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1 | INTRODUCTION

The impact of the direct and indirect effects of cytomegalovirus (CMV)
infection on posttransplant patients is well established, and over the
past decade there has been a concerted effort to reduce the burden
on patients by improving CMV prevention and treatment strategies.
Despite significant advances, the risk of CMV infection remains a key
concern in solid organ transplant (SOT) and allogeneic hematopoietic
cell transplant (allo-HCT) settings.

During the 2023 International CMV symposium, Camille Kotton,
Julian Torre-Cisneros, and Ibrahim Yakoub-Agha invited an interna-
tional faculty to educate delegates on how to prevent CMV infection
effectively and discuss how to improve treatment outcomes in trans-
plant settings. Taking place in Barcelona during May 2023, the meeting
provided an opportunity for delegates involved in CMV management to
share insights and ideas both in person and virtually. Although improve-
ments in CMV management were acknowledged, almost all delegates
still saw CMV as a problem for their patients.

The first International CMV symposium took place in 2021 at a time
when CMV management was still being conducted with SARS-CoV-
2/COVID-19 restrictions in place. Paolo Grossi discussed the strain
that COVID-19 put on delivery of CMV prophylaxis and treatment.t
Physical distancing complicated prophylaxis, pre-emptive therapy,
patient monitoring, and management of side effects. He explained that
to address the challenges and simplify management, prophylaxis had
been reserved for use in high-risk donor (D)+/recipient (R)- patients
while pre-emptive therapy was more likely to be used in D+/R+ sce-
narios, although CMV DNA monitoring was challenging. Prophylaxis-
related leukopenia, as well as delays in the laboratory test results used
to inform pre-emptive therapy, were the main COVID-19-associated
obstacles to CMV management experienced.! For those with previous
CMV infection, developing severe COVID-19 came with a risk of reac-
tivation as the corticosteroids required to manage SARS-CoV-2, as well
as the need for mechanical ventilation and the high risk of bacterial
coinfections, had the potential to trigger elevation of viral load.?3

Since emerging from the pandemic, implementation of the advances
in the prevention and treatment of CMV observed in the past decade
has once again become a priority and this, as well as ongoing unmet

needs (Table 1), will be discussed in this review.

2 | CMV PREVENTION: ANTIVIRAL STRATEGIES
2.1 | SOT setting

Mario Fernandez-Ruiz described the burden of CMV in SOT. Poor out-
comes are influenced by organ transplanted and serostatus of donors
and recipients, with D+/R- associated with highest CMV disease
risk.*> Although pharmacological intervention reduces the incidence
of CMV disease, patient outcomes are not always improved.> Ongo-
ing risk has been attributed to indirect effects of the virus. Some

indirect effects have the potential to affect all SOT recipients (e.g., bac-

terial and fungal infections or herpesvirus reactivation), while others
are organ specific (e.g., chronic allograft nephropathy [kidney], car-
diac allograft vasculopathy [CAV, heart], bronchiolitis obliterans [BOS,
lung]).6~8 Minimizing the indirect effects of CMV will have a substantial
impact on outcomes in post-SOT recipients and should be considered
when designing clinical trials to assess therapeutic options.

Choosing between universal prophylaxis and pre-emptive therapy
(initiating antiviral therapy at the first signs of viral replication) is com-
plicated by the fact that few randomized controlled trials (RCTs) have
compared the two approaches. Both have benefits and weaknesses and
identifying the most appropriate strategy at an individual level is key
to improved outcomes. Emily Blumberg and Hannah Kaminski gave a
brief overview of cases where the selection of strategy may not always
be straightforward (Table 2).

2.1.1 | CMV prophylaxis in the SOT setting

Use of CMV prophylaxis to prevent CMV disease was first reported
25 years ago.1%12 Evidence has since expanded, demonstrating how
this approach prevents infection with other viruses, improves graft sur-
vival, prevents BOS—and other indirect effects—and improves survival
rates.*13-17 Emily Blumberg explained that the established benefits
of prophylaxis on direct and indirect effects of CMV are reflected
in the guideline recommendations for use in SOT recipients and
increased understanding regarding how to use prophylaxis.'® Pro-
phylaxis must be adapted to different circumstances, for example, an
extended course of therapy should be considered in lung transplant
recipients,? while management in patients with renal insufficiency can
be complex.!®

The key challenges when using prophylaxis are management of
resistance due to prophylaxis choice or dosing, and treatment-
emergent adverse events. Resistance risk varies depending on the
serostatus of the donor and recipient and the type of organ trans-
planted. Overall risk of ganciclovir resistance in SOT recipients is 1.0%:
4.1% in D+/R- recipients, 11.9% in D+/R- lung transplant recipients,
and 0.4% in D+/R- liver transplant recipients.2® From an adverse event
perspective, leukopenia is frequently experienced by patients receiv-
ing prophylaxis with ganciclovir or valganciclovir, with the incidence
estimated at 30.5% in a recent meta-analysis.2! Evidence support-
ing use of letermovir—which acts by inhibiting the viral terminase
complex by encoding for pUL56—was limited in SOT at the time the
most recent guidelines were published,'® but data are now emerg-
ing supporting a potential role as prophylaxis in some SOT recipients.
An RCT showed that letermovir was noninferior to valganciclovir for
prophylaxis of CMV disease while significantly reducing leukopenia
(p < .001).22 Although encouraging, as letermovir has a low genetic
barrier to resistance, its role in the SOT setting still needs to be
established.23-2°

