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Cidofovir is frequently used to treat life-threatening human adenovirus (HAdV) infections in immunocom-
promised children after hematopoietic stem cell transplantation (HSCT). However, the antiviral effect irre-
spective of T cell reconstitution remains unresolved. Plasma HAdV DNA levels were monitored by real-time
quantitative PCR during 42 cidofovir treatment episodes for HAdV viremia in 36 pediatric allogeneic HSCT
recipients. HAdV load dynamics were related to T and natural killer (NK) cell reconstitution measured by flow
cytometry. To evaluate the in vivo antiadenoviral effect of cidofovir, we focused on 20 cidofovir treatment
episodes lacking concurrent T cell reconstitution. During 2 to 10 weeks of follow-up in the absence of T cells,
HAdV load reduction (n ¼ 7) or stabilization (n ¼ 8) was observed in 15 of 20 treatments. Although HAdV load
reduction was always accompanied by NK cell expansion, HAdV load stabilization was measured in 2 children
lacking both T and NK cell reconstitution. In cases with T cell reconstitution, rapid HAdV load reduction
(n ¼ 14) or stabilization (n ¼ 6) was observed in 20 of 22 treatments. In the absence of T cells, cidofovir
treatment was associated with HAdV viremia control in the majority of cases. Although the contribution of NK
cells cannot be excluded, cidofovir has the potential to mediate HAdV load stabilization in the time pending
T cell reconstitution.

� 2015 American Society for Blood and Marrow Transplantation.
INTRODUCTION
Human adenoviruses (HAdV) are nonenveloped double-

stranded DNA viruses. Currently, more than 50 serotypes
have been described. In healthy individuals, HAdV infections
cause self-limiting infections, such as conjunctivitis, upper
respiratory tract, urinary tract, or gastrointestinal infections
[1]. In pediatric hematopoietic stem cell transplantation
(HSCT) recipients, HAdV reactivations or primary infections
can progress to viremia and disseminated disease. It is
broadly accepted that T cells are essential for the protection
from and clearance of HAdV viremia [2-4]. However, in the
absence of T cell surveillance, the mortality of HAdV viremia
is high because of progression to HAdV-related multiorgan
failure [4-9].
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The adoptive transfer of donor-derived adenovirus-spe-
cific T cells is a promising treatment [3-10], but it is not
available in all transplantation centers. Therefore, preemp-
tive pharmacological treatment is of great importance for the
majority of patients with HAdV viremia. To this end, ribavirin
and cidofovir have been explored. The evidence for a bene-
ficial effect of ribavirin is limited to case reports and ribavirin
could not prevent the progression of HAdV viremia in the
absence of lymphocyte reconstitution [11]. Cidofovir (Vistide,
Gilead Sciences Inc, Foster City, CA), a monophosphate
nucleotide analogue with in vitro antiviral activity against
different HAdV strains [12-15], is a widely used antiviral
agent for HAdV infections after HSCT.

A number of studies have addressed the antiadenoviral
effect of cidofovir, but results are highly variable, with
treatment successes ranging from 24% to 98% [16-22]. The
discrepancies in cidofovir’s effectiveness might be related to
the fact that HAdV viremia and cidofovir treatment generally
occur during the critical phase of lymphocyte reconstitution
after HSCT [4-7]. When T cell reconstitution is not taken into
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Table 1
Patient and Cidofovir Treatment Characteristics

Characteristics Value

Patient characteristics (n ¼ 36)
Age, median (range), yr 4.5 (.5-18)
HSCT indication
Primary immunodeficiency 8 (22%)
Benign hematological disorder 12 (33%)
Hematological malignancy 16 (44%)

Conditioning
Reduced intensity 6 (17%)
Myeloablative 30 (83%)

Donor type
Identical related donor 2 (6%)
Other related donor 7 (19%)
Matched unrelated donor 27 (75%)

Graft source
Bone marrow, T cellereplete 16 (44%)
Bone marrow, T celledepleted 1 (3%)
PBSC, T cellereplete 2 (6%)
PBSC, T celledepleted 8 (22%)
Cord blood 9 (25%)

Serotherapy
Antithymocyte globulin 23 (64%)
Alemtuzumab 13 (36%)

GVHD prophylaxis
None 4 (11%)
CsA 3 (8%)
CsA þ methotrexate 18 (50%)
CsA þ methylprednisolone 9 (25%)
CsA þ MMF 2 (6%)

Acute GVHD � grade II 5 (14%)
Cidofovir treatment

1 Episode 30 (83%)
2 Episodes 6 (17%)

First day plasma HAdV DNA level >1.7 log c/mL*,
median (range)

20 (3-96)

First day plasma HAdV DNA level 2x > 3 log
c/mL*, median (range)

28 (8-117)

First day of first cidofovir treatment episode*,
median (range)

29 (7-121)

Final outcome
HAdV clearance 27 (75%)
Death from HAdV/MOF 6 (17%)
Death from other cause 3 (8%)

Cidofovir-treatment episodes (n ¼ 42)
Day start cidofovir*, median (range) 31 (7-214)
Plasma HAdV DNA level at start, median (range),

log c/mL
4.1 (1.7-6.5)

Treatment duration, median (range), d 16 (1-99)

PBSC indicates peripheral blood stem cells; GVHD, graft-versus-host
disease; CsA, cyclosporin A; MMF, mycophenolate mofetil; HAdV/MOF,
HAdV-related multiorgan failure.
Data presented are n (%) unless otherwise indicated.

