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Abstract
Biologic therapy involving anti-tumor necrosis factor-α (anti-TNFα) agents has fundamentally changed the management 
of patients with immune-mediated inflammatory diseases, including rheumatoid arthritis, thus benefiting many patients. 
Nevertheless, the inability of some patients to achieve low disease activity or clinical remission remains a major concern. To 
address such concerns, next-generation anti-TNFα agents that differ from the immunoglobulin G-format anti-TNFα agents 
that have been used to date are being developed using antibody-engineering technology. Their unique design employing novel 
molecular characteristics affords several advantages, such as early improvement of clinical symptoms, optimization of drug 
bioavailability, enhancement of tissue penetration, and a reduction in side effects. This holds promise for a new paradigm 
shift in biologic therapy via the use of next-generation anti-TNFα agents. Ozoralizumab, a next-generation anti-TNFα agent 
that was recently approved in Japan, comprises a variable region heavy-chain format. It has a completely different structure 
from conventional therapeutic antibodies, such as a small molecular size, an albumin-binding module, and a unique for-
mat that produces an avidity effect. Ozoralizumab exhibited rapid biodistribution into joints, provided attenuation of Fcγ 
receptor-mediated inflammatory responses, and had a high binding affinity to TNFα in non-clinical studies. In clinical trials, 
ozoralizumab yielded an early improvement in clinical symptoms, a sustained efficacy for up to 52 weeks, and an accept-
able tolerability in patients with rheumatoid arthritis. This review focuses on the results of pre-clinical and clinical trials for 
ozoralizumab and outlines the progress in next-generation antibody development.

1  Introduction

Biologics are one of the most widely used drug platforms 
for treating various diseases because they can selectively 
target immune cells, infected cells, cancer cells, and even 
pathogens. In particular, multiple biologics targeting tumor 
necrosis factor-α (TNFα) have been used for decades to 
treat immune-mediated inflammatory diseases, thus plac-
ing these agents among the best-selling drugs worldwide 
[1, 2]. The development of anti-TNFα agents has markedly 
advanced the pharmacotherapy of immune-mediated inflam-
matory diseases and caused a major paradigm shift in their 

diagnosis and treatment [3–5]. Despite the availability of 
other targeted biologics for immune-mediated inflamma-
tory diseases, anti-TNFα agents remain at the forefront of 
therapy more than 20 years after their introduction. How-
ever, some of the patients who are treated with these agents 
do not achieve low disease activity and clinical remission; 
therefore, a high demand exists for new anti-TNFα agents to 
which these patients will respond [6, 7]. Anti-TNFα agents 
exhibit immunogenicity, which, after repeated administra-
tion, leads to the formation of antidrug antibodies (ADAs). 
By neutralizing the function of the anti-TNFα agents or 
accelerating its clearance, ADA formation leads to the loss 
of clinical response (secondary failure), which can occur 
in up to 30% of patients [8]. The rheumatoid factor (RF), 
which is an endogenous antibody that can bind to the frag-
ment crystallizable (Fc) region of immunoglobulin G (IgG) 
[9], is among the poor prognostic factors, and its positiv-
ity is higher in difficult-to-treat patients [10]. In patients 
treated with anti-TNFα agents, inadequate clinical response 
has been reported to be higher in the RF-positive group 
compared with the RF-negative group, suggesting that the 
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Key Points 

Although anti-tumor necrosis factor-α agents remain at 
the forefront of therapy more than 20 years after their 
introduction, several limitations in terms of a loss of 
drug efficacy because of secondary failure, poor bio-
availability, and an unwanted immune response led to 
the development of next-generation anti-tumor necrosis 
factor-α agents.

Ozoralizumab is a next-generation anti-tumor necrosis 
factor-α agent that adopts the variable-domain heavy-
chain format to enhance the biodistribution to target tis-
sue, prolong the half-life, and reduce unwanted immune 
responses. Ozoralizumab was successful in solving vari-
ous issues in non-clinical studies and afforded an early 
improvement of clinical symptoms in clinical trials.

