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Abstract
Retroviruses replicate by means of reverse transcription, utilizing an enzyme, reverse transcriptase, in conjunction with 

integrase. Their elements have been found in humans, animals, fungi, plants, and bacteria alike. For millions of years, these 
elements have continued to integrate into the eukaryotic genomes and affecting these organisms to date. Specifically, endogenous 
retroviruses have been shown to comprise a large portion of vertebrate genomes. Studies have shown that these microscopic viral 
elements within the genome are influencing gene expression and in turn evolution, by affecting adjacent gene expression patterns. 
In the medical field, these retroviruses can present illnesses for many, such as those living with Human Immunodeficiency Virus 
or Human T Cell Lymphotropic Viruses. With modern advances in bioinformatics, genomics, and drug design, retroviruses are 
being understood much better. A multitude of new discoveries are advancing the scientific communities to mitigate, prevent, and 
hopefully cure serious medical ailments caused by retroviruses. 
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LTRs: long terminal repeats; NHEJ: non-homologous end joining repair; NPCs: neuronal progenitor cells; PAM: photo spacer adjacent 
motif; PBS: primer-binding sequence; PDCD-1: programmed cell death protein 1; PMFV: permanent human fibroblast virus; sgRNA: 
single-guide RNA; SINEs: short interspersed repetitive elements; ssDNA: single-stranded DNA; ssRNA: single-stranded RNA; STLVs: 
simian T-lymphotropic viruses; TALENs: Transcription Activator-Like Effector Nucleases; TEs: transposable elements; TRAC: T-cell 
receptor α chain; TRBC: T-cell receptor β chain; TRIM28: Tripartite motif-containing protein 28; ZFN: zinc-finger nuclease

Introduction 
The Central Dogma of Molecular Biology-it possesses an 

immutable, steadfast quality, its name donating an intrinsic law  
of permanence. Yet, with the discovery of one simple, infinitely 
small particle, this indisputable, fundamental biological principle 
was slightly flawed in its original context. The flow of genetic 
information, as detailed in any course or textbook beginning with  

 
the Central Dogma, always began with DNA, then transcribed to 
RNA, and, finally, ended with a complete folded protein [1]. However, 
since the discovery of viruses and retroviruses, modifications and 
amendments to the Central Dogma were required, as the genetic 
flow of information then possessed a quality of reversibility- 
acquired through the study of retroviruses [2]. Because of their 
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unique genome replication process, the study of these retroviruses 
has had a considerable impact on the diverse field of biology 
ranging from biotechnology, microbiology, molecular genetics, 
medicine, and many others. The study of retroviruses also is 
crucial in the aims of understanding evolution, as a large part of 
the mammalian genomes seem to be directly from the process 

of reverse transcription [2]. Having direct links to evolutionary 
processes as well as diseases brings about the pertinence of 
advancing insight into retrovirus behavior, genome replication, and 
how they can positively or negatively impact the day-to-day lives of 
the humans (Figure 1).

Figure 1: Categories of RNA Viruses. RNA viruses can be divided into two categories which are single-stranded RNA viruses 
and double-stranded RNA viruses. Single-stranded RNA viruses are further divided into positive-stranded viruses and nega-
tive-stranded viruses. The positive-stranded viruses include picornavirus-like viruses, alphavirus-like viruses, and flavivirus-like 
viruses. Negative-stranded viruses include lyssaviruses and paramyxoviruses among other classifications. The double stranded 
RNA viruses include retroviruses which can be subdivided into Retroviridae and pararetroviruses. Retroviridae includes human im-
munodeficiency virus and human T-lymphotropic virus 1. Pararetroviruses include Caulimoviridae and Hepadnaviridae [4,7,8].

These viruses, through their integration into genomes, increase 
genome diversity within the biosphere [3]. The functionality 
of viruses on the genomes of bacteria and archaea compared 
to eukaryotic plant and animal viromes differs, as the largest 
difference is that for prokaryotes the virome consists largely of 
double-stranded DNA viruses, while eukaryotes have genomes 
that are made up of RNA or retrovirus elements [2,4]. Due to the 
documentation of these retroviruses being coupled with eukaryotes 
from early in their evolutionary beginnings, it is possible that they 
coevolved together. One evolutionary example is the development 
of cytosol as the environmental conditions of it are well made for 
retrovirus replication [5]. In terms of the history of viruses, it seems 
that a single gene is not conserved across all known viruses. They 
have likely evolved more than once in origin. Even though not a 
single specific gene is shared among all viruses, they do have genes 
that correspond to different groupings and families of viruses, 
leading to the ability to at least classify them accordingly [6]. 

