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Abstract

The interaction between viruses and bacteria has a significant impact on
human health, affecting various microbial ecosystems in the respiratory and
urogenital tracts as well as in cases of ventilator-associated pneumonia. These
interactions can be complex and contribute to the development of diseases. Some
interactions benefit the virus directly, while others indirectly create conditions
favorable for bacterial growth. For instance, viruses can damage epithelial cells,
disrupt the immune system, and alter the composition of the microbiota, making the
host more susceptible to bacterial infections. Conversely, bacterial species can
influence viral infections by altering the host environment and potentially
contributing to viral transmission. Herpes simplex virus (HSV) is a common
infection caused by two types, HSV-1 and HSV-2, which can lead to various
ilinesses ranging from mild mucocutaneous infections to severe neurological and
systemic complications. HSV-1 is often associated with cold sores, while HSV-2
primarily causes genital herpes. Both viruses are highly contagious and spread
through close contact. While there's no cure, antiviral medications can manage
symptoms and reduce transmission. The prevalence of HSV-2 varies globally and is
influenced by factors such as geographic location, gender, and sexual behavior. The
virus can cause a wide range of symptoms depending on the infection site and the
individual's immune system. HSV can interact with various bacterial species to
influence the development and progression of disease. For example, it can
exacerbate periodontal disease by creating conditions favorable for bacterial growth
or increase the risk of acquiring bacterial infections such as Staphylococcus aureus
and Acinetobacter baumannii. Conversely, some bacteria, like Lactobacillus
crispatus, can inhibit HSV infection. Additionally, HSV can interact with bacteria
in specific disease contexts, such as increasing the severity of ventilator-associated
pneumonia or facilitating bacterial urinary tract infections. Moreover, Bacterial
vaginosis is associated with an increased risk of HSV-2 acquisition. Overall, this

review underscores the necessity for ongoing research into viral-bacterial



interactions, particularly focusing on HSV, to enhance our understanding of disease

pathogenesis and improve therapeutic and public health strategies.
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Pe3rome

BsaumopeiicTBue Mex 1y BUpycaMu U OaKTepUsSIMU OKa3bIBAET 3HAUUTEIHHOE
BJIMSIHUE Ha 3/I0POBbE YEJIOBEKA, 3aTparuBas pa3inyHble MUKPOOHBIE SKOCHCTEMbI
B JIBIXaTEJIbHBIX X MOYEIIOJIOBBIX IYTAX, @ TAKXKE B CIIy4asiX BEHTUIISTOP-
acCOLIMUPOBAHHOM MHEBMOHUU. Takue B3auMOICHCTBUS MOTYT OBITh CIIOKHBIMU U
CrocoOCTBOBATh pa3BUTHIO 3a00JIeBaHMi. Psi1 B3auMo1eiCTBUN MOTYT
HEIOCPEICTBEHHO ITOIIEPKUBATh KU3HEHHBIN LIUKII BUPYCA, B TO BpEMS KaK
Jpyrue KOCBEHHO CO3JIAl0T YCIOBHS, OJaronpusTHhIE Ui pocTa OaKTepuil.
Hammpumep, BUpyChl MOT'YT ITOBPEXAATh JIIUTEINATIbHBIE KIIETKH, HAPYIIATh
UMMYHHYIO CUCTEMY U U3MEHSTh COCTaB MUKPOOUOTHI, JieJiasi OpraHu3M X03siuHa
0ojiee BOCOPUUMYHUBBIM K OakTepuaibHbIM HHPeKusaM. 1 HaobopoT, OakTepuun
MOTYT BIIUATH HA BUPYCHBIE HHPEKLNU, U3MEHSS TOMEOCTa3 OPraHu3Ma X03siMHa U
NOTEHILMAJIBHO CIOCOOCTBOBATH paclpoCcTpaHeHHo Bupyca. Bupyc npocroro
repreca (BIII') mepBoro u Broporo tuna (BIIT'-1 u BIIT'-2) Bei3biBaeT
pacnpoCcTpaHEHHYIO0 HH(EKIINIO, MPOSIBISIONIYIOCA KaK B BUE JIETKOW CTENEHH
CJIM3UCTO-KOKHBIX UH(PEKIUN BIUIOThH A0 TSHKEIBIX HEBPOJIOTHUECKUX U
cucteMHbIX nopakeHui. BIII'-1 gacTo acconuupyercs ¢ reprecoMm Ha ryoax, B TO
Bpems kak BIII'-2 B mepByto ouepeab BbI3bIBAET TeHUTANbHBIN Teprec. O6a Bupyca
KpaiiHe KOHTaruo3Hbl U pacCIpOCTPAHAIOTCS ITPU OJIM3KOM KOHTAKTE. XOTs
CYILIECTBYIOILIME JIEKAPCTBA HE MPUBOJAT K JIMMUHALIUHA BUPYCOB,
IPOTUBOBUPYCHBIE MIPETapaThl CHOCOOHBI KOHTPOJIUPOBATH CUMITOMBI 1 CHUXKATh
UX pacrpocTtpaHenue. Y poeHb uHGuuupoanust BIII'-2 BapbupyeT B pa3HbIX
CTpaHax U 3aBHCHUT OT TaKUX (paKTOPOB, KaK reorpaduyeckoe rnoyoKeHue, moi u
CEKCYaJIbHOE IOBEICHUE YEJIOBEKA. BUPYC MOKET BBI3BIBATH IIUPOKUM CIIEKTP
CUMIITOMOB B 3aBUCUMOCTH OT MECTa MH(PUIMPOBAHUS U COXPAHHOCTH UMMYHHOMH
cucremMsl yenoseka. BIIIT MmoxxeT B3auMoAencTBOBaTh C pa3IMYHbIMU BUIAMHA
OaxkTepuil, BIUsIs HA pa3BUTUE U IporpeccupoBanue 3adoneBanus. Hanpumep, on
MOKET yCyryOJIATh apOJA0HTO3, CO3aBasi yCI0OBUs, OJaronpusiTHbIE ISl pOCcTa

