
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Ildiko Rita Dunay,
University Hospital Magdeburg, Germany

REVIEWED BY

Ahmet Eken,
Erciyes University, Türkiye
Chih-Yuan Ko,
The Second Affiliated Hospital of Fujian
Medical University, China

*CORRESPONDENCE

Yu-Cheng Ho

r96443003@ntu.edu.tw

Ming Tatt Lee

mingtatt7286@outlook.com

†These authors have contributed
equally to this work

SPECIALTY SECTION

This article was submitted to
Cytokines and Soluble
Mediators in Immunity,
a section of the journal
Frontiers in Immunology

RECEIVED 20 September 2022

ACCEPTED 13 January 2023
PUBLISHED 22 February 2023

CITATION

Lai JY, Ho JX, Kow ASF, Liang G, Tham CL,
Ho Y-C and Lee MT (2023) Interferon
therapy and its association with depressive
disorders – A review.
Front. Immunol. 14:1048592.
doi: 10.3389/fimmu.2023.1048592

COPYRIGHT

© 2023 Lai, Ho, Kow, Liang, Tham, Ho and
Lee. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Review

PUBLISHED 22 February 2023

DOI 10.3389/fimmu.2023.1048592
Interferon therapy and its
association with depressive
disorders – A review

Jing Yung Lai1†, Jian Xiang Ho1†, Audrey Siew Foong Kow1†,
Gengfan Liang1, Chau Ling Tham2, Yu-Cheng Ho3*

and Ming Tatt Lee1*

1Faculty of Pharmaceutical Sciences, UCSI University, Kuala Lumpur, Malaysia, 2Department of
Biomedical Sciences, Faculty of Medicine and Health Sciences, Universiti Putra Malaysia, Serdang,
Selangor, Malaysia, 3School of Medicine, College of Medicine, I-Shou University, Kaohsiung City, Taiwan
Interferons (IFNs) are important in controlling the innate immune response to viral

infections. Besides that, studies have found that IFNs also have antimicrobial,

antiproliferative/antitumor and immunomodulatory effects. IFNs are divided into

Type I, II and III. Type I IFNs, in particular IFN-a, is an approved treatment for

hepatitis C. However, patients developed neuropsychological disorders during

treatment. IFN-a induces proinflammatory cytokines, indoleamine 2,3-

dioxygenase (IDO), oxidative and nitrative stress that intensifies the body’s

inflammatory response in the treatment of chronic inflammatory disease. The

severity of the immune response is related to behavioral changes in both animal

models and humans. Reactive oxygen species (ROS) is important for synaptic

plasticity and long-term potentiation (LTP) in the hippocampus. However, excess

ROS will generate highly reactive free radicals which may lead to neuronal damage

and neurodegeneration. The limbic system regulates memory and emotional

response, damage of neurons in this region is correlated with mood disorders.

Due to the drawbacks of the treatment, often patients will not complete the

treatment sessions, and this affects their recovery process. However, with proper

management, this could be avoided. This review briefly describes the different

types of IFNs and its pharmacological and clinical usages and a focus on IFN-a and

its implications on depression.

KEYWORDS

depression, neuroinflamamation, interferons, adverse (side) effects, hippocampus,
HPA axis
1 Introduction

Neuroinflammation in the central nervous system has been suggested to play a role in the

pathophysiology of depression and anxiety (1–3). Interferons (IFN), a family of

proinflammatory cytokines, are used in the treatment of a variety of autoimmune (e.g.

multiple sclerosis), viral (e.g. chronic hepatitis B and C), and malignant (e.g. malignant

melanoma, hairy cell leukemia) disorders. However, mood disorders such as depression and
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anxiety are notably the serious adverse effects that are associated with

IFN therapy (4). Chronic administration of interferons impacts the

neuronal function of hippocampal tissue, in which the hippocampal

neurogenesis significantly declined in patients treated with

interferon-a (5). It is believed that hyperfunctional hypothalamic-

pituitary-adrenal (HPA) axis, at least in part, contributes to the

depressive and anxiety emotions-associated with interferon

treatment (6, 7). Suicidal thought and actual suicidal cases were

reported to be associated with interferon administration in patients

(8). In this review, evidences of IFN-a-induced depression were

presented together with its possible mechanisms; with a brief

introduction on the different types of interferons and their use

as pharmacotherapies.
2 Classifications of interferon

2.1 Type I interferons

Type I IFNs comprised of multiple subtypes of IFN-a, a single

IFN-b and the less characterized IFN-d, -ϵ, -k, -z, -t, and -w (9). Both

type I and type III IFNs activate the same antiviral pathways but

through different receptors (10). Type I IFNs will bind to the

heterodimeric receptor complex IFNAR1 and IFNAR2 and activate

the receptor-associated tyrosine kinases tyrosine kinase 2 (TYK2) and

Janus kinase (JAK) 1 (9). IFNAR1 will bind specifically to TYK2 while

IFNAR2 will bind to JAK1 of the JAK family (11). This will then

phosphorylate STAT1 and STAT2 forming a trimeric complex known

as IFN-stimulated gene factor 3 (ISGF3) which will enter the nucleus

and bind to IFN-stimulated response elements (ISREs) promoting the

transcription of hundreds of IFN-stimulated genes (9). ISGF3 is a

complex of phosphorylated STAT1, STAT2 and unphosphorylated

interferon regulatory factor 9 (IRF-9). All seven STAT family

members can be activated by type I IFNs in different cell types.

This causes the formation of many hetero- and homodimer pairs and

complexes with other transcription factors (11). As for Type III IFNs,

they will bind onto IFNLR1 and IL-10R2. Upon binding, the TYK2

will be activated, ISGF3 formed and ISG expressed just like in type I

IFNs activation pathway (9).

Type I IFN are rapidly induced and act against viral infection at

any stage of the virus life cycle. The antiviral activity occurs in an

autocrine and paracrine manner in surrounding cells by inducing the

transcription of genes involved in apoptosis, anti-growth, and innate

and adaptive immune cell activation (12). Type I IFN induce several

anti-viral genes such as the protein kinase R (PKR), adenosine

deaminase acting on RNA (ADAR), 2’,5’-oligoadenylate synthetase

(OAS), cellular ribonuclease (RNase) L and Mx proteins among

others. In a murine model for human cytomegalovirus infection –

murine cytomegalovirus (MCMV) clearance requires the activation of

natural killer (NK) cells to detect MCMV-infected cells by Ly49H

(NK receptor) whereby NK cells are activated by type I IFN through

inducing cytokines (12). Apart from inducing proteins with direct

antiviral effects, type I IFNs also regulate the innate and adaptive

immune systems. For instance, the function of NK cells is regulated by

type I IFNs whereby they induce the production of interleukin-15 (IL-

15) promoting the survival and proliferation of NK cells. Natural
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cytotoxicity triggering receptor 1 (NCR1) activates NK cells and

promotes cellular apoptosis in viral-infected, cancer cells and

inappropriately activated T cells. IFN-a could inhibit NCR1

expression, decreasing NK cells level and protect CD8+ and CD4+ T

cells from destruction by NK cells (13). IFN-a can directly activate

NK cells to produce IFN-g cytokine or indirectly control NK cell

function via STAT1 and 4 gene transcriptions. Type I IFNs can

activate dendritic cells (DC) too, by promoting the differentiation of

DC from monocyte precursors and are powerful activators of DC

function in vitro and in vivo. In vivo stimulation of DC with type I

IFN showed potent humoral and cellular immune responses to

protein antigens. DC can produce type I IFN under steady-state

conditions and upon viral stimulation. The produced type I IFN can

act in both autocrine and paracrine manner to stimulate DC (14).

Type I IFNs too were found to possibly induce differentiation of pDC

subsets into mature antigen presenting cells (APCs) (12). Type I IFN

also play a role in activating naive CD8+ T cells, survival of activated

CD4+ and CD8+ cells and development and proliferation of B cells

(12). Endogenous type I IFNs are also able to suppress immune

activity. In experimental autoimmune encephalomyelitis (EAE), high

levels of IFN-b and other type I IFNs are noted at sites of

inflammation. In addition, the expression of IFN-b in the central

nervous system inhibits EAE by reducing expression of chemokines,

production of proinflammatory cytokines and the antigen

presentation ability of myeloid cells (15).

On the flip side, type I IFNs may be detrimental to the host. In the

case of intracellular bacterial pathogen infection Listeria

monocytogenes (L. monocytogenes), type I IFNs will sensitize

macrophages and lymphocytes to cell death. Residing in the

macrophages, intestinal epithelial cells and hepatocytes, L.

monocytogenes causes the production of type I IFN which sensitize

infected splenocytes to L. monocytogenes-induced apoptosis. As a

result of splenocytes apoptosis, IFN-induction of proapoptotic gene

programs – PKR, death-receptor ligand TRAIL and Daxx will also be

activated (12). Similarly, during Mycobacterium tuberculosis (Mtb)

infection, expressions of both IFN-a and IFN-b are induced and high

levels of these IFN have shown to kill infected mice as they failed to

elicit proper Th1 responses as summarized by Perry et al. (12). Other

detrimental effects of type I IFNs include enhancing the pathogenesis

of autoimmune diseases such as systemic lupus erythematosus, type I

diabetes (12), Sjögren’s syndrome, neuromyelitis optica, rheumatoid

arthritis and psoriasis (15).

