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Abstract: A virus is an infectious particle which generally contains nucleic acid genome
(DNA or RNA inside a protein shell), except for human immunodeficiency virus (HIV).
Viruses have to reproduce by infecting their host cells. Polyamines are ubiquitous
compounds in mammalian cells and play key roles in various cellular processes. The
metabolic pathways of polyamines have been well studied. Targeting these metabolic
pathways can reduce infections caused by viruses. In the study, we systematically
reviewed the association of polyamine metabolic pathways and viruses including cox-
sackievirus B3 (CVB3), enterovirus 71 (EV71), poliovirus (PV), Zika virus (ZKV),
hepatitis C virus (HCV), hepatitis B virus (HBV), dengue virus (DENV), Japanese
encephalitis virus (JEV), yellow fever virus (YFV), Ebola virus (EBOV), marburgvirus
(MARYV), chikungunya virus (CHIKV), sindbis virus (SINV), Semliki Forest virus (SFV),
Epstein—Barr virus (EBV), herpes simplex virus 1 (HSV), human cytomegalovirus
(HCMV), vesicular stomatitis virus (VSV), Rabies virus (RABV), Rift Valley fever
virus (RVFV), La Crosse virus (LACV), human immunodeficiency virus (HIV), Middle
East respiratory syndrome virus (MERS-CoV), and coronavirus disease 2019 (SARS-
CoV-2). This review revealed that targeting polyamine metabolic pathways may be a
potential approach to control human viral infection.
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Introduction

A virus is one of the greatest threats to human health. It generally is a small,
simple, non-cellular organism containing one or two nucleic acid genomes made
of DNA or RNA, and some viruses contain a protein shell called capsid. Viruses
have to live and reproduce in infecting living cells, most of them resulting in
damage of host cells. Viral infections have enormous impacts on the health,
social, and economic burden globally. For example, HIV and Rabies virus can
bring danger to human life."> Ebola Hemorrhagic Fever is a disease with high
infectivity, high pathogenicity, and high mortality, which causes the Ebola virus,
and, in the outbreak of west Africa in early 2014, there were 2,240 infectious
cases and 1,229 deaths.® Recently, a new species of coronavirus called SARS-
CoV-2 has infected millions of people worldwide and killed hundreds of
thousands.* However, the diverse mechanisms of viral infection are not fully
understood. A virus, lacking its own metabolic machinery and enzyme system,
has to infect host cells to complete the genome replication and transcription, and
reproduction of a new infectious virus.” In this process, polyamines may play an
essential role in the viral life cycle.
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Polyamines are small positively charged amine mole-
cules in mammalian cells, including putrescine, spermidine,
and spermine. They are important metabolic regulatory
substances that participate in a variety of physiological
and pathological processes, such as promoting cell differ-
entiation, proliferation, and growth, and regulating nucleic
acid and protein synthesis.® In the metabolic pathway of
biogenic polyamines, ornithine is converted to putrescine by
ornithine decarboxylase 1(ODCl1), and it follows that
putrescine is converted to spermidine by spermine synthe-
tase (SRM) and spermine by spermine synthetase (SMS),”*
as shown in Figure 1. Spermine can be further degraded
into spermine and putrescine through the action of sper-
mine/spermine acetyltransferase (SAT1), spermine oxidase
(SMOX), and polyamine oxidase (PAOX). The polyamines
metabolic enzymes are specifically modulated by the
enzyme regulators, including difluoromethornithine
(DFMO) inhibiting ODC1, methylglyoxal bis(guanylhydra-
zone) (MGBG) inhibiting S-adenosylmethionine decarbox-
ylase (SAMDC), N1,N11-diethylnorspermine (DENspm)
activating SAT1, and N,N1-bis (2,3-butadienyl)-1,4-butane-
diamine (MDL) inhibiting PAOX. In eukaryotes, spermi-
dines act as a substrate for the hypusination of a specific
lysine residue of the eukaryotic initiation factor SA (eIF5A)
through two enzymes, deoxyhypusine synthase (DHPS) and
deoxyhypusine hydroxylase (DOHH). The eukaryotic
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initiation factor SA (eIF5A) and its hypusine modification
were important in the elongation phase of protein synthesis
and facilitated the production of proteins.” Besides, the
hypusine of el[F5A may be involved in transcription, trans-
lation, and nucleocytoplasmic transport in cellular
processes.'” Emerging studies revealed that polyamine
metabolic pathways were involved in the process of viral
invasion and replication in the host."' Understanding how
viruses utilize host cell polyamines to complete self-replica-
tion may lead to the development of a novel strategy to
reduce viral infection threats. In this review, we illustrate
roles of polyamine metabolic pathways for diverse viruses

as well as the potential drugs targeting this pathway.