OaxTepwii, UM TOBBINIATH PUCK 3apaXKeHUs OaKTepuaIbHBIMU HH(PEKIIUSIMH,



takuMu kak Staphylococcus aureus u Acinetobacter baumannii. 1 nao6opor,
HEKOTOpBIe OakTepuy, Takue kak Lactobacillus crispatus, MmoryTt moaBisTh
3apaxkenue BIII'. Kpome toro, BIII" MoxkeT B3auMoaeiicTBOBaTh C OaAKTEPUSIMHU U
YTSKEIATh TEUCHHE THEBMOHMM, CBA3aHHOM C MCKYCCTBEHHOW BEHTUIISILIMEN
JIETKUX, UM CIIOCOOCTBOBATH (DOPMUPOBAHUIO OAKTEPUATBHBIX HH(PEKIIHIMA
MOYEBBIBOJIALIMX MMyTel. bosee Toro, 6akrepuanbHbIA BATMHO3 CBSI3aH C
MOBBIIICHHBIM pUCKOM 3apaxkenus BIII-2. B nienom, npeacTaBieHHbIH 0630p
MOTYEPKUBAET HEOOXOUMOCTh MOCTOSTHHOTO UCCIIEI0BaHUSI BUPYCHO-
OaKTepHaIbHBIX B3aUMOJEHCTBUN, 0coOeHHO ponu BIII, nis ynydmenus
MOHMMaHHUA NTATOTeHe3a 3a00JIEBaHUS U YITyUILICHHUS TEPANeBTUYECKUX CTPATETUi

W TAKTUKHU 3APaABOOXPAHCHUA.

KroueBble cjioBa: OakTepuanbHas HH(eKnsa, KouH(EK1us, BUPYyC
IPOCTOTO reprieca, B3auMOACUCTBUS MUKPOOBI-X0351H, O0IIECTBEHHOE

3/IpaBOOXpaHEHUE, BUPYCHbIE HHPEKIIUH.
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1 Introduction

The interactions between viruses and bacteria have recently emerged as a focal point
of study due to numerous significant examples involving human pathogens of
clinical relevance. However, despite their likely importance in applied and health
sciences, the ubiquitous interactions between viruses and bacteria have yet to be
thoroughly reviewed or compiled. While it has long been recognized that bacteria
and eukaryotic viruses coexist, attention to their relationships, particularly in terms
of promoting or inhibiting each other's presence in their eukaryotic hosts, has only
relatively recently gained traction. Although co-infections among different
pathogens, including those spanning multiple kingdoms, have been well-
documented, many questions remain regarding the mechanisms and extent to which
these pathogens, along with their interactions with other microbes, contribute to
varying infection levels. Infectious diseases are primarily caused by viruses or
bacteria that frequently interact with one another. Although their presence may
precede subsequent infections, viruses, and bacteria can exist in the body without
causing any special symptoms. They often inhabit the same niches, yet only recently
has there been growing interest in their potential collaboration in promoting wellness
or disease states. While the interaction of certain bacteria and viruses, such as the
influenza virus, is well understood, researchers typically prioritize identifying the
location of the infection over the manner of cooperation. There are two main types
of interactions between bacteria and viruses that cause disease: direct interactions
that benefit the viruses in some way, and indirect interactions that benefit bacteria.
Direct interactions that promote viruses occur when the virus utilizes a bacterial
component to facilitate entry into the host cell. Conversely, indirect interactions lead
to heightened bacterial pathogenesis due to viral infection. Enteric viruses primarily
utilize the direct pathway, whereas respiratory viruses predominantly impact
bacteria indirectly [1].
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Understanding the interactions between viral and bacterial infections is crucial for
effective management and prognosis determination in patients. These interactions
can significantly impact the course of disease and treatment outcomes. For instance,
herpes simplex virus (HSV) infection is one of the most common sexually
transmitted infections in humans and can have serious implications for both
individual health and public health. Therefore, elucidating the relationship between
HSV and various bacterial infections is vital. Research has shown that viral
infections can predispose individuals to secondary bacterial infections or exacerbate
existing bacterial infections. This phenomenon is often observed in respiratory
infections, where viral pathogens like influenza viruses weaken the immune
response, making individuals more susceptible to bacterial superinfections such as

pneumonia. Conversely, bacterial infections can also influence viral infections [3].

Understanding the mechanisms underlying these interactions is essential for
developing targeted therapeutic strategies. Furthermore, understanding how viral
and bacterial pathogens interact in the host can inform the development of new
therapies, such as combination therapies that target both pathogens simultaneously,
providing insights into the dynamics of disease transmission and informing public
health actions. By understanding how viral and bacterial pathogens interact in hosts
and spread among populations, public health officials can implement more effective
control measures to prevent outbreaks and reduce disease burden [30]. This review
highlights key knowledge on the complex interplay between viral and bacterial

infections, with a particular focus on herpes simplex virus (HSV).
Herpes simplex virus (HSV):

Herpes simplex virus (HSV) encompasses types 1 and 2 (HSV-1 and HSV-2), which
manifest in a wide array of illnesses, ranging from mucocutaneous infections to
infections of the central nervous system (CNS) and sporadic infections of visceral
organs, some of which can pose life-threatening risks. The term "herpes," derived

from the Greek word meaning "to creep," has been documented in medical literature
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since ancient times. Cold sores, also known as herpes febrile, were noted by the
Roman physician Herodotus around AD 100. Genital herpes was first detailed by
John Astruc, a physician to the king of France, in 1736, with the initial English
translation of his treatise on venereal disease emerging in 1754. Transmission of
infection through orolabial lesions was observed in the late 19th century.
Experimental transmission of the disease to rabbits was achieved in the early 20th
century, and the ability to culture HSV in vitro was established in 1925. In the 1960s,
Nahmias and Dowdle identified two antigenic types of HSV, each with distinct sites
of viral recovery [7, 33, 47].

