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Abstract

Defensins are antimicrobial peptides that participate in the innate immunity of hosts. Humans constitutively and/or inducibly ex-
press a- and B-defensins, which are known for their antiviral and antibacterial activities. This review describes the application of
human defensins. We discuss the extant experimental results, limited though they are, to consider the potential applicability of
human defensins as antiviral agents. Given their antiviral effects, we propose that basic research be conducted on human defen-
sins that focuses on RNA viruses, such as human immunodeficiency virus (HIV), influenza A virus (IAV), respiratory syncytial virus
(RSV), and dengue virus (DENV), which are considered serious human pathogens but have posed huge challenges for vaccine
development for different reasons. Concerning the prophylactic and therapeutic applications of defensins, we then discuss the
applicability of human defensins as antivirals that has been demonstrated in reports using animal models. Finally, we discuss the
potential adjuvant-like activity of human defensins and propose an exploration of the ‘defensin vaccine’ concept to prime the body
with a controlled supply of human defensins. In sum, we suggest a conceptual framework to achieve the practical application of
human defensins to combat viral infections.
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INTRODUCTION pathogens. Many bacterial and viral diseases have been ef-
fectively eliminated by vaccinations or therapeutic antibodies,
Knowledge of how organisms defend themselves from oth- attesting to our competence in making use of the adaptive
er organisms has accumulated as the biological sciences have immune system. The innate immune system has not been
progressed. Currently, the concepts of ‘innate’ and ‘adaptive’ harnessed to target specific pathogens, although attempts
defense mechanisms are used to describe all of the complex have been made (Wang et al., 2013; Park et al., 2014; Woo
and multi-layered biological conflicts between invading and et al., 2015). Due to the relative nonspecificity of the targets
host organisms. Defensins are innate defense molecules of of defensins compared to those of the adaptive arm, antiviral
ancient origin that can be traced back to organisms from ap- applications of defensins are conceptually ideal for defense
proximately 500 million years ago (Erwin and Davidson, 2002; against different viral infections. Although vaccines are consid-
Phoenix et al., 2013; Zhu and Gao, 2013). The history of the ered the best prophylactic measure against microbial patho-
discovery of human defensins has been reviewed elsewhere gens, the development of vaccines for certain viruses, such
(Boman, 2003; Lehrer, 2004; Phoenix et al., 2013). In this re- as human immunodeficiency virus (HIV), respiratory syncytial
view, we focus on studies contributing to the practical applica- virus (RSV), and dengue virus (DENV), has been challeng-
tion of human defensins as antivirals. ing and has defied decades of effort (Vannice et al., 2015;
Defensins are known for their antimicrobial functions as Roberts et al., 2016; Pollara et al., 2017). Moreover, although
innate defense molecules (Hancock and Diamond, 2000). a dengue virus vaccine was approved recently, there are still
However, regardless of their effectiveness against certain hu- issues of the risk and benefit balance due to the complex
man pathogens in different experimental settings, infections disease mechanism, which involves cross-subtype immune
caused by these pathogens cannot be fully cleared without responses (Ferguson et al., 2016; Scott, 2016). In the case
the adaptive immune system, which we know much about and of influenza A virus (IAV), ‘universal vaccines’ or ‘broadly neu-
have the ability to modify to defend ourselves from specific tralizing antibodies’ have been of particular interest in recent
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years to address the problem of annual vaccine update due to
ceaseless antigenic changes in the virus (Carrat and Flahault,
2007; Pica and Palese, 2013; Krammer et al., 2015). These
problems could be solved by antigenic variation-independent,
universally active defensins. However, regardless of the pres-
ence of defensins in the human body and the reported antivi-
ral effects of defensins against viruses, such as HIV (Chang
et al., 2003; Mackewicz et al., 2003; Quinones-Mateu et al.,
2003; Chang et al., 2005; Sun et al., 2005; Wu et al., 2005;
Weinberg et al., 2006; Furci et al., 2012; Saitoh et al., 2012;
Herrera et al., 2016) and IAV (Daher et al., 1986; Leikina et
al., 2005; Hartshorn et al., 2006; Salvatore et al., 2007; Tecle
et al., 2007; White et al., 2007; Doss et al., 2009; Mahanonda
et al., 2012), individuals succumb to these viruses. In this re-
view, we provide a brief overview of defensins and discuss
the feasibility of using human defensins against various viral
infections. We then discuss the need for strategic approaches
based on a conceptual framework for the potential application
of defensins for antiviral defense.

DEFENSINS

Defensins belong to the category of antimicrobial peptides
(AMPs), which have a non-enzymatic inhibitory effect on a
broad spectrum of microorganisms. As the need for self-de-
fense is universal, AMPs are universally present in organisms
in one form or another. There have been detailed reviews
on AMPs and defensins (Boman, 2003; Ganz, 2003; Lehrer,
2004; Klotman and Chang, 2006; Lehrer and Lu, 2012; Jar-
czak et al., 2013; Phoenix et al., 2013; Wilson et al., 2013;
Wiens et al., 2014; Wilson et al., 2016), and there are data-
bases dedicated to AMPs (Phoenix et al., 2013).