Picornaviridae

Coxsackievirus B3

Coxsackievirus B3 (CVB3) is the common cause of myo-
carditis, pancreatitis, and central nervous system infec-
tions. It is transmitted by fecal-oral route or across the
placenta.'> The epidemiology of CVB3 has been well
understood.’® The pathogenic mechanism of CVB3
remains largely unclear. Previous studies showed that
CVB3 was sensitive to polyamine depletion by DFMO,
as shown in Table 1, and the virus titers decreased in
varying degrees.'*'® CVB3 utilized polyamines to adhere
to susceptible cells and initiated the infection process, and
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Figure | The metabolic pathways of biogenic polyamines.
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Table | Role of Polyamines in Viral Infection
Virus Transmission | Host Reagent(s) | Target Effects/Processes Viral P- Reference
Factor/ Level" value
Pathway
Coxsackievirus Fecal—oral, Polyamines DFMO ODCI Prevent the virus from binding 6.3-fold <0.01 [14]
B3 placenta to susceptible cells reduction
Polyamines DFMO ODCI Restricted virus replication by 2.8-fold <0.01 [15]
quelling viral protease activity reduction
Polyamines DFMO ODCl, Reduced infectious virus 10-fold <0.05 [16]
DENSpm SATI production reduction
Zika Virus Mosquito, sex, | Polyamines DSS-BEN, SATI, Decreased polyamine availability | 4-log <0.001 [21]
placenta DSS-PG SMOX for viral replication and reduction
translation
Polyamines IFNI SATI Restricted infectious virus 2-log <0.001 [20]
replication reduction
Polyamines DFMO ODCl, Reduced infectious virus 15-fold <0.001 [16]
DENSpm SATI production reduction
Ebola virus Direct contact | Polyamines, | DFMO, ODCl, Blocked the accumulation of 85% <0.01 [35]
elF5A GC7, CPX DHPS viral mRNA as well as decrease
translation
Polyamines, | DFMO, ODCl, Inhibited infectious virus 3-log <0.0001 | [34]
elF5A MDL, PAOX replication through reduction
SAMA486A, SAMDC, | decreased accumulation of
GC7,CPX, DHPS, VP30
DEF DOHH
Marburgvirus Bodily fluid Polyamines, | CPX DOHH Reduced infectious virus 3-log - [34]
elF5A replication reduction
Chikung unya Mosquito Polyamines aaNAT5b SATI Depleted polyamines and limit - - [38]
virus virus replication
Polyamines nsPI- - Enhanced virus replication in - - [39]
mutants polyamine depletion
Polyamines IFNI SATI Restricted infectious virus 3-log <0.01 [20]
replication reduction
Polyamines DFMO ODCl, Reduced infectious virus 200-fold <0.01 [16]
DENSpm SATI production reduction
Hepatitis C virus Blood Polyamines - - Activated virus RNA-dependent | 7-fold - [25]
RNA polymerase and inhibited increase
virus helicase
Polyamines - ODCl, HCV replicon decreased levels - - [26]
SATI, polyamines
SMOX
Polyamines DFMO, ODCl, Affected cytokine production 28-32% <0.05 [27]
DENSpm, SATI, and inhibit the expression of decrease
MDL72527 PAOX viral proteins
(Continued)
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Table | (Continued).

