nM, 
respectively. By contrast, TGN1412 only bound human 
CD28 with an EC50 value of 4.4 nM.

Binding of E1P2 to human and mouse T cells by flow 

cytometry

Flow cytometry was performed on purified primary human 
and mouse T cells to confirm the binding of E1P2 to the 
natural CD28 receptor expressed on T cells. IgG4(E1P2) and 
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TGN1412 were analyzed in a serial dilution, and both 
showed binding to human T cells with EC50 values of 4.9  
nM and 2.5 nM, respectively [Figure 1C]. Only E1P2 exhib-
ited binding to mouse T-cells with an EC50 value of 88 nM, 
which is approximately 18-fold lower than its EC50 value 
toward human T cells. To exclude any nonspecific binding 
of the newly isolated E1P2 clone, different CD28-negative 
cell lines were screened by flow cytometry [Supplementary 
Figure S6]. No cell binding was observed in that setting, 
highlighting the specificity of E1P2 to CD28.

Epitope mapping reveals a different binding epitope of 

E1P2 than TGN1412

The crystal structure of 5.11A1, a precursor mAb of TGN1412, 
revealed a lateral binding to an epitope close to the cell surface 
membrane [Figure 2A, PDB: 1YJD].47 To confirm that E1P2 
does not bind to the same region as superagonistic antibodies, 
we used SPOT technology48 to map the antibody’s epitope 
[Supplementary Table 1]. E1P2 binds to a conformational 
epitope near the apex of CD28 and close to the binding region 

Figure 1. Generation and characterization of E1P2 monoclonal antibody. (a) Schematic representation of the phage display selection strategy to isolate new mAbs 
toward human CD28. The recombinant human CD28 protein was engineered with a biotin tag close to the superagonistic region (C’’D loop), to favor the isolation of 
binders toward the apex of CD28. (b) IgG4(E1P2) shows a pure protein with the expected molecular weight in the SEC (left) and SDS-PAGE (right). (c) Binding of IgG4 

(E1P2) and TGN1412 to primary human and mouse T cells by flow cytometry. Only E1P2 bound to both human and mouse T cells (with 18-fold lower apparent affinity 
to mouse CD28). Data are presented as mean±SD of technical triplicates from three independent flow cytometry measurements. MFI was calculated, and the sigmoid 
curve for antibody concentration (x-axis) against relative MFI (y-axis) was plotted and fitted using a 4-parameter logistic (4PL) non-linear regression model to calculate 
the EC50 values. SEC: size exclusion chromatography; L: ladder; R: reducing; NR: non-reducing; MFI: mean fluorescent intensity
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of CD80/CD86 [Figure 2a,b]. The PepSpot assay was also 
performed using TGN1412, in which the binding region on 
the cellulose membrane matched with the published crystal 
structure for superagonistic antibodies [Supplementary 
Figure S7]. Since the CD28 sequence is naturally conserved 
between humans and cynomolgus monkeys, E1P2 displays 
a specific binding to human and cynomolgus monkey CD28 
[Figure 2C].

E1P2 does not activate human PBMCs in the absence of 

TCR/CD3 stimulation

After confirming that E1P2 was binding to a different epi-
tope than TGN1412, an in vitro activity assay on human 
PBMCs was performed to exclude any undesired superago-
nistic properties. Superagonistic mAbs against CD28 activate 
T cells in the absence of signal 1, via clustering of CD28 

[Figure 3A].34 E1P2, TGN1412, and isotype control in IgG4 

format were wet-coated on 6-well plates, and freshly thawed 
human PBMCs from a healthy donor were added. As 
expected, the superagonistic TGN1412 antibody induced 
proliferation of PBMCs, secretion of pro-inflammatory cyto-
kines (IL-2, IFN-γ, and TNF-α), and expression of an early 
activation marker (CD69) and a late activation marker 
(CD25) mainly on CD4+ T-cells [Figure 3B-D]. None of 
these effects were observed with E1P2, suggesting that the 
new anti-CD28 antibody has no superagonistic characteris-
tics. These assays were performed on PBMCs from two other 
healthy donors to evaluate inter-donor variability, showing 
comparable trends [Supplementary Figure 8, A and B]. Since 
E1P2 cross-reacts with mouse CD28, an in vitro superago-
nistic assay was also performed with mouse T cells, and no 
sign of T-cell activation was observed [Supplementary 
Figure 8C].

