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Symptomatic cytomegalovirus (CMV) disease has been the standard endpoint for clinical trials in organ transplant recipients. Viral
load may be a more relevant endpoint due to low frequency of disease. We performed a meta-analysis and systematic review of the
literature. We found several lines of evidence to support the validity of viral load as an appropriate surrogate end-point, including
the following: (1) viral loads in CMV disease are significantly greater than in asymptomatic viremia (odds ratio, 9.3 95% confidence
interval, 4.6-19.3); (2) kinetics of viral replication are strongly associated with progression to disease; (3) pooled incidence of CMV
viremia and disease is significantly lower during prophylaxis compared with the full patient follow-up period (viremia incidence:
3.2% vs 34.3%; P < .001) (disease incidence: 1.1% vs 13.0%; P < .001); (4) treatment of viremia prevented disease; and (5) viral load
decline correlated with symptom resolution. Based on the analysis, we conclude that CMV load is an appropriate surrogate endpoint

for CMV trials in organ transplant recipients.
Keywords.
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Cytomegalovirus (CMV) is one of the most common opportunis-

tic infections after solid organ transplantation (SOT) and can pro-
duce a spectrum of illness categorized as either viral syndrome or
tissue-invasive disease [1]. Viral syndrome typically presents with
fever, fatigue, and cytopenias; published guidelines exist for appro-
priate definitions of CMV disease within particular organ groups
for use in clinical trials [2]. The natural history of CMV infection
after SOT is complex. A recipient lacking CMV immunoglobu-
lin G antibodies (seronegative) before transplant may be infected
from a seropositive donor to cause primary infection (D+/R-).
The highest risk of CMV disease occurs after primary infection
(D+/R-), followed by either reinfection or reactivation, which are
less likely to cause disease [3]. There may be a trend toward more
viremia in the D+/R+ group versus the D—/R+ group [1].

There are several laboratory methods to detect CMYV, but
most centers currently use quantitative viral load testing of
whole blood or plasma, which most commonly detects CMV
DNA using either a commercially available or in-house assay.
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Cytomegalovirus prevention strategies include either univer-
sal antiviral prophylaxis typically with (val)ganciclovir, or a
preemptive strategy that involves regular monitoring of viral
load with initiation of antiviral therapy after detection above a
certain threshold in order to prevent CMV disease [4-8]. The
choice of prevention strategy depends on patient risk factors,
including serostatus and type of transplant [1].

In the past, large randomized trials, designed primarily to
demonstrate efficacy of antiviral strategies and to obtain regu-
latory approval for prophylaxis and/or treatment indications,
have used symptomatic CMV disease as the primary endpoint.
However, more recently this primary endpoint has been ques-
tioned for a number of reasons. In current clinical practice, rates
of CMV disease are often low, in part due to prolonged proph-
ylaxis, but also due to early detection of viremia and initiation
of antiviral therapy before definitive symptoms attributable to
CMV are evident [9]. In addition, currently, the most common
form of CMV disease after SOT is viral syndrome. Although
definitions for viral syndrome exist, it is clear that it represents
a spectrum of illness that shares many overlapping features with
other infectious and noninfectious etiologies. At a recent forum
of content experts, industry, and regulatory advisors, including
the US Food and Drug Administration and European Medicines
Agency (CMV Forum, a project of the Forum for Collaborative
Research University of California, Berkeley), the issue about the
potential use of viral load as a surrogate marker in trials of CMV
prevention or treatment arose as a major question pertaining to
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development of new clinical trials. The CMV Forum delineated a
process by which the utility of CMV load as a potential accepted
surrogate endpoint in clinical trials could be more systematically
evaluated. The results of that process and systematic review are
compiled and presented here as they relate to SOT.

METHODS

Search Methods

A comprehensive search strategy was developed to identify pub-
lished English-language literature on “cytomegalovirus,” “solid
organ transplantation,” and “viral load” The search strategy
was developed by a medical librarian using a combination of
database-specific subject headings and text words. Additional
keywords were mined from sample articles and generated
through input from subject specialists on the team. The search
strategy was then customized for each database. No limits for
date were applied. Animal-only studies were excluded where
applicable, and no study-type filters were applied. Books and
conference materials were excluded from Embase results. To
ensure sensitivity, the initial strategy in MEDLINE was tested
against 7 seminal articles and modified accordingly. The follow-
ing databases were searched from inception to the date of the
search (15 December 2016): Ovid MEDLINE, Ovid MEDLINE
In-Process & Other Non-Indexed Citations, Ovid Embase,
Cochrane Database of Systematic Reviews, and Cochrane
Central Register of Controlled Clinical Trials. A supplementary
search was conducted in PubMed for non-MEDLINE records.
See the Supplementary Appendix for all search strategies. Two
authors (Y. N. and A. A.) independently assessed all studies for
risk of bias.

Inclusion and Exclusion Criteria

We included cohort studies or randomized controlled trials of
cytomegalovirus, solid organ transplantation, and viral load
where the total cohort was >20 cases. We excluded animal stud-
ies, those of primarily other pathogens, studies with no use of
quantitative polymerase chain reaction (PCR; eg, antigenemia,
mRNA, qualitative PCR), review articles /letters without any
new data, those not dealing with a solid organ transplant popu-
lation, and those that did not document blood viral load. From
included studies, we collected the following variables: number
of subjects, organ transplant types, CMV load, incidence of
CMYV viremia and disease, CMV prevention strategy (prophy-
laxis or preemptive), and follow-up period.

Data Analysis

Where relevant, meta-analysis was performed by calculating
the mean from the median and quartiles [10] and then stand-
ardizing the mean differences (SMD) between 2 groups. The log
odds ratios were estimated from SMD [11] and then meta-anal-
ysis [12] done using SAS version 9.4 (SAS Institute, Cary, NC)
using DerSimonian and Laird’s model. Heterogeneity among

studies was assessed with I° values, which show the variation
among studies that is not due to chance. The sensitivity analysis
was repeated with fixed and random models with extracted out-
liers. Publication bias was examined by Egger test and graphed
using a funnel plot [13]. Forest plots were based on the log odds
ratios and confidence intervals with a value of 1 as the refer-
ence. Where relevant, pooled incidence rates were calculated
based on the relative risk ratios (event/total) and their confi-
dence interval [14]. We used the exact method of Clopper and
Pearson in confidence interval estimation. The pooled values
are based on a fixed-effect model for study on CMV disease
during prophylaxis and a random-effects model for the other
studies. The fixed or random model, for each combined study,
was based on assessment of between-study heterogeneity.

