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KEY POINTS

e The morbidity and associated complications of respiratory virus infections are greater in
hematopoietic stem cell transplant recipients and patients with hematologic malignancy
than in immunocompetent individuals, with severity of illness related to the degree of
immunosuppression.

Molecular microbiologic testing is the gold standard for diagnosis, allowing differentiation
of what are largely overlapping clinical syndromes.

o Most of the respiratory viruses, apart from influenza and in some circumstances respira-
tory syncytial virus and adenovirus, are managed supportively.

Prevention is key and should focus on vaccination for influenza, avoidance of ill contacts,
and compliance with principles of infection control.

Respiratory virus infections (RVIs) are increasingly recognized as a cause of significant
morbidity and mortality in recipients of hematologic stem cell transplant (HCT) and pa-
tients with hematologic malignancy (HM)."-? With now widespread use of molecular di-
agnostics, the epidemiology and spectrum of clinical disease of these infections can
be better characterized. Apart from influenza, the currently available antivirals are
limited in efficacy and/or associated with potential for toxicity, thus emphasizing the
importance of prevention strategies. This article provides a review of the epidemi-
ology, clinical characteristics, management, and prevention of RVIs in HCT recipients
and HM patients.
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EPIDEMIOLOGY AND TRANSMISSION

The reported incidence of RVIs (Table 1) is wide ranging, a consequence of variation
in screening parameters, study population, and testing methodology. Seasonal
trends and peaks in patients with HM and HCT recipients mirror those of the com-
munity RVI activity, with sometimes significant year-to-year variability in disease
incidence and severity (Fig. 1). Older studies relied on less sensitive methods,
such as viral culture and direct fluorescent antigen, likely underestimating the inci-
dence of RVI.

Although influenza and respiratory syncytial virus (RSV) typically have a defined sea-
sonality, many of the other viruses can occur throughout the year and in overlapping
time frames (see Fig. 1). This makes use of broad-range diagnostic strategies like
multiplex polymerase chain reaction (PCR) critical, because it is often difficult to differ-
entiate the virus type based on season or clinical presentation.

Respiratory viruses are transmitted by direct contact, fomite, or aerosolized droplet
nuclei. Enveloped viruses, such as RSV, parainfluenza virus (PIV), coronavirus (CoV),
rhinovirus, and influenza A/B, can remain viable on fomites from 2 hours to 72 hours.*'
Transmission can occur through direct contact with infectious material and indirectly
through fomites or inhalation of particles.

CLINICAL PRESENTATION

Clinical presentation is nonspecific and variable in severity, with the spectrum of
illness ranging from pauci-symptomatic to respiratory failure. Clinical syndromes are
categorized as upper respiratory tract infection (URTI), with rhinorrhea, nasal conges-
tion, sinusitis, headache, otitis media, sore throat, malaise and/or fever, and lower res-
piratory tract infection (LRTI), with localized or diffuse pneumonia.® Although RVI in the
immunocompetent host typically is acute and self-limited, the presentation in HCT re-
cipients in particular can be atypical, severe, and protracted. A majority present with
fever and cough, but fever can be absent in approximately a third of the cases.”
Normal findings on chest auscultation with LRTI are present with greater frequency
in the immunocompromised population.®?

Table 1
Incidence of viral infections, rate of lower respiratory tract infection at diagnosis, and
mortality rates for respiratory viral infections

Lower Respiratory Tract
Respiratory Virus Incidence (%) Infection at Diagnosis (%) Mortality (%)
Influenza A/B 1.3-40"39%2 7-442-810a 8_0g1-3.57.8.10,a
PIV 3_274,6,1 1,12,a 7_502,4,5,8,‘\3—‘\ 5,a 10_50‘\,2,6,8,12,14,a
RSV 1-501:34.6.16,17,a 14-70252 11-47356:817,18,a
HMPV 2-111-4.19,20b 5.4124.8.20.21,b 6-40%19-21b
Adenovirus 1-30"-248.22-24.a 14-422:3.22.23,2 14-732.8.22.23,a
Rhinovirus 2-341248252 <5-2748.26a <5-4122627:2
CoV 3_231,2,4,25,28,!: <52,4,8,b <5_542,28,b
Bocavirus 1-32:25.29.30.b 02:8:2530,b Not reported?*22:30.d

@ Studies are a combination of PCR and traditional laboratory methods (eg, culture, direct fluores-

cent antibody, and enzyme immunoassay).

P PCR-based studies.

¢ Includes all-cause and attributable mortality with variable timeframe to death.

9 One mortality in a coinfected patient attributed to enterovirus/rhinovirus infection.



Respiratory Virus Infections

| FALL WINTER SPRING SUMMER |

Adenovirus

| Coronavirus

Fig. 1. Northern hemisphere seasonality trends.