The eight human herpesviruses (HHVS) are categorized into three groups based on
their genomic and biological characteristics: alphaherpesviruses (such as HSV-1,
HSV-2, and varicella-zoster virus [VZV]), betaherpesviruses (including
cytomegalovirus [CMV], HHV-6, and HHV-7), and gammaherpesviruses (such as
Epstein-Barr virus and Kaposi sarcoma-associated herpesvirus, or HHV-8).
Herpesviruses share certain morphological traits, such as an internal core containing
double-stranded DNA, an icosahedral capsid comprising 162 capsomers, an
amorphous tegument surrounding the capsid, a lipid envelope containing surface
viral glycoproteins, and an average diameter of approximately 160 nm. However,
despite these structural similarities, each herpesvirus exhibits distinct biological and
epidemiological features. Although HSV-1 and HSV-2 are closely related to
herpesviruses, they exhibit distinct serological and genetic characteristics. The
genome of HSV consists of a linear, double-stranded DNA molecule with a
molecular weight of approximately 1 x 1078 kDa, encoding around 90
transcriptional units, of which 84 are believed to encode proteins. The genome
features repeated sequences at both terminal ends, organized in an inverted fashion,
thus dividing it into two unique components. While HSV-1 and HSV-2 share
approximately 50% overall sequence homology, homologous sequences are
distributed throughout the entire genome. Most polypeptides encoded by one viral

type are antigenically related to those of the other viral type. However, there are also



85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

type-specific regions unique to HSV-1 and HSV-2 proteins, some of which play a
role in evading host immunity. Despite diverging 6 to 8 million years ago,
interspecies recombinants of HSV-1 and HSV-2 are widely circulated. HSV
demonstrates genomic stability, and methods such as restriction endonuclease or
sequence analysis of viral DNA can distinguish between the two subtypes and
among strains of each subtype [6, 27, 51].

HSV-1 has a wide distribution, infecting over 3.7 billion adults by the age of 40. The
prevalence of HSV-2 varies significantly and is influenced by factors such as
geographic location, gender, and sexual behavior. Generally, women have higher
rates of HSV-2 infection compared to men. Among populations with weakened
immunity, such as individuals with HIV or attendees of STD clinics, as well as men
who have sex with men (MSM), HSV-2 infection rates can exceed 80%. The
prevalence of HSV-2 infection correlates with sexual activity, increasing with
factors such as a higher number of sexual partners, younger age at sexual debut, and
the presence of existing sexually transmitted diseases. In populations such as female
sex workers, where near-universal infection rates are observed, rare genetic

resistance to HSV-2 is suggested [9]. (figure 1)

Transmission: Transmission of HSV most commonly occurs through close contact
with an individual who is actively shedding the virus from a peripheral site, mucosal
surface, or genital/oral secretions. In 1921, Lipschutz conducted experiments by
inoculating material from genital herpetic lesions into the skin of humans, resulting
in clinical infection within 48 to 72 hours in six individuals and within 24 days in
one case. It is now understood that infection occurs through the inoculation of the
virus onto susceptible mucosal surfaces (such as the oropharynx, cervix, and
conjunctivae) or through small breaks in the skin. Aerosol and fomite transmission
of HSV are rare due to the virus's susceptibility to inactivation at room temperature
and by drying. However, transmission of HSV-1 through orogenital contact is
increasingly recognized, possibly due to a decrease in the age-specific prevalence of
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HSV-1 at the time of sexual debut. Certain occupations, such as dentists and
respiratory care unit personnel, face the risk of spreading HSV-1 infection from oral
secretions to other areas of the skin. Additionally, laboratory-acquired and
nosocomial outbreaks involving hospital or nursery personnel have been
documented. Herpes gladiatorum outbreaks among wrestlers are also well
documented. Infants born to mothers shedding HSV at delivery can acquire the virus
during birth. Anal and perianal infections with HSV-1 or HSV-2 are prevalent
among sexually active MSM populations. Most cases occur within 5 days of contact,
indicating the short incubation period of primary infection. However, the precise
virologic determinants of transmission likelihood are not well understood. In the
case of HIV infection, there is a clear relationship between genital and plasma HIV
viral load and the per-coital risk for HIV transmission. However, because genital
HSV-2 levels fluctuate rapidly over hours, both with and without therapy, the exact
impact of source partner viral load during sex on the likelihood of transmission is
uncertain. Nevertheless, modeling studies suggest that there is a certain viral load
threshold that influences sexual transmission. Subclinical or asymptomatic shedding
of HSV in oral and genital secretions is characteristic of infection in both
iImmunocompetent and immunocompromised individuals, and transmission is more
common during asymptomatic shedding. Prolonged episodes of asymptomatic
shedding lasting several days have been well documented, even among
Immunocompetent patients who are taking daily antiviral therapy. In a prospective
trial, the frequency of symptomatic recurrences poorly predicted the likelihood of
transmission, underscoring the significant transmission risk associated with
asymptomatic shedding. The frequency of detectable shedding varies widely among
individuals who are seropositive for HSV-2, which likely contributes to the
variability in reported rates of transmission per sexual encounter. DNA polymerase
inhibitors, which reduce the frequency of asymptomatic shedding as well as the peak
HSV-2 titers during recurrence, have been shown to decrease transmission within