The viruses that are at interplay with RNA are divided into 
three main categorical groupings as shown in Figure 1: positive-
stranded viruses, negative-stranded viruses, and double stranded 
viruses. Similar to all of them is the ability to synthesize RNA-
dependent RNA polymerases. These polymerases have a wide 
range of functions for viruses such as replication and transcription 
[4]. The most abundant of the RNA viruses are the positive-stand 

viruses, and they are very diverse. This class is divided into three 
main groupings: picornavirus-like, alphavirus-like, and flavivirus-
like [7]. Due to the nature of the picornavirus and alphavirus 
having well-shown partially conserved regions between the 
two subfamilies, monophyly is hypothesized. Furthermore, the 
flavivirus-like group remains undetermined in origin at this point as 
it contains plant and animal viruses that process genomes that are 
dissimilar [4]. Retroviruses can be divided into two different types: 
pararetroviruses and Retroviridae. Pararetroviruses have a circular, 
double-stranded DNA and include two types: Caulimoviridae which 
infect plants, and Hepadnaviridae which infect animals. Viruses 
belonging to the Retroviridae type possess positive-stranded 
RNA, and using the enzyme reverse transcriptase, they create 
complementary DNA (cDNA) to enter the host’s DNA and infect only 
vertebrate hosts [4,8]. 

This review seeks to address the evolution, structure, and 
replication mechanisms of these viruses as well as specifically 
looking at the bacteria, plant, and human retroviruses. In addition, 
the review showcases applications and future research, with a 
primary emphasis on humans and animals.

Viruses
Viruses are microbes that contain DNA or RNA as their genetic 

material enclosed by a protein coat. Viruses are grouped into classes 
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I through VI and have many variations. Some have double-stranded 
DNA (dsDNA), single-stranded DNA (ssDNA), single-stranded RNA 
(ssRNA), and double-stranded RNA (dsRNA) [9]. The viruses vary 
in the types of hosts they infect, length of their genomes, size, 
shape, and whether or not they possess a protein shell known as 
capsid enclosing their genetic material. Some viruses only infect 
human hosts, bacteria, or animals. In general, viruses use either 
the lysogenic or lytic process during their replication [10]. Some 
viruses have only a lytic cycle, similar to a T4 bacteriophage, where 
the phage invades the host by binding to a specific protein and then 
inserts its genetic material into the host’s cell [9]. The host’s DNA 
is hydrolyzed, and then the phage DNA leads to the creation of the 
phage proteins and replication of the phage genome. The phage 
is then assembled within the host and then produces an enzyme 
that creates the lysis of the host’s cell wall. When this process 
takes place, there can be 100 or more particles released on average 
during lysis [10]. 

The lysogenic process is similar to a lambda phage that coexists 
with the bacterial host [9]. The phage binds to the receptor of the 
host, and using a shorter tail inserts the genetic material into the 
host resulting in a small circle adjacent to the host DNA. A protein 
will then break down the host DNA. Then, the phage’s DNA is 
incorporated into the host DNA at a specific location, and then, 
both DNAs are reassembled into one [9]. The lysogenic virus has a 
repressor gene and can lay dormant within the host and produces 
a repressor protein to inhibit transcription until a later date with 
the host cell still able to replicate. However, environmental factors 
will trigger the lytic cycle of phage DNA [9]. This process can occur 
in humans as well, but instead of lysogeny, it is called latency for 
humans, and a typical example of a virus that uses latency is Herpes 
Simplex Virus, where stress can trigger a Herpes outbreak [9].

Retroviruses 
Retroviruses are a type of virus that utilizes RNA as its genomic 

material, and upon infection, they integrate into the host genome. 
Retroviruses are in the class VI of animal viruses and exist as 
enveloped [10]. They enter the host’s cells through receptor-
mediated endocytosis or direct diffusion. An example of the 
receptor-mediated process is the utilization of the receptors CD4, 
C-C chemokine receptor 5 (CCR5), and C-X-C chemokine receptor 
4 (CXCR4) in HIV [11]. Upon entry into cells, they uncoated the 
capsids and integrate into the host cells’ genome using reverse 
transcriptase and integrase enzymes [10,12]. 

Retroviruses begin their lifecycle as budding from the host cell 
in first a non-infectious formation. As a result of various proteolytic 
cleavages by the enzyme protease, a structural rearrangement of 
the formation occurs, which allows it to achieve maturity. At this 
stage, it can infect new cells. The maturation processes involve 
changing the structure of the protein domains, correlatively this 
alters the conformation of the viral components that are created by 
the proteins [13]. The major structural component of retroviruses 
is the viral polyprotein, Gag, with three conserved domains for 
retroviruses: N-terminal matrix domain, bipartite capsid domain, 
and the nucleic acid-binding nucleocapsid domain (HIV GAG). 

