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ABSTRACT

Background
Viral reactivations (VR) following hematopoietic cell transplantation (HCT) contribute 
to significant morbidity and mortality. Timely immune reconstitution (IR) is suggested to 
prevent VR. We studied the relation between IR (as a continuous over-time-predictor) and 
VR (as time-varying-predictor), and the relation between VR and other clinical outcomes.

Patients and Methods
In this retrospective analysis, all patients receiving a first HCT between January-2004 and 
September-2014 were included. IR (CD3/CD4/CD8 T-cells, NK- and B-cells) was measured 
bi-weekly until 12 weeks, and monthly thereafter. Main outcomes of interest were VR of 
adenovirus (AdV), Epstein-Barr-virus (EBV), human-herpesvirus 6 (HHV6), cytomegalo-
virus (CMV), and BK-virus, screened weekly. Clinical outcomes included overall-survival 
(OS), event-free-survival, non-relapse-mortality (NRM), and graft-versus-host-disease 
(GvHD). Cox-proportional-hazard- and Fine-Gray-competing-risk-models were used. 

Results
273 patients (0.1-22.7 years; median follow-up 58 months) were included. CD4-recon-
stitution predicted reactivation of AdV (HR 0.995; p=0.022), EBV (HR 0.994, p=0.029), 
and HHV6 (HR 0.991, p=0.012), but not CMV (p=0.31) and BK (p=0.27). Duration of 
AdV-reactivation was shorter with timely CD4-reconstitution, defined as ≥50*106 cells/L 
within 100-days. AdV-reactivation predicted lower OS (HR 2.17, p=0.0039) and higher 
NRM (HR 2.96, p=0.0008). Concomitant CD4-reconstitution abolished this negative ef-
fect of AdV-reactivation: OS (p=0.67) and NRM (p=0.64). EBV- and HHV6-reactivations 
were predictors for occurrence of GvHD, while CMV- and BK-reactivations did not predict 
clinical outcomes.

Conclusion
These results stress the importance of timely CD4-reconstitution. Strategies to improve 
CD4-reconstitution may improve HCT-outcomes, including survival, and reduce the need 
for toxic anti-viral therapies.
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InTRoDuCTIon

Allogeneic hematopoietic cell transplantation (HCT) is a potentially curative therapy for 
various hematological malignancies and benign disorders in children. The success of HCT 
is hampered by relapse of malignancy and transplantation related mortality due to HCT-
associated complications, which include opportunistic infections (e.g. viral reactivations; 
VR) and graft-versus-host disease (GvHD). The majority of these limitations are due to 
absent or delayed T-cell reconstitution.1,2

Early CD4+ T-cell reconstitution in particular is suggested to be important for better 
survival chances after HCT.2–7 Delayed immune reconstitution (IR) after HCT was previ-
ously found to be a predictor for VR,7 which may subsequently contribute to acute GvHD 
(aGvHD), graft failure (GF), and increased mortality.8 Early and improved prediction of 
HCT-related complications provides the opportunity for earlier initiation of pre-emptive 
treatment, which subsequently could improve survival chances. 

Although VR and IR are related and are both associated with clinical outcome,7–10 their 
joint time-dependent relation as predictors for clinical outcome remains to be studied. 
Most studies investigating the role of IR-markers as a predictor for VR only include very 
limited measurements at relative late time-points after HCT. As most VRs occur early after 
HCT, this is not optimal. Early IR-markers assessed as a continuous value over time may 
provide better predictors, which can also be used in clinical practice for decision-making. 
The identification of early IR-related predictors may guide us in the initiation of anti-viral 
therapies or targeted anti-viral cellular therapies.

We aimed to assess the relation between IR and VR and other clinical outcomes. To achieve 
this we did a large retrospective cohort analysis in which clinical outcomes, such as survival, 
GvHD, and GF, were related to VR. In this analysis, VR was uniquely evaluated as a time-
varying predictor. Additionally, this is the first study that related various immune reconsti-
tution markers as continuous over-time variables to viral reactivations. This enabled us to 
determine the effect of immune reconstitution on VR-associated clinical outcomes.

