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Abstract

Purpose of Review The landscape of the coronavirus disease 2019 (COVID-19) pandemic has rapidly changed over the past
3 years. Paralleling this evolution, the scientific and medical communities have reported many novel findings relating to the
infection’s epidemiology, transmission, diagnosis, and treatment. We review pertinent studies of COVID-19 therapeutics
with an emphasis on their application to lung transplant recipients.

Recent Findings Agents that have been well-studied for treating COVID-19 include antivirals (remdesivir, nirmatrelvir/
ritonavir, molnupiravir), monoclonal antibodies, and immunomodulators (for example, corticosteroids and tocilizumab).
Summary Remdesivir remains an essential therapy for managing mild-moderate COVID-19. Though highly efficacious for
mild-moderate COVID-19 for outpatient therapy, ritonavir-boosted nirmatrelvir has limited use in lung transplant recipients
due to significant drug-drug interactions. Monoclonal antibodies, though useful, are the most affected by the emergence of

new viral variants.
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Introduction

Since the emergence of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in December 2019, the coro-
navirus disease 2019 (COVID-19) pandemic has resulted in
over 529 million confirmed cases and over 6 million deaths
worldwide [1]. While early studies conflicted about whether
solid-organ transplant recipients (SOTRs) were at increased
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risk for severe disease [2, 3], more recently, data show that
these immunocompromised patients have overall mortality
exceeding eight times that of the general population [4]. This
may be due to an impaired immunological response, with
delayed development of IgG and cytokine-producing T cells
early in the course of disease, compared to immunocompe-
tent controls [5].

Among SOTRs, the risk of severe disease and poor out-
comes seems highest among lung transplant recipients (LTRs).
The mortality for LTRs with COVID-19 ranges from 17 to
25%, higher than that of non-lung SOTRs [4, 6, 7]. LTRs who
survive COVID-19, especially moderate or severe disease, are
at risk for chronic allograft dysfunction as evidenced by per-
sistent spirometric abnormalities, including decreased exercise
capacity, total lung capacity, and diffusing capacity [8, 9].

Promisingly, the mortality associated with COVID-19 is
decreasing as the pandemic progresses. Heldman and col-
leagues compared outcomes of SOTRs in early 2020 to those
in late 2020 and found a significant decline in hospitaliza-
tions and mortality; they relate this finding in part to the
increasing use of remdesivir, corticosteroids, and convales-
cent plasma, as well as decreasing use of anti-interleukin-6
agents and hydroxychloroquine [10]. In addition to changes
in COVID-19-directed therapeutics, the improved outcomes
may also be associated with improvements in critical care
practices and more widespread vaccination, which have
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similarly been observed in the general population [11-13].
However, LTRs may be less likely to mount a protective
immunologic response to vaccination [14, 15], making
COVID-19-directed therapies particularly important in this
patient population.

This review will provide an overview of the COVID-
19-directed therapeutics that are currently available with
a focus on the evidence in LTRs, where available. This
includes antiviral therapies, antibody therapies, immu-
nomodulatory agents, and anticoagulation. We will also
briefly discuss therapies that were used earlier in the pan-
demic but are no longer recommended based on current evi-
dence. Readers should note that the evidence for COVID-
19-directed therapeutics is a constantly evolving field, as
the emergence of new SARS-CoV-2 variants may lead to
the development of new treatments and/or render previously
beneficial therapies less effective. Finally, although preven-
tative measures like vaccination, masking, hand hygiene,
and, until recently, tixagevimab/cilgavimab (Evusheld®) are
important methods of preventing infection in LTRs, they are
outside of the scope of this review.