To form the noninfectious immature retroviral elements, this 
process is driven by Gag by utilizing the nucleic acid/membrane 
for grounding. HIV-1, as an example, forms a hexametric lattice, 
which occurs in most retroviruses except for beta retroviruses and 
spumaviruses [13,14]. The majority of information relating to the 
structural aspects of retroviruses is a result of: NMR, studies of 
protein and oligomeric domains, and studies of the latter domains 
and viral particles using electron microscopy [15]. 

Possessing an enzyme known as reverse transcriptase, 
retroviruses acquire the ability to manipulate and reverse the 
central dogma, changing the information flow from RNA to DNA 
to protein in a process known as reverse transcription [16,17]. 
The most common organization within the genome of a retrovirus 
includes group-specific antigen (gag), which encodes specific 
structural proteins for the virus, polymerase (pol), which codes 
for transcriptase, protease, and integrase, and ends with envelope 
(env) [16,18]. Reverse transcription is essential to retroviruses 
as their genetic material, RNA, clashes with the DNA form of their 
host’s genetic material [16,18]. These retroviruses have a seven-
step life cycle, beginning with binding, fusion, reverse transcription, 
integration, replication, assembly, and, finally, budding [19]. 

Attaching their surface glycoproteins to plasma membrane 
receptors on the host cell, the virus is fused with the cell membrane 
[16]. Upon infecting a host cell, reverse transcription must begin as 
the RNA from the retrovirus, now within the cytoplasm of the host, 
is required to synthesize a DNA version from the RNA molecule to 
integrate into the genetic material of the host cell [18]. Reverse 
transcriptase performs the process of producing cDNA, from an 
RNA template, and, once the DNA copy enters the nucleus of the 
host cell, another retroviral enzyme called integrase becomes 
involved. To incorporate the retroviral DNA, now called a provirus, 
into the host genome, integrase inserts the copy into the large DNA 
molecules of the host cell so that it is integrated into the genetic 
material of the host [20]. This results in a double-stranded DNA 
copy of the viral genome with the encoded proteins and RNA being 
expressed through the proviral DNA by accessing and utilizing the 
transcription and translation mechanisms, such as polymerases, 
of the host cell [16]. Now containing a new gene, the modified 
host cell will reproduce, and each daughter cell will possess the 
retroviral gene [16,18]. Translated by the host cell’s ribosomes, 
viral information and particles can also be released from the host 
cell through budding on the plasma membrane [16]. Permanently 
residing within the host cell, provirus infection, unlike that of 
bacteriophages or other viruses, is enduring and perpetual. 

Zoonosis is the transmission of an infectious disease to humans 
from pathogens such as viruses. It is recognized that greater than 
50 percent of all human infectious diseases are zoonotic, of which, 
the majority have emerged from transmission of RNA viruses 
from animals to humans [21]. Of the many zootonic RNA viruses 
discovered, there are two orders that account for the reservoirs. 
Two mammalian groups, rodents (order Rodentia) and bats (order 
Chiroptera) are present globally and abundantly, and harbor 
many of the zoonotic RNA viruses [21]. A majority of rodent-
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borne viruses are members of Hantaviridae and Arenaviridae 
and RNA virus sequences identified in bats include Astroviridae, 
Coronaviridae, Circoviridae, Adenoviridae, Filoviridae, Parvoviridae, 
Poxviridae, Picornaviridae, and Rhabdoviridae [21]. Zoonosis is the 
transmission of any pathogens to humans, but humans are also 
capable of transmitting infectious diseases, which is known as 
reverse zoonosis or zooanthroponosis. 

Of all of the potential zoonosis transmission methods, human to 
animal transmission is the least studied due to its rare occurrence 
prior to the COVID-19 pandemic [22]. Overall, for viruses, 
reverse zoonosis studies have mainly focused on influenza and 
zooanthroponosis is yet to be reported in retroviruses [23]. Despite 
the limited information available on human to animal transmission, 
zooanthroponosis has the potential to significantly increase the 
disease burden in animals with detrimental effects on wildlife 
as well as the potential to reinfect humans [24]. In addition to 
coronavirus, measles virus, influenza virus, herpes simplex 1 virus 
have also shown to possess zooanthroponic potential [24]. Human 
and animal interactions have been studied to better understand 
reverse zoonosis which has shown that domestic animals are more 
at risk for transmission due to their proximity to humans [24]. 
Despite the limited knowledge on zooanthrponosis, research on 
reverse zoonosis may reveal retroviruses that are able to exhibit 
human to animal transmission.

