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Antibody-based cancer immunotherapy has become a powerful asset in the
arsenal against malignancies. In this regard, bispecific antibodies (BsAbs) are a
ground-breaking novel approach in the therapy of cancers. Recently, BsAbs have
represented a significant advancement in improving clinical outcomes. BsAbs are
designed to target two different antigens specifically. Over a hundred various
BsAb forms currently exist, and more are constantly being manufactured. An
antagonistic regulator of T cell activation is cytotoxic T lymphocyte-associated
protein 4 (CTLA-4) or CD152, a second counter-receptor for the B7 family of co-
stimulatory molecules was introduced in 1996 by Professor James P. Allison and
colleagues. Contrary to the explosive success of dual immune checkpoint
blockade for treating cancers, a major hurdle still yet persist is that immune-
related adverse events (irAEs) observed by combining immune checkpoint
inhibitors (ICls) or monoclonal antibodies such as ipilimumab (anti-CTLA-4)
and nivolumab (anti-PD-1). A promising strategy to overcome this hurdle is
using BsAbs. This article will summarize BsAbs targeting CTLA-4, their
applications in cancer immunotherapy, and relevant clinical trial advances. We
will also discuss the pre-clinical rationale for using these BsAbs, and provide the
current landscape of the field.
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Abbreviations: BsAb, Bispecific antibody; CTLA-4, Cytotoxic T-lymphocyte-associated protein 4; irAE,
Immune-related adverse event; TME, Tumor microenvironment; PD-1, Programmed cell death protein 1;
PD-L1, Programmed death-ligand 1; Treg, Regulatory T cell; Teff, Effector T cell; ICI, Immune checkpoint
inhibitor; NSCLC, non-small-cell lung cancer; mAb, Monoclonal antibody; ADCC, Antibody-dependent
cellular cytotoxicity; NK, Natural killer cell; BiTE, Bi-specific T cell engager; TAA, Tumor-associated antigen;
HER2, Human epidermal growth factor receptor 2.
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1 Introduction

Numerous advancements in cancer immunotherapy during the
last decade have included altering T cell-mediated immunity. Using
three kinds of cancer immunotherapies, including immune
checkpoint inhibitors (ICIs) or monoclonal antibodies (mAbs),
genetically modified T cells expressing chimeric antigen receptors
(CARs), and bispecific antibodies (BsAbs), are now licensed for
clinical use (1, 2). mAb-based cancer immunotherapy has become a
potent weapon in the arsenal against malignancies. Up to now, the
FDA has approved several therapeutic mAbs for treating various
malignancies and autoimmune disorders. Target cells may undergo
cellular cytotoxicity when mAbs selectively attach to their antigens.
After gaining crowning achievements of mAbs in treating cancer,
another molecular platform of mABs was developed. Meanwhile,
BsAbs, which target two antigens simultaneously, were introduced
as therapeutic medications for various cancers (3).

During the 1960s, Nisonoft and colleagues played a significant
role in popularizing the concept of BsAbs. The subsequent
development of innovative antibody engineering methods
produced numerous BsAb molecular platforms. BsAbs are
superior to mAbs in several ways. Outstanding cytotoxicity effects
of BsAbs in cancers are one of these benefits. BsAbs also exhibit a
lower level of therapeutic resistance (4). Some BsAbs have a small
size, typically consisting of two basic single-chain fragments with
variable domain (5). As an example, BsAbs that are based on single-
chain fragment variables (scFvs) have demonstrated a high degree
of specificity for tumor cells and are able to penetrate tissues
effectively (6). BsAbs may be an innovative new pillar in the fight
against cancer. In terms of improving clinical treatment results,
BsAbs represent a promising milestone. Many BsAbs have been
developed within the context of tumor immunotherapy throughout
the last few decades, and the first BsAb named blinatumomab was
licensed in 2009 (7, 8). Lymphomas, in particular, appear to
respond well to BsAbs, while myeloid neoplasias and solid tumors
have shown more limited success (9). Although BsAbs have been
shown to penetrate solid tumors effectively, there are concerns
about their safety due to their short half-life, and this remains an
area of active research (10).

An antagonistic regulator of T cell activation is cytotoxic T
lymphocyte-associated protein 4 (CTLA-4) or CD152, a second
counter-receptor for the B7 family of co-stimulatory molecules,
which was introduced in 1996 by professor James Allison and
colleagues (11). CTLA-4 is an inhibitory immune checkpoint,
which inhibits immune responses through both an intrinsic
mechanism that transmits a negative signal directly to effector T
lymphocytes (T.g) and an extrinsic mechanism that is primarily
connected to regulatory T lymphocyte (T,s) functions (12). B7-1
(CD80) and B7-2 (CD86) are the ligands shared by CD28 and
CTLA-4, which have a greater affinity to bind CTLA-4.
Consequently, CTLA-4 and CD28 are antagonistic concerning
ligand binding (12, 13). The discovery that CTLA-4 can impede T
cell activation provided the basis for the notion that interrupting its
function might allow T cells to mount a therapeutic attack on
cancer (14, 15). In mice, mAbs against CTLA-4 improved the
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immune system’s ability to fight against colon cancer and
fibrosarcoma (11). Moreover, in subsequent exposure to tumor
cells, animals that had been given anti-CTLA-4 treatment were able
to quickly eradicate the cancerous cells by means of the immune
system. This suggests that suppressing CTLA-4 leads to sustained
immunological memory (11, 16).

At present, numerous clinical trials are underway to investigate
the effectiveness of BsAbs targeting CTLA-4 in treating various
types of cancer. These trials have yielded promising results in
certain types of tumor cells and have been associated with a
prolonged anti-tumoral response (17-19). Although BsAbs
targeting CTLA-4 have been a significant breakthrough in the
field of cancer immunotherapy, there are still numerous aspects
that require clarification and challenges that need to be addressed
related to the safety, effectiveness, and range of tumors that could be
treated. This review summarizes BsAbs targeting CTLA-4, their
applications in cancer immunotherapy, relevant challenges, and
clinical trial advances. We also discuss the pre-clinical rationale for
using BsAbs targeting CTLA-4 and provide the current landscape of
the field.

2 Bispecific antibodies mechanisms of
action: a general viewpoint

BsAbs are designed to bind two distinct antigens concurrently.
BsAbs exert their functions by redirecting and activating immune
cells, inhibiting immune cell co-inhibitory receptors, activating co-
stimulatory molecules, inhibiting signaling pathways, and
combinatorial targeting of cancer antigens (Figure 1) (20).

Recruiting Immune Cells. In addition to stimulating T cells,
BsAbs such as blinatumomab and catumaxomab that target CD3,
CD19, and EpCAM also guide these cells toward cancer cells, where
they can lead to lysis them (4). Besides, BsAbs such as AFM13 can
crosslink the cancer antigen CD30 on tumor cells with CD16a on
natural killer (NK) cells, rerouting NK cells to the tumor cells for
lysing by antibody-dependent cellular cytotoxicity (ADCC) (3).

Blocking of Immune Checkpoints and Co-inhibitory
Molecules. Programmed death-ligand 1 (PD-L1), programmed
cell death protein 1 (PD-1), and CTLA-4 are well-known immune
checkpoints that prevent immune cells from becoming activated.
Thus, blocking immune checkpoints with antibodies can
reinvigorate immune cells. BsAbs targeting immune checkpoints
are mostly used for treating solid tumors, including AK104 (PD-
IXCTLA-4) (17), MGDO019 (PD-1xCTLA-4) (18), XmAb20717
(PD-1xCTLA-4) (21), MEDI5752 (PD-1xCTLA-4) (22),
MGDO013 (PD-1xLymphocyte-activation gene 3 [LAG-3]) (23),
and RO7121661 (PD-1xT-cell immunoglobulin and mucin
domain 3 [TIM-3]) (NCT03708328), which are capable of
targeting two immune checkpoints simultaneously. Dysregulation
of lymphocyte functions co-expressed by PD-1 and LAG-3 is
common, and combined therapy involving PD-1 and LAG-3 can
effectively restore T cell function (24). Furthermore, BsAbs
targeting immune checkpoints combined with tumor-associated
antigens (TAAs) have been developed, including AK112 (PD-
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Bispecific antibodies (BsAbs) mechanisms of action. 1) BsAbs can guide effector T cells toward cancer cells, where they can lead to lysis them. 2)
Simultaneous inhibition of two inhibitory immune checkpoints leads to more reinvigoration of effector T cells to eradicate the tumor cells. 3) BsAbs
can be deployed as agonistic agents activating co-stimulatory receptors such as ICOS and OX-40, leading to better activation of tumor-specific
effector T cells. 4) BsAbs targeting dual TAAs bind specifically to tumor cells that express both antigens. Thus, tumor cells can be targeted more
specifically. 5) BsAbs can suppress signaling pathways that are involved in angiogenesis and T cell exhaustion, such as those that inhibit TGF- and
PD-L1 signaling pathways. TAA, Tumor-associated antigen; TSA, Tumor-specific antigen; ICOS, Inducible T cell co-stimulator; TGF-p, Transforming
growth factor-beta; PD-1, Programmed cell death protein 1; PD-L1, Programmed death-ligand 1; CTLA-4, Cytotoxic T-lymphocyte associated

protein 4.