Antiviral Medications
Remdesivir

To date, no trials have specifically studied the use of
COVID-19 antivirals in LTRs. In May 2020, the first
SARS-CoV-2-specific antiviral to be authorized under
emergency use by the Food and Drug Administration (FDA)
was remdesivir. This intravenous medication is an adeno-
sine nucleotide prodrug that, following triphosphorylation
within the host cell, is incorporated into the viral genome
via the viral RNA-dependent RNA polymerase and causes
chain termination. The ACTT-1 study compared outcomes
in hospitalized patients with severe COVID-19 (pulmonary
infiltrates, hypoxemia, oxygen supplementation, mechani-
cal ventilation, or extracorporeal membrane oxygenation
[ECMOY]) who received up to 10 days of remdesivir to those
who received placebo [16]. Authors demonstrated that rem-
desivir was associated with a significantly shorter time to
recovery (10 days versus 15 days) and 50% increased odds of
improvement by 2 weeks; however, there was no difference
in all-cause mortality at 1 month. The recovery benefits were
most significant to patients presenting within 10 days of
symptom onset and requiring supplemental oxygen—but not
mechanical ventilation or ECMO. Subsequently, two large
open-label trials comparing 10 days of remdesivir to the
standard of care demonstrated conflicting data. The DisCoV-
eRy trial found no improvement in 15-day clinical status or
mortality [17]. The World Health Organization (WHO) Soli-
darity Trial failed to show a significant benefit of remdesivir
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over the standard of care in preventing in-hospital mortality
or progression to needing mechanical ventilation [18e].
Duration of remdesivir therapy has also been a focus of
study, with several studies comparing 10 days to 5 days
[19, 20]. Both open-label studies demonstrated that a
5-day course of remdesivir, compared to a 10-day course,
for patients admitted with moderate-to-severe COVID-19
resulted in similar rates of recovery by 11 days and similar
times to improvement and recovery.

Although data are conflicting, in October 2020, remde-
sivir was fully FDA-approved for the treatment of all adults
and children hospitalized with confirmed or suspected
COVID-19. However, based on available evidence, cur-
rent guidelines recommend remdesivir’s use, in addition
to corticosteroids, specifically in patients hospitalized with
COVID-19 within 10 days of symptom onset and requiring
supplementary oxygen with the goal of speeding time to
recovery and preventing the need for mechanical ventilation.

The most important limitation to using remdesivir for
inpatients is the narrow window during the disease course
when patients are expected to benefit. Remdesivir is not
recommended for patients with severe renal dysfunction
due to the concern of accumulation of the sulfobutylether
B-cyclodextrin excipient, though several studies have shown
that adverse outcomes were not significantly higher in
patients with creatinine clearance < 30 mL/min or on dialy-
sis, and therefore, remdesivir should still be considered in
these patients [21-23]. Due to hepatotoxicity in early animal
studies, remdesivir is not recommended in patients that have
or subsequently develop elevated liver enzyme; however, in
human trials, rates of elevated liver enzymes between those
patients that get remdesivir and those that do not are com-
parable [17, 20].

Following a year of inpatient experience, the PINETREE
trial studied the use of a 3-day course of remdesivir for out-
patients with COVID-19 [24]. In this study, non-hospitalized,
unvaccinated adults and adolescents with mild-to-moderate
COVID-19 and risk for severe COVID were randomized to
receive remdesivir or placebo within 7 days of their symptom
onset. The authors concluded that a 3-day course of remdesi-
vir led to an 87% relative reduction in all-cause mortality and
COVID-19-related hospitalizations at 28 days. In this study,
about 5% of subjects were considered immunocompromised,
which did include SOTRs.

Oral Antivirals

To date, the two oral antivirals with the most supportive
evidence for their use are nirmatrelvir and molnupiravir.
Both have been studied and are recommended for outpa-
tients with mild-to-moderate COVID-19 and risk factors for
severe disease.
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Nirmatrelvir is an oral antiviral agent which inhibits the
SARS-CoV-2 3-chymotrypsin-like protease enzyme, also
known as main protease (MP™). This enzyme is essential for
SARS-CoV-2 viral replication. Nirmatrelvir is co-administered
with the HIV-1 protease inhibitor and potent CYP3A4 inhibi-
tor, ritonavir, thereby increasing its half-life and serum concen-
trations [25]. The use of nirmatrelvir/ritonavir (Paxlovid®) for
the outpatient management of COVID-19 was demonstrated
in the EPIC-HR trial [26]. In this international randomized
trial, non-hospitalized adults that received a 5-day course of
nirmatrelvir/ritonavir within 5 days of symptoms onset had
89% relative risk reduction of all-cause mortality or COVID-
19-related hospitalization at 28 days compared to those that
received placebo. Included patients were unvaccinated against
SARS-CoV-2 and had to have a risk factor for disease pro-
gression to severe COVID-19. Although solid-organ transplant
was included as a risk factor for disease progression, only 12
subjects were considered immunosuppressed based on their
underlying condition or medication, and the number of these
that SOTRs was not published.

