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Summary
Gut microbiota (a complex community of bacteria, fun-
gi and viruses) is a dynamic biological system adapt-
ed for co-existence and symbiosis with host organism. 
Composition and ratio of bacterial populations is se-
verely impaired in severe colitis and graft-versus-host 
disease (GVHD) occurring after hematopoietic stem cell 
transplantation (HSCT), especially, upon development 
of antibiotic-resistant bacterial strains. In contrast to the 
well-known bacterial microbiota studied by classic bac-
teriology and 16S rRNA gene sequencing, the viral popu- 
lations of intestinal microbiota (e.g., bacteriophages) in 
are poorly studied in these clinical conditions, due to ab-
sence of a common viral gene suitable for comparative 
molecular genetic analysis. Assessing the ratios for viral 
and bacterial intestinal microbiota is feasible by means 
of metagenomic methods assaying multiple DNA spe-
cies in the samples of biomaterial. As an object of clini-
cal research, the patients with infectious complications 
caused by massive antibacterial and cytostatic treatment. 

Special attention should be drawn to severe colitis with 
C.difficile infection and antibiotic-resistant K.pneumo-
nia and other pathogens with/without fecal microbiota 
transplantation (FMT). Conventional assessment of in-
testinal microbiota will be accomplished by next-gener-
ation sequencing (NGS) based on 16S rDNA gene diver-
sity for bacterial genes, and metagenomic NGS analysis, 
in order to assess the ratio of various viruses of eukary- 
otic cells and, in particular, bacteriophages in cases of 
gut dysbiosis. Typical disturbances of the gut virome 
should be established, as well as role of bacteriophages 
in emergence of antibiotic-resistant intestinal bacteria 
after intensive antibiotic and chemotherapy.

Keywords
Intestinal microbiota, gut microbiota, viruses, bacteri-
ophages, transplantation, immune complications, an-
tibiotic resistance, NGS sequencing, 16S rRNA gene, 
metagenomics.

Citation: Goloshchapov OV, Chukhlovin AB, Glotov OS. Possible role of intestinal human viruses and bacteriophages following 
hematopoietic stem cell transplantation: a mini-review. Cell Ther Transplant 2021; 10(3-4): 19-25.

Cellular Therapy and Transplantation (CTT). Vol. 10, No. 3-4, 2021
doi: 10.18620/ctt-1866-8836-2021-10-3-4-19-25
Submitted: 29 June 2021, accepted: 30 July 2021

Introduction 
It is generally known that intestinal microbiota is a symbi-
otic community including many types of bacteria, fungi and 
viruses. It is a dynamic biological system with an average 
weight of 2-3 kg, producing many metabolites (metabolic 
substances, vitamins, neurotransmitters, etc.) necessary for 
existence and growth of the host organism. The gut micro-

biota interacts with intestinal epithelial cell layers which are 
exposed both to endogenous pathogenic (e.g., blood-borne) 
viruses, and to intestinal bacterial populations. In turn, the 
gut microbed strains are affected by various bacteriophage 
populations causing their lysis. The surviving bacteria may 
acquire mobile gene elements, including those providing 
resistance to antibiotics (Fig. 1). These polyresistant bacte-
ria are an important cause of life-threatening infections in 
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immunocompromised patients, e.g., after intensive cyto-
static therapy and hematopoietic stem cell transplantation 
(HSCT). 

Moreover, the host immune system develops in permanent 
contact with the surrounding microbial and viral antigens, 
especially with the endogenous intestinal microbiota, which 
includes all these components [1]. Microbial and viral anti-
gens of the intestinal microbiota, passing through the epi-
thelial barriers of the mucous membranes, penetrate into the 
regional blood vessels and lymph nodes, form an adaptive 
B- and T-cell immune response, being a key factor in the 
normal maturation and functioning of the immune system.

For decades, the main attention of bacteriologists was paid 
to cultivated, mainly aerobic microorganisms – Escherichia, 
Klebsiella, Enterococci that were studied in details for dec-
ades. Cultivable anaerobic gut bacteria were also exhaustive-
ly studied over last decades. However, with development of 
high-throughput DNA diagnostics, the spectrum of known 
microbial bacteria extended to sufficient degree. Currently, 
>1000 bacterial species are detectable in normal gut micro-
biota. Hence, over the past 10-20 years, the novel molecular 
biology approaches (multiple PCR, high-throughput DNA 
sequencing) enabled detailed classifying hundreds of species 
of anaerobic intestinal bacteria, which dominate the intesti-
nal microbiota.