1xVascular endothelial growth factor [VEGF]) and IBI315 (PD-
IxHuman epidermal growth factor receptor 2 [HER2]) (4, 25).

Co-stimulatory Receptors Activation. To maintain a stable
anti-cancer immune response against advanced malignancies, one
strategy might be proposed that co-stimulatory receptors can be
targeted along with the blockage of immunological checkpoints.
Numerous BsAbs have been emerging for binding co-stimulatory
receptors, such as inducible T cell co-stimulator (ICOS) or CD278,
0X40, and 4-1BB (3, 20). OX40, like CTLA-4, is significantly up-
regulated on activated T cells in the tumor microenvironment
(TME), particularly on Tregs (26, 27). Targeting two
overexpressed receptors, for instance CTLA-4 and OX40, in the
tumor has the potential to increase the localization of BsAbs to the
tumor site compared to monospecific antibodies, which may reduce
the risk of systemic T cell activation and improve efficacy.
Additionally, it has been suggested that combining a checkpoint
inhibitor with a T cell co-stimulatory agonistic antibody may
convert a “cold” tumor into a “hot” tumor by enhancing T cell
expansion and effector functions while controlling the suppressive
function of Tregs (28, 29).

Combinational Targeting of Tumor Antigens. “On-target off-
tumor” toxicity is a significant issue that needs to be considered in
antibody-based therapeutic modalities. This toxicity refers to a side
effect of cancer immunotherapy where the immune system attacks
not only cancer cells but also healthy cells expressing the same
target antigen, leading to unintended damage to healthy tissues
(30). In line with this issue, both healthy and malignant cells express
TAAs. One of the BsAb’s advantages is that it targets tumor cells
more precisely, which directs its power to only tumor cells in
circulation, TME, and metastatic sites and not healthy cells. Thus,
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healthy cells are unharmed as a result of this. In other words, BsAbs
targeting dual TAAs bind specifically to cancer cells that express
both antigens, while avoiding healthy cells that express only one
antigen (31).

The fact that many cancer antigens are cleaved by enzymes,
releasing soluble extracellular domains, presents another obstacle.
Indeed, a major challenge in developing immunotherapies for
hematologic malignancies, for instance, acute lymphocytic
leukemia (ALL), is that cancer cells can lose the CD19 antigen
while retaining CD22 after CD19 shedding (32). Due to this
mechanism, tumor antigen escape happens, but BsAbs can offset
this mechanism via combinational targeting. As an illustration, a
BsAD called DT2219ARL has been developed to overcome antigen
loss-mediated relapse in ALL. DT2219ARL targets CD19 and
CD22, which are two antigens commonly expressed in ALL cells
(20, 33, 34).

Blocking of Signaling Pathways. BsAbs can reduce the
progression of tumors by targeting the molecules of signaling
pathways involved in angiogenesis, metastasis, and proliferation. In
this regard, there are several BsAbs such as YM101 (35-37), MCLA-
128 (zenocutuzumab) (38, 39), BI 836880 (40, 41), vanucizumab (42),
ABT-165 (43), OMP-305B83 (navixizumab) (44, 45), TR009
(ABL001) (46), and EMBO1 (47, 48). For instance, YM101 has the
ability to specifically bind to transforming growth factor-beta (TGF-
) and PD-L1. Results from in vitro experiments demonstrated that
YM101 effectively inhibited the biological impacts of TGF-f and the
PD-1/PD-L1 pathways, which includes the activation of Smad
signaling, induction of epithelial-mesenchymal transition, and
immunosuppressive activities (35). Furthermore, MCLA-128
targets VEGF and angiopoietin-2 (4).
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3 Mechanism of action of bispecific
anti-CTLA-4 antibodies

BsAbs that target CTLA-4 are a novel class of immunotherapies
that are being developed to improve the effectiveness and safety of
immune checkpoint blockade in cancer treatment. The mechanism of
action of bispecific anti-CTLA-4 antibodies involves, for instance, the
simultaneous binding of CTLA-4 on T'.g and co-stimulatory receptor
such as OX-40 on Teg (49). The dual engagement of these two
molecules helps to modulate the balance between immune activation
and suppression, which is important for achieving an optimal anti-
tumor response. For instance, by binding to CTLA-4 on Ty, ATOR-
1015 can selectively deplete or down-regulate these cells (49), which are
known to play a role in suppressing immune responses and promoting
tumor growth. At the same time, by binding to OX-40 on T.g ATOR-
1015 can enhance T cell activation and proliferation, leading to
increased colon, pancreatic, and bladder tumor cell killing (49, 50).

BsAbs targeting both CTLA-4 and another molecule, such as PD-1
(17,51) or PD-L1 (52), enhance the immune response against cancer by
blocking two separate immune checkpoints that can inhibit anti-tumor
immunity. By targeting both CTLA-4 and PD-1, these bispecific
antibodies can simultaneously promote activation and proliferation of
T cells, reduce regulatory T cell function, and enhance the killing of
tumor cells by cytotoxic T lymphocytes. The combination of these effects
allows for a more robust and sustained anti-tumor response (4, 20).

4 Anti-CTLA-4 antibody and
combinational therapies

There is a compelling strategy regarding combinational using
the anti-CTLA-4 mAbs with other therapies against poorly
immunogenic tumors (53). Wei et al. (54) demonstrated that
contrary to either monotherapy, CTLA-4/PD-1 dual immune
checkpoint blockade is sufficient to stimulate specific cellular
responses. Anti-CTLA-4 and anti-PD-1 inhibition considerably
improves responses in pre-clinical tumor models, leading to
much higher Tegto-suppressor cells (myeloid-derived suppressor
cell and T,.,) ratios and the generation of pro-inflammatory
cytokines including interferon-gamma (IFN-y) and tumor
necrosis factor-alpha (TNF-o) (55). Combinational therapy
ipilimumab plus nivolumab led to enhance the effectiveness of
treatment in melanoma (56), renal cell carcinoma (57), colorectal
cancer (58) compared with monotherapy. In melanoma, the
combination of PD-1 and CTLA-4 blockade was linked to specific
cellular immune responses, including a dramatic increase in
cytokine production, an increase in T cell frequency, and a
decrease in circulating B cells (59, 60).

5 Pre-clinical rationale for using
bispecific antibodies targeting CTLA-4

The currently known BsAbs are fragment-based, symmetric,
asymmetric or Bi-specific T cell engagers (BiTEs). These forms
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determine their half-life, immunogenicity, target selectivity, and
production complexity (61). Contrary to the explosive success of
dual immune checkpoint blockade for treating cancers, two major
hurdles persist. First, immune-related adverse events (irAEs) were
observed by combination ICIs such as ipilimumab and nivolumab
(62). Second, compared to BsAbs, there is an MHC restriction of the
TCR when using ICIs, leading to immune escape (63). A promising
strategy to overcome these hurdles is simultaneously co-blockade of
two cancer antigens, for example, CTLA-4 and PD-1, preferentially
in the TME by BsAbs, restricting immune responses specific to the
tumor site. Thus, it can be expected that immune-mediated toxicity
toward normal tissues is reduced (12).

Immunotherapies for cancer, such as the blockade of CTLA-4
and PD-1, often result in severe autoimmunity as a side effect (64,
65). Overall, there is a tendency for the efficacy of anti-tumor
responses to be associated with the occurrence of autoimmune
diseases, particularly when a systemic approach is taken to deplete
Tregs (66). A promising strategy to elicit potent anti-tumor immune
responses while minimizing the risk of inducing detrimental
autoimmune reactions might be to selectively engage effector Tieg,
in the TME using BsAbs. This approach has the potential to
preserve the pool of naive T,y in non-tumor tissues, which are
essential for maintaining immune tolerance and preventing
autoimmunity. In other words, it is desirable to avoid T
depletion in normal tissues while targeting immune checkpoint
pathways in the TME. One potential advantage of using BsAbs is
that they can be designed to selectively bind to cells expressing both
PD-1 and CTLA-4, which are mainly tumor-infiltrating
lymphocytes (TILs). Thus, by selectively targeting TILs, BsAbs
may spare Ty, in normal tissues and avoid the potential adverse
effects associated with their systemic depletion.

On the one hand, the possibility that anti-tumor reactive T cells
will be inadequate in quantity or malfunctioning and anergic are two
key issues with chimeric antigen receptor (CAR) T cell treatment that
are addressed by BsAbs. On the other hand, increased tumor-reactive
T cell frequency is the ultimate goal of BsAbs. In order to accomplish
this, T cells and tumor cells are connected effectively via BsAbs in an
intercellular space name immunological synapse. Their activation
occurs without the need for co-stimulation, peptide antigen
presentation, and major histocompatibility complex (MHC) class
1/2 (61, 67). All in all, the aforementioned basic concepts provide a
rationale for using BsAbs.