Therefore, although universal CMV prophylaxis is standard of care
in at-risk SOT, CMV disease remains the main challenge in organ recipi-

ents. Challenging cases of CMV prophylaxis in SOT recipients provided
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TABLE 1 Unmet needs in cytomegalovirus management in posttransplant settings.
Burden CMV remains acommon problem posttransplant despite decades of treatment and diagnostic advances
Guidelines Good guidelines are available but unable to personalize the best prophylactic and treatment course for

individual patients
Antiviral management

Few RCTs have compared prophylaxis with pre-emptive therapy

Late CMV remains a major concern in high-risk patients at the end of prophylaxis

In allo-HCT, not all patients are eligible for standard CMV prophylaxis and appropriate management is still to

be established in these patients

Resistant/refractory CMV infection remains an issue for a small subset of patients

Current prophylactic and therapeutic agents have issues of toxicity and cost, although letermovir as
prophylaxis in kidney transplant recipients may be associated with less toxicity

Immune modulation

An “ideal” CMI assay is required before immune monitoring becomes part of routine clinical practice in all

laboratories and a clinical tool for individualized decision making

How to use CMVIG or CMV-specific T cells in clinical practice is still to be established

Vaccination Lack of effective CMV vaccines remain a major deficit in the field

Abbreviations: allo-HCT, allogeneic hematopoietic cell transplant; CMI, cell-mediated immunity; CMV, cytomegalovirus; CMVIG, cytomegalovirus

immunoglobulin; RCT, randomized controlled trials.

TABLE 2 The choice of prophylaxis or pre-emptive therapy is not always clear: patient cases.

Patient case Induction Immuno-suppressant regimen

54-year-old male with bilateral lung ATG Tacrolimus, MMF, prednisone

transplant for COPD (D+/R-)

41-year-old female with live donor Basiliximab Tacrolimus, sirolimus, prednisone
kidney transplant for ESKD

(D+/R+)

58-year-old male, deceased kidney ATG Tacrolimus, MMF, prednisone

transplant for ESKD (D+/R+)

65-year-old male with heart None Tacrolimus, prednisone
transplant for ischaemic

cardiomyopathy (D+/R+)

24-year-old female with liver None Tacrolimus, prednisone
transplant due to autoimmune

hepatitis (D+/R+)

50-year-old male with liver None Tacrolimus
transplant for end-stage liver

disease (D+/R-)

68-year-old female with heart Basiliximab Tacrolimus, MMF, prednisone
transplant for
chemotherapy-induced

cardiomyopathy (D-/R+)

»a

Note: For each case, delegates were given the choice of “prophylaxis,
in the table.

Delegate preference for prophylaxis or
pre-emptive therapy (% respondents)

Prophylaxis (88%)
A“typical” patient eligible for prophylaxis

Pre-emptive (65%)

Antiviral activity of mTOR inhibitors and a
low-risk profile based on organ
transplanted may justify pre-emptive
therapy

Prophylaxis (59%)
ATG induction depletes immune response
so prophylaxis may be most appropriate

Pre-emptive (54%)
Marginal preference demonstrating choice
is not always clear

Pre-emptive (86%)
A “typical” patient eligible for pre-emptive
therapy

Prophylaxis (54%)

Reflects patients enrolled in pivotal
pre-emptive study? but as high risk based
on serostatus a more cautious approach
may be adopted in clinical practice

Pre-emptive (55%)
Choice may be less defined in D-/R+
patients

pre-emptive therapy,” or “not sure.” The response selected by most delegates is shown

Abbreviations: ATG, antithymocyte globulin; COPD, chronic obstructive pulmonary disease; D, donor; ESKD, end-stage kidney disease; MMF, mycophenolate

mofetil; mMTOR, mammalian target of rapamycin; R, recipient.
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by Osnat Shtraichman and Antoine Roux, and moderated by Marty
Zamora, are summarized in Case Summaries 1 in the supplementary

material.26:27

2.1.2 | Pre-emptive CMV therapy in the SOT setting

Hannah Kaminski explained that universal prophylaxis had been com-
pared with pre-emptive therapy in four RCTs.22-31 When included in
a pooled meta-analysis, CMV infection was more likely to occur dur-
ing pre-emptive therapy than during prophylaxis (40.4% vs. 24.7%),
although CMV disease incidence was low and similar with both strate-
gies (9.4% vs. 6.4%).2% Included in this meta-analysis was an RCT
comparing pre-emptive therapy with prophylaxis in D+/R- liver trans-
plant recipients. The 12-month incidence of CMV disease was signifi-
cantly lower with pre-emptive therapy than with prophylaxis (p = .04).?

t,32 which may

These results have been replicated in a real-world cohor
explain why pre-emptive therapy is most likely to be used in D+/R- liver
transplant recipients.