* Day after HSCT.
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account, this will result in a biased evaluation of the effect
of cidofovir. An unbiased evaluation of the in vivo anti-
adenoviral effect of cidofovir is required because the use
of cidofovir is associated with considerable nephrotoxicity
[21-24].

In this study, we aimed to evaluate the in vivo antiviral
effect of cidofovir in patients with HAdV viremia after
pediatric HSCT without the confounding effect of concomi-
tant T cell reconstitution. Hereto, we monitored the change
of plasma HAdV DNA levels during cidofovir treatment,
focusing on cidofovir treatments in the absence of T cell
reconstitution.

METHODS
Ethics Statement

Transplantations were performed according to European Society for
Blood and Marrow Transplantation guidelines. Peripheral blood samples
were routinely obtained. Data were analyzed after approval by the institu-
tional review board (protocol P01.028 and P02.099). Informed consent was
provided by the patient and/or a parent or guardian.

Patients and Cidofovir Treatment
Between January 2003 and December 2012, 321 children received 363

transplantations at the pediatric HSCT unit of the Leiden University Medical
Center. Thirty-nine HSCT recipients were treated with cidofovir for HAdV
viremia. One patient was not evaluable, as she died from pre-existent
neurodegenerative disease within the first 2 weeks of treatment. From 2
other patients, no follow-up of the plasma HAdV DNA levels (HAdV load)
was available, leaving 36 evaluable HSCT recipients. Six patients received 2
separate cidofovir treatment episodes for the same HAdV viremia and were
analyzed twice. In total, 42 cidofovir treatment episodes were analyzed
(Table 1).

In general, cidofovir treatment was initiated preemptively when the
HAdV load was 3 log (1000) viral DNA copies/mL (c/mL) at 2 consecutive
time points [6]. Reasons to stop treatment were the following: >1 log HAdV
load reduction accompanied by a dynamic increase in lymphocyte numbers,
HAdV load stabilization at levels below 3 log c/mL, nephrotoxicity, or
treatment failure. Cidofovir was administered intravenously thriceweekly at
1 mg/kg body weight [18]. Supportive care consisted of hyperhydrationwith
intravenous saline (3 L/m2 body surface per 24 hours) and oral probenecid
(25 mg/kg) at �3, þ1, and þ8 hours from the start of cidofovir infusion [23].
Other antiviral drugs were discontinued during cidofovir treatment. See
Supplemental Methods and Supplemental Table S1 for a detailed description
of patient inclusion and HSCT characteristics.

Monitoring of HAdV Plasma DNA Levels and Lymphocyte Reconstitution
HAdV reactivations were routinely monitored through twice weekly

plasma screening for viral DNA by real time quantitative PCR as described
previously [25]. The lower level of detection of this assay was 1.7 log viral
DNA c/mL. Monitoring was initiated at day þ3 after HSCT and continued
until T cells reached 300 cells/mL of peripheral blood. To monitor immune
reconstitution, peripheral blood white blood cell counts, including full
leukocyte differentiations, were performed 2 to 3 times per week. The lower
level of detection of lymphocytes was 10 to 20 cells/mL. Flow cytometric
analysis was performed weekly to quantify (natural killer) NK and T cell
reconstitution as described in the Supplemental Methods and Supplemental
Table S2. T cells were defined as CD3þ cells in the CD45þ CD33/CD235a/
CD14- lymphocyte gate and NK cells were defined as CD3- CD56þ cells in the
lymphocyte gate.

Definitions of HAdV Load Dynamics and Lymphocyte Reconstitution
during Cidofovir Treatment

HAdV load dynamics was evaluated during cidofovir treatment.
Reduction and increase were defined as a � 1 log (10-fold) change of the
HAdV load. Stabilization was defined as a <1 log change in HAdV load. Both
reduction and stabilization of the HAdV load were regarded as viremia
control. To discriminate between the (potential) effect of T cell reconstitu-
tion and cidofovir treatment on HAdV load dynamics, we applied the low
threshold of 50 T cells/mL of peripheral blood to define T cell reconstitution.

We first analyzed HAdV load dynamics in 42 cidofovir treatments
without (n ¼ 20) and with (n ¼ 22) T cell reconstitution in the first 2 weeks
after treatment initiation. Subsequently, we focused on the 20 cidofovir
treatments in the absence of concomitant T cell reconstitution. In this group,
the HAdV load change was evaluated between treatment initiation and
1 week after the last dose of cidofovir. In cases with T cell reconstitution
before the end of treatment (n ¼ 6), follow-up was stopped 1 week before
T cell numbers reached 50 cells/mL to exclude the confounding effect of
T cells on the HAdV load.

Statistical Analysis
Statistical analysis was performed using SPSS Statistics 20 (IBM SPSS

Inc., Chicago, IL). GraphPad Prism 6.00 (GraphPad Software, San Diego, CA)
was used to construct figures. Because data did not follow Gaussian distri-
bution, the Mann-Whitney U test was used for the analysis of numerical
parameters. Pearson’s chi-square tests were used for analysis of categorical
parameters.