2.1.1 Pharmacotherapy applications of IFN-a
IFN-a2 treatment for hepatitis C (HCV) has been the main

therapy of choice to prevent the infection from further

deterioration (16). The introduction of pegylated IFN (PEG-IFN)

for chronic HCV infection has seen tremendous positive response.

There are two commercially available PEG-IFN that are widely used

clinically. They derived from IFN-a2a and IFN-a2b. With PEG-IFN

and ribavirin therapy, sustained virological response (SVR) rates have

risen to between 54% and 63% compared to less than 15% of

conventional IFN monotherapy (17). The SVR rates is the absence

of detectable HCV RNA in a patient’s blood 6 months after

completing the antiviral treatment (18). Rapid decline of HCV

RNA levels in IFN-a-treated patients was suggested to be caused by
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the inhibition of viral production by IFN as demonstrated by Rong

and Perelson’s viral dynamic model. As the viral load drops, the rate

of de novo infection also drops, and the level of infected cells could not

be maintained. This in turn led to a slow net loss of infected cells (18).

The use of IFN-a therapy on hepatitis B virus infection (HBV) is also

approved and it worked by modulating the immune system. A weak

direct anti-viral effect was also noted. Even though there was not

much difference between the efficacy of conventional IFN-a and

PEG-IFN-a2a therapy, the HBeAg seroconversion rate which

correlates with SVR was above 30% (16).

IFN-a has well known effect on tumor size reduction and halt

progression of tumors especially during G1 cancer phase. IFN-a
activates cyclin-dependent kinase inhibitor (CDKN)1A gene

transcription to either block G1 cancer phase or prolong time for

cell undergoing mitosis. IFN-a induced STAT1 gene transcription

increases tumor necrosis factor-alpha (TNF-a) proinflammatory

cytokine accompany with disruption of mitochondrial integrity and

release of Cytochrome C to initiate caspase-8 pathway in promoting

malignant cell apoptosis (19). IFN-a has indirect effects on cancer

cells such as angiogenesis inhibition and immune response. IFN-a
reduces vascular endothelial growth factor (VEGF) to prevent

migration and proliferation of endothelial cells leading to ischemic

necrosis on tumor micro-vessels (20).

Early treatment with IFN-a injections was found to reduce the

attack length and/or severity in patients with colchicine-resistant

familial Mediterranean fever (FMF). FMF is an autoinflammatory

disease. Patients suffer peritoneal, pleural, and synovial inflammation

attacks and gradual development of amyloidosis. Colchicine is the

only effective therapy to prevent FMF attacks. However, there are

about 10% of patients who do not respond to colchicine. IFN-a was

first noticed as a possible drug for prophylaxis of FMF by Tankurt

et al. (21) in a patient with uncontrolled FMF attacks on top of

hepatitis C infection and was receiving IFN-a treatment.

Subsequently Tunca et al. (22) also saw that in 7 FMF patients

treated with IFN-a, 18 out of 21 attacks were stopped within 3

hours (mean). It also attenuated pain intensity in these patients.

However, Tunca et al. in 2004 (23) also reported unfavorable response

of IFN-a on FMF and this could be due to the late administration of

the drug. Following that 2 more groups published supporting results

that favored the use of IFN-a as treatment for FMF (24).

2.1.2 Pharmacotherapy applications of IFN-b
IFN-b, is a polypeptide that is produced by fibroblasts and has

antiviral and antiproliferative activities (25). It has been used to treat

multiple sclerosis (MS) due to its immunomodulatory property (26).

MS is a neurodegenerative disease that is progressive, and it is

associated with demyelination of nerves (26). IFN-b reduces

autoimmune destruction of myelin sheath in MS by retaining the

integrity of the blood-brain-barrier (BBB). IFN-b reduces antigen

presentation and T-cell proliferation (27). It also changes the

expression of cytokine (suppressed TH1 proinflammatory cytokines;

promote TH2 anti- inflammatory cytokine) and matr ix

metalloproteinase (MMP) expression restoring suppressor function

(25). IFN-b therapy has two different formulations that mimic IFN-b
action exogenously. IFN-b1a is naturally occurring amino acids

extracted from Chinese Hamster Ovary cells which is glycosylated.
Frontiers in Immunology 03
IFN-b1b is produced by prokaryotic gene expression by deleting N-

terminal methionine and substituting serine with cysteine residue at

position 17 which is not glycosylated. IFN-b1a is usually preferred

over IFN-b1b because it has a higher potency in antiviral activity and

glycosylation reduced immunogenicity. Both have different routes of

administration - IFN-b1a is given in intramuscular injection due to

immunogenicity, meanwhile IFN-b1b is administered subcutaneously

due to higher low immunogenicity (25). When administered together

with natalizumab, a recombinant monoclonal antibody to an integrin,

the rate of MS progression was greatly reduced. A reduction by 50% in

the rate of MS relapses was achievable in IFN-b and natalizumab

combined treatment compared to that observed in IFN-b only

treatment (26). IFN-b encourages maturation of dendritic cells only

when it is insufficient but interrupts maturation process of dendritic

cell in overload situation. Further investigation on the effects of IFN-b
treatment of MS found that IFN-b also prevented the migration

of dendritic cell from inflammatory regions to draining lymph

nodes for antigen presentation and activation of naive T cells.

This was demonstrated through the suppression of C-C chemokine

receptor-7 (CCR7) and matrix metalloproteinase (MMP)-9

through STAT1 signaling pathway (28). Early IFN-b-1a
subcutaneous therapy given three times weekly was found beneficial

in patients with relapsing-remitting MS over an 8-year period.

Patients given the higher dose of 44 mg IFN-b-1a recorded lower

Expanded Disability Status Scale progression, relapse rate and T2

burden of disease up to 8 years, while patients treated 2 years later

showed otherwise (29).

IFN-b therapy has been used as antiviral agents against human

immunodeficiency virus- 1 (HIV-1) encephalitis, Hepatitis B and C,

herpes, zoster, herpes simplex virus (HSV) and cytomegalovirus

infection (27). It is also used to treat rheumatoid arthritis (RA) and

this was attributed to its anti-inflammatory property in reducing key

proinflammatory cytokines of RA – interleukin-6 (IL-6) and TNF-a,
matrix metalloproteinases (MMPs) and prostaglandin E2. IFN-b’s
antiangiogenic property also enhances the therapeutic effect in RA

(30). IFN-b could also be used as a co-therapy agent with other

chemotherapeutics in chronic myelogenous leukemia, condyloma

acuminate and melanomas attributed to its antitumor activity as

shown in in vitro studies (31). IFN-bmay be used to treat Ebola virus

patients as it was shown effective in inhibiting Ebola virus in vitro by

McCarthy et al. (32) and in monkeys by Smith et al. (33). McCarthy

et al. (32) found that both IFN-a and -b were able to inhibit Ebola

virus replication 24 hour (h) post-infection with IC50 of 0.038 mM and

0.016 mM respectively. The inhibition was augmented when IFN-b
was administered together with lamivudine (97.3% inhibition); and

the triple combination of IFN-b, lamivudine and zidovudine also

showed high inhibition of the virus at 95.8% (32). Early postexposure

IFN-b treatment increased survival time of Ebola virus- and Marburg

virus-infected rhesus macaques. Though the treatment did not

prevent mortality, Smith et al. (33) suggested that IFN-b therapy

could likely be used as an adjunct to other agents and this will

certainly require further studies.

IFN-b therapy is effective in both TH1-driven and TH17-driven

autoimmunity diseases such as EAE and relapsing remitting multiple

sclerosis (RRMS) as IFN-b blocks TH1 associated pathologies via the

inhibition of inflammatory interferon-gamma (IFN-g) and
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interleukin-12 (IL-12) (15). IFN-b also inhibits TH17 cells

differentiation. However, there are a subset of RRMS patients who

do not respond to IFN-b therapy, whereby the therapy induced gene

expression, exacerbating RRMS. Increased levels of both TH17 and

type I IFN were seen in the blood of these non-responders before the

start of treatment, suggesting that the pathology of RRMS was

initiated by TH17 cells. In these patients, IFN-b will not work as

endogenous IFN-b expression is already high (15). Therefore, IFN-b
therapy should be administered with caution. A compilation of the

clinical trials of IFN-a and -b and their results were presented in

Tables 1, 2.
2.2 Type II interferon

There is only one single member representing the Type II IFN

group which is IFN-g (9). IFN-g is secreted by NK cells and T cells i.e.,

not directly by virus-infected cells. Type II IFN will bind to its

respective receptors composed of IFNGR1 and IFNGR2 and signals

through JAK1 and JAK2 promoting the phosphorylation and

homodimerization of STAT1 leading to the expression of gamma

interferon activation site (GAS)-regulated genes as summarized by

Kim and Shin (9).

