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Abstract

The herpesvirus family includes Human Cytomegalovirus (HCMV), a potent pathogen capable of infecting humans. In healthy

individuals, this infection often presents without specific symptoms. After the initial infection, the virus remains dormant in

the body but can reactivate later. Reactivation of the virus is one of the primary causes of illnesses associated with HCMV.

Human Cytomegalovirus infection is lifelong, and the virus cannot be eliminated from the human body. Although host cells

mount an immune response following infection, HCMV expresses genes that encode products capable of countering and

adapting to this immune response. The virus is commonly transmitted through bodily fluids. In immunocompromised

individuals, HCMV infection can be extremely dangerous and may result in severe, potentially life-threatening infections. For

decades, researchers have been investigating the potential link between HCMV and cancer. Recent studies have shown that

HCMV DNA and virus-specific antibodies are present in many types of cancer, suggesting that HCMV may play a significant role

in cancer development. Further research on HCMV infection and its role in carcinogenesis will enhance our understanding of

this virus and facilitate the development of more effective prevention and treatment strategies. In the following study, we will

explore the relationship between HCMV infection and its potential role in cancer development.
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1. Context

A significant portion of the global population is

infected with Human Cytomegalovirus (HCMV) each

year. This large virus is classified as a double-stranded

DNA virus, which enables it to persist for years following

the initial infection (1). Although HCMV infections in

healthy individuals typically present with no symptoms

or only mild flu-like symptoms, they can cause severe

complications in immunocompromised patients, such

as organ transplant recipients or those with acquired

immunodeficiency syndrome (AIDS) (2). In recent years,

researchers have become increasingly interested in the

relationship between HCMV infection and the

development or progression of cancer. Numerous

studies have investigated the association between HCMV

and various malignancies, including prostate cancer

(PC), glioblastoma, colorectal cancer (CRC), and breast

cancer (BC) (3). While the precise mechanisms by which

HCMV may contribute to carcinogenesis remain unclear,

the virus has been implicated in promoting cell

proliferation, inhibiting apoptosis, and modulating

immune responses (4).

During the latency phase, the viral genome persists

in a dormant state within the cells, evading the immune

system and avoiding detection. However, under certain

conditions, such as immunosuppression or

inflammation, the virus can reactivate and begin

replicating, which in some cases may lead to the

development of cancer (5). The presence of HCMV in
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tumor tissues and the detection of its viral proteins and

nucleic acids in cancer cells suggest that the virus may

play a role in the development or progression of tumors.

Several hypotheses have been proposed to explain how

HCMV may influence the development of cancer (6). For

instance, HCMV has been shown to modulate cell

signaling pathways involved in cell cycle regulation,

leading to uncontrolled cell growth and proliferation.

Furthermore, the virus can impair DNA repair and

regeneration processes, resulting in genomic instability

and an increased risk of malignant transformation.

Moreover, HCMV has been observed to manipulate the

immune system, suppressing immune responses and

creating an immunosuppressive microenvironment

that facilitates tumor growth and evasion of immune

surveillance.

Understanding the role of HCMV in cancer is crucial,

as it may have significant implications for developing

novel therapeutic strategies (7). Targeting HCMV-related

pathways or developing antiviral therapies could offer

new opportunities for cancer treatment and prevention.

As a result, further research is necessary to fully

elucidate the complex interactions between HCMV

infection and cancer, as well as the practical

implications of these findings. Despite extensive

research investigating the association between HCMV

infection and carcinogenesis, there are gaps and

limitations in our understanding of the precise role of

this virus in various types of cancer. These gaps are

particularly significant because the increasing

prevalence of HCMV in developed societies is a cause for

concern.

The objective of the present study is to address these

limitations by further exploring HCMV carcinogenesis

and the types of cancer associated with it. This study

aims to present the mode of infection and

carcinogenesis mechanism of HCMV in a more

accessible and comprehensible manner, thereby

increasing public awareness about this opportunistic

virus. Addressing these gaps will contribute to the

development of effective HCMV treatment methods and

strategies to control the further spread of this viral

infection.

2. A Look at Human Cytomegalovirus and the
Genome of This Virus

Human Cytomegalovirus, also known as herpes virus

type five, has a genome size of 240 kb and a diameter of

150 nm. It is one of 100 beta viruses and encodes

between 170 and 750 gene products, with over 40

playing crucial roles in immune response modulation

(8-10). Many of these gene products, especially those

expressed early in the HCMV life cycle, regulate

processes associated with cancer signaling. Human

Cytomegalovirus infection can lead to a lifelong

presence in humans and other mammals.

Approximately 83% of the global population is infected,

with the infection rate reaching 100% in developing

countries (11). Human Cytomegalovirus can be

transmitted through bodily fluids, bone marrow

transplantation, and organ transplantation. In

immunocompromised individuals, HCMV can cause

symptoms such as fever, leukopenia, weakness, and

gastrointestinal diseases (12).

3. Pathogenic Process of Human Cytomegalovirus

Human Cytomegalovirus can be dangerous for

immunocompromised individuals and organ

transplant recipients (13). Reactivation occurs when the

host cell's immune system is suppressed, and HCMV

adapts to the host cell environment through viral

transport mediators. Stress can trigger the reactivation

of latent HCMV, inducing host immune responses

through innate immune processes (12, 14). These

responses include inflammatory cytokines and natural

killer (NK) cell responses, leading to an adaptive

immune response. Human Cytomegalovirus expresses

several gene products that alter regulatory proteins,

non-coding RNA, and the host immune response (15). To

avoid detection, HCMV employs strategies to suppress

both the innate and adaptive immune systems (16).

Several HCMV gene products, including US20, UL16, UL17,

UL18, UL40, UL43, UL140, UL83, UL141, UL144, and UL148,

have been identified as important for modulating NK

cell activity. The products encoded by the UL16, UL17,

UL40, UL140, and UL142 genes interact with the host

human leukocyte antigen (HLA) class I antigen to

regulate NK cell activity (10). Human Cytomegalovirus

downregulates HLA antigen expression and encodes

proteins that inhibit peptide presentation by antigen-

presenting cells (APCs), limiting T cell responses. It can

also inhibit T cell proliferation and upregulate

programmed cell death protein 1 (PD-1) receptor

expression, causing apoptosis and reducing interleukin

(IL)-2 and interferon gamma (IFN)-γ production (14, 17).

Tumor necrosis factor α (TNF-α) activates the HCMV
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Figure 1. Mode of infection of Human Cytomegalovirus

immediate-early (IE) promoter in myeloid cells, but on

its own, it is insufficient to reactivate latent HCMV.