An important consideration for this therapy’s use in
LTRs is the interactions with many other medications
given ritonavir’s potent CYP3A4 inhibition. In patients on
calcineurin inhibitors (CNIs), such as tacrolimus or cyclo-
sporine, even a short course of this antiviral therapy has
been associated with toxic increases in CNIs levels. This
can result in nephrotoxicity, neurotoxicity, and the need
to hold immunosuppressive therapy, which can potentiate
rejection in an otherwise pro-inflammatory disease [27, 28].
For these reasons, the use of nirmatrelvir/ritonavir is not
recommended in SOTRs on a CNI without the ability to
closely monitor for drug levels and toxicities. An extensive
list of drug-drug interactions and strategies to mitigate risks
are published elsewhere [28e].

Precursors of molnupiravir were previously in develop-
ment as oral antivirals against RNA viruses, particularly
equine encephalitis viruses and chikungunya virus [29]; in
2018, molnupiravir was studied and demonstrated activity
against influenza and respiratory syncytial virus in mouse
models [29]. With the onset of the COVID-19 pandemic,
molnupiravir was retested and marketed as a potential
candidate for oral SARS-CoV-2 therapy. Molnupiravir
is a prodrug of the molecule N-hydroxycytidine, which,
following absorption and triphosphorylation, becomes
incorporated into the viral genome by the virus’s RNA-
dependent RNA polymerase and yields replicative errors
and subsequent viral demise. In the MOVe-OUT study,
1433 non-hospitalized adults with symptomatic COVID-
19 were randomized to a 5-day course of molnupiravir
or placebo [30]. The use of molnupiravir was associated
with a statistically significant reduction of 30% in 28-day
all-cause mortality or COVID-19-associated hospitali-
zation. Like the EPIC-HR, patients were unvaccinated,

within 5 days of symptom onset, and at risk for progres-
sion to severe disease. Although no subjects were report-
edly SOTRs, 4% of subjects did have chronic obstructive
pulmonary disease.

Although its effects seem less than nirmatrelvir/ritona-
vir, molnupiravir is advantageous as it has minimal drug
interactions, making it a more attractive option for SOTRs.
Given its mechanism of action of inducing genomic
mutations, there is a theoretical concern that it can cause
embryotoxicity; therefore, its use is not recommended in
pregnant women.

Studies like those for nirmatrelvir/ritonavir and mol-
nupiravir were conducted in late 2020 and throughout
2021. Since, circulating viral variants changed and may
not reflect the status of future variants. In the MOVe-OUT
study, 32% of subjects were infected with the Delta vari-
ant and 11% with the Mu variant. Since December 2021,
these variants have been primarily overtaken but Omicron
subvariants; however, the most common mutations leading
to the genesis of new variants occur in the viral spike pro-
tein, which is not a target of these antivirals, and activity
should be preserved. Dosing and monitoring parameters
for remdesivir, nirmatrelvir/ritonavir, and molnupiravir are
summarized in Table 1.

The selective-serotonin reuptake inhibitor, fluvoxam-
ine, was also studied as an oral option for the prevention of
disease progression in high-risk individuals. This medica-
tion is widely available globally and well tolerated, which
made it an attractive option for study. Its proposed benefit in
COVID-19 relates to fluvoxamine’s potent agonism of the
sigma-1 receptor; this transmembrane endoplasmic reticu-
lum protein is found throughout most human tissues and
is implicated in dampening inflammatory cytokine release
and mass cell degranulation, among other physiological pro-
cesses [31]. Fluvoxamine also has potential direct antiviral
activity through inhibition of lysosomal release of corona-
virus particles from infected cells; this latter mechanism has
been proposed for other repurposed medications studied
against COVID-19, such as azithromycin and non-steroid
anti-inflammatory drugs [32]. The primary study evaluating
fluvoxamine’s use for COVID-19 is the multicenter Brazil-
ian TOGETHER trial, which randomized outpatients with
COVID-19 and high risk of progression to either receive a
10-day course of fluvoxamine or placebo [33ee]. The trial
demonstrated a 32% risk reduction in a composite outcome
of COVID-19-related emergency room visits and hospitali-
zation in 28 days. However, in the secondary analyses, only
emergency room visits were significantly decreased, without
any significant impact on hospitalization, death, or need for
mechanical ventilation.

Proposed strategies for outpatient and inpatient manage-
ment of LTRs with COVID-19 are highlighted in Figs. 1
and 2.

