1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Opin Infect Dis. Author manuscript; available in PMC 2019 February 08.

-, HHS Public Access
«

Published in final edited form as:
Curr Opin Infect Dis. 2018 June ; 31(3): 251-256. doi:10.1097/QC0.0000000000000451.

Human adenovirus infections: update and consideration of
mechanisms of viral persistence

Jay R. Radke? and James L. CookP
aBoise VA Hospital, Idaho Veterans Research and Education Foundation, Boise, Idaho

bLoyola University Chicago — Stritch School of Medicine and Edward Hines, Jr. Veterans
Administration Hospital, Chicago, Illinois, USA

Abstract

Purpose of review—To provide an update on recent studies of human adenoviral (HAdV)
infections and to explore the mechanisms of viral persistence and the role of persistent infection in
disseminated disease in immunocompromised patients.

Recent findings—Human adenoviruses continue to be a problem in ophthalmology clinics and
to cause periodic, limited, global outbreaks of respiratory disease. Ad14pl remains in worldwide
circulation and continues to result in miniepidemics of severe respiratory infections. New variants
of Ad4 and Ad7 have emerged in both the United States and Asia. The severity of Ad4 infections
in outbreaks appears to depend more on preexisting conditions in patients than on genetically
determined, viral virulence factors, in contrast to limited evidence of Ad7 mutations that may
convey increased viral pathogenesis. Reactivation of persistent adenovirus infection appears to be
the primary source of disseminated infections in immunocompromised patients. New studies
suggest that establishment of persistent infection and reactivation are related to variations in
interferon-mediated control of viral replication.

Summary—Innate immune responses can create a state of adenoviral persistence, and repression
of these host defenses can result in reactivation and dissemination of infection. A better definition
of the molecular mechanisms of immune-mediated control of viral replication might lead to new
strategies for treatment of HAdV reactivation and dissemination.
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INTRODUCTION

The discovery of what was eventually termed human adenovirus (HAdV) was reported in
1953 by Rowe et al. [1] who described an ‘adenoid degeneration agent’. While culturing
cells from human adenoids surgically harvested from children, they noticed spontaneous
cellular degeneration at time points from 1 to 3 weeks after establishment /n vitro. Their
observations on degeneration of the adenoid tissues and transmissible infection of other cell
types provided the classical observation of how HAdVs infect and kill tissue culture cells. In
addition, their isolation of HAdV from human lymphoid tissues provided the first evidence
that the virus can cause persistent infections in humans.

HAdVs are members of the genus Mastadenovirus in the Adenoviridae family. HAdVs are
nonenveloped and contain a linear double-stranded DNA genome. They are grouped into
seven species (HAdV-A to G) based on phylogenetic analysis, genomic organization, growth
characteristics and oncogenicity. Within those species are over 70 types that were originally
classified based on serology (by viral neutralization) but are now classified based on
genomic sequence analysis. Tissue tropism of HAdV species determines the clinical
manifestations of infection [2]. HAdV can infect conjunctiva (species B, D and E), the upper
and lower respiratory tracts (species B, C and E) and the gastrointestinal tract (species F and
G). Species A—F circulate globally and can cause limited, periodic outbreaks of infection.

HAdV infections usually present as keratoconjunctivitis or upper or lower respiratory tract
infections that occasionally progress to pneumonia, acute respiratory distress syndrome
(ARDS) or disseminated infections, depending upon the immunological status of the host.
HAdV infections in healthy individuals are usually mild and self-limiting. Most respiratory
HAdV outbreaks are seen in closed population clusters, as in military installations, long-
term care facilities, schools or hospitals. Disseminated infections usually occur in immuno-
suppressed patients. In this review, we will briefly review the recent literature on clinical
HAGdV infections and then focus on the role of persistent HAdV infection in disseminated
disease.

OCULAR INFECTIONS: EPIDEMIC KERATOCONJUNCTIVITIS

Six members of the HAdV D species (HAdV-8, 19, 37, 53, 54 and 56) are the main causes
of epidemic keratoconjunctivitis (EKC), a highly contagious infection that can cause severe
inflammatory disease of the conjunctiva and cornea. There are an estimated 20—-40 million
cases annually, with HAdV EKC (A-EKC) being endemic in Japan. HAdV can cause large
and prolonged outbreaks in ophthalmology clinics, because of the ability of HAdV to remain
viable for many days on instruments and some resistance of these agents to common
methods of disinfection. Muller et a/. [3] reported an outbreak of A-EKC associated with
patients seeing a single physician, where the only shared procedure among those with A-
EKC was the use of eye drops, suggesting contaminated multidose vials as the common
source of infection. In 2015, there was an epidemic of EKC caused by Ad54 resulting in
cases with corneal complications. Suzuki et al. [4] reported a case of a 36-year-old man who
acquired Ad54 from his 2-year-old son. Ten years previously, the man had a LASIK
procedure. His infected right eye had a severe ocular infection with a conjuctival
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pseudomembrane and a circular epithelial defect that coincided with the LASIK flap edge,
suggesting the possibility that HAdV infection could result in LASIK flap loss. The authors
suggested that patients with A-EKC following LASIK should be examined for possible
corneal complications. In 2016, the first reported cases of Ad8-associated EKC in mainland
China were found in Tibet [5].