There are some BsAbs, which have been described in pre-
clinical (Table 1) and clinical investigation (Table 2). These include
XmAb20717 (Vudalimab), MEDI5752, AK104, MGDO019, KN046,
and ATOR-1015. According to preliminary results, XmAb20717,
which targets CTLA-4 and PD-1 simultaneously, was well-tolerated
in patients with advanced cancer and had complete and partial
responses in various tumor types. T cell population changes in the
tumor and surrounding tissues were consistent with effective dual
checkpoint inhibition (21). In pre-clinical studies, using another
BsAb targeting CTLA-4 and PD-1 named MEDI5752 was
associated with lower cytotoxicity and equivalent activity to anti-
PD-1 and anti-CTLA-4 antibodies, providing an improved
therapeutic index (22). In the following, we will elaborate on the
clinical trials of BsAbs targeting CTLA-4 (Table 2).
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TABLE 1 Pre-clinical status of BsAbs targeting CTLA-4.

Name Targets
MEDI5752 = CTLA-4 + L.
PD-1 2.
3
MGDO019 | CTLA-4 + L.
PD-1 2.
3.
ATOR- CTLA-4 + L.
1015 0X40 2.

Main findings

High saturation of CTLA-4 on PD-1" tumor cells by MEDI5752.

Inhibition of CTLA-4 on TILs while sparing peripheral T cell populations and reducing toxicity.
. MEDI5752 induces internalisation and subsequent degradation of PD-1 by tethering CTLA-4 to PD-1.

Combinatorial blockade of PD-1 and CTLA-4 via single molecule.
MGDO19 is well-tolerated in non-human primates.
Increasing in the count of Ki67"CD8" and ICOS'CD4" T cells upon MGD019 administration.

ATOR-1015 activates T cells and reduces Tregs in vitro.
In various preclinical models, ATOR-1015 reduces tumor growth and improves survival, including in bladder, colon,

and pancreas cancer models.
3. ATOR-1015 generates long-term tumor-specific immunological memory and enhances response to PD-1 inhibition.
4. ATOR-1015 targets the tumor area, where it boosts the number and activation of CD8" T-cells and decreases Tregs.

10.3389/fimmu.2023.1155778

Reference

(22)

(18)

(49)

CTLA-4, Cytotoxic T-lymphocyte-associated protein 4; PD-1, Programmed cell death protein 1; Treg, Regulatory T cell; TIL, Tumor-infiltrating lymphocyte; ICOS, Inducible T-cell costimulator.

TABLE 2 BsAbs targeting CTLA-4 in clinical development.

Type and o Treatment Status/ o NCT
yp Targets Indication : Participants =~ Developed by . .
Structure regimen Phase identifier
-Melanoma
-Breast carcinoma
-HCC
-Renal cell
Humanized carcinoma
XmAb20717 CTLA-4 Active, not
mAbs BsAb/XmAb ~Colorectal MT ctive, no 154 Xencor NCT03517488
(Vudalimab) + PD-1 . recruiting/T
technology carcinoma
-non-small-cell
lung carcinoma
- Cervical cancer
-Mesothelioma
Combinational
therapy: Pemetrexed,
Ad d solid Recruiti
vanced soi Carboplatin, ecruiting/ 366 MedImmune NCT03530397
tumors R I
Pembrolizumab,
Paclitaxel
Fully human Combinational
Renal cell Recruiting/
BsAb (a en.a < therapy: Axitinib, ecruiting 70 MedImmune NCT04522323
carcinoma . 1
monovalent Lenvatinib
bispecific CTLA-4
MEDI5752 inati
human IgG, + PD-1 Combinational
mAb with an therapy:
engineered Fc Durvalumab,
domain) Danvatirsen,
Oleclumab, Active, not
Metastatic NSCLC ecuma ctive, no 258 AstraZeneca NCT03819465
Pemetrexed, recruiting/T
Carboplatin,
Gemcitabine,
Cisplatin, Nab-
paclitaxel, AZD2936
Completed,
Cervical cancer MT OmIIJIe ed/ 30 Akeso NCT04380805
1gG; scaffold
Fc-engineered Combinational
humanized Recurrent or therapy: Active, not
antibody metastatic cervical Bevacizumab, recruiting/ 50 Akeso NCT04868708
AK104 CTLA-4 cancer Paclitaxel, Cisplatin 11
(Cadonilimab) + PD-1 or Carboplatin
Nasoph: 1 Completed,
asopharyngea MT ompleted/ 34 Akeso NCT04220307
carcinoma 11
Advanced MSI-H/ . L
dMMR gastric MT 29 Peking University | NCT04556253
(Continued)
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TABLE 2 Continued

10.3389/fimmu.2023.1155778

Type and o Treatment Status/ - NCT
yp Targets Indication : Participants = Developed by . :
Structure regimen Phase identifier
carcinoma and Not yet
colorectal cancer recruiting/
1I
-Gastric
adenocarcinoma
-Advanced solid Combinational Active, not
tumors therapy: Oxaliplatin, recruiting/ 338 Akeso NCT03852251
-Gastroesophageal Capecitabine LI
Junction
Adenocarcinoma
L. Active, not
HCC Combinational 1 iting/ 32 Akeso NCT04728321
therapy: Lenvatinib I
Combinational Recruiti
Liver cancer ombina 1on‘ . cruiting/ 30 Akeso NCT04444167
therapy: Lenvatinib LII
L. Active, not
NSCLC Combinational recruiting/ 114 Akeso NCT04646330
therapy: Anlotinib
LI
Not yet
Combinational Chi PLA
NSCLC ompinarona’ recruiting/ 30 inese NCT04544644
therapy: Anlotinib 1 General Hospital
Advanced or Combinational ..
. . Recruiting/
metastatic solid therapy: AK119 I 195 Akeso NCT04572152
tumors (anti-CD73)
a tetravalent -NSCLC
bispecific (2 x -Prostate cancer
2) Fc-beari CTLA-4 tastati Combinational Active, not
MGDO019 ) Fe-bearing fetastatic ombinationa cive no 287 MacroGenics NCT03761017
based on +PD-1 -Cutaneous therapy: Lorigerlimab | recruiting/I
DART melanoma
platform -Colorectal cancer
Combinational
NSCLC therapy: Paclitaxel, Unknown/ 50 ]%angsu Alpha.rTlab NCT04054531
Pemetrexed, 1I Biopharmaceuticals
Carboplatin
Unkn i Alphamab
Stage IV NSCLC MT nknown/ 149 Jiangsu Alphamab 1\ 1338046
I Biopharmaceuticals
Combinational
HER2 iti R iting/
- posiive therapy: KN026 ecruiting 24 Peking University = NCT04040699
solid tumor . I
(anti-HER2)
Combinational Active, not Jiangsu Alphamab
Humanized TNBC therapy: Nab- recruiting/ 52 . 8 P . NCT03872791
N : Biopharmaceuticals
bispecific paclitaxel LII
KNO46 single do.maln CTLA-4
Fc fusion +PD-L1 Esophageal c )
ompleted/ Jiangsu Alphamab
protein squamous cell MT 45 R i NCT03925870
i I Biopharmaceuticals
antibody carcinoma
Ad d Combinational
\'Iance. ombination . Recruiting/ Suzhou Zelgen
gastrointestinal therapy: Donafenib 42 . . NCT04612712
. L1I Biopharmaceuticals
tumors Tosilate
L. .. Peking University
Combinational Recruit
HCC ombinationa’, ecruiting/ 55 Cancer Hospital & | NCT04542837
therapy: Lenvatinib I .
Institute
Combinational
Locally advanced or:;elrr;a 1(.>n Recruiting/
and metastatic . py.. & 60 Changhai Hospital =~ NCT04324307
ancreatic cancer Gemcitabine, LI
P ! Albumin-Paclitaxel,
(Continued)
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TABLE 2 Continued

10.3389/fimmu.2023.1155778

Type and e Treatment Status/ - NCT
yp Targets Indication : Participants =~ Developed by . .
Structure regimen Phase identifier
Oxaliplatin,
Irinotecan,
Leucovorin,
Fluorouracil
Active, not
i Alphamab
Squamous NSCLC MT recruiting/ 482 Jiangsu Alphamab oy 174119
1 Biopharmaceuticals
Recruiting/ Weill Medical
Thymic carcinoma MT I 8 29 College of Cornell NCT04925947
University
Recruiti i Alphamab
Thymic carcinoma MT ecruiting/ 66 ]{angsu P ar'na NCT04469725
I Biopharmaceuticals
Human IgG, CTLA-4 -Solid Tumor Completed/ Alligator
ATOR-101 MT NCT 24
OR-1015 BsAb + OX40 -Neoplasms 1 33 Bioscience AB CT03782467

mAb, Monoclonal antibody; BsAb, Bispecific antibody; Fc, Fragment crystallizable region; CTLA-4, T-lymphocyte-associated protein 4; PD-1, Programmed cell death protein 1; NSCLC, Non-
small cell lung cancer; HCC, Hepatocellular carcinoma; TNBC, Triple-negative breast cancer; MT, Monotherapy; DART, Dual affinity retargeting.