Virus Transmission | Host Reagent(s) | Target Effects/Processes Viral P- Reference
Factor/ Level” value
Pathway
Hepatitis B virus Blood, Polyamines DMFO ODCI Decreased viral replication and | 34% and - [29]
vertical levels of protein and capsids 84%
reduction
Epstein—Barr Oral Polyamines DENSpm SATI Increased SAT| mRNA levels 2.7-fold - [46]
virus reduction
Sindbis virus Mosquito Polyamines DFMO ODCl, Reduced infectious virus 10-fold <0.001 [16]
DENSpm SATI production reduction
MERS Spray, contact Polyamines DFMO ODCl, Reduced infectious virus 30-fold <0.001 [16]
coronavirus DENSpm SATI production reduction
Dengue virus Mosquito Polyamines DFMO ODCl, Reduced infectious virus 60-fold <0.001 [16]
DENSpm SATI production reduction
RBMI0 SATI Decreased SAT| degradation 4.5-fold <0.001 [31]
and reduced polyamine levels reduction

and restrain virus replication

Japanese Mosquito Polyamines DFMO ODCl, Reduced infectious virus 5-fold <0.01 [16]
encephalitis virus DENSpm SATI production reduction
Yellow fever virus | Mosquito Polyamines DFMO ODCl, Reduced infectious virus 90-fold <0.05 [16]
DENSpm SATI production reduction
Enterovirus 71 Fecal-oral, Polyamines DFMO ODCl, Reduced infectious virus 12-fold <0.05 [16]
spray DENSpm SATI production reduction
Poliovirus Fecal—oral Polyamines DFMO ODCl, Reduced infectious virus 20-fold <0.05 [16]
DENSpm SATI production reduction
Rift Valley fever Mosquito, Polyamines DFMO ODCl, Reduced infectious virus 200-fold <0.001 [16]
virus blood DENSpm SATI production reduction
Polyamines DFMO ODCl, Produced excess non-infectious | 100-fold <0.001 [58]
DENSpm SATI particles and restrict virus reduction
infection
Polyamines DFMO ODCI Produced non-infectious 2-log <0.001 [59]
particles and interfere with virus | reduction
replication
Vesicular Wound, Polyamines DFMO ODCl, Reduced infectious virus 20-fold <0.01 [16]
stomatitis virus oral DENSpm SATI production reduction
Rabies virus Bite Polyamines DFMO ODCl, Reduced infectious virus 2-fold <0.001 [16]
DENSpm SATI production reduction
La Crosse virus Mosquito Polyamines DFMO ODCl, Produced excess non-infectious | 100-fold <0.001 [58]
DENSpm SATI particles and restrict virus reduction
infection
(Continued)
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Table | (Continued).
Virus Transmission | Host Reagent(s) | Target Effects/Processes Viral P- Reference
Factor/ Level” value
Pathway
Human Sex, elF5A elF5A - Decreased virus production by | 2-fold <0.01 [63]
immunodeficiency | blood, siRNA inhibiting RNA translation and reduction
virus placenta Rev-induced gene expression
elF5A CPX, DEF DOHH Inhibited the expression of HIV- | 3-fold - [62]
| promoter at transcription reduction
initiation
elF5A elF5A Rev Blocked HIV-1 Rev trans- - - [61]
mutants complex | activation and Rev- mediated
nuclear export
Herpes simplex Spray, contact Polyamines MGBG SAMDC | Inhibited virus infection 63-fold - [50]
virus reduction
Polyamines DFMO ODCI Decreased viral infectivity 2-log - [49]
through impairment of DNA reduction
synthesis
Polyamines - - Presented in virion to neutralize | — - [48]
viral DNA
Human Contact, Polyamines DFMO ODCI Reduced infectious virus 6-log - [53]
cytomegalovirus sex production through interfering reduction
with virus assembly
Polyamines DFMO, ODCl, Reduced infectious virus 4-log - [52]
MGBG SAMDC reduction
Semliki Forest Mosquito Polyamines DFMO ODCl, Inhibited virus production by 10-fold, - [42,43]
virus SAMDC | Interfering with viral protein 5.6-fold
synthesis decrease

Note: "Viral level represents experimental time point/condition where the peak effect was observed.

Abbreviations: DFMO, difluoromethornithine; DENSpm, NI,N1 I-diethylnorspermine; DSS-BEN, BENSpm-based biodegradable polymeric prodrug; DSS-PG, PG11047-
based biodegradable polymeric prodrug; GC7, NI-guanyl-1,7-diamineheptane; CPX, ciclopirox; MDL, N,N I-bis(2,3-butadienyl)- |,4-butanediamine; SAM486A, 4-amidinoin-
dan-|-one-2'-amidinhydrazone; DEF, deferiprone; aaNAT5b, a recombinant protein in insects; nsPl, non-structural protein |; MGBG, methylglyoxal bis(guanylhydrazone);
ODCI, ornithine decarboxylase |; SATI, spermidine/spermine acetyltransferase; SMOX, spermine oxidase; PAOX, polyamine oxidase; DHPS, deoxyhypusine synthase;
SAMDC, S-adenosylmethionine decarboxylase; DOHH, deoxyhypusine hydroxylase.