Besides playing a role in both innate and adaptive immune

response against pathogens and tumors, IFN-g, a pleotropic cytokine
is also important in maintaining immune homeostasis (46). IFN-gs are
able to activate macrophages as seen in many in vitro studies in the

early 1980s and this phenomenon enhances their ability to kill different

types of ingested microorganisms. For instance, exposure of cultured

mouse peritoneal cells with Leishmania tropica to IFN-g saw the killing

of the organism. Similarly, IFN-g also demonstrated cytocidal effect on

tumor cells and extracellular Schistosomula. The anti-microbial

activity of IFN-g was further confirmed with the availability of pure

IFN-g and specific antibodies. The bactericidal activity of macrophages

induced by IFN-g were reported in mouse macrophages against

Toxoplasma and in human monocyte-derived macrophages against

Chlamydia (47).

The anti-viral activity of IFN-g were evidenced in varicella zoster

virus infection. There was enhanced survival of neurons that were

infected with the virus after treatment as observed by Baird et al. (48)

as IFN-g inhibited the cytopathic effect and the virus’ DNA

accumulation, transcription, and production. The proliferation of

Hepatitis C virus in HIV+ patients were significantly halted by IFN-g
produced by NK cells in self-limited course of acute hepatitis C in

HIV+ patients (49). The spontaneous clearance of HCV infection

during the acute phase of hepatitis C was attributed to the robust IFN-

g-mediated inhibition of HCV replication by NK cells concluded

Kokordelis et al. (49).

IFN-g signaling also plays a role in T cell development where it

facilitates Th1 development via induction of T-bet expression and

suppression of GATA3 expression that drives Th2 differentiation. The

development of Th17 cells is inhibited by IFN-g as it inhibits the

cytokines that promote the cells development (46). IFN-g is involved
in immunomodulation activity often related to type I interferon. IFN-

g or TNF-a can stimulate cells to synthesize proteosome subunits
Frontiers in Immunology 04
LMP2, LMP7 and MECL-1 to replace delta, MB1 and Z subunits

where the catalytically active sites of the proteosome are found during

proteosome neosynthesis. Proteosome is required for providing

peptide ligands for the presentation on MHC class I molecules. The

replacement from delta, MB1 and Z subunits to LMP2, LMP7 and

MECL-1 subunits is believed to favor the production of peptide

ligands of MHC class I molecules for the stimulation of cytotoxic T

cells. This replacement also generated LMP2/LMP7/MECL-1-

dependent epitopes in inflammatory sites. Benefits of this

replacement include increased amount of class I MHC, increased

binding strength between class I MHC and peptide fragments from

pathogens, and increased epitopes diversity which allowed class I

MHC to bind to a wider range of proteasome-derived peptides. Thus,

higher levels of active class I MHC recognized by CD8+ T cell

increases immune surveillance on inflammatory site (50). IFN-g,
added during the differentiation of dendritic cells, switches the

differentiation pathway towards macrophages (47). Macrophage is

one of the key cells needed in presenting antigens to helper T cells

(51). The expression of MHC class II molecules can be augmented by

IFN-g as shown by Akbar et al. (52) in mice with subnormal

expression of MHC class II molecules and in cultured human

blood-derived dendritic cells by Rongcun et al. (53). The

involvement of IFN-g in enhancing the expression of MHC class II

molecules was also reported by Thelemann et al. (54) in their adoptive

transfer colitis model where IFN-g was noted as the main cytokine

that drove the MHC class II’s expression on intestinal epithelial cells

and CD4+ T cells were the main source of the cytokine. This induction

revealed the anti-inflammatory action of IFN-g as there was reduction
of colitogenic CD4+ T cells during chronic bacterial-driven colitis

offering protection against colitis (54). IFN-g is also needed in the

optimal production of IL-12), an important marker for dendritic cell

activation (47). IFN-g protected bone marrow macrophage (BMM)

from apoptosis as induced by the expression of p21Waf1 and stopped

cell cycle at the G1/S boundary (55). Long survival time of

macrophage allows prolonged stimulation of Th1 against

inflammation as well as phagocytize pathogenic substance and

repair tissue injury. Xaus et al. (55) observations also explained the

role of IFN-g in delayed hypersensitivity reaction.

2.2.1 Pharmacotherapy applications of IFN-g
IFN-g is one of the most important cytokines in innate and

adaptive immunity. Chronic granulomatous disease is an inherited

disorder of phagocyte dysfunction. IFNg-1b with similar biological

activity as natural human IFN-g can be given in various route of

administration in treating this disorder. Intravenous administration

has rapid drug clearance but reach peak plasma concentration in

shortest time. Intramuscular injection has longer half-life followed by

subcutaneous injection with increase of plasma concentration in more

steady manner. Drug elimination occurs mostly in the biliary route.

IFNg-1b parenteral treatment mimics endogenous IFN-g action in

enhancement of phagocytosis and restoration of phagocyte NADPH

oxidase system in patient with chronic granulomatous disease (56).

Other than chronic granulomatous disease, IFN-g immunotherapy is

often used to treat cancer, tuberculosis, cystic fibrosis, hepatitis,

osteoporosis, scleroderma, and invasive fungal infection. IFN-g and

interferon-inducible protein kinase (PKR) work hand in hand in the
frontiersin.org
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TABLE 1 Clinical trials of IFN-a and their results.

Identifier
Number
(Study
Date)

Clinical Trial Title Treatment Arms Study Results References

NCT02761629
(April 2005 –

May 2008)

Randomized, Multi-Center,
Phase IV, Comparative Study
to Assess the Efficacy of
Combined Peg-Interferon
Alpha-2a (40 kD) with
Ribavirin Combined Therapy
for 48 or 72 weeks of
Treatment and 24 weeks of
Follow-Up in Patients with
Chronic Hepatitis C,
Genotype 1, Co-Infected with
Human Immunodeficiency
Virus

Participants received 180
micrograms (mcg) of Peg-
IFN-Alpha-2A (once
weekly, subcutaneous
injection) and ribavirin
[1000 milligrams (mg) or
1200 mg] for 48 weeks

Participants received
180 micrograms
(mcg) of Peg-IFN-
Alpha-2A (once
weekly, subcutaneous
injection) and
ribavirin [1000
milligrams (mg) or
1200 mg] for 72
weeks

1. 36.5% of participants
experienced Sustained
Virologic Response
(SVR) with 72 weeks of
treatment.
2. 56.9% of subjects
have undetectable HCV
RNA with 72 weeks of
treatment.

(34)

NCT00491244
(June 2007 -
September
2013)

Pegylated Interferon Alfa-2a
Plus Low Dose Ribavirin
Versus Pegylated Interferon
Alfa-2a Alone for Treatment-
naive Hemodialysis Patients
with Chronic Hepatitis C

Participants received
pegylated interferon alfa-2a
135 ug/week plus ribavirin
200 mg/day for 24 to 48
weeks

Participants received
pegylated interferon
alfa-2a 135 ug/week
for 24 to 48 weeks

Significant difference (p
< 0.001) in SVR
between participants
receiving peginterferon
and ribavirin compared
to peginterferon only

(35)

NCT01095835
(February 2005
- January
2010)

A Multicenter, Randomized,
Controlled Study Comparing
the Efficacy and Safety of 48
weeks of 40 kD Branched
Pegylated Interferon Alfa-2a
(PEG-IFN, RO 25-8310)
Versus 96 Weeks of PEG-
IFN, Alone or in
Combination with 100 mg
Lamivudine for 48 Weeks in
Patients with HBeAg-
Negative Chronic Hepatitis B

Participants received 180
mcg PEG-IFN (once
weekly, subcutaneously) for
48 weeks

Participants received
180 mcg PEG-IFN
(once weekly,
subcutaneously) for
48 weeks, followed
by 135 mcg PEG-
IFN (once weekly
subcutaneously) for
another 48 weeks

Participants received
180 mcg PEG-IFN
(once weekly,
subcutaneously) for
48 weeks, followed
by 135 mcg PEG-
IFN (once weekly
subcutaneously) for
another 48 weeks
and Lamivudine
(100 mg, daily,
orally) from Week 0
to 48

1. 11.8% of participants
achieved combined
response at the end of
the follow-up period
with PEG-IFN alfa-2a
SC 180 mcg/week for
48 weeks
2. 25% of participants
achieved combined
response at the end of
the follow-up period
with PEG-IFN alfa-2a
SC 180 mcg/week for
48 weeks followed by
135 mcg/week from 49
to 96 weeks
3. 20% of participants
achieved combined
response at the end of
the follow-up period
with Lamivudine PO
100mg/week and PEG-
IFN alfa-2a for 48
weeks followed by
PEG-IFN alfa-2a SC
135 mcg/week from 49
to 96 weeks

(36)

NCT02263079
(June 16, 2014
– January 29,
2020)

A Phase IIIb, Randomized,
Open-Label Study of
Pegylated Interferon Alfa-2A
in Combination with
Lamivudine or Entecavir
Compared with Untreated
Control Patients in Children
with HBeAg Positive Chronic
Hepatitis B in the Immune-
Tolerant Phase