6 Current landscape and clinical trials

The landscape of clinical anti-CTLA-4 BsAbs immunotherapy
continues to progress promptly. Recently, there have been
numerous illustrations of these BsAbs in clinical and pre-clinical
phases. Rudimentary findings revealed positive clinical outcomes,
which can be classified into three categories, including i) Anti-
tumor immune responses, ii) Immune-related toxicities, and iii)
TME (Figure 2). The following sections summarize the current
landscape and the clinical trials.

6.1 CTLA-4xPD-1 BsAbs

XmAb20717. XmAb20717 is a heterodimeric antibody
composed of two different protein subunits, designed with a
modified Fc domain that prevents interactions with Fc-gamma
receptor (FcyR). Additionally, the incorporation of Xtend™
technology enhances its pharmacokinetic properties to promote a
longer half-life (21). A human clinical trial is investigating the
effects of XmAb20717 (NCT03517488). Patients with advanced
solid tumors, including melanoma, renal cell carcinoma, non-

Effector T cell

XmAb20717

AK104 //
op2s MEDI5752 y/
\\ y
N\ y
7/
\\ [
|
Regulatory T cell \\ | ?‘ Tumor cell

1- Anti-tumor immune
responses
- Regulatory T cells|
- T cell exhaustion]
- T cell reinvigoration
- Anti-tumor memory cellst

2- Immune-related
adverse events

- Autoimmunity |

- On-target, off-tumor toxicity |

3- Tumor microenvironment

- Effector T: Regulatory T cell
ratio]

- Tumor development| and
survivalf

FIGURE 2

BsAbs targeting CTLA-4 at a view of cross-talk between immune and cancer cells. ATOR-1015 can simultaneously target CTLA-4 and OX-40 on
regulatory T cell and effector T cell, respectively, resulting in effector T-cell stimulation and improved cancer immunity. INV322 binds to CD25 and
CTLA-4, which restricts the function of regulatory T cells in the tumor microenvironment. CTLA-4 and PD-L1 are recognized by KN0O46, eventually
preventing T-cell exhaustion and inducing apoptosis in tumor cells. BsAbs such as XmAb20717, AK104, MEDI5752, and MGDO19 inhibit PD-1 and
CTLA-4, revitalizing tumor-specific cytotoxic T lymphocytes. Positive and negative symbols indicate stimulatory and inhibitory role of markers,

respectively. 1, Increase; |, Decrease.
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small cell lung cancer (NSCLC), castration-resistant prostate
cancer, are enrolled in phase 1 multiple doses, ascending dose
escalation clinical trial to determine the pharmacokinetic (PK),
maximum-tolerated dose, safety, and tolerability.

MEDI5752. MEDI5752 is a fully human monovalent bispecific
human IgGl mAb with an engineered Fc domain designed to
suppress the PD-1 pathway and provide regulated CTLA-4
inhibition, favoring greater blocking of PD-1" activated T cells.
The variable domains of an anti-PD-1 mAb and tremelimumab (an
anti-CTLA-4 mAb) were combined to generate this BsAb. The
engineering of the IgG1 constant heavy chains also diminished the
Fc-mediated immune effector functions. The higher anti-tumor
activity was stimulated by MEDI5752, which was found to
accelerate PD-1 internalization and degradation and to
accumulate preferentially in tumors. MEDI5752 could fully
saturate CTLA-4 on cells expressing PD-1 and CTLA-4 at lower
doses than those needed to fully saturate CTLA-4 on cells that did
not express PD-1 (51). A phase 1, first-time-in-human, multicenter,
open-label, dose-escalation and dose-expansion clinical trial was
designed to evaluate the safety, tolerability, efficacy, PK, and
immunogenicity of MEDI5752 in participants with advanced
solid tumors, when administered as a single agent or combined
with chemotherapeutic drugs (NCT03530397).

AK104. PD-1 and CTLA-4 are concurrently targeted by the
humanized IgGI tetrameric BsAb known as AK104. Indeed, AK104
is an IgG; scaffold Fc-engineered humanized antibody. Early research
revealed that AK104 has promising anti-tumor effectiveness in liver
cancer and a better safety profile than co-administering anti-PD-1 and
anti-CTLA-4 mAbs (17). A phase 2, global, multicenter, open-label,
single-arm study evaluated the efficacy, safety, tolerability, PK,
and immunogenicity of AK104 monotherapy in adult subjects
with previously treated recurrent or metastatic cervical
carcinoma (NCT04380805).

MGDO019. Berezhnoy et al. (18) have developed a BsAb in the IgG4
isotype known as MGDO19 using a dual-affinity re-targeting antibody
(DART) platform. This BsAb consists of an engineered tetravalent
CTLA-4/PD-1 molecule. Two variable fragments with their variable
heavy chain components switch to form a DART molecule (68). The
PD-1 and CTLA-4 binding domains are derived from retifanlimab and
human mAb 4B6, respectively (18). Compared to bi-single domain
antibodies, this novel structure enables greater conformational
flexibility during antigen-antibody recognition (18). To prevent the
potential depletion of Teg and Tyeg, MGDO19 carries Fc mutations,
which cause the lack of Fc-mediated effector function and limit the
ability to trigger ADCC. Innovative approaches include modulating the
Fc effector domain or directing the immune response preferentially
toward TME, which may improve therapy efficacy and minimize
immune-mediated damage (27, 69). Despite increasing human T cell
activation in vitro, MGDO019 did not exhibit any Fc-mediated
effector activity. MGDO019 showed promising therapeutic efficacy
with acceptable safety in patients with advanced solid tumor cancer,
including ovarian, breast, lung, colon cancer, who had had much pre-
treatment and was well-tolerated in cynomolgus monkeys. Notably, in
animals treated with MGDO019, no alterations were observed in either
the tissue-resident or circulating T,; populations (18).
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6.2 CTLA-4xPD-L1 BsAb

KN046. KN046 (also known as alphamab), a unique
humanized bispecific single domain Fc fusion protein antibody,
can simultaneously inhibit the PD-1/PD-L1 pathway and the
CTLA-4 pathway. Thus, it reinvigorates the immunological
responses of exhausted T lymphocytes to the tumor. The findings
of both pre-clinical and clinical testing with KN046 have shown
good effectiveness, accompanied by decreased levels of systemic
toxicity. KN046 is now being evaluated in several clinical studies in
phase 1 and 2 as either a single agent or as part of combination
regimens in tumor types and stages (52, 70). In patients with HER2-
positive gastrointestinal tumors, preliminary efficacy and safety
results of KN026 (a BsAb targeting two distinct HER2 epitopes)
and KN046 have been reported. In both treatment-naive and
extensively pretreated HER2-positive gastrointestinal cancers,
KN026 combined with KN046 demonstrated the potential to
improve clinical benefit to the current standard of care (71). A
phase 2 clinical trial of KN046 was investigated in patients with
metastatic NSCLC who failed first-line treatment. Results showed
that KN046 was a successful second-line therapy for advanced
NSCLC and was well-tolerated. In both squamous and non-
squamous NSCLC, KN046 demonstrated a potential overall
survival improvement (19). KN046 and Nab-paclitaxel showed
safety, tolerability, and efficacy results in patients with metastatic
triple-negative breast cancer (72).

6.3 CTLA-4x0OX40 BsAb

ATOR-1015. An improved form of the Ig-like V-type domain
of human CD86 was linked to an agonistic OX40 antibody, and
eventually, a BsAb in the IgG1 form known as ATOR-1015 was
generated. This BsAb simultaneously targets CTLA-4 and OX40.
0X40, or CD134, is a powerful immunological co-stimulatory
molecule that can be induced on activated CD4" and CD8" T
cells. In vitro, ATOR-1015 stimulated T lymphocyte activation and
Teeg
bladder, colon, and pancreatic cancer, responded well to treatment

reduction. Many syngeneic tumor models, such as those of

with ATOR-1015, which slowed tumor development and increased
survival. It is further shown that ATOR-1015 increases the response
to PD-1 blockade and generates tumor-specific and long-term
immunological memory. Additionally, ATOR-1015 is localized to
the tumor site, enhancing the frequency and activation of CD8" T
lymphocytes while decreasing the frequency of T,egs (49). A phase 1
clinical trial investigated the safety and tolerability of ATOR-1015
when administered as repeated intravenous infusions to patients
with advanced and refractory solid malignancies (NCT03782467).