RESULTS

Description of Studies

Our strategy resulted in 2506 potential studies. Of these, 1948
were excluded based on review of titles and abstracts because
they did not meet eligibility criteria. These included studies
that were not in human subjects or not in solid organ transplant
recipients. A total of 558 studies underwent full text review,
of which 469 were excluded for reasons outlined in Figure 1.
This left a total of 89 studies for inclusion in the systematic
review, of which a subset of studies were included in each of the
meta-analyses performed.

Records identified through database
searching (n = 4367) MEDLINE 1598;
MEDLINE in-process 201: EMBASE
2284; CDSR 7: Central 163 PubMed

(supplemental) 114

|

Records after duplicates removed
(n =2506)
Abstracts screcned Records excluded
(n =1948) (n=1390)*

|

Full-text artickes assessed

Full-text articles excluded

e +Limited or no clinical information in
foe cligibility

i obort (n=165
(0=558) patient cobort (o )

-No quantitative viral loads (n=181)
-Review/Letter (n=34)

-Cobort less than 20 (n=32)
-Duplicate study cobort (n=20)
-Stem cell transplant (n=10)

«Case coatrol study (n=1)

-Non blood specimen (n=6)

Studics included in qualitative and
quantitative synthesis

(n=89)

Figure 1. Study selection flow. *The majority of these records were excluded
because studies were qualitative, study cohort was <20 subjects, or the stud-
ies were primarily of viruses other than cytomegalovirus. Abbreviation: CDSR,
Cochrane Database for Systematic Reviews.
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Cytomegalovirus Load and Disease Prediction

We first assessed whether viral load was predictive of sympto-
matic CMV disease. Specifically we ascertained whether differ-
ences in viral load were present in patients with asymptomatic
viremia versus symptomatic CMV disease (including both viral
syndrome and tissue-invasive disease). We used any detectable
viral load as the cutoff for positivity when assessing a study. A
total of 30 studies that had addressed this question were identi-
fied [4, 15-43]. Of these 30 studies, 9 studies were natural history
studies [17-19, 32, 34, 38-41]. Ten studies were conducted with
COBAS Amplicor viral load assay, whereas the remaining stud-
ies used alternative PCR-based assays [4, 26, 29-35, 39, 41]. In
a meta-analysis, we included all studies that directly compared
these 2 groups (asymptomatic viremia vs CMV disease) (Figure
2A). As a second evaluation, we also conducted a meta-analysis

with only studies that used the COBAS Amplicor assay because
this was the most common assay used (Figure 2B). Finally, we
conducted a third meta-analysis that included only natural
history studies (defined as studies in which no prophylaxis or
preemptive therapy for asymptomatic CMV viremia is given)
(Figure 2C). In all 3 analyses, symptomatic (vs asymptomatic)
patients had a substantially and significantly greater viral load
(Table 1). In the combined analysis, the mean fold difference in
viral load for symptomatic versus asymptomatic patients was
14.9 (95% confidence interval [CI], 6.7-32.5; random-effects
model). Based on a sensitivity analysis, there was publication bias
for all included studies (P < .001). After we removed 3 outliers,
we again conducted a meta-analysis, which revealed that mean
viral load in CMV disease remained significantly higher than in
asymptomatic viremia (odds ratio [OR], 9.3; 95% CI, 4.6-19.3;

Relationship Between CMV Viral Load and Disease In Solid Organ Transplant Recipients by Study
Odds Ratio and 95% CI OR LCI ucl WR Assay Type
Madi,et al. (2015) [43] = 1.016 0.581 1.7774 46% In House....
Neto,et al. (2014) [22] ] 138.7 3465 555.36 40% In House
MGandul,et al. (2013) [23] | S | 9954 2083 47568 38% Cobas Ampliprep
Lin,et al. (2012) [36] I + { 0.603 0037 96623 28% Attus
Gerna,et al. (2011) [16] —— 3535 1.053 11.866 41% In House
Florescu,et al. (2011) [20] ] 537.7 5367 5388.1 32%  NotAvailable
Lisboa,et al. (2011) [15] | s | 9.287 1342 64.259 35% In House
Helantera,et al. (2010) [26] [ e | 6277 0.845 46.588 34% In House
Luan,et al. (2009) [27]  — e | 4997 0879 28405 3.7%  NotAvailable
Madi,et al. (2007) [28] —r— 1.089 0378 3023 43% In House
Harma, et al. (2005) [29] _ 6.709 1017 44.254 35% Cobas Amplicor
Mari‘a de,et al. (2005) [30] H— 3.955 0.701 22309 3.7%  Cobas Amplicor
Humar,et al. (2004) [31] = 9.717 529 17.847 45%  Cobas Amplicor
Chemaly, et al. (2004) [17] | m— e | 4802 0484 47617 3.2% In House
Rollag,et al. (2002) [32] | E— | 16.6 1.666 16542 32% Cobas Amplicor
Michaelides, et al. (2001) [37] | E—— 4684 0.715 30663 36% In House
Guiver,et al. (2001) [38] O S 0.397 0.035 44639 3.1% TagMan
Sia, et al. (2000) [4] ——— 2483 0557 11065 39%  Cobas Amplicor
Sia,et al. (2000) [33] [ —— 1.151 0.244 54308 38%  Cobas Amplicor
B-Muir,et al. (2000) [39] | Em—] 4689 1356 16211 41%  Cobas Amplicor
Mas,et al. (2000) [40] | 1234 1025 14858 3.0% In House
Walker,et al. (1999) [18] P 10.79 2607 44676 4.0% In House
Aitken,et al. (1999) [34] s 6.786 1.907 24.147 41%  Cobas Amplicor
Vanpoucke,et al. (1999) [35] | | 5654 0.684 46.689 33% Cobas Amplicor
Humar,et al. (1999) [41] ] 105.7 2867 389.86 41%  Cobas Amplicor
Gonzalez,et al. (1999) [42] e e | 13.62 2.008 92353 35% In House
Cope,et al. (1997) [19] ] 1745 5229 58.281 41% In House
Overall Random Model o 93 457 19.29
r T T T T T
0.01 0.1 1 10 100 1000 10000