Participants received either
Entecavir (film-coated
tablet/oral solution, once
daily, 0.015 mg/kg) or
Lamivudine (film-coated
tablet/oral, once daily, 3
mg/kg) for 8 weeks
followed by peg-IFN-alfa-
2A (180 mcg/1.73m2 body
surface area, BSA)
combined with either
Entecavir or Lamivudine
for 48 weeks

Untreated Control
Participants
(observed up to 80
weeks)

Participants received
Peginterferon Alfa
2A (180 mcg/1.73m2

BSA, once weekly,
subcutaneously) for
48 weeks

3.8% of participants
show eradication of
HBsAg after 24 weeks
of treatment compared
to untreated control
participants

(37)

NCT00594880
(January 2008
– May 2011)

Antiviral Activity of Peg-
IFN-Alpha-2A in Chronic
HIV-1 Infection

Participants received 180
mcg Peg-IFN-Alpha-2A
(once weekly,
subcutaneous) for 24

Participants received
90 mcg Peg-IFN-
Alpha-2A (once
weekly,

1. Pegasys dose of 90
mcg/week has better
outcome in suppression
of HIV Viral Load than

(38)

(Continued)
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TABLE 1 Continued

Identifier
Number
(Study
Date)

Clinical Trial Title Treatment Arms Study Results References

weeks; 5 weeks with ART,
then 7 weeks without ART
and further 12 weeks
without ART

subcutaneous) for 24
weeks; 5 weeks with
ART, then 7 weeks
without ART and
further 12 weeks
without ART

180 mcg/week.
2. 12 weeks of 90mcg/
week Pegasys treatment
successfully reduced
HIV Viral Load below
400 copies/ml in 50%
of participants while 24
weeks of 90mcg/week
Pegasys treatment
successfully reduced
HIV Viral Load below
400 copies/mL in 80%
of participants.
3. 30% of participants
had HIV Viral Load
below 48 copies/ml in
12 weeks of 90mcg/
week Pegasys
treatment.

NCT00719264
(November 12,
2008 – April
15, 2013)

A Randomized, Open-Label,
Multicenter Phase II Study to
Compare Bevacizumab Plus
RAD001 Versus Interferon
Alfa-2a Plus Bevacizumab for
the First-line Treatment of
Patients with Metastatic
Clear Cell Carcinoma of the
Kidney

Participants received
RAD001 (Everolimus, oral,
10 mg qd) plus
Bevacizumab (10 mg/kg,
intravenous, every 2 weeks)

Participants received
interferon alfa-2a (3
million international
unit, MIU, week 1; 6
MIU, week 2; 9 MIU,
week 3 and
subsequently, 3
times/week) plus
Bevacizumab (10
mg/kg, intravenous,
every 2 weeks)

1. 9.3% of participants
with Bevacizumab and
Everolimus
combination shows
progression-free
survival
2. 10% of participants
with Interferon Alfa-2a
and Bevacizumab
combination shows
progression-free
survival
3. Combination of
anti-cancer drugs with
Interferon Alfa-2a have
better efficacy in
halting progression of
tumor.

(39)

NCT00525031
(August 2006
– June 2016)

Randomized Phase II
Neoadjuvant Study of
Temozolomide Alone or with
Pegylated Interferon-alpha 2b
in Patients with Resectable
American Joint Committee
on Cancer (AJCC) Stage
IIIB/IIIC or Stage IV (M1a)
Metastatic Melanoma

Participants received
Temozolomide (TMZ, 150
mg/m2 by mouth (once
daily for 7 days, followed
by 7 days off; alternating
weekly) for 8 weeks

Participants received
Temozolomide (150
mg/m2 by mouth
(once daily for 7
days, followed by 7
days off; alternating
weekly) for 8 weeks
plus pegylated
interferon alpha-2b
(0.5 mcg/kg,
subcutaneous
injection, once
weekly) for 8 weeks

1. 15.4% of participants
show positive clinical
response toward tumor
cell and 53.8% of
participants show
progression of tumor
growth with
Temozolomide (TMZ)
PO 150 mg/m2/day for
8 weeks alternately (7
days treatment
followed by 7 days off)
2. 29.2% of participants
show positive clinical
response toward tumor
cell and 45.8% of
participants show
progression of tumor
growth in combination
of TMZ with PEG-IFN
alfa-2b SC 0.5 mcg/kg/
week for 8 weeks.

(40)
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TABLE 2 Clinical trials of IFN-b and their results.

Identifier
Number
(Study
Date)

Clinical Trial Title Treatment Arms Study Results References

NCT00906399
(June 2009 –

October 2013)

A Multicenter,
Randomized, Double-
Blind, Parallel-Group,
Placebo-Controlled Study
to Evaluate the Efficacy
and Safety of PEGylated
Interferon Beta-1a
(BIIB017) in Subjects with
Relapsing Multiple
Sclerosis

Participants received
placebo (0.5 mL,
subcutaneous, self-
administered) every 2
weeks for 48 weeks
followed by 125 mg
peginterferon beta-1a
every 2 or 4 weeks for
48 weeks (subcutaneous,
self-administered)

Participants
received 125 mg
peginterferon
beta-1a
(subcutaneous,
self-
administered)
every 2 weeks for
96 weeks

Participants received
125 mg peginterferon
beta-1a (subcutaneous,
self-administered)
every 4 weeks for 96
weeks. Participants
also received placebo
injection 2 weeks after
each active injection

25.6% of Annualized Relapse
Rate with peginterferon beta-
1a SC 125mcg every 2 weeks
for 48 weeks compared to
39.7% of Annualized Relapse
Rate with placebo.

(41)

NCT01332019
(April 2011 –

October 2015)

A Dose-Frequency
Blinded, Multicenter,
Extension Study to
Determine the Long-Term
Safety and Efficacy of
PEGylated Interferon Beta-
1a (BIIB017) in Subjects
with Relapsing Multiple
Sclerosis

Participants received 125
mg peginterferon beta-1a
(subcutaneous) every 4
weeks for at least 2 years
to 4 years

Participants
received 125 mg
peginterferon
beta-1a
(subcutaneous)
every 2 weeks for
at least 2 years to
4 years

1. 14.2% of Annualized
Relapse Rate with
peginterferon beta-1a SC
125mcg every 2 weeks
superior to 18.9% of
Annualized Relapse Rate with
peginterferon beta-1a SC
125mcg every 4 weeks for at
least 2 years.
4.75% of participants
discontinued treatment due to
adverse event. 30.8% of
participants experienced high
ALT and 20.8% of participants
experienced high AST. 60.6%
of participants experienced
hyperglycemia. 70.8% of
participants have elevated
plasma protein.

(42)

NCT00883337
(April 2009 –

May 2015)

A Multi-center,
Randomized, Parallel-
group, Rater-blinded Study
Comparing the
Effectiveness and Safety of
Teriflunomide and
Interferon Beta-1a in
Patients with Relapsing
Multiple Sclerosis Plus a
Long-Term Extension
Period

Participants received 7
mg Teriflunomide (once
daily, oral, core
treatment period) and
14 mg Teriflunomide
(once daily, oral,
extended treatment)

Participants
received 14 mg
Teriflunomide
(once daily, oral,
core treatment
period) and 14
mg
Teriflunomide
(once daily, oral,
extended
treatment)

Participants received
ascending doses from
8.8 to 44 mcg
interferon b-1a (3
times/week,
subcutaneous, core
treatment period) and
14 mg Teriflunomide
(once daily, oral,
extended treatment)

1. 48.6% of participants had
successful treatment without
treatment discontinuation or
disease relapse and 41% of
Annualized Relapse Rate with
Teriflunomide 7 mg OD
followed by Teriflunomide 14
mg OD
2. 62.2% of participants had
successful treatment without
treatment discontinuation or
disease relapse and 25.9% of
Annualized Relapse Rate with
Teriflunomide 14 mg OD.
3. 57.7% of participants had
successful treatment without
treatment discontinuation or
disease relapse and 21.6% of
Annualized Relapse Rate with
Interferon Beta-1a 3 times a
week followed by
Teriflunomide 14 mg OD.

(43)

NCT00616434
(May 2008 –

March 2010)

A Multicenter,
Randomized, Double-
Blind, Placebo-Controlled
Study to Evaluate the
Safety, Tolerability, and
Efficacy of Avonex® in
Subjects with Moderate to
Severe Ulcerative Colitis

Participants received 30
mg interferon beta-1a
(twice weekly,
intramuscular) for 12
weeks

Participants
received placebo
(twice weekly,
intramuscular)
for 12 weeks

1. 53% of participants showed
clinical response with
Interferon beta-1a IM 30 mcg
twice weekly for 12 weeks
superior to 44% of
participants show clinical
response with placebo.
2. 52% of participants
experienced adverse event
from with Interferon beta-1a
treatment.

(44)
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autophagy of osteosarcoma cells as shown by Xu et al. (57). Xu et al.