Three different types of defensins, including o-, B-
and 0-defensins, have been identified thus far. Of these,
a-defensins were first isolated in the early 1980s, when they
were given names such as ‘human neutrophil peptide’ (HNP)
(Ganz et al., 1985), with the term ‘defensin,’ first used in 1985
(Lehrer, 2004), replacing earlier names. Not all mammals ex-
press all types of defensins. Although mice are a commonly
used animal model, a-defensins are not expressed in mouse
neutrophils (Eisenhauer and Lehrer, 1992). B-Defensins are
relatively broadly expressed among mammals, but 6-defensins
are only expressed in nonhuman primates (Garcia et al.,
2008). Defensins are characterized as amphipathic peptides
with a net positive charge and three pairs of disulfide-bond-
forming cysteines (Fig. 1). Amphipathicity, the presence of di-
sulfide bonds, and the positive charge of defensins all appear
to be important to the function of defensins, with individual
defensins exhibiting differential effectiveness against various
targets (Ganz, 2003). One of the direct and irreversible effects
that defensins have on target organisms is membrane disrup-
tion (Lehrer et al., 1989). Defensins have antiviral effects on
both enveloped and non-enveloped viruses, and membrane
disruption is presumed to be one of the antiviral mechanisms
of defensins against enveloped viruses, similar to the antibac-
terial mechanism, but this has not been shown directly (Da-
her et al., 1986). The other antiviral mechanism of defensins
appears to be based on their specific binding to certain viral
proteins or the non-specific lectin-like binding to the envelope
glycoproteins of viruses (Smith and Nemerow, 2008; Nguyen
et al., 2010; Smith et al., 2010; Gounder et al., 2012; Flatt
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Fig. 1. Structure of human B-defensin 1 (HBD1). The monomeric
structure of HBD1 (PDB ID: 11JU) (Hoover et al., 2001) is shown in
a cartoon rendering, which was constructed using PyMOL (https://
www.pymol.org). A three-stranded antiparallel B-sheet (green) is
common in all known structures of a- and pB-defensins. Three pairs
of disulfide bonds that define a defensin are shown in yellow. The
peptide backbone chain and the side chain residues are shown in
thin lines. Basic residues, lysine and arginine, which are positively
charged at a neutral physiological pH, are highlighted in a stick
rendering.

et al., 2013; Tenge et al., 2014). Given this mechanism, the
inhibitory effects of defensins can be attributed to the blocking
of the fundamental interaction between influenza glycoprotein
hemagglutinin and cellular receptor sialic acid (Leikina et al.,
2005). Specific or lectin-like binding of defensins to cellular
receptors can also interfere with the cell signaling required
for successful replication of the viruses (Demirkhanyan et al.,
2012). In addition, with respect to the effects of defensins on
viral entry and replication, they appear to participate in the
enhancement of the adaptive antiviral responses by attracting
antigen-presenting cells (APCs) to the sites of infection and
stimulating them (Ryan et al., 2011; Saitoh et al., 2012).
Humans express only o~ and -defensins and harbor pseu-
dogenes of 6-defensins. There are six human a-defensins
(HADs), which are abbreviated as HNP1, HNP2, HNP3, HNP4,
HD5, and HD6 (Wilson et al., 2013). HADs are small peptides
approximately 30 amino acids in length after being processed
from the prepropeptides that contain an amino-terminal signal
sequence, an anionic propiece and a carboxy-terminal mature
peptide. The expression of 11 human p-defensins (HBD) has
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been observed in humans, although a computational search of
the human genome has identified at least 31 3-defensin genes
(Schutte et al., 2002). HBDs are also synthesized as prepro-
peptides, the mature forms of which are approximately 35-50
amino acids in length (Garcia et al., 2001). HADs and HBDs
are structurally conserved in spite of their significant differ-
ences in genetic sequences (Hoover et al., 2001; Szyk et al.,
2006). HADs are primarily expressed, constitutively, in granu-
locytes (HNP1, HNP2, HNP3, HNP4) and in the intestinal Pan-
eth cells (HD5 and HD6). The major expression sites of HBDs
are in the epithelial cells of various organs. Although all HADs
have been studied, only four HBDs (HBD1-4) have been ex-
tensively studied. Of these, HBD1 and HBD4 are constitutively
expressed in epithelial cells. HBD1 expression is also induced
in various human peripheral blood mononuclear cells by en-
veloped viruses (Ryan et al., 2003, 2011). Viruses, bacteria,
microbial products, and pro-inflammatory cytokines, such as
interleukin-1p (IL-1B) and tumor-necrosis factor (TNF), induce
the expression of HBD2 and HBD3 in various cells (Yin et al.,
2010; Wilson et al., 2013). Bacteria also induce the expres-
sion of HBD4 (Menendez and Brett Finlay, 2007) (Table 1).

ANTIVIRAL ACTIVITIES OF DEFENSINS

The antiviral activities of human defensins have been stud-
ied on various viruses, as summarized in Table 1. Herpes sim-
plex virus (HSV) was one of the first viruses to be studied for
the antiviral activity of HADs and showed the highest suscep-
tibility to HADs among the viruses tested (Daher et al., 1986),
while HIV is the most studied target of defensins. The mecha-
nism of the antiviral effect of defensins depends on the type of
virus and is not as straightforward as the antibacterial mecha-
nism of direct irreversible inactivation through membrane dis-
ruption (Lehrer et al., 1989). It was recognized early on that
the presence of serum or serum albumin affects the antiviral
effects of defensins in vitro (Daher et al., 1986; Chang et al.,
2005); therefore, the physiological significance of the antiviral
effects of defensins remains unclear. It has been even sug-
gested that the antiviral effects of defensins may be a side ef-
fect of the antibacterial effects of the peptides (Boman, 2003).

It is difficult to determine whether defensins are critical for
antiviral defense in humans, as we can only extrapolate from
studies using mouse models. A murine p-defensin 1 (MBD1)-
deficient mouse model showed that MBD1, the murine coun-
terpart of HBD1, participated in the protection of mice from
influenza infection via a mechanism other than the inhibition
of viral replication (Ryan et al., 2011). Another study using a
mouse model that was deficient in activated a-defensins in
the small intestine showed that Paneth cell a-defensins, the
murine counterpart of HD5 and HD6, protected mice from oral
infection of mouse adenovirus 1 (MAdV-1). However, despite
the in vitro neutralization activity of Paneth cell a-defensins,
their absence had no effect on the kinetics and magnitude of
MAdV-1 dissemination to the brain, although it did delay a pro-
tective neutralizing antibody response (Gounder et al., 2016).
These studies suggest that the inhibition of virus replication
by defensins in vitro might not necessarily be relevant in vivo.
With respect to the antiviral application of defensins, an under-
standing of the enhancement of the adaptive immunity by de-
fensins in response to infecting viruses appears to be crucial.
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CAN WE TAKE ADVANTAGE OF HUMAN
DEFENSINS FOR ANTIVIRAL DEFENSE?