Human viral community (virome) is exhibiting even higher 
taxonomic and genetic complexity. Formerly, the main inter-
est was drawn to the viruses of eukaryotic cells which could 
be pathogenic to humans. The modern NGS approach allows 
to detect both known viruses (herpes, anelloviruses, picobir-
naviruses) and a number of previously unknown viral DNA 
sequences [2].

However, intestinal human virome is dominated by bacteri-
ophages. These are largely represented by Caudiovirales. [3]. 
This order of phages includes 3 families (Myoviridae; Sipho-
viridae, and Podoviridae).

Along with double-stranded DNA phages, minor popula-
tions of single-stranded DNA and RNA phages are detecta-
ble in human gut virome which are also specific for distinct 
bacterial species as reviewed by Carding et al. [3].

The issues of viral sequences in bacterial and human cells 
(e.g., prophages, retroviral elements etc.) are also detectable 
by metagenomics but will not be covered here, because of 
undefined clinical significance and still undefined systemic 
approach. Hence, the question about functions and signifi-
cance of virome abundance and diversity in healthy subjects 
and GIT disorders is still open.

Figure 1. Intestinal epithelium is exposed to endogenous host viruses (bottom), and interacts with gut bacteria (light 
green) which could be lysed by bacteriophages (top left). Some of them may harbor and transfer antibiotic resist-
ance genes to the bacteria (top right)
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Current methodology
Unlike the bacterial microbiota, viral intestinal population 
(gut virome) has been studied to a much lesser extent. Where-
as bacterial species have the common target gene for sequen- 
cing, i.e., 16SrRNA (the main object for NGS analysis), the vi-
ruses lack such a common marker gene, thus hampering easy 
assessment of their diversity in biological samples. 

Currently, there is a broad diagnostic choice in clinical vi-
rology, starting with cytopathogenic tests, large arrays of 
immune diagnostic sets, and modern whole-scale panels 
of PCR assays. To diagnose some pathogenic viruses (up to 
10-15 species), multiplex PCR was developed, and it is com-
monly used in clinical laboratories. However, these commer-
cial PCR panels cannot cover the entire spectrum of poten-
tial viral agents, usually targeting up to 10-12 pathogens. 

Therefore, the most comprehensive approach to studying the 
entire viral community is whole-genome screening of viral 
sequences by means of NGS followed by extensive bioinfor-
matics. E.g., a random metagenomic analysis may also al-
low detection of human pathogenic viruses. Methodology of 
metagenomic studies are well reviewed in [4].

Diversity of human viruses and 
bacteriophages 
A number of endogenous viruses persisting lifelong may be 
found in stools under certain conditions, e.g., in immuno-
compromised patients or during immunosuppressive ther-
apy. 

Herperviruses in gut are often activated in the patients with 
inflammatory bowel diseases. E.g., the Japanese group, using 
high-capacity multiplex PCR with microchip electrophore-
sis, has detected as much as 191 different bacterial species 
and 206 viruses in 215 stool samples (71.7% positivity) from 
immunocompromised patients and subjects with ulcera-
tive colitis [5]. Among viral pathogens, Epstein-Barr virus 
(EBV) was revealed in 90 samples (30.0%); HHV-6, in 53 
cases (17.7%), and cytomegalovirus (CMV) in 37 specimens 
(12.3%). 

Most often, however, human intestinal microbiome is exten-
sively studied in search of the viruses known to be pathogen-
ic (i.e., noroviruses, rotaviruses, astroviruses, adenoviruses 
etc.). Biological diversity of human pathogenic viruses was 
first studied in Asian countries, with high incidence of gas-
troenteritis in pediatric setting [6]. The authors examined 
stool samples from 7 children positive for picobirnavirus 
and identified, by means of metagenomics, enterovirus, gy-
rovirus, parechovirus in these samples, which are potentially 
pathogenic in gastroenteritis. In addition, a metagenomic 
study of stool microbiota allows detecting bacterial-viral 
associations (for example, C.difficile associated with a num-
ber of viruses) in intestinal syndromes as shown by a group 
from the USA [7]. Metagenomic analysis was also used for 
NGS analysis of stool samples in gastroenteritis, and, except 
of common noroviruses, additional pathogens were found 
from the genus Astroviridae and Caliciviridae [8]. 