RESULTS
Characteristics of Cidofovir-treated Patients

The effect of cidofovir treatment on the HAdV load was
evaluated in 36 HSCT recipients, of whom the characteristics
are summarized in Table 1 and Supplemental Table S1. Six
patients received a second cidofovir treatment episode



Table 2
Details of human adenovirus viremia, cidofovir treatment, lymphocyte reconstitution and HAdV load dynamics

UPN HAdV Viremia CDV Treatment Lymphocyte Reconst. HAdV Load Change#

First Day
PCRþ*

Day PCR
2� >3 Log*

Load at
Start CDVy

Sero-
type

Species Treatment
No.

Day
Start*

Durationz T Cellx NK Cellk Steroids{ Day 14z Last Day
Follow-upz,**

Reason Stop
Follow-up**

T cells <50 cells/mL
14 days after start
cidofovir

543.1a 14 19 5.9 31 A 1 28 9 - þ - Y Y (14) Stop CDV
549.1 19 30 3.8 2 C 1 30 7 - þ - Y Y (14) Stop CDV
555.1 8 23 3.6 31 A 1 28 7 - þ - Y Y (14) Stop CDV
808.1 12 23 4.2 ? ? 1 23 21 - þ - Y Y (28) Stop CDV
600.1a 26 29 3.8 1 C 1 30 49 - þ þ ¼ Y (56) Stop CDV
616.1 13 20 4.4 3,31 B,C 1 17 27 - þ þ ¼ Y (28) T cell �50
721.1 39 - 2.4 ? ? 1 44 37 - þ þ ¼ Y (42) Stop CDV
514.3 20 27 4.4 2 C 1 31 14 - þ - ¼ ¼ (21) Stop CDV
543.1b n.a. n.a. 5.7 2,31 A,C 2 55 41 - - - ¼ ¼ (35) T cell �50
554.2 17 53 5.4 1 C 1 53 8 - - - ¼ ¼ (14) Stop CDV
560.1 27 48 4.9 5 C 1 48 42 - þ þ ¼ ¼ (35) T cell �50
625.2 43 - 2.3 1 C 1 59 9 - þ - ¼ ¼ (14) Stop CDV
648.2 70 75 4.3 31 A 1 78 50 - - - ¼ ¼ (14) T cell �50
681.1a 24 34 2.9 ? ? 1 40 7 - - - ¼ ¼ (14) Stop CDV
545.1b n.a. n.a. 2.6 5,31 A,C 2 39 64 - - þ ¼ [ (70) Stop CDV
551.1 19 33 2.7 31 A 1 21 47 - þ - [ ¼ (56) Stop CDV
613.1 40 46 4.1 5 C 1 44 17 - - þ [ [ (21) Stop CDV
719.1 5 8 4.0 31 A 1 7 28 - þ - [ [ (14) T cell �50
799.1 25 39 2.1 31 A 1 28 40 - - - [ [ (14) T cell �50
804.1 7 16 3.8 31 A 1 17 11 - þ - [ [ (21) Stop CDV

T cells �50 cells/mL
14 days after start
cidofovir

558.1 14 19 1.7 31 A 1 23 7 þ þ - c n.a. T cell �50
586.1 61 75 4.5 1 C 1 77 12 þ - - c n.a. T cell �50
648.1 6 - 2.8 31 A 1 17 14 þ þ þ c n.a. T cell �50
681.1b n.a. n.a. 2.3 ? ? 2 95 3 þ - - c n.a. T cell �50
697.1 5 23 4.3 ? ? 1 21 12 þ - - c n.a. T cell �50
732.1 10 20 4.4 ? ? 1 19 1 þ þ - c n.a. T cell �50
787.1b n.a. n.a. 2.4 ? ? 2 112 21 þ - - c n.a. T cell �50
816.1 5 22 4.2 31 A 1 23 11 þ þ - c n.a. T cell �50
817.1 34 37 3.3 ? ? 1 38 10 þ - - c n.a. T cell �50
515.2 12 16 6.5 1,2 C 1 16 24 þ þ þ Y n.a. T cell �50
587.1 20 - 4.1 31 A 1 31 7 þ þ - Y n.a. T cell �50
594.1b n.a. n.a. 6.0 1 C 2 214 73 þ - - Y n.a. T cell �50
600.1b n.a. n.a. 4.9 1 C 2 100 10 þ - - Y n.a. T cell �50
823.1 20 23 4.9 ? ? 1 22 12 þ þ - Y n.a. T cell �50
515.1 65 72 4.3 2 C 1 79 48 þ - þ ¼ n.a. T cell �50
545.1a 3 10 3.9 5 C 1 10 15 þ - - ¼ n.a. T cell �50
594.1a 21 28 3.9 1 C 1 32 80 þ þ þ ¼ n.a. T cell �50
597.1 5 12 4.2 31 A 1 8 99 þ - þ ¼ n.a. T cell �50
686.2 87 101 3.6 2 C 1 107 15 þ þ - ¼ n.a. T cell �50
787.1a 18 20 3.1 1 C 1 20 28 þ - þ ¼ n.a. T cell �50
634.1 96 117 5.4 2 C 1 121 36 þ - þ [ n.a. T cell �50
671.1 52 66 2.3 1 C 1 48 70 þ - þ [ n.a. T cell �50

UPN indicates unique patient number; n.a., not applicable; ?, not analyzed; CDV, cidofovir.
Treatments are ordered based on T cell reconstitution and HAdV load change. The decimal denotes the first, second or third HSCT and the letter indicates the cidofovir treatment episode.