serodiscordant couples [9, 34, 54].
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Clinical manifestations: Clinical manifestations of HSV infection vary depending
on factors such as the site of infection, viral type (HSV-1 or HSV-2), and the host's
age and immune status. The incubation period ranges from 2 to 12 days, with an
average of around 4 days. Initial infections are generally more severe than recurrent
ones. Orofacial infection, including gingivostomatitis and pharyngitis, is the most
common initial manifestation of HSV-1, while recurrent lesions on the vermilion lip
border (herpes labialis) are indicative of latent infection. Complications can include
aseptic meningitis, transverse myelitis, sacral radiculopathy, and extragenital lesions
during primary genital infection. HSV infection can also lead to esophagitis,
pulmonary infections, hepatitis, and disseminated disease, particularly in
iImmunocompromised patients, with severe skin infections observed in patients with
eczema. Oropharyngeal HSV infection typically presents asymptomatically, but
symptomatic cases may exhibit fever, oral lesions, sore throat, fetor oris, anorexia,
cervical adenopathy, and mucosal edema. Genital HSV Infection: Primary infections
typically present with fever, malaise, myalgias, inguinal adenopathy, and signs of
systemic illness. Other Primary HSV Skin Infections: Atopic dermatitis can result
in localized HSV skin infection known as eczema herpeticum, while trauma-induced
cutaneous infection is termed herpes gladiatorum (wrestler's herpes or traumatic
herpes). Ocular HSV Infection: Manifestations include blepharitis or follicular
conjunctivitis (keratitis and retinitis), progressing to dendritic lesions. Symptoms
may include photophobia, tearing, chemosis, blurred vision, and preauricular
lymphadenopathy. Central Nervous System (CNS) HSV Infection: Characterized by
headache, fever, behavioral disturbances, speech disorders, altered consciousness,
and focal neurologic findings such as seizures. Neonatal HSV Infections:
Categorized into localized disease (affecting the skin, eyes, and/or mouth),
encephalitis (with or without the involvement of skin, eyes, and/or mouth), and
disseminated infection affecting multiple organs [13, 52].

Virus-Bacteria Interactions Pathophysiology:
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While bacteria and viruses often share similar habitats, the exploration of their
potential collaboration in either promoting wellness or contributing to disease states
has recently gained attention. Although some interactions between bacteria and
viruses, such as those involving the influenza virus, have been well studied,
researchers tend to prioritize understanding the location of infection over the
mechanisms of cooperation. One of the most widely recognized examples of viral-
bacterial synergy is the interaction between the influenza virus and S. pneumoniae.
While an influenza virus infection alone can be severe, mortality rates significantly
escalate with bacterial superinfections, as seen during the "Spanish flu" pandemic of
1918-1919, where millions of deaths were attributed mostly to secondary
pneumococcal pneumonia. The mechanisms by which viruses influence bacterial
colonization and invasion are diverse and multifaceted, involving both direct and
indirect interactions that lead to disease. Direct interactions occur when viruses
exploit bacterial components to facilitate their entry into host cells, primarily
benefiting viral infiltration without conferring advantages to bacteria. In contrast,
indirect interactions enhance bacterial pathogenesis as a consequence of viral
infection, where viruses alter the host environment to make it more permissive for
bacterial colonization. Enteric viruses predominantly utilize direct pathways, while
respiratory viruses primarily exert their effects through indirect mechanisms.
Although commensal bacteria inhabit various body systems, the respiratory and
gastrointestinal microbiomes have been extensively studied. The gastrointestinal
tract harbors a highly diverse bacterial population, with the oral cavity containing
approximately 200 species and the distal intestine hosting up to 1000 species,
reaching densities of up to 10714 bacterial cells per gram. In comparison, the
respiratory tract contains a significantly lower bacterial load, with an estimated total
of 104 bacteria and ample uncolonized space. Both commensal and pathogenic
organisms colonize the nasopharynx, leading to infections in the upper and lower
respiratory tracts when host homeostasis is disrupted [1, 25, 42]. Indirect interactions

often involve four major mechanisms: (1) virus-induced upregulation of bacterial
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receptor concentrations on host cells, (2) virus-mediated damage to epithelial
barriers, (3) virus-driven displacement of commensal bacteria, and (4) virus-induced

suppression of the host immune response [35]. (Figure 2)

Bacterial species often benefit from viral infections. While viruses exist
independently of proximal bacterial species, viral-induced disease states can create
conditions where normally harmless bacteria become opportunistically pathogenic.
In healthy circumstances, direct competition among microbes helps limit pathogen
invasion by saturating colonization sites, bolstering barrier immunity to produce
antimicrobials, and enhancing the immune response to invading microorganisms.
However, when microbial populations are disrupted, previously inaccessible niches
become available to invading pathogens, and surfaces where native microbiota once

outcompeted disease-causing counterparts are compromised [22].

Viral propensity for Bacterial Adherence: The initial attachment of pathogens to
mucosal surfaces is a crucial step in the development of respiratory diseases. Viral
infections can alter the defense mechanisms of the host epithelium, potentially
making it more susceptible to bacterial colonization. Studies in mice have indicated
that this predisposition to bacterial attachment can occur not only during
simultaneous viral-bacterial infections but also up to a week after initial viral
infection or even after full recovery from influenza. Furthermore, the extent of
interaction varies depending on the viral types and bacterial strains involved; only
pneumococcal strains with high adhesive capacity were observed to adhere to human
respiratory epithelium infected with adenovirus. This effect was primarily seen with

adenovirus types known to cause respiratory disease in humans [2, 37].

