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Abstract: Human cytomegalovirus and Epstein-Barr virus have been recognized as potential
drivers of morbidity and mortality of patients undergoing allogeneic stem cell transplantation
for years. Specific protocols for monitoring, prophylaxis and pre-emptive therapy are in place
in many transplant settings. In this review, we focus on the next three most frequent viruses,
human herpesvirus-6, BK virus and adenovirus, causing reactivation and/or viremia after
allogeneic transplant, which are increasingly detected in patients in the post-transplant period
owing to emerging techniques of molecular biology, recipients’ characteristics, treatment
modalities used for conditioning and factors related donors or stem cell source. Given the less
frequent detection of an illness related to these viruses, there are often no specific protocols
in place for the management of affected patients. While some patients develop significant
morbidity (generally older), others may not need therapy at all (generally younger or children).
Furthermore, some of the antiviral therapies used are potentially toxic. With the addition

of increased risk of secondary infections, risk of graft failure or increased risk of graft-
versus-host disease as well as the relationship with other post-transplant complications, the
outcomes of patients with these viremias remain unsatisfactory and even long-term survivors

experience increased morbidity.

Keywords: allogeneic, posttransplant, HHV-6, BK virus, adenovirus

Received: 5 January 2021; revised manuscript accepted: 27 April 2021.

Human herpesvirus 6 (HHV-6)

Overview

Human herpesvirus 6 (HHV-6) is a relatively large
double-stranded DNA virus in the B herpesvirus
family that primarily targets CD4+ T lympho-
cytes, and other cells including monocytes, mac-
rophages, epithelial cells, fibroblastic cells,
astrocytes, oligodendrocytes, neurons and hepato-
cytes.!”3 Two distinct variants of HHV-6 have
been identified so far; like other herpesviruses,
both variants establish life-long latency and can
become reactivated later in life.# Little is known
about the disease history of HHV-6A at this time
and no disease causally has been linked to it. In
contrast, HHV-6B almost ubiquitously infects all

humans in the first 2years of life. The primary
infection may manifest as exanthema subitem
(roseola), a febrile rash. Subsequently, HHV-6B
reactivation can occur, especially in patients who
are immunocompromised. HHV-6 reactivation
has been observed in 30-70% of allogeneic hemat-
opoietic stem cell transplantation (alloHSCT)
recipients.>® It can be asymptomatic, but also has
been associated with various disease processes®’
and potentially worse transplant outcomes,>8
among which, HHV-6 encephalitis is the most rec-
ognized with a well-established cause association.

Unlike other human herpesviruses, HHV-6 has a
unique ability to integrate into a chromosomal tel-
omere and transmit through Mendelian inheritance,
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resulting in virus DNA in every nucleated cell in the
body.? It is estimated that approximately 1% of the
population carries chromosomally integrated
HHV-6 (ciHHV-6)° with one-third being ciHHV-
6A and two-thirds being ciHHV-6B.1° It is impor-
tant to note that in patients with ciHHV-6, who can
be either transplant recipients or donors, viral DNA
is persistently detected in whole blood and likely also
in cell-free samples such as plasma and cerebrospi-
nal fluid (CSF) secondary to contamination of cel-
lular DNA released from damaged cells.11:12
Distinguishing between HHV-6 infection/reactiva-
tion between latent ciHHV-6 is vital in clinical deci-
sion making. Reactivation of ciHHV-6 remains a
controversial concept and has only been reported on
a case report basis.!314 Its diagnosis requires positive
virus culture and genome sequencing to confirm the
identity of the isolated viral strain with the integrated
virus.2 Additional clinical significance of ciHHV-6 in
hematopoietic stem cell transplantation (HSCT) is
discussed below.

Given the high prevalence of latent infection and
asymptomatic reactivation, difficulties with accu-
rate diagnosis, and data discrepancy in the clinical
efficacy of therapeutic and/or prophylaxis antiviral
treatment, controversy remains regarding the best
approach to treat HHV-6 infection. The most
recent guideline on the management of HHV-6
infection in patients with hematological malignan-
cies and after HSCT came from the 2017
European Conference on Infections in Leukemia
(ECIL).%2 Here, we review the recent advances on
the clinical impact and diagnostic techniques of
HHV-6 infection in HSCT recipients and discuss
the evolving role of antiviral therapy and potential
prophylaxis in the post-transplant setting.

Clinical impact of HHV-é infection in HSCT
recipients

Primary HHV-6B infection after HSCT has only
been reported in infants, and manifested as fever
and rash that may or may not have other end-organ
involvement.!>16 In patients older than 2years of
age, new detection of HHV-6 can be assumed to be
from virus reactivation universally, either from
latent infection (endogenous source, from the recip-
ient) or reinfection (exogenous source, from the
donor).2 HHV-6 reactivation is most commonly
reported in the first 2—4weeks after solid organ
transplantation or HSCT,!7 although late-occurring
infection up to 2years since transplantation has

been reported.!8 Cord blood transplantation,!9:20
HLA-mismatched unrelated donor,2! T cell-
depleted allografts,?2 certain graft-versus-host
disease (GVHD) prophylaxis,® acute GVHD
(aGVHD) and treatment with glucocorticoids??
have been associated with higher risk of developing
HHV-6 infection post-HSCT. HHV-6 reactivation/
infection has been associated with fever, rash,
encephalitis, pneumonitis, hepatitis, and a variety of
transplant complications, including delayed/failed
engraftment, GVHD, opportunistic infections and
ultimately transplant-related death.5:23