There is considerable overlap in radiographic findings for the RVIs and between
RVIs and other infectious and noninfectious entities, on plain film and CT imaging of
the chest. Radiographic abnormalities include diffuse bilateral ground-glass infiltrates,
small multifocal nodules, bronchial vascular thickening, and/or airspace consolida-
tion.33-3¢ A majority of immunocompromised patients have radiographic studies per-
formed and a little more than half have a radiographic abnormality at the time of
diagnosis.>? Several studies in the radiology literature have proposed specific imaging
features typifying particular RVIs. For example, a retrospective study of CT findings in
HCT recipients found that those infected with RSV were more likely to have an airway-
centric pattern of disease with tree-in-bud opacities and bronchial wall thickening with
or without consolidation. Adenovirus appeared as multifocal consolidation or ground-
glass opacities without inflammatory airway findings.®” Although these features may
be suggestive, they are not highly specific.

Progression from URTI to LRTI occurs with variable frequency (see Table 1), depen-
dent on RVI type and host factors, and is associated with an increased likelihood of a
fatal outcome. The viruses most frequently associated with LRTI include influenza vi-
rus, PIV, RSV, and human metapneumovirus (HMPV). Risk factors associated with the
development of LRTI include older age, lymphopenia, early post-transplant infection,
myeloablative conditioning regimen, unmatched donor status, and conditions, such
as graft-versus-host disease (GVHD), necessitating increased immunosuppression.?°
Variations in host immune status, through modulation of molecular and cellular
response to infection, provide explanation for differences in clinical manifestation.
For example, RSV elicits a strong neutrophilic response in the respiratory tract that
corresponds with disease severity, whereas CD8™ T cells play a protective role in pro-
moting viral clearance.>®

LABORATORY DIAGNOSIS

Given that the clinical presentations of the various RVIs are nonspecific, microbiologic
testing is required, which in turn can inform patient-specific treatment decisions, isola-
tion precautions, and epidemiologic investigation. Serologic testing has limited appli-
cation given that reinfection is common over time and because humoral responses to
viral infections are often not detectable or significantly impaired in the
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immunocompromised host. Reliance on viral culture is hampered by prolonged turn-
around time as well as the abandonment of cell vial culture techniques by clinical lab-
oratories, typically in favor of molecular techniques. That said, viral culture does allow
for strain typing and is relevant to allow for characterization of point mutations asso-
ciated with antiviral drug resistance. Antigen detection by enzyme-based immunoas-
says are available for some respiratory viruses but lack sufficient sensitivity,
particularly for influenza.®%-4°

In the current era, diagnosis of RVIs in stem cell transplant recipients and patients
with HM is often reliant on molecular diagnostic strategies. In comparison with other
methodologies, PCR offers more rapid turnaround time, higher sensitivity, and the
ability to test for multiple viruses in a single test with multiplex platforms.®%4142 The
ability to detect multiple pathogens based on specific primers has revolutionized mo-
lecular diagnostics, allowing for panel-based testing driven by clinical syndrome.*® An
important caveat of the high sensitivity of PCR is the detection of virus in the asymp-
tomatic patient, which can represent subclinical infection, asymptomatic shedding, or
a false-positive test result. PCR can be performed on various specimen types (eg,
nasopharyngeal [NP] washes or swabs, oropharyngeal swab, and bronchoalveolar
lavage [BAL] samples). The positive and negative predictive values of NP specimens
were 86% and 94%, respectively, when compared with BAL specimens, in a study of
paired NP and BAL PCR testing in HCT and HM patients with LRTI.** Various studies
have used quantitative viral load on respiratory and other specimens as a correlate of
disease severity to predict outcomes and to gauge response to treatment.*>4¢ That
said, the practical clinical applications of quantitative PCR are limited at this time.
One important exception to this is adenovirus infection, in which case viremia can pre-
dict risk for disseminated and end-organ disease as well as survival.*” Although not
yet the realm of routine clinical diagnostics, next-generation sequencing techniques,
such as whole-genome sequencing, hold potential for better informing RVI outbreak
investigations (for example, in the health care setting) than traditional PCR-based
diagnostic platforms.*®

COMPLICATIONS AND OUTCOMES

Coinfection and alloimmune lung syndromes have been associated with RVIs in HCT
recipients and have additional impact on morbidity and mortality, beyond the direct
and attributable risk of respiratory tract infection. Coinfection with other viruses and
superinfection with bacteria or fungi are well described in HCT recipients with
Rv1.%11.13.1849 Ry| seems to be an important risk factor for the development of inva-
sive aspergillosis in allogeneic HCT, although it is difficult to parse out the contribution
of viral infection from the milieu of immunosuppression.®® Late airflow decline occurs
in a significant proportion of HCT recipients with RVI in the first 100 days after trans-
plant, particularly in those affected by RSV and PIV infection.®! There is a strong as-
sociation between RVI after HCT and the development of what are termed
alloimmune lung syndromes (eg, idiopathic pneumonia syndrome, bronchiolitis oblit-
erans syndrome, and bronchiolitis obliterans organizing pneumonia), which in turn are
associated with increased mortality.%” It is postulated that RVI in the early post-
transplant period makes the lungs a target for alloimmunity.