(57) reported the molecular mechanisms of the anti-tumor effects

of IFN-g in osteosarcoma cells. They found that the cytokine

causes the accumulation of autophagosomes in osteosarcoma

cells and the conversion of autophagy marker light chain 3 (LC3)-I

to LC3-II accompanied by puncta formation together with

PKR. Owing to its immunomodulatory effects, IFN-g have

been used in treating immunodeficiency syndromes such as

hyperimmunoglobulinemia E (hyper-IgE). Hyper-IgE patients suffer

severe and recurrent Staphylococcus aureus infections and treatment

with recombinant IFN-g saw improvement in clinical symptoms of

disease (58).

IFN-g therapy has successfully reversed the damaging effects of

fibrosis by restoring the total lung capacity and partial pressure of lung

oxygen which also see the reduction of pro-inflammatory cytokines

(58). IFN-g in combination with conventional anti-microbials showed

better outcome in treating visceral or cutaneous leishmaniasis (58).

Badaro et al. (59) reported significant improvement in symptoms,

measures of anemia and leukopenia, weight gain, decrease in spleen size
Frontiers in Immunology 08
and absence or reduced leishmania in splenic aspirates in 14 patients

who underwent combination therapy of IFN-g and pentavalent

antimony. Aerosolized IFN-g was shown to be a potential and

effective prophylactic agent to treat multi-drug resistant tuberculosis

(TB) patients who do not respond to other treatments. The alveolar

macrophages of these patients showed higher activity and better effector

responses after three times weekly treatment for 2 months. Even though

reversion of sputum smears to positive was noted after therapy

termination, it could still be used to treat TB patients in this category

(58). Table 3 summarized the numerous clinical trials of IFN-g and

their results.
2.3 Type III interferons

IFN-l 1-4 belong to the Type III family (9). Even though Type I

and Type III IFN activate similar signaling pathways and induce

similar ISGs, they have different viral infection-induced expression

kinetics in vivo. Type I IFN are produced earlier than Type III IFNs,
TABLE 3 Clinical trials of IFN-g and their results.

Identifier
Number
(Study
Date)

Clinical Trial Title Treatment Arms Study Results References

The International Chronic
Granulomatous Disease
Cooperative Study Group:
Randomized double masking
clinical trials on IFNg-1b in
patients with chronic
granulomatous disease

Participants
received 50 mg/m2

of body surface
area of interferon
gamma
(subcutaneous,
thrice a week) for
up to a year

Participants
received 50 mg/
m2 of body
surface area of
placebo
(subcutaneous,
thrice a week) for
up to a year

77% of participants free from serious
infection with IFNg-1b SC three times a
week for one year compared to 30% of
participants free from serious infection
with placebo.

(60)

NCT00201123
(April 2005 –

August 2007)

Host Response to
Tuberculosis and Acquired
Immune Deficiency
Syndrome

Participants
received placebo
standard treatment
of isoniazid,
rifampin,
pyrazinamide anti-
tuberculous
therapy

Participants
received aerosol
interferon-
gamma plus
isoniazid,
rifampin and
pyrazinamide

Participants
received
subcutaneous
interferon-
gamma plus
isoniazid,
rifampin and
pyrazinamide

60% of TB patients have sputum
conversion with aerosol IFNg-1b
compared to 36% TB patients have
sputum conversion with standard anti-
tuberculosis medication.

(61)

NCT02584608
(January 1,
2016 –

November 12,
2019)

Phase 2a Study of Interferon
Gamma-1b for the
Treatment of Autosomal
Dominant Type 2
Osteopetrosis

Participants
received 50 mg/m2

ACTIMMUNE
(subcutaneous,
three times per
week) for 8 weeks

2.2% changes of beta-C-terminal
telopeptide (CTX) and 2.1% type I
collagen N-telopeptide (NTX) to
creatinine ratio with ACTIMMUNE
(IFNg-1b) 50 µg/m2 SC three times per
week for 8 weeks improves bone
resorption markers from baseline to 14
weeks.

(62)
TABLE 2 Continued

Identifier
Number
(Study
Date)

Clinical Trial Title Treatment Arms Study Results References

NCT00048347
(October 2002
– May 2010)

An Open-Label, Pilot
Study of Type I Interferon
(AVONEX) Treatment of
Ulcerative Colitis

Participants received 30
mg interferon-beta1a
every week for 12 weeks

63% of participants with at
least 3 points drop in the
Short Clinical Colitis Score
(SCCAI) with 30 mcg IM
weekly for 12 weeks.

(45)
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with its receptors expressed ubiquitously and trigger faster and

stronger ISG induction. Type I IFN also promote additional

expression of proinflammatory cytokines and chemokines leading

to immunopathology where excessive responses of Type I IFN are

unrestrained (9). Type III IFN bind to the heterodimeric receptor,

IFNLR which is made up of IFNLR1 and IL10Rb. They bind to

IFNLR1 with high affinity and recruits IL10Rb to form a signaling-

competent ternary complex (63). Type III IFN on the other hand are

produced later than Type I IFN, and with limited receptor expression

that are confined to the epithelial cells and a subset of myeloid lineage

leukocytes (9). Type III IFN also produce a less inflammatory and

localized response than Type I IFN (64). Type III IFN responses are

more restricted compared to Type I IFN. For example, mucosal

epithelial tissues and intestinal epithelial cells of mice, and the lung

epithelium to a certain extent respond to Type III IFN. Similarly, in

humans, the mucosal epithelial tissues and liver respond to this IFN

(65). Type III IFN are expressed in many primary human cell types of

hematopoietic lineage and the nonhematopoietic cells that expressed

these IFN are epithelial cells (65).

Type III IFN indirectly modulate T cell responses viaDCs as there

are limited number of IFNLR1 on T cells. Several groups found that

by adding IFN-l during peripheral blood mononuclear cell

stimulation or mixed lymphocyte reaction reduced the production

of Th2 cytokines while increasing the production of IFN-g (63).

Morrow et al. (66) showed that IFN-l3 reduces regulatory T-cell

populations, increase percentage of splenic CD8+ T cells in vaccinated

animals during DNA vaccination. They also reported that IFN-l3 as

an adjuvant to DNA vaccine conferred 100% protection from

mortality after a lethal influenza challenge (66). Researchers have

reported mix effects of IFN-ls on B cell and antibody responses. In

some instance, IFN-l1 increases TLR-mediated activation of human

B cells and IgG production while recombinant IFN-l was found to

inhibit IAV-stimulated Th2 cytokine release, B cell proliferation and

production of antiviral IgG (63). Type III IFN can act directly on

neutrophils which express IFN-lR1. Both interleukin-1 (IL-1) and

interleukin-17 (IL-17) and neutrophil recruitment were suppressed in

arthritis and other models of inflammation (65).

As an antiviral, Type III IFN successfully eliminated norovirus

even without the adaptive immune system especially in the

gastrointestinal tract (65). Though further studies are needed to

support these early findings, Type III IFN may play a role in the

vaginal epithelia during vaginal infection as reported by Ank et al.

(67). Toll-like receptor 3 (TLR3) and toll-like receptor 9 (TLR9)-

mediated antiviral defense were not expressed during vaginal

infection with herpes simplex virus 2 in IFN-lR1 knockout mouse

(67). Type III IFN has shown indirect effect against West Nile Virus

where it limited neuroinvasion of the virus by acting upon the tight

junction integrity of the mouse brain microvascular endothelial cells

while maintaining the BBB (65).

Lasfar et al. (68) have previously compiled studies that showed the

direct effects of type III IFN on cancer cells. It was proposed that type

III IFN could offer a more targeted therapy as IFNLR1 are expressed

in fewer cells and fewer cells respond to IFN-l. Type III IFN acts by

inhibiting the cancer cells from proliferating and promotes apoptosis

of the cancerous cells (65). Several studies have shown that type III
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IFN inhibited the growth of several different cell lines and reduced

local and metastatic tumor formation in mice from lung, liver, breast,

and prostate cancers (65). Lasfar et al. (69) also found that type III

IFN have indirect effect on tumors. They found suppressed tumor

angiogenesis in a melanoma mouse model because of changes in the

tumor microenvironment by IFN-l. Additionally, they also found

that T cell and NK cell responses to melanoma, lung adenocarcinoma

and breast cancer were increased by IFN-l (68).

Elevation of type III IFN also have been noted in several

autoimmune diseases. Elevation of IFN-l1 and ISG expression and

upregulation of chemokines CXCL10 and CXCL11 were recorded in

the skin lesions of psoriatic patients when compared to non-lesional

skin from these patients or skin from healthy donors which do not

have IFN-l (63). IFN-l mRNA and protein were also higher in

systemic lupus erythematosus (SLE) patients with active arthritis and

RA patients. On the other hand, IFN-l therapy could also have anti-

inflammatory effect as seen in collagen-induced arthritis. Pro-

inflammatory Th17 and gd T cells in the joints and inguinal lymph

nodes of these mice were reduced with IFN-l treatment (63). The

clinical trials of IFN-l and their results were summarized in Table 4.