Bacterial Retroviruses
There is a great diversity among retroviruses, though 

determining the exact age of many of them is difficult. In a host 
genome, the divergence between the 5’ and 3’ ends of long terminal 
repeats (LTRs) generated by the replication of a retrovirus has been 
measured in an attempt to estimate how long ago the retrovirus 
integrated itself into the genome [20,25]. New research indicates 
a possible marine origin for retroviruses that occurred about 460 
to 550 million years ago [25,26]. Prokaryotes, such as bacteria and 
archaea, have environments that mostly hold viruses containing 
dsDNA genomes but have a smaller population of retroviruses. 
Eukaryotes such as plants and animals have environments that are 
much better suited for the inclusion of retroviruses, in addition 
to retroviruses that are either infrequent or cannot be found in 
prokaryotes [4,27]. 

Viruses can infect either prokaryotic hosts or eukaryotic hosts 
and those that attack bacteria are classified as bacteriophages and 
possess two different reproductive mechanisms. The first process 
is the lytic cycle which ultimately results in the death of the host cell 
as the phage conquers the host cell, reproduces new phages, and 
destroys the cell. Phages that utilize this method are classified as 
virulent phages. The five stages of this process include attachment, 
penetration, biosynthesis, maturation, and lysis. Firstly, the 
phage proceeds through the attachment step of this process by 
seeking and interacting with surface receptors on the bacteria. 
During penetration, the bacteriophage utilizes a tail sheath, 
which transports and injects the genome of the virus through the 
membrane of the host cell. Utilizing special, synthesized enzymes 

called endonucleases, the phage is then able to alter the bacterial 
chromosome and proceeds to replicate, transcribe, and translate 
essential components for the creation of new virions during the 
biosynthesis phase. The new phages are produced during the 
maturation phase and are released outside of the host cell by a 
process called lysis [19].

Plant-based Retroviruses
In plants, under the category of transposable elements (TEs), 

LTR retrotransposons represent a large portion of genomic DNA 
sequence makeup being upwards of 17% of the whole sequence. 
In particular, the long terminal repeat-retrotransposons (LTR-RTs) 
are among the most abundant [28]. To mediate the impacts of these 
LTRs, molecular mechanisms exist such as DNA methylation, small 
mediated-RNA silencing, recombination, as well as nucleotide 
deletion [29]. These repeats are very effective in their incorporation 
into plant host genomes through the processes of transcription 
of the mother strand, reverse transcription, and followed by the 
integration of that repeat into the plant’s genome. 

While the proteins that are produced through the gag-pol 
sequence can perform both replication and transposition, other 
proteins have been identified that have coding capacity such as: 
fragments of ATPase, 1,4-b-xylan end hydrolase and 1,3-b-glucanase 
sequences. The sequences that are degraded or lack the ability to 
code for proteins, the nonautonomous elements, have been found 
to utilize the retrotransposons amplification processes to aid in 
their continued amplification and proliferation [30]. 

The TEs are divided into two main categories: class I or 
retrotransposons and class II or DNA transposons. The class I 
retrotransposons utilize an RNA intermediate for transposition, 
while class II DNA transposons do not, a “copy and paste” versus 
a “cut and paste” like methodology, respectively [31]. Additionally, 
they are further subdivided into either LTR repeat retrotransposons 
or non-LTR retrotransposons. The non-LTR category contains both 
long interspersed repetitive elements (LINEs) as well as short 
interspersed repetitive elements (SINEs), with long terminal 
repeat retrotransposons being in higher levels in plants, while the 
non-LTR retrotransposons being in the highest levels, regarding 
the transposable element abundance [29]. In comparison to 
retroelements such as SINEs and LINEs, LTR retrotransposons 
are much more effective at spreading and integrating into plant 
genomes, for an unknown reason that warrants more research. 