@ Springer



26 Current Pulmonology Reports (2023) 12:23-35

Table 1 Antivirals active against SARS-CoV-2

Medication and route  Dose Duration Important drug Notable toxicity Monitoring
interactions
Remdesivir, IV 200 mg LD then 100 mg 3-5 days® Chloroquine, hydroxy- e Nausea Liver enzymes, renal
daily® chloroquine e Elevated liver function
enzymes®

e Bradycardia
o Hyperglycemia

Nirmatrelvir/ritonavir, 300/100 mg twice daily? 5 days® Many'. Calcineurin e Dysgeusia Medication review for
PO inhibitors, mMTOR e Diarrhea drug-drug interactions
inhibitors, o Post-treatment symptoms
anticoagulants rebound
Molnupiravir, PO 800 mg twice daily 5 days Cladribine e Bone/cartilage growth  Pregnancy test prior
abnormalities to use®

o Teratogenicity

1V intravenous, LD loading dose, mTOR mammalian target of rapamycin, PO oral

Risk for accumulation of cyclodextrin; use should be considered only if the benefit outweighs the risk when the glomerular filtration rate (GFR)
is <30

b3 days if non-hypoxic and mild-to-moderate symptoms with a risk factor for clinical progression to severe disease. 5 days if hypoxic (oxygen
saturation < 94% or requiring supplemental oxygen) and requiring hospitalization

“Remdesivir should not be used when the liver enzymes exceed 10 times the upper limit of normal

4Reduce dose to 150/100 mg twice daily when GFR < 60. Use is not recommended when GFR < 30

€At the time of this publication, a trial investigating a second 5-day course (total duration of 10 days) in those with rebound symptoms is ongoing
"Drug-drug interactions should be checked via the online University of Liverpool drug interaction checker at https://www.covid19-druginteractions.
org/checker

£Molnupiravir should be avoided in women of childbearing age. If not pregnant, use should be accompanied by contraception for the duration of
the course and up to 4 days after stopping molnupiravir

Monoclonal Antibody Therapies [34ee, 35]. Clinical trial data have shown mAb therapy to be
safe and associated with a significant reduction (70-87%) in

Monoclonal antibody (mAb) therapy targeting the receptor- need for hospitalization or death among those with high—risk
binding domain of the SARS-CoV-2 spike protein has been ~ medical conditions [36-38]. Several different mAb therapy
a mainstay of therapy for hlgh-I’lSk patients presenting with OptiOHS have been available over the course of the COVID-
mild-to-moderate COVID-19 not requiring hospitalization ~ 19 pandemic-bamlanivimab, bamlanivimab-etesevimab,

Fig. 1 Proposed outpatient
management strategy for lung
transplant recipients with
COVID-19. Due to inferior
efficacy, molnupiravir is not

a preferred choice and should
only be used if remdesivir or
nirmatrelvir/ritonavir are not
possible options (e.g., drug-
drug interactions, toxicities, or
unavailability)

Non-hospitalized SARS-CoV-2 positive LTR (PCR or antigen test)

Patient with mild/moderate symptoms

Symptom onset >7 days Symptom onset 6-7 days Symptom onset <5 days

S tomatic ..
[ my;nnzgement ] [ Remdesivir x3 days ] Remdesivir x3 days
OR
Nirmatrelvir/ritonavir

Molnupira_vir x5 dayst
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Hospitalized SARS-CoV-2 positive LTR (PCR or antigen test)

Admitted for non-COVID-19

indication

SpO, >94% on room air
AND
Symptom onset <7 days

Admitted for COVID-19

[ Assess oxygen/clinical status and time ]

from symptom onset

Symptom onset
[ Remdesivir x3 days ] vy
<7 days >7 days
SpO, < 94% on room air and <2 L/min of supplemental oxygen Remdesivir x5 days Symptomatic
management
Remdesivir x5 days
Absent AND Dexamethasone x10 days
Markers of increased severity: Dexamethasone x10 days
. u P
Requiring >2 L/min of Ele\{ated CRP M . Remdesivir x5 days
suppl * Rapidly worsening respiratory AND Dexamethasone x10 days
pplemental oxygen
status over 24 hours OR >6 Present Dexamethasone x10 days AND one of
= L/min supplemental oxygen AND one of Tocilizumab x1 dose
= Tocilizumab x1 dose Baricitinib x14 days?$
g Baricitinib x14 days*$
§ Markers of increased severity: Absent Dexamethasone x10 days
E8 Requiring high-flow  Elevated CRP' AND
=1 nasal cannula (HFNC) * Rapidly worsening respiratory Dexamethasone x10 days
or non-invasive status over 24 hours AND Present AND one of
ventilation (NIV) * Within 24 hours of HFNC or Tocilizumab x1 dose
NIV Baricitinib x14 days*$
Requiring mechanical . L Absent Dexamethasone x10 days
ventilation (MV) or Markers of increased severity:
extracorporeal * Elevated CRP' AND Dexamethasone x10 days
P . * Within 24 hours of MV or AND one of
membrane oxygenation Present o
(ECMO) ECMO Tocilizumab x1 dose
Baricitinib x14 days*$