Nuclear factor kappa B (NF-κB) can interact with the

HCMV IE promoter, enhancing viral replication. In

undifferentiated pre-myelocytic cells, negative

regulation of the promoter may allow the virus to

persist (9) (Figure 1).

4. Oncogenic Processes Associated with Human
Cytomegalovirus

Recent studies have shown that infection with

viruses that have high oncogenic potential significantly

increases the incidence of cancer. These viruses result

from complex host and environmental risk factors that

remain poorly understood (18). The relationship

between HCMV and cancer has become a critical and

necessary topic, with many studies demonstrating the

association of HCMV with various types of cancer. The

HCMV genome encodes several oncogenes, including

US28, IE-1, IE-2, and UL76, which play significant roles in

cancer progression and development (19). High-risk

HCMV clinical strains, such as HCMV-DB and HCMV-BL,

significantly contribute to the development of BC.

Human Cytomegalovirus infection often selectively

targets tumor cells and specific types of inflammatory

cells, rarely spreading to surrounding normal cells (11).

Human Cytomegalovirus infection leads to the

activation of key signaling pathways associated with

cancer, such as IE-1 and US28, which accelerate the

oncogenic process in cancer cells (9). High-risk

oncogenic strains of HCMV are characterized by

increased expression of Myc, activation of the PI3K/Akt

pathway, and suppression of p53 and Rb genes (11). The

HCMV-induced immunosuppressive factors in the

tumor microenvironment include transforming growth

factor-β (TGF-β), IL-10, and regulatory T cell (Treg)

activation (9) (Figure 2). Additionally, HCMV may play a

significant role in cancer development through its

ability to cause genomic instability and mutations in

the host cell genome (20).

5. Types of Cancer Associated with Human
Cytomegalovirus
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Figure 2. Mechanism of Human Cytomegalovirus (HCMV) carcinogenesis

Several types of cancer have been associated with

HCMV. The cancers linked to HCMV infection include

those listed in Table 1.

5.1. Human Cytomegalovirus with Breast Cancer

Breast cancer is one of the leading causes of death

among women, affecting approximately 1.5 million

people annually (35). Research has shown the presence

of HCMV in situ in BC. This virus is found in more than

90% of primary BCs and 90% of metastatic deposits of BC

(4). After HCMV-infected monocytes are transferred to

breast tissue and differentiate into macrophages, they

can facilitate the transmission of the virus to the

surrounding breast epithelial cells (36). Most BCs are

carcinomas originating in the cells lining the milk ducts

of the mammary gland, particularly in altered

mammary epithelial cells (37). Furthermore, HCMV

found in milk has the ability to directly infect the

mammary epithelial cells that line the milk ducts. Over-

activation of NF-κB may be caused directly by cytokine

production in the tumor microenvironment or

indirectly by HCMV infection of breast cells (24).

5.2. Human Cytomegalovirus with Prostate Cancer

Prostate cancer is one of the most common types of

tumors, accounting for approximately 350,000 deaths

worldwide annually. The two common conditions

related to the prostate are benign prostatic hyperplasia

and PC, with adenocarcinoma being the most prevalent

type of PC (38). While HCMV positivity does not increase

the risk of developing PC, it is associated with PC

mortality, suggesting that HCMV may have direct effects

on tumor cells (39). In healthy prostate epithelium,

HCMV infection is often prevalent and promotes PC cell

survival and proliferation. Human Cytomegalovirus

enhances PC cell survival regardless of androgen

receptor status and anti-androgen resistance, partly due

to its influence on the androgen signaling pathway and

the HCMV UL97 gene (28).

5.3. Human Cytomegalovirus with Brain Tumors

Recent research indicates that human brain tumors

(glioblastomas) and pediatric brain tumors

(medulloblastomas) frequently contain HCMV proteins

and nucleic acids. Glioblastoma is a highly malignant

brain tumor that originates from glial cells. HCMV

encodes the US28 protein-coupled chemokine receptor,

which plays a crucial role in glioblastoma multiforme

(GBM) progression (40). US28 regulates vascular

endothelial growth factor (VEGF) promoter activity
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Table 1. Human Cytomegalovirus Associated Cancers

Some Types of Cancers Associated
with HCMV Carcinogenic Processes Associated with HCMV References

HCC
HCMV infection inhibits the activation of the STAT3-Cyclin D1 signaling pathway. By increasing the expression of IL-6, it
activates the IL-6R-JAK-STAT3 pathway. (21-23)

BC Increased overactivation of NF-kB (24)

OC Increased expression of HCMV primary proteins (IE) and PP65 protein (25-27)

PC HCMV increases the survival of PC cells due to androgen pathway activation and UL97, which activates the PKA pathway. (28, 29)

Brain tumors
HCMV regulates the expression of the VEGF gene by modulating the activity of the VEGF promoter and activating the

NF-κB pathway.
(30-32)

GC Overexpression of UL33 (33)

CRC Wnt signaling pathway (3)

NB NB recurs with HCMV infection, and the proteins of this virus are expressed in stem cells. (34)

Abbreviations: HCMV, Human Cytomegalovirus; PC, prostate cancer; CRC, colorectal cancer; BC, breast cancer; NB, neuroblastoma; OC, ovarian cancer; HCC, hepatocellular

carcinoma; GC, gastric cancer; NF-κB, nuclear factor kappa B.

through Gαq (Gq alpha subunit), Gβγ (G beta-gamma

complex), p38, and p44/42 kinases, leading to the

regulation of the VEGF gene, a key factor in tumor

progression in GBM patients (30, 31). In addition to

activating oncogenic signaling pathways, causing

chromosomal damage, inhibiting cell differentiation,

and influencing epigenetic processes, HCMV proteins

provide both oncogenic and oncomodulatory

mechanisms (41). Human Cytomegalovirus proteins also

regulate cell cycle progression by interacting with p53,

Rb, and cyclins (42). Furthermore, they stimulate

telomerase activity and oncogene expression, cause DNA

damage and inhibit DNA repair pathways, and promote

inflammation while evading immune system detection

(43).

5.4. Human Cytomegalovirus with Colorectal Cancer

Colorectal cancer is a type of cancer that develops in

the colon or rectum, the final part of the large intestine.

This cancer often arises from damage and alterations in

abnormal tissues within the colon wall. CRC is one of

the most common cancers, leading to significant

mortality (44). Research suggests that HCMV infection

may play a potentially significant role in the

development and progression of CRC. The results

indicate that HCMV often infects or reactivates in the

CRC tumor epithelium (45).