HHV-é encephalitis

HHV-6 encephalitis is the most common cause of
encephalitis after alloHSCT and is increasingly
recognized as an important transplant complica-
tion.2 The diagnosis of HHV-6 encephalitis is
made when (1) HHV-6 DNA is detected in CSF
or brain tissue coinciding with (2) acute-onset
central nervous system (CNS) dysfunction that
(3) cannot be explained by other identifiable
cause(s).22%25 HHV-6 encephalitis is almost
exclusively caused by HHV-6B.%6 Previous litera-
ture has reported an incidence of HHV-6 enceph-
alitis ranging widely from 1.0 to 11.6% among
alloHSCT recipients.22

The most common presentation of HHV-6
encephalitis is post-transplant acute limbic
encephalitis. Symptoms are characterized as delir-
ium, amnesia, confusion, loss of consciousness
and seizures.?? Focal neurological deficits are
rare.? CSF analysis is largely unremarkable.
Magnetic resonance imaging of the brain may
reveal hyperintense lesions involving the bilateral
temporal lobes primarily affecting the hippocam-
pus and amygdala on T2-weighted flair sequence??
in approximately 60% of the patients.?® Brain
biopsy/autopsy may reveal direct viral invasion
into the brain tissue, predominantly in astrocytes
and neurons.?” Other characteristic but non-spe-
cific findings are necrosis, demyelination and lym-
phocyte infiltration.?>

The prognosis of HHV-6 encephalitis is poor, with
a high mortality rate and high likelihood of neuro-
logical sequelae among survivors leading to signifi-
cant functional compromise.22 A review by Zerr on
44 HHV-6 encephalitis cases reported a 28-day
disease-specific mortality of 25% and overall mor-
tality of 39%. Additionally, 18% of the patients
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suffered from lingering neurological compro-
mise.?5 In a large-scale national database study by
Ogata er al.5 the overall survival on day 100 after
HSCT was 58.3% in patients who developed
HHV-6 encephalitis and 80% in who did not.
Among the survivors who completed antiviral ther-
apy, 57% patients had persistent neuropsychologi-
cal sequelae. The most common sequelae were
memory deficit and temporal lobe epilepsy.%322

Other end-organ dysfunction associated with
HHV-6

A causal association of HHV-6 with other end-
organ damage is less well established.? Recently,
HHV-6 has been identified as an emerging cause
of interstitial pneumonitis and idiopathic pneu-
monia in immunocompromised patients.28-30
Among bronchoalveolar lavage (BAL) samples
collected from 69 HSCT recipients diagnosed
with idiopathic pneumonia syndrome, HHV-6
was the most frequently identified pathogen and
was the only pathogen detected in approximately
50% of the pathogen-positive samples. And
detection of HHV-6 was associated with increased
mortality.2® Another study that included a heter-
ogenous population of patients with hematologi-
cal malignancies with or without HSCT reported
that HHV-6 recovered from BAL fluid is mostly a
co-pathogen with other organisms (86%) whose
clinical significance remains undetermined at this
time. However, in cases where HHV-6 was the
only detected pathogen along with evidence of
extrapulmonary HHV-6 disease, antiviral therapy
may provide substantial clinical benefit.?° Jouneau
et al.3! have suggested that HHV-6 polymerase
chain reaction (PCR) should be performed on
BAL fluid in immunocompromised patients with
acute respiratory failure and/or those with unex-
plained ground glass attenuations on computed
tomography scans.

Acute liver failure and acute renal failure associ-
ated with HHV-6 have been well documented in
liver and kidney transplant patients, respec-
tively.32:33 However, only very limited cases have
been reported in post-HSCT patients.3*

HHV-é-associated myelosuppression

and graft failure

HHV-6 infects hematopoietic cell cells, including
progenitor stem cells.3> In vitro study has shown

that viral replication can occur throughout the
process of hematopoietic differentiation.36
HHV-6 reactivation has been increasingly associ-
ated with myelosuppression and graft failure in
the post-HSCT setting. In a single-institute pro-
spective study, Imbert-Marcille ez al.3” reported
that HHV-6 infection was associated with partial
or total bone marrow suppression irrespective of
the type or source of graft. Hentrich et al.38
reported that 11 of the 96 patients who developed
HHV-6 viremia after HSCT suffered from bone
marrow suppression, with more than half of them
being pancytopenic. Two large retrospective
studies reported an association of post-HSCT
HHV-6 infection with delayed platelet engraft-
ment and increased requirement of platelet trans-
fusions.?-38 Similar results have also been reported
in other cell lineages, including monocytes® and
neutrophils.3® High peripheral blood viral load,?®
unmatched donors® and cord blood transplant#©
have been shown to carry a higher risk of HHV-6-
associated graft failure.

HHV-6 and delayed T-cell immune

reconstitution

Timely CD4+ T-cell immune reconstitution
after alloHSCT is associated with improved over-
all and transplant-related survival.*!#2 Previously,
studies revealed that delayed or absent CD4+
immune reconstitution increases the risk of reac-
tivation of endogenous latent viruses, including
HHV-6.43 On the other hand, HHV-6 primarily
targets CD4+ T cells and renders them suscepti-
ble to apoptosis.#* The importance of the inter-
play between HHV-6 reactivation and post-HSCT
immune reconstitution has been increasingly rec-
ognized over the past few years. Similar to data on
adenovirus and Epstein—Barr virus, post-HSCT
patients who have adequate CD4+ T-cell
immune reconstitution were found to have lower
HHV-6 viral load.*> Admiraal ez al.> showed that
reactivation of HHV-6 increases the risk of devel-
opment of aGVHD only in patients without suc-
cessful CD4+ T-cell immune reconstitution.
Very recently, the same group reported that in
post-HSCT patients, a high level of HHV-6 viral
load is associated with late CD4+ T-cell immune
reconstitution (thymus-dependent phase) while
early reconstitution is not affected.4® This effect
can be reversed by a variety of antiviral therapy,
which improved the chance of successful CD4+
immune reconstitution by 42.8%. Notably, this
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effect also exists in patients who had asympto-
matic HHV-6 viremia and received antiviral ther-
apy for other reasons, which raises the question if
more aggressive antiviral therapy should be used
in post-HSCT HHV-6 viremia, particularly in
asymptomatic patients.