Even though the infection of a plant by a retrovirus has not been 
observed, because of sequencing technology, there is evidence for 
the integration. The LTR-RTs in plants were shown to possess an 
env-like gene that codes for a membrane protein in the retroviruses 
or plant endogenous retroviruses [32,33]. Classification of these 
plant retroviruses is devised according to the sequence homology 
and the internal of internal ORFs. The main two are the Ty1/copia 
(INT-RT-RH), and Ty3/gypsy (RTRH-INT) subfamilies. Ty1/copia 
has the linages of Bianca, TAR, Angela, Ale, Ivana, and Maximus, while 
Ty3/gypsy has the linages of Tekay, Reina, CRM, Athila, and Tat [34-
36]. Current research shows that these lineages are common among 
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both dicots and monocots, which would mean that the integration 
of these sequences would have occurred before the diversion of 
the two groups, which occurred around 140-150 million years ago 
[37]. Furthermore, the env-like gene, in certain families, belongs 
to the two gypsy and one copia lineage. A study found that the 
copia env-like gene was possibly brought about from inter-element 
recombination with the gypsy lineage., which would be significant 
as then they would both have a single common ancestor [36]. In 
plants, four main clades exist under the chromoviruses: Tekay, CRM, 
Galadriel, and Rina [38]. As of now, it is suggested that evolutionarily 
some LTR retrotransposons elements may have transferred via 
horizontal transmission between fungi and mosses/lyphyes, with 
an alternative theory being vertical transfer [38]. 

 Endogenous Retroviruses 
The endogenous retroviruses (ERVs) make up to 8% of the human 
genome and insert their genome into the host, resulting in the 
expression of the retrovirus DNA within the host. Additionally, 
this leads to the replication of more viruses by the host. The name 
“endogenous retrovirus” means that the virus is inherited via the 
host’s DNA within the nucleus of the cell. This type of retrovirus 
inserts itself often within the germline cells of the host, which allows 
the virus to be passed onto the progeny, thus carrying on across 
generations [39]. There is much evidence of this process taking 
place throughout human evolution, where ancient retroviruses can 
be found within our genome today. It is likely that these retroviruses 
have integrated into regulatory sequences of the genome and have 
influenced the expression of genes within those functional coding 
regions [40]. 

The capability to sequence whole animal genomes has led to 
the discovery of ancient ERVs. For example, it is currently believed 
that human endogenous retroviruses (HERVs) may have colonized 
the mammalian genome between 3 million years ago or with some 
studies showing appearance after the hominoid and ape divergence. 
These insertions into the genomes have functional effects today that 
are alerting the expression of different genes and possible linkage 
to various types of cancers and autoimmune diseases, acting as 
superantigens within the human body [41]. 

The foamy viruses (FVs) are a type of retrovirus with a lasting 
durable history of co-speciation with mammalian hosts, specifically 
placental mammals within the past 100 million years. Three main 
mammalian endogenous FVs include Daubentonia madagascariensis 
(PSFVaye), Choloepus hoffmanni (SloEFV), and Chrysochloris asiatica 
(ChrEFV) [26]. These viruses have been associated with zoonotic 
transmission transmitted to humans through a retroviral infection 
by bodily fluid contact. This was studied in Cameroon, Africa with 
local villagers with retroviral sequences being discovered in their 
genomes, thus an example of modern-day integration [42]. Similarly, 
in Asia, a similar transmission pattern exists between humans and 
macaques species at specific temple sites, showing transmission of 
these FVs existing in modern times between primates and humans 
[43]. 

At the molecular level, the ERVs play a role in human 

development through the regulation of neuronal progenitor 
cells (NPCs), based upon the Tripartite motif-containing protein 
28 (TRIM28), and serving to regulate the expression of an ERV 
through a repression mechanism. This consequently regulates the 
expression of other genes [44]. The replication of Moloney Murine 
Leukemia Virus expression during embryogenesis is known to be 
silenced due to TRIM28 protein to prevent and protect the germ 
line from mutagenesis. There is an upregulation in the expression 
of many different ERVs once TRIM28 was deleted, with a mild 
upregulation in retroelements like LINE-1 but more significant 
upregulation of some ERVs such as the Mus musculus ERV and 
intracisternal A-particles class 1 (IAP1) as well as other IAPs, though 
not all [45].

The ERV elements can be controlled epigenetically through 
histone modifications and methylations [46]. It was found in 
the HML-2 (a subgroup of HERV-K) that expression was high in 
tissues of the placenta and testicles due to hypomethylation in 
LTRs and androgens stimulating expression [47]. For the HERVs 
to be functional, the LTR must not be disrupted by nucleotide 
substitution or deletion within the open reading frame, which 
can lead to the control of expression being in another promoter 
region. As such, when epigenetics is affected by stimuli, it can 
also lead to ERV proteins being transcribed. Epigenetics can be 
disrupted by factors such as inflammation, Herpesviridae, HLTV-
1 Tax transactivator, and HIV Tat protein, all of which can lead to 
upregulation of transcription of ERVs [46]. 