5.5. Human Cytomegalovirus with Neuroblastoma

Neuroblastoma (NB) is an embryonic tumor

originating from the sympathetic nervous system,

which includes the sympathetic ganglia, paraganglia,

and adrenal medulla (46). This tumor is recognized as

one of the most common and lethal childhood cancers.

Recurrence of NB is associated with active HCMV

infection. Human Cytomegalovirus proteins are found

in NB cells that express the putative stem cell markers

cluster of differentiation (CD)133 and CD44. Further

research is needed in this area, as the exact mechanisms

underlying HCMV's involvement in NB cancer remain

unclear (34).

5.6. Human Cytomegalovirus with Rhabdomyosarcoma

Rhabdomyosarcoma (RMS) is a fatal disease

characterized by the presence of immature muscle cells,

primarily affecting children. The mortality rate for RMS

patients is about 50%, and survival rates have not

significantly improved over the past few decades. There

are three recognized subtypes of RMS: Pleomorphic,

alveolar, and embryonal. Children are more likely to

develop the embryonal and alveolar subtypes, while

adults are more likely to have the more lethal

pleomorphic subtype, which has a median survival of

2.25 years (47). Studies have shown that HCMV interacts

with several cancer pathways, some of which are

associated with RMS (47).

5.7. Human Cytomegalovirus with Ovarian Cancer

Ovarian cancer (OC) is one of the leading causes of

death among women worldwide (48). In developed

countries, over 90% of malignant OC cases are composed

of epithelial cells (49). Recent studies have detected

HCMV-glycoprotein B (gB) DNA in 50% of OC cases (50).

Research has also shown that patients with OC have
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higher expression of HCMV-IE and HCMV-pp65 proteins

in their ovarian tumors compared to those without OC,

even though HCMV infection is rarely associated with

OC. Additionally, lower expression of these proteins is

linked to reduced tumor survival rates (25).

5.8. Human Cytomegalovirus with Hepatocellular
Carcinoma

Hepatocellular carcinoma (HCC) is the most

common primary liver cancer (LC), typically developing

after years of chronic liver inflammation (51). Human

Cytomegalovirus infection prevents the activation of

the signal transducer and activator of transcription 3

(STAT3)-cyclin D1 signaling pathway, thereby increasing

apoptosis and inhibiting cell proliferation. Additionally,

HCMV increases the expression of IL-6, which activates

the IL-6R-JAK-STAT3 pathway, leading to increased

expression of cyclin D1 and promoting cell survival.

These cytokines enhance the growth and proliferation

of cancer cells, accelerating the development of HCC

(22).

5.9. Human Cytomegalovirus with Muscle Cancer

Muscle cancer (MC) is rare compared to other types

of tissue cancers, such as those in the bone, lung,

pancreas, and liver. Human Cytomegalovirus typically

infects smooth muscle cells, and aortic smooth muscle

is often a target for HCMV infection. The presence of

CMV DNA has been confirmed through polymerase

chain reaction (PCR) test analysis and biopsies of

smooth muscle tumors (52).

5.10. Human Cytomegalovirus with Gastric Cancer

Gastric cancer (GC) is the fourth most prevalent

cancer globally. Research suggests that HCMV may be

associated with several human cancers, including GC.

Human Cytomegalovirus encodes approximately 185

genes, with UL133, UL135, and UL136 being linked to GC.

UL33 is expressed at significantly higher levels in

cancerous tissue compared to normal tissue (33).

However, the precise role of HCMV in GC remains largely

unknown (1).

6. Ways to Identify and Diagnose Cytomegalovirus
Infection

Human Cytomegalovirus is a viral infection that can

be identified using various diagnostic methods. The PCR

method is the most effective, utilizing genetic

techniques to detect the virus in various samples.

Immunohistochemistry (IHC) determines the presence

of the virus using monoclonal or polyclonal antibodies

against HCMV antigens (53). Cell culture is an older

method that requires inoculation in fibroblasts and

incubation for 2 to 21 days (54). Serological tests, such as

CMV IgG or IgM, provide information about a person's

previous or new infection by determining the amount

of HCMV antibodies in a blood sample (55). Antigen

assays, like the pp65 antigen, can be used for rapid

diagnosis (56). Saliva and urine testing are preferred for

diagnosing CMV infection in infants due to their non-

invasive nature and high sensitivity. Healthcare

providers can use a combination of these methods to

effectively identify and diagnose HCMV infections across

different age groups and health conditions (35).

7. Effective Drugs for the Treatment of Human
Cytomegalovirus

Human Cytomegalovirus infection is caused by a

complex virus that can lead to severe symptoms and is

treatable with various medications (57). Ganciclovir

(GCV) is the preferred drug for treating HCMV infection

and is often administered intravenously. It works by

preventing DNA production and inhibiting virus growth

and replication. Valganciclovir (VGCV) is a prodrug of

GCV that is activated in the intestine and liver, making it

suitable for patients who cannot receive intravenous

drugs (58). Letermovir (LMV) is an anti-HCMV drug that

inhibits the HCMV DNA terminase complex, thereby

affecting the production of single-length genomes and

virion maturation. Foscarnet (FOS) is a chain inhibitor

of DNA phosphorylation, used for GCV-resistant viruses.

Cidofovir (CDV) is a nucleoside antiviral drug that

inhibits DNA replication and is used to treat serious and

resistant HCMV infections, such as HCMV retinitis in

HIV-positive patients (59). High-dose prescriptions of

valacyclovir, penciclovir, famciclovir, and acyclovir are

often given to organ transplant recipients to prevent

HCMV infection (60). Maribavir has specific resistance

against both HCMV and the Epstein-Barr virus (EBV) but

is not effective against other herpes viruses (61).

Currently, there is no vaccine available for HCMV

infection due to its complexity and the challenges posed

by the human immune system (62).

8. Conclusions
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The connection between HCMV infection and tumor

development has been the focus of recent studies.

Cancer is a major global health issue that claims

millions of lives annually. Evidence suggests that the

HCMV genome contains oncogenes that can contribute

to various cancers. However, the exact relationship and

mechanisms by which cytomegalovirus contributes to

the occurrence and development of cancer have not

been fully clarified. More research is needed to

investigate this connection and explore methods for

controlling and preventing it. Further studies on HCMV

and its mode of infection will help identify effective

ways to manage and treat diseases caused by this virus.

Additionally, by raising awareness about HCMV, its

dangers, and prevention methods, we can help prevent

the further spread of this virus globally.