Fig.2 Proposed inpatient management strategy for lung transplant recipi-
ents with COVID-19. Abbreviations: CRP, C-reactive protein; ECMO,
extracorporeal membrane oxygenation; HFNC, high-flow nasal cannulae;
LTR, lung transplant recipient; MV, mechanical ventilation; NIV, non-
invasive ventilation. " Although specific CRP thresholds are not specified

casirivimab-imdevimab, sotrovimab, and bebtelovimab.
With the ongoing emergence of new viral variants, the neu-
tralizing activity of mAb therapy wanes or is lost, limiting
the duration in which any one mAb will remain a therapeutic
option. Until recently, bebtelovimab was the only option for
the predominant Omicron variant circulating; however, it no
longer has retained activity since late 2022 [39].

Most data for the solid-organ transplant patient popula-
tion are derived from retrospective observational studies
[40-45]. Of the studies that included any SOTRs, adminis-
tration of mAb therapy within 3—7 days of symptom onset
was associated with only 0-22.2% of patients requiring
emergency department care or hospital admission, and only
one observed death. In a single-center cohort, hospitaliza-
tion and 90-day mortality were otherwise as high as 66%
and 34%, respectively, among 32 LTRs [7]; only 21% of
the patients in the cohort received mAb therapy as outpa-
tients, and only two patients would go on to develop severe

in the guidelines of the National Institute of Health [93], 75-100 mg/L
were used in the REMAP-CAP and RECOVERY trials [63, 64]. *Barici-
tinib should be discontinued if the patient is discharged before 14 days.
SIf tocilizumab and baricitinib are not available, they may be substituted
with either tofacitinib or sarilumab

COVID-19 after receiving mAb. Based on these data, it
appears that mAb administration effectively reduces hos-
pitalizations and death in LTRs. Other studies are simi-
larly promising. In one cohort of 133 LTRs admitted with
COVID-19, 31 patients received mAb therapy within 5 days
of symptom onset, with only one progressing to severe dis-
ease [45]. In this retrospective analysis, mAb use was inde-
pendently associated with in-hospital survival. Only one of
the available studies had a comparator group of SOTRs that
did not receive mAb therapy. Sarrell et al. evaluated the early
use of mAb therapy in solid-organ transplant patients (N =
93, including 11 lung transplant patients), with 19 patients
receiving mAb therapy [44]. Among those that received
mADb therapy 30-day hospitalization rate was 8.7% compared
to 15.3% among those that did not receive a mAb. In all the
available studies evaluating mAb use in solid-organ trans-
plant patients, mAb therapy was well tolerated, with rarely
reported mild infusion-related reactions.
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When an active mAb therapy is available, its role in outpa-
tient management is essential for lung transplant recipients.
The main challenge with this therapy is its availability only as
an intravenous treatment option and the loss of neutralizing
activity against new and emerging SARS-CoV-2 variants. On
the other hand, it does not have the significant drug interac-
tion as nirmatrelvir/ritonavir and requires only one intrave-
nous administration. Studies are now evaluating new mAbs
that may be active against the newest variants [46, 47¢].

In addition to mAb therapy used to treat active disease,
there is also a mAb indicated for pre-exposure prophylaxis
among high-risk patients, tixagevimab/imdevimab. In the
PROVENT trial, when administered to high-risk patients
that have not recently been exposed and that do not have
active disease, use was associated with a 77% reduction in
infection risk compared to placebo [48]. Specifically, in
the solid-organ transplant population, one study evaluat-
ing the 60-day incidence of breakthrough infection found
a 1.8% incidence among those that received tixagevimab/
imdevimab (n = 222) compared to a 4.7% incidence among
those that did not (n = 222) [49]. As of November 2022,
due to the prevalence of resistant variants, tixagevimab/
imdevimab is unlikely to be effective [50].