The remarkable improvement that ozoralizumab has 
shown in phase III trials suggests the potential for a new 
paradigm shift using next-generation antibodies, for the 
treatment not only of rheumatoid arthritis, but also of 
several other diseases.

RF attenuates the effect of anti-TNFα agents [11–13]. In 
recent years, patient-reported outcomes, which reflect the 
most relevant symptoms of the disease and their impact on 
the lives of patients without a physician’s intervention, have 
become more important for clinical evaluation. In addition 
to reducing the patient burden of drug administration, such 
as the frequency of administration and pain during injection, 
the rapid improvement of these patient-reported outcomes 
is challenging [14–16].

To address these issues, the development of next-gener-
ation anti-TNFα agents using novel modalities other than 
the IgG format, (such as fragment antibodies, small mol-
ecules, nanoparticles, antisense oligonucleotides, and small 
interfering RNAs) is in full swing. In 2022, ozoralizumab, 
which is a next-generation antibody with a variable-domain 
heavy-chain (VHH) format, was approved as a novel anti-
TNFα agent for the first time in approximately 10 years, thus 
attracting considerable attention. This review summarizes 
the progress in the development of next-generation anti-
bodies and the most developed application of these novel 
therapeutic modalities for clinical use, and focuses on their 
application to anti-TNFα therapy as well as on the results of 
the pre-clinical and clinical trials of ozoralizumab.

2 � Fragment Antibodies

Next-generation antibody drugs are molecules that are con-
structed using antibody engineering techniques, such as the 
addition of small molecules to the substructure of the con-
ventional IgG, the mixing of substructures, and the use of 
easily engineered small antibodies. In particular, fragment 
antibodies have been developed in various formats using 
antibody-engineering techniques, to provide specialized 
functions for various purposes, such as therapeutic drugs 
and diagnostic drugs [17]. The typical fragment antibodies 
include Fab, single-chain Fv (scFv), and VHH antibodies.

A comparison of the properties of each antibody format 
is summarized in Fig. 1. In general, IgG antibodies must 
be expressed in mammalian cells. Conversely, fragment 
antibodies can be expressed in microorganisms such as 
Escherichia coli, which significantly reduces production 
costs. Another advantage is their lower molecular weight, 
which facilitates their genetic engineering compared with 
IgG antibodies. As shown in Fig. 1, Fab, scFv, and VHH 
formats have different molecular characteristics compared 
with IgG, such as a much shorter half-life in the blood and 
the inability to exert an effector function via the Fc region 
[18]; hence, it is important to understand these molecular 
characteristics and select the appropriate antibody format 
according to the targeted field during drug development. 
Full-length IgG antibodies account for >90% of all anti-
body drugs approved to date, and methods for drug devel-
opment using low-molecular-weight antibodies remain in 
their infancy. However, approximately half of the frag-
ment antibodies that have been approved as drugs to date 
were mostly authorized around the year 2020, suggesting 
that the evolution of antibody engineering technologies is 
accelerating the realization of the potential of fragment 
antibodies (Table 1). In addition, the fragment antibody 
format is being used for the development of therapeutic 
drugs for use beyond cancer and autoimmune diseases, 
thus demonstrating its versatility.

2.1 � scFv

As shown in Fig. 1, IgG consists of an antigen recogni-
tion region and a Fc region, used for interaction with the 
receptors expressed on immune cells. These molecules play 
various roles in a wide variety of fields, and the antigen-
recognition region and the Fc region can exist independently 
as stable molecules. Therefore, antibody-engineering tech-
niques, such as genetic modification and enzymatic cleav-
age, can be used to produce antibody fragments consisting 
only of the antigen recognition region (Fab), or single-chain 
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antibodies carrying the variable region linked by an amino 
acid linker (scFv) [Fig. 1] [19].