Footnotes

Authors' Contribution: KHK, contributed to the

collection, compilation, and design of the text and

figures; AJS, played a role in the original design idea, text

search, and translation; MP, supervised the overall

process of the article. All authors have read and

approved the final manuscript.

Conflict of Interests Statement: The authors declare

no competing interests.

Data Availability: The dataset presented in the study is

available on request from the corresponding author

during submission or after publication.

Funding/Support: This study was not

funded/supported.

References

1. Shi L, Fan B, Chen D, Guo C, Xiang H, Nie Y, et al. Human

cytomegalovirus protein UL136 activates the IL-6/STAT3 signal

through MiR-138 and MiR-34c in gastric cancer cells. Int J Clin Oncol.

2020;25(11):1936-44. [PubMed ID: 32959231].

https://doi.org/10.1007/s10147-020-01749-z.

2. Schottstedt V, Blumel J, Burger R, Drosten C, Groner A, Gurtler L, et al.

Human Cytomegalovirus (HCMV) - Revised. Transfus Med Hemother.

2010;37(6):365-75. [PubMed ID: 21483467]. [PubMed Central ID:

PMC3048947]. https://doi.org/10.1159/000322141.

3. Teo WH, Chen HP, Huang JC, Chan YJ. Human cytomegalovirus

infection enhances cell proliferation, migration and upregulation of

EMT markers in colorectal cancer-derived stem cell-like cells. Int J

Oncol. 2017;51(5):1415-26. [PubMed ID: 29048611]. [PubMed Central ID:

PMC5642395]. https://doi.org/10.3892/ijo.2017.4135.

4. Yu C, He S, Zhu W, Ru P, Ge X, Govindasamy K. Human

cytomegalovirus in cancer: the mechanism of HCMV-induced

carcinogenesis and its therapeutic potential. Front Cell Infect

Microbiol. 2023;13:1202138. [PubMed ID: 37424781]. [PubMed Central

ID: PMC10327488]. https://doi.org/10.3389/fcimb.2023.1202138.

5. Reeves M, Sinclair J. Aspects of human cytomegalovirus latency and

reactivation. Curr Top Microbiol Immunol. 2008;325:297-313. [PubMed

ID: 18637513]. https://doi.org/10.1007/978-3-540-77349-8_17.

6. Taher C, Frisk G, Fuentes S, Religa P, Costa H, Assinger A, et al. High

prevalence of human cytomegalovirus in brain metastases of

patients with primary breast and colorectal cancers. Transl Oncol.

2014;7(6):732-40. [PubMed ID: 25500083]. [PubMed Central ID:

PMC4311044]. https://doi.org/10.1016/j.tranon.2014.09.008.

7. Fan J, Jing M, Yang M, Xu L, Liang H, Huang Y, et al. Herpesvirus

infections in hematopoietic stem cell transplant recipients

seropositive for human cytomegalovirus before transplantation. Int J

Infect Dis. 2016;46:89-93. [PubMed ID: 27057748].

https://doi.org/10.1016/j.ijid.2016.03.025.

8. Wang YQ, Zhao XY. Human Cytomegalovirus Primary Infection and

Reactivation: Insights From Virion-Carried Molecules. Front Microbiol.

2020;11:1511. [PubMed ID: 32765441]. [PubMed Central ID:

PMC7378892]. https://doi.org/10.3389/fmicb.2020.01511.

9. Naucler CS, Geisler J, Vetvik K. The emerging role of human

cytomegalovirus infection in human carcinogenesis: a review of

current evidence and potential therapeutic implications. Oncotarget.

2019;10(42):4333-47. [PubMed ID: 31303966]. [PubMed Central ID:

PMC6611507]. https://doi.org/10.18632/oncotarget.27016.

10. Patro ARK. Subversion of Immune Response by Human

Cytomegalovirus. Front Immunol. 2019;10:1155. [PubMed ID: 31244824].

[PubMed Central ID: PMC6575140].

https://doi.org/10.3389/fimmu.2019.01155.

11. El Baba R, Herbein G. Immune Landscape of CMV Infection in Cancer

Patients: From "Canonical" Diseases Toward Virus-Elicited

Oncomodulation. Front Immunol. 2021;12:730765. [PubMed ID:

34566995]. [PubMed Central ID: PMC8456041].

https://doi.org/10.3389/fimmu.2021.730765.

12. Soderberg-Naucler C. Does cytomegalovirus play a causative role in

the development of various inflammatory diseases and cancer? J

Intern Med. 2006;259(3):219-46. [PubMed ID: 16476101].

https://doi.org/10.1111/j.1365-2796.2006.01618.x.

13. Sansoni P, Vescovini R, Fagnoni FF, Akbar A, Arens R, Chiu YL, et al.

New advances in CMV and immunosenescence. Exp Gerontol.

2014;55:54-62. [PubMed ID: 24703889].

https://doi.org/10.1016/j.exger.2014.03.020.

14. Freeman RB. The 'indirect' effects of cytomegalovirus infection. Am J

Transplant. 2009;9(11):2453-8. [PubMed ID: 19843027].

https://doi.org/10.1111/j.1600-6143.2009.02824.x.

15. Fruci D, Rota R, Gallo A. The Role of HCMV and HIV-1 MicroRNAs:

Processing, and Mechanisms of Action during Viral Infection. Front

Microbiol. 2017;8:689. [PubMed ID: 28484438]. [PubMed Central ID:

PMC5399795]. https://doi.org/10.3389/fmicb.2017.00689.

16. Grutza R, Moskorz W, Senff T, Backer E, Lindemann M, Zimmermann

A, et al. NKG2C(pos) NK Cells Regulate the Expansion of

Cytomegalovirus-Specific CD8 T Cells. J Immunol. 2020;204(11):2910-7.

[PubMed ID: 32284334]. https://doi.org/10.4049/jimmunol.1901281.