Human retroviruses are abundant with their LTRs which can 
be found throughout the genome and can have a significant impact 
on the expression of neighboring genes. In fact, a study found that 
p53, a tumor suppressor protein, directly binds to the binding 
sites in LTRs specifically of the HML-2 sup-group of the HERV-K 
family [48]. In addition, HERVs have a strong association with 
various cancers. For example, HERV-K is strongly associated with 
neurological, prostate, mammary, lung, and skin cancers including 
Kaposi’s sarcoma. Pituitary adenoma, pancreatic, urological, 
gynecological, and hematological cancers are also associated with 
HERVs [49]. Additionally, in recent years, retroviral oncogenes 
have also been identified [50]. The HERVs silenced by mutations 
and recombination have also been reported to have higher levels of 
expression in various cancers due to dysregulated gene expression 
[51].

Human Retroviruses
Human retroviruses, in addition to HERVs, belong to different 

genera and classes and have a wide range of implications on their 
host. Table 1 shows the select genera and types of retroviruses 
that infect humans. The primer-binding site (PBS) sequence has 
traditionally been used for HERV nomenclature, where the group 
names are identified using a letter that characterizes the human 
tRNA type and binds to the viral PBS sequences. If the PBS sequence 
is not available, HERVs are named according to unconventional 
methods such as the name of the neighboring gene, a clone number, 
or an amino acid motif [52].
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Table 1: This table, adapted from [49], demonstrates the several types of retroviruses that infect vertebrate hosts. HERV: human 
endogenous retrovirus; HTLV-1: human thymus cell leukemia virus type 1; HTLV-2: human thymus cell leukemia virus type 2; HIV: 
human immunodeficiency virus; PMFV: permanent human fibroblast virus.

Genus Retrovirus

Lentivirus HIV

Type D PMFV

HTLV HTLV-1, HTLV-2

HERV Type A, B, and D HERV-K

HERV Type C ERV-FRD, HERV-E, HERV-ERI, HERV-F, HERV-H, HERV-HF, HERV-HRD, HERV-I, HERV-IP, HERV-P, HERV-R, HERV-RW, 
HERV-S, HERV-T, HERV-W, RRHERV-I

Foamy Virus Related HERV-L

Human T-Cell Leukemia Virus 
The human T-cell leukemia virus (HTLV) is a complex 

retrovirus that belongs to the Deltaretrovirus family [54]. This virus 
is considered a zoonotic virus with simian T-lymphotropic viruses 
(STLVs) [55]. The HTLV route of transmission is based on the 
zoonosis of STLVs from monkeys to humans around 30,000 to 40,000 
years ago, which lead to the evolution of STLV to HTLV [52]. It is 
formed from a single positive strand of RNA, and it primarily infects 
T-lymphocytes [56-58]. In general, it is transmitted horizontally in 
humans to other humans and is associated with rare diseases, such 
as neuroinflammatory disease HTLV-1–associated myelopathy/
tropical spastic paraparesis (HAM/TSP) and adult T-cell leukemia/
lymphoma [57-58]. HTLV-1 is one of the most common retroviruses 
in the HTLV family [56]. HTLV-2 is another subtype of HTLV and, 
along with HTLV-1, is one of the most researched HTLV subtypes. 
HTLV-2 is found in hairy T-cell leukemia and is currently not 

associated with lymphoproliferative disease [55]. HTLV-1 is mainly 
identified in CD4+ T-lymphocytes and HTLV-2 is common in CD8+ 
T-lymphocytes.

Human Immunodeficiency Virus and Acquired 
Immunodeficiency Syndrome

Human immunodeficiency virus (HIV) and acquired 
immunodeficiency syndrome (AIDS) are retroviruses targeting 
human white blood cells, specifically CD4 cells and thereby 
weakening the host immune system [59]. The first case of HIV was 
reported in 1981. Globally, 38.4 million individuals were living with 
HIV in 2021 [59]. An estimated 1,189,700 individuals in the United 
States had HIV by the end of 2019 with 30,635 new diagnoses in 
2020 [60]. Most HIV infections are caused by HIV type 1 and a 
smaller percentage of infections are caused by HIV type 2 [2]. The 
life cycle of HIV is shown in Figure 2. 

Figure 2: HIV Life Cycle. The life cycle of HIV can be divided into seven steps which are attachment, fusion, reverse transcription 
,integration, replication, assembly, and budding to demonstrate how HIV replicates [61].
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Though HIV targets the immune system, the effects of HIV are 
profound with significant effects on the central nervous system 
[62]. Symptoms are often addressed through various therapeutics 
such as cannabinoids to address appetite and anti-emesis [63]. 
Antiretroviral therapy (ART) and personalized medicine have 
reduced mortality and morbidity of HIV and AIDS, but more 
efficient alternatives for therapy such as clustered regularly 
interspaced short palindromic repeats (CRISPR) and vaccines are 
being explored [64-67].