2.3.1 Clinical applications of IFN-l

As of 2019, there are no approved IFN-l drug for human use even

though pre-clinical studies have shown positive therapeutic benefits

with reduced side effects experienced with Type I IFN according to

Lazear et al. (63).
3 Role of neurotransmitters in IFN-
induced mood dysregulation

Dopamine and serotonin (5-HT) are hormones that not only play

a major role in mood and emotion regulations but also an individual’s

physical health. They have been associated with certain biological

pathways that led to mood dysregulation such as depression and

suicidal thoughts (73). Kynurenine pathway has been alleged to be a

contributing factor to mood dysregulation such as depression as it

could reduce tryptophan’s availability since it is the main precursor

for the synthesis of 5-HT. It has also been reported to possess an

indirect action on N-methyl-D-aspartate (NMDA) receptor that leads

to neurotoxicity effect (74).

Indoleamine 2,3-dioxgenase 1 (IDO1) is a gene that encodes the

enzyme indoleamine 2,3-dioxygenase (IDO) that plays a part in the

body immune system. Particularly, IDO1 is responsible for the

metabolism of tryptophan (TRYP) to kynurenine (KYN). This

typical step is the rate limiting step in the pathway which involves

other two important enzymes – IDO2 and tryptophan 2,3-

dioxygenase 2 (TDO2) that convert tryptophan to N-

formylkynurenine before further metabolizing it into KYN (75).

IFN-a is a ubiquitous signaling protein that stimulates the IDO

activity, promoting the conversion of TRYP to KYN. At the same

time, since TRYP is the precursor for 5-HT, there is negative action

on the synthesis of 5-HT. Once the TRYP is shunted away from 5-HT,

it will undergo further metabolism by kynurenine aminotransferase
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(KAT) into kynurenic acid. There is an alternative pathway of KYN

which it will be converted into 3-hydroxykynurenine (3-OH-KYN)

with the help of a catalyzing enzyme - kynurenine hydroxylase.

Eventually, 3-OH-KYN will undergo several pathway metabolisms

and be broken down into two end-product metabolites, namely

quinolinic acid and picolinic acid. Quinolinic acid will then

transform into a cofactor NAD. Wichers et al. (76) reported an

elevation of kynurenine/kynurenic acid ratio during IFN-a therapy of

HCV infected patient. Kynurenic acid is known to have antagonistic

action on NMDA receptor since the synthesis of kynurenic acid

prevents further metabolism into quinolinic acid. Moreover, KYN

and kynurenic acid possess anti-inflammation effect while in contrast,

quinolinic acid cause inflammation through its proinflammatory

action. This effect can be seen through quinolinic acid which

increases IFN-g and decreases cytokine IL-10 (anti-inflammatory)

levels. Interestingly, in astrocytes which have low concentration of

kynurenine hydroxylase, higher ratio of tryptophan will be converted

to kynurenic acid rather than quinolinic acid. Hence, inflammation

induced by TRYP metabolites may be downregulated due to anti-

inflammatory effect of kynurenic acid. Conversely, with macrophage,

or microglia presence, which will convert KYN to quinolinic acid, the

pro-inflammatory action will be initiated and further intensifies

inflammation. Apart from being a NMDA receptor agonist,

quinolinic acid can augment lipid peroxidation which will lead to

cellular apoptosis while kynurenic acid has exactly the opposite effect

to prevent lipid peroxidation (77). In short, when KYN is being

converted into 3-OH-KYN, it will ultimately be involved in the

activation of NMDA receptor that leads to neurotoxicity that is

associated with diseases such as Alzheimer’s, amyotrophic lateral

sclerosis (ALS), and depression (74). In fact, IFN-a stimulation that
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leads to degradation of serotonin is indirect through various cytokines

such as TNF-a and IFN-g. Baranyi et al. (74) proved that IDO activity

increase can be seen through the intensification of KYN/TRYP ratio

in patient receiving IFN-a therapy compared to baseline. Notably,

Galvão-de Almeida et al. (78) conducted a cross-sectional study in

Brazil to determine adverse effect related to different variation of IDO

gene and their results claim that there is no association between IDO

gene and IFN-a induced depression.

Besides KYN pathway that causes degradation in several

neurotransmitter precursor, IFN-g is found to be involved in the

action of tetrahydrobiopterin (BH4). BH4 is a cofactor that is

necessary for the biosynthesis of neurotransmitter such as

dopamine, melatonin, 5-HT, etc., by converting respective amino

acids to their precursors. Guanosine triphosphate cyclohydrolase-1

(GCH1) is an enzyme that catalyzes the formation of BH4 through

conversion of GTP to dihydroneopterin triphosphate. The

biosynthesis process of BH4 predominantly take place in

dopaminergic and serotoninergic synaptosomes (79). The direct

effect of BH4 on dopamine synthesis can be seen through its role as

enzyme cofactor of phenylalanine hydroxylase (PAH) and tyrosine

hydroxylase (TH) which is essential for the conversion of

phenylalanine to tyrosine and tyrosine to levodopa (L-dopa)

respectively before L-dopa converts into neurotransmitter

dopamine. Of note, BH4 is also an important cofactor for the

conversion of arginine to nitric oxide (NO) with the involvement of

NO synthases (NOS). BH4 is then oxidized into 7,8-dihydroneopterin

(BH2) and dihydroxanthoptein (XPH2) (13). Shoedon et al. have

shown that when there is stimulation to the immune response, IFN-g
will induce GCH1 activity which will lead to increase in the synthesis

of BH4 (79). However, these increased cytokines induced activity of
TABLE 4 Clinical trials of IFN-l and their results.

Identifier
Number
(Study
Date)

Clinical Trial Title Treatment Arms Study
Results References

NCT02765802
(October 19,
2016 –

December 12,
2018)

A Phase 2 Study to Evaluate the
Safety, Tolerability and
Pharmacodynamics of Pegylated
Interferon Lambda Monotherapy in
Patients with Chronic Hepatitis
Delta Virus Infection (LIMT)

Participants
received 180 mg
peginterferon
lambda-1A
(subcutaneous,
once weekly) for
48 weeks

Participants
received 120
mg
peginterferon
lambda-1A
(subcutaneous,
once weekly)
for 48 weeks

No results
posted on
ClinicalTrials.gov

(70)

NCT00565539
(December
2007 –

October 2009)

A Phase 1 Study to Assess the Safety
and Antiviral Activity of PEG-rIL-29
Administered as a Single Agent and
in Combination with Ribavirin in
Treatment-Relapsed and Treatment-
Naïve Subjects with Chronic
Hepatitis C Virus Infection

Participants
received
PEGylated
recombinant
interleukin 29
(PEG-rIL-29)
(subcutaneous)
weekly or every
other week

No results
posted on
ClinicalTrials.gov

(71)

NCT01204762
(November
2010 –

December
2013)

Dose-Ranging Study to Evaluate the
Safety, Efficacy and
Pharmacokinetics of Pegylated
Interferon Lambda (BMS-914143)
Monotherapy in Interferon-Naïve
Patients with Chronic Hepatitis B
Virus Infection who are HBeAg-
positive

Participants
received 180 mg
pegIFN
(subcutaneous,
once weekly) for
48 weeks

Participants
received 180
mg pegIFN-2a
(subcutaneous,
once weekly)
for 48 weeks

Participants received 180 mg
pegIFN lambda (subcutaneous,
once weekly) for 48 weeks and 0.5
mg Entecavir tablet (oral, once
daily, 12 weeks initial monotherapy
followed by 48 weeks combination
therapy with pegIFN lambda

No results
posted on
ClinicalTrials.gov

(72)
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GCH1 does not increase the production of 5-HT or dopamine since

inflammation also induces the production of reactive oxygen species

(ROS) and inducible NOS (iNOS). The consequences of elevated ROS

and iNOS result in decrease of BH4 through the production of oxygen

free radicals instead of NO. Evidence to this fact is the reduction in

central nervous system (CNS) BH4 concentration after intramuscular

injection of rat with IFN-a. Besides, further inhibition of iNOS

increases the production of NO shown to overturn the outcomes of

IFN-a (80). Figure 1 provides a summary of the roles of

neurotransmitters in IFN-induced mood dysregulation.

Some studies showed that quinolinic acid induces its toxicity

through glutamatergic receptor in the brain. Glutamate is the most

abundant excitatory neurotransmitter released upon stimulation by

nerve impulse and exerts inotropic effect when it binds to specific

receptor. To prevent the process of excitotoxicity with the

accumulation of glutamate, sodium-dependent and sodium-

independent glutamate uptake carriers are responsible to maintain

glutamate at an optimum concentration (81, 82).
4 IFN-a and depression

The use of IFN-a as a therapeutic is seen in many diseases that

include chronic HCV infection, HBV infection, melanoma,

lymphoma, and AIDS-related Kaposi’s sarcoma (83). However, its

adverse side effects outweigh its beneficial outcomes. It was reported

that up to 50% of HCV-infected patients who underwent IFN-a
therapy developed depression with 30% of them developing

depression as early as the first 3 months of treatment initiation

(83). Apart from that, patients also reported incidences of acute

sickness, fatigue, malaise, myalgia, arthralgia, anorexia, apathy, and

cognitive impairment stated (83, 84). IFN-a-related depression could

be explained in several pathomechanisms which include its link to
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inflammation, neurotransmitter imbalance, neurodegeneration and

neuroplasticity and oxidative stress (84).