17. Sester U, Presser D, Dirks J, Gartner BC, Kohler H, Sester M. PD-1

expression and IL-2 loss of cytomegalovirus- specific T cells correlates

with viremia and reversible functional anergy. Am J Transplant.

http://www.ncbi.nlm.nih.gov/pubmed/32959231
https://doi.org/10.1007/s10147-020-01749-z
http://www.ncbi.nlm.nih.gov/pubmed/21483467
https://www.ncbi.nlm.nih.gov/pmc/PMC3048947
https://doi.org/10.1159/000322141
http://www.ncbi.nlm.nih.gov/pubmed/29048611
https://www.ncbi.nlm.nih.gov/pmc/PMC5642395
https://doi.org/10.3892/ijo.2017.4135
http://www.ncbi.nlm.nih.gov/pubmed/37424781
https://www.ncbi.nlm.nih.gov/pmc/PMC10327488
https://doi.org/10.3389/fcimb.2023.1202138
http://www.ncbi.nlm.nih.gov/pubmed/18637513
https://doi.org/10.1007/978-3-540-77349-8_17
http://www.ncbi.nlm.nih.gov/pubmed/25500083
https://www.ncbi.nlm.nih.gov/pmc/PMC4311044
https://doi.org/10.1016/j.tranon.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/27057748
https://doi.org/10.1016/j.ijid.2016.03.025
http://www.ncbi.nlm.nih.gov/pubmed/32765441
https://www.ncbi.nlm.nih.gov/pmc/PMC7378892
https://doi.org/10.3389/fmicb.2020.01511
http://www.ncbi.nlm.nih.gov/pubmed/31303966
https://www.ncbi.nlm.nih.gov/pmc/PMC6611507
https://doi.org/10.18632/oncotarget.27016
http://www.ncbi.nlm.nih.gov/pubmed/31244824
https://www.ncbi.nlm.nih.gov/pmc/PMC6575140
https://doi.org/10.3389/fimmu.2019.01155
http://www.ncbi.nlm.nih.gov/pubmed/34566995
https://www.ncbi.nlm.nih.gov/pmc/PMC8456041
https://doi.org/10.3389/fimmu.2021.730765
http://www.ncbi.nlm.nih.gov/pubmed/16476101
https://doi.org/10.1111/j.1365-2796.2006.01618.x
http://www.ncbi.nlm.nih.gov/pubmed/24703889
https://doi.org/10.1016/j.exger.2014.03.020
http://www.ncbi.nlm.nih.gov/pubmed/19843027
https://doi.org/10.1111/j.1600-6143.2009.02824.x
http://www.ncbi.nlm.nih.gov/pubmed/28484438
https://www.ncbi.nlm.nih.gov/pmc/PMC5399795
https://doi.org/10.3389/fmicb.2017.00689
http://www.ncbi.nlm.nih.gov/pubmed/32284334
https://doi.org/10.4049/jimmunol.1901281


Hosseini-Karkaj K et al.

8 Ann Mil Health Sci Res. 2024; 22(3): e147738.

2008;8(7):1486-97. [PubMed ID: 18510628].

https://doi.org/10.1111/j.1600-6143.2008.02279.x.

18. Schlecht-Louf G, Deback C, Bachelerie F. The Chemokine System in

Oncogenic Pathways Driven by Viruses: Perspectives for Cancer

Immunotherapy. Cancers (Basel). 2022;14(3). [PubMed ID: 35159113].

[PubMed Central ID: PMC8834488].

https://doi.org/10.3390/cancers14030848.

19. Herbein G. The Human Cytomegalovirus, from Oncomodulation to

Oncogenesis. Viruses. 2018;10(8). [PubMed ID: 30081496]. [PubMed

Central ID: PMC6115842]. https://doi.org/10.3390/v10080408.

20. Craggs MM. The study of viral genetics via the construction of

recombinant murine cytomegaloviruses [Master thesis]. University of

Saskatchewan; 2008.

21. Kumar A, Coquard L, Pasquereau S, Russo L, Valmary-Degano S, Borg

C, et al. Tumor control by human cytomegalovirus in a murine

model of hepatocellular carcinoma. Mol Ther Oncolytics. 2016;3:16012.

[PubMed ID: 27626063]. [PubMed Central ID: PMC5008266].

https://doi.org/10.1038/mto.2016.12.

22. Lepiller Q, Abbas W, Kumar A, Tripathy MK, Herbein G. HCMV

activates the IL-6-JAK-STAT3 axis in HepG2 cells and primary human

hepatocytes. PLoS One. 2013;8(3). e59591. [PubMed ID: 23555719].

[PubMed Central ID: PMC3608661].

https://doi.org/10.1371/journal.pone.0059591.

23. Yu Z, Wang Y, Liu L, Zhang X, Jiang S, Wang B. Apoptosis Disorder, a

Key Pathogenesis of HCMV-Related Diseases. Int J Mol Sci. 2021;22(8).

[PubMed ID: 33921122]. [PubMed Central ID: PMC8071541].

https://doi.org/10.3390/ijms22084106.

24. Gu SY, Kim YE, Kwon KM, Han TH, Ahn JH. Biphasic regulation of A20

gene expression during human cytomegalovirus infection. Virol J.

2014;11:124. [PubMed ID: 25005727]. [PubMed Central ID:

PMC4104738]. https://doi.org/10.1186/1743-422X-11-124.

25. Radestad AF, Estekizadeh A, Cui HL, Kostopoulou ON, Davoudi B,

Hirschberg AL, et al. Impact of Human Cytomegalovirus Infection

and its Immune Response on Survival of Patients with Ovarian

Cancer. Transl Oncol. 2018;11(6):1292-300. [PubMed ID: 30172882].

[PubMed Central ID: PMC6121833].

https://doi.org/10.1016/j.tranon.2018.08.003.

26. Carlson JW, Radestad AF, Soderberg-Naucler C, Rahbar A. Human

cytomegalovirus in high grade serous ovarian cancer possible

implications for patients survival. Medicine (Baltimore). 2018;97(4).

e9685. [PubMed ID: 29369188]. [PubMed Central ID: PMC5794372].

https://doi.org/10.1097/MD.0000000000009685.

27. Cox M, Kartikasari AER, Gorry PR, Flanagan KL, Plebanski M. Potential

Impact of Human Cytomegalovirus Infection on Immunity to

Ovarian Tumours and Cancer Progression. Biomedicines. 2021;9(4).

[PubMed ID: 33808294]. [PubMed Central ID: PMC8065684].

https://doi.org/10.3390/biomedicines9040351.

28. Classon J, Stenudd M, Zamboni M, Alkass K, Eriksson C, Pedersen L, et

al. Cytomegalovirus promotes proliferation and survival of prostate

cancer cells and constitutes a therapeutic target. bioRxiv.

2023;Preprint:2023.10. 01.560348.

29. Moon JS, Lee MY, Park SW, Han WK, Hong SW, Ahn JH, et al. Androgen-

dependent activation of human cytomegalovirus major immediate-

early promoter in prostate cancer cells. Prostate. 2008;68(13):1450-60.