Gut human virome after HSCT
A limited number of works concerned presence of intesti-
nal viruses posttransplant. E.g., Legoff et al. have detected 
different viruses in stool and plasma following HSCT using 
electrospray ionization with mass-spectrometric [9]. The 
workers have revealed high adenovirus (AdV) viral load in 
stool samples. In an earlier study, AdV DNA was found in 
stools of 21 HSCT patients with AdV infection, from a total 
group of 182 patients. Of note, time dynamics of AdV viral 
loads in stool specimens was predictive for AdV viraemia, 
thus suggesting intestinal source to be the primary site of the 
viral infection [10].

Cytomegalovirus (CMV) viral load was assessed in stool of 
HSCT as possible marker of acute intestinal graft-versus-
host disease posttransplant [11]. CMV DNA was found in 
20 of 121 HSCT recipients. However, the authors did not 
find any correlation between CMV DNA loads and intesti-
nal graft-versus-host disease (aGVHD), as well between viral 
contents in plasma and stools.

In view of scarce NGS-based virome studies in HSCT, it is 
very important to detect and realize significance of multi-
ple viral species in progression of intestinal syndrome. Over 
the past 5 years, several papers have been published on the 
metagenomics of viruses after HSCT [12]. The authors traced 
the virome dynamics in 44 HSCT recipients using metagen-
omics techniques (NexTera, HiSeq platforms). Following 
transplantation (i.e., during transient immune deficiency), 
Anelloviridae, herpes viruses, papilloma and polyoma vi-
ruses, especially picobirnavirus were “flourishing” in intesti-
nal GVHD. Moreover, decreased detection rates were noted 
for bacteriophages, except for Siphoviridae. A similar work 
was carried out by a Dutch group [13]. The authors used the 
original ViroCap system to study fecal samples, with a large 
panel of probes for 34 families of DNA and RNA viruses (a 
total of 337 species). After enrichment of viral DNA in the 
samples, the NGS procedures were performed. At the same 
time, it was possible to identify, along with known noro- and 
adenoviruses, also rhinovirus, herpesvirus-7, VK virus, as-
trovirus at higher sensitivity, than with conventional PCR 
tests. This approach revealed new associations between the 
findings of viral sequences and intestinal GVHD. Temporal 
changes of the patient's microbiota after GVHD and weekly 
fecal microbiota transplantation in a single patient was stud-
ied by Chinese workers [14]. Biodiversity of bacterial species 
gradually increased after successful TFM, whereas the spec-
trum of viruses, in general, expanded with time after FMT, 
e.g., Caudivirales content was increased.

Intestinal phageome
Current metagenomic approaches allowed to look for the 
whole spectrum of virome, including human viruses and 
bacteriophages in human microbiota which seems to be-
come a feasible task of clinical significance [15]. 

For more than 100 years, the bacteriophages were extensively 
studied using bacteriolysis in classical cultures, morpholog-
ical and, later molecular PCR methods. Therefore, current 
criteria for bacteriophage classification are based on their 
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biological properties (lytic or temperate forms; bacterial tar-
gets), morphology, main location site etc. [16].

Some of the bacteriophages are widely used in clinical prac-
tice to combat antibiotic-resistant bacteria [17].

However, the full-scale analysis of multiple phage popula-
tions became available only few years ago, with an advent 
of high-throughput metagenomic sequencing performed at 
various NGS platforms [18].

This approach makes it possible to assess the entire commu-
nity of pathogenic viruses, especially, different bacteriophage 
species in fecal samples. Different bacteriophages are, gen-
erally, specific for distinct bacterial species [19]. Therefore, 
spectrum and content of intestinal bacteriophages, by defi-
nition, depends on the dynamics of the bacterial hosts in the 
microbiota, and vice versa. Dietary habits, age and antibiotic 
therapy may influence composition and dynamics of both 
bacteria and their phages. E.g., starting from birth, the Cau-
dovirales content and phage biodiversity change significantly 
with age [18].