Regardless of the in vitro antiviral effects of human defen-
sins against HIV and IAV, humans still become infected with
these viruses and suffer from the illnesses they cause. This
is the premise upon which we seek to identify a way to take
advantage of human defensins for antiviral defense. We found
that the available in vivo studies that have been conducted are
very limited. Hence, we must draw clues to answer this ques-
tion from the scant published data, which may support either
an optimistic or a pessimistic perspective.

As a prophylactic measure

Many in vitro studies (Table 1) have shown that defensins
have antiviral activities. The first question for the application of
defensins for antiviral defense may be how they would be bet-
ter used as a prophylactic or a therapeutic. Constitutively ex-
pressed HADs and HBDs are natural prophylactic measures
but are not sufficient to fully protect us from viral infections.
Many viruses have been reported to induce the expression of
defensins (Proud et al., 2004; Wiehler and Proud, 2007; Kota
et al., 2008; Bustos-Arriaga et al., 2011; Ryan et al., 2011,
Surasombatpattana et al., 2011; Ju et al., 2012; Castaneda-
Sanchez et al., 2016), regardless of the ability of the induced
defensin to block infection by viruses. The question is whether
more defensins — either constitutive or virus infection-induced
— would help clear the virus. Semple et al. (2015) showed that
HBD3 enhanced the production of interferon-g (IFNB) in re-
sponse to polyinosinic:polycytidylic acid (poly I:C), a surrogate
for viral double-stranded RNA, in both human and mouse pri-
mary cells. This finding was recapitulated in mice expressing
a transgene encoding HBD3, where HBD3 was shown to use
the same murine counterpart receptor CCR2 in mice (Rohrl
et al., 2010a). Their results suggest that an excess amount
of defensin expression may have a significant effect on the
response to viral infections. The closest example of the pro-
phylactic overexpression of defensins was reported by Li et
al. (2014), who showed that murine defensin-overexpressing
mice were protected from a lethal IAV infection. In this study,
they intramuscularly injected mice with a liposome-encapsu-
lated MBD1-MBD3 overexpression construct 36 h prior to an
IAV challenge infection. In this experiment, a reduction of the
viral lung titer in mice injected with the MBD1-MBD3 overex-
pression construct was observed. This result might be consid-
ered a proof of principle, suggesting that a prophylactically ad-
ministered excess amount of relevant human defensins may
be able to similarly reduce the viral titer in humans infected
with a virus.

However, the advantages and disadvantages of continu-
ously supplying additional defensins to humans should be
carefully analyzed. High concentrations of HAD can induce
cytotoxicity (Wencker and Brantly, 2005). Although a high
concentration of HBD appears not to have a cytotoxic effect
in vitro (Nishimura et al., 2004), studies on the copy number
variations of HBD genes suggest that higher copy numbers
of HBD genes, and thus a higher expression of HBD, can be
associated with diseases such as psoriasis (Machado and
Ottolini, 2015). Human defensins also have effects on the
tumor microenvironment, both promoting and repressing tu-
mor growth (Suarez-Carmona et al., 2015). The potential of
enhancing certain viral infections (Rapista et al., 2011) while
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Table 1. Antiviral activity of defensins

Virus* Defensins Antiviral activity

BKV HNP1, HDS Inhibition of viral attachment to the cell by directly binding to the non-enveloped virus, leading to ag-
gregation of the virion particles (Dugan et al., 2008).

HAdV HD5 Mechanism of non-enveloped virus inactivation; blocking of uncoating by binding to the capsid

proteins (Smith and Nemerow, 2008; Nguyen et al., 2010; Smith et al., 2010; Gounder et al., 2012;
Flatt et al., 2013; Tenge et al., 2014).

HNP1 Reduction of adenoviral infection by more than 95% if administered at 50 pg/ml with an 1C50 15 ng/
ml (Bastian and Schafer, 2001).

HD5, HBD1 Reduction of adenovirus infectivity (Gropp et al., 1999).

HIV HBD2, 3 Oligomerization from heparin sulfate proteoglycan (HSPG)-facilitated binding of HBDs and HIV gp120

to the cell surface and reduction of HIV infectivity (Herrera et al., 2016).

HNP1-4 Inhibitory effect as constituents of neutrophil extracellular traps (NET) (Saitoh et al., 2012).

HD5 Inhibition of HIV-1 by interfering with the reciprocal interaction between the envelope glycoprotein
gp120 and CD4 and downmodulating the CXCR4 co-receptor (Furci et al., 2012).

HBD2, 3 Inhibition of R5 and X4 HIV infection at a physiological concentration in the oral cavity by a mecha-
nism not involving fusion inhibition or co-receptor modulation (Sun et al., 2005).

HNP1 Direct inhibition in the absence of serum and at a low MOI; inhibition of HIV replication by inhibiting

PKC activation in the presence of serum and at a high MOI (Chang et al., 2005). Inhibition of HIV-1
infection after viral entry (Chang et al., 2003).

HNP4 Inhibition of X4 and R5 HIV-1 is more effective than HNP1-3, probably due to the lectin-independent
property of HNP4. Irreversible effect on virion infectivity by binding to viral particles (Wu et al.,
2005).

HBD2, 3 Irreversible effect on virion infectivity by direct binding to viral particle and downmodulation of the

HIV-1 co-receptor CXCR4 in peripheral blood mononuclear cells and T lymphocytic cells (Quinones-
Mateu et al., 2003).

HNP1-3 Direct inactivation of viral particles and inhibition of the target CD4 cells from supporting the virus
replication (Mackewicz et al., 2003).
HPV HD5 Prevention of the dissociation of the viral capsid from the genome and redirection of the viral particle

to the lysosome (Tenge et al., 2014; Wiens and Smith, 2017).
Blocking of a critical host-protease-mediated processing site of the minor capsid protein (Wiens and
Smith, 2015).
HSV HD5 Enhanced binding to the capsid protein gD (in vitro) through mutational addition of positive charges
correlated with enhanced protection in a mouse model of lethal HSV-2 infection (Wang et al., 2013).
HNP1-6, HBD3 Inhibition of HSV infection; HNP4, HNP6 and HBD3 prevented binding and entry, and HNP1-3, HNP5

inhibited post-entry events (Hazrati et al., 2006).