PATIenTS AnD MeTHoDS

Study design and patients
In this analysis we included pediatric patients receiving an allogeneic HCT, between January 
2004 and September 2014 at the University Medical Centre in Utrecht, The Netherlands. All 
consecutive patients undergoing their first transplantation were included. The minimum 
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follow-up for surviving patients was 6 months, and data were collected and registered 
prospectively. Patients were enrolled and data were collected only after written informed 
consent in accordance with the Helsinki Declaration. The study was approved by the local 
ethical committee (trial numbers 05-143 and 11-063k). 

Procedures
Conditioning regimens were applied according to (inter-)national protocols. For myeloab-
lative busulfan-containing protocols (administered intravenously) therapeutic drug moni-
toring was used to aim for an area under the curve (AUC) of 75-95 mg*h/L. Anti-thymocyte 
globulin (ATG; Thymoglobulin) was given at a dose of 10 mg/kg starting 5 days before HCT 
from 2004 to 2010. From 2010 onwards, patients weighing over 40 kg received a lower dose 
of ATG (7.5 mg/kg). A 50% dose reduction was given when pre-conditioning lymphocyte 
counts were less than 300*106 T-cells/L. Those receiving a cord blood transplant from 2009 
on received ATG starting 9 days before HCT. Starting 2013, patients receiving a cord blood 
transplant for malignant indications did not receive ATG. Patients received gut decontami-
nation and infection prophylaxis according to local protocols. GvHD-prophylaxis consisted 
of cyclosporin A (CsA; targeted at trough levels of 150-250 μg/L for all patients), combined 
with either prednisolone 1 mg/kg (cord blood) or methotrexate 10 mg/m2 (on day +1, +3, 
and +6; unrelated donor). CsA was continued for at least 3 months or 6 months after HCT 
in patients with benign and malignant indication, respectively. Prednisolone was tapered 
after 28 days in benign disorders, and after engraftment in malignancies. Cord blood recipi-
ents were treated with filgrastim from day +7 after HCT until neutrophils were above 2000 
cells/μL. Patients were treated in high-efficiency, particle-free, air-filtered, positive-pressure 
isolation rooms. 

Cytomegalovirus (CMV) and Epstein-Barr virus (EBV) serostatus was assessed in all pa-
tients and donors prior to HCT. Following transplantation, all patients underwent weekly 
PCR viral screening for Human Herpesvirus 6 (HHV6), EBV, Adenovirus (AdV), CMV, 
and BK-virus irrespective of serostatus and clinical conditions. Viral reactivation, in which 
no distinction was made between reactivation or primo infection, was defined as having a 
viral load of >1000 copies/mL. From 2012 onwards, EBV and CMV were reported in IU/
mL, for which the threshold was set at 5000 and 500 IU/mL, respectively, according the 
conversion factor in the same viral laboratory. Patients showing an EBV-, CMV- or AdV-
reactivation received anti-viral treatment. Patients with HHV6-reactivation were treated 
only in high clinical suspicion of HHV6-associated disease (e.g. encephalitis, bone marrow 
suppression). Rituximab was used for treating EBV-reactivation; CMV was treated with 
either ganciclovir or foscarnet, HHV6 with foscarnet, and AdV-reactivation with cidofovir. 
Patients with BK-virus associated hemorrhagic cystitis received hyperhydration (3 L/m2/
day) as supportive care. Treatment for viral reactivations was stopped when viral load was 
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undetectable in two subsequent samples, or in case of severe toxicity after acquiring low 
viral loads (<1000 copies/mL).

After reaching a leukocyte count of at least 0.3*109/L, absolute numbers of lymphocyte sub-
sets, including overall T-cells (CD3+), T helper-cells (CD3+CD4+CD8-), cytotoxic T-cells 
(CD3+CD8+CD4-), B-cells (CD19+), and NK-cells (CD3-CD16+CD56+), were measured 
by flow cytometry at least every other week up to twelve weeks post-HCT and monthly 
thereafter up to six months post-HCT on EDTA-treated whole blood using TruCOUNT 
technology (BD Biosciences, Erembodegem, Belgium). 

outcomes
Main outcome of interest: Viral reactivations, of AdV, EBV, HHV6, CMV, and BK, defined 
as viraemia with >1000 copies/mL. 