The three antibody drugs with the scFv format that have 
been approved to date are brolucizumab, blinatumomab, and 
tebentafusp [20–22] (Table 1). Among them, brolucizumab 
is the only antibody drug that is used as a stand-alone scFv, 
whereas tebentafusp is a fusion format of an scFv and a 

T-cell receptor-derived domain. In turn, blinatumomab is 
a tandem scFv antibody consisting of the scFv-recognizing 
CD3 (i.e., a membrane protein that is expressed on B cells) 
and the scFv-recognizing CD19 (i.e., a membrane protein 
that is expressed on T cells), linked by an amino acid linker. 
The two scFVs recognize their respective target molecules 
simultaneously, bringing the target B cells and T cells into 
close proximity and eliminating the target cells [23]. Ferrari 
et al. showed that a dual-specificity antibody combining a 

Fig. 1   Comparison of the properties of the different antibody for-
mats. The molecular weight of classical immunoglobulin G (IgG), 
which consists of heavy and light chains, is approximately 150–160 
kDa. Fragment antibodies (Fab, single-chain Fv [scFv], and variable-
domain heavy-chain [VHH]) are much smaller than IgG and can be 

easily genetically engineered. Their small size also allows them to 
be expressed in Escherichia coli and other bacteria, which is a cost-
effective approach. Conversely, fragment antibodies lack the fragment 
crystallizable (Fc) region, have a short half-life, and do not possess an 
effector function

Table 1    Non-IgG format antibody approved as a therapeutic product. Available from: The Antibody Society Antibody therapeutics product data 
2023 (https://​www.​antib​odyso​ciety.​org/​antib​ody-​thera​peuti​cs-​produ​ct-​data/)

EU European Union, INN International Nonproprietary Names, PD-L1 programmed death-ligand 1, scFv single-chain Fv, TCR​ T-cell receptor, 
TNFα tumor necrosis factor-α, VEGF-A vascular endothelial growth factor A, VHH variable-domain heavy-chain

Format INN Target Molecular architecture Indication that was first approved First approved

Fab Abciximab GPIIb/IIIa IgG1 Fab Prevention of blood clots in angioplasty USA, 1994
Ranibizumab VEGF-A IgG1 Fab Macular degeneration USA, 2006
Idarucizumab Dabigatran IgG1 Fab Reversal of dabigatran-induced anticoagula-

tion
USA, 2015

Certolizumab pegol TNFα PEGylated Fab Crohn’s disease USA, 2008
Fv Moxetumomab

pasudotox
CD22 Fv-Pseudomonas exotoxin

(fusion protein)
Hairy cell leukemia USA, 2018

scFv Brolucizumab VEGF-A scFv Neovascular age-related macular degenera-
tion

USA, 2019

Blinatumomab CD19, CD3 Tandem scFv Acute lymphoblastic leukemia USA, 2014
Tebentafusp gp100, CD3 scFv-TCR​

(fusion protein)
Metastatic uveal melanoma USA, 2022

VHH Caplacizumab von Willebrand factor Bivalent VHH Acquired thrombotic thrombocytopenic 
purpura

EU, 2018

Envafolimab PD-L1 VHH-Fc fragment
(fusion protein)

Microsatellite instability-high or deficient 
mismatch repair advanced solid tumors

China, 2021

Ozoralizumab TNFα, albumin Trivalent VHH Rheumatoid arthritis Japan, 2022

https://www.antibodysociety.org/antibody-therapeutics-product-data/
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single-chain variable fragment specific for the microvascu-
lature of human arthritic synovium (scFv A7) and the scFv 
of adalimumab improved local inflammation via the effi-
cient delivery of adalimumab to the inflamed synovium in a 
mouse model and demonstrated the potential of scFv appli-
cation for the treatment of rheumatoid arthritis (RA) [24].