Figure 2. Epitope mapping of E1P2 using SPOT technology. (a) The binding regions of E1P2 (highlighted in light and dark blue) are different from that of TGN1412 
(highlighted in red). (b) A cellulose membrane with overlapping peptides covering the ECD of human CD28 was used to highlight the binding epitope. E1P2 binds to 
the apex of CD28 close to the natural binding site of CD80/CD86 (near the MYPPPY region), unlike TGN1412, which was previously shown to bind to a lateral epitope 
(PDB: 1YJD). The binding spots of E1P2 on the cellulose membrane show a conformational epitope since two different regions were positive. (c) Sequence alignment of 
human/cyno/mouse CD28 with the potential binding residues of E1P2 highlighted in blue. The non-identical sequence between human/cyno/mouse CD28 is indicated 
with an asterisk (*). Cyno: Cynomolgus monkey ECD: extracellular domain

Figure 3. In vitro superagonistic assay on human PBMCs. (a) A graphical representation for the binding mode of conventional mAbs like E1P2 (top) and superagonistic 
mAbs like TGN1412 (bottom). Antibodies were wet coated on 6-well plates (6μg/well), and human PBMCs from a healthy donor were added (1.5 million/well). (b) 
A significant proliferation of PBMCs was observed using an MTS assay in the presence of TGN1412, but not E1P2, after 5 days. (c) Different pro-inflammatory cytokines 
(IL-2, IFN-γ, and TNF-α) were quantified by ELISA after 3 days. No cytokines were elevated after adding E1P2, unlike TGN1412. (d) The expression of an early activation 
marker (CD69) and a late activation marker (CD25) was assessed by flow cytometry on CD4+ and CD8+ T cells after 3 days. Activations markers were only elevated in the 
presence of TGN1412, but not E1P2. Data are presented as mean±SD. Each dot represents the value of a technical replicate. Statistical analysis of the data was 
performed by one-way ANOVA followed by Tukey’s multiple comparison test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Co-stimulation assay of E1P2 with an anti-CD3 IgG

Conventional anti-CD28 mAbs provide a strong co-stimulation 

for T-cell activation if signal 1 is also present. To examine if 

E1P2 has this desired property, a co-stimulation assay on 

human PBMCs was performed. An anti-CD3 IgG4 (clone: 

OKT3) was wet-coated on six-well plates. E1P2, TGN1412, 

and an isotype control in IgG4 and freshly thawed human 

PBMCs were added to the solution [Figure 4A]. E1P2, com-

bined with OKT3, mediated a significant proliferation of human 

PBMCs with a 2-fold increase compared to OKT3 plus isotype 

control [Figure 4B]. IL-2 is a crucial cytokine that drives T-cell 

expansion and differentiation.49,50 While low levels of IL-2 were 

produced in the presence of OKT3 only, the combination with 

E1P2 resulted in a 100-fold increase in IL-2 secretion 

[Figure 4C]. This co-stimulation effect was more potent with 

E1P2 than TGN1412, suggesting different epitopes might have 

different agonistic properties. Other important cytokines were 

also significantly induced with the E1P2 combination: a 10-fold 

increase in IFN-γ and a 5-fold increase in TNF-α were observed. 

These results were also confirmed in two additional healthy 

donors, where E1P2 provided a strong costimulatory signal 

through enhancing IL-2 secretion when combined with OKT3 

[Supplementary Figure S9, A and B]. E1P2 induced a significant 

increase in proliferation and IL-2 production in mouse T-cells 

when combined with an anti-mouse CD3 (clone: 2C11, 

Supplementary Figure S9C). Collectively, these data confirm 

that E1P2 only provides strong co-stimulation in the presence 

of signal 1 from anti-CD3 mAbs.

E1P2 synergizes with an anti-CD3/anti-EDB BiTE

CD3-targeting BiTEs can elicit an anti-tumor response by 
bridging cytotoxic T cells to cancer cells. However, the 
absence of a costimulatory signal can limit T-cell activity 
due to early exhaustion and lack of proliferation. We 
investigated the synergistic effect of combining IgG4 

(E1P2) with an anti-CD3 BiTE targeting extracellular 
domain B (EDB), a validated tumor target [Figure 4D]. 
EDB is a stromal target that is highly expressed in 
a variety of tumors.51 The amino acid sequence and the 
quality control of the BiTE are shown in Supplementary 
Figure S10. Human PBMCs were incubated with EDB+ 

WI-38 cells in a 5 to 1 ratio (effector-to-target) and 
different concentrations of anti-CD3/anti-EDB BiTE (0, 
0.1, 1, and 10 nM) in the presence or absence of IgG4 

(E1P2) or TGN1412 (50 nM). The anti-CD3 BiTE alone 
induced moderate target cell lysis at concentrations of 1 
and 10 nM (33% and 47% of dead cells, respectively), and 
no effect was observed at concentrations of 0 and 0.1 nM 
[Figure 4E]. The combination of IgG4(E1P2) with an anti- 
CD3 BiTE doubled the percentage of target cell lysis. This 
synergistic effect was only observed at CD3 BiTE concen-
trations that were initially active when added as a single 
agent (i.e., 1 and 10 nM), highlighting that, unlike 
TGN1412, E1P2 only shows activity in the presence of 
CD3 signaling. Similar results were also obtained when 
assessing CD25 expression, IFN-γ release, and T-cell pro-
liferation [Figure 4F-H].