Immunosuppressive therapy (IST) is vital post SOT and response
to pre-emptive antiviral therapies may vary depending on choice of
IST.33 A randomized, open-label study in seropositive kidney transplant
recipients demonstrated greater benefit with pre-emptive therapy
when ciclosporin-treated patients were receiving a mammalian tar-
get of rapamycin (mTOR) inhibitor, such as everolimus, rather than
mycophenolic acid (p < .0001).34 A clear lower rate of CMV infec-
tion has also been demonstrated in randomized trials of everolimus in
heart transplant recipients.3>3¢ mTOR inhibitors have anti-CMV prop-
erties, via direct inhibition of CMV replication in macrophages, indirect
effects through improving cell-mediated immune response, and may
decrease CMV infection and disease in seropositive recipients.8:34.37
The kidney transplant study also demonstrated that everolimus, with
pre-emptive therapy, reduced the need for ganciclovir or valganciclovir
treatment for CMV DNAaemia (p =.0007).34

2.2 | Allo-HCT setting

David Beauvais highlighted the importance of understanding the risks
for CMV infection in the allo-HCT setting. The major risk factor for
CMV infection post HCT is serostatus, with the risk being highest
in R+ individuals.3® Other risk factors include negative serostatus
of the donor, human leukocyte antigen (HLA) mismatch, intensity of
conditioning regimen (e.g., myeloablative), and whether the recipient
develops graft-versus-host disease (GvHD).2? A score based on six
weighted factors—donor serostatus, donor type (identical sibling or
unrelated), conditioning regimen (reduced intensity or myeloablative),
use of total body irradiation, use of antithymocyte globulin (ATG), and
use of mycophenolate mofetil (MMF)—identified four risk groups (low,
intermediate-low, intermediate-high, high) each with a distinct risk of
CMV infection which can be used to guide management.*®

Letermovir is approved as universal prophylaxis for CMV-positive
allo-HCT recipients up to day 100 posttransplant based on the find-

ings of a phase 3 study.*>*2 However, not all patients are eligible for

letermovir.

2.2.1 | Patients eligible for letermovir

In the pivotal letermovir trial, a significant reduction in CMV infection
incidence compared with placebo was described (p < .001), and this

4243 However,

result has since been confirmed in real-world settings.
despite being approved as universal prophylaxis, not all patients obtain
the same level of benefit. David Beauvais described how the previous
risk score had been used to identify low- or high-risk patients and inves-
tigate the efficacy of letermovir in a risk-adapted strategy.** Limited
use of letermovir in patients at low risk was shown not to impair clinical
outcomes, thus reducing potential overtreatment, while the benefits of
letermovir were demonstrated in patients at high risk. One of the chal-
lenges experienced by clinicians using letermovir is the development of
transient increasesin CMV DNA known as “blips,” the clinical relevance
of which is not always clear. Additional diagnostic methods (e.g., virus
isolation and degradation of free-floating viral DNA) should be used to
dissect between noninfectious and infectious CMV DNAaemia under
letermovir.*® In the risk-score analysis, pre-emptive therapy in individ-
uals with CMV DNA > 3.5 logy IU/mL distinguished between transient
blips and clinically relevant infection.**

Letermovir is approved for use in patients up to day 100 post
HCT, and there have been reports of late infection once treatment is
discontinued, which are attributed to the delay in T-cell reconstitu-
tion during antiviral therapy.*##¢%7 Late infection occurred mainly in
patients receiving corticosteroids after week 14 post HCT or in those
with early CMV infection (before week 14).4* An extended course of
letermovir could be appropriate in this group of patients.

2.2.2 | Patients ineligible for letermovir

Letermovir is standard prophylaxis after allo-HCT,*! but some patients
are ineligible. The options open to them were described by Guido
Kobbe. Ineligible patients include those with mismatched serology
(R- and D+); patients with either severe liver dysfunction or mod-
erate hepatic impairment combined with moderate or severe kidney
dysfunction; patients intolerant to letermovir; and patients receiv-
ing drugs likely to result in severe interactions (including cytochrome
P450 3A substrates or organic anion transporter polypeptide 1B/3
inductors or inhibitors).* As letermovir is not approved for secondary
prophylaxis, or for use beyond 100 days post HCT, a substantial num-
ber of initially letermovir-eligible patients may also require alternative
management strategies.

Pre-emptive antiviral therapy may be useful in ineligible patients, as
an early RCT demonstrated that event-free survival was similar with
foscarnet and ganciclovir.*® However, foscarnet was associated with
kidney failure and electrolyte disturbances, while hemotoxicity was
reported with ganciclovir. Subsequent studies have shown an improved

pharmacokinetic profile with oral ganciclovir compared with the
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intravenous option.*? Guido Kobbe concluded that pre-emptive ther-
apy alone may not be sufficient and suggested that combination
antiviral and immunomodulatory therapy may be suitable for R-
patients.