Other outcomes of interest: Overall survival (OS) was defined as time from transplantation 
to death or last follow-up. Event-free survival (EFS) was defined as time from HCT to last 
contact whereby graft-failure, relapse of disease, or death were regarded as events. All surviv-
ing patients were censored at date of last contact. Non-relapse mortality (NRM) was defined 
as death due to a cause other than relapse of malignancy. Relapse related mortality (RRM) was 
defined as death due to relapse of a malignancy. Acute- and chronic GvHD (aGvHD, cGvHD) 
were classified according to the Glucksberg11 and Shulman12 criteria, respectively. Graft failure 
was defined as non-engraftment (autologous reconstitution) or graft rejection (secondary loss 
of donor chimerism). In case of non-engraftment, the assessment date was +60 days after 
HCT. Interstitial pulmonary syndrome (IPS) and bronchitis obliterans (BO) were defined 
according to international accepted criteria as previously described.13 

Statistical analysis
Duration of the follow-up was defined as the time from HCT to the last assessment for 
surviving patients or death. Actual cell counts for CD3+, CD4+ and CD8+ T-cells, as well 
as NK- and B-cells, considered as continuous values over time, were evaluated as predictors 
for viral reactivation. For the clinical endpoints, viral reactivations of AdV, EBV, HHV6, 
CMV, and BK were evaluated as predictors. Additionally, reconstitution of CD4+ T-cells 
was assessed as a co-predictor for clinical outcome. This was chosen in line with previous 
findings.2,10,14,15 CD4+ T-cell reconstitution (CD4+ IR) was defined as reaching ≥50*106 
CD3+CD4+ cells/L in 2 consecutive measurements within 100 days post-HCT, and consid-
ered as time-varying covariate, in accordance with previous publications.14 In multivariate 
analysis, predictors considered for outcome were patient-related variables (age at trans-
plant, gender, CMV and EBV serostatus), disease (malignant/primary immune deficiencies; 
PID/bone marrow failure/benign non-PID), donor factors (HLA disparity, CMV and EBV 
serostatus), and conditioning regimen (myeloablative or reduced intensity conditioning). 
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As immune suppression was similar for all patients during the first 3 months after HCT, this 
was not considered as a multivariate predictor. Variables associated with a p-value <0.05 by 
univariate analysis were selected for testing in a multivariate analysis. Probabilities of events 
were calculated using the Kaplan-Meier estimate; the two-sided log-rank test was used for 
univariate comparisons. Time-dependent outcomes were analyzed using Cox proportional 
hazard models. For the endpoints NRM, RRM, aGvHD, cGvHD, and GF, Fine-Gray com-
peting risk regressions were used. Here, competing events were RRM, NRM, death not 
due to aGvHD or cGvHD, and death not due to GF, respectively. Statistical analyses were 
performed using R 3.0.1 using the packages survival and cmprsk.

Role of the Funding Source
The funder of the study had no role in study design, data collection, data analysis, data 
interpretation, or writing of the report. RA and JJB had full access to all the data in the study 
and RA, CdK, and JJB had final responsibility for the decision to submit for publication.

ReSulTS

A total of 273 patients were included with a median age of 8.4 years (range 0.1-22.7). Patient 
characteristics are summarized in Table 1. Busulfan combined with fludarabine and ATG 
(Thymoglobulin) was the most frequently used conditioning regimen. Cord blood (52%, 
n=142) and bone marrow (45%, n=123) were the most frequently used cell sources. Median 
time to follow-up was 58 months (range 0.2-130). Cumulative incidence of viral reactivations 
was 27%, 18%, 15%, 13% and 11% for HHV6, CMV, AdV, BK and EBV, respectively (Fig S2).

We only identified CD4+ IR as a predictor for VR. No associations between CD3+, CD8+ 
T-cells, NK-, or B-cell IR and VR were found (Supplemental Table S1). In AdV, the chance 
on reactivation is reduced 5% with every increase of 10/μl CD4+ T-cell counts (hazard ratio 
[HR] 0.995, 95% confidence interval [CI]: 0.99-0.999, p=0.022; Table 2). CD4+ IR similarly 
predicted EBV (HR 0.994, 95% CI: 0.988-0.999, p=0.029), and HHV6 (HR 0.991, 95% CI: 
0.985-0.998, p=0.012). No relation with CMV-reactivation (p=0.31) and BK-reactivation 
(p=0.27) was identified. 