Figure 2. Relationship between cytomegalovirus (CMV) viral load and CMV disease in organ transplant recipients by study. Odds ratio and 95% confidence intervals
are shown. A, All studies excluding outliers are shown (n = 27). Diamond symbol indicates the result of the DerSimonian-Laird random-effects model. Viral load assay

type used in the study is also indicated.
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Relationship Between CMV Viral Load and Disease In Solid Organ Transplant Recipients by Study (COBAS)

Odds Ratio and 95% CI OR LCI ucl WR
Harma,et al. (2005) [29] b 6.7097 1.0173 44.255 8.2%
Mari‘a de,et al. (2005) [30] s 3.9552 0.7012 2231 8.9%
Humar,et al. (2004) [31] - 9.71177 5.291 17.848 15%
Rollag,et al. (2002) [32] I g | 16.603 1.6663 165.43 65%
Sia,et al. (2000) [4] e 24837 0.5575 11.065 10%
Sia,et al. (2000) [33] 1  — 02443 54309  9.8014
Aitken,et al. (1999) [34] F—a— 6.7861 1.9071 24.148 1%
Vanpoucke, et al. (1999) [35] t | 5.654 0.6847 46.689 7.2%

Humar,et al. (1999) [41]

Overall Random Model —o— 7.06 3.34 14.93

—- 10572 28671 389.87 1%

0.01 0.1 1 10 100

Figure 2. B, Relationship between CMV load and disease in studies using the COBAS Amplicor Viral Load Assay (n = 10).

Maset,et al. (2000) [40]

Relationship Between CMV Viral Load and Disease In Solid Organ Transplant Recipients by Study (NATURAL)

Odds Ratio and 95% CI OR LCI ucCl WR
Chemaly,et al. (2004) [17] e S 4.8028 04844 47.618 8.6%
Rollaget,et al. (2002) [32] s 16.603 1.6663 165.43 8.6%
Guiveret,et al. (2001) [38] | — | 0.3976 0.0354 4.4639 8.4%
Winsomeet,et al. (2000) [39] —a— 4.6899 1.3568 16.211 14%

| E—— m— 12343 102.53 14858 8.3%

Walkeret,et al. (1999)[18] —a— 10.792 2.6071 44676 12%
Aitkenet,et al. (1999) [34] —a— 6.7861 1.9071 24.148 13%
Humaret,et al. (1999) [41] —a— 105.72 28.671 389.87 13%
Copeet,etal. (1997)[19] 0 17.459 5.2299 58.282 14%
Overall Random Model o 14.11 453 43.94
f T T T T T
0.01 0.1 1 10 100 1000 10000

Figure 2. C, Relationship between CMV viral load and disease in natural history studies (n = 9). Abbreviations: Cl, confidence interval; LCI, lower confidence interval;

OR, odds ratio; UCI, upper confidence interval; WR, weight (random).

random-effects model) without publication bias (P =.10) (Figure
3). For studies using only the COBAS Amplicor PCR assay, the
fold difference was 7.0 (95% CI, 3.3 to 14.9; random-effects
model). Finally for natural history studies only, the fold differ-
ence was 14.1 (95% CI, 4.5 to 43.9; random-effects model).

Viral Load Kinetics and the Risk of Cytomegalovirus Disease

We evaluated studies that assessed how viral load kinetics
(change in viral load over time) influenced the likelihood of
CMYV disease. The hypothesis was that if viral load is an appro-
priate surrogate, viral kinetics will influence the likelihood of
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Table 1. Summary of Odds Ratios of Asymptomatic Versus Symptomatic Cytomegalovirus Disease in Organ Transplant Recipients

Pooled OR (95% Cl),

Heterogeneity

Study type Number of studies Model P value (12) Studies excluded (references)
All'included studies 27 REM 9.3 (4.6-19.3), P< .001 85.8 Elfadawy et al (2013)," Lisboa et al
(2012),"® Gala-Lopez et al (2011)**
Studies using COBAS Amplicor 10 REM 71(3.3-14.9), P < .001 65.0 Helantera et al (2010)*
Viral Load Assay
Natural history studies 9 REM 14.1 (4.5-43.9), P < .001 774 None

Abbreviations: Cl, confidence interval; OR, odds ratio; REM, random-effects model.

disease development. Five studies were identified that specifi-
cally examined the change in viral load versus the risk of devel-
oping CMYV disease. The first of the 5 studies showed that the
rate of increase in CMV load between the last PCR-negative and
first PCR-positive sample was significantly faster in patients
with CMV disease (log , 0.33 versus log,, 0.19 genomes/mL
daily; P < .001) [44]. In multivariate-regression analyses, both
initial CMV load and rate of viral load increase were independ-
ent risk factors for CMV disease [44].

A second study showed that the rate of increase in viral repli-
cation was strongly associated with progression to CMV disease
[45]. A third study in lung transplant recipients,demonstrated
that 1 - log, increases in CMV DNA levels at any time point
during the first 6 months after transplant predicted CMV pneu-
monitis (sensitivity, 67%; specificity, 93%; P < .01) [37]. Another
study demonstrated a 5- to 10-fold increase in the CMV DNA
titers just prior to disease development [46]. Finally, in a study
of kidney transplant recipients, an increase in viral load of log |
0.7 copies per week also distinguished between CMV disease
and asymptomatic seropositive recipients with high sensitivity
(100%) and specificity (95%) [47]. In summary, all 5 studies
suggested that a more rapid viral load increase correlated with
the development of CMV disease.

Funnel plot with pseudo 95% confidence limits
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Figure 3. Funnel plot of studies for relationship between cytomegalovirus load
and disease (all studies excluding outliers, n = 27). Each dot represents a log odds
ratio of each study. Black line represents calculated mean log odds ratio with all
studies after excluding 3 outliers. Abbreviation: OR, odds ratio.

