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Summary

The immune system plays a role in the pathogenesis of non-alcoholic 
steatohepatitis (NASH) underlying hepatocyte injury and fibrosis progres-
sion at all disease stages. Oral administration of anti-CD3 monoclonal 
antibody (mAb) has been shown in preclinical studies to be an effective 
method for systemic immune modulation and alleviates immune-mediated 
disorders without T cell depletion. In the present review, we summarize 
the concept of the oral administration of humanized anti-CD3 mAb in 
patients with NASH and discuss the potential of this treatment to address 
the current requirements of treatments for NASH. Recently published 
preclinical and clinical data on oral administration of anti CD3 are dis-
cussed. Human trials have shown that the oral administration of anti-CD3 
in healthy volunteers, patients with chronic hepatitis C virus (HCV) infec-
tion and patients with NASH and type 2 diabetes is safe and well toler-
ated, as well as biologically active. Oral anti-CD3 induces regulatory T 
cells, suppresses the chronic inflammatory state associated with NASH 
and exerts a beneficial effect on clinically relevant parameters. Foralumab 
is a fully human anti-CD3 mAb that has recently been shown to exert a 
potent anti-inflammatory effect in humanized mice. It is being developed 
for treatment of NASH and primary biliary cholangitis (PBC). Oral ad-
ministration of anti CD3 may provide an effective therapy for patients 
with NASH.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) affects 20–40% 
of the population. Its active form, non-alcoholic steato-
hepatitis (NASH), is characterized by hepatocyte injury, 
liver inflammation and progression of fibrosis [1]. NASH 
has emerged as an important cause of chronic liver disease 
and hepatocellular carcinoma (HCC) worldwide. The 
immune system plays an important role in the patho-
genesis of NASH and underlies the hepatocyte injury and 
fibrosis progression in all disease stages. The oral admin-
istration of anti-CD3 monoclonal antibody (mAb) is a 
method developed for systemic immune modulation by 
the induction of regulatory T cells (Tregs) [2]. In the pre-
sent review, we summarize the preclinical and clinical 
data which support the concept of oral administration 

of anti-CD3 mAb as a novel immunomodulatory treat-
ment for NASH and type 2 diabetes (T2D).

The role of the immune system in the pathophysiology 
of NASH

NAFLD, the most common form of chronic liver disease, 
encompasses a histological spectrum ranging from simple 
steatosis to NASH [3]. NASH is characterized by lobular 
inflammation and hepatocellular ballooning, and it may 
be associated with liver fibrosis, thus leading to cirrhosis 
and its complications, as well as to liver malignancy [4]. 
NASH is likely to become the most common indication 
for liver transplantation during the next decade [3]. Weight 
reduction of 10% by dietary restriction and regular exercise 
are sufficient to reverse NASH, but are difficult to 
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maintain [1]. Thus, NASH is currently a major therapeutic 
challenge. Several drugs are currently being developed to 
treat this disorder, targeting different disease-related path-
ways [1,4,5]. The modulation of nuclear transcription 
factors, targeting lipotoxicity and oxidative stress, the 
modulation of cellular energy homeostasis and metabolism 
and the inflammatory response are potential therapeutic 
targets being explored [3].

In NASH, a combination of environmental factors, host 
genetics and gut microbiota are associated with the accu-
mulation of lipids in the liver, thus resulting in lipotoxicity, 
which triggers hepatocyte cell death, liver inflammation, 
fibrosis and pathological angiogenesis. NASH can progress 
further to liver cirrhosis and eventually to hepatocellular 
carcinoma [6]. The immune system in NASH is being 
recognized increasingly to contribute to the pathogenic 
mechanisms of NASH and as a potential therapeutic target 
[7]. The low-grade inflammatory state present in obesity 
promotes the progression of NAFLD to NASH. Augmented 
hepatic steatosis is accompanied by aberrant intrahepatic 
inflammation and exacerbated hepatocellular injury [8]. 
Lipotoxicity and the associated chronic inflammation 
associated with metabolic dysregulation or ‘metaflamma-
tion’ follow the chronic metabolic stress that occurs during 
prolonged nutrient excess or obesity [9]. The lipid influx 
can exceed the adipose tissue storage capacity and result 
in the accumulation of deleterious lipid species in the 
liver and muscle [9]. These lipids and the associated gen-
eration of signalling intermediates interfere with immune 
regulation, thus leading to a vicious cycle of immune-
metabolic dysregulation.