Interestingly, patients with successful early CD4+ IR had shorter treatment duration of AdV 
(Figure 1). The median treatment duration of was only 14 days for patients with timely 
CD4+ IR, compared to 47.5 days for patients without recovery of CD4+ IR (p=0.011). Early 
CD4+ IR did not influence the duration of CMV, EBV and HHV6 (Supplemental Figure 
S3). Timely CD4+ IR, however, did also not affect duration of treatment for CMV (p=0.29; 
Supplemental Figure S3a).
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We next investigated the effects of viral reactivations on clinical outcome parameters. In 
this analysis, patients were considered as having a VR only from the day of reaching >1000 
viral copies/mL in plasma, giving a robust estimation of the hazard associated with the 
different VR’s (Figure S1). Here, we identified AdV, EBV, and HHV6 as VR-predictors for 
various clinical outcomes (Table 3). Reactivation of AdV was a predictor for lower OS (HR 
2.17, 95% CI 1.28-3.68, p=0.0039; Table 3, Figure 2A) and EFS (HR 1.77, 95% CI 1.05-2.99, 
p=0.032; Table 3, Figure 2C) chances compared to patients not experiencing an AdV-
reactivation (HR 2.17, 95% CI 1.28-3.68, p=0.0039; Table 3, Figure 2A). We did not find any 
VR associated with RRM (Table S4). NRM was associated with both AdV- (HR 2.95, 95% CI 
1.57-5.57, p=0.0008; Table 3, Figure 2E) and EBV-reactivations (HR 2.03, 95% CI 1.01-4.11, 
p=0.049, respectively; Figure S4A). 

  All patients

Number of patients (n) 273

Male sex (%) 59

Age at transplant (years) 8.4 (0.1-22.7)

Recipient/Donor eBV Serostatus

-/- 19

+/- 60

-/+ 3

+/+ 18

Recipient/Donor CMV Serostatus

-/- 37

+/- 48

-/+ 3

+/+ 12

Diagnosis (%)

Malignancy 53

Primary immune deficiency 12

Bone marrow failure 16

Benign non-PID 18

Stem cell source (%)

Bone Marrow 45

Cord Blood 52

Peripheral blood stem cells 3

Conditioning regimen (%)

Busulfan based 83

TBI based 17

Patients receiving serotherapy (%) 71

Follow-up (months) 58 (0.2-130)

Table 1. patient characteristics
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As early CD4+ IR predicted both the incidence and duration of VR, we subsequently 
investigated whether CD4+ IR influenced the negative effect of VR on clinical outcome. 
Here, we found that OS was similar in patients with AdV-reactivation and concurrent CD4+ 
IR compared to those patients without an AdV-reactivation (68±3% vs 66±12%, p= 0.67; 
Figure 2B). Patients with AdV-reactivation without CD4+ IR performed considerably worse 
(OS of 32±10; p=0.0045 in MV analysis for CD4+ IR; Table 3). For EFS and NRM, we found 
comparable results: patients with AdV-reactivation without CD4+ IR had lower EFS (63% 
and 62% versus 32% for AdV-, AdV+/IR+, and AdV+/IR-, respectively; p=0.0021 in MV 
analysis for CD4+ IR; Table 3) and higher NRM (18% and 28% versus 54% for AdV-, AdV+/
IR+, and AdV+/IR-, respectively; p=0.0005 in MV analysis for CD4+ IR; Table 3, Figure 
S4B) compared to those with CD4+ IR in presence or absence of AdV.