6.4 CTLA-4xGITR BsAb

A receptor called glucocorticoid-induced TNFR family-related
gene (GITR) promotes T lymphocyte activation against tumor cells.
A patent known as WO2018091739 employs a BsAb targeting
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CTLA-4 and GITR to treat colon carcinoma. This BsAb has a basic
structure that includes two binding sites for GITR, which are
formed by the antigen-binding sites of both the heavy and light
chains. In addition, there are two binding sites for CTLA-4, which
are created by a CTLA-4 binding domain that is connected to the
kappa constant region of the light chain through a linker at the
carboxyl end (73). BsAb triggered T.gand tumor inhibition in colon
carcinoma-bearing mice (73). However, no clinical studies still
demonstrate using this BsAb to treat cancer patients.

6.5 CTLA-4xCD25 BsAb

In the clinic, targeting Tregs has shown promise, but current
strategies are constrained by on-target, off-tumor stimulation of
autoimmune-related toxicities linked to global T,., blocking. To
limit these toxicities, a BsAb known as INV322 was engineered to
engage the Tregs of TME preferentially. It is created using Invenra’s B-
Body® platform, which is fully human in origin, and has a wild-type
IgG; structure that enables Fc-gamma-mediated effector function (74).
INV322 targets CD25 and CTLA-4 on T, with lower-affinity
monovalent interactions, supporting the selective blockade of tumor-
restricted Tyegs function and depletion by Fc-mediated clearance. In
vivo, the development of anti-tumor memory cells, tumor-protective
activity, Ty, depletion, and a rise in the Teg: Ty ratio inside the TME
were associated with INV323 treatment (74).

7 Conclusion, challenges, and
future directions

Over the past three decades, there has been a significant evolution
from the simple development and modification of mAbs without any
further engineering to more complex antibody derivatives in a wide
range of shapes and sizes, particularly BsAbs (75). Researchers’
interest in BsAb technology has grown significantly over time due
to its outstanding potential for clinical applications. This
development has established a strong basis for BsAb-based cancer
immunotherapy. BsAbs are a novel approach to the fight against
cancer. Overall, BsAbs have represented a significant advancement in
improving clinical results. BsAbs might play a fascinating function in
treating cancer. IrAEs caused by combining ICIs like ipilimumab and
nivolumab remain a significant obstacle despite the tremendous
success of treating cancers. BsAbs are a viable strategy to overcome
this obstacle because the simultaneous co-blockade of two cancer
antigens, such as CTLA-4 and PD-1, primarily in the TME by BsAbs
may restrict immune responses, particularly to the tumor site. Thus,
healthy cells and tissues are not damaged.

Although BsAbs are well positioned as a safe immunotherapy,
outstanding questions remain open. Elucidating the significant
parameters that determine anti-CTLA-4 BsAbs potency and
persistence will be essential as the field progresses to evolving
strategies to address obstacles specific to each type of cancer.
Remarkably, as the field of cancer immunotherapy, particularly
BsAbs, continues to innovate rapidly, it is important to consider
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potential safety risks linked to BsAbs in humans, as concerns
associated with possible off-target effects might be very relevant.
Establishing multidisciplinary approaches to sketch a holistic path
to the clinical translation of anti-CTLA-4 BsAbs will also be crucial.

Nevertheless, despite the advantages discussed above, there are
still several challenges and obstacles, such as immunogenicity and
chain mispairing issues in the commercial production and
development of anti-CTLA-4 BsAbs. More specifically, it takes
time and funds to manufacture BsAbs. Obtaining the necessary
products necessitates using suitable, secure, and economical cell line
manufacturing processes and analytical and purifying techniques
(76). Furthermore, before patients may benefit from anti-CTLA-4
BsAbs, some post-antibody production problems, such as
degradation, aggregation, denaturation, fragmentation, and
oxidation of BsAbs, must be addressed (76). Further clinical trials
are necessary to investigate the most effective dose and mode of
administration that can result in controlled release formulations,
lower systemic adverse effects, and greater concentrations in target
tissues. Besides, the unavoidable negative consequences on healthy
organs such as neurotoxicity or other intricate aspects, such as an
immunotolerant cancer stroma, disrupted neovasculature, and
insufficient penetration of BsAbs, make BsAbs targeting solid
tumors deserving of additional study (77, 78). Notably, the
suppressive TME, which restricts T cell activation and causes
immunological insufficiency (79), is a significant barrier to anti-
CTLA-4 BsAbs in advanced solid tumors. Thus, there is a genuine
eagerness for the continuing investigations of anti-CTLA-4 BsAbs
in solid tumors, which are predicted to provide positive outcomes
soon, even if developing these BsAbs from bench to bedside may
take a long time and involve a huge endeavor.

Author contributions

PF and A-AD: conceptualization. PF and SM: writing the
original draft. A-AD and MA: editing. PF: visualization. A-AD
and MA: supervision. All authors contributed to the article and
approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1155778
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Farhangnia et al.

References

1. Blanco B, Dominguez-Alonso C, Alvarez-Vallina L. Bispecific
immunomodulatory antibodies for cancer immunotherapy. Clin Cancer Res (2021)
27:5457-64. doi: 10.1158/1078-0432.CCR-20-3770

2. Farhangnia P, Akbarpour M, Yazdanifar M, Aref AR, Delbandi A-A, Rezaei N.
Advances in therapeutic targeting of immune checkpoints receptors within the CD96-
TIGIT axis: clinical implications and future perspectives. Expert Rev Clin Immunol
(2022):1217-37. doi: 10.1080/1744666X.2022.2128107

3. Jin S, Sun Y, Liang X, Gu X, Ning J, Xu Y, et al. Emerging new therapeutic
antibody derivatives for cancer treatment. Signal Transduct Target Ther (2022) 7:39.
doi: 10.1038/s41392-021-00868-x

4. Ma J, Mo Y, Tang M, Shen J, Qi Y, Zhao W, et al. Bispecific antibodies: from
research to clinical application. Front Immunol (2021) 12:626616. doi: 10.3389/
fimmu.2021.626616

5. Wang S, Chen K, Lei Q, Ma P, Yuan AQ, Zhao Y, et al. The state of the art of
bispecific antibodies for treating human malignancies. EMBO Mol Med (2021) 13:
e14291. doi: 10.15252/emmm.202114291

6. Fan G, Wang Z, Hao M, Li J. Bispecific antibodies and their applications. J
Hematol Oncol (2015) 8:130. doi: 10.1186/s13045-015-0227-0

7. Kontermann RE, Brinkmann U. Bispecific antibodies. Drug Discovery Today
(2015) 20:838-47. doi: 10.1016/j.drudis.2015.02.008

8. Viardot A, Bargou R. Bispecific antibodies in haematological malignancies.
Cancer Treat Rev (2018) 65:87-95. doi: 10.1016/j.ctrv.2018.04.002

9. Duell J, Lammers PE, Djuretic I, Chunyk AG, Alekar S, Jacobs I, et al. Bispecific
antibodies in the treatment of hematologic malignancies. Clin Pharmacol Ther (2019)
106:781-91. doi: 10.1002/cpt.1396

10. Wu Y, Yi M, Zhu S, Wang H, Wu K. Recent advances and challenges of
bispecific antibodies in solid tumors. Exp Hematol Oncol (2021) 10:56. doi: 10.1186/
540164-021-00250-1

11. Leach DR, Krummel MF, Allison JP. Enhancement of antitumor immunity by
CTLA-4 blockade. Science (1996) 271:1734-6. doi: 10.1126/science.271.5256.1734

12. Lisi L, Lacal PM, Martire M, Navarra P, Graziani G. Clinical experience with
CTLA-4 blockade for cancer immunotherapy: from the monospecific monoclonal
antibody ipilimumab to probodies and bispecific molecules targeting the tumor
microenvironment. Pharmacol Res (2022) 175:105997. doi: 10.1016/j.phrs.2021.105997

13. Alegre M-L, Frauwirth KA, Thompson CB. T-Cell regulation by CD28 and
CTLA-4. Nat Rev Immunol (2001) 1:220-8. doi: 10.1038/35105024

14. Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer immunotherapy: from T
cell basic science to clinical practice. Nat Rev Immunol (2020) 20:651-68. doi: 10.1038/
s41577-020-0306-5

15. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy.
Nat Rev Cancer (2012) 12:252-64. doi: 10.1038/nrc3239

16. Kwon ED, Hurwitz AA, Foster BA, Madias C, Feldhaus AL, Greenberg NM,
et al. Manipulation of T cell costimulatory and inhibitory signals for immunotherapy of
prostate cancer. Proc Natl Acad Sci U.S.A. (1997) 94:8099-103. doi: 10.1073/
pnas.94.15.8099

17. Bai L, Sun M, Xu A, Bai Y, Wu J, Shao G, et al. Phase 2 study of AK104 (PD-1/
CTLA-4 bispecific antibody) plus lenvatinib as first-line treatment of unresectable
hepatocellular carcinoma. J Clin Oncol (2021) 39:4101. doi: 10.1200/
JCO.2021.39.15_suppl.4101