Epithelial Barrier Disruption: The epithelial layer lining the respiratory tract
mucosa serves as the primary defense against bacterial invasion. Any compromise
in its barrier function can pave the way for pathogen entry. Viruses typically
replicate within host cells, disrupting cellular processes, and leading to cell death

either through metabolic exhaustion or direct lysis. Consequently, cell death can
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cause denudation of the epithelial layer, exposing the underlying basement
membrane. Streptococcus pneumoniae has been observed to strongly bind to
fibronectin, a protein prominently exposed at the basement membrane following
epithelial denudation. Similarly, Staphylococcus aureus and Moraxella catarrhalis
have demonstrated binding capabilities to extracellular matrix proteins, indicating
potential benefits from virus-induced epithelial damage. Moreover, the binding
efficiency of bacteria to fibronectin appears to be influenced by the amount and
duration of fibronectin exposure. Viral presence can directly induce the upregulation
of fibronectin expression, as demonstrated in rhinovirus infections, further
facilitating pathobiont binding. Another consequence of epithelial disruption is the
loss of epithelial integrity and the decreased inhibition of bacterial translocation.
Studies have shown rhinovirus-induced paracellular migration of Haemophilus
influenzae as a result of epithelial damage. Additionally, viruses may cause damage
to ciliated cells, leading to reduced mucociliary velocity and impaired bacterial
clearance [15, 39, 45].

Upregulation of Adhesion Proteins: Viral infections within cells can induce
changes in the expression of antimicrobial peptides, such as defensins, which are
crucial components of the innate immune system and directly combat pathogenic
bacteria in the respiratory mucosa. Additionally, viral infections trigger a pro-
inflammatory response leading to the upregulation of adhesion proteins in various
cell types, including epithelial cells. These adhesion proteins serve as receptors that
enable immune cells to bind to virus-infected cells and combat the viral invader. For
instance, upon infection with viruses like respiratory syncytial virus (RSV) or para-
influenza virus, eukaryotic cell surface receptors such as intracellular adhesion
molecule 1 (ICAM-1), outer membrane protein P5-homologous fimbriae (P5
fimbriae), carcinoembryonic adhesion molecule-1 (CEACAM-1), and platelet-
activating factor receptor (PAFr) are upregulated in different cell types. Several
bacterial species can adhere to these adhesion proteins on the host cell surface. For

example, rhinovirus-induced upregulation of ICAM-1 facilitates both its own
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invasion and the adhesion of Haemophilus influenzae. Additionally, certain strains
of  Streptococcus pneumoniae and Haemophilus influenzae  express
phosphorylcholine, a natural ligand for PAFr, enabling them to attach to and invade
host cells. The increased expression of PAFr in response to viral infection may thus
enhance adherence to both Streptococcus pneumoniae and Haemophilus influenzae.
However, influenza viruses may be an exception as in vitro studies have shown that
they do not alter the expression of several receptors, including ICAM-1, CEACAM,
and PAFr. Conflicting data exist regarding the potential role of PAFr in protecting
against bacterial superinfection following influenza in mouse models, which may be
attributed to strain-related differences and the timing and order of viral and bacterial
exposure [21, 31, 37].

Viral Factor Production: In addition to direct interactions, the influenza virus can
enhance bacterial adherence through alternative mechanisms, such as the production
of neuraminidase (NA). NA, produced by influenza and parainfluenza viruses,
facilitates bacterial entry into host cells by cleaving sialic acid residues, thereby
exposing bacterial receptors on the surface of the upper respiratory tract. Numerous
in vitro and animal studies, including those involving NA inhibitors, support this
mechanism. While some bacteria, like Streptococcus pneumoniae, naturally express
NA, their contribution to viral replication appears minimal due to their lower
enzymatic activity and stricter binding requirements compared to viral NA.
Conversely, respiratory syncytial virus (RSV) does not produce NA. Instead,
bacterial adherence to RSV-infected cells is believed to be mediated directly by the
expression of RSV-protein G. However, blocking G-protein activity only partially
reduces excessive bacterial colonization in RSV-infected cells in vitro, suggesting
an involvement of other mechanisms during viral-bacterial co-occurrence. These
mechanisms may include the upregulation of additional receptors like ICAM-1 and
PAFr or other indirect pathways [16, 20, 46].
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Dysfunction of Immune System elements: In addition to facilitating the adhesion
of neutrophils, monocytes, and other immune cells to virus-infected cells, viral-
induced expression of the adhesion molecules may also promote the recruitment and
activation of pro-inflammatory immune cells. However, respiratory viruses can
directly impact the immune system by impairing neutrophil function, reducing
oxidative burst, and accelerating neutrophil apoptosis, thus increasing susceptibility
to bacterial superinfection. Certain strains of influenza virus may predispose to
superinfection by Staphylococcus aureus due to ineffective recruitment and
activation of natural killer (NK) cells. Furthermore, viral infection can alter
monocyte function, leading to decreased surface expression of CD receptors.
Additionally, viral presence influences the production and biological activity of
cytokines. For instance, virus-induced interferon (IFN)-o and IFN-B can impair
neutrophil responses by reducing the production of neutrophil chemoattractants.
IFN-y downregulates macrophage activity, hindering bacterial clearance during the
initial phase of infection. Blockage of IFN-y has been shown to decrease
susceptibility to secondary bacterial pneumonia in mice. Moreover, the production
of tumor necrosis factor (TNF)-a is downregulated during viral infection, potentially
increasing susceptibility to secondary bacterial infections. Respiratory viruses can
also interfere with toll-like receptor (TLR) pathways, disrupting proper immune
responses. This is exemplified by data from co-infection models with influenza virus
and Streptococcus pneumoniae in mice, where excessive production of the
immunosuppressive interleukin (IL)-10 following co-infection was associated with
enhanced bacterial colonization and increased mortality. In recent years, there has
been growing recognition of the potential involvement of viral and bacterial-viral
interactions in the development of autoimmune diseases. Despite this, understanding
the specific microbial contributions to autoimmunity remains a significant
challenge, particularly in deciphering the role of commensal bacteria and chronic
viruses. Establishing causality in these complex microbe-microbe interactions is