* Days after hematopoietic stem cell transplantation (HSCT).
y Plasma HAdV DNA levels in log copies per millilter.
z Days from start cidofovir treatment.
x T cell numbers in peripheral blood �50 cells/mL within 14 days after treatment initiation.
k �5-fold expansion of NK cell number in peripheral blood.
{ Prednisone �1 mg/kg body weight during cidofovir treatment.
# Reduction (Y)/Increase ([): plasma HAdV DNA levels changed�1 log c/mL after initiation of cidofovir treatment. Stabilization (¼):<1 log c/mL change of HAdV load. Clearance (c): plasma HAdV DNA levels below lower limit

of detection at 2 consecutive time points.
** Follow-up was stopped at 1 week after the last dose of cidofovir or 1 week before T cell numbers reached 50 cells/mL.
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Figure 1. HAdV load dynamics in relation to T cell reconstitution. (A) Change
of plasma human adenovirus DNA levels (HAdV load) between the start of
treatment (day 0) and day 14 of cidofovir treatment in cases with T cell
numbers <50 cells/mL (n ¼ 20, left bar) and T cell numbers �50 cells/mL
(n ¼ 22, right bar) within this time period. HAdV load change: clearance:
dashed, �1 log reduction: white, stabilization: gray, �1 log increase: black.
P value: Pearson’s chi-square test. (B) Change of HAdV load between day 0 and
14 in 22 cidofovir treatments with T cell numbers �50 cells/mL. Solid lines:
cases without steroid treatment. Interrupted lines: methylprednisolone
>1 mg/kg of body weight. Shaded area: HAdV load below limit of detection
(1.7 log c/mL). (C) Change of T cell numbers between day 0 and 14 in 22
cidofovir treatments with T cell reconstitution. Solid lines: cases without
steroid treatment. Interrupted lines: methylprednisolone >1 mg/kg of body
weight. Shaded area: T cells below limit of detection (10 cells/mL).
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(Supplemental Figure S1), resulting in 42 evaluable cidofovir
treatments. Cidofovir treatment was initiated at a median of
31 (range, 7 to 214) days after HSCT. At treatment initiation,
the HAdV loadwasmedian 4.1 (range,1.7 to 6.5) log c/mL and
median treatment duration was 16 (range, 1 to 99) days.
Forty of 42 cases received � 1 week (3 doses) of cidofovir
(Tables 1, 2).

HAdV Load Dynamics in Relation to T Cell Reconstitution
T cells have been demonstrated to play a crucial role in

viral control and could form a major confounder in the
analysis of the antiviral effect of cidofovir. To test this hy-
pothesis, we first divided the 42 cidofovir treatments in cases
without (n¼ 20) andwith (n¼ 22) Tcell reconstitution in the
first 2 weeks after treatment initiation (Table 2). The groups
did not differ with respect to HSCT-related parameters and
HAdV viremia characteristics (Supplemental Table S3).

In 11 of 20 cidofovir treatments (55%) with T cell numbers
below 50 cells/mL, plasma HAdV DNA levels were stable in
the first 2 weeks after treatment initiation. The HAdV load
increased � 1 log c/mL in 5 of 20 treatments (25%) and HAdV
load reductiondbut no clearancedwas measured in 4 of 20
treatments (20%) without T cell reconstitution (Figure 1A).

In contrast, in 14 of 22 cidofovir treatments (64%) with
concomitant T cell reconstitution, HAdV load reduction or
HAdV clearance was observed within 2 weeks after treat-
ment initiation. The HAdV load was stable in 6 of 22 treat-
ments (27%) with T cell reconstitution and increased �1 log
in only 2 of 22 cases (9%), who both received high-dose
(>1 mg/kg methylprednisolone) steroid treatment
(Figure 1B,C). Hence, it can be concluded that the evaluation
of the antiviral effect of cidofovir treatment is strongly
influenced by T cell reconstitution (P ¼ .008, Figure 1A).

HAdV Load Dynamics in the Absence of T Cell
Reconstitution

To exclude the confounding effect of T cells, HAdV load
dynamics was further analyzed in the 20 cidofovir treat-
ments with < 50 T cells/mL of peripheral blood (Table 2,
Figure 2). In these cases, the evaluation period was extended
from 14 days used in the previous section to the time frame
between treatment initiation and 1 week after the last dose
of cidofovir (n¼ 14) or 1 week before T cell numbers reached
50 cells/mL (n ¼ 6).

A �1 log HAdV load reduction was observed in 7 of 20
treatments (35%) during a median 28-day evaluation period
in the absence of T cells (Figure 2A). In 8 of 20 cidofovir
treatments (40%), the HAdV load did not change significantly
between the start and end of the evaluation period (median
18 days, Figure 2B). In the 5 remaining cases (25%), the HAdV
load increased �1 log despite cidofovir treatment during
median 21 days of follow-up in the absence of T cells
(Figure 2C).