RESPIRATORY INFECTIONS: OUTBREAKS, OCCASIONALLY RESULTING
IN PNEUMONIA AND ACUTE RESPIRATORY DISTRESS SYNDROME

Respiratory infection with HAdV usually results in mild, self-limited disease in
immunocompetent patients. However, there are yearly outbreaks of HAdV causing severe
respiratory infections and pneumonias that, in rare cases, progress to ARDS. ARDS appears
as bilateral, variable lung opacities that resemble pulmonary edema on chest X-rays or CT
scans. Severity of ARDS is scored based on the level of hypoxemia, and treatment of ARDS
is mainly supportive care, with mortality rates of 27-45% [6]. Outbreaks of pneumonia and
ARDS are usually caused by HAdV from groups B, C and E HAdV that have newly
emerged in the population, as a result of viral mutations or recombination events [7"].

One such emergent strain, Ad14pl (a variant of HAdV type 14), remains in circulation
worldwide and continues to result in outbreaks of influenza-like illness (IL1). For example,
in New York State, there was an outbreak among college students of ILI, with clusters of
infections with Ad14p1, Ad2 and Ad4 during the 2014-2015 school year [8]. Zhang et al.
[9] analyzed the genomes of Ad14pl from cases in China and found three distinct viral
variants, with two of those strains distinct from the US Ad14p1 strain. In an effort to
determine the prevalence of Ad14 and Ad55 (an Ad14 — Ad11 recombinant virus) infection
in China, Zheng et al. [10] evaluated seropositive responses of over 1000 healthy blood
donors. 24.8% of donors were seropositive for neutralizing antibodies against Ad14. 22.4%
were seropositive against Ad55. And the rate of seropositivity increased with patient age. In
20186, there was an outbreak of Ad55 in China, involving both patients and staff in a hospital
[11]. Ad55 outbreaks in the South Korean military also occurred in the same time frame
[12]. The continued appearance of Ad14 (and related variant) outbreaks and the reported
seroprevalence rates indicate that Ad14 continues to circulate in the general population, but
the reasons for the episodic outbreaks of more severe disease are unknown.

Ad4 and Ad7 strains have re-emerged periodically as causes of local infection outbreaks,
linked to both epidemiologic and viral genetic factors. Two epidemiology studies in Japan of
HAGV infections in children found similar results. HAdV caused 10-30% of upper
respiratory infections. Both studies showed that the infections were predominately from
HAdV groups C and B, with few cases resulting from group E (Ad4) infection [13,14™].
Nakamura et al. [14™"] speculated that the low rate of Ad4 infection and associated
seropositivity in young children might explain the increased risk of Ad4 infections in young
adults (e.g. military recruits) because of a lack of acquired ‘herd immunity’ in the older
patients. Kajon et al. [15] reviewed Ad4 cases of ILI in New York State from 2011 through
2015. Genomic sequencing of the Ad4 strains identified five different genomic variants in
circulation. The majority of mild cases of illness were reported in young otherwise healthy
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patients. Three of 33 cases progressed to more severe illness. There was no correlation
between the viral genotype and illness severity, but there was some association with
underlying health problems. Yang et a/. [16] did genetic analysis and infection studies of
Ad7 isolated from an outbreak among college students in China. The Ad7 strain had a
mutation in the VA RNA gene, which they linked to increased expression of L1 52/ 55K
protein — a viral packaging protein. This viral genetic change was associated with increased
viral yield with time after infection of human cells /in vitro, and they concluded that the
faster viral growth might be related to its increased clinical virulence [16].

DISSEMINATED INFECTIONS

Disseminated infections with HAdV are almost exclusively seen in immunocompromised
patients, and such infections can be life threatening, especially in pediatric patients [17-19]
These patients have usually been immunosuppressed prior to and following hematopoietic
stem cell transplant (HSCT) or solid organ transplantation. HAdV infection is usually
limited by cellular components of the innate and adaptive immune responses to infection and
to a lesser extent by virus-specific humoral immunity. Disseminated HAdV infections can
arise both from new, exogenous infection and from activation of previously, clinically silent,
persistent infection of lymphoid tissues. Both sources of infection may be more common in
pediatric transplant patients who are more susceptible to primary infections with viral strains
to which they lack prior exposure and immunity and who have a higher burden of persistent
virus in tonsilar lymphoid tissue [20]. Last year, Lee et al. [21] wrote a comprehensive
review in this journal on HAdV infections in transplant patients and treatment options for
patients suffering from disseminated HAdV infection. The remainder of the present review
will focus on the biology of persistent HAdV infection and possible mechanisms of
reactivation during immunosuppression.