further complicated by the intricate interplay between microbes and host genetics.
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Nevertheless, emerging research has highlighted the impact of microbial interactions
on immune tolerance breakdown and autoimmune pathogenesis. Numerous human
studies and animal models support the involvement of the microbiota in autoimmune
disease development. While substantial progress has been made in elucidating host-
pathogen interactions, establishing definitive causality in humans remains
challenging. Molecular mimicry, leading to the loss of immune tolerance, has
emerged as a key pathogenic mechanism in disease development. Future
investigations will undoubtedly delve deeper into the dysregulation of crucial T-cell
subsets implicated in autoimmunity, shedding more light on the role of chronic
infections and commensal relationships. Advancements in sequencing technology
and our understanding of the microbiota-host relationship are poised to drive further

progress in unraveling these complex interactions [43].

Unilateral or Bilateral Synergy: While most studies emphasize a unilateral viral
predisposition to bacterial colonization, there are indications that preceding bacterial
infections may also increase susceptibility to subsequent viral infections. For
instance, research has demonstrated that H. influenzae can induce the expression of
ICAM-1 and TLR-3 on human airway epithelial cells, providing an entry point for
rhinovirus. Similarly, human bronchial epithelial cells pre-treated with
pneumococcus were found to be more susceptible to human metapneumovirus
compared to those treated with other bacterial strains. Moreover, microbial
interactions may disrupt the microbiota equilibrium, creating opportunities for viral
invasion and transmission. Recent studies have shown that the transmission of an
enteric virus was less successful when the intestinal microbiota of mice were
disrupted by antibiotic treatment. Additionally, viruses might exploit their microbial
environment to evade immune clearance. However, limited information exists on
bacterial predisposition to viral disease, warranting further research to elucidate the

extent to which bacteria contribute to viral presence [19, 23, 48].
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Viral-bacterial Interaction in Asymptomatic Individuals: Recent research
suggests that asymptomatic individuals harboring viruses in the nasopharynx may
play a role in bacterial colonization and sustained viral presence. Cohort studies
involving asymptomatic children have revealed a positive association between the
presence of adenovirus and rhinovirus and the colonization of M. catarrhalis and H.
influenzae. However, the cross-sectional nature of most of these studies complicates
the determination of a cause-effect relationship and the direction of these effects. To
elucidate the sequence of observed effects, longitudinal studies with comprehensive
follow-up during both health and disease states are warranted [4, 53].

Other Ways that Various Viruses Affect Bacteria: (A) When influenza A virus
binds to bacteria, it boosts bacterial attachment to eukaryotic cells. (B) Multiple
poliovirus virions binding to bacteria leads to increased coinfection and genetic
recombination, giving rise to reassortant viruses. (C) Poliovirus binding to
Lipopolysaccharides (LPS) enhances its affinity for poliovirus receptor (PVR), and
the binding of human norovirus to bacterial histo-blood group antigens promotes
infection. (D) Binding of gram-positive and gram-negative bacteria by

picornaviruses and mammalian reovirus enhances virion thermostability [30].
Interactions between Herpes Simplex Virus and Bacterial Infections:

Porphyromonas gingivalis and Dialister pneumosinte: Recent studies indicate that
the progression of aggressive periodontitis, characterized by attachment, bone, and
tooth loss, involves interactions among three herpes virus species (Epstein-Barr
virus type 1 (EBV-1), human cytomegalovirus (HCMV), and herpes simplex virus
(HSV)) and common periodontal bacteria, such as Porphyromonas gingivalis and
Dialister pneumosinte [11, 36]. This synergistic relationship between herpesviruses
and periodontal bacteria contributes to host immunosuppression, thereby promoting
bacterial colonization and enhancing disease severity [18]. Additionally,
periodontitis lesions may harbor HSV-1, human herpesvirus 6 (HHV-6), HHV-7,
and HHV-8 in individuals infected with human immunodeficiency virus (HIV). Both
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HSV and HCMV infect various immune cells, inducing inflammation and cytopathic
effects within host tissues, thereby compromising the host's defense against
periodontal bacteria. Furthermore, viral proteins on infected host cells act as
receptors for periodontal bacteria, while destroyed host cells offer attachment sites
on exposed surfaces [10]. These lesions progress until rapid loss of connective tissue
attachment and alveolar bone loss, hallmark features of periodontitis, occur. Hence,
understanding the dynamic interplay between the immune system and virus-bacteria
interactions is crucial for elucidating their pathogenic mechanisms [1]. In addition
to the mentioned bacteria, herpesvirus-infected periodontitis lesions exhibit
increased levels of periodontopathic bacteria such as Actinobacillus
actinomycetemcomitans, Porphyromonas gingivalis, Dialister pneumosintes,

Prevotella intermedia, Prevotella nigrescens, and Treponema denticola [40].