NK Cell Expansion during HAdV Control in the Absence of
T Cell Reconstitution

In the majority of the cases without T cell reconstitution,
CD3�CD56þ NK cells were already present at the start of
cidofovir treatment (Figure 2D-F). Reduction of the HAdV
load during cidofovir treatment coincided with a dynamic
increase in NK cell numbers in all 7 cases (8 to 29-fold NK cell
expansion, Figure 2D). In comparison, NK cell expansion was
observed in 4 of 8 cidofovir treatments with HAdV load
stabilization (Figure 2E) and 2 of 5 treatments with HAdV
load increase (Figure 2F, P ¼ .05).
HAdV Load Stabilization in the Absence of Both T and NK
Cells

We finally analyzed the antiviral effect of cidofovir on the
HAdV load in HSCT recipients lacking both T and NK cell
reconstitution to exclude the possible contribution of NK
cells to HAdV control as well. Two HSCT recipients fulfilled
these criteria. In patient A (UPN 600.1a), no engraftment



Figure 2. HAdV control in the absence of T cells. (A-C) Plasma human HAdV DNA levels in 20 cidofovir treatments with T cell numbers <50 cells/mL. Follow-up was
stopped at 1 week after the last dose of cidofovir or 1 week before T cell numbers reached 50 cells/mL. HAdV load change: �1 log reduction (A, n ¼ 7), stabilization
(B, n ¼ 8) or �1 log increase (C, n ¼ 5). Solid lines: cases with �5 fold NK cell expansion, interrupted lines: cases without NK cell expansion. Vertical dotted line: start
of treatment. Shaded area: HAdV load below limit of detection (1.7 log c/mL). (D-F) Absolute numbers of NK cells in peripheral blood in cases with HAdV load
reduction (D), stabilization (E) and increase (F). Solid lines: cases with �5 fold NK cell expansion, interrupted lines: cases without NK cell expansion. Identical symbols
in corresponding figures represent individual cases. Vertical dotted line: start of treatment. Shaded area: NK cells below limit of detection (10 cells/mL).
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occurred and the HAdV viremia was stable during 3 weeks of
cidofovir treatment in the absence of any lymphocytes
(Figure 2A,D [open diamonds]; Supplemental Figure 1D). The
viremia was ultimately cleared after lymphocyte reconsti-
tution following a retransplantation. In patient B (UPN
545.1b), a graft rejection was treated with the lymphocyte
depleting antibody alemtuzumab. The HAdV load was stable
in the absence of lymphocytes over a 4-week period, after
which HAdV dissemination occurred under cidofovir
treatment (Figure 2C,F [open diamonds]; Supplemental
Figure 1B).

DISCUSSION
Here, we report a systematic analysis of the effect of

cidofovir treatment on HAdV viremia after HSCT, using
plasma viral DNA levels as an objective parameter while
taking concomitant lymphocyte reconstitution into account.
In line with our hypothesis, rapid HAdV load reduction and
HAdV clearance during cidofovir treatment were associated
with concurrent T cell reconstitution. In the absence of T cell
reconstitution, the HAdV viremia was controlled in 75% of
cidofovir treatments, which can be attributed to cidofovir
although a role of NK cell reconstitution cannot be excluded.
Of note, in 2 cases, HAdV load stabilization was observed
during a >3-week cidofovir treatment in the absence of both
NK and T cells.

Because of the strong correlation between T cell recon-
stitution and HAdV load reduction, as reported earlier [2-4]
and supported by our data, we focused our analysis on the
20 cidofovir treatment episodes in HSCT recipients lacking T
cell reconstitution. In view of the often fatal outcome of a
progressing HAdV viremia [9], HAdV load reduction or sta-
bilization can be regarded as a beneficial result. In line with
the in vitro virostatic capacity of cidofovir [12-15], control of
the HAdV viremia was observed in 15 of 20 cidofovir treat-
ments in the absence of T cell reconstitution. However,
reduction of the HAdV load (n¼ 7) always coincidedwith a�
5-fold increase of NK cell numbers in the peripheral blood.
Consequently, the contribution of NK cell reconstitution to
HAdV control in HSCT recipients without Tcell reconstitution
cannot be excluded. Usually, NK cells are the first lympho-
cytes to reach normal levels after HSCT [26,27]. Although the
NK cell response to HAdV is not as well described as the NK
cellemediated control of other viruses, such as influenza,
cytomegalovirus, and hepatitis C virus [28-30], a limited
number of studies reported NK cell activity against HAdV
infected cells [31-33]. Our data further support a role for NK
cells in the initial HAdV control in patients with a delayed T
cell reconstitution. At the same time, NK cell expansion did
not always coincide with HAdV load reduction, and the
presence of NK cells was no guarantee for HAdV load
stabilization.