Viral Load During and After Antiviral Prophylaxis
We hypothesized that, if viral load was an appropriate surrogate
marker, then rates of viremia and disease may be low while a
patient was on appropriate prophylaxis and significantly higher
after discontinuation of prophylaxis. We identified 44 proph-
ylaxis studies [20, 25-27, 35-37, 48-84]. Of these, 27 studies
were identified as prophylaxis studies, whereas 17 studies were
identified as prophylaxis versus preemptive therapy studies. The
pooled incidence of CMV viremia during prophylaxis was deter-
mined for 24 studies for which sufficient data were available. The
incidence of CMV viremia during prophylaxis varied from 0%
to 18.6%. In the random-effect model, the pooled incidence of
CMV viremia while on prophylaxis was 3.2% (95% CI, 2.0%-
4.4%) (Figure 4). This contrasted with the incidence of viremia
during the entire follow-up period (this includes during and
after discontinuation of prophylaxis), which was 5.8% to 73% of
patients. After excluding 1 outlier [65], we determined a pooled
incidence for viremia of 34.3% (95% CI, 30.0%-38.6%; P < .001
vs. pooled incidence during prophylaxis) (Figure 5) (Table 2).
We next analyzed the incidence of CMV disease during
prophylaxis based on data from 22 studies. The incidence of
CMV disease during prophylaxis varied from 0% to 22.0%.
Studies showed good homogeneity (P = .10), so a fixed-effect
model was used. The pooled incidence was 0.8% (95% CI,
0.4%-1.3%) (Figure 6). In contrast, during the entire follow-up
period, CMV disease incidence ranged 0%-36.8% in 41 studies.
After excluding 1 outlier [65], we showed that the pooled inci-
dence of disease was 13.0% (95% CI, 10.5%-15.5%; random-ef-
fects model; P < .001 vs pooled incidence during prophylaxis)
(Figure 7). Therefore the incidence of viremia and disease dur-
ing prophylaxis was overall low, with the majority of viremia
and disease occurring after discontinuation of prophylaxis
(Table 2).

Therapy of Asymptomatic Viremia and Disease Prevention

We hypothesized that if viral load were an appropriate sur-
rogate marker, then therapy of asymptomatic viremia should
prevent progression to CMV disease. This is in fact the basis
of preemptive strategies for CMV disease prevention. We
identified 32 studies [23, 54-59, 62, 68, 70, 72, 76, 77, 80-83,
85-100] addressing this, of which 17 studies were prophy-
laxis versus preemptive therapy studies. The incidence of
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Pooled incidence of CMV viremia with prophylaxis method by Study (CMVid)

Absolute Risk and 95% CI n/N AR LCI ucl WR
Cameron,et al. (2017) [79] ; | 0135 0.0143 14E-5 0.1259 13%
Puttarajappa,et al. (2015) [78] — 9/48 0.1875 0.0895 0.3263 02%
Werzowa,et al. (2015) [80] — 5/109 0.0459 00151 0.1038 13%
Reischig,et al. (2015) [84*] — 8/59 0.1356 0.0604 0.2498 0.3%
Reischig,et al. (2015) [84*] | — 5160 0.0833 0.0276 0.1839 04%
Onor,et al. (2013) [54] A 361 0.0492 00103 0.1371 0.7%
Couziet al. (2012) [55] —— 2132 0.0625 0.0077 0.2081 03%
Witzke, et al. (2012) [56] s 11146 0.0068 00017 0.0376 12%
Lisboa,et al. (2011) [25] e | W71 0.0141 00036 0076 2.7%
Blanco,et al. (2011) [63] I + | 0186 0.0058 57E-6 00531 8.0%
Humar,et al. (2010) [49] H 291155 0.1871 0129 0.2575 05%
Beek,et al. (2010) [57] | 1129 0.0345 00087 01776 05%
Helantera,et al. (2010) [26] | o | 0127 0.0039 39E-6 00362 17%
Manuelet al. (2010) [71] I + | 0136 0.0139 14E5 01226 14%
Weclawiaket al. (2010) [72] } L | 01150 0.0033 33E-6 0.0307 24%
Eid,et al. (2010) [74] k + | 0144 00114 11E5 01013 21%
Luan,et al. (2009) [27] I = { 01131 0.0038 3.7E-6 0.0351 19%
Kamar,et al. (2008) [83] — 4139 0.1026 0.0287 0.2422 02%
Khourya,et al. (2006) [59] [ E—— 3/49 0.0612 0.0128 0.1687 05%
Humar et al. (2005) [51*] I + | 0/40 00125 12E5 0.1109 1.7%
Humar,et al. (2005) [51*] | E—— 2140 0.05 0.0081 0.1692 05%
Kuypers,et al. (2005) [64] —— 6154 01111 0.0419 02263 03%
Paya,et al. (2004) [52%] —— 1239 0.0293 00119 0.0594 45%
Paya,et al. (2004) [52*] - 131125 0.104 0.0565 01713 0.7%
Overall Random Model =gl 0.0323 0.0203 0.0443

T T T T T T
.00001 0.0001 0.001 0.01 0.1 1 10

Figure 4.

Pooled incidence of cytomegalovirus viremia during antiviral prophylaxis showing the absolute risk and 95% confidence intervals for each study (n = 24).

Abbreviations: AR, absolute risk; Cl, confidence interval; CMV, cytomegalovirus; LCI, lower confidence interval; N, total number of patients in the study; n, patients with the
outcome of interest (cytomegalovirus viremia); UCI, upper confidence interval; WR, weight (random). *Different cohort from same reference.

CMYV viremia with a preemptive strategy varied from 5.3%
(CMV-seropositive liver transplant recipient) to 91.7%
(CMV D+/R- kidney, liver, and heart transplant recipients)
with a pooled incidence of CMV viremia of 48.9% (95% CI,
39.6%-58.1%) (Figure 8). The incidence of CMV disease
varied from 0% to 26.3% with a pooled incidence of 6.9%
(95% CI, 5.2%-8.5%) (Figure 9). The pooled disease inci-
dence was significantly lower than the pooled viremia inci-
dence (P < .001) (Table 2).

Viral Load Response Versus Symptom Resolution

We hypothesized that, if viral load is a valid surrogate marker,
then clinical response in patients with CMV disease should
mirror virologic response. Three studies were identified that
provided relevant data [6, 101, 102]. Two studies were from
the VICTOR cohort, a large randomized trial comparing intra-
venous ganciclovir versus oral valganciclovir for the treat-
ment of CMV disease [101, 102]. Both studies demonstrated

a correlation between viral load decline and symptom resolu-
tion for both CMV tissue-invasive disease and viral syndrome
using either the COBAS Amplicor [101] assay or the Roche
Tagman international unit-based assay [102]. For example,
of 267 patients, 251 had CMV disease resolution by day 49 of
treatment. Patients with pretreatment CMV DNA of <18 200
IU/mL had a faster time to disease resolution (P = .001), and
patients with CMV load suppression at days 7, 14, and 21 had
faster times to clinical disease resolution (P = .005, <.001, and
<.001, respectively) [102]. One additional study assessed 26
patients with biopsy-proven gastrointestinal CMV disease [6].
The median time to negative viral load (22.5 days) was similar
to the median reported time to negative follow-up endoscopy
(27.0 days).