Enterococcus faecium: Enterococcus faecium is a Gram-positive bacterium found
in the genus Enterococcus. While it can exist as a commensal organism in the
gastrointestinal tract of humans and animals, it is also known to cause various
infections, including endocarditis, urinary tract infections, prostatitis, intra-
abdominal infection, cellulitis, wound infection, bacteremia, and neonatal
meningitis [38, 50]. Several components present in the bacterial supernatant may
contribute to its observed antiviral activity. One such group of proteinaceous
molecules, called bacteriocins, exhibits antiviral properties. For instance, Enterocin
CRL35, a bacteriocin produced by Enterococcus faecium CRL35, has been shown
to reduce the replication of herpes simplex virus 1 and 2 by approximately 1 log10
in vitro. Studies suggest that this bacteriocin inhibits the synthesis of a viral
glycoprotein necessary for viral infection and replication. The ability of enteric
bacteria to bind to viruses, prevent their adherence to host cells, or inhibit various
stages of the viral infection process may hold promise for therapeutic interventions
[28, 49].
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Streptococcus pneumoniae and Haemophilus influenzae: Studies examining the
relationship between herpesvirus infections and bacterial infections, particularly
involving S. pneumoniae and H. influenzae, have indicated a potential association.
This association has been observed in cases of herpesvirus isolation occurring prior
to (within 30 days), concurrently with (within seven days), and following bacterial
infections caused by these pathogens. However, none of these associations have
reached statistical significance. While there has been a longstanding clinical belief
that pneumococcal pneumonia might trigger latent herpesvirus infections, recent
clinical evidence has supported this notion. Nonetheless, it's important to note that
fever itself can activate latent herpesvirus infections, and the specific contributions
of the organism (S. pneumoniae) versus changes in the host environment (fever) are

yet to be fully understood [41].

Lactobacillus crispatus: Lactobacillus crispatus is a rod-shaped species commonly
found in the vagina and gastrointestinal tract, produces hydrogen peroxide, and plays
a crucial role in protecting against urogenital pathogens. In a study assessing its
potential antiviral activity against HSV-2 infection in vitro, L. crispatus was found
to significantly reduce HSV-2 infectivity in the initial stages on both Vero and HelLa
cell lines. Interestingly, the adhesion of lactobacilli to Vero cells was twice as strong
as to HelL a cells, resulting in nearly 2.5 times higher protection of VVero cells against
the virus. Co-incubation of HSV-2 with bacterial cells prior to virus inoculation also
led to a significant decrease in virus titer. L. crispatus appears to inhibit viral entry
into cells by trapping HSV-2 particles, and the formation of L. crispatus
microcolonies on the cell surface may block HSV-2 receptors, thereby preventing

viral entry into cells during the initial infection stages [29, 32].

Staphylococcus aureus: s.aureus along with herpes simplex virus type-1 (HSV-1)
and type-2 (HSV-2), as well as Candida albicans, coexist in the oral and genital
mucosa, yet their interaction remains poorly understood. Experimental reports

indicate a significant decrease in HelLa-associated S. aureus levels for both HSV-1-
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and HSV-2-infected cells compared to virus-free HelLa cell controls. In contrast,
HSV-1 and HSV-2 significantly enhance HeLa cell association of C. albicans yeast
forms and germ tubes approximately two-fold each. This effect of S. aureus on germ
tube and yeast form adherence to HSV-1- and HSV-2-infected cells is specific to the
Candida phenotype tested. While HSV acts as an antagonist towards S. aureus
adherence, it enhances Candida adherence. Moreover, the combination of the three
pathogens results in S. aureus adherence that is either unaffected or partially restored
depending on both the herpes viral species and the fungal phenotype present. These
studies highlight the ability of HSV to regulate the adherence of multiple
opportunistic pathogens within the inter-kingdom microbiome. It suggests that
HSV-1 and HSV-2 modulate both fungal and bacterial adherence to cells, likely in
part through HSV-mediated alteration of heparan sulfate cell surface display. These
findings signal a shift in perspective from the conventional notion that host factors
exclusively govern microbiome composition, to one where a lifelong latent viral
pathogen could influence the host through specific molecular mechanisms that alter
biofilm initiation. This suggests a usurpation of regulatory control over microbiome
membership. Further investigations are warranted to delineate the precise role of
various HSV viral entry receptors in modulating staphylococcal and candidal
adherence. Understanding the initial interactions between HSV-1 and HSV-2, as
permanent members of the host microbiome, and chronic colonizers like S. aureus
and C. albicans, opens up new possibilities for biofilm inhibition and eradication.
Additionally, in another study, positive cultures of Staphylococcus aureus were

more frequently reported in burn patients with herpes infection [44].

Acinetobacter baumanni: In one study, HSV activation was linked to prolonged
hospital stays and mechanical ventilation. Moreover, HSV activation raised the
likelihood of acquiring positive pulmonary cultures for Acinetobacter baumannii
and methicillin-resistant Staphylococcus aureus in wound cultures. It also
heightened the risk of positive cultures for any strain of A. baumannii. Severe burn

injury patients experiencing HSV activation exhibited prolonged mechanical
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ventilation and hospitalization periods, along with an elevated susceptibility to

infections from opportunistic bacteria [44].

Group B Streptococcus (GBS): Studies indicate GBS colonization as a risk factor
for genital tract shedding of HSV-2 in women. While vaginal GBS colonization is
common, even modest associations with HSV-2 shedding can result in significant
risks for virus transmission. GBS is generally considered as a microorganism that
does not provoke a substantial host inflammatory response when present in the
vagina. Its detection usually signifies colonization rather than infection, as it's not
typically linked to vulvovaginal symptoms. However, pregnant women with heavy
vaginal GBS colonization during mid-gestation face a significantly higher risk of
delivering a preterm, low-birth-weight infant compared to those with either no or
light GBS colonization. This observation suggests that although vaginal GBS
colonization may not cause evident vulvovaginal symptoms, it could induce
alterations in the vaginal microenvironment, with heavier colonization potentially

more prone to trigger such changes [8].