In many studies, final outcome of HAdV viremia is used as
a primary endpoint of cidofovir effectiveness, and concomi-
tant lymphocyte reconstitution is often ignored. This bears
the risk to overestimate the in vivo antiviral effect of cido-
fovir. Indeed, Walls et al. reported the clearance of HAdV
viremia in 8 of 9 pediatric HSCT recipients with HAdV loads
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>3 log c/mL in the absence of antiviral therapy [34]. For this
reason, an unbiased evaluation of the antiviral capacity of
cidofovirdand other pharmacological interventionsdfor
human adenoviral infections after HSCT is only possible by
monitoring HAdV load dynamics in patients who lack
concomitant lymphocyte reconstitution. Only 2 patients in
our cohort met this condition. In both cases, the HAdV
viremia remained stable over a 3 to 4-week period. Conse-
quently, cidofovir may also have contributed to the HAdV
load stabilization observed in HSCT recipients lacking T cell
reconstitution or with suppressed antiviral T cell responses
due to high-dose systemic steroids [35-37].

Of note, cidofovir treatment could not prevent the pro-
gression of HAdV viremia in 7 of 42 cidofovir treatments
(17%), all in the absence of T cell reconstitution or during
high-dose steroid treatment. With respect to the cause of
these treatment failures, no firm conclusions can be drawn.
In vitro studies reported comparable cidofovir susceptibility
between different HAdV species [12-15]. In our cohort,
cidofovir treatment failures were observed both in patients
with HAdV species A as well as thosewith species C.Whereas
cidofovir resistant HAdV strains have been generated in vitro
[38], no resistance was reported in clinical HAdV isolates
from cidofovir-treated HSCT recipients [12-15]. Possibly,
interpatient variations in cidofovir pharmacokinetics may
have contributed to failure of cidofovir treatment as well.
In view of the nephrotoxicity of cidofovir [21-24], the
observed treatment failures emphasize the need for new and
less toxic pharmacological interventions, such as brincido-
fovir (CMX001), the orally bioavailable lipid conjugate of
cidofovir [39], as well as adoptive immunotherapy-based
interventions [3,10] for patients with a delayed T cell
reconstitution.

The sensitive PCR methods used for the virological
monitoring after HSCT carry the risk of overtreatment, which
might lead to avoidable toxicity [34,40]. Longitudinal moni-
toring of lymphocyte reconstitution can identify patients
with better odds on a favorable outcome of HAdV viremia.
Indeed, the presence of even a low number of T cells (�50
cells/mL) in patients without steroid treatment was associ-
ated with a rapid HAdV load reduction. The frequent moni-
toring of T cell reconstitution can be a valuable tool to
prevent the unnecessary installment or continuation of
cidofovir treatment. A comparable approach has already
been applied successfully in the management of cytomega-
lovirus and Epstein-Barr virus infections after HSCT [41,42].

Altogether, a subgroup of patients with HAdV viremia
after HSCT might benefit from cidofovir treatment through a
stabilization of the HAdV load pending lymphocyte recon-
stitution. Nevertheless, T cell reconstitution remains essen-
tial for viral clearance. For clinical decision-making, the
combined monitoring of plasma HAdV DNA levels and
lymphocyte reconstitution provides an objective tool for the
guidance of personalized antiviral treatment and prevention
of unnecessary exposure to cidofovir.

ACKNOWLEDGMENTS
Financial disclosure: G.L. was supported by a Leiden

University Medical Center MD/PhD fellowship.
Conflict of interest statement: There are no conflicts of

interest to report.

SUPPLEMENTARY DATA
Supplementary data related to this article can be found

online at http://dx.doi.org/10.1016/j.bbmt.2014.10.012.
REFERENCES
1. Lenaerts L, De CE, Naesens L. Clinical features and treatment of

adenovirus infections. Rev Med Virol. 2008;18:357-374.
2. Leen AM, Sili U, Vanin EF, et al. Conserved CTL epitopes on the

adenovirus hexon protein expand subgroup cross-reactive and
subgroup-specific CD8þ T cells. Blood. 2004;104:2432-2440.

3. Zandvliet ML, Falkenburg JH, van LE, et al. Combined CD8þ and CD4þ
adenovirus hexon-specific T cells associated with viral clearance after
stem cell transplantation as treatment for adenovirus infection.
Haematologica. 2010;95:1943-1951.

4. Heemskerk B, Lankester AC, van VT, et al. Immune reconstitution and
clearance of human adenovirus viremia in pediatric stem-cell
recipients. J Infect Dis. 2005;191:520-530.

5. Howard DS, Phillips GL II, Reece DE, et al. Adenovirus infections in
hematopoietic stem cell transplant recipients. Clin Infect Dis. 1999;29:
1494-1501.

6. van Tol MJ, Claas EC, Heemskerk B, et al. Adenovirus infection in
children after allogeneic stem cell transplantation: diagnosis, treat-
ment and immunity. Bone Marrow Transplant. 2005;35:S73-S76.

7. Chakrabarti S, Mautner V, Osman H, et al. Adenovirus infections
following allogeneic stem cell transplantation: incidence and outcome
in relation to graft manipulation, immunosuppression, and immune
recovery. Blood. 2002;100:1619-1627.

8. Walls T, Shankar AG, Shingadia D. Adenovirus: an increasingly
important pathogen in paediatric bone marrow transplant patients.
Lancet Infect Dis. 2003;3:79-86.

9. Schilham MW, Claas EC, van ZW, et al. High levels of adenovirus DNA in
serumcorrelatewith fatal outcomeof adenovirus infection in children after
allogeneic stem-cell transplantation. Clin Infect Dis. 2002;35:526-532.