Outcome of RVIin HCT recipients is often multifactorial in nature, related to both the
direct respiratory impact of infection and the aforementioned complications that
contribute to morbidity and mortality risk. Mortality rates vary among the different res-
piratory viruses and dependent on clinical presentation as well as underlying host fac-
tors. Risk factors for increased mortality include LRTI, mismatched allogeneic HCT,
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infection in the pre-engraftment phase (eg, health care-associated infection during the
index transplant hospitalization), high-dose steroids at time of LRTI infection, oxygen
requirement, and mechanical ventilation.* >35> Mortality has been demonstrated to be
particularly high for RVI outbreaks in the health care setting, likely a consequence of
the high-risk nature of this patient segment and perhaps due to delays in diagnosis
in this setting.>#°6:5" Detection of RVI in the immediate pretransplant period is asso-
ciated with both LRTI and with decreased survival at 100 days, with mortality greatest
in symptomatic patients.>*°8

The 14-day overall mortality was noted to be 12% (6 of 49 with RVI) in a large
contemporary multicenter prospective cohort study of allogeneic HCT recipients
with diverse infections.®° Although this represents crude and not attributable mortality,
short-term outcomes, as opposed to long-term outcomes, are more likely to be
related to direct effects of viral infection. Attributable mortality for RVIs is highest in
those with LRTI.>6° PIV, RSV, adenovirus, HMPV, and influenza are the viruses that
most often present with LRTI, and in turn have the highest mortality rate (see
Table 1). There have been attempts to develop severity scoring systems to predict
risk of LRTI, progression of URTI to LRTI, and mortality after RVI in HCT recipients.®’

MANAGEMENT

Management of RVI consists of supportive care and, when available and applicable,
prompt initiation of antiviral therapy. Although a significant need, demonstration of
clinical benefit in relevant host populations has been a challenge to new antiviral
drug development. The use of adjuvant steroids is not advised, because high-dose
steroids generally are associated with increased risk of progression to LRTI, pro-
longed viral shedding, and increased mortality.®-21:45:53.62-64 Ag guch, consideration
should be given to decreasing the steroid dose whenever feasible to less than 1 mg
per/kg/d.

The identification of RVIs in the immediate pretransplant setting raises difficult man-
agement questions. Given the risk for increased complications and mortality, condi-
tioning and transplant ideally should be delayed until the RVI is treated and/or there
is clinical improvement.®® That said, the decision to delay transplant requires careful
consideration, acknowledging both risk for relapse or progression of underlying dis-
ease and/or issues related to donor availability.

PREVENTION

Transmission of RVIs in the health care setting is well documented.®°¢:57:6566 Health
care—-associated outbreaks highlight the importance of monitoring patients and visi-
tors for signs and/or symptoms of RVI. Symptomatic patients should be isolated
and tested and ill visitors and health care workers excluded from contact with vulner-
able populations. Strict compliance with infection control procedures, including isola-
tion precautions and use of relevant personal protective equipment and hand hygiene,
is critical to preventing spread of RVI. There are several guidelines available (eg, Cen-
ters for Disease Control and Prevention guidelines) that outline specific recommenda-
tions regarding isolation strategies.®” Patients with suspected or documented RVI
should be placed on droplet and contact precautions.®® Specific isolation protocols
for patients with RVI vary from institution to institution. Patient education on avoiding
ill contacts and on hand hygiene and influenza vaccination for patients and their close
contacts are important interventions to decrease risk for acquisition of RVI.
Prolonged shedding of RVI occurs not infrequently in this host population. Shedding
for more than 12 weeks for greater than 10% of allogeneic recipients with either
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human rhinovirus (HRV) or human CoV (HCoV) infection was reported in 1 study.?®
Prolonged asymptomatic shedding poses great challenges for infection prevention,
with uncertainty regarding the degree of risk for transmission from asymptomatic
shedders. Many centers opt to maintain isolation precautions until signs and symp-
toms have resolved and repeat respiratory virus testing is confirmed to be negative.

VIRUS SPECIFICS: OUTCOMES AND TREATMENT
Influenza A/B

Influenza is a single-stranded enveloped RNA virus belonging to the Orthomyxoviridae
family. Influenza A is divided into subtypes based on surface proteins, hemagglutinins,
and neuraminidases, with antigenic drifts and shifts resulting from minor and major
changes in hemagglutinins and neuraminidases, respectively. Influenza B is less prone
to antigenic variation.®®