HNP1-3 Antiviral mechanism not involving viral attachment; effective during the post-penetration period (Yasin
et al., 2004).
HNP1-3 Direct inactivation of the virus. Addition of serum or serum albumin to the incubation mixtures inhib-
ited neutralization of the virus by HNP1 (Daher et al., 1986).
1AV HNP1-3 Antiviral activity through induction of MxA in human gingival epithelial cells (Mahanonda et al., 2012).
HAD Antiviral activity of HAD in human saliva at a physiological concentration (White et al., 2007).
HNP1-2, HD5, Aggregation of IAV and enhanced neutrophil-mediated clearance (HBD2 activity lower than HAD)
HBD2 (Hartshorn et al., 2006; Tecle et al., 2007; Doss et al., 2009).
HNP1 Inhibition of IAV replication through the inhibition of protein kinase C (PKC) activation in infected cells
(Salvatore et al., 2007).
HBD3 Blocking of viral fusion (fusion pore generation) by creating a protective barrier of immobilized surface
glycoproteins from lectin-like properties of HBD3 (Leikina et al., 2005).
HNP1 Direct inactivation of the virus (Daher et al., 1986).
RSV HBD2 Blocking of viral cellular entry, possibly because of the destabilization/disintegration of the viral enve-
lope (Kota et al., 2008).
VzVv HBD2 Inhibition of VZV in a skin infection model (Crack et al., 2012).

*Abbreviations stand for: BKV, BK virus; HAdV, human adenovirus; HIV, human immunodeficiency virus; HPV, human papillomavirus; HSV,
herpes simplex virus; 1AV, influenza A virus; RSV, respiratory syncytial virus; VZV, varicella zoster virus.
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inhibiting others cannot be ruled out.

Clearly, there are risks to the continuous supply of excess
defensins. Another potential concern regarding continuously
supplying excess amounts of defensins is the generation of
multiple resistant microorganisms to defensins. Some con-
sider the difficulty of developing resistance as the greatest
advantage of using AMPs, such as defensins, reasoning that
microbes need to ‘redesign’ their membrane lipid composi-
tion to develop resistance to AMPs (Mangoni et al., 2016).
However, since most antiviral activities of defensins involve
mechanisms other than the direct irreversible disruption of the
viral membrane, the escape of original target viruses from the
antiviral effects of defensins cannot be ruled out. It was shown
that bacterial resistance to AMPs could develop when continu-
ously exposed to an AMP (Perron et al., 2006). However, in
real-life infections, the mobilization of the adaptive arm of the
immune system against the target pathogen is likely to occur
earlier than the development of resistance to defensins in the
target pathogen. The evolutionary longevity of defensins may
be proof of this. At any rate, the adjuvant activity of defensins
might not be affected, since that involves host cells.

It is apparent that the continuous supply of certain defen-
sins to prevent infections from certain target viruses requires a
thorough analysis of the ramifications, which is separate from
whether the in vitro efficacy of this approach could be reca-
pitulated in vivo. A question that may prove challenging to an-
swer is whether a prophylactic application of defensins, other
than a continuous supply, can serve as a one-shot vaccination
in the case of adaptive defense.

As a therapeutic measure

The hit-and-run therapeutic application of defensins might
avoid the problems associated with their continuous supply.
However, whether there is an advantage to the application
of defensins as a therapeutic measure against a virus is an-
other question. We may extrapolate from a few relevant in
vivo studies using animal models. Defensin-deficient mouse
models (Ryan et al., 2011; Gounder et al., 2016) are similar
to prophylactic models since they allow the presence or ab-
sence of defensins at the time of target virus infection to be
studied. Furthermore, in these models, the inhibition of viral
infections observed in vitro was not recapitulated in vivo. To
be truly therapeutic, externally or artificially supplied defensins
should be able to reduce the replication of a target virus as ob-
served in vitro. In a Pseudomonas aeruginosa infection model
of burn-wounded mice (Park et al., 2014), a local transfer of
allogeneic cells infected with an HBD4-expressing Newcastle
disease virus vector was used as an effective therapeutic ap-
plication. Others also showed the feasibility of an adenovirus-
mediated human defensin gene delivery as an antibacterial
therapy (Moon and Lim, 2015). We have not found reports of
overexpression of human defensins as a therapeutic interven-
tion method against a viral infection in animal models.

The excess supply of therapeutic defensins derived in-
dependently of eukaryotic cells might be another approach.
The chemical synthesis of human defensins (Raj et al., 2000;
Kluver et al., 2002; Wu et al., 2003b, 2004; Heapy et al.,
2012; Vernieri et al., 2014) and the purification of bacterially
expressed human defensins (Xu et al., 2006a, 2006b) have
been reported. The disulfide bonds and molecular structures
of defensins appear not to be critical for their antibacterial
functions (Mandal and Nagaraj, 2002; Hoover et al., 2003; de
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Leeuw et al., 2007; Sharadadevi and Nagaraj, 2010) or cyto-
toxic effects (Kluver et al., 2005) but do affect antiviral or host
cell-mediated activity, such as the chemotactic activity against
immature dendritic cells (DCs) (Wu et al., 2003a; Antcheva et
al., 2009). Folding of the peptides can be an issue in the cases
of chemical or bacterial syntheses, since the pro-segments of
unprocessed defensins were shown to have an impact on
folding (Wu et al., 2007), which, again, affects the antigenicity
of the molecules (Kurosawa et al., 2002). The preservation of
the native forms of human defensins, either chemically syn-
thesized or bacterially expressed, may be crucial to prevent
potential unnecessary immunological responses of the human
body from recognizing the externally supplied defensins as
‘foreign’ molecules.