10. Feuchtinger T, Matthes-Martin S, Richard C, et al. Safe adoptive transfer
of virus-specific T-cell immunity for the treatment of systemic
adenovirus infection after allogeneic stem cell transplantation. Br J
Haematol. 2006;134:64-76.

11. Lankester AC, Heemskerk B, Claas EC, et al. Effect of ribavirin on the
plasma viral DNA load in patients with disseminating adenovirus
infection. Clin Infect Dis. 2004;38:1521-1525.

12. Morfin F, Dupuis-Girod S, Frobert E, et al. Differential susceptibility of
adenovirus clinical isolates to cidofovir and ribavirin is not related to
species alone. Antivir Ther. 2009;14:55-61.

13. Naesens L, Lenaerts L, Andrei G, et al. Antiadenovirus activities of
several classes of nucleoside and nucleotide analogues. Antimicrob
Agents Chemother. 2005;49:1010-1016.

14. Morfin F, Dupuis-Girod S, Mundweiler S, et al. In vitro susceptibility of
adenovirus to antiviral drugs is species-dependent. Antivir Ther. 2005;
10:225-229.

15. Muller WJ, Levin MJ, Shin YK, et al. Clinical and in vitro evaluation of
cidofovir for treatment of adenovirus infection in pediatric hemato-
poietic stem cell transplant recipients. Clin Infect Dis. 2005;41:
1812-1816.

16. Robin M, Marque-Juillet S, Scieux C, et al. Disseminated adenovirus
infections after allogeneic hematopoietic stem cell transplantation:
incidence, risk factors and outcome. Haematologica. 2007;92:
1254-1257.

17. Symeonidis N, Jakubowski A, Pierre-Louis S, et al. Invasive adenoviral
infections in T-cell-depleted allogeneic hematopoietic stem cell
transplantation: high mortality in the era of cidofovir. Transpl Infect Dis.
2007;9:108-113.

18. Hoffman JA, Shah AJ, Ross LA, et al. Adenoviral infections and a pro-
spective trial of cidofovir in pediatric hematopoietic stem cell trans-
plantation. Biol Blood Marrow Transplant. 2001;7:388-394.

19. Yusuf U, Hale GA, Carr J, et al. Cidofovir for the treatment of adenoviral
infection in pediatric hematopoietic stem cell transplant patients.
Transplantation. 2006;81:1398-1404.

20. Mynarek M, Ganzenmueller T, Mueller-Heine A, et al. Patient, virus and
treatment-related risk factors in pediatric adenovirus infection after
stem cell transplantation: results of a routine monitoring program. Biol
Blood Marrow Transplant. 2014;20:250-256.

21. Ljungman P, Ribaud P, Eyrich M, et al. Cidofovir for adenovirus
infections after allogeneic hematopoietic stem cell transplantation: a
survey by the Infectious Diseases Working Party of the European Group
for Blood and Marrow Transplantation. Bone Marrow Transplant. 2003;
31:481-486.

22. Bhadri VA, Lee-Horn L, Shaw PJ. Safety and tolerability of cidofovir in
high-risk pediatric patients. Transpl Infect Dis. 2009;11:373-379.

23. Lalezari JP, Drew WL, Glutzer E, et al. (S)-1-[3-hydroxy-2-(phospho-
nylmethoxy)propyl]cytosine (cidofovir): results of a phase I/II study of
a novel antiviral nucleotide analogue. J Infect Dis. 1995;171:788-796.

24. Vandercam B, Moreau M, Goffin E, et al. Cidofovir-induced end-stage
renal failure. Clin Infect Dis. 1999;29:948-949.

25. Claas EC, SchilhamMW, de Brouwer CS, et al. Internally controlled real-
time PCR monitoring of adenovirus DNA load in serum or plasma of
transplant recipients. J Clin Microbiol. 2005;43:1738-1744.

26. Jacobs R, Stoll M, Stratmann G, et al. CD16- CD56þ natural killer cells
after bone marrow transplantation. Blood. 1992;79:3239-3244.

http://dx.doi.org/10.1016/j.bbmt.2014.10.012
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref1
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref1
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref2
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref2
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref2
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref2
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref3
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref3
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref3
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref3
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref3
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref4
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref4
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref4
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref5
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref5
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref5
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref6
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref6
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref6
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref7
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref7
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref7
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref7
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref8
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref8
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref8
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref9
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref9
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref9
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref10
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref10
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref10
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref10
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref11
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref11
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref11
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref12
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref12
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref12
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref13
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref13
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref13
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref14
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref14
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref14
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref15
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref15
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref15
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref15
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref16
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref16
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref16
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref16
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref17
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref17
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref17
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref17
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref18
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref18
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref18
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref19
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref19
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref19
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref20
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref20
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref20
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref20
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref21
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref21
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref21
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref21
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref21
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref22
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref22
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref23
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref23
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref23
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref24
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref24
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref25
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref25
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref25
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref26
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref26
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref26


G. Lugthart et al. / Biol Blood Marrow Transplant 21 (2015) 293e299 299
27. Storek J, Dawson MA, Storer B, et al. Immune reconstitution after
allogeneic marrow transplantation compared with blood stem cell
transplantation. Blood. 2001;97:3380-3389.