3 | CMV PREVENTION: IMMUNOLOGICAL
STRATEGIES

3.1 | The role of the immune system in CMV
management

The immune response to CMV infection involves the innate and adap-
tive immune systems. Primary infection of CMV activates the innate
immune system, resulting in release of inflammatory cytokines from
monocytes, macrophages, and dendritic cells.>® CMV-specific cluster
of differentiation (CD) 8+ T cells appear after the peak of CMV replica-
tion and synthesize interferon gamma (IFNy) as well as other T-helper
1-type cytokines. CMV-specific T cells account for 10% of peripheral
T cells in healthy subjects and up to 40% in the elderly.>! CD8+ T
cells react against many structural viral proteins including those that
are immunodominant such as the viral immediate-early (IE) 1 pro-
tein (encoded by UL123), IE2 protein (encoded by UL122), and ppé5
(encoded by UL83).°! As developing high frequencies of CD8+ T cells
against some of these proteins may provide protection from CMV dis-
ease, the antigens are utilized in cell-mediated immunity (CMI) assays
discussed in Section 3.2.

Maria E. Martinez-Mufoz explained that T-cell responses are often
impaired in allo-HCT recipients and that a lack of CMV-specific
cytotoxic T cells (CTLs) has been shown to correlate with risk of reac-
tivation, CMV disease, and mortality.”>°3 The impaired response is
associated with the lymphodepleting effect of conditioning regimens,
graft manipulation (T-cell depletion), and the use of IST to avoid graft
failure and GvHD.*° After allo-HCT, early T-cell reconstitution occurs
via peripheral expansion of mature naive and memory T cells that
are transferred in the graft, but these have a limited T-cell receptor
repertoire.

3.2 | Role of CMI in management of CMV

CMI can be used to guide clinical decision making in the posttrans-
plant setting. Although an inverse relationship between CMV-specific
CMI and CMV clearance has been observed in SOT°* the wide
range of specific CMV T-cell frequencies (e.g., detection of IE1 and
pp65)°° between patients and varying antigen kinetics means that the
results are not easy to interpret. As immune response may also dif-
fer between SOT and allo-HCT settings, adoption of CMI may vary
between patients and transplant settings.

Absolute lymphocyte count has historically been used to measure
the immune response in posttransplant recipients, and this remains
the most accessible way of assessing immune status.>® However, sev-
eral CMI assays based on measurement of IFNy or other cytokines

in response to stimulation can provide information about the specific

response to CMV. IE1 and ppé5 are the antigens most frequently used
to stimulate the immune response in CMV-specific assays.>> High lev-
els of CMI indicates adequate T-cell immunity while patients with low
CMl are at risk of CMV infection.

Roy Chemaly reviewed the commercially available research tools.>”
A commercially available enzyme-linked immunosorbent assay (ELISA;
QuantiFERON-CMV; Qiagen Inc.) detects release of IFNy in whole
blood following stimulation by CMV peptides. The ELISpot assay, a
highly sensitive immunoassay, measures the frequency of CD4+ and
CD8+ T cells producing IFNy in response to CMV-specific peptides or
whole proteins. Although more robust than ELISA, a specific reader
is required, and commercial assays (T.Spot.CMV, Oxford Diagnos-
tics; T-Track, Lophius Bioscience/Mikrogen GmBH) are not universally
available. Flow cytometry can also be used to run a CMV T-cell immu-
nity panel and obtain responses by intracellular cytokine staining.
The advantage of this assay is that it can be expanded to include a
range of cytokines and cell surface molecules to provide quantita-
tive and qualitative measurements of CMV-specific T cells as well as
distinguishing between CD4+ and CD8+ response. In major histo-
compatibility (MHC)-multimer-based assays, peptide-specific T cells
are stained using peptide-conjugated MHC class 1 tetramers or pen-
tamers to determine CD8+ T-cell responses.’” These strategies may
also allow comparative analysis of lymphocytes restricted by shared,
donor- and host-specific HLA to track thymic-independent CMV-
specific reconstitution.”® However, this method requires knowledge of
HLA type and, like intracellular staining, needs fluorescence-activated
cell sorting facilities.

The goal of CMI assays is to personalize the management of CMV
to avoid excess treatment and toxicity. Therefore, an ideal assay needs
a positive cut-off applicable for most patients and should be able to
be performed in any laboratory. Currently the tests can be expensive,
and costs incurred need to be balanced against the savings associated
with less viral-load testing and reduced use of antiviral prophylaxis.
These ongoing challenges contribute to low uptake reported in a sur-
vey across 152 European Society of Blood and Marrow Transplantation
centres where only 11% of centres were using CMI within clinical or
experimental practice (24% ELISA, 88% ELISPOT, 41% flow cytometry)
in September 2021.°¢

3.2.1 | CMIin SOT recipients

For CMI to be adopted as routine clinical practice, the prediction capa-
bility needs to be established and appropriate thresholds identified.
Oriol Bestard explained that in SOT recipients, CMI has been useful
in differentiating CMV risk in R+ transplant patients,”?C although in
R- individuals, where a positive CMI does not mean that CMV will not
develop, use is less established. T.Spot.CMV (IE1 and ppé65) identified
R+ individuals at high risk of developing CMV infection and monitor-
ing at posttransplant day 15 further defined risk of CMV infection.®°
Protection was largely due to immune activity against IE1 although
use of T-cell depletion or induction therapy reduced the level of pro-
tection. This approach seems promising; however, a fixed threshold

that clearly distinguishes between low- and high-risk patients has not
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been identified and many patients fall into an intermediate “gray”
zone.®1¢2 Oriol Bestard described ongoing work where IE1 and pp65
responses are used to produce a continuum of risk that clearly iden-
tifies those at low and high risk to allow appropriate management.
For patients in the intermediate zone, the approach identified a sub-
group who develop CMV disease despite favorable CMI. The strategy
has been applied to previous cohorts of patients participating in dif-
ferent studies (e.g., PROTECT®® and RESPECT®?) as well as in new
patient cohorts, and results are anticipated shortly. Oriol Bestard con-
cluded that CMI for CMV immune-risk stratification opens a door for
personalized medicine in the field of SOT (Figure 1).