The incidence of infection in HCT recipients and HM patients is driven by the activity
of influenza in the community (see Table 1). The development of LRTI is associated
with allogeneic HCT status, longer duration of symptoms prior to presentation, neutro-
penia, lymphopenia, and respiratory coinfection.®°6"-6° Risk factors associated with
increased mortality include older age, LRTI, hypoxemia, mechanical ventilation, lym-
phopenia, neutropenia, and delayed antiviral therapy.*>°7-6%70 Disease severity and
outcomes can vary based on the circulating strain, as exemplified by the 2009
H1N1 influenza pandemic, which resulted in greater illness severity and higher morality
than seasonal influenza. LRTI occurred in 30% to 40% of patients, and the 30-day
mortality rate for HIN1 among HCT recipients in 2009 was approximately 22%.°

Early recognition and treatment decreases the risk of progression to LRTI and im-
proves survival.”°%° Antiviral treatment should be given as early as possible,’
regardless of the time from symptom onset to presentation in this patient population.
Delayed administration has been shown to increase progression to LRTI and is asso-
ciated with worse outcomes than early administration.*>”" Neuraminidase inhibitors
(NAls) are the first-line agents for treatment of influenza A or influenza B. The
currently available NAls in the United States include oral oseltamivir, inhaled zanami-
vir, and intravenous peramivir. The standard dose of oseltamivir for treatment of
influenza is 75 mg twice daily for 5 days. There are no data to support the use of
high-dose oseltamivir rather than standard dose.”" The optimal treatment duration
in the HCT and HM population is not clear, and prospective trials to address this
important question are needed. A longer duration of treatment (eg, 10 days) can
be considered given the prolonged shedding and the risk for reactivation after remis-
sion, particularly with occurrence of infection in the pre-engraftment period.”® The
potential benefit of a longer course of antiviral therapy must be balanced against
the concern and risk for emergence of resistance in this population. From the era
of pandemic H1N1 in 2009, the preponderance of patients with emergence of
oseltamivir-resistant virus (H275Y mutation, conferring cross-resistance to peramivir
but not to zanamivir) were severely immunocompromised, mainly in HM patients and
HCT recipients.”®"°

There are several novel agents in development for treatment of influenza, although
not much data is available in HCT recipients or HM patients. The NAI laninamivir
octanoate is efficacious against oseltamivir-resistant strains and currently is used in
Japan but is not yet Food and Drug Administration approved.”®~"® S-033188, a selec-
tive inhibitor of influenza cap-dependent endonuclease, was recently Food and Drug
Administration approved for uncomplicated influenza, including resistant strains, but
has not yet been studied in complicated influenza or in this patient population.”
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DAS181, a recombinant sialidase fusion protein with demonstrated activity against
both influenza® and PIV,2" has completed phase Il study in immunocompetent adults
with influenza.®> DAS181 seems a potential alternative for NAl-resistant influenza.®®
Favipiravir, a viral polymerase inhibitor, is approved in Japan for use against NAI-
resistant influenza. Data from a phase Il clinical trials of favipiravir for uncomplicated
influenza in healthy adults in the United States are forthcoming (https://clinicaltrials.
gov/ct2/show/NCT02008344, https://clinicaltrials.gov/ct2/show/NCT02026349).

Adjunctive corticosteroids are generally not advised for the management of influ-
enza. Data from a retrospective study of 143 HCT recipients with seasonal influenza
on no, low-dose (<1 mg/kg/d), or high-dose (>1 mg/kg/d) steroids, largely for man-
agement of GVHD, demonstrated no significant difference in development of LRTI,
hypoxemia, need for mechanical ventilation, or death but a trend toward a lower
risk of LRTI in the group on low-dose steroids.®* Although modest doses of steroids,
if indicated for another cause, such as GVHD, may be continued after careful weighing
of risks and benefits, steroids should not be started specifically for management of
influenza infection.

Given the significant morbidity associated with influenza infection, oseltamivir
chemoprophylaxis (75 mg daily for 10-14 days postexposure or for the duration of
the exposure in an outbreak setting) should be strongly considered for high-risk pa-
tients in the context of a relevant exposure or an outbreak.”':®> A caution regarding
the broad use of prophylaxis is the report of development of oseltamivir-resistant
influenza infection in an HM patient after oseltamivir (75 mg twice per day for
7 days) for prophylaxis after an exposure and then subsequent induction chemo-
therapy, with confirmed transmission of oseltamivir-resistant virus to 3 other patients
on the unit.®®