EVIDENCE FOR PERSISTENT HUMAN ADENOVIRUS INFECTION AS THE
SOURCE OF DISSEMINATED INFECTION AFTER IMMUNOSUPPRESSION

In retrospect, the first reported evidence for persistent or latent HAdV infection was
presented by Rowe et a/. [1] in their article that described HAdV isolated from adenoidal
lymphoid tissue from pediatric patients. In that era (early 1950s), it was common to remove
adenoids and tonsils from children because those lymphoid tissues were enlarged and
presumed to be abnormal. It has been appreciated subsequently that such lymphoid tissue
enlargement is normal in toddlers; thus, indications for surgery have become much more
conservative. In hindsight, it is likely that most of the adenoids studied by Rowe et a/. were
normal (albeit enlarged) lymphoid tissues with persistent, subclinical HAdV infections.
These authors detected what turned out to be HAdV in 33 out of 53 adenoid samples
cultured. HAdV has also been detected in the stools of asymptomatic patients for prolonged
periods after nasopharyngeal washings have cleared of virus [22,23]. This gut-related
isolation of HAdV is probably explained by viral persistence in gut-associated lymphoid
tissue in a similar manner to the viral persistence in adenoidal and tonsilar lymphocytes
[24,25].
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As noted, pediatric recipients of transplants have a several-fold greater risk of disseminated
adenovirus infections than adult recipients. Among the risk factors for adenovirus infection
are the extent of T-cell depletion and overall intensity of immunosuppression, allogeneic
transplantation and exposure to total body irradiation [26]. Viral dissemination can involve
multiple organ systems, including the lungs, the hepatobiliary system and the genitourinary
tract. Gut involvement with diarrhea is the most common manifestation in pediatric patients
[27], suggesting the importance of infection reactivation from gut-associated lymphoid
tissue. A study of children receiving allogeneic stem cell transplants showed that HAdV
infection risk was correlated with high neutralizing antibody titers prior to transplant and
that this antibody response did not protect them from infection with the same viral serotype,
suggesting that the infection represented reactivation after transplant-related suppression of
cellular immunity, rather than de-novo infection [28]. A 2017 report from Germany
described two pediatric patients who developed HAdV infection following allogeneic HSCT,
as a result of reactivation of persistent HAdV [29""]. In both cases, there was a drop in donor
chimerism percentage (a common measure of transplant engraftment), as the result of
expansion of residual, recipient-derived HAdV-specific T cells that survived the
myeloablative conditioning process and contributed to control of disseminated HAdV
infection. The authors concluded that, in addition to concerns about graft rejection, a fall in
donor chimerism during disseminated HAdV infection might also be explained by expansion
of autologous host T cells responding to viral infection.

SITES OF PERSISTENT HUMAN ADENOVIRUS INFECTION

It has been observed that the onset of HAdV infection in pediatric transplant patients is
usually preceded by the appearance and proliferation of HAdV in the Gl tract, as evidenced
by increased HAdV copy numbers in stool specimens [30]. Intestinal lymphocytes were
shown to be the site of HAdV persistence in the Gl tract, predominately in the ileum of 1/3
of the controls [31]. HAdV-positive stem cell transplant patients showed robust HAdV
replication in intestinal epithelial cells. A recent paper has reported a quantitative correlation
between the amount of HAdV present in stool prior to transplant and increased risk of
invasive disease after transplant [32]. Group C HAdV was the predominant species in those
studies. Their findings strongly suggest the importance of testing for the presence of
persistent HAdV in the stools of patients prior to transplant, to allow for early identification
and consideration of therapy of patients at risk for disseminated infection posttransplant.