HHV-6 and GVHD

Post-HSCT HHV-6 reactivation has been
increasingly associated with the development of
aGVHD and allograft rejection. In one study
where a large-scale PCR assay was used to ana-
lyze 13 DNA viruses reactivation in post-HSCT
setting, HHV-6 was the most frequently detected
virus, and the only one associated with increased
risk of aGVHD.47 A large prospective study in
alloHSCT recipients found that high HHV-6
viral load (>1000 HHV-6 DNA copies/ml) was
associated with subsequent grades II to IV
aGVHD, worse overall survival (OS) and higher
non-relapse mortality.#® Similar results were
observed in a study of 235 patients where patients
with HHV-6 viremia had a significantly higher
risk of development of aGHVD (47 % versus 30%,
p»=0.009) and inferior 6-month OS.4° Cord blood
transplantation*® and myeloablative condition-
ing3% have been identified as potential risk factors.
Although a direct causal relationship between
HHV-6 and aGVHD has not been established,
available data suggest that HHV-6 infection is
associated with a proinflammatory state which
may play an important role in the development of
aGVHD.5152 Studies from HSCT recipients doc-
umented an elevated proinflammatory cytokine
response (IL-6, IL.-2, IFN-y, er al.), which has
also been associated with aGVHD.53 Of note,
multiple studies have found that HHV-6 is associ-
ated with a particularly high incidence of skin
aGVHD.4748 Since skin rash can also be a symp-
tom of primary HHV-6 acquisition5# or reactiva-
tion in the post-HSCT setting,>> caution should
be applied to distinguish the rash related to
HHV-6 infection from rash related to skin
aGVHD. No data are available at this time regard-
ing if antiviral therapy will reduce the incidence of
aGVHD in HHV-6 viremia.

HHV-6 and cytomegalovirus reactivation

Similar to findings in solid organ transplant
patients, HHV-6 reactivation has been associated
with an increased risk of cytomegalovirus (CMV)

reactivation post-HSCT.48:56:57 The association of
HHV-6 reactivation and CMV disease is less
clear. Zerr er al.8 reported that HHV-6 reactiva-
tion was independently associated with increased
risk of subsequent CMYV reactivation. Particularly,
high-level HHV-6 reactivation (>1000 copies
DNA/ml) was strongly associated with increased
risk of high-level CMYV reactivation. A study in
haploidentical HSCT recipients®® reported that
87% of HHV-6 reactivations were followed by a
CMV reactivation, with a median interval of
15days between the two viruses. The incidence
was 14.5-fold higher than HHV-6 non-reacti-
vated patients. Evidence suggests that HHV-6
reactivation might interfere with the function of
the host immune system through a variety of
mechanisms, including a selective suppression of
IL-12 expression, which is a critical cytokine in
the generation of Th-1-polarized antiviral
immune responses.>’’>8 Wang er al.’® reported
that HHV-6 reactivation was associated with an
absence of CMV-specific lymphocyte prolifera-
tive response, and patients with persistent HHV-6
viremia were more likely to need repeated courses
of preemptive antiviral therapy against CMV
within the first 6 months after HSCT.

CiHHV-6 and its clinical impact in the post-

HSCT setting

The impact of ciHHV-6 on human disease is
largely unknown, due to the rarity of the condi-
tion and the diagnostic challenge. Notably, one
large registry study reported a three times higher
incidence of angina pectoris in individuals with
ciHHV-6 which was thought probably related to
telomeric disruption or viral gene-stimulated
chronic inflammation.®® Data on the post-HSCT
population are sparse. A large single-institution
retrospective study found aGVHD grades II-IV
and CMV viremia were significantly more fre-
quent in HSCT recipients with ciHHV-6 (inher-
ited or from ciHHV-6 donor).?> The detailed
mechanisms and clinical significance of these
findings remain to be elucidated.

Diagnosis

Diagnosis of HHV-6 infection

Viral culture remains the gold standard of diagno-
sis by definition.2 However, due to the absence of
standardization and sensitivity data, this method is

journals.sagepub.com/home/tai


https://journals.sagepub.com/home/tai

X Wang, S Patel et al.

Table 1. Distinguishing between HHV-6 reactivation and latent ciHHV-6 post-HSCT.

HHV-6 reactivation

Donor ciHHV-6 Recipient ciHHV-6

Peak of blood HHV-6 DNA Variable
One HHV-6 copy per leukocyte No

One HHV-6 copy per non- No
hematopoietic cell

Persistently high blood HHV-6 DNA  Variable
Persistently high non-hematopoietic  No

cell HHV-6 DNA

Response to antiviral therapy Yes

With leukocyte Pre-HSCT
engraftment

Yes No

No Yes

Yes No

No Yes

No No

ciHHV-6, chromosomally integrated HHV-6; HSCT, hematopoietic stem cell transplantation.

not applicable to routine laboratory HHV6 diag-
nosis and remains to be used for research purpose
only. HHV-6 antigen test by immunohistochemi-
cal staining has limited sensitivity and cannot dis-
tinguish between HHV-6A and HHV-6B. It is not
indicated in HSCT patients.2 Quantitative viral
DNA PCR is the mainstay of HHV-6 diagnosis. A
variety of real-time PCR assays for HHV-6 DNA
load are available, some of which can differentiate
between HHV-6A and HHV-6B.°? A WHO
International Standard for HHV-6B virus DNA
testing is now availabl.52 Assays using reverse tran-
scription PCR (RT-PCR) to detect HHV-6
mRNA are also available.2 Viral DNA testing
should be performed in specific clinical samples
with regards to various clinical manifestations of
the infection. For example, HHV-6B DNA should
be tested in CSF or brain tissue if there is clinical
suspicion of HHV-6 encephalitis;?® blood and
bone marrow should be tested for HHV-6B DNA
if there is failed engraftment post-HSCT. It is
worth noting that viral DNA in tissue is not neces-
sarily diagnostic and may reflect HHV-6 viremia or
local infiltration of HHV-6-infected lymphocytes.?
Thus, when suspecting HHV-6-associated end-
organ disease other than encephalitis, myelosup-
pression, or failed engraftment, one should
consider confirmatory test by immunochemistry,
in situ hybridization or RT-PCR for mRNA.2