Therefore, despite a small number of studies, viral load
decline during the treatment phase seems to correlate well with
symptom resolution, and specifically, achieving viral load nega-
tivity correlates strongly with symptom response.
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Pooled incidence of CMV viremia with prophylaxis method by Study (CMVi)

Absolute Risk and 95% CI n/N AR LCI ucl WR
Cameron,et al. (2017) [79] —— 14/35 04 0.2387 05789 0.7%
Byrns,et al. (2016) [81] | | 5/39 0.1282 0.043 0.2743 1.8%
Kaminski,et al. (2016) [82] 4 38/88 04318 0.3266 05418 1.8%
Mengelle,et al. (2015) [76] —— 18/56 0.3214 0.2029 04596 1.3%
Ahufinger,et al. (2015) [77] —— 16/44 03836 0.2241 05223 1.0%
Puttarajappa,et al. (2015) [78] —— 19/48 0.3958 0.2577 05473 1.0%
Werzowa,et al. (2015) [80] 4 37/109 03394 02515 04364 25%
Reischig,et al. (2015) [84*] —— 24/59 04068 0.2807 05425 1.2%
Reischig,et al. (2015) [84*] —— 18/80 03 0.1885 04321 15%
Vu,et al. (2014) [67] = 521247 02105 0.1614 0.2667 75%
Onor,et al. (2013) [54] —— 17161 0.2787 01715 04083 1.5%
Costa,et al. (2013) [61] — 11133 0.3333 0.1796 05183 08%
Harvala,et al. (2013) [62*] —+— 12/52 0.2308 0.1253 0.3684 15%
Harvala,et al. (2013) [62*] —— 13/32 04063 0237 05936 07%
Abate,et al. (2013) [68] A 6/20 03 0.1189 05428 05%
Couzi,et al. (2012) [55] — 11132 0.3438 0.1857 05319 0.7%
Witzke, et al. (2012) [56] —— 16/146 0.1096 0.084 01719 76%
Lin,et al. (2012) [36] — 10/26 0.3846 0.2023 05943 06%
Florescu,et al. (2012) [20] —— 18/98 0.1837 0.1126 0.2747 3.3%
Kielberger,et al. (2012) [69] - 30067 04478 0.328 05742 1.4%
Kim,et al. (2012) [70] 53| 421281 0.1495 0.1099 0.1986 1%
Luan,et al. (2011) [53] HH 46/166 02771 0.2106 03518 4.2%
Lisboa,et al. (2011) [25] 4 37T 05211 0.3992 06412 14%
Blanco,et al. (2011) [63] —— 31/86 0.3805 0.2597 04712 19%
Palmer,et al. (2010) [48*] =) 42166 0.6364 0.5087 0.7513 14%
Palmer,et al. (2010) [48*] | e | 770 01 0.0412 0.1952 4.0%
Humar,et al. (2010) [49*] 4 58/155 0.3742 0.2979 04554 34%
Humar,et al. (2010) [49*] al 83/163 0.5092 04298 0.5882 33%
Beek,et al. (2010) [57] —— 16/29 05172 03253 0.7055 06%
Helantera,et al. (2010) [26] —H 41127 0.3701 0.2861 04602 28%
Manuel,et al. (2010) [71] | ——— 8/36 0.2222 0.1012 03915 1.1%
Weclawiak,et al. (2010) [72] =+ 42/150 0.28 0.2098 0.3591 3.8%
Smith,et al. (2010) [73] —— 12155 0.2182 0.1181 0.3501 1.6%
Eid,et al. (2010) [74] | — 8144 0.1818 0.0819 03271 15%
Luan,et al. (2009) [27] = 35/131 02672 0.1937 03515 34%
Jaksch,et al. (2009) [50%] — 115 07333 0449 09221 04%
Jaksch,et al. (2009) [50*] | ———— 5/17 0.2041 0.1031 05596 04%
Kamar,et al. (2008) [83] —— 13/39 0.3333 0.1909 05022 0.9%
Khourya,et al. (2006) [59] — 14149 0.2857 0.1658 04326 1.2%
Humar,et al. (2005) [51*] —— 16/40 04 0.2486 05667 0.8%
Humar,et al. (2005) [51*] —— 18/40 045 0.2926 06151 0.8%
Kuypers,et al. (2005) [64] | —_— 8/54 0.1481 0.0662 02712 22%
Paya,et al. (2004) [52*] 53 116/233 04854 04204 05506 4.9%
Paya,et al. (2004) [52*] H 61/125 0488 0.3976 0579 25%
Michaelides, et al. (2001) [37] —— 16/26 05154 04057 07977 06%
Vanpoucke, et al. (1999) [35] - 24140 06 04333 07514 0.8%
Overall Random Model e 03427 0.2995 0.3859

r T T
0.01 0.1 1 10

Figure 5. Pooled incidence of cytomegalovirus viremia for the entire follow-up period in studies using antiviral prophylaxis. Abbreviations: AR, absolute risk; Cl, confidence
interval; CMV, cytomegalovirus; LCI, lower confidence interval; N, total number of patients in the study; n, patients with the outcome of interest (cytomegalovirus viremia);
UCI, upper confidence interval; WR, weight (random). *Different cohorts from same reference.

Table 2. Summary of Pooled Incid of Cytomegalovirus Infection Depending on Prevention Method and Followup Period
Prevention method Follow-up period® Outcome No. of studies Model Pooled incidence (%) (95% ClI) Heterogeneity (), Pvalue
Prophylaxis During prophylaxis CMV viremia 24 REM 3.2 (2.0-4.4) 75.5, P < .001
During prophylaxis CMV disease 24 FEM 0.8 (0.4-1.3) 28.1, P=.10
Entire study period CMV viremia 46 REM 34.3 (30.0-38.6) 88.5, P < .001
Entire study period CMV disease 48 REM 13.0 (10.5-15.5) 90.1, P < .001
Preemptive Entire study period CMV viremia 33 REM 48.9 (39.6-58.1) 98.2, P < .001
Entire study period CMV disease 27 REM 6.9 (5.2-8.5) 78.6, P < .001

Abbreviations: Cl, confidence interval; CMV, cytomegalovirus; FEM, fixed-effects model; REM, random-effects model.
“Entire study period includes complete study follow-up, including during and after prophylaxis.
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Mengelle,et al. (2015) [76'
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Humaretal. (2005) [51%] | " |