Figure 4. In vitro co-stimulation assay with anti-CD3 antibodies. Freshly thawed human PBMCs from a healthy donor were used to test the activity of IgG4(E1P2) in 
combination with either an anti-CD3 mAb (OKT3) or an anti-CD3/anti-EDB BiTE. (a) OKT3 was wet coated on 6-well plates (2μg/well), and antibodies (E1P2 IgG4, 
TGN1412, or isotype control) were added to the solution (15μg/well) with human PBMCs. (b) A 2-fold increase in cell proliferation was observed when IgG4(E1P2) was 
combined with OKT3, in comparison to when an isotype control was combined with OKT3. (c) Minimal secretion of cytokines was seen when adding OKT3 alone to 
human PBMCs, especially IL-2. A 100-fold increase in IL-2 secretion, a 10-fold increase in IFN-γ secretion, and a 5-fold increase in TNF-α were observed when combining 
IgG4(E1P2) with OKT3. (d) EDB+ WI-38 cells were used as target cells to examine the synergistic effect in an in vitro killing assay. Human PBMCs were added (effector to 
target ratio of 5:1) in the presence of different concentrations of anti-CD3/anti-EDB BiTE, and in the presence or absence of IgG4(E1P2) or controls. (e-h) A potent 
synergistic effect was observed as reflected in target cell lysis, CD25 expression, IFN-γ release, and cell proliferation. The activity seen with IgG4(E1P2) was only in 
combination with CD3 bispecific antibodies, unlike the superagonistic TGN1412 antibody that showed nonspecific activation. Data are presented as mean±SD (n=3 
from technical replicates). Statistical analysis of the data was performed by one-way ANOVA followed by Tukey’s multiple comparison test (B&C) or by two-way ANOVA 
followed by Dunnett’s multiple comparison test (E-H). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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E1P2, in contrast to TGN1412, does not show signs of 

toxicity in humanized NSG mice

To further confirm that E1P2 has no superagonistic properties, 
an in vivo safety study was conducted in NSG mice injected 
with human PBMCs from 2 different healthy donors 
[Figure 5A]. Five days after PBMCs engraftment, mice were 
injected with IgG4(E1P2), TGN1412, or phosphate-buffered 
saline (PBS). Daily monitoring of behavior and body weight 
revealed apparent pain symptoms and severe body weight loss 
in mice treated with TGN1412, which was not observed upon 
treatment with E1P2 [Figure 5B]. Six hours after mAb admin-
istration, a blood sample was taken to measure the percentage 
of human CD45+ cells in the blood and to quantify serum 
cytokines. Mice treated with TGN1412 exhibited a rapid 
decrease in human CD45+ cells in the blood and substantially 
increased serum levels of multiple pro-inflammatory cytokines 
(i.e., IL-2, IL-6, IL-10, IFN-γ, and TNF-α) [Figure 5c,d]. None 
of these effects were observed upon treatment with E1P2 or 
PBS. To examine any potential organ damage exerted by the 
treatment, a histopathological analysis of the lungs and liver 
was conducted after 6 days. In the TGN1412 group, hematox-
ylin and eosin (H&E) staining showed signs of necrotic tissues, 
which was also confirmed with Caspase3 staining [Figure 5E]. 

These results were also reflected in the infiltration of human 
CD45+ cells in the lungs and liver. Splenomegaly was only 
observed in mice treated with TGN1412 [Figure 5F]. Overall, 
E1P2 did not show any signs of organ damage or CRS in strong 
contrast to TGN1412.

Discussion

In this work, we described the generation and in vivo safety 
validation of a novel fully human antibody targeting CD28, 
a critical costimulatory receptor that provides signal 2 required 
for full T-cell activation. It is well-established that CD28 co- 
stimulation profoundly enhances the anti-tumor activity in the 
presence of signal 1 from the TCR/CD3 complex.52 For 
instance, the incorporation of costimulatory domains, such as 
CD28, into first-generation CAR T cells has led to remarkable 
anti-tumor response against hematological malignancies (e.g., 
Yescarta® for diffuse large B cell lymphoma).26–29 While CAR 
T-cells are considered to be one of the most potent cancer 
therapies in the market, their development is often challenging 
due to the laborious preparation and individual customization. 
In principle, antibody-based therapeutics targeting CD28 would 
have the advantage of being off-the-shelf pharmaceuticals.