18. Berezhnoy A, Sumrow BJ, Stahl K, Shah K, Liu D, Li J, et al. Development and
preliminary clinical activity of PD-1-Guided CTLA-4 blocking bispecific DART
molecule. Cell Rep Med (2020) 1(9):100163. doi: 10.1016/j.xcrm.2020.100163

19. Zhou C, Xiong A, Fang J, Li X, Fan Y, Zhuang W, et al. 1022P a phase II study of
KNO046 (a bispecific anti-PD-L1/CTLA-4) in patients with metastatic non-small cell
lung cancer (NSCLC) who failed first line treatment. Ann Oncol (2022) 33:51022.
doi: 10.1016/j.annonc.2022.07.1148

20. Farhangnia P, Delbandi A-A, Sadri M, Akbarpour M. Bispecific antibodies in
targeted cancer immunotherapy BT - handbook of cancer and immunology. In: Rezaei
N, editor. Handbook of cancer and immunology. Cham: Springer International
Publishing (2023). p. 1-46. doi: 10.1007/978-3-030-80962-1_189-1

21. Shum E, Reilley M, Najjar Y, Daud A, Thompson J, Baranda J, et al. 523
preliminary clinical experience with XmAb20717, a PD-1 x CTLA-4 bispecific
antibody, in patients with advanced solid tumors. J Immunother Cancer (2021) 9:
A553 LP-A553. doi: 10.1136/jitc-2021-SITC2021.523

22. Dovedi SJ, Mazor Y, Elder M, Hasani S, Wang B, Mosely S, et al. Abstract 2776:
MEDI5752: a novel bispecific antibody that preferentially targets CTLA-4 on PD-1
expressing T-cells. Cancer Res (2018) 78:2776. doi: 10.1158/1538-7445.AM2018-2776

23. Wang], Asch AS, Hamad N, Weickhardt A, Tomaszewska-Kiecana M, Dlugosz-
Danecka M, et al. A phase 1, open-label study of MGDO13, a bispecific DART®
molecule binding PD-1 and LAG-3 in patients with relapsed or refractory diffuse
Large b-cell lymphoma. Blood (2020) 136:21-2. doi: 10.1182/blood-2020-139868

24. Woo S-R, Turnis ME, Goldberg MV, Bankoti J, Selby M, Nirschl CJ, et al.
Immune inhibitory molecules LAG-3 and PD-1 synergistically regulate T-cell function

Frontiers in Immunology

10.3389/fimmu.2023.1155778

to promote tumoral immune escape. Cancer Res (2012) 72:917-27. doi: 10.1158/0008-
5472.CAN-11-1620

25. Zhou C, Ren S, Luo Y, Wang L, Xiong A, Su C, et al. A phase Ib/II study of
AK112, a PD-1/VEGF bispecific antibody, as first- or second-line therapy for advanced
non-small cell lung cancer (NSCLC). J Clin Oncol (2022) 40:9040. doi: 10.1200/
JCO.2022.40.16_suppl.9040

26. Montler R, Bell RB, Thalhofer C, Leidner R, Feng Z, Fox BA, et al. 0X40, PD-1
and CTLA-4 are selectively expressed on tumor-infiltrating T cells in head and neck
cancer. Clin Transl Immunol (2016) 5:¢70. doi: 10.1038/cti.2016.16

27. Arce Vargas F, Furness AJS, Litchfield K, Joshi K, Rosenthal R, Ghorani E, et al.
Fc effector function contributes to the activity of human anti-CTLA-4 antibodies.
Cancer Cell (2018) 33:649-663.e4. doi: 10.1016/j.ccell.2018.02.010

28. Galon J, Bruni D. Approaches to treat immune hot, altered and cold tumours
with combination immunotherapies. Nat Rev Drug Discovery (2019) 18:197-218.
doi: 10.1038/s41573-018-0007-y

29. Redmond WL, Linch SN, Kasiewicz M]J. Combined targeting of costimulatory
(OX40) and coinhibitory (CTLA-4) pathways elicits potent effector T cells capable of
driving robust antitumor immunity. Cancer Immunol Res (2014) 2:142-53.
doi: 10.1158/2326-6066.CIR-13-0031-T

30. Castellarin M, Sands C, Da T, Scholler J, Graham K, Buza E, et al. A rational
mouse model to detect on-target, off-tumor CAR T cell toxicity. JCI Insight (2020) 5.
doi: 10.1172/jci.insight.136012

31. Huang S, van Duijnhoven SMJ, Sijts AJAM, van Elsas A. Bispecific antibodies
targeting dual tumor-associated antigens in cancer therapy. J Cancer Res Clin Oncol
(2020) 146:3111-22. doi: 10.1007/s00432-020-03404-6

32. Fry TJ, Shah NN, Orentas R], Stetler-Stevenson M, Yuan CM, Ramakrishna S,
et al. CD22-targeted CAR T cells induce remission in b-ALL that is naive or resistant to
CD19-targeted CAR immunotherapy. Nat Med (2018) 24:20-8. doi: 10.1038/nm.4441

33. Vallera DA, Todhunter DA, Kuroki DW, Shu Y, Sicheneder A, Chen H. A
bispecific recombinant immunotoxin, DT2219, targeting human CD19 and CD22
receptors in a mouse xenograft model of b-cell Leukemia/Lymphoma. Clin Cancer Res
(2005) 11:3879-88. doi: 10.1158/1078-0432.CCR-04-2290

34. Bachanova V, Frankel AE, Cao Q, Lewis D, Grzywacz B, Verneris MR, et al.
Phase I study of a bispecific ligand-directed toxin targeting CD22 and CD19 (DT2219)
for refractory b-cell malignancies. Clin Cancer Res (2015) 21:1267-72. doi: 10.1158/
1078-0432.CCR-14-2877

35. Yi M, Zhang J, Li A, Niu M, Yan Y, Jiao Y, et al. The construction, expression,
and enhanced anti-tumor activity of YM101: a bispecific antibody simultaneously
targeting TGF-B and PD-L1. ] Hematol Oncol (2021) 14:27. doi: 10.1186/s13045-021-
01045-x

36. Yi M, Niu M, Zhang J, Li S, Zhu S, Yan Y, et al. Combine and conquer:
manganese synergizing anti-TGF-B/PD-L1 bispecific antibody YM101 to overcome
immunotherapy resistance in non-inflamed cancers. ] Hematol Oncol (2021) 14:146.
doi: 10.1186/s13045-021-01155-6

37. YiM, Wu Y, Niu M, Zhu S, Zhang J, Yan Y, et al. Anti-TGF-/PD-L1 bispecific
antibody promotes T cell infiltration and exhibits enhanced antitumor activity in triple-
negative breast cancer. ] Immunother Cancer (2022) 10. doi: 10.1136/jitc-2022-005543

38. de Vries Schultink AHM, Bol K, Doornbos RP, Murat A, Wasserman E, Dorlo
TPC, et al. Population pharmacokinetics of MCLA-128, a HER2/HER3 bispecific
monoclonal antibody, in patients with solid tumors. Clin Pharmacokinet (2020)
59:875-84. doi: 10.1007/540262-020-00858-2

39. Schram AM, Odintsov I, Espinosa-Cotton M, Khodos I, Sisso W], Mattar MS,
et al. Zenocutuzumab, a HER2xHER3 bispecific antibody, is effective therapy for
tumors driven by NRG1 gene rearrangements. Cancer Discovery (2022) 12:1233-47.
doi: 10.1158/2159-8290.CD-21-1119

40. Le Tourneau C, Becker H, Claus R, Elez E, Ricci F, Fritsch R, et al. Two phase I
studies of BI 836880, a vascular endothelial growth factor/angiopoietin-2 inhibitor,
administered once every 3 weeks or once weekly in patients with advanced solid
tumors. ESMO Open (2022) 7:100576. doi: 10.1016/j.esmoop.2022.100576

41. Girard N, Wermke M, Barlesi F, Kim D-W, Ghiringhelli F, Bennouna J, et al.
Phase ib study of BI 836880 (VEGF/Ang2 nanobody) plus ezabenlimab (BI 754091;
anti-PD-1 antibody) in patients (pts) with solid tumors. J Clin Oncol (2021) 39:2579.
doi: 10.1200/JC0O.2021.39.15_suppl.2579

42. Hidalgo M, Martinez-Garcia M, Le Tourneau C, Massard C, Garralda E, Boni V,
et al. First-in-Human phase I study of single-agent vanucizumab, a first-in-Class
bispecific anti- Angiopoietin-2/Anti-VEGF-A antibody, in adult patients with advanced
solid tumors. Clin Cancer Res (2018) 24:1536-45. doi: 10.1158/1078-0432.CCR-17-
1588