3.22 | CMlin allo-HCT recipients

The REACT study showed that CMI could have a role in the allo-HCT
setting.®* ELISPOT was used to identify HCT recipients at risk of clin-
ically significant CMV infection using thresholds based on the number
of “spots” to IE1 and pp65 stimulation. CMI was a significant and inde-
pendent predictor of clinically significant CMV infection. A patient’s
CMV-CMI at a specific timepoint could be used to tailor both the dura-
tion and intensity of CMV monitoring and the duration of antiviral
therapy or prophylaxis. Multivariate analysis identified sex, race, and
use of ATG or corticosteroids as additional risk factors for clinically
significant infection. Analysis of the REACT dataset is ongoing to deter-
mine whether change in response to the IE1 and pp65 antigens, rather
than absolute count, could be a useful predictor of infection.

As letermovir delays the immune response, T-cell responses are
higher with pre-emptive therapy than with prophylaxis.”*” It may be
that the advance in CMV prophylaxis has limited the applicability of
one of the other key advances—using CMI to guide treatment. Roy
Chemaly highlighted that there was still a need to understand more
about the immune response given that not all patients respond to
letermovir®? and suggested that CMI could provide valuable clinical
insights.

Another focus of CMI research is whether CMI can predict out-
comes in low-level CMV reactivation. A small study demonstrated that
recipients with a low CMI were 8.3 times more likely to experience
CMV progression than those with a high CMI (p < .0001).6 In this
study, corticosteroid use was also a predictor of progression (p < .002).

Raffaella Greco contributed to the discussion on use of CMl in the
allo-HCT in her clinical case (Case Summaries 2 in the supplemen-
tary material) in a session moderated by Martina Sester and Michele
Malagola.?8:66¢7 She concluded that CMI may help to improve risk
stratification of patients, although there is still a need to establish

which assay should be used and when.

3.3 | Immune system modulation in CMV
management

3.3.1 | CMV-specific CTLs

Maria E. Martinez-Munoz explained how adopting transfer of CTLs

after allo-HCT has the potential to induce rapid reconstitution of T-

cell-mediated immunity against CMV, an approach that is included in
guidelines for allo-HCT and SOT patients with recurrent or resistant
CMV. 1868

Most CTL manufacturing methods rely on ex vivo stimulation,
activation, and expansion of antigen-specific T cells. Early data demon-
strated that viral immunity can be restored in immunodeficient allo-
HCT recipients with CTLs and that the approach has a favorable safety
profile with limited incidence of GvHD.%7° These data were encourag-
ing, but generating the CTLs took between 8-12 weeks and therefore
had limited applicability in clinical practice. Since then, advances in
the manufacturing process, the use of third-party donors with limited
incidence of GvHD and the generation of virus-specific T-cell banks
with “off-the-shelf” products have made this therapeutic option more
attractive. It has been shown that a small number of carefully selected
third-party donors, selected according to the expression of high fre-
quency HLA antigens in a given population, provide CTLs to form a
source bank with broad patient coverage, reducing the risk of rejec-
tion or GvHD. A bank of 17 CMV-specific CTLs selected for expression
of six core HLA antigens, provided treatment for 28 allo-HCT recip-
ients with refractory infection, resulting in a complete response rate
of 79% at 1 year, with only five patients requiring antiviral therapy.
The safety profile was good, with only two patients developing GvHD
despite a median HLA match between CTLs and the recipient of two
out of six antigens.”%72 Similarly, a bank of eight CMV-positive third-
party donors provided a CTL product that was HLA matched for at least
two antigens covering almost 97% of the local US patient population.
Ten allo-HCT recipients infused for persistent/refractory CMV infec-
tions or disease achieved some degree of response with 70% having a
complete response.”3

Maria E. Martinez-Mufoz explained that there is less experience
in the SOT setting, and, in general, results have been less convincing.
She suggested that this might be because there is a more qualitative
than quantitative immune dysfunction in SOT compared with allo-HCT
due to a protracted (less lymphodepleting) immunosuppressive ther-
apy and there is also a concern about the risk of graft rejection or low
persistence of allogeneic CTLs.

Classification of CTLs as Advanced Therapy Medicinal Products has
cost and logistical implications and has prevented the development of
individualized therapy in CMV. However, the creation of CTL banks
and particularly the generation of “multi-specific” CTLs might enable

awidespread use of this type of therapy in the future.