Figure 5. In vivo safety study in humanized NSG mice. (a) The study design for the in vivo toxicity experiment highlighting the important milestones. NSG mice were 
humanized by engrafting 30x106 human PBMCs from two different healthy donors. IgG4(E1P2), TGN1412, or PBS were injected, and a blood sample was taken after 6 
hours to measure serum cytokines and to characterize the human CD45+ population. After 2 and 6 days, mice were sacrificed, and organs were examined for 
histopathological findings. (b) The TGN1412 group exhibited severe body weight loss upon treatment. (c) The human CD45+ population rapidly declined after the 
administration of TGN1412, but not E1P2. (d) Serum cytokines were quantified after 6 hours, and significant elevation was observed after injecting TGN1412, unlike 
E1P2. (e) Histopathological examination of vital organs after 6 days using H&E, Caspase3, and human CD45 staining. Necrotic tissues were observed in the TGN1412 
group, but not in the E1P2 group. (f) The size of the spleen was measured by a ruler after 2 days, and splenomegaly was observed only after administering TGN1412. 
Representative data from two mice are shown in E and F. Data are presented as mean ± SD (n=3 from technical replicates, except in B in which n=4 from biological 
replicates). Statistical analysis of the data was performed by two-way ANOVA followed by Dunnett’s multiple comparison test (B-D). *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001. Scale bar: 100 µm. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bar: 100 µm.
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Inspired by the crucial role of CD28, the TeGenero trial in 
2006 using a CD28-activating mAb (TGN1412) was initiated, 
but it resulted in a clinical tragedy in which all six healthy 
volunteers who received the drug developed CRS with severe 
life-threatening complications.33 This incident halted further 
development of anti-CD28 mAbs and raised safety concerns. 
Therefore, there is a need for new mAbs against CD28 that 
have different properties and are safe for clinical use. We 
isolated “E1P2”, a novel fully human anti-CD28 mAb, using 
phage display technology. We aimed to favor binders toward 
the apex of CD28 by masking the superagonistic TGN1412 
epitope through the attachment of the biotin-streptavidin- 
magnetic bead complex close to this region. An alternative 
strategy would have been to include TGN1412 in the panning 
rounds in order to block that site during the selection process. 
E1P2 binds to both human and mouse CD28, as shown by flow 
cytometry on primary T cells. This critical feature facilitates 
the preclinical testing of E1P2 before further clinical develop-
ment, considering the preclinical failure to predict toxicity 
from TGN1412.33,39,40

The superagonistic property of TGN1412, i.e., the polyclo-
nal activation of T cells via CD28 cross-linking without signal 
1, was later found to cause severe side effects at the human- 
tested dose.34,37,38 Our aim was to generate mAbs that can 
provide a potent costimulatory signal, mimicking the natural 
ligands (i.e., only in the presence of TCR/CD3 stimulation). In 
comparison to TGN1412, IgG4(E1P2) did not activate human 
PBMCs in vitro when coated on tissue culture plates. This was 
confirmed through: 1) the absence of cytokine release (IL-2, 
IFN-γ, and TNF-α); 2) no observed induction of cell prolifera-
tion; and 3) the lack of expression of activation markers like 
CD69 and CD25 on CD4+ and CD8+ T-cells. Blood samples of 
three healthy donors were tested, confirming that E1P2 does 
not exhibit superagonistic properties across different donors. 
The lack of superagonistic properties for E1P2 may be attrib-
uted to the different binding epitope of E1P2 than TGN1412, 
as we showed in the epitope mapping using SPOT technology. 
A limitation of the in vitro superagonistic assay is that the 
mAbs had to be artificially coated on a solid support.53 

Alternatively, humanized NSG mice have been shown to be 
sensitive to predicting the toxicity of immunotherapeutic 
agents, including TGN1412, retrospectively.44 We adapted 
this model and successfully demonstrated that only 
TGN1412, but not E1P2, showed: 1) CRS with different pro- 
inflammatory cytokines after 6 hrs; 2) severe body weight 
loss; 3) signs of vital organ damage (lungs and liver); 4) sple-
nomegaly; and 5) rapid loss of human CD45+ cells from the 
blood, with subsequent organ infiltration. While human 
PBMCs can be rapidly engrafted in NSG mice, graft-versus- 
host disease often develops within 3–4 weeks.54 This can limit 
long-term safety assessments, which is important in the con-
text of immunotherapy.