43. Li Y, Hickson JA, Ambrosi DJ, Haasch DL, Foster-Duke KD, Eaton LJ, et al.
ABT-165, a dual variable domain immunoglobulin (DVD-ig) targeting DLL4 and
VEGF, demonstrates superior efficacy and favorable safety profiles in preclinical
models. Mol Cancer Ther (2018) 17:1039-50. doi: 10.1158/1535-7163.MCT-17-0800

44. Jimeno A, Moore KN, Gordon M, Chugh R, Diamond JR, Aljumaily R, et al. A
first-in-human phase la study of the bispecific anti-DLL4/anti-VEGF antibody

frontiersin.org


https://doi.org/10.1158/1078-0432.CCR-20-3770
https://doi.org/10.1080/1744666X.2022.2128107
https://doi.org/10.1038/s41392-021-00868-x
https://doi.org/10.3389/fimmu.2021.626616
https://doi.org/10.3389/fimmu.2021.626616
https://doi.org/10.15252/emmm.202114291
https://doi.org/10.1186/s13045-015-0227-0
https://doi.org/10.1016/j.drudis.2015.02.008
https://doi.org/10.1016/j.ctrv.2018.04.002
https://doi.org/10.1002/cpt.1396
https://doi.org/10.1186/s40164-021-00250-1
https://doi.org/10.1186/s40164-021-00250-1
https://doi.org/10.1126/science.271.5256.1734
https://doi.org/10.1016/j.phrs.2021.105997
https://doi.org/10.1038/35105024
https://doi.org/10.1038/s41577-020-0306-5
https://doi.org/10.1038/s41577-020-0306-5
https://doi.org/10.1038/nrc3239
https://doi.org/10.1073/pnas.94.15.8099
https://doi.org/10.1073/pnas.94.15.8099
https://doi.org/10.1200/JCO.2021.39.15_suppl.4101
https://doi.org/10.1200/JCO.2021.39.15_suppl.4101
https://doi.org/10.1016/j.xcrm.2020.100163
https://doi.org/10.1016/j.annonc.2022.07.1148
https://doi.org/10.1007/978-3-030-80962-1_189-1
https://doi.org/10.1136/jitc-2021-SITC2021.523
https://doi.org/10.1158/1538-7445.AM2018-2776
https://doi.org/10.1182/blood-2020-139868
https://doi.org/10.1158/0008-5472.CAN-11-1620
https://doi.org/10.1158/0008-5472.CAN-11-1620
https://doi.org/10.1200/JCO.2022.40.16_suppl.9040
https://doi.org/10.1200/JCO.2022.40.16_suppl.9040
https://doi.org/10.1038/cti.2016.16
https://doi.org/10.1016/j.ccell.2018.02.010
https://doi.org/10.1038/s41573-018-0007-y
https://doi.org/10.1158/2326-6066.CIR-13-0031-T
https://doi.org/10.1172/jci.insight.136012
https://doi.org/10.1007/s00432-020-03404-6
https://doi.org/10.1038/nm.4441
https://doi.org/10.1158/1078-0432.CCR-04-2290
https://doi.org/10.1158/1078-0432.CCR-14-2877
https://doi.org/10.1158/1078-0432.CCR-14-2877
https://doi.org/10.1186/s13045-021-01045-x
https://doi.org/10.1186/s13045-021-01045-x
https://doi.org/10.1186/s13045-021-01155-6
https://doi.org/10.1136/jitc-2022-005543
https://doi.org/10.1007/s40262-020-00858-2
https://doi.org/10.1158/2159-8290.CD-21-1119
https://doi.org/10.1016/j.esmoop.2022.100576
https://doi.org/10.1200/JCO.2021.39.15_suppl.2579
https://doi.org/10.1158/1078-0432.CCR-17-1588
https://doi.org/10.1158/1078-0432.CCR-17-1588
https://doi.org/10.1158/1535-7163.MCT-17-0800
https://doi.org/10.3389/fimmu.2023.1155778
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Farhangnia et al.

navicixizumab (OMP-305B83) in patients with previously treated solid tumors. Invest
New Drugs (2019) 37:461-72. doi: 10.1007/s10637-018-0665-y

45. Fu S, Corr BR, Culm-Merdek K, Mockbee C, Youssoufian H, Stagg R, et al. Phase
ib study of navicixizumab plus paclitaxel in patients with platinum-resistant ovarian,
primary peritoneal, or fallopian tube cancer. J Clin Oncol (2022) 40:2568-77.
doi: 10.1200/JC0O.21.01801

46. Yeom D-H, Lee Y-S, Ryu I, Lee S, Sung B, Lee H-B, et al. ABL00I, a bispecific
antibody targeting VEGF and DLL4, with chemotherapy, synergistically inhibits tumor
progression in xenograft models. Int ] Mol Sci (2021) 22. doi: 10.3390/ijms22010241

47. Qing Z, Gabrail N, Uprety D, Rotow ], Han B, Janne PA, et al. 22P EMB-01: an
EGFR-cMET bispecific antibody, in advanced/metastatic solid tumors phase I results.
Ann Oncol (2022) 33:539-40. doi: 10.1016/j.annonc.2022.02.031

48. Ren F, Wu X, Yang D, Wu D, Gong S, Zhang Y, et al. Abstract 528: EMB-01: an
innovative bispecific antibody targeting EGFR and cMet on tumor cells mediates a
novel mechanism to improve anti-tumor efficacy. Cancer Res (2020) 80:528.
doi: 10.1158/1538-7445.AM2020-528

49. Kvarnhammar AM, Veitonmiki N, Higerbrand K, Dahlman A, Smith KE,
Fritzell S, et al. The CTLA-4 x OX40 bispecific antibody ATOR-1015 induces anti-
tumor effects through tumor-directed immune activation. J Immunother Cancer (2019)
7:103. doi: 10.1186/s40425-019-0570-8

50. Perez-Santos M, Anaya-Ruiz M, Herrera-Camacho I, Millan-Pérez Pefia L,
Rosas-Murrieta NH. Bispecific anti-OX40/CTLA-4 antibodies for advanced solid
tumors: a patent evaluation of W02018202649. Expert Opin Ther Pat (2019)
29:921-4. doi: 10.1080/13543776.2019.1681400

51. Dovedi SJ, Elder MJ, Yang C, Sitnikova SI, Irving L, Hansen A, et al. Design and
efficacy of a monovalent bispecific PD-1/CTLA4 antibody that enhances CTLA4
blockade on PD-1(+) activated T cells. Cancer Discovery (2021) 11:1100-17.
doi: 10.1158/2159-8290.CD-20-1445

52. Xing B. 938P KNO046 (an anti-PD-L1/CTLA-4 bispecific antibody) in
combination with lenvatinib in the treatment for advanced unresectable or
metastatic hepatocellular carcinoma (HCC): preliminary efficacy and safety results of
a prospective phase II trial. Ann Oncol (2021) 32:S822. doi: 10.1016/
j.annonc.2021.08.158

53. Egen JG, Kuhns MS, Allison JP. CTLA-4: new insights into its biological
function and use in tumor immunotherapy. Nat Immunol (2002) 3:611-8.
doi: 10.1038/ni0702-611

54. Wei SC, Anang N-AAS, Sharma R, Andrews MC, Reuben A, Levine JH, et al.
Combination anti-CTLA-4 plus anti-PD-1 checkpoint blockade utilizes cellular
mechanisms partially distinct from monotherapies. Proc Natl Acad Sci U.S.A. (2019)
116:22699-709. doi: 10.1073/pnas.1821218116

55. Curran M, Montalvo-Ortiz W, Yagita H, Allison J. PD-1 and CTLA-4
combination blockade expands infiltrating T cells and reduces regulatory T and
myeloid cells within B16 melanoma tumors. Proc Natl Acad Sci U.S.A. (2010)
107:4275-80. doi: 10.1073/pnas.0915174107

56. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al.
Combined nivolumab and ipilimumab or monotherapy in untreated melanoma. N Engl
J Med (2015) 373:23-34. doi: 10.1056/NEJMoal504030

57. Motzer RJ, Tannir NM, McDermott DF, Arén Frontera O, Melichar B, Choueiri
TK, et al. Nivolumab plus ipilimumab versus sunitinib in advanced renal-cell
carcinoma. N Engl ] Med (2018) 378:1277-90. doi: 10.1056/NEJMoal712126

58. Overman MJ, Lonardi S, Wong KYM, Lenz H-J, Gelsomino F, Aglietta M, et al.
Durable clinical benefit with nivolumab plus ipilimumab in DNA mismatch repair-
Deficient/Microsatellite instability-high metastatic colorectal cancer. J Clin Oncol
(2018) 36:773-9. doi: 10.1200/JCO.2017.76.9901

59. Das R, Verma R, Sznol M, Boddupalli CS, Gettinger SN, Kluger H, et al.
Combination therapy with anti-CTLA-4 and anti-PD-1 leads to distinct immunologic
changes. vivo. ] Immunol (2015) 194:950-9. doi: 10.4049/jimmunol.1401686