2.2 � VHH

Camelids have heavy-chain antibodies that function with the 
heavy chain exclusively, and not with the light chain [25]. 
Subsequently, a VHH antibody was developed by excising 
the variable region of this heavy-chain antibody (Fig. 2) 
[26]. This VHH has a molecular weight of approximately 
15 kDa, which is about one tenth that of IgG and half that 
of scFv. Moreover, although it has a binding affinity to anti-
gens that is comparable to that of IgG antibodies, it exhibits 
molecular characteristics that include a higher tissue pene-
tration than that of IgG. In addition, it has a good expression 
yield, not only in mammalian systems, but also in E. coli, 
thereby attracting attention as a new format for drug devel-
opment. Three antibodies with a VHH format have been 
approved as drugs to date: caplacizumab, ozoralizumab, 
and envafolimab (Table 1) [27–29]. No stand-alone VHH 
has ever been launched as a therapeutic biologic, and all 
three approved agents have an ingenious format that affords 

an avidity effect. Caplacizumab is a molecule consisting of 
equivalent VHH domains connected by an alanine linker, 
whereas ozoralizumab is a multivalent molecule composed 
of two VHH molecules against TNFα and one VHH mol-
ecule against human serum albumin (HSA), which are con-
nected by an amino acid linker; in turn, envafolimab is a 
molecule that carries the VHH domain fused to the Fc region 
of human IgG1. Ozoralizumab employs an HSA-specific 
VHH, whereas envafolimab uses the human IgG1 Fc region, 
which is expected to improve the pharmacokinetics while 
maintaining the high tissue-penetration potential of VHH. 
Regarding the mechanism of action, caplacizumab uses an 
anti-von Willebrand factor VHH to inhibit the interaction 
between von Willebrand factor multimers and platelets [30], 
whereas ozoralizumab binds to the TNFα trimer and inhibits 
its interaction with the receptor [31]. Finally, envafolimab 
binds to programmed death-ligand 1 and inhibits its interac-
tion with programmed cell death protein 1 [32].

3 � Ozoralizumab

3.1 � Structure and Binding Affinity of Ozoralizumab

As mentioned above, ozoralizumab is one of the VHH-for-
mat antibodies that has been approved to date. This antibody 

Fig. 2   Schematic of conventional immunoglobulin G (IgG), single-
chain Fv (scFv), heavy-chain antibody, and variable-domain heavy-
chain (VHH) antibodies. The heavy-chain antibody expressed in 
camelids has three complementarity determining regions (CDRs) and 
exhibits an antigen-binding ability that is comparable to that of IgG 
with six CDRs. Variable-domain heavy-chain antibodies are produced 

via fragmentation of the variable region of heavy-chain antibodies. 
Variable-domain heavy-chain antibodies retain their binding ability 
and are approximately one tenth the size of IgG. CH constant region 
of heavy chain, CL constant region of light chain, Fc fragment crys-
tallizable, VH variable regions of heavy chain, VL variable regions of 
light chain
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functions as a treatment for RA that was approved in Japan 
in 2022, ahead of the rest of the world. Ozoralizumab is a 
next-generation anti-TNFα agent consisting of a trivalent 
VHH structure composed of two anti-human TNFα VHHs 
and one anti-HSA VHH connected by two glycine-serine 
linkers consisting of nine amino acids [33]. The anti-human 
TNFα VHH domain of ozoralizumab was produced via the 
conventional phage-display technology using RNA isolated 
from llama-derived peripheral blood lymphocytes that had 
been immunized with human TNFα [34]. Ozoralizumab is 
produced as a single-chain protein using recombinant genetic 
technology in Chinese hamster ovary cell lines [35]. Moreo-
ver, ozoralizumab exhibits a high binding affinity for TNFα 
(Kd value for human TNFα: 20.2 pmol/L) by bivalent bind-
ing to a single TNFα trimer via the two anti-human TNFα 
VHHs, thus inhibits the bioactivity of both soluble form and 
membrane-bound forms of TNFα [36]. In vitro, it inhibited 
the cytotoxicity induced by the addition of human TNFα 
to mouse fibroblasts (L929) in a concentration-dependent 
manner, with a half maximal inhibitory concentration value 
of 22.5 pmol/L [36]. In vivo, in a mouse air pouch model, 
ozoralizumab significantly inhibited the cellular infiltration 
induced by the administration of human TNFα at ≥0.125 
mg/kg [36]. In addition, it has been experimentally demon-
strated that ozoralizumab does not interact with Fcγ recep-
tors or complement components because it does not pos-
sess an Fc region, which renders it less likely to cause local 
acute inflammation [37]. Furthermore, the molecular weight 
of ozoralizumab is approximately 38 kDa, which is about 
one fourth the molecular weight of a typical IgG antibody 
(approximately 150 kDa). Although this molecular weight 
is below 50 kDa, which is considered to be filtered by glo-
meruli in the kidney, it is believed that ozoralizumab binds 
to HSA via the anti-HSA VHH, thus avoiding renal excretion 
and achieving a longer half-life in the blood (Fig. 3). The Kd 
value of ozoralizumab for HSA is 4.28 nmol/L [36]. Even 
in this multivalent VHH format, it exerts a rapid absorp-
tion compared with IgG, leading to faster biodistribution 
into joints and quicker drug effects compared with the IgG 
antibody [38].