After assessing the safety profile, we tested the potential 
synergistic effect of IgG4(E1P2) in combination with an anti- 
CD3 BiTE targeting EDB as proof of concept for efficacy. EDB 
is a selective tumor marker, and our group has developed 
various antibody-based therapeutics that are currently being 
investigated in clinical trials.55–57 We showed that the combi-
nation significantly improved the target cell lysis (2-fold 

increase), compared to the anti-CD3 BiTE alone. The combi-
nation also led to a more than 3-fold increase in T-cell pro-
liferation, which is crucial for sustained anti-tumor activity. 
Importantly, this activity of E1P2 was only found in the pre-
sence of the anti-CD3 BiTE, unlike the nonspecific activity 
observed with TGN1412. These data are in line with what 
Laszlo et al. reported for their combination of a conventional 
anti-CD28 mAb with an anti-CD3/anti-CD33 BiTE (AMG 
330) against AML.30 In principle, CD28 binding with suitable 
IgG reagents may boost the activities of endogenous tumor- 
infiltrating lymphocytes or CD3-targeting bispecific antibo-
dies, similar to what is observed with immune checkpoint 
blockers (e.g., anti-PD-1). However, the lack of tumor- 
targeting properties of an anti-CD28 antibody may potentially 
lead to nonspecific activation of autoreactive T cells. To over-
come this limitation, CD28-targeting bispecific antibodies are 
being considered to boost CD3 bispecific antibodies, which 
can also enhance tumor selectivity if different target epitopes 
are chosen. For example, REGN5668 targeting Muc16 in ovar-
ian cancer is currently being tested in clinical trials.31,32

To our knowledge, E1P2 is the first fully human mAb that 
cross-reacts with human, mouse, and cynomolgus monkey 
CD28. The unique binding property of E1P2 contributed to 
the strong costimulatory effect, but only in the presence of 
a signal 1 from the TCR/CD3 complex, unlike TGN1412. We 
anticipate that E1P2 may serve as a useful modular building 
block for the design of immunostimulatory antibody thera-
peutics, which boost anti-tumor response only in the presence 
of signal 1 and without the nonspecific superagonistic proper-
ties of TGN1412-like reagents. A number of bispecific anti-
bodies based on E1P2 have been generated and are currently 
being evaluated for their therapeutic activity.

Materials and methods

Cell lines

Buffy coats from healthy blood donors were obtained from the 
Zurich blood donation service (Blutspende Zurich, 
Switzerland). PBMCs were isolated by density centrifugation 
using Ficoll-Paque plus (GE Healthcare). Primary T cells were 
separated by negative selection using EasySep™ Human T-cell 
isolation kit according to the manufacturer’s instructions 
(STEMCELL™ Technologies). PBMCs and T cells were cryo-
preserved in freezing media (90% fetal bovine serum (FBS) 
with 10% dimethylsulfoxide) and stored in liquid nitrogen 
before use. For cell culture, T-cell media was prepared using 
Advanced RPMI 1640 supplemented with 10% FBS, 1% 
Penicillin-Streptomycin, and 1% GlutaMAX™; all components 
were purchased from Gibco™. Primary mouse T cells were 
isolated from the spleen of a BALB/c mouse bearing 
a subcutaneous CT26 tumor by negative selection using 
EasySep™ Mouse T-cell isolation kit. CHO cells and WI-38 
human fibroblasts were obtained from ATCC and expanded 
according to the manufacturer’s protocol. Authentication of 
the cell lines, including the evaluation of post-freeze viability, 
growth properties, morphology, test for mycoplasma contam-
ination, isoenzyme assay, and sterility tests, was performed by 
the cell bank before shipment. WI-38 cells were modified to 
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genetically express eGFP using a second-generation lentiviral 
system as previously described.58

Production of recombinant CD28-Fc fusion protein

The gene encoding for the ECD of human CD28 with 
C-terminal AviTag™ (biotin ligase recognition sequence), 6× 
Histidine tag, and a human IgG1 Fc was cloned into the 
mammalian expression vector pcDNA3.1(+). An enterokinase 
cleavage site was incorporated before the Fc tag to potentially 
isolate the CD28 moiety from the Fc fusion. The protein was 
produced in CHO-S cells by transient gene expression (TGE) 
as previously described.59 Purification was performed by pro-
tein A affinity chromatography and SEC on a Superdex 200 
increase 10/300 GL (GE Healthcare) to obtain a monomeric 
fraction. Site-specific enzymatic biotinylation was done using 
E. coli biotin ligase (BirA), as described before.60 The quality 
and functionality of the recombinant protein were assessed by 
SEC, SDS-PAGE, and ELISA using a commercial anti-CD28 
mAb (clone: CD28.2, Biolegend; 302902).