Deregulation of neurotransmitter systems – 5-HT, dopamine and

glutamate were noted in major depressive disorder. IFN-a causes

disruptions to these systems by disrupting the expression; activation

of ubiquitous indoleamine 2,3 dioxygenase (IDO1) and inducing the 5-

HT transporter serotonin transporter (SERT); and inducing (GCH1).

The summary of the effects of IFN-a therapy is shown in Figure 2.

The biosynthesis of 5-HT is reduced as a result of increased in

IDO1 activity which reduces the availability of tryptophan (84). This

phenomenon is induced by pro-inflammatory cytokines IL-1b, IFN-
a, IFN-g and TNF-a (83). The activation of IDO1 also affects the

kynurenine (KYN) pathway as IDO1 is the rate-limiting enzyme of

the pathway and it converts L-TRP, precursor of 5-HT to form N-

formylkynurenine (85). A drop in TRP levels were seen in HCV

patients taking IFN-a therapy within 4 to 6 months after the initiation

of therapy and higher kynurenine plasma levels were recorded at week

2 of treatment (which remained the same at week 4, 16 and 24)

reported Bonaccorso et al. (86). The kynurenine pathway will be

activated by IFN-a due to upregulated expression of IDO. A variety of

neuroactive metabolites such as 3-hydroxy-kynurenine (3-OH-KYN)

and quinolinic acid (QUIN) will be produced (85). Peripheral

kynurenine can easily affect the central nervous system as it is

transported through the BBB by a large neutral amino acid carrier

and in the brain, it will be taken up by glia cells to be metabolized.

This is how neurotoxic metabolites are formed in the brain causing

neurodegeneration (85). QUIN may increase the stimulation of

hippocampal NMDA receptors leading to apoptosis and

hippocampal atrophy (85). Elevation of QUIN is reported in the

cingulate cortex of suicidal patients with acute idiopathic depression

(84). QUIN also was shown to induce anxiety- and depression-like

behavior in rats and mice by Vecsei and Beal (87) and Lapin et al.

(88). Maes et al. (77) reported that QUIN has pro-inflammatory
FIGURE 1

The roles of neurotransmitters in IFN-induced mood dysregulation. IFN-a stimulates IDO1 activity, stimulating the conversion of tryptophan to
kynurenine and affects the synthesis of serotonin. Through several pathway metabolisms, kynurenine will be converted to quinolinic acid and picolinic
acid. Quinolinic acid decreases the level of IL-10 which has anti-inflammatory effects. The negative effects of quinolinic acid include increasing the levels
of IFN-g which causes inflammation. This inflammatory response result in the production of ROS and iNOS which decreases BH₄. This eventually reduces
dopamine secretion. Quinolinic acid is an NMDA agonist and can cause neurotoxicity as seen in patients with Alzheimer’s disease, ALS and depression.
Quinolinic acid could cause cellular apoptosis too through the increase in lipid peroxidation. *IDO1: Indoleamine 2,3-dioxygenase 1; IDO2: Indoleamine
2,3-dioxygenase 2; TDO2: tryptophan 2,3-dioxygenase; KYN: Kynurenine; NAD: Nicotinamide adenine dinucleotide; NMDA: N-methyl-D-aspartate; IL-
10: Interleukin-10; IFN-g: Interferon-gamma; IFN-a: Interferon-alpha; ROS: Reactive oxygen species; iNOS: Inducible nitric oxide synthase; GCH1: GTP
cyclohydrolase I; BH₄: Tetrahydrobiopterin; KAT: Kynurenine aminotransferase.
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effects as they saw an increase of plasma ratio of pro-inflammatory

IFN-g to anti-inflammatory IL-10 in their model of LPS-induced

immune activation in healthy humans. Subsequently, they also

discovered that elevated levels of QUIN increase oxidative stress as

more free oxygen radical species were formed (89). This generated

free radical species causes QUIN-induced lipid peroxidation in

membrane lipids and proteins changing neuronal membrane

fluidity, receptor function and ion permeability (85). Another

kynurenine metabolite produced is 3-OH-KYN which increases the

production of reactive oxygen species (ROS) after interacting with

cellular xanthine oxidase (85). The ROS produced induce

internucleosomal DNA cleavage causing apoptosis. Relatively low

levels of 3-OH-KYN cause neurotoxicity and together with QUIN,

free radicals will be produced in large amount (85). Thus, IFN-a-
induced depression is a result of the cytokine’s action on 5-HT brain

neurotransmission caused by pro-inflammatory cytokines and the

induction of IDO.

The availability of 5-HT in the extracellular space is also affected by

the induction of SERT by IFN-a. By inducing SERT, IFN-a reduces the

levels of 5-HT in the synaptic clefts as it promotes the reuptake of 5-HT

from the extracellular space (84). This event is dependent on the

mitogen-activated protein kinase (MAPK) p38, extracellular regulated

kinase (ERK)-1/2 and Jun kinase (JNK)-1/2 signaling pathways as found

by Tsao et al. (90). Though there is a lack of supportive data of the

involvement of GCH1 in IFN-a-related depression, its involvement is

still considered important as demonstrated in the CSF of patients with

chronic HCV infection. The CSF of these patients undergoing IFN-a
therapy were presented with increased (BH2) and reduced (BH4)
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concentrations (84). BH4 is needed in 5-HT and dopamine

biosynthesis as it is a cofactor of the rate limiting enzyme

phenylalanine hydroxylase thus affecting 5-HT and dopamine

biosynthesis explained Hoyo-Becerra et al. (84).

Cytokines such as IL-6 and TNF-a are known to be involved in

IFN-a-induced depression and high levels of these cytokines is

associated with increased risk of major depressive disorder (91).

Using a consolidated approach to investigate the pathogenesis of

psychiatric disorder with peripheral blood to measure gene expression

(mRNA) levels, Hepgul et al. (91) found 73 genes (at baseline i.e.

before treatment) that were differentially expressed in HCV patients

who developed depression after IFN-a treatment. Subsequently after

4 weeks of treatment they found modulation of 592 genes in this

group of patients and these genes are linked to inflammation,

neuroplasticity and oxidative stress pathways. The same results

were obtained at week 24 of the treatment. Through their

observations, Hepgul et al. (91) concluded that patients who

developed depression because of IFN-a treatment are more

sensitive towards IFN-a. IL-6, TNF-a and IL-1, and their

association to depression could be linked to their ability to trigger

the activation of HPA axis. This was done through the activation of

corticotropin-releasing hormone (CRH) and arginine vasopressin

which releases glucocorticoids (92). Coincidentally, hyperactivity of

the HPA axis is linked to depression; depressed patients showed

elevation of CRH concentrations in their cerebrospinal fluid (CSF)

(92). In their study, Wichers et al. (92) found positive correlation

between the high levels of soluble interleukin-2 receptor (sIL2-r),

TNF-a and IL-6 and depressive symptoms in patients with active
FIGURE 2

The effects of IFN-a therapy. IFN-a disrupts IDO1, SERT and possibly GCH1 systems and HPA axis leading to neurological changes and depression.
Lower 5-HT production which is linked to depression is caused by the disruption on the SERT and IDO1 systems. IFN- also causes apoptosis,
hippocampal atrophy and neurodegeneration via the KYN pathway as a result of increased IDO1 by (i) inhibiting the conversion of L-TRP, precursor of 5-
HT (ii) production of QUIN which increases the stimulation of hippocampal NMDA (iii) production of 3-OH-KYN leading to increased ROS production
causing intranucleosomal DNA damages and (iv) production of peripheral KYN which affects the CNS and subsequently neurodegeneration due to the
release of neurotoxic metabolites. IFN- therapy also increases the production of pro-inflammatory cytokines which activate the HPA axis and causes
depression. Another possible target of IFN-a is on GCH1 which reduces BH4 production, reducing 5-HT and leads to depression. IFN-a, Interferon-
alpha; IL-1b, Interleukin-1beta; IFN-g, Interferon-gamma; TNF-a, TNF-alpha; 5-HT, Serotonin; SERT, Serotonin transporter; IDO1, Indoleamine 2,3
dioxygenase; KYN, Kynurenine; 3-OH-KYN, 3-hydroxy-kynurenine; QUIN, Quinolinic acid; NMDA, N-methyl-D-aspartate; CNS, Central nervous system;
ROS, Reactive oxygen species; BH₄, Tetrahydrobiopterin; CRH, Corticotropin-releasing hormone; HPA, Hypothalamic-pituitary-adrenal; GCH1, GTP
cyclohydrolase I.
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chronic HCV infection receiving IFN-a treatment. Their findings

echoed Bonaccorso et al.’s findings whereby IL-6, IL-8 and IL-10 were

in high amounts during IFN-a treatment (92). However, conflicting

results were seen in Capuron et al.’s study in 2003 as they found no

correlation between IL-6 and depression in patients with malignant

melanoma undergoing IFN-a treatment. Similarly, they reported

significant increase in adrenocorticotropic hormone and cortisol

responses while Wichers et al. (92) did not. This could possibly be

due to the different disease profile of the subjects as Raison et al. (93)

found increase of IL-6 and monocyte chemoattractant protein-1 in

the CSF of IFN-a treated patients but no elevation in plasma IL-6.