The immune system participates in this process, and 
disturbances in the cells constituting both the innate and 
adaptive immune systems in the liver, pancreas, muscle 
and adipose tissue are observed in NASH. The infiltration 
of different subsets of innate and adaptive immune cells, 
such as monocytes, T lymphocytes and neutrophils to the 
liver and in-situ activation of Kupffer cells and stellate 
cells, which underlie the progression of liver damage [8]. 
The involvement of adaptive immunity in adipose tissue 
inflammation has been shown in obesity and NASH [8,10]. 
In the initial phase, the fat-resident macrophages secrete 
chemokines, which recruit CD4+/CD8+ T lymphocytes and 
natural killer (NK) T cells to the adipose tissue which, in 
turn, enhance macrophage activation and proinflammatory 
mediator release [11]. Both macrophages and lymphocytes 
represent the most frequent inflammatory infiltrates of 
NASH liver [12]. In NASH liver biopsy sections, the portal 
tract infiltrates are dominated by CD8(+) lymphocytes [13]. 
Hepatic T helper type 17 (Th17) cell infiltration is found 
in NASH [14]. Also, interleukin (IL)-17 secretion exacer-
bates hepatic steatosis and inflammation, whereas IL-17 

neutralization attenuates lipopolysaccharide (LPS)-induced 
liver injury. IL-17A−/− mice were resistant to the develop-
ment of NASH [15,16]. B cells play a role in NASH 
pathogenesis via T cell activation and proinflammatory 
cytokine secretion [17]. An imbalance of Th17/Treg cells is 
involved in the progression of NAFLD [18,19]. Both NK 
and NK T cells participate in the immune cascade leading 
to NASH [20]. Tregs play a critical role in  regulating inflam-
matory processes in NASH [21]. Compared with healthy 
controls, a lower frequency of Tregs and higher frequencies 
of interferon (IFN)-γ+ and IL-4+ cells were detected among 
CD4+ T cells of peripheral blood in NASH [16].

Gut-derived endotoxins and oxidative stress activate 
innate-dependent immune pathways [22]. Activation of 
the innate immune system and increased release of pro-
inflammatory cytokines and other mediators play a role 
in various stages of disease progression. Inflammatory 
mediators, including those that are derived from adipose 
tissue and the liver, are involved in the cascade of inflam-
mation, fibrosis and eventually tumorigenesis [7]. A 
cytokine imbalance is associated with Th17 differentiation, 
fibrogenesis and steatohepatitis [19].

Consequently, paths at the intersection of lipid metabo-
lism and immune function are potential therapeutic targets 
for NASH [23‒25]. Strategies to enhance the resolution 
of inflammation show promise to reverse both the early 
and advanced stages of fibrosis in liver disease 3.

Immune modulation using anti-CD3 monoclonal 
antibodies

T cells recognize antigens through the T cell receptor 
(TCR), which is associated with the CD3 molecule [26]. 
The CD3/TCR complex is present on the surfaces of all 
T cells and is involved in antigen recognition and signal 
transduction. Whereas TCR chains are subject to gene 
rearrangement and are variable, CD3 chains are invariable 
and are not antigen-specific [27]. The first murine anti-
CD3 mAb [immunoglobulin (Ig)G2a] was approved in 
1985 (Muromonab, OKT3, Ortho Kung T3; Orthoclone®) 
and was used to treat allograft rejection in kidney trans-
plantation, on the basis of its potent immunosuppressive 
effects via the depletion of T cells [28,29].

The induction of tolerance by the enteral administration 
of anti-CD3 mAb, termed oral tolerance, which in contrast 
to immunosuppression is an active state defined as the 
absence of a pathogenic immune response despite the 
concomitant presence of autoantigens [30,31]. This type 
of antigen-directed tolerance remains intact for long peri-
ods after treatment withdrawal. In mice prone to devel-
oping autoimmune diabetes, pancreatic islet β cell tolerance 
has been induced through this method [32]. The mechanism 
has been shown to be associated with the generation of 
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Tregs [33]. Parenteral OKT3 has been administered in 
clinical trials to patients with multiple sclerosis (MS), 
inflammatory bowel disease (IBD) and rheumatoid arthritis 
(RA) [28,34‒41].