3.3.2 | Cytomegalovirus immunoglobin

Andreas Zuckermann described how cytomegalovirus immunoglobin
(CMVIG) has an increasing role in the management of CMV. CMVIGs
were first developed in the 1970s with the first evidence of signif-
icantly decreased virologically confirmed CMV syndrome published
in 1987.74 To obtain CMVIG, plasma is collected from donors with
high anti-CMV IgG; the commercial CMVIGs currently available have
enhanced immunomodulatory properties and exert greater inhibitory
activity on allogeneic T-cell proliferation and cytokine production than
the CMVIGs initially developed.”>
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reaction.

CMVIG has now been studied in different SOT settings and has
been shown to prevent CMV disease. In an early meta-analysis, the
benefit of prophylactic CMVIG was demonstrated on survival, CMV-
associated death as well as infection and disease; however, in a later
meta-analysis although a small benefit was observed in CMV infection
it was smaller than seen previously.”¢~78 Andreas Zuckermann specu-
lated that this was due to wider routine use of prophylaxis. In addition,
he pointed out that CMVIG may also contribute to a reduction in the

risk of posttransplant lymphoproliferative disease.”?:89

Focusing on his specialty of heart transplantation, Andreas Zuck-
ermann described how the benefits of CMVIG had been shown even
in aggressively immunosuppressed recipients.8! However, as D+/R-
patients were still at risk of CMV infection and disease, CMVIG
alone may not be an appropriate prevention strategy. This observation
opened up the option of combination therapy with antiviral prophy-
laxis and CMVIG and a subsequent study demonstrated than CMVIG
combined with ganciclovir was able to abolish CMV-related death and

prevent CMV disease in high-risk heart transplant recipients.82

8SUB017 SUOLILLIOD BAITERID 8]qedlidde aup Aq peusenob 8e ssjoiie YO @SN JO S3|NJ 1o} A%eiq 1T 8ul|UQ AB]1/W UO (SUORIPUOD-PUe-SWLB) LD A8 |1 AReIq Ul JUO//SANY) SUORIPUOD PUe swie 18U} 88S *[£202/TT/0T] uo AriqiTauliuo /8|IM ‘VIOSTHE 1A ITIAID ITVYA3dS 1193A LSSV Ad €8THT PI/TTTT OT/I0p/W00 A8 1M Areiq [Bul|UO//SANY WO} paPeo|UMOq ‘0 ‘Z90E66€T



TRANSPLANT

7N
8of 14 INFECTIOUS &
DISEASE :

KOTTONET AL.

High rates of response have also been reported in heart or lung
transplant or allo-HCT recipients (66%-78%).23-8°> However, given the
complexity of care in these patients it is not possible to attribute all the
benefit to use of CMVIG. Patient cases where CMVIG was used in allo-
HCT recipients were provided by Michele Malagola and Lana Desnica
and describe how CMVIG was only part of the management regimen
used to control CMV and GvHD in sessions moderated by Ibrahim Yak-
oub Agha, Martina Sester, and Michele Malagola (Case Summaries 3 in
the supplementary material).

Current SOT guidelines, as well as the newly updated International
Society for Heart and Lung Transplant guidelines, explain that CMVIG
is used by some experts in D+/R- heart and/or lung transplant recipi-
ents although a specific recommendation is not provided.88¢ Andreas
Zuckermann concluded that more needs to be learned about how to
use CMVIG in SOT and allo-HCT recipients and a multicenter, prospec-
tive, noninterventional study in Europe currently in progress will help

to elucidate how CMVIG is being used in the real world.

4 | MANAGEMENT OF REFRACTORY OR
RESISTANT CMV

Patients with refractory or resistant CMV have higher rates of hos-
pitalization, graft loss, and mortality than patients who respond to
initial treatment without developing resistance.?%87 Nassim Kamar
explained that refractory CMV is CMV viremia that increases after at
least 2 weeks of appropriately dosed antiviral therapy while patients
with persistent detectable viral load after at least 2 weeks of therapy
have probable refractory CMV infection.8¢ For resistant CMV to be
confirmed, a viral genetic alteration should be evident to explain the
decreased susceptibility to antiviral medication. The most frequently
reported mutations relate to amino acid substitutions in UL97 (ganci-
clovir, valganciclovir, maribavir) and in UL54 (ganciclovir, valganciclovir,
cidofovir, foscarnet, cidofovir, brincidofovir).

Recurrent CMV disease has been reported in 19%-30% of SOT
recipients,3790 with serostatus and type of organ transplanted influ-
encing risk of recurrent infection with highest rates seen in D+/R-
scenarios and in lung transplant recipients.8?

Resistance to antiviral therapy used for CMV is infrequent with
rates being generally below 5%.7192 In a recent European Society for
Organ Transplantation (ESOT) survey, 80% of centres reported that
fewer than 1% of patients develop resistance;’> however, despite these
low levels, given the poor outcomes associated with resistance, it is
important to identify those at highest risk. Resistance can occur in both
SOT and allo-HCT recipients with risk factors varying between the
two settings.2® However, prolonged antiviral drug exposure and inad-
equate antiviral therapy dosing/delivery are common to both. In SOT,
D+/R- and lung transplant recipients are most likely to develop resis-
tance, while in allo-HCT recipients, risk is highest in D-/R+ recipients
and where haploidentical, allogeneic, or cord-blood HCT is used.18:88