Although immune response to vaccination is suboptimal, particularly in HCT recip-
ients and HM patients, vaccination is the cornerstone of prevention of influenza infec-
tion and its attendant complications. Receipt of influenza vaccine has been
associated not only with a decreased risk for influenza infection in HCT recipients
but also with a decrease in influenza severity and complications if infection occurs
despite vaccination.” In a 5-year prospective observational study, allogeneic HCT re-
cipients who received trivalent inactivated influenza vaccination had a significantly
lower prevalence of virologically confirmed influenza infection (36% of vaccinated
compared with 51% of nonvaccinated recipients; odds ratio [OR] 0.39), a decreased
risk for progression to LRTI (OR 0.12) and a lower likelihood of influenza-related hos-
pitalization compared with the nonvaccinated state.?® All individuals greater than
6 months of age without contraindication, including HCT recipients and HM patients,
should receive the influenza vaccination annually. Vaccination at less than 6 months
post-transplant has been demonstrated to result in poor immune response,®® and 2
doses of the influenza vaccine does not confer superior immunity compared with 1
dose.?” As such, standard-dose inactivated influenza vaccination is strongly recom-
mended for HCT recipients greater than or equal to 6 months post-transplant®® and
as early as 3 months to 4 months after transplant in patients without GVHD or other-
wise requiring immune suppression®® or during community outbreaks.®° Live attenu-
ated influenza vaccine is not recommended for HCT recipients or other
immunocompromised hosts or for their close contacts.®® Pretransplant vaccination
(>2 weeks prior to conditioning) is recommended largely as a strategy to provide
early post-transplant protection, although acknowledging seroprotection declines
rapidly in the post-transplant setting.’! Given the vulnerability of this population
and the suboptimal response to vaccination in the setting of immune compromise,
vaccination of close contacts and health care workers is a critical arm of
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prevention.®®-92 HM patients receiving intensive chemotherapy or who have received
anti-B-cell antibodies (eg, rituximab) in the preceding 6 months are unlikely to
respond to influenza vaccination.®°

Strategies to improve immune response to influenza vaccination include use of
higher antigen dose and adjuvanted vaccines. In a large study of nonimmunocom-
promised adults greater than or equal to 65 years of age, high-dose trivalent vaccine
resulted in significantly higher seroprotection rates and better protection against
laboratory-confirmed influenza infection than standard-dose vaccine.®® A phase |
study comparing high-dose to standard-dose trivalent inactivated vaccine in adult
HCT recipients demonstrated a higher rate of seroprotective titers in the high-
dose group.®® Small studies of adjuvanted vaccines and multidose vaccination
have shown some promise, with improved immunogenicity to certain influenza
strains, decreased hospital admission, and reduced mortality.®>~°7

Parainfluenza

PIVs are negative-sense, single-stranded, enveloped RNA viruses in the Paramyxovir-
idae family. There are 4 distinct serotypes, which include serotypes 1 and 3 in the
Respirovirus genus and serotypes 2 and 4 in the Rubulavirus genus.

Epidemiologic and clinical features for each of the PIV serotypes vary widely.
Although PIV2 and PIV3 circulate yearly, PIV1 has a biennial pattern. The incidence
of symptomatic PIV in adult and pediatric HCT recipients is 3% to 27% (see
Table 1). The reported incidence of PIV infection in HCT recipients may be falsely
low due a larger percentage of asymptomatic or subclinical infections compared
with other RVIs."®%* PIV3 is the predominant serotype associated with infection in
HM patients and HCT recipients.'! 4% Multiple studies have demonstrated PIV3, in
comparison to the other serotypes, to be associated with more severe infection,
increased risk for progression to LRTI, and higher mortality.'25* PIV3 infection is asso-
ciated with a 1.3-fold increase in mortality, after adjustment for age, CMV serostatus,
donor type, and underlying disease.?

In a large systematic review of 28 studies of PIV infection in HM patients and HCT
recipients, LRTI occurred in 36% and 39% of patients, respectively. Risk factors for
LRTlincluded allogeneic HCT, early post-transplant infection, lymphopenia, neutrope-
nia, and use of steroids during the URTI phase.’* A retrospective study of 540 HCT
recipients spanning 2 decades found an association of progression from URTI to
LRTI with PIV3 serotype infection, presence of monocytopenia, greater than 1 mg/
kg steroids prior to diagnosis, and copathogen detection. No patients who lacked
all of these risk factors progressed to LRTI, whereas the progression risk increased
to greater than 30% if 3 or more risk factors were present.® The need for mechanical
ventilation in those with LRTI was 43% and survival from onset of mechanical ventila-
tion was 23%. Although overall mortality with PIV LRTI is high after transplant, mortal-
ity decreases with time from transplant.’’ PIV-associated mortality is widely variable
but is reported to be as high as 50% in those with copathogens (see Table 1).'2

There is currently no licensed antiviral agent for the treatment of PIV infection.
Despite data supporting in vitro PIV activity, numerous retrospective studies have
shown lack of benefit of aerosolized or systemic ribavirin, with or without intravenous
immunoglobulin (IVIG), in improving outcomes from an established LRTI or in prevent-
ing progression from URTI to LRTI'27464 or in decreasing viral shedding.'® There are
few reports of successful treatment of HCT recipients with serious PIV infection with
the investigational agent DAS181,°619° and data from a phase 2 study, including
HCT recipients and HM patients, are forthcoming (https://clinicaltrials.gov/ct2/show/
NCT016448777?cond=das181&rank=9).
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Respiratory Syncytial Virus

RSV is a single-stranded, enveloped, negative-sense RNA virus within the Pneumovir-
idae family, as is HMPV. Two antigenic subtypes (A and B) circulate seasonally, either
simultaneously or alternately.