Immunomodulatory Therapies
Corticosteroids

Of the available therapies for COVID-19, dexamethasone
has consistently proved to provide a mortality benefit among
those with severe disease requiring oxygen supplementa-
tion or mechanical ventilation. The clinical benefit of dexa-
methasone for patients with COVID-19 was first identified
in the RECOVERY trial, where a daily dose of 6 mg for
10 days was associated with statistically significant reduc-
tions in death by 12% and 3% among mechanically venti-
lated patients and those requiring oxygen supplementation,
respectively [51]. Since, several studies have confirmed
these findings, making dexamethasone a critical component
of COVID-19 treatment in patients with severe disease [52].
While data specific to LTRs are lacking, the reported bene-
fits of dexamethasone are likely applicable to these patients,
given that LTRs can often present with a more severe hyper-
inflammatory presentation of COVID-19 [53, 54]. Addi-
tional studies have shown that higher dexamethasone doses
may be considered in patients with more severe disease. For
example, the STEROID 2 trial compared outcomes between
those receiving 6 mg daily to those receiving 12 mg daily
for 10 days, and while there was no significant difference in
the primary outcome of days free of life support within the
first month of diagnosis, Bayesian analysis revealed that the
higher dose might provide additional benefit among those
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requiring a high level of respiratory support [55]. Another
open-label study comparing the efficacy of high-dose (20
mg daily for 5 days followed by 10 mg daily for 5 days)
to low-dose (6 mg daily) dexamethasone in patients with
severe COVID-19 concluded that the higher dose was asso-
ciated with significantly reduced risk of progression from
31.4 to 16.3%. However, there was no significant difference
in 28-day mortality, time to recovery, or clinical status at
various time points between the two dosing strategies [56].
Guidelines preferentially recommend a daily dose of 6 mg
of dexamethasone (or equivalent dose of another corticoster-
oid) for 10 days or until hospital discharge [34ee].

Janus Kinase (JAK) Inhibitors

Baricitinib is now recommended for use in patients with
severe COVID-19 based on the findings of the ACTT-2 and
COV-BARRIER clinical trials. The ACTT-2 trial, comparing
baricitinib with standard of care to standard of care alone,
found the use of baricitinib to be associated with reduced
time to recovery when given in combination with remdesivir
in hospitalized patients requiring oxygen supplementation
without mechanical ventilation [57]. In this trial, corticos-
teroids were not included in the standard of care regimens.
In the COV-BARRIER trial, baricitinib with the standard
of care was compared to standard of care alone in patients
having at least one elevated inflammatory marker and not
requiring mechanical ventilation [58]. Most patients in the
trial received dexamethasone, while only 18% of patients
were also receiving remdesivir. The addition of baricitinib
saw a 38.2% relative reduction in 28-day all-cause mortality.

Tofacitinib, another JAK inhibitor, was evaluated in the
STOP-COVID trial and, compared to placebo, was found
to be associated with a significant reduction in the cumu-
lative incidence of death or respiratory failure at day 28
from 29 to 18.1% [59]. Notably, while 78.5% of patients
received concomitant corticosteroid therapy, no patients
received remdesivir. Importantly, we do not have clini-
cal trial data definitively showing benefit in patients also
receiving remdesivir with dexamethasone in combination
with a JAK inhibitor. Guidelines recommend using barici-
tinib (tofacitinib as an alternative) in patients requiring
oxygen supplementation if presenting with rapidly increas-
ing oxygen needs and systemic inflammation, in addition
to dexamethasone and remdesivir. Baricitinib is dosed at 4
mg orally once daily for 14 days or until hospital discharge;
this agent requires renal dose adjustment. Data specific to
lung transplant patients with COVID-19 for the use of JAK
inhibitors are not available; furthermore, the implications
of using JAK inhibitors in patients who are also receiving
dexamethasone and other immunosuppressive therapies in
terms of efficacy and adverse effects (e.g., increased risk of
infection) are unknown at this time. A recent FDA warning
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was also released regarding an increased risk of serious
heart-related complications (myocardial infarction, stroke,
blood clots, cancer, death) with the use of JAK inhibitors
among those receiving therapy for arthritis and ulcerative
colitis [60]. While unclear if this risk exists with the use
of JAK inhibitors for COVID-19 where shorter courses are
implemented, this risk should be considered with use given
the association with thrombosis and other cardiac complica-
tions with COVID-19 itself [61].