The evidences of IFN-a-induced depression in IFN-a treated patients

infected with HCV and cancer were presented in Table 5 while

Figure 2 summarizes the effects of IFN-a on depression.
4.1 Regulation of hypothalamic-pituitary-
adrenal (HPA) Axis in
IFN-a Therapy

The HPA axis is an important yet complex pathway that plays a

vital role in the maintenance of physiological homeostasis in the body

in a stress situation (105). Optimum level of glucocorticoids is

important in maintaining a structurally and functionally stable

neuron. There are studies that suggest the profound role of

glucocorticoids in the regulation of HPA axis through its

involvement in negative feedback actions; any impairment to its

function will lead to overstimulation of HPA axis (106). In

response to stress, hypothalamus secrete CRH. The signal then

induces the release of adrenocorticotropic hormone (ACTH) from

the anterior pituitary gland which results in the production of

circulatory cortisol hormone in the blood (107). Cortisol is the

main glucocorticoid released from the adrenal cortex (108). It is a

stress hormone that is released during stress or “fight-or-flight”

situations. High concentration of cortisol initiates negative feedback

loop which suppresses further release of CRH and ACTH (107).

Cortisol is the key hormone in HPA axis which functions to lower

down immune response by utilizing non-carbohydrate molecules for

the synthesis of glucose through gluconeogenesis and decreasing

inflammatory action (109). Although cortisol can be considered to

have protective effect to reduce inflammation, long-term exposure to

this hormone will lead to irreversible alteration to the neuronal

system and function (110).

Apart from glucocorticoids, medial hypothalamic neurons are also

involved in controlling the level of cortisol by mediating the action of

CRH and vasopressin release. Of note, action of medial hypothalamic

neurons is exerted through the action of endocannabinoids to

cannabinoid receptor 1 (CB1) before leading to suppression of

prefrontal cortex and hippocampus neurotransmitter release. Studies

have found that long term exposure to stressors will result in

impairment of CB1 receptor which in turn stimulate the HPA axis

pathway (111). Joseph and Whirledge (112) claimed that upregulation

of HPA-axis will have detrimental effects on CNS and it is associated

with the pathogenesis of mood dysregulation.

Constant stimulation of HPA axis is known to result in an increase in

neuronal activation in hippocampus, amygdala, and frontal cortex. This

action plays a part in suppressing neuronal plasticity and neurogenesis
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which is highly associated with occurrence of depressive-like syndrome in

cognitive impaired individuals (107). Cognitive impairment is one of the

consequences of high level of cortisol levels due to dysregulation of HPA

axis. This can be seen by the fact that decrease in depressive-like syndrome

when the corticosterone synthesis has been suppressed during long term

exposure of mild stress (113). In addition, hyperactivation of HPA axis

will cause high level of adrenal gland secretion which impairs

hippocampus leading to depressive behavior. During stress, the body

responds to this phenomenon by secreting cortisol. Hypercortisolism is a

stage cannot be prevented especially for individuals that have major

depressive disorder (MDD) in which their body will have substantially

high level of cortisol as reported by Bertollo et al. (114) in their cross-

sectional study. One of the common methods to assess the effect of HPA-

axis dysregulation on contribution to mood dysregulation is by

administering exogenous corticosterone (CORT). Most of the studies

have found that long term exposure of exogenous corticosterone leads to

cognitive dysfunction and affected memory task of the hippocampus

(115). From the neurobiological point of view, researchers have claimed

that there is a decrease in hippocampal volume, alteration of prefrontal

cortex and amygdala dendrites hypertrophy after administration of

CORT (116).

Amygdala and hippocampus are highly associated with the

development of depressive-like behavior. Amygdala plays a role in

cortical arousal and regulation of emotional stimuli. Evidence from a

meta-analysis indicated that there are morphological changes to the

amygdala especially the size and volume reduction in depressive

individuals noting an increase in activity of brain-derived neurotrophic

factor (BDNF) (117). BDNF is a protein which is important not only for

the growth, maturation, and survival of neuron in the brain but also the

regulation of synaptic transmission (118). Consequently, amygdala’s

hyperactivity from negative stimuli can also be an early sign of

depression (117, 119). Hippocampus’ profound role is well defined in

learning and memory processing through neurogenesis. Since

hippocampus and HPA axis are highly related to each other, stress will

alter the degree of plasticity which will then lead to increase in the

secretion of corticosteroid. Studies on rats have found that stress will have

negative consequences on the hippocampal plasticity especially alteration

in the volume and dysregulation of neurogenesis. The dysregulation of

HPA axis in IFN-a therapy is shown in Figure 3.
5 Conclusion

IFN therapy has proven to be highly beneficial in addressing

many diseases such as hepatitis, cancer, and multi-drug diseases.

However, the therapy also brings about many neuropsychological

disorders such as depression, anxiety, suicidal incidences, and other

mild symptoms that affects the patients’ quality of life. Due to these

disruptions, often patients decide to cease treatment earlier than the

recommended treatment duration which impedes the treatment

objective. Nevertheless, with proper management in terms of dose

adjustment, patient monitoring and early intervention, the benefits of

IFN therapy surpass its side effects. We hope that by highlighting this

major side effect of IFN therapy, clinicians will be able to re-evaluate

the pros and cons of this treatment option. On the other hand,

adjunct therapy which may reduce the neuropsychological side effects

of IFN therapy may be explored in the future.
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TABLE 5 IFN-a treatment and depression in patients with HCV and cancer.

Disease Observation Period Number of Patients

Observations

Reference
Symptoms Onset of

Symptom(s)

Chronic viral
hepatitis

Four-to-12-month course of
recombinant human IFN-a therapy

58 17% of patients experienced one or
more of the following symptoms:
irritability, mood swing, depression,
tearfulness, lack of awareness, agitation,
paranoia, and suicidal ideation

Symptoms started 1 to 3
months after the
initiation of therapy

Renault et al.
(94)

Chronic
active
hepatitis C

Patients were assessed before and 2, 4,
12 and 24 weeks after therapy
initiation

85 37% of patients without depression
developed a major depressive episode at
least once during therapy
5.9% stopped therapy due to physical
side effects
4.7% stopped therapy due to depression

Depression diagnosed
after 4 weeks of therapy
have more severe
depressive episode than
before 4 weeks of
therapy

Otsubo et al.
(95)

Hepatitis C Patients monitored weekly 39 33% of patients developed IFN-a-
induced major depressive disorder.

Patients developed
IFNa-induced
depression after 12.1
weeks (average) of
therapy

Hauser et al.
(96)

Chronic
active
Hepatitis C

Patients evaluated at baseline and 3
months after therapy

30 40.7% of patients experienced following
symptoms: sadness, irritability,
insomnia, loss of appetite, and lack of
energy.

Patients developed
IFNa-induced
depression after 3
months of therapy

Bonaccorso
et al. (86)

Chronic
Hepatitis C

Patients evaluated before therapy and
once every 4 weeks during both 24-
week treatment and 12 weeks after end
of treatment

99 23.2% of patients developed IFN-a-
induced major depressive disorder.

73.9% of patients
developed IFN-a-
induced depression
within 8 weeks of
therapy

Horikawa
et al. (97)

Chronic
Hepatitis C

Patients evaluated received IFN-a
treatment for 12 months or no
treatment

104 57.7% of patients experienced
depression, anxiety or anger/hostility.

Kraus et al.
(98)

Chronic
Hepatitis C

Patients followed for 24 weeks;
comparisons for 3 treatment groups
were evaluated at baseline and at 4, 8,
12 and 24 weeks; untreated group only
at baseline and at 12 and 24 weeks

26% patients receiving psychiatric
treatment at baseline became more
symptomatic during therapy
48% of patients not on neuropsychiatric
treatment at baseline required treatment
during therapy; 23% met criteria for
major depression
Control group showed little change over
24-week period

Changes in Beck
Depression Inventory
Scores were observed at
week 4

Dieperink
et al. (99)

Chronic
Hepatitis C

Patients were observed for 24 weeks 55 27% had suicidal ideation while not on
IFN therapy
43% had suicidal ideation in the IFN
treated group

Dieperink
et al. (100)

Hepatitis C Patients evaluated at study enrolment
and during treatment for 24 weeks

163 (74 with Hepatitis C;
37 with Hepatitis C and
HIV; 76% were injecting
drug users; 52 did not
received treatment)

16% had depression at enrolment
35% developed new-onset depression
during treatment

Alavi et al.
(101)

Chronic
myelogenous
leukemia

25 Patients experienced following
symptoms: depression, increased
somatic concern, and stress reaction;
below expectation on tests of cognitive
speed, verbal memory and executive
functions

Pavol et al.
(102)

Melanoma Patients evaluated at baseline and after
1, 3, 6 and 12 months after therapy

113 8 patients in IFN-a therapy group had
significant degree of action tremor
Greater increase in anxiety in treatment
group

Caraceni
et al. (103)

Melanoma 4 Patients developed depression or mania
during therapy

Psychiatric side effects
developed after 1 to 5
months of therapy

Greenberg
et al. (104)
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