Isolation of E1P2 by phage display

The synthetic AMG phage display library was used to isolate 
fully human antibodies against the recombinant human CD28 
Fc fusion protein, following the protocol described previously 
by Viti et al.61 Briefly, the biotinylated human CD28 Fc fusion 
antigen (120 pmol) was incubated with 60 μL of streptavidin- 
coated magnetic beads (M280, Invitrogen). ScFvs-displaying 
phage from the AMG library were incubated for 2 hours with 
an excess of nonspecific human IgG1 to saturate potential 
binders against the human Fc portion. The phage library was 
then added to the immobilized antigen (pre-blocked with 4% 
milk-PBS). After several washes with PBS and PBS-Tween 20 
(0.1%), bound phage was eluted using triethylamine, and 
helper phage (VCS-M13) was used to amplify the clones in 
E. coli TG-1. Subsequently, another round of biopanning was 
performed. At the end of the selection, expression of scFvs 
from individual clones in 2×YT media was induced through 
the addition of 1 mM IPTG and overnight incubation at 30°C. 
Clones were screened for binding by ELISA against human 
CD28 Fc fusion. To exclude binders against the Fc domain, 
a second ELISA was performed in parallel against human IgG1. 
CD28 binding clones were sequenced and used for further 
characterization. Clones were reformatted into an IgG4 back-
bone plasmid (pMM137, in-house) and produced in CHO-S 
cells by TGE for further characterization. TGN1412 was pro-
duced in-house and used as a positive control.

Binding validation by ELISA

To evaluate the binding properties of IgG4(E1P2), ELISA was 
performed on both human and mouse CD28 Fc fusion pro-
teins. Briefly, 100 nM of the biotinylated proteins were immo-
bilized on streptavidin-coated wells for 1 hour. To confirm 
specificity, an irrelevant protein was used as a negative control. 
After blocking with 4% milk-PBS for 2 hours, fluorescein iso-
thiocyanate (FITC)-labeled IgG4(E1P2) or TGN1412 were 
added in a serial dilution in triplicates. For detection, 

a secondary rabbit anti-FITC antibody (Bio-Rad; 4510–7604) 
was added, followed by goat anti-rabbit IgG conjugated to 
horseradish peroxidase (HRP; Sigma; A6154). The colori-
metric reaction was developed using a POD substrate 
(Roche). Absorbance at 450 nm was measured on 
a microplate reader (Tecan). A sigmoid curve for antibody 
concentration (x-axis) against absorbance (y-axis) was plotted 
and fitted using a 4-parameter logistic (4PL) non-linear regres-
sion model to calculate the EC50 values. The binding of scFv 
(E1P2) was also evaluated by ELISA. ScFv(E1P2), featuring 
a c-myc-tag, was added to the coated CD28 Fc fusion protein 
in a serial dilution. Mouse anti-c-myc (Clone: 9E10) was 
added, followed by goat anti-mouse IgG (Fc-specific) conju-
gated to HRP (Sigma; A0168). The colorimetric reaction was 
developed, and data were analyzed as mentioned above.

Binding validation by flow cytometry

Flow cytometry was performed in a serial dilution to validate 
the binding of IgG4(E1P2) to primary human and mouse 
T-cells by three independent flow cytometry measurements. 
TGN1412 and an isotype IgG4 were used as controls. T cells 
(200’000 cells per well) were first blocked with fluorescence- 
activated cell sorting (FACS) buffer (PBS, 2% bovine serum 
albumin, and 2 mM EDTA) for 30 minutes. Different dilutions 
of primary antibodies were added to cells and incubated for 45  
minutes at 4°C. After two washing steps using FACS buffer, 
goat anti-human IgG Fc secondary antibody conjugated to 
phycoerythrin (PE; (Invitrogen; 12-4998-82) was added and 
incubated for 30 minutes at 4°C in the dark. After two washes 
with PBS, Zombie Violet live/dead staining (Biolegend) was 
added and incubated for 30 minutes at 4°C in the dark. Data 
were acquired on a Cytoflex S flow cytometer (Beckman 
Coulter) and analyzed using the FlowJo software v10 (BD 
Biosciences). Mean fluorescent intensity (MFI) was deter-
mined, and the sigmoid curve for antibody concentration 
(x-axis) against relative MFI (y-axis) was plotted and fitted 
using a 4-parameter logistic (4PL) non-linear regression model 
in order to calculate the EC50 values.