Anti-interleukin-6 (IL-6) Receptor Monoclonal Antibody

Tocilizumab has been found in some clinical trials to be
associated with a reduced need for mechanical ventilation
and mortality in patients with severe COVID-19, particu-
larly among patients presenting with evidence of a hyperin-
flammatory response [62-64]. However, data regarding the
clinical benefit of tocilizumab have been mixed, with earlier
studies (where few patients were receiving concomitant cor-
ticosteroids) failing to identify a mortality benefit with the
use of tocilizumab in patients with severe COVID-19 [65,
66]. In the more recent trials where over 80% of patients also
received corticosteroids, the use of tocilizumab was associ-
ated with several improved clinical outcomes. The REMAP-
CAP trial, which enrolled patients within 24 h of starting
organ support in the ICU, found a significant improvement
in the number of organ support-free days (OR 1.64 [95%
CI, 1.17-2.91]) and increased survival at 90 days (OR 1.61
[95% CI, 1.25-2.08]) [64]. The second major trial to iden-
tify a clinical benefit of tocilizumab was the RECOVERY
trial, which enrolled patients with hypoxia and evidence
of systemic inflammation (C-reactive protein > 75 mg/L),
found a significant reduction in mortality at 28 days (31%
versus 35% placebo, RR 0.85 [95% CI, 0.76-0.94]) [63].
Patients in the RECOVERY trial that received tocilizumab
were also more likely to be discharged within 28 days (57%
versus 50% placebo, rate ratio 1.22 [95% CI, 1.12-1.22]),
and for those not requiring mechanical ventilation at base-
line, patients receiving tocilizumab were also less likely to
progress to requiring mechanical ventilation or death (35%
versus 42% placebo, rate ratio 0.84 [95% CI, 0.77-0.92]).
Guidance from the National Institute of Health (NIH) and
Infectious Diseases Society of America (IDSA) recommends
the consideration of tocilizumab (or sarilumab as an alterna-
tive IL-6 monoclonal antibody if tocilizumab is not available)
in combination with dexamethasone in patients requiring
oxygen supplementation, mechanical ventilation, or ECMO
presenting with rapidly increasing oxygen needs and systemic
inflammation. The recommended dosing is 8 mg/kg (based
on actual body weight) as a single dose. While additional
doses could be administered at the treating clinician’s discre-
tion in clinical trials, there is insufficient evidence to support
recommending a second dose. However, caution is advised

by the NIH in terms of the use of tocilizumab not adequately
represented in clinical trials, including immunocompromised
hosts. There are reports, mainly from observational studies,
of increased rates of secondary infections developing follow-
ing administration of tocilizumab, including invasive fungal
infections, strongyloidiasis, and severe bacterial infections
[67-70]. This risk may be a more significant concern in
patients already immunosuppressed at baseline.

Available data from the solid-organ transplant population
are also primarily based on observational studies for this
therapeutic option as well. Pereira et al. evaluated the safety
and efficacy of tocilizumab among SOTRs in a matched
cohort study including 58 patients (15 patients included
were LTRs) [71]. Compared to the matched control group,
while outcomes were not statistically different, mortality
was higher (41% versus 28%, p = 0.27), the hospital dis-
charge rate was lower (52% versus 72%, p = 0.26), and the
occurrence of secondary infections was higher (34% versus
24%, p = 0.55) in the tocilizumab group. Another study,
which included 46 SOTRs (only one of these patients was
an LTR) in two transplant centers in Saudi Arabia, compared
outcomes among those that received tocilizumab (n = 21)
versus those that received standard of care alone (n = 25)
[72]. No significant difference in mortality (14.3% versus
4%, p = 0.318) or mechanical ventilation requirements was
observed (23.8% versus 24%, p = 0.711); however, those
receiving tocilizumab had a significantly shorter length of
stay (9.6 days versus 20.7 days, p > 0.001). There was no
difference in the rate of secondary infections between groups
in this analysis.

The role of tocilizumab in the management of severe and
rapidly progressing COVID-19 in lung transplant patients
is unclear, given the sparsity of data. In small observational
studies, no mortality benefit was observed. With the poten-
tial for harm from the risk of secondary infections in this
patient population already at high risk for invasive fungal
and bacterial infections, it is not evident that the potential
benefits outweigh the potential risks.

Anti-IL-1 Receptor Antibody

Anakinra is a recombinant, nonglycosylated form of human
IL-1 receptor antagonist. In the double-blind, randomized,
placebo-controlled SAVE-MORE trial, the early administra-
tion of anakinra was evaluated in hospitalized patients with
moderate-to-severe COVID-19 pneumonia who required
oxygen and had an elevated plasma soluble urokinase plas-
minogen activator receptor (suPAR) level [73]. Compared
to those receiving placebo, those treated with anakinra saw
statistically significantly lower 1-month mortality (3.2% vs.
6.9%) and decreased length of hospitalization (7.8 days vs.
8.5 days). Although this therapy was granted a EUA, its
use is limited by the sparse availability of the suPAR assay
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outside of clinical trials. These trials of antivirals and immu-
nomodulators are summarized in Table 2.