RSV arguably is one of the respiratory virus infections associated with the highest
disease severity and mortality risk in HCT recipients. Age, lymphopenia, neutropenia,
myeloablative conditioning regimens, pre-engraftment infection or recent HCT, use of
marrow or cord blood as graft source, mismatched or unrelated donor, GVHD, high-
dose steroids, delayed diagnosis, and detection of viral RNA in serum all have been
associated with RSV LRTI or RSV-associated mortality.?:3:560:101-104 Attempts have
been made to develop an immunodeficiency score index for RSV-infected HCT recip-
ients to quantify the risk for LRTI and mortality'®® and to assist in decision making for
initiating antiviral therapy.

The treatment of RSV infection in HCT recipients remains an area of significant con-
troversy. The absence of high-quality prospective data, the toxicity and cost of avail-
able therapies, and the heterogeneity of host factors all contribute to uncertainty
regarding the best approach to RSV management.'?® The preponderance of existing
literature draws on single-center retrospective studies, with their inherent biases and
limitations.

Ribavirin, a guanosine analog, is available in aerosolized, intravenous, and oral
forms. Important toxicities include myelosuppression and, with the aerosolized
form, bronchospasm.'” Aerosolized ribavirin is both extremely costly in light of its
orphan drug status'®® and complicated to administer given it is a potential teratogen,
requiring use of personal protective equipment and a special air flow environment.
Palivizumab, an RSV-specific recombinant monoclonal antibody, or polyclonal IVIG
has been used in combination with ribavirin, although their contribution to RSV treat-
ment is controversial and difficult to quantify®%-19%194 and their cost substantial, partic-
ularly for palivizumab. RSV monotherapy with palivizumab is neither supported by the
literature nor recommended.'%® RSV-specific IVIG is no longer available.

Historically, numerous publications have demonstrated a benefit of aerosolized
ribavirin (alone or with antibody-based therapy) for RSV, with a decrease rate of pro-
gression from URTI to LRTI and a decrease in mortality.6%1%%194 These studies,
however, are severely limited on the basis of their single-center retrospective study
design. A randomized controlled multicenter trial of aerosolized ribavirin for RSV
URTI in HCT recipients was discontinued because of slow accrual, with failure to
meet statistical significance for the primary endpoint of progression to LRTI.“6 A trend
toward decreasing viral load over time was observed in the group assigned to ribavirin.
Definitive prospective data regarding the use of aerosolized ribavirin for RSV infection
in this population are lacking and unlikely to be forthcoming.

Systemic ribavirin, by oral or intravenous route and with or without antibody-based
therapy, has been explored as a less toxic alternative to nebulized ribavirin for the
treatment of RSV, with small case series demonstrating tolerability and suggesting po-
tential efficacy.’'%"'2 There are more recent retrospective data comparing oral riba-
virin with aerosolized ribavirin, providing increasing evidence to support the use of
oral ribavirin as a safe, cost-effective, and potentially efficacious alternative to aerosol-
ized ribavirin for HCT recipients and other severely immunocompromised hosts with
RSV infection.’3114

RSV treatment decisions are complicated, taking into account host factors that
inform the risk of progression to LRTI, disease severity at presentation, drug toxicity
and side-effect profile, and cost. Although the available literature supports the use
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of ribavirin for high-risk patients with RSV infection, there are profound limitations in
generalizing treatment algorithms from uncontrolled studies. To this end, a small
case series described low morbidity (19% progression to LRTI) and no mortality in
32 pediatric HCT recipients with RSV infection who were managed without ribavirin
and with maintenance IVIG with or without palivizumab.''®

Several small molecule antiviral agents are in early phase development or under
study for RSV infection."'® Membrane fusion and RNA synthesis are important drug
targets. GS-5806 (presatovir), a novel oral fusion protein inhibitor, showed promise
in an early phase clinical trial but failed to demonstrate a reduction in nasal RSV viral
load or symptom duration in lung transplant recipients.’'” Similarly, ALN-RSV01
(asvasiran), a small interfering RNA targeting RSV replication, has not progressed
due to limited impact on viral parameters and lack of improvement in symptomatic pa-
tients."'8119 ALS-8176 (lumicitabine), an RNA polymerase inhibitor, was associated
with a reduction in viral load and clinical severity compared with placebo in a phase
Il RSV challenge study in healthy adults,’?° although the role of this and other agents
awaits clarification in target populations. There are a few investigational agents in
phase Il study in HCT recipients, namely ALX-0171, a nanobody fusion inhibitor
(https://clinicaltrials.gov/ct2/show/NCT03418571 and https://clinicaltrials.gov/ct2/
show/NCT03468829)"'® and PC786, a non-nucleoside RSV L protein polymerase in-
hibitor (https://clinicaltrials.gov/ct2/show/study/NCT03715023). No RSV vaccine is
currently available, although clinical trials are ongoing.