3.2 � Model Structure of Ozoralizumab and Trimeric 
TNFα

The individual anti-TNFα VHH units present in ozorali-
zumab have a high affinity at the nanomolar level alone; 
however, when acting in tandem with ozoralizumab, it 
exhibits a higher affinity than do individual anti-TNFα VHH 
units (avidity effect). Interestingly, it has been shown that, 
if the distance between two anti-TNFα VHHs, including the 
linker, is shorter than the distance between the two binding 
sites of the trimeric TNFα, the avidity effect is not exerted 
[34, 39]. Kyuuma et al. have proposed an interesting model 

structure for the complex of ozoralizumab with trimeric 
TNFα using the crystal structure of TNFα and a surrogate 
antibody of ozoralizumab (VHH2), which differs from ozo-
ralizumab by only five amino acids [34]. Molecular dynamic 
simulations using the GROMACS software were performed 
on the model structure of the complex of ozoralizumab with 
the TNFα trimer, which was constructed using the MOE/
Homology Modeler. It was shown that this structure is 
energetically stable, with no significant structural changes 
observed within the calculation time range (Fig. 4) [37]. 
The distance between the N-termini and C-termini of the 
two anti-TNFα VHHs that were simultaneously bound to 
the trimeric TNFα was 58.1 Å, indicating that the molecu-
lar length of the anti-HSA VHH and glycine-serine link-
ers located between these VHHs had been optimized. The 
model structure also showed that the HSA binding site is 
opposite to TNFα, suggesting that TNFα and HSA can bind 
to ozoralizumab simultaneously without steric interference. 
This elegant molecular design using anti-HSA VHH that 
improves the pharmacokinetics as a linker was validated via 
molecular dynamic calculations of the model structure.

4 � Clinical Studies

A phase II/III study of ozoralizumab was conducted to assess 
the early improvement in clinical symptoms, sustained effi-
cacy up to 52 weeks, and acceptable tolerability afforded by 
this agent [40, 41]. The following subsection outlines the 
results of the phase II/III study (OHZORA trial) [40, 41], 

Fig. 3   Schematic of ozoralizumab. Ozoralizumab comprises two 
anti-human tumor necrosis factor-α (hTNFα) variable-domain heavy-
chain (VHH) antibodies and one anti-human serum albumin (HSA) 
VHH antibody connected by two glycine-serine linkers (9GS) link-
ers. Ozoralizumab can bivalently bind to a single TNFα trimer using 
two anti-human TNFα VHH antibodies to exert an avidity effect. The 
anti-HSA VHH antibody contributes to the long serum half-life of 
ozoralizumab
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the phase III study (NATSUZORA trial) [42], and the results 
of the extended dosing interval conducted in the long-term 
extension study (HOSHIZORA trial) [43]. The designs of 
these clinical studies are summarized in Table 2.