In SOT recipients, the ESOT survey identified that high-dose intra-
venous ganciclovir was most likely to be used to treat resistant CMV

with foscarnet, cidofovir, and CMVIG (in combination with antiviral

agents) also being used in substantial proportions of patients.”® Benefit
has been shown, but the risk of relapse and/or side effects (neutrope-
nia for ganciclovir; renal impairment for foscarnet and lack of efficacy
for cidofovir) means that treatment for these at-risk patients remains
an unmet need.87:88.93.94

The new antiviral agent, maribavir, acts by inhibiting the UL97
protein kinase and has provided an alternative treatment option for
patients with refractory or resistant CMV.?> CMV viral clearance has
been achieved within 6 weeks in both SOT and allo-HCT recipients?®
and significantly more patients achieved clearance with maribavir than
standard of care.?””.? The benefits of maribavir have been demon-
strated irrespective of transplanted organ and whether the patient had
refractory or resistant CMV.78

Although maribavir has provided a valuable treatment option for
previously difficult to manage patients, unmet needs remain, not least
in the centres where the agent is not available. Where maribavir can
be used, response rates are approximately 56% at week 8, but by week
16 this has reduced to 19% so a substantial proportion of patients will
require additional therapy.’® Treatment-emergent UL97 substitutions
have also been observed showing that there is a risk of resistance with
maribavir and adverse events, especially dysgeusia that affected 37%
of patients in the phase 3 trial.?>78

Nassim Kamar concluded that the best treatment option is still
to be established for these complex patients. Patient cases demon-
strating the challenge of managing CMV in patients with refractory
and resistant CMV were provided by Nikolaus Kneidinger, Karthik
Santhanakrishnan, and Sophie Alain and moderated by Martina Ses-
ter, Michele Malagola, Udo Boeken, and Reem Almaghrabi (Case
Summaries 4 in the supplementary material).”?

5 | THE FUTURE OF CMV MANAGEMENT

The outcomes for patients at risk of CMV post transplant have
improved in recent years, but CMV remains the most common com-
plication affecting patient survival after transplantation. To address
the negative impact of CMV on transplant recipients, Ligia Pierrotti
explained that current research is focused on identifying new antiviral
therapies with improved adverse event and resistance profiles as well

as developing anti-CMV vaccines.

5.1 | Novel antiviral agents

The first antiviral agent, ganciclovir, which acts on the CMV DNA
polymerase, was approved in 1989. This enzyme within the replica-
tion cycle was the target of all approved antivirals until letermovir
(terminase inhibitor) and maribavir (protein kinase inhibitor) were
approved.100101 The CMV replication cycle provides many other
potential therapeutic targets for intervention, including those that
influence viral entry, genome replication, gene expression, or virion
assembly and egress'%; however, few have been evaluated in humans,

with animal studies being frequently aborted due to safety concerns.
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Ligia Pierrotti explained that currently only two novel antivirals were
of interest, brincidofovir, and filociclovir.

Brincidofovir, a lipid conjugate of cidofovir and 3-hexadecyloxy-1-
propanol, has improved intracellular active drug delivery and in vitro
antiviral potency versus cidofovir.192 Although CMV-related events
were reduced with brincidofovir compared with placebo in a Phase 2
trial, 203 the phase 3 study failed to show a benefit primarily because
of severe gastrointestinal toxicity and a high incidence of GvHD.104
Filociclovir, a second-generation methylenecyclopropane nucleoside
analogue, has favorable bioavailability and is up to 10 times more effec-
tive than ganciclovir at controlling viral replication.1> The resistance
profile of filociclovir is distinct to that of ganciclovir and maribavir,
although some cross resistance has been demonstrated to ganci-
clovir and foscarnet.1%¢ As activity was retained against a panel of
ganciclovir-resistant human CMV isolates, filociclovir may be a useful
alternative therapy for patients with resistant CMV.

Several compounds well characterized in preclinical or clinical stud-
ies of other diseases have been investigated in the CMV setting. Ligia
Pierrotti concentrated on the antimalarial artemisinin compounds and
metformin which targets host electron transport chains. Artesunate
has similar efficacy to ganciclovir and may have a synergistic effect
when used in combination with other antiviral agents.’07108 |n 3
retrospective, single-center study in allo-HCT recipients, artesunate
effectively controlled CMV replication in 74% of patients, with CMV
being cleared in 19% of episodes. Treatment was tolerated by 22
patients; however, three developed hemolysis requiring artesunate to
be stopped.’%? Metformin targets host cell mitochondrial metabolism
and although most drugs targeting the mitochondria are too toxic for
therapeutic use, the safety profile of metformin has been established
previously in patients with type 2 diabetes mellitus. In the CMV setting,

metformin has been shown to reduce CMV titre. 110

5.2 | Vaccination

Despite 50 years of research, Ligia Pierrotti described how there was
still no commercially available vaccine for CMV, and she suggested that
inducing immunity in immunosuppressed individuals will be an ongo-
ing challenge. Due to multiple CMV immune-evasion strategies, CMV
can remain latent in myeloid cells for a lifetime, and vaccine candidates
will need to provide protection exceeding that of natural infection by
enhancing both humoral and cellular immune response in order to be
effective.'! Currently there is a critical lack of knowledge about the
correlates of protective immunity in different clinical settings and how
to evaluate efficacy in clinical trials.112