Shotgun metagenomic methods allow evaluating the entire 
population of genes in a sample (though at different de-
tection efficiencies). E.c., French authors have applied this 
technique to study the intestinal bacterial microbiota upon 
exposure to antimicrobial drug (cefprozil) Immediately after 
therapy, the total content of metagenomic sequences was ex-
pected to decrease. However, 3 months after the therapy, new 
previously absent gene sequences appeared in the intestinal 
microbiota and, what is important, the content of antibiot-
ic resistance signatures increased, especially in individuals 
with initially low biodiversity of the intestinal microbiota. 
[20]. Different mechanisms of horizontal gene transfer via 
bacteriophages are shown in Fig. 2. 

Figure 2. Horizontal gene transfer can commonly occur through conjugation and natural transformation. Additional-
ly, it may occur through transduction, where resistance is transmitted via bacteriophage. (From [21])

Metagenomic studies of intestinal 
phageome and resistance genes 
Previous knowledge of intestinal virome was, mostly, based 
on classical studies of bacteriophages detectable by their 
bacteriolytic effects. Tremendous information on intestinal 
phages accumulated over XX century. The data on eukary-
otic cell viruses are also quite extensive, mostly concerning 
distinct pathogenic viral species. 

Current technical advances, i.e., next-generation sequenc-
ing (NGS) enabled coverage of the whole intestinal virome. 
Metagenomics makes it possible to identify and evaluate 
both temporal dynamics of phage populations, and their 
relationship with antibiotic resistance genes that promoting 
colonization of intestines by pathogenic bacterial strains. 

Over the past 3-5 years, the work was started with search-
ing phage sequences and antibiotic resistance genes using 
new generation sequencing (NGS) methods. Thus, Fernán-
dez-Orth et al. investigated DNA from samples of intestinal 
microbiota in healthy individuals and after treatment with 
ciprofloxacin, using deep sequencing methods (MySec, Il-
lumina). Assembly of the sequences obtained was evaluated 
using Kraken software. The samples were found to contain 
from 4 to 266 viruses. Caudovirales predominated among 
bacteriophages, and the phages of Siphoviridae and Myoviri-
dae families were also identified. Antibiotic resistance genes 
were also found in bacterial DNA, and their content was sig-
nificantly increased after treatment with ciprofloxacin [22].

In other study, bioinformatic analysis of multiple viral se-
quences from human intestinal microbiome was carried 
out 4 weeks after a course of antibiotics. The authors found 
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a significant increase in the number of gene signatures (scaf-
folds) of antibiotic-resistant genes after antibiotic therapy 
[23].

However, current evidence show that the antibiotic resist-
ance genes can be inserted into plasmids and other mobile 
genetic elements, which can be transmitted both vertically 
and by horizontal transfer within the bacterial population, 
which is essential for accumulation of resistant strains within 
the intestinal microbiota. Such evidence has been obtained 
recently. For example, gene sequences were screened for 254 
strains of Klebsiella pneumoniae, which most often acquires 
the drug resistance genes [24]. They showed that most of 
the studied strains contained intact prophage sequences. An 
additional analysis of 42 K.pneumoniae strains showed that 
these phages belong to the families Myoviridae, Siphoviri-
dae, and Podoviridae. Interestingly, no virulence genes were 
detected in these prophages; however, in 2% of cases, these 
prophages also encoded genes related to antibiotic resistance 
factors.

Probable bacteria-phage 
interactions in HSCT patients 
However, most of these clinical studies dealt with the state 
and ways of restoring the bacterial component of the micro-
biota, while missing possible role of bacteriophages in severe 
intestinal dysbiosis. The latter direction can also be prom-
ising, as shown by the data of NGS studies on the stability 
of intestinal bacteriophage populations during fecal trans-
plantation [25]. Meanwhile, there are still no proven positive 
results from phage therapy in severe intestinal dysbiosis. It 
is believed that in the future it will be possible to develop 
modified bacteriophages adapted to specific resistant bacte-
ria [26]. So far, however, there is a process of accumulating 
information about the bacterial-viral complex of the intesti-
nal microbiota in severe intestinal syndromes of infectious 
origin. 