Convalescent Plasma

High-titer convalescent plasma (HTCP) is a pooled blood
product of patients who have survived a prior SARS-CoV-2
infection and has been studied for treatment in those with a
new infection. HTCP has not been shown to play a role in
treating immunocompetent outpatient or hospitalized adults
with SARS-CoV-2 infection [74-76]. In immunocompro-
mised patients, such as those with hematologic malignancies
or SOTRs, who cannot mount an adequate humoral response
after vaccination, HTCP may serve a role, particularly early
in the disease course, to clear the SARS-CoV-2 virus [77].
Because of the emergence of new variants throughout the
course of the global pandemic, HTCP that was collected
before any currently predominant variant may not be ben-
eficial for administration in immunocompromised hosts
needing this humoral support [78]. Due to conflicting data,
HTCP has largely been replaced by the monoclonal therapies
previously mentioned.

Non-recommended Therapies

At the onset of the pandemic, the immediate need for outbreak
management led to the study of many therapies with a theo-
retical basis for treating COVID-19. As the aforementioned
targeted antivirals and immunomodulatory therapies were
shown to be both efficacious and safe, what were once popular
agents have now been either discredited, found to be harmful,
or lost activities against newer SARS-CoV-2 variants.

Almost a dozen randomized trials and observational
studies of the antimalarials, hydroxychloroquine and chlo-
roquine, with or without azithromycin, failed to prove these
drugs’ efficacy for hospitalized or non-hospitalized patients
with COVID-19 [18e, 79-81]. Repeatedly, there has been no
significant improvement in mortality, time to recovery, or
reduction in hospitalization or disease progression associ-
ated with either drug. Furthermore, their use specifically
for COVID-19 was associated with higher rates of adverse
effects [80, 81].

The anti-parasitic medication, ivermectin, is another ther-
apy that was attempted to be repurposed for SARS-CoV-2
treatment in the early stages of the COVID-19 pandemic.
The proposed mechanisms of action include inhibition of
host nuclear transport activity and interference with spike
protein binding to the host cell membrane [82]. Despite these
promising in vitro data, concentrations needed to achieve
antiviral efficacy in vivo exceed over 100 times those con-
sidered safe in humans [83]. To date, no high-quality clinical
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trial data support using ivermectin for COVID-19 treatment
or prophylaxis [84-86].

Additional emerging therapies being investigated are
interferon therapy [18e, 87], granulocyte-macrophage colony-
stimulating factor inhibitors [88, 89], and mesenchymal stem
cell therapy [90, 91]; however, currently, no high-quality evi-
dence exists to support their use outside of clinical trials.

Discussion

The initial strategies for treating COVID-19 have mainly
focused on inhibiting viral entry into host proteins in the
initial phase of infection and immunomodulating the host
immune response in the later stage of infection. With exten-
sive global cooperation to methodically study a broad range
of therapies, alongside sharing real-time clinical experi-
ences, we are continually learning about the SARS-CoV-2
virus and the variable immune responses between different
populations. We have come to understand better how the
timing of initiating therapy and the host’s underlying dis-
ease state impact the patient outcomes and, in the case of
lung transplantation, allograft function. Our knowledge will
never be complete due to the everchanging SARS-CoV-2
virus and the global landscape. Not only will new therapies
be required as the virus evolves, but so too novel meth-
ods of administration of currently available therapies will
be instrumental in facilitating timely outpatient treatment
when these therapies are likely to have the greatest suc-
cess. Studies to evaluate potential synergy or combinations
among treatment modalities may also help find ways of
targeting the virus while mitigating the risk of developing
resistance (a major global challenge that is in part due to
prolonged therapies in immunocompromised hosts unable
to clear the virus).

As with much of modern medicine, prevention is often
the best treatment. We have seen that vaccinations are likely
the most effective way to prevent COVID-19 in the general
population; however, because of the high degree of immu-
nosuppression limiting the humoral immune response and
lungs’ constant exposure to environmental pathogens, vac-
cination alone may not suffice in LTRs.

The COVID-19 therapy pipeline continues to be robust as
more studies are conducted to repurpose current drugs and
discover new ones to target either viral or host proteins to
decrease SARS-CoV-2 infectivity, with over 700 drug devel-
opment programs currently in the planning stages and over
450 trials having been reviewed by the FDA in the USA alone
[92]. Future developments must focus on therapies that target
more conserved viral structures, which may be less suscep-
tible to mutations as new variants emerge. This strategy will
too prove helpful for future emerging viral pandemics.
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