4.1 � Efficacy in Patients with RA

4.1.1 � Phase II/III Trial (OHZORA Trial)

A multicenter, double-blind, parallel-group, placebo-con-
trolled, phase II/III trial (JapicCTI-184029) was conducted 
to evaluate the efficacy and safety of the subcutaneous 
administration of ozoralizumab plus methotrexate (MTX) 
in patients with active RA despite MTX therapy [40, 41]. 
In this trial, a total of 381 patients were allocated to receive 
placebo, ozoralizumab 30 mg, or ozoralizumab 80 mg at a 
ratio of 1:2:2. These drugs were administered subcutane-
ously every 4 weeks for 24 weeks in combination with MTX. 
The primary endpoint of the American College of Rheuma-
tology (ACR) 20 response rate at week 16 was significantly 
higher in the two ozoralizumab groups (30 mg: 79.6%; 80 
mg: 75.3%) compared with the placebo group (37.3%) [p < 
0.001] [40]. Similar results were obtained for the ACR50 and 
ACR70 response rates. Furthermore, the results obtained at 
week 24 were comparable. However, there was no significant 
difference in the other primary endpoint, i.e., the amount of 

change from the baseline in the modified total sharp score 
at week 24 in the ozoralizumab 30-mg and 80-mg groups 
compared with the placebo group. However, the proportion 
of patients without progression of structural damage (change 
from the baseline in the modified total sharp score ≤ 0) was 
smaller in the 30-mg and 80-mg groups compared with the 
placebo group, and a significant difference was observed 
[40]. In addition, a significant improvement was observed 
in the ozoralizumab 30-mg and 80-mg groups compared 
with the placebo group from day 3 of treatment in terms 
of disease activity evaluation indices, such as the Disease 
Activity Score 28 (DAS28) using the C-reactive protein, 
patient-reported outcomes (such as the visual analog scale 
[VAS] for patient pain), and inflammatory markers (such 
as high-sensitivity C-reactive protein) [40]. In this trial, all 
patients received ozoralizumab 30 mg or 80 mg from week 
24 onward. In the non-blinded evaluations, the effects were 
maintained for 52 weeks at both ozoralizumab doses [41].

4.1.2 � Phase III Trial (NATSUZORA Trial)

The safety and efficacy of ozoralizumab were examined 
in an open phase III trial (JapicCTI-184031) that included 
140 Japanese patients with RA who had discontinued 
conventional synthetic disease-modifying anti-rheumatic 
drugs because of safety reasons or an inadequate response 

Fig. 4   Front (left) and bottom (right) views of the predicted three-
dimensional structure of the ozoralizumab-tumor necrosis factor-α 
(TNFα) trimer complex. The human TNFα (hTNFα) trimer mol-
ecule is shown with the molecular surface of each TNFα monomer 
unit colored in dark yellow, light yellow, and light gray, respectively. 
The framework regions of the anti-TNFα NANOBODY® molecules 
and the anti-human serum albumin (HSA) NANOBODY® molecule 

are colored in green and white, respectively. The CDRs are defined 
according to the Kabat numbering scheme and colored in orange 
(CDR 1 and 2) and red (CDR3), respectively, whereas the two link-
ers are colored in dark gray (adapted from Kyuuma et al. [37]). The 
figure is used under the CC-BY license (https://​creat​iveco​mmons.​org/​
licen​ses/​by/4.​0/)

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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[42]. Ozoralizumab (30 mg: 80 mg at a ratio of 2:1) was 
administered subcutaneously every 4 weeks for 52 weeks 
without MTX, yielding continuation rates of 87.1% up to 
week 24 and 72.1% up to week 52. The ACR20, ACR50, 
and ACR70 response rates improved from the timepoint 
of the initial evaluation at week 1, with the effects being 
maintained for 52 weeks (72.3%/51.1%/30.9% in the 30-mg 

group and 78.3%/54.3%/37.0% in the 80-mg group) [42]. A 
similar tendency was observed for the remaining efficacy 
endpoints, including physician’s global VAS, patient’s global 
VAS, patient pain VAS, and the number of tender or swollen 
joints, as well as for the inflammatory markers.