While AdV was associated with all survival-related parameters, HHV6 and EBV were 
predictors for the occurrence of GvHD. HHV6 was found to be a predictor for a higher 
chance on aGvHD grade 2-4 (HR 3.47, 95% CI 2.11-5.7, p<0.0001; Table 3, Figure S5A). 
Diagnosis was an additional multivariate predictor with bone marrow failure and primary 
immune deficiencies having the lowest chance on grade 2-4 aGvHD (Table S3). For grade 
3-4 aGvHD, both HHV6 (HR 2.74, 95% CI 1.22-6.15, p=0.015; Table 3, Figure S5B) and 
EBV (HR 4.8, 95% CI 1.31-17.62, p=0.018; Table 3, Figure S5C) were predictors, with age 

Endpoint HR
95% confidence 
interval p-value

Significance 
level

     

CMV-reactivation   

CD4+ T-cell counts (continuous over time) 0.998 0.993 – 1.002 0.312

    

HHV6-reactivation   

CD4+ T-cell counts (continuous over time) 0.991 0.985 – 0.998 0.012 *

    

BK-virus-reactivation   

CD4+ T-cell counts (continuous over time) 0.996 0.99 – 1.003 0.271

    

AdV-reactivation   

CD4+ T-cell counts (continuous over time) 0.995 0.99 – 0.999 0.022 *

    

eBV-reactivation   

CD4+ T-cell counts (continuous over time) 0.994 0.988 – 0.999 0.029 *

Table 2. Multivariate analysis of CD4+ IR versus VR. IR was considered as a continuous time-varying predictor. 
VR was defined as having a viral load >1000 copies/mL in plasma. * Indicates p<0·05. HR are presented as the 
hazard ratio for each point increase in CD4+ T-cell counts. 
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being an additional predictor (Table S3). Extensive chronic GvHD (cGvHD) probability 
was predicted by EBV-reactivation (HR 3.61, 95% CI 1.13-11.53, p=0.03; Table 3, Figure 
S5D). Receiving cord blood as cell source was an additional predictor for lower chance on 
cGvHD (Table S3). For the outcomes GF, lung injury, IPS, and BO, we did not identify any 
VR-predictors.
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Figure 1. Viral load in patients with AdV reactivation, according to early reconstitution of CD4+ T- cells. Spline 
regression analysis (5 degrees of freedom) of AdV load (bold solid lines with 95% CI as shaded area) over time 
(normalized to 14 days before reaching a viral load of 1000) in patients with AdV-reactivation, with (blue area/
dot/bar) or without (red are/dot/bar) early CD4+ T-cell reconstitution, showing longer AdV-reactivation and 
higher AdV loads in those without early reconstitution. Median duration of AdV-treatment was 14 days for 
patients with early immune reconstitution, and 47.5 days for the no early immune reconstitution group. Dots: 
individual raw AdV load. Bars: median duration of AdV treatment. Grey background: clinically insignifi cant 
viral load. 
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Figure 2. Clinical outcome according to viral reactivation and immune reconstitution. Plots on the left show 
the incidence of A: overall survival (OS), C: Event Free Survival (EFS), and E: Non-relapse Mortality (NRM), in 
patients without AdV-reactivation (black lines) versus patients with AdV- reactivation (blue lines). Viral reacti-
vation was defined as having a viral load >1000 copies/mL. Plots on the right show the effect of AdV and CD4+ 
T-cell reconstitution on the incidence of B: OS, D: EFS, and F: NRM, in patients without AdV-reactivation 
(black lines) versus patients with AdV-reactivation; subdivided into patients having CD4+ T-cell reconstitution 
(green) versus patients not having CD4+ T-cell reconstitution (red) 
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DISCuSSIon 

To our knowledge this is the first study to investigate the relations between various immune 
reconstitution markers, occurrence and duration of VR, and clinical outcome in a large 
pediatric cohort. Here, we uniquely considered all predictors in a time-dependent manner, 
making the findings more robust. With the limitations of a retrospective cohort study taken 
into account, our data show that from all evaluated immunological markers, timely CD4+ 
T-cell reconstitution predicted reactivations of AdV, EBV, and HHV6 best. Furthermore, 
AdV predicted lower OS and EFS, AdV and EBV predicted higher NRM, while EBV- and 
HHV6-reactivation predicted GvHD. Importantly, early CD4+ IR completely abolished the 
adverse effect of VR on survival parameters. Moreover, CD4+ IR did not influence reactiva-
tions of CMV and BK, nor were these VR’s predictive for clinical outcome. 