Diagnosis of ciHHV-6
CiHHV-6 can be confirmed by fluorescence in situ
hybridization demonstrating HHV-6 integrated

into a human chromosome, or by evidence of a
ratio of one copy of HHV-6 DNA to cellular
genome by droplet digital PCR.%3 The hallmark of
ciHHV-6 is persistently high levels of HHV-6 viral
load in whole blood (>5.5 log,, copies/ml)!! that
is refractory to antivirals.®* Routine test for
ciHHV-6 in HSCT is not recommended at this
time. When necessary, ciHHV-6 can be easily
excluded by a negative HHV-6 PCR on a pre-
transplant sample from the recipient or a sample
from the donor at any time.2 Additionally, for
HSCT recipients from ciHHV-6 donor, HHV-6
viral load in blood will increase in parallel with
leukocyte engraftment;®> on the other hand, for
ciHHV-6 recipients themselves, high viral load
will be detected pre-HSCT in blood and will
decrease post-HSCT, but will persist in non-
hematopoietic tissues.®® Detection of HHV-6
DNA in blood-free samples, that is, hair follicles,
nails, ez al. happens exclusively in persons with
ciHHV-6 and should be performed whenever high
viral load persists in the blood without any clinical
symptoms or refractory to antivirals (Table 1).67-68
Diagnosis of ciHHV-6 reactivation must be con-
firmed by positive viral culture and viral genome
sequencing to confirm the identity of the viral
isolate.?

Treatment
Indication(s)

An increased awareness of clinical conditions
associated with HHV-6 reactivation, particularly,

journals.sagepub.com/home/tai


https://journals.sagepub.com/home/tai

Therapeutic Advances in Infectious Disease 8

in the post-HSCT setting, in recent years has
resulted in a growing interest of the best treat-
ment strategy for HHV-6 infection. Treatment of
encephalitis associated with HHV-6 is generally
indicated and endorsed by American Society of
Transplantation Infectious Disease Community
of Practice® and the ECIL.2 Recommendations
do not exist for the treatment of HSCT-related
clinical entities other than encephalitis that have
been associated with HHV-6 reactivation. Many
argue against it given the high incidence of
“asymptomatic” HHV-6 reactivation, frequent
spontaneous resolution of positive HHV-6 PCR,
and concern for side effects of antiviral therapies.
HHV-6 reactivation used to be felt to be a marker
of impaired cellular immunity due to the patients’
underlying hematological malignancies and/or
iatrogenic immunodeficiency®® that often coin-
cide other clinical process(es). However, as dis-
cussed above, emerging data have provided more
insight into the interplay between HHV-6 and
transplanted immune system?34%46 and the
adverse impact of HHV-6 on HSCT-related
complications and survival.>-38-40:48 A more pro-
active treatment strategy may be considered. This
is particularly supported by data reported by de
Koning er al.#® that CD+ T-cell immune recon-
stitution was significantly improved in patients
who received antiviral therapy with or without
symptomatic HHV-6 viremia. Randomized trials
on antiviral therapy are urgently needed to estab-
lish the causality between HHV-6 reactivation
and transplant-related endpoints and to deter-
mine if prompt reduction of HHV-6 viremia can
improve HSCT outcomes. An adequate monitor-
ing and risk stratification strategy needs to be
established. It is important to point out that the
ciHHV-6 status of the recipient/donor should be
considered while making management decisions
regarding HHV-6 viremia, especially when
patients present with persistently high viral load.”®

Treatment options

Most of the HHV-6 treatment experience comes
from HHV-6 encephalitis. No specific antiviral
therapy has been approved for HHV-6 treatment
specifically at this time. A few medications used
for CMV infection, namely, nucleoside analog
ganciclovir (or its oral version valganciclovir),
pyrophosphate analog foscarnet and nucleotide
analog cidofovir have all demonstrated in wvitro
efficacy against HHV-6.7! Variable evaluation

methods, viral strains and cell lines have been
used in HHV-6 studies, making direct compari-
son among antiviral compounds somewhat chal-
lenging. A review of existing data suggests that
foscarnet appears to be the most effective anti-
HHV-6 agent in the i vitro setting with an aver-
age selectivity index (SI) of 52.4, followed by
cidofovir (SI 18.1) and ganciclovir (SI 4.5).7274
In vitro drug resistance to all three agents has
been reported.”>-7> Fortunately, in vivo resistance
has only been described on a case report basis.”%77
Among the three agents, cidofovir has very lim-
ited CNS penetration’® and its clinical usage in
HHV-6 encephalitis is only limited to rare case
reports.”® Zerr et al.80 first reported a concurrent
decrease in serum and CSF HHV-6 viral load
with antiviral therapy with foscarnet and/or ganci-
clovir in post-HSCT patients with HHV-6
encephalopathy. Recently, data comparing fos-
carnet and ganciclovir from Japan24 showed that
the response rates of neurological symptoms were
83.8% and 71.4% with foscarnet and ganciclovir,
respectively. The appropriate dosing for HHV-6
treatment has not been well established at this
time. Data from the same Japanese study found
that both full-dose foscarnet (=180mg/kg) and
ganciclovir (=10mg/kg) were associated with bet-
ter response rate. Additionally, patients who
received combination therapy with both foscarnet
and ganciclovir at various doses had a response
rate of 100%.2* However, most of the data come
from small case series, which limits conclusions
regarding the superiority of either mono- or com-
bination therapy. Additionally, side effects, par-
ticularly the myelosuppressive and nephrotoxic
properties of foscarnet and ganciclovir, preclude
some post-HSCT patients from receiving these
two drugs or dosing titration.?2 Novel treatment
modalities are urgently needed.