Epitope mapping using peptide array

Overlapping peptides (15 amino acid-long) covering the extra-
cellular domain sequence of the human CD28 were purchased 
from JPT (SPOT synthesis). The peptides were covalently 
bound to a cellulose membrane on 32 different spots. Before 
the first use, the membrane was rinsed with 30 ml methanol for 
5 minutes to avoid precipitation of hydrophobic peptides dur-
ing the following washing procedure. Then, the membrane was 
washed three times for 3 minutes with 50 mL of TBS-T buffer 
(50 mM TRIS; 137 mM NaCl; 2.7 mM KCl; 0.05% Tween 20; 
pH 8.0). To reduce the background signal, the membrane was 
blocked in 5% Milk-PBS at 4°C overnight while gently shaking. 
The membrane was incubated with 5 μg/ml of IgG4(E1P2) in 
5% milk-PBS for 3 hours at room temperature with gentle 
shaking, followed by a secondary anti-human Fc specific con-
jugated to HRP (Sigma; A0170). The washing steps in TBS-T 
were repeated three more times for five minutes. In a dark 
room, the membrane was incubated with 2 ml of Amersham 

8 A. ELSAYED ET AL.



ECL start Western blotting detection reagent (GE Healthcare) 
and developed according to the manufacturer’s instructions. 
The potential binding region of E1P2 was aligned on the 
published crystal structure of 5.11A1 (PDB: 1YJD),47 

a precursor mAb of TGN1412, to highlight the potential bind-
ing epitope of E1P2.

In vitro superagonistic assay

IgG4(E1P2), TGN1412, or isotype control were coated on 
6-well tissue culture plates at a concentration of 3 μg/ml in 
PBS (2 ml/well) for 2 hours at 37°C and 5% CO2. Uncoated 
wells were used as a negative control. The antibody solution 
was then aspirated from each well without any washing steps. 
Freshly thawed human PBMCs were added at a concentration 
of 0.5 million/ml (3 ml/well) in T-cell media and incubated for 
3 or 5 days. The experiment was performed in triplicates, using 
three different healthy donors. For the proliferation assay, 200  
μL from each well was transferred after 5 days to a flat-bottom 
microplate, and a colorimetric MTS assay was performed as 
described by the manufacturer (Promega). For the activation 
assay, cells were pelleted after 3 days, and flow-cytometric 
analysis was done to determine the expression level of activa-
tion markers using the following panel: anti-human CD4 
FITC, anti-human CD8 BV421, anti-human CD69 PE, anti- 
human CD25 Alexa Fluor® 647, and Zombie Violet live/dead 
staining (Biolegend). For the cytokine analysis, the supernatant 
was extracted after 3 days, and the level of secreted IL-2, IFN-γ, 
and TNF-α was quantified using Biolegend’s ELISA Max™. For 
mouse T-cells, antibodies were coated at a concentration of 5  
μg/ml, and assays were performed as described above using the 
following panel for flow cytometry: anti-mouse CD3 FITC, 
anti-mouse CD25 APC/Cy7, and anti-mouse CD69 PE. A list 
of the antibody clones used for flow cytometry is shown in 
Supplementary Table 2.

In vitro co-stimulation assay with an anti-CD3 IgG

Anti-human CD3 IgG4 (clone: OKT3, produced in-house) was 
coated on 6-well tissue culture plates at a concentration of 1  
μg/ml in PBS (2 ml/well) for 2 hours at 37°C and 5% CO2 

before being aspirated. IgG4(E1P2), TGN1412, or isotype con-
trol were added to the solution at a concentration of 5 μg/ml. 
Human PBMCs were added as previously described, and pro-
liferation, as well as cytokine release, were measured after 3  
days. The assays were conducted in a similar way with mouse 
T cells using a concentration of 5 μg/ml of anti-mouse CD3 
(clone: 2C11, Biolegend).

In vitro co-stimulation assay with CD3 bispecific 

antibodies

WI-38 cells expressing the fibronectin EDB and eGFP were 
coated on a 96-well plate (20’000 cells/well). Freshly frozen 
human PBMCs (effector cells) were added to obtain an effector- 
to-target ratio of 5 to 1. Different concentrations of anti-CD3 
/anti-EDB BiTE were added (clone SP-34 for the anti-CD3 and 
clone L19 for the anti-EDB) in a 10-fold serial dilution (10, 1, 
and 0.1 nM). A condition of no added BiTE was also included 

as a negative control. E1P2 and TGN1412 IgG4 at a fixed 
concentration of 50 nM were added to each condition. After 
4 days, cells were detached using an Accutase® Cell detachment 
solution. The supernatant was collected to measure the level of 
IFN-γ release by ELISA. The remaining pellet and debris were 
washed with PBS before staining with Zombie Violet live/dead 
staining (Biolegend) and incubated for 30 minutes at 4°C in the 
dark. Cells were washed once with FACS buffer and stained 
with an antibody master mix containing anti-human CD3 APC 
and anti-human CD25 Alexa Fluor® 647. Target cells were 
discriminated from effector cells via their eGFP expression, 
and the percentage of dead cells was calculated by gating on 
dead cells. The absolute count of live CD3+ T-cells was calcu-
lated to assess the proliferation. The percentage of CD25 
expression on CD3+ T-cells was also assessed.