Our finding that absent of timely CD4+ IR predicts VR is in line with previous find-
ings.2–7,14 A previously suggested relation between CD8+ T-cell recovery and VR could 
not be identified16, nor could a correlation between T-cell recovery and CMV-reactivation 
be confirmed.7,15 These discrepancies may be due to the fact that we considered IR as a 

Variable

univariate Multivariate    

p-value HR 95% CI p-value  

overall Survival  

AdV-reactivation >1000 copies/mL 0.00038 2.173 (1.282-3.684) 0.0039 **

Early CD4+ T-cell reconstitution 0.002 0.52 (0.332-0.816) 0.0045 **

event Free Survival  

AdV-reactivation >1000 copies/mL 0.0101 1.771 (1.05-2.988) 0.032 *

Early CD4+ T-cell reconstitution 0.00079 0.515 (0.337-0.786) 0.0021 **

non-Relapse Mortality  

AdV-reactivation >1000 copies/mL <0.0001 2.955 (1.567-5.571) 0.0008 ***

EBV-reactivation >1000 copies/mL 0.0013 2.028 (1.001-4.109) 0.049 *

Early CD4+ T-cell reconstitution 0.00017 0.344 (0.189-0.629) 0.0005 ***

Grade 2-4 acute GvHD  

HHV6-reactivation >1000 copies/mL <0.0001 3.472 (2.113-5.704) <0.0001 ****

Grade 3-4 acute GvHD  

EBV-reactivation >1000 copies/mL 0.0085 4.799 (1.307-17.616) 0.018 *

HHV6-reactivation >1000 copies/mL 0.014 2.74 (1.22-6.155) 0.015 *

extensive chronic GvHD  

EBV-reactivation >1000 copies/mL 0.0298 3.611 (1.131-11.534) 0.03 *

Table 3. Multivariate analysis of VR and CD4+ IR versus outcome. VR and IR were considered as time varying 
predictors. VR was defined as having a viral load >1000 copies/mL in plasma. * Indicates p<0.05, ** p<0.01, *** 
p<0.001, and ****p<0.0001.
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continuous, time-dependent variable as early as 2 weeks after HCT, rather than binary and 
time-independent at certain time-points as done in most previous analyses. By taking time-
dependency into account, a more precise insight into the predictive value of the various the 
various immune-markers will be obtained. Nonetheless, in the implemented models, an 
effect of viraemia on CD4+ T-cell counts is not accounted for, although most patients do not 
show an increase in CD4+ count after VR. 

Considering VR as predictors for clinical outcome, our findings are in partly line with other 
studies showing that AdV-reactivation is associated with lower survival,17 EBV is associ-
ated with lower survival and GvHD,18 and HHV6-reactivation is associated with a higher 
risk for aGvHD in myeloablative HCT recipients.19,20 Some conflicting data exist as well, 
since others did find a relation between HHV6 and higher mortality rates,20,21 or between 
HHV6- or EBV-reactivation and aGvHD.22,23 These discrepancies may most likely be ex-
plained by differences in treatment protocols, age, or VR definition. Again here, considering 
the time-dependency of the variables may also have had a significant influence the found 
associations.

With respect to CMV-reactivation in relation to clinical outcome, we did not find any as-
sociation, while CMV has previously been associated with the occurrence of aGvHD and 
lower survival.8,15 This may be due to the pre-emptive treatment in our cohort controlling the 
negative effects that are associated with CMV. However, most available data on the impact 
of CMV-reactivations is acquired through retrospective multi-center registry studies, where 
CMV monitoring may differ between the centers: e.g. when CMV-load is only measured 
when suspicion of CMV-disease, there may be an under-reporting of actual CMV reactiva-
tions. While a significant effect of CMV on survival was shown in large registry studies, 
the absolute effect size, and thereby the clinical relevance, was relatively small (difference 
of 1.8% in OS and ~5% in NRM in studies by EBMT,24 and CIBMTR,25 respectively. Also, 
BK-reactivation was found not to predict any of the clinical outcome parameters assessed 
in this study, however we did not consider hemorrhagic cystitis as an outcome measure. 
Regardless of the fact that BK associated cystitis can be a very painful and a long lasting 
complication requiring prolonged hospitalization,26 according to our findings it does not 
affect survival or any other clinical outcome analyzed after HCT.