Ventilator-associated pneumonia (VAP): Herpes simplex virus (HSV) shedding
in lower respiratory tract (LRT) secretions is not uncommon in cases of VAP, and it
correlates with increased severity and a poorer prognosis. In a study involving 177
patients with confirmed bacterial VAP, HSV was detected in 13.4% of cases.
Patients with HSV shedding exhibited more severe underlying conditions and
experienced worse outcomes. They required more antibiotics for the VAP episode,
had a higher incidence of Clostridium difficile infection, spent a longer duration on
mechanical ventilation, had extended stays in the intensive care unit and hospital,

and had higher mortality rates compared to those without HSV shedding [5].

Bacterial urinary tract infections (UTIs): UTIs typically involve bacteria such as
E. coli, K. pneumoniae, and P. aeruginosa. The underlying mechanisms involve the
release of chemokines and cytokines, including CXCL8, CCL2, interleukins (IL-6,
IL-8, IL-10, IL-17A), and granulocyte colony-stimulating factor (G-CSF) [26]. In
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certain investigations, pre-infection of HT-1376 cells with HSV-2 led to a tenfold
increase in adherence of an E. coli strain (U1), isolated from a patient with severe
hemorrhagic cystitis. Conversely, in HSV-2 pre-infected cells, the number of C.

trachomatis inclusion bodies was significantly reduced [44].

Bacterial vaginosis (BV): Diagnosis of BV may correlate with an elevated risk of
acquiring HSV-2 infection in the population [8]. HSV-2 infection stands as a
significant risk factor for BV. Pharmacological suppression of HSV-2 may
potentially decrease both the incidence of BV and BV-associated complications.
Observations recognize a heightened risk of HSV-2 acquisition among women with
BV, mirroring the association previously noted between BV and HIV. Given the
widespread prevalence of BV and the persistent nature of HSV-2 infection,
widespread screening and treatment of BV might offer an avenue to mitigate the
incidence of HSV-2 infection in women. Further research is necessary to ascertain
whether screening and treating BV could diminish susceptibility to HSV-2

acquisition in women [12].

Human immunodeficiency viruses (HIV): HSV-2 infection escalates the
susceptibility to HIV acquisition. The prevailing HSV-2 infection correlates with a
three-fold rise in the risk of HIV acquisition among both genders in the general
populace. This suggests that in regions with high HSV-2 prevalence, a significant
portion of HIV cases could be attributed to HSV-2. This discovery bears crucial
implications for managing individuals diagnosed with HSV-2 infection, especially
those who are newly diagnosed. Interventions aimed at HSV-2, such as novel HSV
vaccines, hold promise for additional protection against HIV, particularly in areas

with high rates of co-infection [14, 24].

HSV prevention: Prophylaxis against Herpes Simplex Virus (HSV) remains a
challenge due to the lack of a licensed vaccine for HSV-1 or HSV-2. Previous studies
investigating vaccines targeting glycoprotein D (gD2) and/or glycoprotein B (EB1)

were discontinued due to inconsistent results. However, understanding the factors
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associated with HSV protection is crucial for vaccine development. In terms of
exposure prophylaxis, symptomatic relief during acute illness is paramount and
typically involves antiviral therapy, pain relief, sitz baths, and lesion drying.
Effective counseling strategies are essential, particularly for asymptomatic patients
identified through serologic testing. Recognition of subtle genital ulcers is
emphasized, and various printed materials aid in counseling sessions. Prevention
strategies focus on serodiscordant relationships and include measures such as full
disclosure, condom use, abstinence during symptomatic periods, and antiviral
therapy. Valacyclovir, administered at a dose of 500 mg daily, has been shown to
reduce transmission by 50% and serves as a primary prevention method, albeit
imperfect. Moreover, considering asymptomatic transmission is crucial,

highlighting the necessity for comprehensive prevention strategies [17].
2 Conclusion

The interplay between viral and bacterial pathogens presents a complex and
multifaceted dynamic in human health. From facilitating bacterial colonization to
modulating immune responses, viruses can significantly impact the outcome of
bacterial infections and vice versa. This intricate relationship extends across various
microbial ecosystems, from the respiratory tract to the urogenital system. Moreover,
the bilateral interactions between viruses and bacteria underscore the importance of
considering both pathogens in clinical diagnosis, treatment, and prevention
strategies. Furthermore, the implications of these interactions extend beyond
individual infections to influence broader health outcomes. For instance, the HSV
virus can have a two-way relationship with different mechanisms on various
bacterial infections throughout the body and affect the severity and prognosis of
infectious diseases. Overall, understanding the complex interplay between viruses
and bacteria offers insights into disease pathogenesis, diagnostic strategies, and

therapeutic interventions. Further research in this field holds promise for advancing
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our understanding of microbial dynamics and improving clinical outcomes in

infectious diseases.
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VIRUS-BACTERIA INTERACTIONS
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Figure 1. The global prevalence of HSV-2 across different geographic regions [24].
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Figure 2. Two main aspects of viral-bacterial interactions.
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(A) Interaction on the respiratory epithelial surface: Viruses can make the respiratory
tract more vulnerable to bacterial colonization by damaging mucosal surfaces,
reducing ciliary function, and compromising epithelial integrity. Infected cells may
also decrease antimicrobial peptide expression and expose bacterial receptors
through neuraminidase activity. Additionally, viruses can directly or indirectly

enhance bacterial colonization by upregulating receptors required for bacterial



adherence. (B) Interaction with the host immune system: Viral infections can alter
immune function, favoring bacterial invasion. This includes reducing the
recruitment and functionality of NK cells and impairing neutrophil recruitment and
function. Viral-induced interferons may also affect macrophage activity and
decrease pro-inflammatory cytokine levels, leading to impaired immune responses

to bacterial infections (20).
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