However, murine anti-CD3 mAb is associated with 
toxicity, thus significantly limiting its clinical use. Adverse 
reactions occurring during the first 24 h of anti-CD3 
infusion are referred to as infusion-related reactions (IRRs). 
IRRs also include acute hypersensitivity reactions such as 
anaphylactic reactions. Murine anti-CD3 mAb stimulates 
an extensive release of cytokines within the initial hours 
after the first administration. When these reactions are 
associated with a significant release of cytokines, the con-
stellation of signs and symptoms is referred to as cytokine 
release syndrome (CRS), which is the main mechanism 
of anti-CD3 mAb toxicity [30,31,42,43]. CRS occurs after 
the first dose of antibody infusion and correlates with 
the capacity of the Fc of the anti-CD3 mAbs to bind to 
Fc gamma receptors (FcγRs) on leucocytes or complement 
(C1q) [44,45]. This cascade causes the release of proin-
flammatory cytokines, including tumour necrosis factor 
(TNF)-α and IFN-γ, into the circulation [46‒48]. CRS is 
amplified by the capacity of the Fc portion of anti-CD3 
mAb to interact with Fc receptors present on the surfaces 
of other white blood cells, such monocytes, macrophages, 
NK cells and B cells. Furthermore, the efficacy of the 
repeated administration of murine anti-CD3 mAb is 
decreased as a result of neutralizing antibodies produced 
against the rodent portion of the mAb [49,50].

Humanized forms of several CD3 antibodies were used 
in several trials, including teplizumab (huOKT3γ1) [51‒53], 
otelixizumab [54,55] (aglycosylated rat YTH12.5) and 
visilizumab [36,38] (HuM291). Modifications in the Fc 
region of anti-CD3 mAb have been made to decrease T 
cell activation and cytokine release and to improve the 
antibody tolerability. These modifications are associated 
with the induction of regulatory cells, production of IL-10 
or transforming growth factor (TGF)-β and partial exhaus-
tion of T cells [56‒59]. A tolerable intravenous dose of 
teplizumab, an anti-CD3 mAb that is mutated to decrease 
Fc receptor binding, has been found to decrease C-peptide 
loss in T1D 2  years after diagnosis [60]. This treatment 
induces partial CD8 T cell exhaustion, decreases the 
expression of genes associated with immune activation 
and increases the expression of genes associated with T 
cell differentiation and regulation [51,58]. Short-term anti-
CD3 using the humanized antibodies Teplizumab and 
Otelixizumab has been shown to mitigate the long-term 
deterioration in insulin production and to improve the 
metabolic control, thus decreasing the need for exogenous 
insulin by preserving β cell function in subjects with 
autoimmune type 1 diabetes (T1D) [34,39,41,50]. However, 

these adjustments do not eliminate the need for intrave-
nous administration and the potential for cell 
activation.

Oral administration of anti-CD3 monoclonal antibody 
as a potent immunomodulatory agent: preclinical and 
clinical studies

Whereas intravenous administration of anti-CD3 acts via 
transient depletion of the activated effector T cells, oral 
anti-CD3 mAbs act by the induction of Tregs, thus causing 
the immunomodulation of the CD3/TCR complex and 
decreasing common unwanted adverse effects associated 
with parenteral administration, such as CRS [61]. Oral 
anti-CD3 mAb, unlike its intravenous counterparts, affects 
the gut immune system and mesenteric lymph nodes 
(MLNs), thus promoting Treg activity without inducing 
generalized immunosuppression [62]. This mode of therapy 
uses the gut immune system and underlying lamina pro-
pria for the generation of immune signals, thereby inducing 
a favourable systemic immune response [23,24].

The induction of regulatory cells has been described 
following oral administration of anti-CD3 mAb in mice 
and in humanized mice, following migration of the anti-
bodies to the gut wall [63]. The oral administration of 
anti-CD3 mAb in experimental autoimmune encephalitis, 
a model of multiple sclerosis, induces CD4+CD25– latency-
associated peptide (LAP)+ T cells that exhibit regulatory 
properties [64,65]. Similarly, oral anti-CD3 mAb suppresses 
low-dose streptozotocin-induced and non-obese diabetic 
(NOD) diabetes models of T1D through the induction 
of IL-10-secreting CD4+CD25–LAP+ regulatory cells, thus 
decreasing T cell proliferation and IFN-γ and IL-17 pro-
duction and increasing TGF-β production [66‒68]. Oral 
anti-CD3 is beneficial in animal models of colitis [69] 
and atherosclerosis [70].