the inhibition of polyamines biosynthesis protected against
viral infection by preventing the virus from attaching to
susceptible cells.'* It can be inferred that decreasing affi-
nity for polyamines may coincidentally preclude virus
binding to host cells. Polyamines enhanced viral protease
(2A and 3C) activity and promoted viral replication.'® In
the polyamine-depleted conditions, protease (2A and 3C)
mutations promoted cleavage of cellular eI[F4G during the
virus infection. In a Vero-E6 cells model, there was a dose-
response inhibition of CVB3 replication by reducing poly-
amine biosynthesis with DFMO and the virus titers were
rescued by exogenous polyamines.'® And in a BALB/c
mice infected with CVB3 and treated with DFMO, there
were significant differences with 3—7-fold reduction in

viral titer in the organs (like lung, liver, kidneys). These
findings revealed that polyamines play an essential role in
CVB3 infection and drugs suppressing polyamines may
prevent CVB3 infection.

Enterovirus 71 and Poliovirus

Enterovirus 71 (EV71) and poliovirus are both entero-
viruses, which are also prevalent in infants and children.
The common symptoms of EV71 infection are fever, oral
ulcers, and skin herpes, and severe cases can cause central
(PV)
invades the central nervous system in severe cases,

nervous complications.'”  Similarly, poliovirus

which eventually develops into paralysis.'® Mounce et
al'® found that there was a significant reduction in viral
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titers in DFMO-treated Hela cells. The viral titers dropped
12-fold in the EV71 group and declined 20-fold in the
poliovirus group. The viral titers were rescued with exo-
genous polyamine supplement, which suggested that
EV71and poliovirus rely on polyamines for their replica-
tion in host cells.

Flaviviridae
Zika Virus

Zika virus (ZKV) is an insect-borne virus mainly trans-
mitted by mosquitoes. ZKV can go through blood—brain
barrier and damage the central nervous system. Symptoms
of the virus infection are generally mild. The recent evi-
dence revealed a possible association between maternal
ZKYV infection and adverse fetal outcomes, such as con-
genital microcephaly, as well as a possible association
with Guillain-Barrésyndrome.'® There are no specific
treatments for ZKV at present currently. Pilot studies indi-
cated that drugs (eg, DENspm) targeting SAT1 may be
effective against the virus, as shown in Table 1.'¢2%2!
Polyamine analogs, such as symmetrically substituted
bus(ethyl) norspermine (BENSpm), can compete with nat-
ural polyamines for transport and biosynthesis, which
decreased polyamine availability for viral replication and
translation.”’ Studies uncovered that polyamine metabo-
lism enzymes were influenced by type I interferon (IFN I),
particularly in upregulating SAT1.>*%** In this way, IFN I
may play an important role in antiviral signaling through
upregulating SAT1, which decreased polyamines biosynth-
esis and restricted infectious viral replication, like ZKV.?
It was reported that viral infection caused IFN I produc-
tion, which gave rise to expression of SAT1 that reduced
spermidine and spermine levels, resulting in disability for
ZKV replication.

Hepatitis C Virus

Hepatitis C virus (HCV) is a blood borne virus. Globally,
there are (estimated) 71 million people who have chronic
HCV, the major risk factor for cirrhosis and hepatocellular
carcinoma.>* It was reported that polyamines promoted
HCV replication and increased HCV titers by activating
HCV RNA polymerase and inhibiting viral helicase.” In
addition, HCV core proteins and NS5A suppressed
ODCland SAT1 levels but elevated SMOX, which lead
to decreased concentrations of spermidine and spermine.?®
Masalova et al,”” demonstrated that polyamines depletion
by DFMO in HCV infected Huh7.5 cells suppressed the

production of cytokines (such as TNF-o, TGF-B, and IL-
1B) and declined the levels of expression of NS5A and
NSS5B viral proteins involved in HCV replication which
implied that DFMO could be a potential anti-HCV ther-
apeutic agent.