There are scant examples of in vivo applications of excess
amounts of human defensins that are produced in bacteria or
chemically synthesized as an antiviral defense. In one study,
Wang et al. used a murine model of vaginal HSV infection
(Wang et al., 2013) and observed that chemically synthesized
HD5, treated either prophylactically 1 h prior to infection or
therapeutically 24 h post-infection, reduced viral titers. There
are also few examples of the use of non-human defensins in
mouse models (Brandt et al., 2007; Wohlford-Lenane et al.,
2009). One such example was an evaluation of a synthetic
0-defensin in a murine model of HSV-1 keratitis (Brandt et al.,
2007). In this experiment, the application of the synthetic de-
fensin before an infection reduced the viral titer, but not after
an infection, suggesting the ineffectiveness of this approach
as a therapeutic measure. It is not clear whether the lack of a
therapeutic effect of 6-defensin, a nonhuman primate defen-
sin, is due to a lack of its murine ortholog, which could have
resulted in lack of a cellular receptor-mediated adjuvant-like
activity. Jiang et al. (2012) used bacterially expressed recom-
binant MBD3 (rMBD3) to test its protection of mice from a lethal
infection of IAV. Treatment of mice began 12 h post-infection
and was performed once per day for three weeks. Protection
was observed to be dose-dependent, where the viral titer in
the bronchoalveolar lavage fluids was reduced and a 10 mg/
kg/day tail vein injection of rMBD3 provided 80% protection.
Although rMBD3 blocked the virus binding and entry step
rather than the subsequent stages of an ongoing infection in
vitro, rIMBD3 enhanced virus-induced expression of IL-12 and
IFNy in a dose-dependent manner while downregulating virus-
induced expression of IFNa in vivo. IL-12 and IFNy promote
the differentiation of ThO cells to Th1 cells and the activation of
cytotoxic T-lymphocytes and natural killer (NK) cells (Watford
et al., 2003), which play important roles in removing virus-in-
fected cells. It appears that not only the inhibition of IAV entry
but also the modulation of cell-mediated adaptive and innate
immune responses resulted in in vivo therapeutic efficacy of
the externally administered defensins. LeMessurier et al. also
used purified rIMBD4 in a mouse model of IAV infection (LeM-
essurier et al., 2016), where the concurrent intranasal admin-
istration of rIMBD4 and infection of IAV reduced the viral titer
and increased IFNy expression. The question is whether these
mouse model studies are translatable to humans. At least one
defensin, MBD4, was shown to be interchangeable with its hu-
man counterpart with respect to its chemokine receptor usage
(Rohrl et al., 2010a). There is a clear need of further studies
before the realization of the therapeutic application of defen-
sins for an antiviral defense. With what is currently known, we
can consider the directions of future emphasis: 1) elaboration



of a murine model of defensin gene delivery-mediated tempo-
rary overexpression, a constructive exaggeration of the natu-
ral process, to eliminate the many unknowns associated with
the application of defensins derived independently of eukary-
otic cells; 2) elaboration of the translatability of murine models
of eukaryotic cell-independently derived human defensins to
humans. These two approaches are expected to complement
each other.

Strategic considerations: potential target viruses and
antiviral mechanisms

Aside from economic considerations, which we have not
discussed, the formidable amount of work needed before the
realization of the application of human defensins as antivirals
is daunting. Basic research on the application of human de-
fensins as antivirals towards specific target viruses would ac-
celerate the realization of this goal. We arbitrarily name four
RNA viruses that might be worth these ‘directed’ efforts: HIV,
IAV, RSV, and DENV. Several viruses have been studied as
targets of the antiviral activities of defensins (Table 1), most
likely because of the availability, ‘model’ status, or ‘popular’
status of the virus. It appears that HIV and IAV are popular
models, but a full understanding of these viruses still defies
us despite a mountain of research data. In addition to HIV
and AV, we have chosen RSV and DENV as potential targets
worth focusing on. The difficulty in developing a broadly effec-
tive vaccine against these viruses after decades of effort might
justify our exploration of these viruses as targets of the antivi-
ral applications of defensins (Carrat and Flahault, 2007; Van-
nice et al., 2015; Ferguson et al., 2016; Park et al., 2016; Rob-
erts et al., 2016; Pollara et al., 2017). However, since studies
on the antiviral effects of human defensins against RSV and
DENYV are scarce, our discussion of this matter is largely an
extrapolation of potentially related studies and of the required
further studies.

Cell-independent antiviral effects of defensins

There are multiple antiviral mechanisms of human defen-
sins, of which different mechanisms are applicable to different
viruses. All of the antiviral mechanisms that produce a reduc-
tion of virus infection can conceptually be applied as therapeu-
tic measures. One such mechanism is the heparin/heparan
sulfate proteoglycan (HSPG)-binding activity of defensins,
which inhibits viral binding and entry into the cells. Defensins
are positively charged and have lectin-like glycan-binding ac-
tivities (Hazrati et al., 2006; Lehrer et al., 2009; Seo et al.,
2010; De Paula et al., 2014; Herrera et al., 2016). Several
enveloped viruses, including HIV, RSV, and DENV, are known
to bind the negatively-charged HSPG (Zhu et al., 2011). Haz-
rati et al. (2006) showed through in vitro studies of HADs and
HBDs that only those binding to either glycoprotein B (gB) or
heparan sulfate inhibited HSV. They further showed that in a
mouse model of lethal vaginal HSV infection, pretreatment of
chemically synthesized HD5 increased the survival rates of the
infected mice. HD5 bound to gB, but not heparan sulfate, with
high affinity in vitro. Although the in vivo study using a mouse
model was only conducted with HD5, it might be extrapolat-
ed for other defensins that were effective in vitro. In reality,
this type of treatment would be mostly given as a therapeutic
measure rather than as a pretreatment. Wang et al. (2013)
showed the therapeutic efficacy of HD5 in a similar model.
However, studies using other defensins that have higher af-
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finities to HSPG and lower affinities to viral glycoproteins than
those of HD5 might have been more informative considering
the broader generality of HSPG than individual viral proteins.
Studies using other HSPG-binding viruses, such as HIV, RSV,
and DENV, would also help determine the therapeutic poten-
tial of human defensins against these viruses. A study showed
that positively charged C-terminal regions of the chemokines
CXCL9 and CXCL12y bound with HSPG and exhibited anti-
viral activity against DENV, HSV, and RSV (Vanheule et al.,
2016). These results should encourage further studies of the
antiviral activities of positively charged human defensins in
similar contexts.