[PubMed ID: 18615458]. https://doi.org/10.1002/pros.20817.

30. Maussang D, Langemeijer E, Fitzsimons CP, Stigter-van Walsum M,

Dijkman R, Borg MK, et al. The human cytomegalovirus-encoded

chemokine receptor US28 promotes angiogenesis and tumor

formation via cyclooxygenase-2. Cancer Res. 2009;69(7):2861-9.

[PubMed ID: 19318580]. https://doi.org/10.1158/0008-5472.CAN-08-

2487.

31. Maussang D, Verzijl D, van Walsum M, Leurs R, Holl J, Pleskoff O, et al.

Human cytomegalovirus-encoded chemokine receptor US28

promotes tumorigenesis. Proc Natl Acad Sci U S A. 2006;103(35):13068-

73. [PubMed ID: 16924106]. [PubMed Central ID: PMC1559754].

https://doi.org/10.1073/pnas.0604433103.

32. Casarosa P, Bakker RA, Verzijl D, Navis M, Timmerman H, Leurs R, et

al. Constitutive signaling of the human cytomegalovirus-encoded

chemokine receptor US28. J Biol Chem. 2001;276(2):1133-7. [PubMed ID:

11050102]. https://doi.org/10.1074/jbc.M008965200.

33. Jin J, Hu C, Wang P, Chen J, Wu T, Chen W, et al. Latent infection of

human cytomegalovirus is associated with the development of

gastric cancer. Oncol Lett. 2014;8(2):898-904. [PubMed ID: 25009664].

[PubMed Central ID: PMC4081426].

https://doi.org/10.3892/ol.2014.2148.

34. Wolmer-Solberg N, Baryawno N, Rahbar A, Fuchs D, Odeberg J, Taher

C, et al. Frequent detection of human cytomegalovirus in

neuroblastoma: a novel therapeutic target? Int J Cancer.

2013;133(10):2351-61. [PubMed ID: 23661597].

https://doi.org/10.1002/ijc.28265.

35. Harkins LE, Matlaf LA, Soroceanu L, Klemm K, Britt WJ, Wang W, et al.

Detection of human cytomegalovirus in normal and neoplastic

breast epithelium. Herpesviridae. 2010;1(1):8. [PubMed ID: 21429243].

[PubMed Central ID: PMC3063230]. https://doi.org/10.1186/2042-4280-

1-8.

36. Collins-McMillen D, Chesnokova L, Lee BJ, Fulkerson HL, Brooks R,

Mosher BS, et al. HCMV Infection and Apoptosis: How Do Monocytes

Survive HCMV Infection? Viruses. 2018;10(10). [PubMed ID: 30274264].

[PubMed Central ID: PMC6213175]. https://doi.org/10.3390/v10100533.

37. Herbein G, Kumar A. The oncogenic potential of human

cytomegalovirus and breast cancer. Front Oncol. 2014;4:230. [PubMed

ID: 25202681]. [PubMed Central ID: PMC4142708].

https://doi.org/10.3389/fonc.2014.00230.

38. Josephine A. Clinicopathological study of prostatic biopsies. J Clin

Diagn Res. 2014;8(9):FC04-6. [PubMed ID: 25386437]. [PubMed Central

ID: PMC4225889]. https://doi.org/10.7860/JCDR/2014/8591.4843.

39. Bouezzedine F, El Baba R, Haidar Ahmad S, Herbein G. Polyploid

Giant Cancer Cells Generated from Human Cytomegalovirus-

Infected Prostate Epithelial Cells. Cancers (Basel). 2023;15(20).

[PubMed ID: 37894361]. [PubMed Central ID: PMC10604969].

https://doi.org/10.3390/cancers15204994.

40. Heukers R, Fan TS, de Wit RH, van Senten JR, De Groof TWM,

Bebelman MP, et al. The constitutive activity of the virally encoded

chemokine receptor US28 accelerates glioblastoma growth.

Oncogene. 2018;37(30):4110-21. [PubMed ID: 29706656]. [PubMed

Central ID: PMC6062493]. https://doi.org/10.1038/s41388-018-0255-7.

41. van Senten JR, Bebelman MP, Fan TS, Heukers R, Bergkamp ND, van

Gasselt P, et al. The human cytomegalovirus-encoded G protein-

coupled receptor UL33 exhibits oncomodulatory properties. J Biol

Chem. 2019;294(44):16297-308. [PubMed ID: 31519750]. [PubMed

Central ID: PMC6827316]. https://doi.org/10.1074/jbc.RA119.007796.

42. Cojohari O, Mahmud J, Altman AM, Peppenelli MA, Miller MJ, Chan

GC. Human Cytomegalovirus Mediates Unique Monocyte-to-

Macrophage Differentiation through the PI3K/SHIP1/Akt Signaling

Network. Viruses. 2020;12(6). [PubMed ID: 32560319]. [PubMed

Central ID: PMC7354488]. https://doi.org/10.3390/v12060652.

43. Smolarz B, Wilczynski J, Nowakowska D. DNA repair mechanisms and

human cytomegalovirus (HCMV) infection. Folia Microbiol (Praha).