Brincidofovir (CMX-001) is a prodrug of cidofo-
vir that has been proven to be effective against
many DNA viruses. It has shown high i vitro effi-
cacy®! and excellent activity in animal models
against HHV-6 species with adequate CNS pene-
tration.®2 An oral preparation of brincidofovir was
found to have profound gastrointestinal toxicity in
phase III trials,®3 and has since been replaced by
an intravenous formulation. Brincidofovir is cur-
rently not available for clinical use.

Artesunate is a medication approved for the treat-
ment of severe malaria which has been shown to
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be effectively against HHV-6 by reducing early
and late viral protein synthesis at a relatively safe
concentration.8 Hakacova ez al.8> reported a case
of HHV-6 myocarditis that was successfully
treated with artesunate in a pediatric patient.

Cyclopropavir (MBX-400) is a pronucleotide
analog that shares similar mechanism of action
with ganciclovir is currently being tested in phase
II trials for CMYV infection. It was found to be
extremely effective against both HHV-6A and
HHV-6B in virro’™' and may serve as a potential
treatment option in the future. Adoptive immuno-
therapy with HHV-6-specific T cells is a new treat-
ment modality that has been proven to have
effective viral killing capacity in vitro®® and in vivo.87

The optimal duration of antiviral therapy is yet to
be established. In general, it should be adminis-
trated for at least 3weeks and until clearance of
HHV-6 DNA from blood and from CNS, if pos-
sible. Dose reduction of immunosuppressive
medications should be considered.?

Prophylaxis and monitoring

Routine screening of HHV-6 viremia pre- or
post-HSCT is currently not recommended and
no consensus has been reached regarding appro-
priate preventative methods.? Multiple small-
sized prospective non-randomized studies
attempted to establish the effective prophylactic
or preemptive strategies to prevent HHV-6 reac-
tivation and/or HHV-6 encephalitis with variable
results. Ishiyama er al.88 reported that pre-engraft-
ment prophylaxis with foscarnet 90mg/kg/day
might reduce the risk of HHV-6 encephalitis but
was not enough to prevent HHV-6 reactivation.
Ogata’s team from Japan have trialed foscarnet
prophylaxis in HSCT patients at both low (50 mg/
kg/day)®® and high (90mg/kg/day) doses.?® At
higher dose,®° foscarnet significantly suppressed
systemic HHV-6 reactivation in cord blood trans-
plant recipients but failed to prevent the develop-
ment of HHV-6 encephalitis or aGVHD. It may
have an impact on reducing the severity of HHV-6
encephalitis. Preemptive therapy with ganciclo-
vir’! or foscarnet®? have both been tested and
failed to demonstrate a benefit on HHV-6
encephalitis prevention, which was felt to be due
the timing of initiation of treatment and the
dynamic kinetics of plasma HHV-6 viral load.
Recently, subgroup analysis from the SUPPRESS

trial, a randomized, double-blind trial of oral
brincidofovir for CMV prophylaxis after
alloHSCT, demonstrated that brincidofovir may
reduce the incidence of HHV-6 viremia in the
post-HSCT setting.?3 However, it is worth noting
that the overall incidence of HHV-6 viremia in
this study was low (11% in placebo group) and
only one patient developed HHV-6 encephalitis.

With the increased awareness of the interplay
between HHV-6 reactivation and the transplant
immune system,*6:48-50 there has been growing
interest in a more intensive monitoring and
prophylaxis strategy in the post-HSCT setting.
Further clinical investigation is urgently needed
to establish the appropriate timing and dosing for
specific antiviral agents.

BK virus

Overview

One of the most insidious viral infections that
affect immunocompromised patients post-HSCT
is BK virus. BK virus is a member of the poly-
omavirus family, along with JC virus.
Polyomaviruses are double-stranded DNA viruses
that often result in infection in patients with
dampened immune systems. BK virus was first
identified in 1971 in a patient who underwent
renal transplant.®* It was identified as a virus that
could cause graft loss in renal transplant patients.®>
BK virus can remain latent in the kidney and can
become reactivated in the setting of immunosup-
pression after transplantation of stem cells or
solid organs. BK-associated nephropathy results
in significant morbidity and mortality.

The BK virus has multiple subtypes including
genotype I though VI. The geographic distribu-
tion pattern differs among the different subgroups
of BK virus.®* Four different BK virus genotypes
have been described.®> The two major proteins in
the BK virus genome are the large T antigen and
the small t antigen.% It has been estimated that
80% of immunocompetent persons have positive
BK serology. The acquisition of BK virus can be
through the genitourinary tract (via sexual trans-
mission) or wvia respiratory transmission. The
major route of transmission is respiratory.®¢

The ECIL has developed formalized guidelines
for the prevention, diagnosis, and treatment of BK
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viral infection in the setting of allogeneic trans-
plant.?” These recommendations stem from a
joint venture of multiple expert groups who evalu-
ate evidence-based information. In summary,
there is minimal role for interventions in preven-
tion of BK virus, but there are some data to sug-
gest a role for antiviral medications or cell-based
therapies in the treatment of BK virus infection.
These aspects are discussed in detail herein.