4.2 � Pharmacodynamics and Effect of Trough 
Concentration on Drug Efficacy

In the OHZORA trial, the plasma concentrations of ozo-
ralizumab after the single subcutaneous administration of 
ozoralizumab 30 mg in combination with MTX in Japanese 

Table 2   Design of major clinical trials for OZR

csDMARDs conventional synthetic disease-modifying anti-rheumatic drugs, EE early escape, IR inadequate response, MTX methotrexate, NA not 
applicable, OZR ozoralizumab, PBO placebo, RA rheumatoid arthritis, Ref. references, W weeks
* OZR was generally administered subcutaneously once every 4W
** The dose was changed uniformly to 30 mg after the dose submitted for approval was determined to be 30 mg
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patients with RA reached a maximum concentration on day 
6 after the administration (time to maximum concentration), 
and then slowly disappeared with a half-life of approxi-
mately 18 days. The maximum concentration was 4.55 ± 
1.1 μg/mL, and the area under the concentration–time curve 
from zero to infinity was 3280 ± 1280 h/μg/mL [44]. The 
plasma concentration after a repeated subcutaneous admin-
istration of ozoralizumab 30 mg every 4 weeks stabilized 
by week 16 after the start of the administration regardless 
of the presence or absence of MTX and was maintained at 
approximately 2 μg/mL up to week 52. This suggests that 
ozoralizumab obtained long-term retention benefits from the 
albumin recycling mechanism through the anti-HSA VHH.

 To evaluate the relationship between pharmacodynam-
ics and efficacy, a receiver operating characteristic analysis 
was performed using the ACR20 and ACR50 response rates 
and the trough concentrations of ozoralizumab [44]. As a 
result, a cut-off value of 1 μg/mL for the trough concentra-
tion at week 16 was obtained in both the OHZORA trial 
with MTX and the NATSUZORA trial without MTX. In 
groups with plasma concentrations above this cut-off value, 
a high response was confirmed regarding the efficacy indi-
ces. In contrast, at week 24, the cut-off value was reduced 
or could no longer be obtained, and at week 52, the cut-off 
value could no longer be obtained in either of the trials. The 
effect of the plasma trough concentration of ozoralizumab on 
its efficacy decreased with long-term continued treatment, 
suggesting that the effect was to be expected independent 
of the trough concentration of the drug. Furthermore, the 
simulation of the trough concentration when ozoralizumab 
30 mg was administered every 6 weeks resulted in a trough 
concentration of 1.2 μg/mL. This finding suggests that the 
effect can be maintained even when treatment is adminis-
tered at intervals of 6 weeks because of factors such as the 
delay in hospital visits.

4.3 � Prolongation of the Treatment Interval 
(Administration Every 8 Weeks)

The HOSHIZORA trial (NCT04077567) was a multi-
center, open, long-term extension study that evaluated the 
long-term efficacy and safety of ozoralizumab in patients 
who had completed the OHZORA and NATSUZORA tri-
als [43]. In the HOSHIZORA trial, the treatment interval 
was allowed to extend from every 4 weeks to every 8 weeks 
at the doctor’s discretion for patients receiving ozorali-
zumab 30 mg and exhibiting a 28-Joint DAS that was 
maintained at < 3.2 based on the DAS28 erythrocyte sedi-
mentation rate (ESR). The treatment interval was extended 
in 32 patients, and 28 (87.5%) patients remained on every 
8 weeks for 24 weeks. Furthermore, at week 24, 23 of 
these 32 patients achieved a DAS28-ESR of < 2.6, and 
27 patients achieved a DAS28-ESR of < 3.2. Importantly, 

there were no safety concerns associated with the exten-
sion of the treatment interval [43]. These results suggest 
that the treatment interval can be extended in patients who 
maintain a DAS28-ESR < 3.2 during the long-term admin-
istration of ozoralizumab. Although the concentration of 
ozoralizumab was not evaluated in this study, these results 
supported the hypothesis that efficacy is independent of 
the trough concentration in long-term continuous treat-
ment with ozoralizumab.