Kuypers,et al. (2005) [64]

Overall Fixed Model |

n/N AR LCI ucl WR

0/35 0 0.0143 14E-5 0.1259 12%
2156 0 0.0357 0.0044 0.1231 0.8%
9/48 0 01875 00895 03263 02%
059 0 0.0085 8.3E-6 0.0765 34%
0/60 0 0.0083 8.1E-6 0.0753 35%
0/61 0 0.0082 8E-6 0.0741 36%
032 0 0.0156 15E-5 0.1369 1.0%
5/98 0 0.051 0.0168 0.1151 1.0%
41166 0 0.0241 0.0066 0.0605 34%
071 0 0.007 6.9E-6 0.0639 49%
0/86 0 0.0058 5.7E-6 0.0531 72%
117155 0 0071 0.036 0.1234 1.1%
029 0 00172 17E-5 0.1501 08%
01127 0 0.0039 3.9E-6 0.0362 16%
0/36 0 00139 14E-5 01226 13%
0/150 0 0.0033 3.3E-6 0.0307 22%
0/44 0 00114 11E-5 01013 19%
0/131 0 0.0038 3.7E-6 0.0351 17%
2132 0 0.0625 0.0077 0.2081 0.3%
0/61 0 0.0082 8E-6 0.0741 36%
0/49 0 0.0102 10E-6 0.0914 24%
0/40 0 00125 12E-5 0.1109 16%

0/40 0 0.0125 12E-5 0.1109 16%

2154 0 0.037 0.0045 0.1275 0.7%

0 0.0086 0.0043 0.0129

T T
.00001 0.001 0.1

Figure 6. Pooled incidence of cytomegalovirus disease during antiviral prophylaxis. Abbreviations: AR, absolute risk; LCI, lower confidence interval; N, total number of
patients in the study; n, patients with the outcome of interest (cytomegalovirus disease); UCI, upper confidence interval; WR, weight (random). *Different cohorts from same

reference.

DISCUSSION

We conducted a systematic review and meta-analysis of data
related to quantitative viral load testing for CMV and its poten-
tial utility as a surrogate marker in clinical trials of CMV after
SOT. Viremia is considered a marker of viral lytic cycle activ-
ity, which is important for CMV disease development. To bet-
ter define this, we assessed specific aspects related to different
trial designs and indications of antivirals (prophylaxis, preemp-
tive, and treatment). Five predefined and separate areas were
examined to arrive at an overall understanding of the potential
of viral load testing as a surrogate marker. First, we assessed
whether viral load was higher in patients with asymptomatic

viremia versus symptomatic CMV disease. We found the fold
difference in viral load was much greater in disease versus
asymptomatic viremia, (9.3, 7.0, 14.1 with all included studies,
trials, studies using only the COBAS Amplicor PCR assay, and
natural history studies, respectively). We then assessed whether
the rate in change of viral load was predictive of CMV disease.
The number of studies was smaller, but each demonstrated a
consistent effect relating viral load kinetics to likelihood of dis-
ease development. In the third section, we reviewed viremia
and disease during prophylaxis versus the entire period of fol-
low-up. The pooled analysis demonstrated low rates of viremia
and disease during periods of antiviral prophylaxis compared
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Pooled incidence of CMV viremia with prophylaxis method by Study (CMVd)

Absolute Risk and 95% CI nN AR LCI ucl WR
Byms, et al. (2016) [81] — 5139 01282 0043 02743 0.4%
Mangelle,et al. (2015) [76] [ —— 4156 00714 0.0198 0.1729 11%
Ahufinger,et al. (2015) [77] — 844 0.1818 00819 03271 0.4%
Puttarajappa,et al. (2015) [78] — 15148 03125 01866 0.4625 03%
Werzowa,et al. (2015) [80] —_—- 1109 0.0092 00023 0.0501 16%
Reischig,et al. (2015) [84"] —_— 1159 0.0169 00043 0.0909 4.4%
Reischig,et al. (2015) [84"] — 3560 005 00104 0.1392 16%
Vu,et al. (2014) [67] —- 447 0.0162 0.0044 0.0409 19%
Onor,et al. (2013) [54] o1 0.0082 BE6 00741 9.4%
Durand,et al. (2013) [60] 2081 02469 01578 0.3553 05%
Costa,et al. (2013) [61] _ 333 00309 00192 0.2433 05%
Harvala,et al. (2013) [62*] — 10/52 01923 0.0963 0.3263 0.4%
Harvala,et al. (2013) [62"] — 1032 03125 0.1612 0.5001 0.2%
Abate,et al. (2013) [68] e e 1720 005 00013 0.2487 05%
Couzi,et al. (2012) [55] [m— 532 0.1563 00528 0.3279 0.3%
Witzke, et al. (2012) [56] —— 11146 00753 00382 0.1308 26%
Florescu,et al. (2012) [20] —— 7198 0.0714 0.0292 0.1416 18%
Kielberger,et al. (2012) [69] —t— 487 0.0537 00165 0.1459 15%
Kim,et al. (2012) [70] H 377281 01317 0.0944 0.1769 31%
Luan,et al. (2011) [53] — 301166 0.1807 0.1254 0.2478 14%
Lisboa,et al. (2011) [25] A 2971 0.4085 02932 05316 0.4%
Blanco,et al. (2011) [63] —t 7186 0.0814 00334 0.1605 14%
Palmer,et al. (2010) [48"] 21586 03182 0.2089 0.4444 0.4%
Palmer,et al. (2010) [48*] P 370 00429 0.0089 0.1202 21%
Humar,et al. (2010) [49*] 25/155 0.1613 0.1072 0.2288 14%
Humar,et al. (2010) [49'] 60/163 03681 0294 04471 09%
Beek,et al. (2010) [57] + 0129 00172 17E5 0.1501 2.1%
McGillicuddy,et al. (2010)[58] — am 0.0563 00156 0.138 17%
Helantera,et al. (2010) [26] 43127 03386 0257 04279 07%
Manuel,et al. (2010) [71] — 413 01111 00311 0.2606 05%
Weclawiak,et al. (2010) [72] —— 41150 0.0267 0.0073 0.0669 7.2%
Smith, et al. (2010) [73] _ 2055 0.0364 0.0044 0.1253 2.0%
Eid,et al. (2010) [74] — si44 01138 00379 02456 05%
Luan,et al. (2009) [27] 32131 02443 01735 0327 0.9%
Jaksch,et al. (2009) [50*] [ m— 6115 04 0.163¢ 06771 0.1%
Jaksch,et al. (2009) [50"] —_ n7 0.1176 00146 0.3644 0.2%
Walker,et al. (2007) [66"] — 132 0.3438 0.1857 05319 0.2%
Walker,et al. (2007) [66"] L ——— 261 00328 0.004 0.1135 24%
Khourya,et al. (2006) [59] — 419 0.0816 0.0227 0.195 0.8%
Park,et al. (2006) [75*] _— 2149 0.0408 0.005 0.13%8 16%
Park,et al. (2006) [75"] [ —m— 260 00333 0.0041 0.1153 23%
Humar,et al. (2005) [51*] —t 8140 02 00905 0.3565 03%
Humar,et al. (2005) [51*] — 7140 0175 0.0734 0.3278 0.3%
Kuypers,et al. (2005) [64] —_ 364 0.0556 00116 0.1539 13%
Paya,et al. (2004) [52*] H 411239 01715 0126 0.2254 21%
Paya,et al. (2004) [52*] —— 2125 0184 0.1204 0.2632 1.0%
Michaelides, et al. (2001) [37] — 9126 0.3462 01721 0.5567 0.1%
Vanpoucke, et al. (1999) [35] — 14140 035 02063 05168 0.2%
Overall Random Model Ld 0.4301 01053 0.1548