http://www.ncbi.nlm.nih.gov/pubmed/18510628
https://doi.org/10.1111/j.1600-6143.2008.02279.x
http://www.ncbi.nlm.nih.gov/pubmed/35159113
https://www.ncbi.nlm.nih.gov/pmc/PMC8834488
https://doi.org/10.3390/cancers14030848
http://www.ncbi.nlm.nih.gov/pubmed/30081496
https://www.ncbi.nlm.nih.gov/pmc/PMC6115842
https://doi.org/10.3390/v10080408
http://www.ncbi.nlm.nih.gov/pubmed/27626063
https://www.ncbi.nlm.nih.gov/pmc/PMC5008266
https://doi.org/10.1038/mto.2016.12
http://www.ncbi.nlm.nih.gov/pubmed/23555719
https://www.ncbi.nlm.nih.gov/pmc/PMC3608661
https://doi.org/10.1371/journal.pone.0059591
http://www.ncbi.nlm.nih.gov/pubmed/33921122
https://www.ncbi.nlm.nih.gov/pmc/PMC8071541
https://doi.org/10.3390/ijms22084106
http://www.ncbi.nlm.nih.gov/pubmed/25005727
https://www.ncbi.nlm.nih.gov/pmc/PMC4104738
https://doi.org/10.1186/1743-422X-11-124
http://www.ncbi.nlm.nih.gov/pubmed/30172882
https://www.ncbi.nlm.nih.gov/pmc/PMC6121833
https://doi.org/10.1016/j.tranon.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/29369188
https://www.ncbi.nlm.nih.gov/pmc/PMC5794372
https://doi.org/10.1097/MD.0000000000009685
http://www.ncbi.nlm.nih.gov/pubmed/33808294
https://www.ncbi.nlm.nih.gov/pmc/PMC8065684
https://doi.org/10.3390/biomedicines9040351
http://www.ncbi.nlm.nih.gov/pubmed/18615458
https://doi.org/10.1002/pros.20817
http://www.ncbi.nlm.nih.gov/pubmed/19318580
https://doi.org/10.1158/0008-5472.CAN-08-2487
https://doi.org/10.1158/0008-5472.CAN-08-2487
http://www.ncbi.nlm.nih.gov/pubmed/19318580
https://doi.org/10.1158/0008-5472.CAN-08-2487
https://doi.org/10.1158/0008-5472.CAN-08-2487
http://www.ncbi.nlm.nih.gov/pubmed/16924106
https://www.ncbi.nlm.nih.gov/pmc/PMC1559754
https://doi.org/10.1073/pnas.0604433103
http://www.ncbi.nlm.nih.gov/pubmed/11050102
https://doi.org/10.1074/jbc.M008965200
http://www.ncbi.nlm.nih.gov/pubmed/25009664
https://www.ncbi.nlm.nih.gov/pmc/PMC4081426
https://doi.org/10.3892/ol.2014.2148
http://www.ncbi.nlm.nih.gov/pubmed/23661597
https://doi.org/10.1002/ijc.28265
http://www.ncbi.nlm.nih.gov/pubmed/21429243
https://www.ncbi.nlm.nih.gov/pmc/PMC3063230
https://doi.org/10.1186/2042-4280-1-8
https://doi.org/10.1186/2042-4280-1-8
http://www.ncbi.nlm.nih.gov/pubmed/30274264
https://www.ncbi.nlm.nih.gov/pmc/PMC6213175
https://doi.org/10.3390/v10100533
http://www.ncbi.nlm.nih.gov/pubmed/25202681
https://www.ncbi.nlm.nih.gov/pmc/PMC4142708
https://doi.org/10.3389/fonc.2014.00230
http://www.ncbi.nlm.nih.gov/pubmed/25386437
https://www.ncbi.nlm.nih.gov/pmc/PMC4225889
https://doi.org/10.7860/JCDR/2014/8591.4843
http://www.ncbi.nlm.nih.gov/pubmed/37894361
https://www.ncbi.nlm.nih.gov/pmc/PMC10604969
https://doi.org/10.3390/cancers15204994
http://www.ncbi.nlm.nih.gov/pubmed/29706656
https://www.ncbi.nlm.nih.gov/pmc/PMC6062493
https://doi.org/10.1038/s41388-018-0255-7
http://www.ncbi.nlm.nih.gov/pubmed/31519750
https://www.ncbi.nlm.nih.gov/pmc/PMC6827316
https://doi.org/10.1074/jbc.RA119.007796
http://www.ncbi.nlm.nih.gov/pubmed/32560319
https://www.ncbi.nlm.nih.gov/pmc/PMC7354488
https://doi.org/10.3390/v12060652


Hosseini-Karkaj K et al.

Ann Mil Health Sci Res. 2024; 22(3): e147738. 9

2015;60(3):199-209. [PubMed ID: 25366712]. [PubMed Central ID:

PMC4429022]. https://doi.org/10.1007/s12223-014-0359-6.

44. Fang Y, Wang Q, Huang K, Zhang M, Pei S, Li L, et al. Human

cytomegalovirus-induced immune regulation is correlated with

poor prognosis in patients with colorectal cancer. Clin Exp Med.

2023;23(2):427-36. [PubMed ID: 35437646].

https://doi.org/10.1007/s10238-022-00815-2.

45. Harkins L, Volk AL, Samanta M, Mikolaenko I, Britt WJ, Bland KI, et al.

Specific localisation of human cytomegalovirus nucleic acids and

proteins in human colorectal cancer. Lancet. 2002;360(9345):1557-63.

[PubMed ID: 12443594]. https://doi.org/10.1016/S0140-6736(02)11524-8.

46. Becker J, Wilting J. WNT signaling, the development of the

sympathoadrenal-paraganglionic system and neuroblastoma. Cell

Mol Life Sci. 2018;75(6):1057-70. [PubMed ID: 29058015]. [PubMed

Central ID: PMC5814469]. https://doi.org/10.1007/s00018-017-2685-8.

47. Price RL, Bingmer K, Harkins L, Iwenofu OH, Kwon CH, Cook C, et al.

Cytomegalovirus infection leads to pleomorphic

rhabdomyosarcomas in Trp53+/- mice. Cancer Res. 2012;72(22):5669-

74. [PubMed ID: 23002204]. [PubMed Central ID: PMC3500419].

https://doi.org/10.1158/0008-5472.CAN-12-2425.

48. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. Estimates

of worldwide burden of cancer in 2008: GLOBOCAN 2008. Int J

Cancer. 2010;127(12):2893-917. [PubMed ID: 21351269].

https://doi.org/10.1002/ijc.25516.

49. Xie X, Yang M, Ding Y, Chen J. Microbial infection, inflammation and

epithelial ovarian cancer. Oncol Lett. 2017;14(2):1911-9. [PubMed ID:

28789426]. [PubMed Central ID: PMC5529868].

https://doi.org/10.3892/ol.2017.6388.

50. Shanmughapriya S, Senthilkumar G, Vinodhini K, Das BC, Vasanthi N,

Natarajaseenivasan K. Viral and bacterial aetiologies of epithelial

ovarian cancer. Eur J Clin Microbiol Infect Dis. 2012;31(9):2311-7.

[PubMed ID: 22402815]. https://doi.org/10.1007/s10096-012-1570-5.

51. Lepiller Q, Tripathy MK, Di Martino V, Kantelip B, Herbein G.

Increased HCMV seroprevalence in patients with hepatocellular

carcinoma. Virol J. 2011;8:485. [PubMed ID: 22032643]. [PubMed

Central ID: PMC3224784]. https://doi.org/10.1186/1743-422X-8-485.

52. Anbardar MH, Soleimani N, Safavi D, Eshraghian A, Ayoub A.

Multifocal EBV-associated smooth muscle tumors in a patient with

cytomegalovirus infection after liver transplantation: a case report

from Shiraz, Iran. Diagn Pathol. 2022;17(1):3. [PubMed ID: 34996501].