Applications and Personalized Medicine
Personalized medicine allows for customized treatment 

plans, earlier interventions, and efficient drug therapies for 
each patient. Utilizing the genome of an individual, doctors can 
prevent, diagnose, and treat diseases [68]. Pharmacogenomics 
uses the genome of the patient to determine the best type of drug 
treatments and understanding the signaling pathways involved 
in the specific subtypes to determine the efficacy of drug-based 
treatments. In terms of retroviruses, it is possible to use gene 
therapy as a method of treatment using personalized medicine 
based upon the sequences. It can be used with less risk and greater 
safety by targeting the patient’s cells [69]. Gene therapy, which is 
the treatment of diseases by targeting specific genes in a patient’s 
cells, can be used to treat patients with greater safety and reduce 
the problems associated with drug treatments [69]. 

An HIV remission case study suggests that ART is used to treat 
HIV in an infected individual though it requires lifelong treatment 
[70]. The first known HIV-1 remission case was in 2009 with a 
patient known as the “Berlin Patient” and the second patient was 
known as the “London Patient” [70]. The hematopoietic stem cell 
transplantation (HSCT) allows patients to restore their immune 
system. However, after the transplant, patients stop taking their 
antiretrovirals allowing for the potential of viral infection. However, 
the stem cell transplant to treat the patient’s cancer resulted in HIV 
going into remission. The HIV became undetectable even though 
the patient was no longer on antiretroviral therapy for at least 

16 months. Currently, the London Patient may be in remission; 
however, they currently have a low level of Plasma HIV, RNA, or 
DNA that is insignificant in the London Patient’s and Berlin Patients’ 
blood. The researchers believe the London Patient could have a 
relapse; however, they will know more in 6 months without the 
patient on antiretroviral treatments. The factors that caused long-
term remission of HIV-1 are not fully understood and are further 
convoluted due to the differences in the two remission cases [70]. 
Both patients did experience other complications at the hand of 
long-term remission. Currently, there is no precise HIV treatment 
that allows for long-term remission. However, researchers are 
looking further into the C-C chemokine receptor type 5 (CCR5) gene, 
which is known to be involved in allowing HIV to enter host cells, 
and hopefully, soon, there will be double-blind studies for treatment 
for HIV that allow long-term remission. Though ART has lowered 
the mortality of HIV/AIDS, there are pitfalls to ART including 
detrimental effects on the nervous system such as penetrating the 
blood-brain barrier and nervous system toxicity [71]. Additionally, 
ART is not able to protect against latent infections of HIV which may 
go undetected [71]. 

CRISPR/Cas9 
The use of CRISPR is a new genome-editing technology that 

has allowed for increased speed, efficiency, accuracy, and reduced 
cost compared to previous technologies [72]. Prior genome editing 
techniques were expensive, difficult to make, and error-prone, such 
as zinc-finger nucleases (ZFNs) and Transcription Activator-Like 
Effector Nucleases (TALENs). CRISPR is used as an active immune 
system by bacteria to defend against bacteriophages and works 
with CRISPR-associated (Cas) genes like Cas9 [73]. This Cas9 enzyme 
is what gives bacteria this resistance by cutting and disabling the 
DNA of the bacteriophage as shown in Figure 3 [74]. If there is no 
matching spacer for the bacteriophage DNA, a different Class 1 Cas 
enzyme is created that cuts the bacteriophage DNA and inserts it 
into a spacer between the palindromic repeating sequences, which 
prevents future infection from the bacteriophage [73,75].

Figure 3: Process of CRISPR Gene Editing. CRISPR gene editing can be demarcated into three main steps which are recognition 
of the targeted sequence, cleavage of the sequence, and repair of the DNA. The Cas protein has not been specified as different 

Cas proteins have been identified and can be associated with CRISPR for gene editing [74].
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Though CRISPR has been utilized in plants [76-78], more 
recently, CRISPR has been used for human ailments such as sickle 
cell anemia and cancer. Sickle cell anemia is a genetic disease where 
an individual has sickle-shaped erythrocytes. Sickle cells are caused 
by a change in a single amino acid, where glutamic acid is replaced 
with valine [79]. The bone marrow cells were removed and CRISPR 
was used to edit fetal hemoglobin to activate it [80]. Once the fetal 
hemoglobin is active, it should compensate for and over time, 
replace the adult sickle cells. More than 2 billion cells were edited 
and returned to the patient’s body. Additionally, the initial blood 
work was reviewed, which showed the edited cells are working, 
and the fetal hemoglobin is beginning to be produced. Almost half 
of the patient’s hemoglobin is fetal and appears to be increasing. 