Adenovirus

Adenoviruses are a family of nonenveloped, double-stranded DNA viruses with more
than 60 described serotypes categorized into 7 subgroups or species (A through G).
Certain serotypes are associated with particular clinical syndromes, reflecting virus-
specific tissue tropism for cellular receptors. Adenoviruses are nonenveloped viruses
and can survive for extended periods on environmental surfaces and are resistant to
killing by quaternary ammonium compounds, disinfectants widely used in the health
care setting. Transmission can occur via aerosolized droplets or fomites as with other
RVIs as well as by fecal-oral spread or through exposure to infected tissue or blood
products.’®" Infection in HCT recipients and other severely immunocompromised
hosts can be a consequence of new acquisition or reactivation of endogenous
infection.

The spectrum of clinical disease in HCT recipients is broad, including URTI and/or
LRTI, enterocolitis, hepatitis, nephritis, hemorrhagic cystitis, and meningoencepha-
litis.2> 121 Respiratory tract infection is caused most often by subgroups A, B, and
C. The incidence is generally higher in the pediatric population.*”-22:12% Disseminated
disease occurs in up to 10% to 20% of patients and is associated with allogeneic HCT,
receipt of a T-cell-depleted graft, infection in the early post-transplant period, pres-
ence of GVHD, use of systemic steroids, and lymphopenia.?®2#+121.124 The presence
of viremia as well as the height of the viral load is a meaningful predictor of risk for inva-
sive and disseminated disease as well as mortality.*%47122:125 Qverall mortality for all
syndromes can be high, especially so for patients with pneumonia or disseminated
disease, particularly in recipients of T cell-depleted grafts.?240:126

Monitoring with PCR and preemptive antiviral treatment is advocated by some ex-
perts and supported by several studies in high-risk HCT recipients, notably in the pe-
diatric population.*”'26:127 That said, other studies, including a prospective study in
adult and pediatric non-T-cell-depleted recipients and a retrospective study in pedi-
atric recipients of various graft types and conditioning regimens, have failed to demon-
strate a benefit of monitoring and preemptive treatment. 28129
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Currently, there are no antivirals that have a formal indication for adenovirus infec-
tion. Cidofovir, a nucleotide analog that inhibits DNA polymerase, is active against all
serotypes of adenovirus, with both in vitro and animal data demonstrating virologic
and clinical activity, respectively.'?' The human data supporting cidofovir for treatment
of adenovirus infection in HCT recipients draw largely on retrospective studies demon-
strating lower mortality rates in treated compared with untreated patients.?>"2 Phar-
macologic disadvantages of cidofovir include active excretion of the unchanged drug in
urine with resultant nephrotoxicity and low bioavailability, with limited concentration of
the active phosphorylated compound in infected cells.'?® Furthermore, toxicities of
cidofovir are often dose limiting— mainly nephrotoxicity, myelosuppression, and ocular
toxicity. Brincidofovir, an oral lipid ester of cidofovir with improved bioavailability and a
better safety profile, is an investigational agent under study for the treatment of adeno-
virus infection in HCT recipients. Although uncontrolled series have suggested efficacy
and tolerability of brincidofovir in treating adenovirus viremia and disease in HCT recip-
ients, 3913 a randomized placebo-controlled phase |l trial failed to meet the primary
endpoint of reduction in treatment failure and demonstrated a signal for diarrhea in
the group assigned to brincidofovir.'®2 Although there are in vitro data to suggest
that ribavirin has activity against adenovirus, in vivo data have not borne out clinical util-
ity.?213% Clearance of viremia and survival are highly associated with lymphocyte
reconstitution.”®* With this in mind, adoptive T-cell transfer of adenovirus-specific
donor T cells remains an area of active investigation.'?? That said, despite well over
a decade of work on adenovirus-specific cytotoxic T lymphocytes, this approach is
far from routine for clinical application. In concert with consideration of antiviral treat-
ment of serious adenovirus infection in HCT recipients, decrease in immune suppres-
sion as able also should be entertained.'?*

Human Metapneumovirus

HMPV, a large enveloped negative-sense RNA virus, is within the Pneumoviridae fam-
ily, as is RSV. HMPV is a recently described viral infection, identified in 2001 with aid of
molecular techniques.'3®

The reported incidence of HMPV has increased over time, in concert with improved
molecular diagnostic capabilities. Knowledge of the disease spectrum continues to
evolve, with increasing recognition of HMPV as a cause of RVI in the immunocompro-
mised host population. A prospective study of URTI and LRTI in HM patients and HCT
recipients with retrospective analysis for HMPV demonstrated an overall incidence of
9% with LRTI in 41% and death in 14% overall and in one-third of those with LRTI.2® A
retrospective study spanning a decade identified 118 cases of HMPV in HCT recipi-
ents. LRTI occurred in 25% overall, and progression to LRTI was as high as 60% in
those with steroid dose greater than or equal to 1 mg/kg and lymphopenia at time
of presentation with URTI.2" A recent systematic review of the literature similarly found
a low overall virus-associated mortality rate (6%), but substantially higher mortality
(27%) for those with LRTI.219