[PubMed Central ID: PMC8742410]. https://doi.org/10.1186/s13000-021-

01180-6.

53. Limam S, Missaoui N, Hmissa S, Yacoubi MT, Krifa H, Mokni M, et al.

Investigation of Human Cytomegalovirus and Human

Papillomavirus in Glioma. Cancer Invest. 2020;38(7):394-405.

[PubMed ID: 32643440].

https://doi.org/10.1080/07357907.2020.1793352.

54. Gleaves CA, Smith TF, Shuster EA, Pearson GR. Comparison of

standard tube and shell vial cell culture techniques for the detection

of cytomegalovirus in clinical specimens. J Clin Microbiol.

1985;21(2):217-21. [PubMed ID: 2982911]. [PubMed Central ID:

PMC271616]. https://doi.org/10.1128/jcm.21.2.217-221.1985.

55. Ikuta K, Koshizuka T, Kanno R, Inoue N, Kubo T, Koyano S, et al.

Evaluation of the indirect and IgM-capture anti-human

cytomegalovirus IgM ELISA methods as confirmed by

cytomegalovirus IgG avidity. Microbiol Immunol. 2019;63(5):172-8.

[PubMed ID: 31012489]. https://doi.org/10.1111/1348-0421.12683.

56. Dammermann W, Bochmann D, Bentzien F, Komorowski L,

Steinhagen K, Ullrich S, et al. CMV specific cytokine release assay in

whole blood is optimized by combining synthetic CMV peptides and

toll like receptor agonists. J Immunol Methods. 2014;414:82-90.

[PubMed ID: 25450001]. https://doi.org/10.1016/j.jim.2014.10.011.

57. Gabanti E, Lilleri D, Ripamonti F, Bruno F, Zelini P, Furione M, et al.

Reconstitution of Human Cytomegalovirus-Specific CD4+ T Cells is

Critical for Control of Virus Reactivation in Hematopoietic Stem Cell

Transplant Recipients but Does Not Prevent Organ Infection. Biol

Blood Marrow Transplant. 2015;21(12):2192-202. [PubMed ID: 26260678].

https://doi.org/10.1016/j.bbmt.2015.08.002.

58. Cvetkovic RS, Wellington K. Valganciclovir: a review of its use in the

management of CMV infection and disease in immunocompromised

patients. Drugs. 2005;65(6):859-78. [PubMed ID: 15819597].

https://doi.org/10.2165/00003495-200565060-00012.

59. Krishna BA, Wills MR, Sinclair JH. Advances in the treatment of

cytomegalovirus. Br Med Bull. 2019;131(1):5-17. [PubMed ID: 31580403].

[PubMed Central ID: PMC6821982].

https://doi.org/10.1093/bmb/ldz031.

60. Ljungman P. Prophylaxis against herpesvirus infections in transplant

recipients. Drugs. 2001;61(2):187-96. [PubMed ID: 11270937].

https://doi.org/10.2165/00003495-200161020-00004.

61. Chou S. Maribavir. In: Chou S, editor. Kucers' The Use of Antibiotics.

Boca Raton, Florida: CRC Press; 2017.

62. Gugliesi F, Coscia A, Griffante G, Galitska G, Pasquero S, Albano C, et

al. Where do we Stand after Decades of Studying Human

Cytomegalovirus? Microorganisms. 2020;8(5). [PubMed ID: 32397070].

[PubMed Central ID: PMC7284540].

https://doi.org/10.3390/microorganisms8050685.

http://www.ncbi.nlm.nih.gov/pubmed/25366712
https://www.ncbi.nlm.nih.gov/pmc/PMC4429022
https://doi.org/10.1007/s12223-014-0359-6
http://www.ncbi.nlm.nih.gov/pubmed/35437646
https://doi.org/10.1007/s10238-022-00815-2
http://www.ncbi.nlm.nih.gov/pubmed/12443594
https://doi.org/10.1016/S0140-6736(02)11524-8
http://www.ncbi.nlm.nih.gov/pubmed/29058015
https://www.ncbi.nlm.nih.gov/pmc/PMC5814469
https://doi.org/10.1007/s00018-017-2685-8
http://www.ncbi.nlm.nih.gov/pubmed/23002204
https://www.ncbi.nlm.nih.gov/pmc/PMC3500419
https://doi.org/10.1158/0008-5472.CAN-12-2425
http://www.ncbi.nlm.nih.gov/pubmed/21351269
https://doi.org/10.1002/ijc.25516
http://www.ncbi.nlm.nih.gov/pubmed/28789426
https://www.ncbi.nlm.nih.gov/pmc/PMC5529868
https://doi.org/10.3892/ol.2017.6388
http://www.ncbi.nlm.nih.gov/pubmed/22402815
https://doi.org/10.1007/s10096-012-1570-5
http://www.ncbi.nlm.nih.gov/pubmed/22032643
https://www.ncbi.nlm.nih.gov/pmc/PMC3224784
https://doi.org/10.1186/1743-422X-8-485
http://www.ncbi.nlm.nih.gov/pubmed/34996501
https://www.ncbi.nlm.nih.gov/pmc/PMC8742410
https://doi.org/10.1186/s13000-021-01180-6
https://doi.org/10.1186/s13000-021-01180-6
http://www.ncbi.nlm.nih.gov/pubmed/32643440
https://doi.org/10.1080/07357907.2020.1793352
http://www.ncbi.nlm.nih.gov/pubmed/2982911
https://www.ncbi.nlm.nih.gov/pmc/PMC271616
https://doi.org/10.1128/jcm.21.2.217-221.1985
http://www.ncbi.nlm.nih.gov/pubmed/31012489
https://doi.org/10.1111/1348-0421.12683
http://www.ncbi.nlm.nih.gov/pubmed/25450001
https://doi.org/10.1016/j.jim.2014.10.011
http://www.ncbi.nlm.nih.gov/pubmed/26260678
https://doi.org/10.1016/j.bbmt.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/15819597
https://doi.org/10.2165/00003495-200565060-00012
http://www.ncbi.nlm.nih.gov/pubmed/31580403
https://www.ncbi.nlm.nih.gov/pmc/PMC6821982
https://doi.org/10.1093/bmb/ldz031
http://www.ncbi.nlm.nih.gov/pubmed/11270937
https://doi.org/10.2165/00003495-200161020-00004
http://www.ncbi.nlm.nih.gov/pubmed/32397070
https://www.ncbi.nlm.nih.gov/pmc/PMC7284540
https://doi.org/10.3390/microorganisms8050685