In vivo safety study in NSG mice

Humanized mice were generated by engrafting 30 × 106 PBMCs 
from 2 different healthy donors intravenously in eight-weeks- 
old female NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ). NSG 
mice were first irradiated sub-lethally with 150 cGy (RS-2000 
irradiator, Rad Source, Buford, GA, USA) 5 hours before 
PBMCs engraftment. After 5 days, mAbs (200 μg/mouse) were 
injected intravenously. Tail-tip blood sampling was performed 
6 hours post-mAb injection. For serum preparation, the sam-
ples were left to clot at room temperature for 2 hours, then spun 
down at 2,000 g for 30 minutes before freezing. Cytokine ana-
lysis was performed using MSD® U-PLEX human Biomarker 
Group 1 (IL-2, IL-6, IL-10, IFN-γ, and TNF-α), and an electro-
chemiluminescence signal was acquired using an MSD® instru-
ment. For flow cytometry, blood was collected in EDTA tubes 
(FisherScientific), and red blood cells were removed using RBC 
lysis buffer (BioLegend). Cells were pelleted and washed with 
PBS before staining with Zombie Red live/dead staining 
(Biolegend), and incubated for 30 minutes at 4°C in the dark. 
Cells were washed once with FACS buffer and then stained with 
anti-human CD45 PerCP cy5.5 (Biolegend). After 2 days, one 
mouse/group was sacrificed for histopathological examination 
of the spleen. The size of the spleen was measured using a ruler. 
Body weight was monitored daily, and mice were sacrificed 
when they lost more than 15% of their initial body weight. 
After 6 days, all mice were sacrificed, and organs (lungs and 
liver) were examined for histopathological findings.

Histology and immunohistochemistry

Freshly dissected lungs and liver were fixed in 4% buffered 
paraformaldehyde, decalcified in EDTA for 12 hours, and then 
paraffin-embedded. Tissues were cut (3 μm) and mounted on 
SuperFrostTM slides (Thermo Fisher Scientific, Waltham, 
USA). The murine tissues were processed by the Department 
of Pathology, University Hospital Zurich. Conventional stain-
ing with H&E was performed on all slides to assess tissue 
cellularity, morphology, and necrosis. For immunohistochem-
istry (IHC), slides were stained with primary antibodies direc-
ted against human CD45 and murine Caspase3. Slides were 
stained with the Ventana Optiview platform (Ventana Medical 
Systems, Inc, Tucson, AZ, USA) according to the 
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manufacturer`s protocols. Specimens were analyzed by light 
microscopy (Axioskop 40, Zeiss, Oberkochen, Germany) and 
scanned images (Nano Zoomer C9600 Virtual Slide Light 
microscope scanner and NDP View Software, version 1.2.36, 
both Hamamatsu Photonics K.K., Hamamatsu City, Japan). 
All staining intensities were compared to isotype controls.

Statistical analysis

All experiments were performed in triplicates unless specified 
differently. Data were analyzed using GraphPad Prism software 
(v9) and are represented as mean ± SD. Statistical analysis of the 
data was performed by one-way ANOVA followed by Tukey’s 
multiple comparison test or two-way ANOVA followed by 
Dunnett’s multiple comparison test. Statistical significance was 
considered for P-values below 0.05. *p < 0.05; **p < 0.01; ***p <  
0.001; ****p < 0.0001.

Abbreviations

AML Acute myeloid leukemia
APC Antigen-presenting cell
BiTE Bispecific T-cell engager
CAR Chimeric antigen receptor
CHO Chinese hamster ovary
CRS Cytokine release syndrome
EDB Extracellular domain B
ECD Extracellular domain
EM Effector memory
FACS Fluorescence-activated cell sorting
FBS Fetal bovine serum
H&E Hematoxylin and eosin
HRP Horseradish peroxidase
MAb Monoclonal antibody
MFI Mean fluorescent intensity
MHC Major histocompatibility complex
PBMC Peripheral blood mononuclear cell
PBS Phosphate-buffered saline
ScFv Single-chain variable fragment
SEC Size exclusion chromatography
TCR T-cell receptor
TGE Transient gene expression
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