Orally and intranasally administered anti-CD3 have 
been found to suppress autoantibody production in a 
mouse lupus model [71,72]. An increased release of IL-10 
in the serum has been demonstrated and suggested to 
account for the protective effects of systemically admin-
istered anti-CD3 mAbs [59,73].

In humans, in a healthy volunteer clinical trial, differ-
ent dosages of the murine anti-CD3 mAb OKT3 were 
orally administered daily for 5 days. Treatment was well 
tolerated without any adverse reactions. There were no 
changes in the CD3 lymphocyte count and no human 
anti-mouse antibodies detected 30 days post-oral treat-
ment, thus suggesting that the orally administered anti-
CD3 mAb was not absorbed systemically. The biological 
activity has also been documented. Oral OKT3 increased 
immunophenotypical markers for regulatory T cells such 
as CD25hi, forkhead box protein 3 (FoxP3) and cytotoxic 
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T lymphocyte antigen (CTLA)-4 and up-regulated the 
anti-inflammatory CD4+CD25+ and CD8+CD25+ T lym-
phocyte subsets [74]. Oral OKT3 suppressed Th1 and 
Th17 responses, increased TGF-β/IL-10 expression and 
decreased IL-23/IL-6 expression by dendritic cells, and 
affected the IgG repertoire as measured by antigen arrays.

In a blind placebo-controlled clinical trial, the mouse 
anti-CD3 mAb OKT3 was orally administered daily for 
30 days to patients with chronic hepatitis C virus (HCV) 
who were non-responders to IFN and ribavirin. OKT3 
was found to be safe and well tolerated. A decreased 
viral load in all treatment groups and a decrease in liver 
enzyme levels in the low- and high-dose groups along 
with increases in the Treg levels was shown [75].

Together, results from these preclinical and clinical 
studies indicate that orally administered anti-CD3 mAb 
is a new method for treating autoimmune and inflam-
matory diseases with promising effects on efficacy and 
few treatment-related adverse events. The oral administra-
tion of anti-CD3 mAb overcomes many of the obstacles 
encountered with parenteral use. Orally administered anti-
CD3 is not absorbed systemically and its mode of action 
is primarily through activating mucosal immunity. It is 
a novel method for the induction of tolerance without 
causing detectable side effects such as CRS, immunogenic-
ity or generalized immunosuppression.

Immunotherapy for NASH by oral administration of 
anti-CD3

During the process of liver damage, tissue repair pathways 
are activated to restore tissue and metabolic homeostasis 
[23]. Inflammatory response induces hepatocyte damage 
and can generate irreversible liver damage, fibrosis and 
carcinogenesis. Inflammatory genes are over-expressed in 
NASH. Increased expression of genes that regulate inflam-
mation in patients with NAFLD and NASH have been 
noted in the subcutaneous adipose tissue (SAT), visceral 
adipose tissue (VAT) and phenotypes of adipose tissue 
macrophages (ATMs) in obese patients [76]. Liver injury 
is associated with the secretion of proinflammatory factors 
by Kupffer cells, NK T cells [77], hepatic stellate cells, 
sinusoidal endothelial cells, dendritic cells (DC), NK cells, 
monocytes and lymphocytes, which develop in response 
to injury or damage to the liver [23]. Cytokines, 
chemokines, lipid messengers and reactive oxygen species 
promote the apoptotic or necrotic demise of hepatocytes 
[78]. A cycle of inflammation and cell death is generated 
by dying hepatocytes, releasing damage-associated molecu-
lar patterns (DAMPs) that bind to evolutionarily conserved 
pattern recognition receptors (PAMPs) to activate cells 
of the innate immune system and stimulate the inflam-
matory process [78]. Because the immune system plays 

a role in the pathogenesis of NASH, various treatments 
are being developed to target directly or indirectly the 
relevant inflammatory pathways [23,79].