Although there are in vitro data'>® and a few case series or case reports describing
use of ribavirin with or without IVIG, 37128 the preponderance of data, all retrospective
in nature, fails to demonstrate a protective effect of ribavirin and/or IVIG in preventing
HMPV LRTI and mortality.2"'3® An early but perhaps promising area of HMPV drug
discovery research is the novel use of small interfering RNAs.'4°

136

Bocavirus

Human bocavirus (HBoV) is a small DNA virus within the Parvoviridae family. HBoV
was first described in 2005 by molecular virus screening of NP aspirates from
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hospitalized children with LRTI."*! Although studies in immunocompetent children
with LRTI have demonstrated an incidence as high as 19%, data from the HCT pop-
ulation indicate infrequent infection. A prospective single-center study from Spain
spanning 30 months found HBoV in only 6 of 192 (3%) virologically documented
RVI episodes in 79 consecutive allogeneic HCT recipients. Interestingly, 5 of the 6
had coinfection with another respiratory virus. Disease severity was not substantial,
with only 1 case of LRTI, which was believed likely caused by enterovirus/rhinovirus
and no deaths from respiratory failure in the 6 affected patients.?® Viral dissemination
has been documented in transplant recipients, with detection of HBoV in blood and
stool.'*? Given the frequency of coinfection and the mild disease severity, many ques-
tions remain regarding the pathogenic potential of HBoV in HCT recipients and other
immunocompromised hosts.'*® Mode of transmission for HBoV is not well character-
ized. There is no specific antiviral treatment of HBoV infection.

Coronaviruses

CoVs are positive-sense, single-stranded, enveloped RNA viruses in the
Coronaviridae family. CoVs are widespread among birds and animals. CoV in the
alpha and beta genera have been associated with human infection: alpha-CoVs
include HCoV-229E and HCoV-NL63, and beta-CoVs include HCoV-HKU1, HCoV-
0OC43, Middle East respiratory syndrome CoV, and severe acute respiratory syndrome
CoV. HCoV-229E, HCoV-NL63, HCoV-HKU1, and HCoV-OC43 cocirculate during the
nonsummer months.

A prospective surveillance study in HCT recipients detected HCoV in more than
10% of patients in the first year post-transplant, with approximately half of patients
asymptomatic and with infrequent development of LRTI,?® suggesting infection is
common but typically not severe. Not surprisingly, prospective and retrospective
studies of symptomatic cohorts point to higher but variable morbidity and mortal-
ity.28:30.144 Ag with other RVIs, copathogen detection with HCoV is frequent,?°° mak-
ing interpretation of attributable mortality complicated. That said, there are
well-documented cases of severe and even fatal HCoV LRTI in HM patients and
HCT recipients.'*® 46 There is no specific antiviral treatment of CoV infection.

Rhinovirus

HRVs are small, single-stranded RNA viruses, members of the Picornaviridae family,
genus Enterovirus. Rhinoviruses are classified into 3 species based on capsid features
and sequencing: A, B, and C. Rhinoviruses circulate year-round, although with some
seasonal clustering by species.?” In contemporary studies that use molecular diag-
nostic techniques, rhinovirus is the most frequently detected RVI in HM patients
and HCT recipients.’2#82527 |t js important to recognize the limitation of the current
diagnostic platforms in the inability to differentiate between rhinovirus and enterovirus.

Clinical presentation is highly variable. In the reported literature, most patients have
URT], although a sizable minority have LRTI. In a large contemporary study of symp-
tomatic HM patients with HRV infection, approximately 30% presented with LRTI.?”
Only 5% of those who presented at the URTI stage progressed to LRTI within
30 days, suggesting that symptomatic LRTI is uncommon. As with all RVIs and for
HRV especially, it is likely that many studies overestimate the LRTI rate because
they fail to account for the greater tendency of patients to seek medical care in the
setting of more severe iliness. Although some studies have found an association be-
tween HRV severity and LRTI and species type,'*’ this is not a consistent finding.?’
Coinfection is common, particularly with LRTI, which makes interpretation of attribut-
able morbidity and mortality challenging.?®2":'48 In a large retrospective study of
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approximately 700 HCT recipients with HRV infection spanning more than 2 decades,
the overall 90-day mortality in the 128 subjects with LRTI was 41% and was signifi-
cantly associated with low monocyte count, oxygen requirement at diagnosis, and
steroid dose greater than 1 mg/kg/d before diagnosis; survival was not affected by
the presence of copathogens.?® As with other RVIs, early post-transplant infection
is associated with greater disease severity.'“® There is no specific antiviral treatment
of HRV infection.
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