Eight vaccine candidates being tested in clinical trials were
described by Ligia Pierrotti, with the majority being in early phases
of development. Safety and immunogenicity have been demonstrated
with several candidates, but prevention of infection has been infre-
quently reported. ASP0113, a DNA-based vaccine containing two
plasmids encoding human CMV glycoprotein B (gB) and pp65, has been
studied in a Phase 3 trial; however, as neither overall mortality rates

nor CMV disease were reduced 1-year post transplant, and a potent
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immune response was not elicited, development was not continued.13
Of the candidates still in development, subunit vaccines have shown
promise with prevention of primary infection demonstrated in 50%
and 43% of postpartum women and adolescent females, respectively,
using a gB vaccine.’4115 |n the transplant setting, gB antibody titres
increased, and the duration of viremia and the number of days of
prophylaxis required were both significantly reduced compared with
unvaccinated recipients.'1¢ Although this vaccine is no longer in devel-
opment, a trial investigating a newer subunit vaccine combining gB and
pentamer antigens is currently recruiting (NCT05089630).117:118 |
allo-HCT recipients, intramuscular injections of a pox virus vectored
vaccine, Triplex, reduced risk of serious adverse events or grade >3
adverse events during the first 100 days post-allo-HCT by 54% and
vaccinated individuals had fewer CMV reactivations.1? High levels of
CMV-specific T cells were demonstrated and the adverse event pro-
file was similar to placebo. A chimeric peptidic vaccine, CMVPepVax,
demonstrated higher rates of relapse-free survival and significantly
less CMV reactivation compared with an observation group in a phase
1 trial of allo-HCT recipients.12 It is currently being studied in a phase
2 study (NCT02396134).121 A peptide vaccine, CMVPepVag, is also
promising as an immune response was elicited in 50% of patients and
no responder experienced reactivation in the 18 months post renal
transplant,'22 but further studies in larger cohorts are required. Ligia
Pierrotti described how live-attenuated, RNA-based and virus-like
particle vaccine platforms are still in the early stages of development.

Vaccines could play an important part in future management of
CMV by supporting early interruption of antiviral therapy and thus
minimizing the risk of toxicity and resistance. Identifying novel candi-
dates as well as continuing to study the benefits of currently available
vaccines should be a priority. Once licensed, specific recommendations
on how to use vaccines in donors and recipients will be required.

6 | HAS THE TROLL BEEN SLAIN?

The concept of the “Troll of Transplantation” was first introduced by
Henry H. Balfour in 1979,123 and progress has been in managing the
troll that is CMV post transplant. However, further improvements
are still required in order to slay the troll. In his keynote lecture,
Luciano Potena’s take-home message was that the tools are now avail-
able to develop a personalized approach to management of transplant
recipients.

The potential role for CMI had been discussed during the sympo-
sium, but based on the data presented it is clear that more information
is required before CMI becomes a routine way to predict outcomes
and guide decision making. Once CMlI is established it may become a
reliable way of identifying high-risk patients and linking them to appro-
priate therapy and a consistent method of identifying low-risk patients
to minimize over-medication.

Antiviral therapy remains limited by the risk of adverse events
and potential risk of resistance with prolonged prophylaxis potentially
resulting in late-onset viremia and graft loss.18%8 However, increased

knowledge about the influence of different induction and IST regimens
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on CMV-related outcomes is helping to ensure that patients receive
an optimized post-transplant management regimen. The future man-
agement of CMV may rely increasingly on prolonged prophylaxis or
immunomodulation either by using CMV-CTLs or CMVIG, as well as
mixed prophylaxis and pre-emptive approaches guided by CMI. The
overall profile of the patient, including the IST regimen, D/R serology,
risk of rejection, and CMI, will be the source of data to be integrated to
accurately predict the risk for CMV infection/disease.

In the context of heart transplant recipients, who with lung trans-
plant recipients are those with the highest risk of CMV infection and
disease,?? CAV remains one of the first indirect effects to be asso-
ciated with CMV, even in the modern treatment era. Several studies
show that recipients with CMV have a higher risk of CAV than patients
without CMV,124 highlighting the need to prevent CMV reactivation
to reduce the incidence of long-term adverse events. However, not all
data series agree on the association between CAV and CMV,2% sup-
porting the concept that many potential confounders may interfere
with the pathogenic mechanisms linking CAV to CMV (e.g., different
cell tropism for different CMV strains, variable interaction between
CMV and host immunity).

Finally, the quest for an effective CMV vaccine is ongoing, but
the broad range of candidates being investigated could mean that it
becomes a clinical option in the future.

In conclusion, discussions during the CMV International Symposium
highlighted that management of CMV remains complicated despite
advances that have had a substantial benefit on patient outcomes. At
an individual level, many patients are still at risk, and management of
CMV, when combined with risk of GvHD and complications of ther-
apy, remains a challenge. Luciano Potena reminded delegates to keep
patients at the heart of decision making and encouraged ongoing col-
laboration between allo-HCT and SOT settings to allow the field to
continue to advance and to achieve the ultimate goal of slaying the Troll
of Transplantation.
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