T T T T T T
.00001 0.0001 0.001 0.01 0.1 1 10

Figure 7. Pooled incidence of cytomegalovirus disease for the entire follow-up period in studies using antiviral prophylaxis. Abbreviations: AR, absolute risk; LCI, lower
confidence interval; N, total number of patients in the study; n, patients with the outcome of interest (cytomegalovirus disease); UCI, upper confidence interval; WR, weight

(random). *Different cohorts from same reference.

with a significantly higher pooled incidence of viremia and dis-
ease in the total follow-up period of the trial. We next reviewed
the pooled data on treatment of asymptomatic viremia and
the development of CMV disease (preemptive strategy). We
observed that the pooled incidence of asymptomatic viremia
was 48.9% and the pooled incidence of disease was 6.9%, sug-
gesting that treatment of asymptomatic viremia results in a low
incidence of subsequent disease. Finally, we assessed treatment
studies, which linked symptom resolution to virologic response.
The number of studies was small but strongly indicated that
clearance of viremia correlated with symptom resolution.

Although these data in isolation do not provide defini-
tive proof for the utility of viral load as a surrogate endpoint,
when taken together, they provide compelling rationale that
this may be a reasonable primary outcome in clinical trials.
Given the low incidence of CMV disease in most modern
clinical settings, coupled with difficulties in the definitive
clinical diagnosis of CMV disease after SOT (especially viral
syndrome), CMV load may in fact be a preferable and more
robust endpoint.

This systematic review and meta-analysis has several limita-
tions for each of the areas analyzed. In all cases, we combined
data across studies to estimate effect sizes or associations.
However, studies by their nature often include different trans-
plant types, different immunosuppression drugs (eg, different
induction agents or rejection episodes), and other factors that
may result in heterogeneity of populations. For example, the
studies by Lin et al and Guiver et al were less supportive of
the link between CMV load and disease likely due to relatively
small sample sizes. Analysis-specific limitations were also pres-
ent. For example, in the analysis of viral load in asymptom-
atic versus symptomatic patients, viral load assays (including
in-house assays), disease definitions, and different prophylac-
tic regimens all likely influence the outcome. To better con-
trol for this, we also assessed just studies that used the COBAS
Amplicor assay (as the most common viral load assay) and
natural history studies. We also did not differentiate viral loads
between CMV syndrome and end-organ disease because a very
small number of studies addressed these differences. This ana-
lysis is also difficult to interpret because some patients labeled
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Pooled incidence of CMV viremia with preemptive method by Study (CMVi)

Absolute Risk and 95% CI n/N AR LCl ucl WR
Leone,et al. 100(2016) [100] —— 24/40 08 04333 07514 06%
Byrns,et al. (2016) [81] —— 21/58 0.3621 0.2399 04988 0.9%
Caston,et al. (2016) [98*] 4 37/81 04568 0.3456 05713 12%
Caston,et al. (2016) [98*] i 1012 08333 05159 0.9791 0.3%
Schneider,et al. (2016) [99] H 81/100 081 0.7193 08816 25%
Kaminski,et al. (2016) [82] - 39/80 04875 0.3741 05019 12%
Mengelle,et al. (2015) [76] —H 4213 05753 04541 06903 1.1%
Aldridge, et al. (2015) [96] HH 1101236 04661 04011 05319 36%
Werzowa,et al. (2015) [80] - 4078 05128 0.3969 06277 1.2%
Ahufinger,et al.(2015) [77] — 13131 04194 02485 06092 05%
Onor,et al.(2013) [54] —— 24148 05 0.3523 06477 0.7%
Gandula,et al. (2013) [23] H 80/141 05674 04814 06505 2.2%
Harvala,et al. (2013)[62*] —=— 18/172 0.1047 0.0832 0.1603 6.9%
Harvala,et al. (2013) [62*] ] 10/188 0.0532 0.0258 00955 14%
Abate,et al. (2013) [68] —H 5§3/120 04417 03511 05352 1.8%
Couzi,et al. (2012)[55] == 48/80 06 0.4844 0.708 13%
Witzke, et al. (2012)[56] =4 58/150 0.3867 03084 04895 24%
Atabani,et al. (2012)[87*] A 136/321 04237 0.389 04798 50%
Atabani,et al. (2012) [87*] L 168/368 04293 0.3782 04817 57%
Mulleret al. (2012) [88] = 51/159 0.3208 0.249 0.3993 28%
Wadhawan,et al. (2012) [91] [ 40/308 0.1307 0.0951 01737 10%
Watcharananan,et al. (2012)[92] —— 36218 0.1651 0.1184 02212 6.0%
Kim,et al. (2012) [70] = 32/281 0.1139 00792 0.1569 1%
Gerna,et al. (2011) [16] L] 110124 0.8871 08178 09369 47%
Beek,et al. (2010) [57] 4 29/42 06905 05291 08238 0.7%
Sun,et al. (2010) [89] 4 83117 05385 04439 05631 1.8%
Weclawiak,et al. (2010) [72] H 89/132 06742 05873 07532 2.3%
Reischig,et al. (2008) [86] (= 33/36 09167 07753 09825 1.8%
Kamar,et al. (2008) [83] H 94/151 06225 05401 07 24%
Walker,et al. (2007) [66] H 67/110 06091 05114 0.7007 1.7%
Pillet,et al. (2006) [90] — 27142 06429 04803 0.7845 0.7%
Khourya,et al. (2006) [59] | 29/49 05918 04421 073 08%
Smallwood,et al. (2001) [95] | S——| 25 028 0.1207 04939 05%
Overall Random Model aal 04889 0.3963 05815