Hepatitis B Virus

Hepeatitis B virus (HBV) is a pathogen containing HBV core
protein (HBc), HBV X protein (HBx), HBV-DNA polymer-
ase, and envelope proteins, which can cause a global public
health problem. There are more than 257 million people
throughout the world who are chronically infected with
HBYV and chronic HBV infection has a high risk of devel-
oping cirrhosis and hepatocellular carcinoma.”® Current
therapies act mainly in the HBV life cycle, but drugs that
target viral protein might be effective in inhibiting HBV
infection. A recent study showed that polyamine inhibitor
DFMO impeded HBV core-related DNA synthesis (reduced
34%) by reducing HBc protein levels at 84% and viral
capsids.”” Followed by replenishing exogenous polyamines,
the HBc protein and capsids levels significantly rescued,
suggesting that polyamines may promote HBc protein
levels and HBV replication.

Dengue Virus

Dengue virus (DENV) is transmitted mainly through vec-
tor insects such as Aedes aegypti and Aedes albopictus,
causing dengue hemorrhagic fever and Dengue-shock syn-
drome with circulatory collapse, which have high morbid-
ity and mortality rates.>® It was reported that DENV was
sensitive to polyamine depletion by DFMO or DENspm
that reduced viral titers by 60-fold.'"® To understand the
mechanism of polyamine metabolizing enzyme SAT1 on
virus inhibition, Pozzi et al*' found that protein RBM10
accelerating SAT1 splicing factor exon 4 skipping had
lower expression after DENV infection due to RBM10
interaction with Dengue polymerase NS5. In contrast,
overexpressed RBM10 restrained virus replication by pre-
venting SAT1 from splicing, which uncovered the antiviral
effect of RBM10 targeting SATI.

Other Viruses

Flaviviruses, such as Japanese encephalitis virus (JEV)
and yellow fever virus (YFV), are transmitted by arthro-
pods, in particular mosquito and ticks. Clinical manifesta-
tion caused by these viruses infection are usually mild, but
the severe infections can be fatal; for example, JEV infec-
tion leads to gradually acute encephalitis with persistent
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fever and deep coma.’* Severe YFV infection results in
internal bleeding, dehydration, and acidosis.>® The infec-
tion of the viruses might be closely related to polyamine
metabolism. When JEV incubated after 24 hours infection
of BHK-21 cells and YFV at 96 hpi, depletion polyamines
by DFMO or DENspm reduced viral titers of JEV and
YFV by 5-fold and 90-fold, respectively (seen in Table
1).'® The virus titers were rescued by the addition of
exogenous polyamines.

Filoviridae

Ebola Virus

Ebola virus (EBOV) has high morbidity and mortality in
humans and primates. There have been several major epi-
demics since its discovery, mainly in Africa, for example,
there were 3,707 cases, including 1,848 deaths between
2013 and August 2014.> EBOV infections causes severe
bleeding symptoms, eg, hemorrhagic conjunctivitis, gingi-
val bleeding, and blood stool, which occurs 4-5 days after
onset. Olsen et al** reported that the blockade of poly-
amine synthesis and the inhibition of hypusination of
eukaryotic initiation factor SA (eIF5A) prevented EBOV
replication. EBOV was an inhibited infectious virus repli-
cation (3-log viral titers reduction) by DFMO inhibiting
ODC1 and MDL blocking SMOX and PAOX which
decreased the level of spermidine. Besides, CPX and
DEF (inhibitors of DOHH) hindering the hypusination of
elF5A reduced EBOV gene expression and viral infection
by 61% and 90%, respectively. Most importantly, antihy-
pusination drug GC7 (inhibitor of DHPS) obstructed the
expression of EBOV by decreasing the level of VP30
protein accumulation. Olsen et al®® further showed that
polyamines supported the virus gene transcription/mRNA
accumulation and the translation of EBOV mRNAs were
supported by introducing spermidine into the translation
factor eIF5A which promoted translation elongation by
inhibiting e[FSA hypusination which resulted in a defect
in the gene expression of EBOV at the level of transcrip-
tion, translation, or protein stability.

Marburgvirus

Marburgvirus (MARYV) is highly contagious and manifests
symptoms of high fever, diarrhea, vomiting, and severe
bleeding in the body.*® There is no cure at present. A study
showed that CPX, a antihypusination compound, reduced
MARV glycoprotein expression by at least 85% and
declined MARYV infectious titers by almost 3-log units in

HepG2 cells,** which suggested that inhibiting hypusina-
tion of elF5SA which played roles in the extension phase of
protein synthesis, especially in stimulating the production
of proteins residues

containing continuous proline

restrained the replication of infectious MARV.