Posttransplant period is often associated with severe colitis 
often associated to persistent infection with K.pneumoni-
ae, pathogenic E.coli, C.difficile as reviewed in [27]. Mean-
while, treatment of bacterial infections using species-specific 
bacteriophages, in particular – those against Staphylococci, 
E. coli, etc. has been successfully used for decades. The his-
tory of these developments is well described [17]. However, 
the desirable clinical effects were temporary, often due to 
the development of resistance to phage therapy [19]. Bri-
tish scientists have discovered that optimal combinations of 
several bacteriophages are most effective in suppressing and 
preventing phage resistance of C.difficile, as was previously 
shown experimentally [28]. In hamster experiments, treat-
ment with optimized phage mixtures led to rapid decrease 
in the C.difficile colonization. Clinical transplantation of in-
testinal microbiota also suggests possible clinical effects of 
non-bacterial pathogens. E.g., Ott et al. [29] administered 
sterile filtrates of donor stool through a nasal cannule to the 
patients with Clostridium difficile infection. Usage of this 
bacteria-free drug in 5 patients led to long-term normali-
zation of intestinal disorder, as well as appropriate changes 
in bacterial and intestinal microbiota. The authors suggest 

that bacteriophages from the stool filtrate may cause simi-
lar positive effects. Hence, these findings enable search and 
identification of intestinal bacteriophages associated with 
positive and persistent effects of colitis therapy, especially at 
the present time, when effective methods of metagenomic 
DNA sequencing are developed for such studies.

Conclusion
Gut microbiota is a complex symbiosis of bacteria, viruses 
and fungi. However, unlike the bacterial microbiota (bacte-
riome), the viral gut community (gut virome) is studied to 
much lesser degree, due to absence of common target gene 
for nucleic acid sequencing in viruses. Over last years, the 
whole-genome screening techniques using next-generation 
sequencing (NGS) promoted our knowledge in the field. 
This approach allowed to estimate the biodiversity of human 
viruses and bacteriophages in the individual samples of in-
testinal microbiota in health and disease.

Studies of the virome changes after HSCT are now launched, 
however, being at initial stage. Meanwhile, the changes in 
bacteriophage community (phageome) and its diversity 
post-transplant may explain both therapy-associated chang-
es of bacteriome, and development of bacterial antibiotic 
resistance, due to phage-mediated transfer of antibiotic re-
sistance genes.
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Потенциальная роль вирусов человека и бактериофагов 
после трансплантации гемопоэтических стволовых 
клеток: мини-обзор
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Резюме
Микробиота кишечника (сложный симбиоз бакте-
рий, грибов и вирусов) – это динамическая биоло-
гическая система, необходимая для существования 
и роста человеческого организма. Состав и соотно-
шение бактериальных популяций серьезно наруша-
ются при тяжелых колитах и болезни «трансплан-
тат против хозяина» (GVHD), возникающих после 
трансплантации гемопоэтических стволовых кле-
ток (HSCT), особенно при развитии устойчивых к 
антибиотикам бактериальных штаммов. В отличие 
от хорошо известной бактериальной микробиоты, 
изученной с помощью классической бактериологии 
и секвенирования гена 16S рРНК, вирусные популя-
ции кишечной микробиоты (например, бактерио-
фагов) в этих клинических условиях изучены недо-
статочно из-за отсутствия общего вирусного гена, 
пригодного для сравнительного молекулярно-гене-
тического анализа. Оценка соотношений вирусной 
и бактериальной кишечной микробиоты возможна 
с помощью метагеномных методов анализа множе-
ства видов ДНК в образцах биоматериала. Объектом 
клинического исследования являются пациенты с 
инфекционными осложнениями, вызванными мас-
сивным антибактериальным и цитостатическим ле-
чением.

Особое внимание следует обратить на тяжелый ко-
лит с инфекцией C.difficile и устойчивой к антибио-
тикам K. pneumoniae, а также другими патогенами, 
как при трансплантации фекальной микробиоты 
(FMT), так и без нее. Обычная оценка кишечной ми-
кробиоты будет осуществляться путем секвенирова-
ния следующего поколения (NGS) на основе генного 
разнообразия 16S рДНК для бактериальных генов и 
метагеномного анализа NGS, чтобы оценить соотно-
шение различных вирусов эукариотических клеток 
и, в частности, бактериофагов в случае дисбактери-
оза кишечника. Следует установить типичные нару-
шения кишечного вирома, а также их роль в коло-
низации кишечными бактериями, устойчивыми к 
антибиотикам, после интенсивной антибиотикоте-
рапии и химиотерапии.

Ключевые слова
Кишечные инфекции, трансплантация, иммуноло-
гические осложнения, кишечная микробиота, ви-
русы, бактериофаги, антибиотикорезистентность, 
секвенирование нового поколения (NGS), ген 16S 
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