4.4 � Immunogenicity

Regarding the development of ADAs against ozoralizumab, 
29.2–46.8% of the patients showed an increase in the anti-
body titer or newly generated antibodies by week 52 regard-
less of the dose of ozoralizumab administered and of whether 
MTX was used concomitantly [41, 42]. The proportion of 
neutralizing antibody-positive patients detected by week 
52 was 7.0% (10/143 patients) and 5.2% (8/154 patients) 
for ozoralizumab 30 mg and 80 mg in the OHZORA trial, 
respectively [41]; and 27.7% (26/94 patients) and 2.2% (1/46 
patients) for ozoralizumab 30 mg and 80 mg in the NATSU-
ZORA trial, respectively [42]. Although a reduced efficacy 
was observed in some patients who were positive for neu-
tralizing antibodies in the 30 mg in the NATSUZORA trial, 
only 11.5% of them (3/26 patients) discontinued the study 
because of disease progression.

4.5 � Safety

A summary of safety through week 24 (period A; the dou-
ble-blind treatment period) in the OHZORA trial is shown in 
Table 3. Most adverse events were mild or moderate. In the 
ozoralizumab 80-mg group, one event of disseminated tuber-
culosis was reported as an adverse event leading to death 
and was determined to be causally related to the drug [40].

Safety data obtained for up to 52 weeks after drug admin-
istration in the OHZORA and NATSUZORA trials were 
combined and evaluated [45]. The incidence of adverse 
events was 83.8% (243/290 patients) in the 30-mg group 
and 88.8% (206/232 patients) in the 80-mg group; moreo-
ver, the incidences of adverse drug reactions were similar, 
i.e., 41.0% (119/290 patients) and 41.4% (96/232 patients), 
respectively. During the safety evaluation of ozoralizumab, 
adverse events of special interest (such as serious infections 
and malignancies) were assessed based on the characteristic 
side-effect profiles identified for existing TNFα inhibitors; 
however, no events were considered to be at a particularly 
high risk of occurrence after the administration of ozorali-
zumab treatment. Furthermore, the incidence of adverse 
events corresponding to a “reaction at injection site” was 
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1.4% (4/290 patients) in the 30-mg group and 1.3% (3/232 
patients) in the 80-mg group. There was no clear impact on 
safety based on the presence or absence of expression of 
ADAs and neutralizing antibodies [45].

5 � Summary

The advent of anti-TNFα agents targeting TNFα has sig-
nificantly advanced the pharmacotherapy of immune-
mediated inflammatory diseases. Nevertheless, many 
unmet needs persist, and the research and development 
of next-generation anti-TNFα agents constructed in for-
mats different from that of conventional IgG is underway, 
to provide new therapeutic avenues for these diseases. A 
llama-derived VHH was developed as a novel format that 
allows a unique structural design, different from that of 
previous antibody drugs. Ozoralizumab is a next-genera-
tion anti-TNFα agent consisting of two human anti-TNFα 
VHHs and one anti-HSA VHH connected by glycine-ser-
ine linkers. Analyses that were performed using model 
structures of ozoralizumab and the TNFα trimer suggested 
that this antibody can simultaneously bind to two sites on a 
TNFα homotrimer, thus allowing the ozoralizumab-TNFα 
trimer complex to exist stably. This is the first case of an 
approved biologic in which such structural stability as a 
molecule and pharmacokinetic stability obtained through 
HSA binding were successfully achieved simultaneously.

Ozoralizumab exhibits excellent pharmacokinetics with 
a plasma half-life of approximately 18 days because of its 
HSA-binding affinity, which enables its administration to 
patients with RA at 4-week intervals. In the OHZORA and 
NATSUZORA trials, an improvement in clinical symp-
toms was observed at the 30-mg dose, in the presence or 

in the presence concomitant MTX administration. In addi-
tion, sustained efficacy was confirmed for up to 52 weeks. 
Furthermore, a long-term extension study of patients who 
achieved a DAS28-ESR < 3.2 in the long-term HOSHI-
ZORA trial suggested that the dosing interval could be 
extended to 8 weeks.

The unique structure of next-generation antibodies, 
including ozoralizumab, offers the potential for an early 
improvement of clinical symptoms, the optimization of 
drug bioavailability, enhanced tissue penetration, and 
reduced side effects. A new paradigm shift in biologic 
therapy using these next-generation anti-TNFα agents is 
expected.
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