Togaviridae
Chikungunya Virus

Chikungunya virus (CHIKV), an acute infectious patho-
gen, is transmitted to humans by mosquitoes, which cause
sustained high fever and severe pain in the joints of the
limbs and spine.’” But there is no specific drug therapy for
the viral infection. Guan et al*® showed that aaNAT5b, a
molecular and biochemical identification of SAT (a key
catabolic enzyme), was vigorous to spermine and spermi-
dine. The key residues of aaNAT5b were involved in
spermine binding in the virus infection model, which
indicated that polyamines were required in CHIKV repli-
cation. In addition, depletion of spermidine and spermine
with DENSpm via IFN I signaling-mediated induction of
SAT1 suppressed the virus replication.”® As mentioned
previously, IFN I played a crucial role in upregulating
SAT1. Viral titers were enhanced when the expression of
SAT1 was knockout. These findings indicated that SAT1
played a key role in the disease progression of CHIKV
infection, and the development of SAT1 drug could control
CHIKV infection. However, CHIKV has appeared to
develop resistance to polyamine deletions through two
mutations in the non-structural protein 1 (nsP1).*° The
mutations resulted in the increase of viral replication not
only in the polyamine depleted cells but also in vivo. In a
C57/Bl16 mice model provided with DFMO and infected
with CHIKYV, there were statistically significant changes in
viral titer in tissues (like liver, lung, and kidney) and it
tended to be lower.'® The finding suggested that it is likely
for DFMO suppressed polyamines in vivo to have the
potential to reduce CHIKV replication.

Sindbis Virus

Sindbis virus (SINV) is one of the arboviruses, and is one
the alphavirusus in the family of togaviridae. SINV infec-
tion has major symptoms of fever, joint pain, rash, and
encephalitis.*” SINV was suppressed by the DFMO
induced polyamine depletion in a dose-dependent manner
in BHK-21 infection cells.'® More importantly, DFMO
was effective in a mammalian model. It was reported
that the addition of several model organisms (such as
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Drosophila and zebrafish systems) with DFMO restricted
SINV infection. The finding indicated that DFMO could
be a candidate drug for SINV infection.

Semliki Forest Virus

Semliki Forest virus (SFV) is one of the alphaviruses, which
belong to the alphavirus-like superfamily containing multi-
ple +RNA virus families from plants and animals. SFV is
also an arthropod-borne that induces host cell membrane

Tuomi et al***

depression.*! insisted that polyamines
were required to maintain the maximum initial rate of SFV
replication and polyamine deficiency by DFMO-treatment
and could significantly decrease the activity of viral RNA
polymerase. More importantly, the activity of viral RNA
polymerase but not the enzyme activity was rescued by

external polyamines replenish, especially spermidine.

Herpesviridae

Epstein—Barr Virus

Epstein—Barr virus (EBV) is a DNA herpesvirus with
oncogenic potential and global distribution and high infec-
tion rate in the population.** The EBV infection is asso-
ciated with several diseases, eg, infectious mononucleosis,
hemophagocytic lymphohistiocytosis, and certain malig-
(Burkitt’s (BL)
Hodgkin’s disease). Polyamines play an important role in

nant lymphomas lymphoma and
the development of tumors, for example, polyamines pro-
moted the expression of key components of the SCFSkp2
complex (ubiquitin ligase complex) and led to degradation
of p27"P! and finally promoted cancer,” which bring to
assumption that EBV is closely related to polyamines. The
SAT1 activity was decreased in EBV-infected cells, which
increased the levels of polyamines and the occurrence of
BL.*® On the contrary, it could enhance infection of EBV
by increasing the activity of SAT1 with DEMspm

treatment.

Herpes Simplex Virus

Herpes simplex virus (HSV) is highly prevalent in popula-
tions worldwide, and humans are the only natural reservoir
of HSV. HSV-1 mainly causes the infection of skin,
mucous membrane (oral mucous membrane) and organs
(brain) and HSV-2 mainly infects the genital area skin
mucous membrane.*” Based on the frequent recurrence
of HSV and emergence of drug-resistant virus strains, it
is urgent to develop antiviral drugs to inhibit the spread of
virus. A study reported that the virions in HSV infected

cells contained more spermidine and spermine. Besides,
the suppression of polyamine with DFMO treatment
resulted in a reduction in HSV DNA,*® which led to a
decrease in the infectivity of HSV.*’ Greco et al’® discov-
ered that spermidine and spermine, component of HSV-1
virions, were involved in the process of viral infection.
Subsequently, addition of MGBG targeting SAMDC effec-
tively suppressed the virus infection.