Because the immune system plays a role in the patho-
genesis of NASH, oral anti-CD3 mAb has been tested in 
preclinical and clinical trials of NASH and T2D. In the 
leptin-deficient model of fatty liver and insulin resistance, 
oral anti-CD3 mAb induces LAP+ Tregs and NK T cell-
dependent immunoregulation [80]. The treatment decreases 
pancreatic hyperplasia, hepatic fat accumulation and muscle 
inflammation and is associated with the upregulation of 
TGF-β and IL-10 [80].

The oral administration of murine OKT3 mAb has been 
tested in a blind placebo-controlled dose-dependent clini-
cal trial in patients with biopsy-proven NASH and T2DM. 
The drug was well tolerated without any treatment-related 
adverse reactions [81]. No suppression of CD3+ lympho-
cytes was found. OKT3 induced Tregs with increases in 
the CD4+CD25+FoxP3+ population at day 14 in the treat-
ment groups as well as increased TGF- β secretion. An 
increase in CD4+LAP+ and CD4+CD25+LAP+ lymphocytes 
was observed. OKT3 decreased AST levels in all treatment 
groups. A decrease in the fasting plasma glucose levels 
was observed in all groups, whereas the oral glucose tol-
erance test was improved in the high-dose group. Serum 
anti-CD3 OKT3 levels were not detectable. Human anti-
mouse antibodies were detected in the circulatory system 
in only the high-dose group.

The preclinical and clinical data demonstrate that oral 
administration of anti-CD3 mAbs has the potential to 
suppress the inflammatory process in NASH and T2d via 
the promotion of Tregs and secretion of anti-inflammatory 
cytokines, without immunosuppression. The data support 
its use as a method for immunomodulation to alleviate 
the liver damage associated with NASH. The lack of sig-
nificant absorption suggests that the activity of oral anti-
CD3 mAb is restricted to its interactions with gut-resident 
T cells.

Foralumab

Foralumab (TZLS-0401; known formerly as NI-0401) is 
a fully human monoclonal antibody that binds to the 
epsilon (ε) chain of the CD3/TCR complex present at 
the surface of all peripheral T cells. An amino acid sequence 
for both heavy and light chains has been identified from 
the translation of the nucleotide sequence to encode 
foralumab. It is composed of two heavy chains with an 
IgG1 constant region and two light chains with a kappa 
constant region. The heavy chain constant regions are 
mutated at two amino acid positions, 234 and 235 [61,82].

When bound to its target, foralumab triggers calcium 
flux and modulates the CD3/TCR complex, thus causing 
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its transient removal from the cell surface. The combina-
tion of the two point mutations introduced into the Fc 
portion of foralumab results in the abrogation of the 
binding to FcγRs and Clq and consequently eliminates 
T cell proliferation and the release of cytokines, including 
TNF-α and IFN-γ, in vitro. It does not cross-react with 
CD3 molecules expressed by T cells of other species. After 
a single intravenous injection, foralumab modulates human 
CD3 epsilon expression in a dose-dependent manner, and 
more than 80% of the cell surface protein is removed 
within 24 h. This treatment leads to an 80% decrease in 
the number of circulating T cells when it is administered 
at a saturating dose.

Two clinical trials using parenteral foralumab have been 
conducted: a Phase I/IIa randomized, double-blind, pla-
cebo-controlled and dose-escalation study in subjects with 
moderate to severe active Crohn’s disease (CD) and an 
open-label, dose-titration, multi-centre study for the treat-
ment of biopsy-proven, acute cellular renal allograft rejec-
tion. Sixty-four subjects with active Crohn’s disease and 
11 subjects with acute cellular renal allograft rejection 
were treated in these studies. These studies have shown 
that the short-term safety profile of foralumab is similar 
to that reported with the parenteral use of other anti-CD3 
antibodies. The most common adverse events were IRRs 
and CRS. In most cases, these symptoms were mild (66%) 
and were reported after the first two infusions. The number 
of affected patients and severity of symptoms tended to 
increase with the increasing dose level. Patients who 
received premedication with steroids had mild or no IRRs, 
and CRS was also decreased. No anti-drug antibodies were 
detected, as the antibody is fully humanized 
(unpublished).