Clinical impact of BK virus on HSCT recipients
Hemorrhagic cystitis due to BK virus most often
occurs within the first 3months post-HSCT.
Symptoms include, but are not limited to, hematu-
ria, frequency, and urgency. Hemorrhagic cystitis
has been reported at a frequency of 5-70%.%8
Often, patients have BK viremia or viruria, but are
asymptomatic. The incidence of hemorrhagic cysti-
tis has been reported to be 24% over a 2-year period
in the post-transplant setting. The median time of
onset is 45days.”” The time to clearance was
reported to be 21 days. The time course of hemor-
rhagic cystitis can sometimes suggest the etiology:
cyclophosphamide causes hemorrhagic cystitis gen-
erally within 7 days compared with BK virus which
causes late-onset hemorrhagic cystitis. It has been
reported that BK virus can lead to interstitial
nephritis if it progresses, but it is also important to
rule out other causes of interstitial nephritis in
patients who have undergone transplantation.100

There seems to be a small risk for urothelial can-
cer with BK infection, though the data are not
very convincing.!0! Polyomavirus family members
have been found in 4% of urothelial tract cancers.
The risk for invasive bladder cancer is 45 times
higher in patients with BK virus infection.192 The
reason for the higher risk of malignancy may be
related to inflammation induced by BK virus in
the genitourinary tract, but this has not been
definitively shown.

Risk factors for BK virus infection in the setting of
stem cell transplantation include the type of immu-
nosuppression used, the intensity of the condition-
ing regimen, the choice of donor with regards to
donor BK serological status, male gender, and the
CMV status.®* The greater degree of immunosup-
pression correlates with the risk for developing BK
virus infection. Prolonged and profound immuno-
suppression can contribute to leukopenia including
neutropenia and lymphopenia, which predispose

patients to viral infection. Prolonged cold ischemia
(for renal transplant recipients) and ureteral stent
placement have been proposed as risk factors but
are not very well established (Figure 1).

Diagnosis

The diagnosis of BK virus infection is often made
via assessment of urine and plasma for BK virus
DNA. The diagnosis of BK cystitis, per ECIL
guidelines, is made when a patient has gross
hematuria and a urine BK viral load in excess of
70 million copies/ml.°7 Other etiologies for hema-
turia must be excluded. The dynamics and fre-
quency of BK virus DNA in urine and in blood
after stem cell transplant are important consider-
ations. In patients who have received stem cell
transplant, the sensitivity and negative predictive
value of BK virus in the urine are high at a thresh-
old of greater than 10 million copies/ml.7 It has
been proposed that BK viruria has a higher speci-
ficity and positive predictive value at a threshold
of 1000-10,000 copies/ml. In a pediatric study,
the sensitivity of urine BK virus above 10 million
copies/ml was 86% and specificity was 60%. This
is compared with a sensitivity of 100% and speci-
ficity of 86% for blood BK viral load above 1000
copies/m].103

The pathologic diagnosis can be confounded by
concerns for acute cellular rejection, which is why
this is mostly important for renal transplant recip-
ients as it often presents similarly (histologically)
to BK viral cytopathic changes.!°* However, the
risk for renal biopsy often outweighs the benefits
in patients who are status post-allogeneic stem
cell transplant, given leukopenia and thrombocy-
topenia which may place patients at risk for infec-
tion and bleeding. Noninvasive tests are therefore
preferred in the practical setting when informa-
tion is needed in a timely manner.

Screening and prevention

Screening guidelines are not as well established
for allogeneic stem cell transplant recipients as
compared with renal transplant recipients.
KDIGO 2009 guidelines provide important
screening information for renal transplant recipi-
ents, but further studies are warranted for treat-
ment of BK viral infection in recipients of
allogeneic stem cell transplant.!9> Prevention of
BK viral infection is essential, and intravenous
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Figure 1. Various risk factor for BK virus infection.

hydration and bladder irrigation have been pro-
posed, though the ECIL does not strongly recom-
mend these interventions. There was no
significant improvement in overall risk for hemor-
rhagic cystitis risk with either hyperhydration or
bladder irrigation based on multiple studies.®”

Therapy

Decisions about management and treatment of
BK virus infection are subject to much interpreta-
tion, but the management generally involves res-
toration of the adaptive immune response.
CDA4(+) and CD8(+) T cells play a fundamental
role in eliminate of BK viremia and viruria.
Allogeneic stem cell transplant recipients often
have a severely compromised immune system dur-
ing a defined period of time after conditioning
chemotherapy, and the risk of BK infection is very
high during this time. Many cases of BK hemor-
rhagic cystitis are self-limited and symptoms
resolve on their own, and not all cases require
treatment. For cases that do require intervention,
the first and most important measure is tapering
immunosuppressive medications if possible.
Common strategies include gradual tapering of
tacrolimus and/or mycophenylate mofetil (MMF)
as long as GVHD does not pose significant prob-
lems. Dose reductions of tacrolimus to achieve a
goal of 3—4ng/ml are commonly employed.

Use of ATG
Use of tacrolimus or MMF
Use of PT-Cy
Intensity of conditioning regimen

Recipient Factors

Diabetes
Male sex
Older age
African American race

A variety of antiviral medications for BK virus
have been studied in clinical trials, but the data
have not shown clear benefit to the start of antivi-
ral therapy. A systematic review of 40 studies of
the use of antiviral medications has not shown an
improvement in overall graft survival with the use
of antiviral medications.!% Antiviral medications
such as cidofovir have been used, though renal
toxicity and myelosuppression often limits their
use. Fluoroquinolones like ciprofloxacin have
been used with some effect.!? The use of intrave-
nous immunoglobulin is a supportive strategy
that can help provide humoral immunity.108
Leflunomide has been studied but the current
data are not very convincing.!%® In stem cell trans-
plant patients, we favor the use of cidofovir
(despite the lack of robust data) given that BK
viremia can pose significant challenges and com-
plications in this vulnerable patient population.
However, creatinine can increase after cidofovir
treatment: a retrospective study has shown a
trend toward acute kidney injury with increase in
serum creatinine by 27%, and renal failure
occurred in 40% of stem cell transplant recipients
receiving cidofovir.!l® Renal function must be
carefully monitored while on cidofovir.