Human Cytomegalovirus

Human cytomegalovirus (HCMV) infection is very com-
mon in people and can be contracted by close contact and
sexual contact between people with the virus. Although
the majority of patients with HCMV infection are asymp-
tomatic, about 20% of them developed neurological defi-
The HCMV
patients have more severe outcomes. The infection sup-

cits. infection in immunocompromised
pressed cellular immunity in the body by decreasing the
activity of killer T cells and NK cells.’’ A study prepared
human foreskin fibroblast (HFF) cells for the virus
infected model,”> and another one used human diploid
fibroblasts (MRCS5) cells to infect with HCMV.>* The
intracellular polyamine (spermidine and spermine) levels
reduced by DFMO in both CM V-infected cells. And they
reported that polyamine-depletion with DFMO supplement
reduced infectious HCMV replication by 6-log and 4-log
units, respectively”>>* (Table 1). The antiviral effect of
polyamine depletion was rescued with exogenous polya-
mines addition.”® The finding implied that polyamines
were essential for viral replication. In this way, drugs
suppressing polyamines could be an approach to an-
HCMYV infection.

Rhabdoviridae

Vesicular stomatitis virus (VSV) is mainly distributed in
South Africa and the Americas as well as in hot and humid
areas. It infects humans and animals such as cows and
pigs.>* Rabies virus (RABV) is also a member of the
rhabdoviridae family, but different than VSV, without
complications or deaths in humans, the case of RABV
fatality rate is 100% after being bitten by a sick or poiso-
nous animal with RABV.”> As shown in Table 1, running
out of polyamines through DFMO or DENSpm could
significantly decline the infectious viral production by
20-fold in VSV and 2-fold in RABV.'® When it treated
Vero-E6 cells with DFMO to infection with VSV in com-
bination with IFNP, the viral titers were synergistically
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reduced. It means that DFMO combined with IFNJ may
be a potential therapeutic intervention of these viruses.

Bunyaviridae

Bunyaviruses such as Rift Valley fever virus (RVFV) and
La Crosse virus (LACV) are emerging arthropod-borne
viruses that cause serious symptoms. RVFV, mainly ende-
mic in Africa and the Middle East, is transmission to
humans through mosquito bites or contact with infected
animals. RVFV infection causes encephalitis, meningitis,
and hemorrhagic fever in humans.’® Similar to RVFV,
LACYV also cause encephalitis following infection trans-
mitted by mosquito bite, and is prevalent in the Midwest
and mid-Atlantic US states.”” Bunyaviruses were sensitive
DFMO or
DENSpm.***® There were significant declines in viral

to polyamine depletion through either

titers over a series of infections and there was a mean-
ingful increase in the number of viral genomes per infec-
tious virus. However, polyamine depletion had no physical
effect on the virions produced from infected cells, which
revealed that RVFV and LACV in the infected cells with
polyamine depletion produced non-infectious particles.
Mastrodomenico et al®® thought that the noninfectious
particles interfered with virus reproduction and activated
type I interferon signaling to resist viral infection in the
infected cells. They also showed that RVFV and LACV
replication was promoted by polyamines, especially sper-
midine, that bound to purified virions and transmitted from
one cell to another during infection.’® Therefore, polya-
mines may have role

a unique in  maintaining

Bunyaviruses infectivity.