Oral OKT3, a mAb specific for human CD3, had 
equivalent effects in transgenic NOD mice expressing the 
human CD3 epsilon chain, thus serving as a preclinical 
model for testing human CD3-specific mAb [68]. Decreased 
proliferation of splenocytes from mice fed with anti-CD3 
mAbs has been reported and found to be similar to the 
findings in humanized mice.

A humanized mouse model [NOD/severe combined 
immunodeficient (SCID) IL-2γc–/–] reconstituted with 
human haematopoietic stem cells has been developed to 
study and identify mechanisms of action relevant to human 
diseases to treat autoimmune and inflammatory diseases 
for patients being treated with mAb and immune modu-
lators [73,83,84].

This humanized mouse model has been used to evalu-
ate the efficacy of the oral administration of foralumab 
in allograft survival and its impact on human T cells in 
vivo [82]. Foralumab was well tolerated and superior in 
preventing xenogeneic skin graft rejection compared with 

control human IgG. Foralumab passes intact through the 
stomach and small bowel. The therapeutic effect was not 
due to systemic T cell depletion, and no overt changes 
in the phenotype of T cells were found. Foralumab 
decreased the proliferative responses of CD8+ cells, 
increased serum IL-10 levels and decreased the release 
of TNF-α. Additionally, a dose dependency was shown; 
a modest increase in CD4+LAP+ T cells has been reported. 
At the highest dose, evidence of cell activation and signs 
of cytokine release was found; however, this dose is 10-fold 
higher than the intravenous dose of teplizumab [83,87]. 
Only a minor amount of foralumab is absorbed systemi-
cally, and the serum levels of foralumab have been found 
to vary among mice, thus reflecting the ‘leakiness’ of the 
gut in the NOD background and some degree of graft-
versus-host response in this model. The median level 
observed was approximately sixfold lower than the peak 
levels of teplizumab in children and adults with T1D 
administered with the drug intravenously [41]. Previous 
preclinical and clinical studies of orally administered anti-
CD3 mAb have indicated that the drug is not absorbed 
systemically and induces tolerance through the promotion 
of Tregs [64,74,80,85‒88]. In these animal studies biological 
activity of orally administered foralumab was comparable 
to or better than orally administered OKT3. The data 
suggest that orally administered foralumab may modulate 
the systemic immune responses of T cells via targeting 
the TCR of T lymphocytes in the gut, thus providing 
therapeutic benefits in treating autoimmune diseases with-
out the occurrence of potential adverse events.

Figure 1 shows the proposed mechanism of action for 
the oral administration of foralumab in patients with 
NASH and T2D. The current understanding of the require-
ments for drugs being developed for NASH is that they 
must be suitable for long-term treatment, and thus have 
a high safety profile. These compounds must be able to 
be combined with other drugs, which act on different 
disease-associated pathways, enabling combination therapy. 
Preferably, drugs for NASH should have the ability to 
target all stages of disease, and to alleviate some of the 
concomitant disorders such as diabetes.

Oral immunotherapy using anti-CD3 mAb has been 
shown to target systemic inflammation, with promising 
clinical results and without systemic immunosuppression 
[75,81]. The gut-immune system is targeted by this mode 
of therapy, thereby generating gut associated immune 
signals that then affect the systemic immune response. 
This systemic response may affect both the fibrotic and 
inflammatory mechanisms associated with chronic liver 
diseases [23,24,79].

Currently, two clinical trials using the oral administra-
tion of foralumab are being considered. The objective of 
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the first study is to determine the safety and efficacy of 
foralumab in patients with NASH and T2DM 
(NCT03291249). The second study aims to evaluate its 
safety and efficacy in patients with primary biliary chol-
angitis (PBC) or primary sclerosing cholangitis (PSC).

In summary, chronic inflammation underlies the patho-
genesis of various stages of NASH and the development 
of cirrhosis and tumorigenesis. Preclinical and clinical 
data from the oral administration of anti-CD3 mAb sup-
port the notion that foralumab may address the require-
ments of therapies for NASH, owing to its relatively high 
safety profile, its potential for targeting all stages of disease 
and its ability to be combined with other drugs for NASH. 
The data from the upcoming clinical trials using foralumab 
in NASH and T2D should shed light on the potential of 
this treatment.
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