Cell-dependent antiviral effects of defensins

Inseparable from any approach of the application of hu-
man defensins is the adjuvant-like activity of defensins. The
adjuvant-like activities of defensins involve the recruitment of
the host innate and adaptive immune cells to the sites of infec-
tion. This activity adds another layer to the inhibitory activity
of defensins in addition to the blocking of viral entry (i.e., by
binding to HSPG) and/or intracellular replication. It was shown
that MBD2 acts directly on immature DCs as an endogenous
ligand for Toll-like receptor 4, inducing the upregulation of co-
stimulatory molecules and DC maturation, a link between in-
nate and adaptive immune responses (Biragyn et al., 2002).
The adjuvant-like function of MBD2 in a murine model of in-
fluenza vaccination was also shown (Vemula et al., 2013a,
2013b). Although these findings are mainly based on studies
using murine models and murine defensins, a report showed
that HBD2, HBD3 and their murine orthologs were chemotac-
tic to CCR2-bearing human cells as well as murine cells (Rohrl
et al., 2010a). Indeed, Mohan et al. (2014) showed an adju-
vant-like effect of HBD2 and HBD3 on the immune responses
to the gp41 antigen of HIV in a mouse model. This finding
suggests that human defensins may have adjuvant-like activi-
ties in humans similar to those observed for murine defensins.

Experiments showing the in vivo reduction of viral titers due
to externally supplied or overexpressed defensins (Jiang et
al., 2012; Wang et al., 2013; Li et al., 2014; LeMessurier et
al., 2016), either as a therapeutic or a prophylactic, are rare.
Even the results of these experiments, due to the nature of in
vivo experimentation, cannot be interpreted straightforward-
ly. In these experiments, it is difficult to determine whether
the reduction is due to the direct effect on virus replication
or indirect effects on the host, such as interferon production
(Semple et al., 2015) or an enhancement of the adaptive arm
of the immune system by attracting memory T cells, macro-
phages, monocytes and dendritic cells through CCR2 and
CCRG6 binding (Yang et al., 1999, 2002; Rohrl et al., 2010a,
2010b). Ultimately, determining which part plays a larger role
in the eventual reduction of the viral titer might be important
with respect to providing clues for further experiments. The
comparison of murine defensin-deficient mouse models (Ryan
etal., 2011; Gounder et al., 2016) and excess murine defensin
mouse models clearly shows that a protective efficacy beyond
the natural innate and adaptive responses requires an excess
amount of defensins (Jiang et al., 2012; Li et al., 2014).

Standalone application of adjuvant-like activity of
defensins

Since an adjuvant effect depends on the host immune sys-
tem and not an individual virus type, the standalone applica-
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Fig. 2. Postulated mechanism of antiviral defense by a prophylactic defensin overexpression ‘vaccine.” Local responses surrounding the
infected cells after viral entry into the human body are depicted. (1) Virus infection-associated recruitment of innate and adaptive immune
cells are depicted (Watford et al., 2003; Megjugorac et al., 2004; Hokeness et al., 2005; Crane et al., 2009; Rohrl et al., 2010a; Gerlier and
Lyles, 2011; Uyangaa et al., 2015). (2) Defensin expression (for induced and systemically overexpressed defensins) is depicted (Albanesi
et al., 2007; Edfeldt et al., 2010; Kawai and Akira, 2011); due to the potential cytotoxicity of excess amount of HADs, only HBDs are consid-
ered for an interventional application. (3) Viral clearance is depicted. (4) Potential role of defensins in exposing the neutralizing epitope of
a virus and the potential rapid T-cell-independent neutralizing epitope-specific naive B cell activation against a virus captured by recruited
B cells and dendritic cells (DCs) are postulated (Vos et al., 2000; Swanson et al., 2010; Pone et al., 2012). T-cell-dependent processes can
occur similarly in the presence of T cells in the draining lymph nodes (Wykes et al., 1998; Gonzalez et al., 2010). Black arrows indicate pro-
cesses affected by constitutively expressed or physiologically induced defensins. Orange arrows indicate the potential amplification of the
processes by the overexpressed defensins. Dashed orange arrows indicate the processes not likely to be influenced by the overexpressed
defensins due to the systemic nature of their overexpression. However, the concentration of locally induced defensins due to viruses and
cytokines might be higher than the systemic concentration of the overexpressed defensins, and there may be a locally enhanced induction
loop. Viral infection results in type | interferon (IFN I) production by infected cells and virus-stimulated plasmacytoid dendritic cells (pDCs)
(1), which also produce CCL2. Viral infection also induces defensin expression (2). Defensins (2) exaggerate viral RNA-mediated IFN | in-
duction (1). Defensins (2) can bind to CCR2 and act as chemoattractants to CCR2-expressing cells (1). CCR2-expressing monocytes (MO),
macrophages (MP) and monocyte-derived dendritic cells (moDCs) respond to IFN |, CCL2, and defensins and produce further CCL2 and
further recruit CCR2-expressing B, MO, MP, moDC, activated T, and natural killer (NK) cells (1). These cells produce cytokines, such as IL-
12, gamma interferon (IFNy) and tumor necrosis factor-alpha (TNFa) (1). IL-12 and IFNy promote Th1 responses and activate cytotoxic T
and NK cells (1). IFNy and TNFa induce defensins (2). During this cycle, the innate arm of defense (IFN I, defensins, and NK cells) inhibits
virus replication and removes the virus-infected cells (3). Recruited antigen-presenting cells (B, MP and moDCs) initiate the adaptive arm of
defense (3). On-site T cell-independent viral antigen-specific B cell activation and antibody secretion could occur against the virus captured
by recruited B cells and DCs (4). Defensin-mediated exposure of the neutralizing epitope of the virus would further enhance neutralizing
epitope-specific antibody responses and viral clearance (4). Overexpressed defensins would increase systemic levels of defensins and en-
hance all of the processes at the location of viral infection to clear the virus, providing a memory response-like effect. Objects in the cartoon
are not to scale.