Data from this study imply that anti-viral therapies to increase survival chances in case of 
VR might not be needed in patients with timely CD4+ IR, especially taking toxicities of 
anti-viral drugs (e.g. nephrotoxicity, bone marrow suppression) into account. Thus, anti-
viral treatment may be delayed and possibly omitted in cases with sufficient CD4+ T-cell 
recovery at the time of reactivation. Early monitoring of CD4+ IR can be an important tool 
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to identify patients at risk. The effect and safety of omitting anti-viral therapy in patients 
with CD4+ IR should, however, be carefully evaluated first.

Although this association between absence of CD4+ IR and lower survival was described 
previously,1,3,5,6 it has never been shown before that CD4+ IR impacts VR-associated mortal-
ity. Therefore, an important strategy to prevent mortality associated with VR would be to 
target for a predictable and certain early CD4+ IR after HCT. As recent findings by our group 
suggest that high exposure of ATG after HCT significantly delays CD4+ IR,14 individualized 
ATG dosing regimens, aiming at optimal exposure, may fasten CD4+ IR, and subsequently 
enhance CD4+ T-cell predictability. Other strategies that might stimulate CD4+ IR are cur-
rently being tested in clinical settings; e.g. sex hormone inhibitors,27 low-dose interleukin-2 
treatment,28 keratinocyte growth factor,29 and Thymosin alpha 1 treatment.30 The effects of 
these treatment options on early CD4+ T-cell recovery, however, remain to be explored. 

In conclusion, the results obtained by this study stress the importance of having timely 
CD4+ IR, and provide insight in morbidities and mortality associated with developing a 
viral reactivation. Strategies to better predict CD4+ IR are of utmost importance to im-
prove survival chances after HCT. These novel strategies should, preferably, be tested in the 
context of harmonized clinical trial design and standardized immuno-monitoring to better 
compare different strategies, as recently reviewed.31 Moreover, identifying patients with 
early CD4+ IR, and thus at lower risk for viral reactivation-related morbidity and mortality, 
may limit the need for toxic anti-viral drugs. On the other hand, the identification of at 
risk patients with a delayed CD4+ IR provides the opportunity to pre-emptively intervene 
with anti-viral (cell) therapies. Altogether, finding strategies that lead to a better predictable 
CD4+ T-cell reconstitution and subsequently the prevention of viral reactivation may lead 
to lower morbidity and better survival chances for HCT patients.



204 Chapter 10

ReFeRenCeS

 1. Bülmann L, Buser AS, Cantoni N, et al. Lymphocyte subset recovery and outcome after T-cell replete 
allogeneic hematopoietic SCT. Bone Marrow Transpl 2011; 46: 1357–62.

 2. Bartelink IH, Belitser SV, Knibbe CAJ, et al. Immune Reconstitution Kinetics as an Early Predictor 
for Mortality using Various Hematopoietic Stem Cell Sources in Children. Biol Blood Marrow Transpl 
2013; 19: 305–13.

 3. Berger M, Figari O, Bruno B, et al. Lymphocyte subsets recovery following allogeneic bone marrow 
transplantation (BMT): CD4+ cell count and transplant-related mortality. Bone Marrow Transpl 
2008; 41: 55–62.

 4. Ritter J, Seitz V, Balzer H, et al. Donor CD4 T Cell Diversity Determines Virus Reactivation in 
Patients After HLA-Matched Allogeneic Stem Cell Transplantation. Am J Transpl 2015; 15: 2170–9.

 5. Fedele R, Martino M, Garreffa C, et al. The impact of early CD4+ lymphocyte recovery on the out-
come of patients who undergo allogeneic bonemarrow or peripheral blood stem celltransplantation. 
Blood Transfus 2012; 10: 174–80.

 6. Kim DH, Sohn SK, Won DI, Lee NY, Suh JS, Lee KB. Rapid helper T-cell recovery above 200 × 106/L 
at 3 months correlates to successful transplant outcomes after allogeneic stem cell transplantation. 
Bone Marrow Transpl 2006; 37: 1119–28.