Retroviridae

Human immunodeficiency virus (HIV) is transmitted
through sexual contact, blood, and mother-to-child transmis-
sion, infecting tens of millions of patients globally.®® HIV
not only makes it difficult for the body’s immune system to
resist attack, but also brings difficulties in the development
of specific therapeutic drugs and preventive vaccines.
Eukaryotic initiation factor SA (elF5A) is essential for cell
viability and an important component of cellular protein.’
Besides, the process of elF5A-hypusine requires the partici-
pation of the spermidine (seen in Figure 1). Studies have
shown that polyamines may indirectly affect HIV replica-
tion, and elF5A was essential for viral gene expression.®'
HIV-1 Rev was required for elF5A to function in HIV-1
mRNA translation and viral production. And there was a
decrease in virus production by inhibiting RNA translation

and Rev-induced gene expression through HIV-1 siRNA
interfering with the formation of elF5A-hypusine, which
implied that activation of the hypusine of elF5A to the
viral RNA transcripts was likely mandated by their specific
interaction with the HIV-1 Rev protein.* The hypusine of
elF5A was involved in the process of polyamines (spermi-
dine) metabolism. Another study claimed that CPX and
DEF, the inhibitors of DOHH (the key anabolic enzyme of
elF5A-hypusine), prevented the maturation of elF5SA and
reduced the levels of viral RNAs in the nucleus and cyto-
plasm by 2-3-fold, suggested that CPX and DEF may have
potential as an antiviral drug.®* Further, supplements of CPX
and DEF suppressed the expression of HIV-1 promoter at
transcription initiation. The virus replication was inhibited
(>93%) in viral infection cells expressing the e[F5A mutants
which blocked HIV-1 Rev trans-activation and Rev-
mediated nuclear output.®’ The findings supported the
importance of e[FSA and hypusine formation in HIV-1
gene expression, indicating that inhibition of the elF5A-
hypusine related pathway may have potential effect for
anti-HIV infection.

Coronaviridae
Coronavirus Middle East respiratory syndrome virus
(MERS-CoV), a novel coronavirus, is mainly found in
Saudi Arabia. The spread of MERS-CoV is from person-
to-person and community-based.”* The common clinical
manifestations of MERS-CoV infection are fever accom-
panied by chills, cough, shortness of breath, and muscle
soreness. However, there is no vaccine to prevent MERS
yet. An experiment showed that MERS-CoV was infected
in Vero81 cells and treated with DFMO, and the viral titers
were reduced 30-fold, which suggested that MERS-CoV
was sensitive in depletion-polyamine with DFMO
supplement.'® Following the supplement of exogenous
polyamine, the viral titers were rescued. It appears that
the virus relies on polyamines for its replication and the
inhibition of polyamines has an anti-MERS-CoV effect.
Since December 2019, a series of unexplained pneu-
monia cases have been reported in Wuhan, China.®> On
January 12, 2020, the World Health Organization (WHO)
temporarily named the new virus 2019 New Coronavirus
(2019-nCoV). On February 11, 2020, the World Health
Organization officially named the disease caused by
2019-nCoV as SARS-CoV-2. Now, the SARS-CoV-2 epi-
demic is spreading worldwide. It was reported that endo-
genous polyamines inhibited innate immune responses by
blocking monocyte function.®® Besides, the coronavirus
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destroyed macrophages and thus attenuated the innate
immune response.®” Therefore, we speculate that targeting
polyamine metabolism may be a useful tool for controlling
SARS-CoV-2, although there are no reports on polyamine
metabolism and SARS-CoV-2.

Conclusion

The polyamines play critical roles in viral infection,
replication, and reproduction. In recent years, more and
more studies have been conducted on the effect of target-
ing polyamines as well as the pathway in viral infection,
suggesting that the important role of polyamines in the
occurrence and development of viral replication has been
recognized. Viruses may reveal mechanisms for using
polyamines in a similar manner. Because such a diverse
group of viruses rely on polyamines for replication, it
may be due to the more general function of polyamines.
Additionally, polyamines are important for cellular trans-
lation via the hypusine of eIF5A. In this review, several
human viruses such as CVB3, EV71, PV, ZKV, HCV,
DENV, JEV, YFV, EBOV, MARYV, CHIKYV, SINV, SFV,
EBV, HSV, HCMV, VSV, RABV, RVFV, LACV, HIV,
and MERS-CoV that were or are still circulating were
closely related to polyamines. Therefore, targeting the
polyamine pathway in viral infection is of great value
for diseases to develop antiviral drugs. However, most of
the compounds targeting polyamine metabolism are still
under preliminary research, and more research is needed
to determine their potential clinical antiviral effects.
Existing studies needs to pay attention to the precise
mechanism of polyamines in virus replication and how
they participate in the immune response of different
organisms, so as to further study the role of polyamines
in viral infections and provide a basis for revealing the
important role of developing antiviral drugs that target
the polyamine pathway.
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