60. Das R, Bar N, Ferreira M, Newman AM, Zhang L, Bailur JK, et al. Early b cell
changes predict autoimmunity following combination immune checkpoint blockade. ]
Clin Invest (2018) 128:715-20. doi: 10.1172/JCI96798

61. Zhou X, Einsele H, Danhof S. Bispecific antibodies: a new era of treatment for
multiple myeloma. J Clin Med (2020) 9. doi: 10.3390/jcm9072166

Frontiers in Immunology

11

10.3389/fimmu.2023.1155778

62. Almutairi AR, McBride A, Slack M, Erstad BL, Abraham I. Potential immune-
related adverse events associated with monotherapy and combination therapy of
ipilimumab, nivolumab, and pembrolizumab for advanced melanoma: a systematic
review and meta-analysis. Front Oncol (2020) 10:91. doi: 10.3389/fonc.2020.00091

63. Brischwein K, Parr L, Pflanz S, Volkland J, Lumsden J, Klinger M, et al. Strictly
target cell-dependent activation of T cells by bispecific single-chain antibody constructs
of the BiTE class. J Immunother (2007) 30:798-807. doi: 10.1097/
CJ1.0b013e318156750¢

64. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF,
et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N Engl |
Med (2012) 366:2443-54. doi: 10.1056/NEJMo0al200690

65. Postow MA, Sidlow R, Hellmann MD. Immune-related adverse events
associated with immune checkpoint blockade. N Engl ] Med (2018) 378:158-68.
doi: 10.1056/NEJMral703481

66. Tanaka A, Sakaguchi S. Regulatory T cells in cancer immunotherapy. Cell Res
(2017) 27:109-18. doi: 10.1038/cr.2016.151

67. Stamova S, Koristka S, Keil J, Arndt C, Feldmann A, Michalk I, et al. Cancer
immunotherapy by retargeting of immune effector cells via recombinant bispecific
antibody constructs. Antibodies (2012) 1:172-98. doi: 10.3390/antib1020172

68. Huang L, Shah K, Barat B, Lam C-YK, Gorlatov S, Ciccarone V, et al.
Multispecific, multivalent antibody-based molecules engineered on the DART® and
TRIDENT(TM) platforms. Curr Protoc Immunol (2020) 129:e95. doi: 10.1002/cpim.95

69. Ha D, Tanaka A, Kibayashi T, Tanemura A, Sugiyama D, Wing JB, et al.
Differential control of human treg and effector T cells in tumor immunity by fc-
engineered anti-CTLA-4 antibody. Proc Natl Acad Sci US.A. (2019) 116:609-18.
doi: 10.1073/pnas.1812186116

70. Jin G, Guo S, Zhang Y, Ma Y, Guo X, Zhou X, et al. Efficacy and safety of KN046
plus nab-paclitaxel/gemcitabine as first-line treatment for unresectable locally
advanced or metastatic pancreatic ductal adenocarcinoma (PDAC). J Clin Oncol
(2021) 39:4138. doi: 10.1200/JC0O.2021.39.15_suppl.4138

71. Gong]J, Shen L, Luo S, Dong Z, Liu D, An S, et al. 1377P preliminary efficacy and
safety results of KN026 (a HER2-targeted bispecific antibody) in combination with
KNO046 (an anti-PD-L1/CTLA-4 bispecific antibody) in patients (pts) with HER2-
positive gastrointestinal tumors. Ann Oncol (2021) 32:51042. doi: 10.1016/
j.annonc.2021.08.1486

72. Xu B, Li Q, Zhang Q, Zhang Y, Ouyang Q, Zhang Y, et al. Abstract 1660:
preliminary safety tolerability & efficacy results of KN046 (an anti-PD-L1/CTLA-4
bispecific antibody) in combination with nab-paclitaxel in patients with metastatic
triple-negative breast cancer (nTNBC). Cancer Res (2021) 81:1660. doi: 10.1158/1538-
7445.AM2021-1660

73. Millan-Pérez Pefia L, Martin P-S, Herrera-Camacho I, Bandala C, Anaya-Ruiz
M. Colon carcinoma treatment using bispecific anti-GITR/CTLA-4 antibodies: a patent
evaluation of W02018091739. Expert Opin Ther Pat (2020) 30:307-11. doi: 10.1080/
13543776.2020.1732352

74. Ritter A, Marshal N, Pulukkunat D, Pereira N, Rakhmilevich A, Gawdzik J, et al.
500 INV322, a TME selective CD25 x CTLA4 bispecific antibody approach for
depletion of tumor restricted tregs. ] Immunother Cancer (2022) 10:A521 LP-A521.
doi: 10.1136/jitc-2022-SITC2022.0500

75. Carter PJ, Lazar GA. Next generation antibody drugs: pursuit of the “high-
hanging fruit”. Nat Rev Drug Discovery (2018) 17:197-223. doi: 10.1038/nrd.2017.227

76. Elgundi Z, Reslan M, Cruz E, Sifniotis V, Kayser V. The state-of-play and future
of antibody therapeutics. Adv Drug Delivery Rev (2017) 122:2-19. doi: 10.1016/
j.addr.2016.11.004

77. Labrijn AF, Janmaat ML, Reichert JM, Parren PWHI. Bispecific antibodies: a
mechanistic review of the pipeline. Nat Rev Drug Discovery (2019) 18:585-608.
doi: 10.1038/s41573-019-0028-1

78. Li H, Er Saw P, Song E. Challenges and strategies for next-generation bispecific
antibody-based antitumor therapeutics. Cell Mol Immunol (2020) 17:451-61.
doi: 10.1038/s41423-020-0417-8

79. Anderson K, Stromnes I, Greenberg P. Obstacles posed by the tumor
microenvironment to T cell activity: a case for synergistic therapies. Cancer Cell
(2017) 31:311-25. doi: 10.1016/j.ccell.2017.02.008

frontiersin.org


https://doi.org/10.1007/s10637-018-0665-y
https://doi.org/10.1200/JCO.21.01801
https://doi.org/10.3390/ijms22010241
https://doi.org/10.1016/j.annonc.2022.02.031
https://doi.org/10.1158/1538-7445.AM2020-528
https://doi.org/10.1186/s40425-019-0570-8
https://doi.org/10.1080/13543776.2019.1681400
https://doi.org/10.1158/2159-8290.CD-20-1445
https://doi.org/10.1016/j.annonc.2021.08.158
https://doi.org/10.1016/j.annonc.2021.08.158
https://doi.org/10.1038/ni0702-611
https://doi.org/10.1073/pnas.1821218116
https://doi.org/10.1073/pnas.0915174107
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1056/NEJMoa1712126
https://doi.org/10.1200/JCO.2017.76.9901
https://doi.org/10.4049/jimmunol.1401686
https://doi.org/10.1172/JCI96798
https://doi.org/10.3390/jcm9072166
https://doi.org/10.3389/fonc.2020.00091
https://doi.org/10.1097/CJI.0b013e318156750c
https://doi.org/10.1097/CJI.0b013e318156750c
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1056/NEJMra1703481
https://doi.org/10.1038/cr.2016.151
https://doi.org/10.3390/antib1020172
https://doi.org/10.1002/cpim.95
https://doi.org/10.1073/pnas.1812186116
https://doi.org/10.1200/JCO.2021.39.15_suppl.4138
https://doi.org/10.1016/j.annonc.2021.08.1486
https://doi.org/10.1016/j.annonc.2021.08.1486
https://doi.org/10.1158/1538-7445.AM2021-1660
https://doi.org/10.1158/1538-7445.AM2021-1660
https://doi.org/10.1080/13543776.2020.1732352
https://doi.org/10.1080/13543776.2020.1732352
https://doi.org/10.1136/jitc-2022-SITC2022.0500
https://doi.org/10.1038/nrd.2017.227
https://doi.org/10.1016/j.addr.2016.11.004
https://doi.org/10.1016/j.addr.2016.11.004
https://doi.org/10.1038/s41573-019-0028-1
https://doi.org/10.1038/s41423-020-0417-8
https://doi.org/10.1016/j.ccell.2017.02.008
https://doi.org/10.3389/fimmu.2023.1155778
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Bispecific antibodies targeting CTLA-4: game-changer troopers in cancer immunotherapy
	1 Introduction
	2 Bispecific antibodies mechanisms of action: a general viewpoint
	3 Mechanism of action of bispecific anti-CTLA-4 antibodies
	4 Anti-CTLA-4 antibody and combinational therapies
	5 Pre-clinical rationale for using bispecific antibodies targeting CTLA-4
	6 Current landscape and clinical trials
	6.1 CTLA-4&times;PD-1 BsAbs
	6.2 CTLA-4&times;PD-L1 BsAb
	6.3 CTLA-4&times;OX40 BsAb
	6.4 CTLA-4&times;GITR BsAb
	6.5 CTLA-4&times;CD25 BsAb

	7 Conclusion, challenges, and future directions
	Author contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