VIRAL MECHANISMS OF PERSISTENCE

The mechanisms of HAdV persistence in a subclinical state remain to be defined. It has been
reported that several HAdV genes expressed prior to viral DNA replication (so-called ‘early’
genes) provide multiple mechanisms through which the virus can evade host immune-
mediated elimination [33]. However, those mechanisms do not completely explain viral
persistence, without progression to active infection. Zheng et al. [34™] took a novel
approach to this question. Type | interferons and interferon-y can repress HAdV replication,
and the virus has evolved mechanisms to block interferon activities [35-40]. In general,
interferons fail to prevent HAdV infection in the virally permissive human tumor cell lines
that are usually used for viral studies. However, these tumor cells have multiple mutations in
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cell cycle control pathways that are intimately involved in HAdV replication control. The
authors asked whether interferons could block HAdV replication in primary human cells.
Interferon treatment efficiently reduced HAdV replication in primary cells by over three
orders of magnitude. The interferon-induced repression of HAdV replication was caused by
reduced HAdV gene expression — specifically repression of expression of the HAdV E1A
gene that encodes the key, viral transcriptional activator and cell cycle control products. The
mechanisms of E1A repression by interferons involved blockade of recruitment of the
cellular GABP transcription factor to the E1A enhancer and increased enhancer binding and
regulation by cellular E2F/Rb family proteins. This interferon-induced repression of E1A
activity in virally infected cells was associated with establishment of a persistently infected
state, and when interferon was removed from infected cells, viral infection was reactivated
and cells progressed to a fully lytic, virus producing state.

POTENTIAL FOR CLINICAL IMMUNOSUPPRESSION AS REACTIVATION

TRIGGER

The studies by Zheng et al. [34™"] show that reduced interferon levels lead to reactivation of
persistent HAdV infection, in an in-vitro infection model. The logical question arising from
this observation is whether clinical immunosuppression results in decreased interferon
levels, which, in turn, trigger HAdV reactivation and dissemination. Clinical
immunosuppression from treatment with chemotherapeutic drugs and corticosteroids causes
depletion of T cells and NK cells, both of which are key, interferon-yy producing cells [41-
43]. Corticosteroids, used in various types of immunosuppressive chemotherapy including
during hematopoietic and solid organ transplantation, also repress type I interferon and
interferon-vy signaling pathways and interferon-vy transcription in T cells [44-46]. Toth et a/.
[47] demonstrated the translational significance of type | interferon signaling in an animal
model of HAdV infection, in which there was enhanced viral replication and pathogenicity
in hamsters with a knockout of STAT2, a key type | interferon signaling molecule. Overall,
these reports support the importance of the host interferon responses in maintaining HAdV
infection in its persistent state.

CONCLUSION

There is increasing evidence that reactivation of persistent HAdV infections may be the most
common source of disseminated infections in immuno-compromised patients. On the basis
of information and reports reviewed here, we propose the following model for establishment
of HAdV persistence and reactivation in the immunosuppressed patient (Fig. 1) [31,34™"].
Following an otherwise self-limiting infection, HAdV establishes persistent infection in
lymphoid tissues of the upper respiratory and Gl tracts, and this infection remains in its
subclinical state in the presence of intact immune activation responses — especially those
mediated by interferons. In infected lymphoid cells, there is limited HAdV replication that
can result in persistent, low-level viral shedding of virus. However, in epithelial cells
associated with lymphoid tissue, HAdV replication is blocked by interferon activity, such as
described by Zheng et al. [34™]. Immunosuppressive chemotherapy depletes interferon
producing innate immune cells (T and NK) and blocks signaling of virus-induced interferon
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activation in residual immune cells and other host cells. This loss of interferon responses
relieves the repression of viral E1A expression in infected epithelial cells associated with
persistently infected lymphoid tissues, resulting in increased expression of HAdV genes,
viral replication and dissemination of infection, until there is posttransplantation expansion
or reconstitution of the HAdV-specific host cellular immune response. The details of each
step in this sequence of initial infection; long-term viral persistence, immunosuppression-
related activation and dissemination will require continued study to complete the
understanding of the control of these processes. This could provide the basis for
development of new antiviral strategies that can be used to prevent the morbidity and
mortality associated with disseminated disease.
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KEY POINTS
. A state of persistent adenoviral infection can be established in human
lymphoid cells, not epithelia cells.
. Type | interferon and interferon-y are key factors in adenoviral persistence as

a result of their repression of expression of E1A, the viral transactivator and
cell cycle regulator.

. Immunosuppression reduces the numbers of interferon producing cells and
blocks the interferon activation response in residual host cells.

. Loss of the interferon activation response results in recovery of E1A
expression, reactivation of viral replication and the potential for disseminated
viral infection.
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FIGURE 1.
Model of HAdV persistence and reactivation in the gut. During initial adenovirus infection,

sufficient interferon (IFN)-a., f and -y are produced to create a state of viral persistence.
Adenovirus (0) is found primarily in lymphoid cells in the gut but is largely absent from
highly permissive epithelial cells. Small amounts of virus are produced and shed in the
feces. Chemotherapy-induced immunosuppression depletes IFN producing lymphoid cells
and represses IFN expression in residual lymphoid cells and other host cells. Repression of
the host IFN response allows increased expression of the viral ELA gene, which, in turn,
results in increased viral replication in lymphoid cells and lymphoid tissue-associated
epithelial cells that can produce large amounts of virus. This viral amplification can result in
increased fecal viral shedding, increased tissue invasion and blood borne dissemination of
infection.
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