tion of the adjuvant-like activity of defensins, apart from their
applications as conventional vaccine adjuvants, could truly be
a broad-spectrum antiviral measure. We postulate the likely
standalone applications of the adjuvant-like activity of defen-
sins (Fig. 2), one of which is the ‘therapeutic adjuvant’ concept.
Gounder et al. (2016) observed delayed neutralizing antibody
responses against locally infected viruses in a mouse model
of local murine defensin deficiency. If defensins accelerate
adaptive immune responses, this may occur while there is an
ongoing infection. The concept of the ‘therapeutic adjuvant’
activity of defensins is in line with the process of natural im-
munization by the infecting viruses. However, in the presence
of excess defensins, viral replication may be quickly contained
by the faster mobilization of the adaptive immune responses
and cell-mediated innate immune responses. Gounder et al.
(2016), using a localized gut Paneth cell a-defensin deficiency
and oral MAdV-1 infection in mice, suggested that the adju-
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vant role of defensins has a localized impact at the viral infec-
tion site. Among the aforementioned studies, the example of
the lack of efficacy of the therapeutic excess supply of primate
0-defensin in a murine model of HSV-1 keratitis (Brandt et
al., 2007), and the example of the efficacy of the therapeutic
treatment of lethally IAV infected mice with a murine defensin
(Jiang et al., 2012), might be considered supporting evidence
of the concept of therapeutic adjuvant activity of defensins
as experimental ‘negative (lack of relevant chemokine recep-
tors for primate 6-defensin in mice) and ‘positive’ (presence
of relevant chemokine receptors) controls, respectively. Fur-
ther studies exploring the extent of the activities of defensins
added post-infection in accelerating the mobilization of adap-
tive immune responses against the proposed target viruses,
HIV, 1AV, RSV, and DENV, might be illuminating for potential
therapeutic applications. Experimental data suggest, as scant
as they are, that the therapeutic adjuvant activity of defen-



sins in the setting of virus infection leads to the production of
Th1-promoting cytokines (Jiang et al., 2012; LeMessurier et
al., 2016). Since the increased production of Th1 cytokines is
associated with a better prognosis for a recovery from RSV
infection, which is a serious problem in young children (Open-
shaw, 2002; Openshaw and Tregoning, 2005; Collins and
Melero, 2011), an in vivo experiment showing protection of
an RSV-infected animal by a therapeutic defensin treatment
would be especially relevant.

An extension of the concept of a ‘therapeutic adjuvant’ is
the defensin-enhanced efficacy of therapeutic antibodies.
Demirkhanyan et al. showed that a subinhibitory concentra-
tion of HNP1 in the presence of serum, while providing only
a modest inhibitory effect on HIV-cell fusion, prolonged the
exposure of functionally important transitional epitopes of
HIV-1 gp41 on the cell surface (Demirkhanyan et al., 2013),
markedly enhancing viral sensitivity to neutralizing anti-gp41
antibodies. This aspect of defensins has implications beyond
the enhancement of the efficacy of therapeutic antibodies. The
enhanced immune responses towards neutralizing antibody
generation would lead to a better uptake of the antigen by
neutralizing epitope-specific B cell receptor (BCR)-bearing B
cells, and enrichment of these B cells by proliferation results
in better generation of neutralizing antibodies (Wykes et al.,
1998; Vos et al., 2000). Similar aspects of defensin activity
might be explored against other target viruses, especially if
neutralizing epitopes of flaviviruses, such as DENV, were
shown to be revealed by the molecular ‘breathing’ (changing
structural conformation) of viral surface proteins (Dowd et al.,
2011, 2014, 2015). One of the challenges to DENV vaccine
development is the non-neutralizing and disease-enhancing
cross-reactivity of antibody responses among the subtypes
of DENV. The ‘original antigenic sin’-based preferential non-
neutralizing cross-reactive memory responses to the previ-
ously infected subtype hinder fresh immune responses to the
neutralizing epitopes of the newly infecting subtype (Rothman,
2011; Park et al., 2016). If defensins could expose the neutral-
izing epitope, during the ‘breathing’ of the surface molecules
of DENV, to the neutralizing epitope-specific BCR-bearing B
cells, fresh immune responses might gain access to the an-
tigen — an escape from the monopolized grip of the cross-
reactive ‘original antigenic sin.” There is no study showing an
interaction between human defensins and surface proteins
of DENV. However, the N-glycans of the envelope glycopro-
tein of DENV have been reported to be crucial for DC-SIGN-
mediated infection of the virus (Alen et al., 2012). There is
the possibility of an interaction between the surface glycopro-
teins of DENV and a lectin-like human defensin (Leikina et
al., 2005). The possibility of a breakthrough result makes test-
ing this potential interaction tempting. Further studies on RSV
in this regard might also be warranted due to a recent study
in which antibodies recognizing a pre-fusion conformation-
specific neutralizing epitope on the RSV fusion protein were
shown to neutralize both RSV A and B subgroups (Mousa et
al., 2017). In the case of 1AV, changing glycosylation patterns
in the globular head of the hemagglutinin (HA) protein is rec-
ognized as one of its immune evasion mechanisms (Kim et al.,
2013; Tate et al., 2014). While universally conserved epitopes
of HA subtypes are the targets of universally protective vac-
cine designs, bypassing the highly variable and immunodomi-
nant globular head regions of HA is a major challenge (Kram-
mer and Palese, 2013; Jang and Seong, 2014). Considering
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the binding activity of lectin-like glycoproteins, blocking of the
glycosylated globular head regions by defensins to enhance
the availability of the subdominant conserved stalk regions of
HA to the specific B cells is also a tempting possibility.
Another possible use of the adjuvant-like activity of de-
fensins is as a prophylactic, which might provide a vaccine-
like effect, the feasibility of which we posed as a challenging
question earlier. Since there is no direct study dealing with
this likelihood in vivo, we propose a framework from a thought
experiment based on very few available indirect studies. In-
teresting prospects emerge when we put the experiments of
Li et al. (2014) in the context of those of Semple et al. (2015)
(Fig. 2). The reduction in the lung titer of intranasally infected
IAV by the intramuscular injection of a defensin overexpres-
sion construct observed by Li et al. (2014) might be consid-
ered as a prophylactic systemic overexpression of defensins
limiting incoming virus replication. The systemic presence of
defensins might have ‘primed’ the body for enhanced local
antiviral responses. The defensin-exacerbated virus-induced
production of type | interferon (IFN 1) by the infected cells and
plasmacytoid dendritic cells (pDCs) might have inhibited vi-
ral replication and mediated the chemoattraction of immune
cells to the lungs for antigen presentation and infected cell
removal. The role of enhanced systemic basal levels of IFN
due to the systemic presence of overexpressed defensins, as
shown by Semple et al. (2015) may be more relevant in a
real-life infection with a small viral inoculum. How defensin-
overexpressing mice attained higher systemic basal levels of
IFNB is debatable. Commensal microbial flora or infectious
but non-disease-causing viruses in the environment possi-
bly playing a role should not be ruled out (Kernbauer et al.,
2014). IFN | production from defensin-mediated DNA uptake
and signaling (Tewary et al., 2013) may also have been the
source of the elevated basal level of IFN I. If the results of
Semple et al. (2015) and Li et al. (2014) are translatable to
humans, an extrapolation of those results might be used in the
vaccine-like prophylactic application of defensins in antiviral
defense. If the results of Semple et al. (2015) were to be re-
capitulated with actual RNA viruses rather than the surrogate
poly I:C, the defensin-mediated IFN induction in RNA viruses
could be applied to all of the proposed target viruses (HIV,
IAV, RSV, and DENV) and eventually be extended to other
viruses. It is conceivable that a shot of a defensin expression
construct could be given in preparation for a flu season, prior
to travel to a DENV-endemic area, or to protect young chil-
dren from RSV. IAV has been the cause of several pandemics
in recorded history, including the latest 2009 pandemic and
the well-known 1918 pandemic, which caused some 50 mil-
lion deaths (Neumann and Kawaoka, 2011; Watanabe et al.,
2014). The problem with IAV is that we can never confidently
predict the subtype of IAV of the next pandemic, which would
allow the preparatory stockpiling of vaccines. The concept of
a ‘defensin vaccine,’ if realized, would be ideal to address this
uncertainty. IAV and RSV were shown to be as sensitive as
vesicular stomatitis virus (VSV), a well-known IFN | sensor, to
IFN | produced upon poly I:C treatment in vitro and in vivo (Hill
et al., 1969). DENV was also shown to induce and be inhibited
by type 1 IFN (Kurane and Ennis, 1988; Brass et al., 2009;
Jiang et al., 2010; Bustos-Arriaga et al., 2011; Surasombatpat-
tana et al., 2011). Although all of these viruses have their own
counter-IFN measures, they are not efficient in replicating in
interferon-pretreated cells (Sittisombut et al., 1995; Diamond