In renal transplant patients, management of BK
viral infection often begins with screening (second-
ary prevention). Monthly screenings are performed
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in the first 6 months post-transplant, per KDIGO
2009 guidelines.!9 After this, screening is per-
formed every 3months until about 2years post-
transplant. For allogeneic stem cell transplant
recipients, screening guidelines are not as well
established. Further studies are warranted for
treatment of BK viral infection in recipients of allo-
geneic stem cell transplant.

Cytotoxic T lymphocyte (CTL) therapy for treat-
ment of BK virus has been explored, but the data
are limited. It has been found that BK virus-spe-
cific CTLs are present at low frequencies in the
circulation of patients. These cells can express
antiviral cytokines including IL-2 and IFN-
gamma.lll However, the cytotoxic function of
these cells is limited as they do not readily express
granzymes. Efforts have been made to rapidly
generate CTLs with specificity for BK virus in the
clinical setting. Monocyte-derived dendritic cells
can be stimulated with viral-specific peptides,
which induce the production of virus-specific
CTLs. These CD4(+)CD8(+) CTLs can
respond readily to BK virus peptides and produce
multiple cytokines that help eliminate antigen-
coated targets.!12 Polyclonal CD4(+)CDS8(+)
CTLs have been successfully generated against
BK antigens, and adoptive transfer of these virus-
specific CTLs has been proposed to readily com-
bat BK virus in the clinical setting.!’> The
virus-specific CTLs (generated by BK viral pep-
tide mixtures) may maintain a memory T response
which allows for response to recurring BK viral
infection.!!* However, there is no clear consensus
about the clinical use of virus-specific T-cell
products as of 2021.

Adenovirus

Introduction

Adenovirus is a group of DNA viruses that leads
to infections most commonly in children between
the ages of 6 months to 5years.!15 It cases the epi-
demic keratoconjunctivitis, pharyngitis, upper res-
piratory tract infections and gastroenteritis in
healthy children and adults.!'® The infection is
usually self-limited and resolved within 14 days.!17
Adenovirus is reported to cause about 5-10% of
all febrile illnesses in healthy infants and young
children.!!® There are over 50 serotypes that can
lead to an infection in humans. Its infections are
usually self-limited and or asymptomatic. Serotype

5 is most associated with symptomatic disease,
including fatal hepatic necrosis and pneumoniae.
Fatal adenovirus infections occur most commonly
in immunocompromised hosts.119-121

Clinical presentation

The clinical presentation of adenovirus varies
widely, depending on age of the patient and the
immunocompetence of the host. Adenovirus
infections are usually self-limited and or asympto-
matic in the immunocompetent host. In an
immunocompetent host it causes keratoconjunc-
tivitis, phyaryngitis, upper respiratory tract infec-
tion and gastroenteritis. Adenovirus has been
rarely the leading infectious organism causing
meningitis or encephalitis,!?2 or myocarditis.!23

Disseminated adenovirus infection has been
reported in both immunocompetent and immu-
nocompromised hosts, with higher incidence in
the latter.124125

Adenovirus diseases are well identified and char-
acterized in hematopoietic cell transplant (HCT)
recipients.120:126:127 Adenoviruses exhibit a wide
spectrum of infections in such hosts, and can
range from asymptomatic disease to fatal dissemi-
nated disease. They can lead to a wide array of
infections, including but not limited to: pneumo-
niae, colitis, hemorrhagic cystitis and tubulointer-
stitial nephritis.125:127-129

Less common manifestations include hepatitis,!2°
myocarditis,!?3 encephalitis!?* and disseminated
disease with multiorgan failure. Disseminated
disease is rare, occurring in 1-7% of cases, with
reported mortality rates of 8-26%.130

In addition, the infection can occur due to differ-
ent modalities, whether a primary infection, reac-
tivation of latent infection in the transplant
recipient, or reactivation of infection transmitted
in the donated organ.!3! Reactivation of adenovi-
rus infection is common following HCT but
rarely causes severe disease.

Risk factors

Risk factors for adenovirus include HCT patients
treated with T-cell-depleted bone marrow grafts
and more intensive immunosuppressive regi-
mens.!26:132133  Others include severe GVHD
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requiring high dose of steroids,!3%135 alemtu-
zumab, anti-thymocyte globulin and allogenic
transplant.13¢ Allogenic recipients and recipients of
unrelated or mismatched grafts have an increased
risk of infection.!30:137 Interestingly, a review of
adenovirus risk factors showed that younger age
was the most significant predisposing factor for
adenovirus infection, and aGVHD = grade II for
adenovirus disease.!33:134:138,139

Diagnosis

Various methods are available to diagnose adeno-
virus infection. Viral culture, adenovirus-specific
viral antigen assays and PCR assays are used most
frequently. Adenoviruses are relatively stable and
can be readily recovered from various tissue and
body fluids samples early during the disease.

Direct detection of adenovirus antigens can be
performed with immunologic technology like ade-
novirus-specific enzyme immunoassay or immu-
nofluorescence assay. A routine test used for other
viruses, PCR testing can also be used to detect
adenovirus infection. It has a high sensitivity and
specificity, though it is difficult to interpret as it
may represent virus shedding rather than acute
infection.!4? Adenovirus viral load can help moni-
tor response to treatment in cases of viremia and
assess the risk of an invasive disease.l4l:142
Screening for adenovirus infection with stool PCR
has been well established prior to transplant and
in the post-transplant period to improve outcomes
in the pediatric allo-transplant settings.!43
Detection of adenovirus above a certain threshold
in the post-transplant period was shown to pre-
cede the onset of viremia.l44145 While screening in
the pediatric population is well established, data
for adult allo-transplant are still quite diverse and
need further studies.!30:133,144,146,147

Adenovirus viral load can help monitor response
to treatment in cases of viremia and assess the risk
of invasive disease.!4!:142 Because adenoviruses
may be shed asymptomatically in throat, stool or
urine, it is often necessary to obtain tissue to diag-
nose some types of disease. Definitive diagnosis
of adenovirus disease may require tissue biopsy.