f T T
0.01 0.1 1 10

Figure 8. Pooled incidence of cytomegalovirus viremia in studies using preemptive method. Abbreviations: AR, absolute risk; LCI, lower confidence interval; N, total number
of patients in the study; n, patients with the outcome of interest (cytomegalovirus disease); UCI, upper confidence interval; WR, weight (random). *Different cohorts from

same reference.

as syndrome may have had end-organ disease but did not have
a biopsy to prove it. Finally, there are limited pediatric data,
and the results presented here may not be generalizable to this
population.

Although CMYV viremia can be associated with end-organ
disease, there are exceptions, including occasional patients
who develop CMV disease (especially gastrointestinal dis-
ease) with an undetectable viral load [6]. The pathogenesis
of end-organ disease in the absence of viremia is uncertain
but may reflect local organ-restricted CMV reactivation,
something that may behave differently in primary infection
versus reactivation or reinfection. Similarly, assessment of
viral load in specific organs or tissues such as bronchoal-
veolar lavage fluid is not included in this analysis. Future
clinical trials of candidate CMV drugs or vaccines should
therefore attempt to differentiate among primary infection,

reinfection, and reactivation and consider that the validity
of CMV viremia as a surrogate marker may differ in these
different types of infection.

This study was not designed to address the question of opti-
mal viral thresholds, and as noted in the CMV Consensus
Guidelines, there are insufficient data for this [1]. The major-
ity of studies analyzed in this review used viral load in copies
per milliliter rather than the international standard; however,
the use of the international standard is to assist in comparison
across laboratories [103], whereas the purpose of this analysis
was to assess the potential for surrogacy of viral load regardless
of how it is measured.

The findings in this study are consistent with published
data in other areas. For example, in human immunodefi-
ciency virus patients, CMV viremia has been shown to be an
independent predictor of mortality [104, 105]. In addition,
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Pooled incidence of CMV viremia with preemptive method by Study (CMVd)

Absolute Risk and 95% CI n/N AR LCI ucl WR
Leone,et al. (2016) [100] | — | 3/40 0075 0.0157 0.2039 0.7%
Byrns,et al. (2016) [87] — /58 0.1207 0.0499 0233 06%
Mengelle,et al. (2015) [76] —— LE) 0.0959 0.0394 0.1876 10%
Werzowa,et al. (2015) [80] — 5/78 0.0641 0.0211 01433 15%
Sood,et al. (2015) [97] | 2138 0.0526 0.0064 01775 09%
Ahufinger.et al. (2015) [77] | ——— 4131 0129 0.0363 02983 0.3%
Onor,et al. (2013) [54] ; + | 0/48 0.0104 00001 00933 55%
Gandula,et al. (2013) [23] — 9/141 00638 0.0296 01177 28%
Harvala,et al. (2013) [62*] = 161172 0.093 0.0541 0.1487 24%
Harvala,et al. (2013) [62*] ] 51188 0.0266 0.0087 0061 86%
Abate, et al. (2013) [68] P 21120 0.0167 0.002 0.0589 8.7%
Couzi et al. (2012) [55] | 21/80 02625 0.1704 03729 05%
Witzke, et al. (2012) [56] (e 241150 0.16 0.1053 02286 13%
Atabani,et al. (2012) [87*] - 23321 00717 0.046 0.1056 5.7%
Atabani,et al. (2012) [87%] =4 211368 0.0571 0.0357 0.0859 8.1%
Muller,et al. (2012) [88] —— 6/159 0.0377 0014 0.0803 5.2%
Wadhawan,et al. (2012) [91] = 91306 0.0294 0.0135 00551 13%
Watcharananan,et al. (2012)[92] - 18/218 0.0826 0.0497 01274 34%
Kim,et al. (2012) [70] == 261281 0.0925 0.0613 0.1326 4.0%
Gerna,et al. (2011) [16] — 8124 0.0645 0.0283 0.1232 24%
McGillicuddy,et al. (2010) [58] —— 159 0.1186 0.0491 0.2293 0.7%
Sun,et al. (2010) [89] - 1117 0.0085 00022 0.0467 16%
Weclawiak,et al. (2010) [72] —— 131132 0.0985 0.0535 0.1625 18%
Reischig,et al. (2008) [86] P 2136 0.0556 0.0068 0.1866 08%
Walker,et al. (2007) [66] - 171110 0.1545 0.0927 0.2359 1.0%
Khourya,et al. (2006) [59] —+— 1149 0.0204 00052 0.1085 2.9%
Smallwood,et al. (2001) [95] | E— 4125 0.16 0.0454 03608 0.2%
Overall Random Model o} 0.0685 0.0521 0.085

r T T T T T
.00001 0.0001 0.001 0.01 0.1 1 10

Figure 9.

Pooled incidence of cytomegalovirus disease in studies using preemptive method. Abbreviations: AR, absolute risk; LCI, lower confidence interval; N, total

number of patients in the study; n, patients with the outcome of interest (cytomegalovirus disease); UCI, upper confidence interval; WR, weight (random). *Different cohorts

from same reference.

for other viruses, including hepatitis C virus, hepatitis B
virus, and human immunodeficiency virus, viral load is
routinely used as a surrogate endpoint in clinical trials. For
example, recent trials of direct-acting antivirals for HCV
routinely use virologic clearance as their primary endpoint
[106, 107].

In conclusion, we performed a systematic review of viral load
testing in different types of CMV-related trials in solid organ
transplant recipients (prophylaxis, preemptive, and treatment).
Based on this systematic review, we conclude that viral load
likely predicts clinical endpoints in CMV trials in solid organ
transplant recipients and may have some logistic and practical
benefits over clinical endpoints. Overall, use of viral load as a
surrogate endpoint in clinical trials may help speed up devel-
opment of new antiviral agents and new diagnostics such as
cell-mediated immunity assays.
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