28. Jost S, Altfeld M. Control of human viral infections by natural killer
cells. Annu Rev Immunol. 2013;31:163-194.

29. Lanier LL. Evolutionary struggles between NK cells and viruses. Nat Rev
Immunol. 2008;8:259-268.

30. Biron CA, Nguyen KB, Pien GC, et al. Natural killer cells in antiviral
defense: function and regulation by innate cytokines. Annu Rev
Immunol. 1999;17:189-220.

31. Pahl JH, Verhoeven DH, Kwappenberg KM, et al. Adenovirus type 35,
but not type 5, stimulates NK cell activation via plasmacytoid dendritic
cells and TLR9 signaling. Mol Immunol. 2012;51:91-100.

32. Miller G, Lahrs S, Pillarisetty VG, et al. Adenovirus infection enhances
dendritic cell immunostimulatory properties and induces natural killer
and T-cell-mediated tumor protection. Cancer Res. 2002;62:5260-5266.

33. Routes JM. IFN increases class I MHC antigen expression on
adenovirus-infected human cells without inducing resistance to nat-
ural killer cell killing. J Immunol. 1992;149:2372-2377.

34. Walls T, Hawrami K, Ushiro-Lumb I, et al. Adenovirus infection after
pediatric bone marrow transplantation: is treatment always neces-
sary? Clin Infect Dis. 2005;40:1244-1249.

35. La Rosa AM, Champlin RE, Mirza N, et al. Adenovirus infections in adult
recipients of blood and marrow transplants. Clin Infect Dis. 2001;32:
871-876.
36. Cwynarski K, Ainsworth J, Cobbold M, et al. Direct visualization of
cytomegalovirus-specific T-cell reconstitution after allogeneic stem cell
transplantation. Blood. 2001;97:1232-1240.

37. Ozdemir E, St John LS, Gillespie G, et al. Cytomegalovirus reactivation
following allogeneic stem cell transplantation is associated with the
presence of dysfunctional antigen-specific CD8þ T cells. Blood. 2002;
100:3690-3697.

38. Gordon YJ, Araullo-Cruz TP, Johnson YF, et al. Isolation of human
adenovirus type 5 variants resistant to the antiviral cidofovir. Invest
Ophthalmol Vis Sci. 1996;37:2774-2778.

39. Florescu DF, Pergam SA, Neely MN, et al. Safety and efficacy of
CMX001 as salvage therapy for severe adenovirus infections in
immunocompromised patients. Biol Blood Marrow Transplant. 2012;
18:731-738.

40. Ljungman P. Would monitoring CMV immune responses allow
improved control of CMV in stem cell transplant patients. J Clin Virol.
2006;35:493-495.

41. Annels NE, Kalpoe JS, Bredius RG, et al. Management of Epstein-Barr
virus (EBV) reactivation after allogeneic stem cell transplantation by
simultaneous analysis of EBV DNA load and EBV-specific T cell recon-
stitution. Clin Infect Dis. 2006;42:1743-1748.

42. Solano C, Benet I, Remigia MJ, et al. Immunological monitoring for
guidance of preemptive antiviral therapy for active cytomegalovirus
infection in allogeneic stem-cell transplant recipients: a pilot experi-
ence. Transplantation. 2011;92:e17-e20.

http://refhub.elsevier.com/S1083-8791(14)00637-5/sref27
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref27
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref27
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref28
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref28
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref29
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref29
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref30
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref30
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref30
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref31
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref31
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref31
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref32
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref32
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref32
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref33
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref33
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref33
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref34
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref34
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref34
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref35
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref35
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref35
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref36
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref36
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref36
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref37
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref37
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref37
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref37
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref37
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref38
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref38
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref38
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref39
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref39
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref39
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref39
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref40
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref40
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref40
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref41
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref41
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref41
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref41
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref42
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref42
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref42
http://refhub.elsevier.com/S1083-8791(14)00637-5/sref42

	The Effect of Cidofovir on Adenovirus Plasma DNA Levels in Stem Cell Transplantation Recipients without T Cell Reconstitution
	Introduction
	Methods
	Ethics Statement
	Patients and Cidofovir Treatment
	Monitoring of HAdV Plasma DNA Levels and Lymphocyte Reconstitution
	Definitions of HAdV Load Dynamics and Lymphocyte Reconstitution during Cidofovir Treatment
	Statistical Analysis

	Results
	Characteristics of Cidofovir-treated Patients
	HAdV Load Dynamics in Relation to T Cell Reconstitution
	HAdV Load Dynamics in the Absence of T Cell Reconstitution
	NK Cell Expansion during HAdV Control in the Absence of T Cell Reconstitution
	HAdV Load Stabilization in the Absence of Both T and NK Cells

	Discussion
	Acknowledgments
	Supplementary Data
	References