Graft-versus-host disease
Adenovirus pathogenicity and its relationship
with the development of GVHD have not been

established. Certain authors suggest that with
concurrent aGVHD, adenovirus activation car-
ries a significantly poorer prognosis and an
increased risk of disseminated disease.148 A single
case report found that fluctuations of adenovirus
load in leukocytes and urine have an inverse asso-
ciation with concurrent GVHD.!%° Moreover, a
certain cut-off level of adenovirus viral load, in
serum or stool, was found in patients presenting
with GVHD compared with patients who did not
develop GVHD.150

A review paper showed that the majority of
patients with adenovirus infection developed or
suffered from aGVHD (grades II-IV). Some 75%
of GVHD episodes have been refractory to ster-
oids, requiring a second-line immunosuppressive
treatment. The same paper showed that the rate
of aGVHD II-1IV in patients with asymptomatic
infection (33%) was significantly lower than in
patients with localized (89%) or disseminated
disease (84%).138 On the other hand, it has been
suggested that in infections caused by adenovirus,
hemorrhagic cystitis was not associated with
GVHD.!5!

T-cell immunity is critical for recovery from ade-
novirus infection following HSCT. Although
early diagnosis and treatment of adenovirus infec-
tions in this patient population may improve out-
comes, lymphocyte reconstitution also appears
crucial for recovery from disease.!52:153 Pilot stud-
ies of adoptive transfer of T-cell immunity have
been performed in children with adenovirus
infection after stem cell transplantation.154155

Prophylaxis

In terms of prophylaxis, vaccination and infection
control measures have been implied in the pre-
vention of adenovirus infection.!>%157 Available
adenovirus vaccines are live attenuated, and such
vaccines are preferably avoided in patients with
ongoing immunosuppression, such as transplant
patients.!5® Prevention of adenovirus infection or
GVHD in immunocompromised hosts has been
limited to meta-analysis suggesting gastrointesti-
nal adenovirus PCR testing prior to transplant, as
it predicted the development of intestinal GVHD.
Not only aGVHD, but also viral reactivation
infections can precede chronic GVHD and are
significantly linked to an impaired immune
recovery.159
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Treatment

In 1996 cidofovir changed the landscape for treat-
ment of CMYV infection.!®® Since then, its use has
expanded for adenovirus infections as well.161-163
Cidofovir nephrotoxicity has always been a major
limiting toxicity.10%165 In hematopoietic stem cell
and lung transplant recipients, cidofovir therapy
has been associated with clinical improvement
and a suggestion of increased survival.165:166

The high prevalence of adenovirus infection in
HSCT recipients pre- and post-transplantation
was significantly related to GVHD symptoms,
highlighting the important pathogenic role of
these viral infections in clinical complications
post-HSCT.167

Brincidofovir is a relatively new investigational
agent that has been studied for treatment of ade-
novirus. It is an orally bioavailable lipid conju-
gate of cidofovir that has in vitro activity against
adenoviruses and other DNA viruses.!68169
Interestingly, brincidofovir is less nephrotoxic
compared with the original parent medication
cidofovir.170 One concerning adverse event that
was reported with in a brincidofovir trial by
Marty et al.83 was diarrhea. Diarrhea has been
reported as the most common adverse event,
with an incidence of 60% compared with pla-
cebo arm. Post hoc safety analysis indicated the
risk of having diarrhea grade 2 or more with
brincidofovir was 73% compared with 34% with
placebo.

As T-cell immunity is critical for recovery from
adenovirus infection, studies are ongoing for the
use of engineered T cells directed against adeno-
virus.1”! An NIH trial evaluating adenovirus-spe-
cific CTLs for refractory adenovirus infection is
ongoing.

Conclusions

HHV-6, BK virus and adenovirus can be detected
in many patients after an allogeneic transplant.
This is due to many factors. The age at transplant
has been increasing, options for alternative stem
cell sources (cord blood as well as haploidentical
transplant) have been expanding, transplant
recipients have deeper immunosuppression at the
time of transplant owing to multiple lines of sal-
vage, changes to conditioning regimens and over-
all increased availability of testing by PCR for

these viremias are among the factors responsible
for this (see also Figure 1). The viruses described
here lead to a variable clinical course ranging
from harmless viremia (cleared by engrafting
cells) to more serious infections with end-organ
damage (i.e. HHV-6 encephalitis, severe hemor-
rhagic cystitis, graft failure etc.). Furthermore
some of these viruses seem to “leave” a deeper
immune defect, which can lead to downstream
events inclusive of higher risk of GVHD. More
intense infections lead to endothelial injury and
subsequent complement activation, resulting in
some unique transplant-related syndromes such
as thrombotic microangiopathy (TMA) and
refractory GVHD (with TMA component), and
in these instances antiviral therapy and/or with-
drawal off immunosuppression are no longer
effective. Morbidity and mortality of such syn-
dromes is rather high, and this further under-
scores the need for better understanding of the
earlier stages of the viremias as they often lead to
further post-transplant complications and inferior
transplant outcomes. Physicians need to be aware
of the potential associations. Further study is
urgently needed to better elucidate the patho-
physiology of virus-associated clinical conditions.
High-quality, randomized studies are warranted
to demonstrate if more aggressive monitoring and
treatment strategy will reduce the incidence of
end-organ infections and other HSCT-related
complications and ultimately improve HSCT
outcomes.
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