www.biomolther.org



Biomol Ther 26(3), 242-254 (2018)

and Harris, 2001; Haasbach et al., 2011; Liang et al., 2011;
Wie et al., 2013), and a prophylactic ‘defensin vaccination’
might prime the body to an IFN-pretreated state.

Temporary overexpression of defensins mediated an exag-
geration of a viral induction of IFN. The subsequent co-antivi-
ral activity of defensins and IFN can be observed in the same
light as clinically practiced IFN therapies (Perry and Wilde,
1998; Nikfar et al., 2010; Gao et al., 2011). However, while the
IFN therapies are used to control ongoing, full-blown infec-
tions, the defensin vaccination scheme is designed to contain
the viral infection at the initial stage of infection, similar to how
a vaccination contains the cognate viral infection at the initial
stage by mobilizing memory immune responses against the vi-
rus. One might ask why we have not evolved to have defensin
levels similar to the prophylactically or therapeutically effec-
tive levels observed in animal experiments. Hard-wired con-
stitutively high levels of defensins might not be beneficial. The
key to this ‘defensin vaccine’ concept is in manipulating the
genetically programmed basal or induced levels of defensin
expression and providing a ‘shot’ of a defensin overexpression
construct when needed, which would last only for a limited
time. One might ask why human defensins should be used for
such a standalone adjuvant-like activity and not other chemi-
cal or microbial adjuvant products (Savelkoul et al., 2015). The
greatest advantage of human defensins may be that they are
peptides, enabling us to sustain their controlled production in
vivo through gene expression.

The postulated scheme of the vaccine-like prophylactic ap-
plication of defensins may appear to be an oversimplification,
and admittedly, there are many leaps in reasoning that are
necessitated by a lack of experimental data. Although prophy-
lactic measures are considered better than therapeutic mea-
sures, we are currently in the dark as to which of the proposed
standalone applications of the adjuvant-like activity of defen-
sins will likely be realized. Needless to say, many studies are
needed to fill in the details. Each step of the scheme should
be concretely established in animal experiments before a clini-
cal trial. There have been clinical trials of AMPs from diverse
sources and their derivatives, primarily for topical antibacte-
rial or antifungal purposes (Yeung et al., 2011; Fox, 2013).
There exists a research gap between the antibacterial/anti-
fungal and the antiviral applications of defensins. Since the
antiviral mechanisms of defensins are not as straightforward
as the antibacterial mechanisms, and an antiviral application
requires the systemic administration of defensins, additional
basic research is needed before a clinical trial of antiviral de-
fensins can be launched.

CONCLUSIONS

We have briefly reviewed human defensins and studies of
the antiviral applications of defensins. Our review suggests
a need for further exploration of the adjuvant-like activity of
human defensins. We find that the natural levels of constitu-
tive or virally induced defensins can provide a minimal level of
defense against infecting viruses. We propose a prophylactic
‘defensin vaccine’ concept of a planned and controlled over-
expression of defensins, which is akin to manually operating
the ‘safety lock’ of natural defensin expression program as
needed. Our proposal is in the same conceptual line of Ed-
ward Jenner’s ‘vaccination’ (Morgan and Parker, 2007), which
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took advantage of the inherent human immune system. At
this point, our proposal is only a conceptual guideline. Further
studies will give weight to either the acceptance or disposal of
our proposal.
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