The University of Pennsylvania has had a clinical trial approved 
to use of CRISPR gene editing for cancer patients in the first safety 
trial [80,81]. The test was meant to determine if CRISPR gene editing 
worked and if it was safe to use. The three cancer patients were 
involved, and two had multiple myeloma, and one with sarcoma 
received genetically edited cells. All patients were screened for the 
antigen HLA-A201, which allows for the CRISPR gene to become 
active. The patients had 100 million T cells that were removed 
from the patients’ blood and then edited with CRISPR. Patients 
were also treated with chemotherapy and then received a single 
infusion of the edited genes. CRISPR was used to remove three 
genes, first targeting the T-cell receptor α chain (TRAC) gene and 
second targeting T-cell receptor β chain (TRBC) gene [81]. In either 
case, the T-cell receptors would have been removed, so they bind 
appropriately to the cancer cells. The results showed high efficiency 
for TRAC and low efficiency for TRBC [81]. The third gene to be 
removed was programmed cell death protein 1 (PDCD-1) which 
encodes for an immune checkpoint protein, which at times can 
block T cells from their function [81]. The function of the receptor 
is to have the T-cells target the antigen NY-ESO-1, which would 
allow the body to attack the specified cancer cells more effectively 
and aggressively. The patients were treated in January, April, and 
August, and the first patient was followed for six months and 
showed no significant side effects [81]. All three patients’ blood 
samples showed that the T-cells expanded and survived. The T-cells 
expand and bind to their tumor targets [81]. The doctors explain 
the results show promise, but patients will need to have constant 
and longer follow-ups to check for side effects, and these results are 
still early to be conclusive [81]. 

CRISPR has also been utilized with retroviruses notably for 
HIV and HTLV-1. The utilization of CRISPR for HIV treatment has 
been studied extensively in recent years with multiple different 
therapeutic strategies [65-66]. CRISPR/Cas9 system does have the 
ability to cleave the HIV genome rendering the virus nonfunctional 
with multiple studies indicating successful cleavage of proviral 
HIV DNA [64]. Additionally, CRISPR can be used to cleave either 
the LTR domain with one single guide RNA (sgRNA), specifically 
the LTR domain, or cleave two different areas of the genome using 
two different sgRNAs to introduce mutations to inactivate the HIV 

provirus [64,82]. CRISPR can also be used as a defense mechanism 
against HIV by targeting the newly formed double-stranded 
DNA from reverse transcription [64,83,84]. However, there is 
a potential for HIV to avoid detection by CRISPR. Alternatives 
such as combinatorial use of CRISPR to result in hypermutation 
or combining CRISPR with traditional therapeutics such as ART 
have been explored [64,84-86]. A recent case study successfully 
used CRISPR-edited hematopoietic stem and progenitor cells 
(HSPCs) that were transplanted into a patient with HIV and acute 
lymphoblastic leukemia [87]. Additionally, a study found that 
CRISPR/Cas13a system was able to inhibit HIV-1 viral infection 
[88]. 

CRISPR utilization for HTLV-1 is a relatively new concept. 
The foundation of the potential usage of CRISPR for therapeutic 
advantages in HTLV-1 comes from the success of the use of CRISPR 
in sickle cell anemia and cancer [89]. Additionally, support from 
other gene editing technologies such as ZFNs showed that gene 
editing results in the disruption of proliferation that is regulated by 
HTLV-1 [89,90-92]. This information opens a potential avenue for 
CRISPR-mediated therapy for HTLV-1 likely in the form of CRISPR 
delivery in vivo [89,93].

Conclusion 
Through the study and discovery of retroviruses, the Central 

Dogma has been modified and amended. The knowledge and the 
diversity of retroviruses have demonstrated vast implications across 
kingdoms and all evolutionary ranks. The study of retroviruses has 
also had a considerable impact on the diverse field of biology. The 
repercussions of retroviruses on human health are exemplified 
through cases of HIV, HTLV and related morbidities. The magnitude 
of the impact of retroviruses experienced across the kingdoms 
highlights the importance in developing a better understanding of 
retroviruses, their role in genome diversity, and their effects on the 
host organism. With the advent of new technology such as CRISPR, 
the latest therapeutic avenues are being explored for retroviral 
infections and associated morbidities such as cancer.
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