 7. Pourgheysari B, Piper KP, McLarnon A, et al. Early reconstitution of effector memory CD4+ CMV-
specific T cells protects against CMV reactivation following allogeneic SCT. Bone Marrow Transpl 
2009; 43: 853–61.

 8. Broers AE, van Der Holt R, van Esser JW, et al. Increased transplant-related morbidity and mortality 
in CMV-seropositive patients despite highly effective prevention of CMV disease after allogeneic 
T-cell-depleted stem cell transplantation. Blood 2000; 95: 2240–5.

 9. Chiesa R, Gilmour K, Qasim W, et al. Omission of in vivo T-cell depletion promotes rapid expan-
sion of naı¨ve CD4+ cord blood lymphocytes and restores adaptiveimmunity within 2 months after 
unrelated cord bloodtransplant. Br J Haematol 2012; 156: 656–66.

 10. Hiwarkar P, Gaspar HB, Gilmour K, et al. Impact of viral reactivations in the era of pre-emptive 
antiviral drug therapy following allogeneic haematopoietic SCT in paediatric recipients. Bone Mar-
row Translantation 2013; 48: 803–6.

 11. Glucksberg H, Storb R, Fefer A, et al. Clinical manifestations of graft-versus-host disease in human 
recipients of marrow from HL-A-matched sibling donors. Transplantation 1974; 18: 295–304.

 12. Shulman HM, Sullivan KM, Weiden PL, et al. Chronic graft-versus-host syndrome in man. A long-
term clinicopathologic study of 20 Seattle patients. Am J Med 1980; 69: 204–17.

 13. Peters SG, Afessa B. Acute lung injury after hematopoietic stem cell transplantation. Clin Chest Med 
2005; 26: 561–9.

 14. Admiraal R, van Kesteren C, Jol-van der Zijde CM, et al. Association between anti-thymocyte globu-
lin exposure and CD4+ immune reconstitution in paediatric haemopoietic cell transplantation: a 
multicentre, retrospective pharmacodynamic cohort analysis. Lancet Haematol 2015; 2: e194–203.

 15. Boeckh M, Leisenring W, Riddell SR, et al. Late cytomegalovirus disease and mortality in recipients 
of allogeneic hematopoietic stem cell transplants: importance of viral load and T-cell immunity. 
Blood 2003; 101: 407–14.

 16. Servais S, Lengline E, Porcher R, et al. Long-Term Immune Reconstitution and Infection Burden after 
Mismatched Hematopoietic Stem Cell Transplantation. Biol Blood Marrow Transpl 2014; 20: 507–17.



Immune Reconstitution and Viral Reactivations 205

10

 17. Bruno B, Gooley T, Hackman RC, Davis C, Corey L, Boeckh M. Adenovirus infection in hematopoi-
etic stem cell transplantation: effect of ganciclovir and impact on survival. Biol Blood Marrow Transpl 
2003; 9: 341–52.

 18. Auger S, Orsini M, Céballos P, et al. Controlled Epstein-Barr virus reactivation after allogeneic 
transplantation is associated with improved survival. Eur J Haematol 2014; 92: 421–8.

 19. Gotoh M, Yoshizawa S, Katagiri S, et al. Human herpesvirus 6 reactivation on the 30th day after 
allogeneic hematopoietic stem cell transplantation can predict grade 2-4 acute graft-versus-host 
disease. Transpl Infect Dis 2014; 16: 440–9.

 20. de Pagter PJ, Schuurman R, Keukens L, et al. Human herpes virus 6 reactivation: important predictor 
for poor outcome after myeloablative, but not non-myeloablative allo-SCT. Bone Marrow Transpl 
2013; 48: 1460–4.

 21. Zerr DM, Corey L, Kim HW, Huang ML, Nguy L, Boeckh M. Clinical outcomes of human herpesvi-
rus 6 reactivation after hematopoietic stem cell transplantation. Clin Infect Dis 2005; 40: 932–40.

 22. Violago L, Jin Z, Bhatia M, et al. Human herpesvirus-6 viremia is not associated with poor clinical 
outcomes in children following allogeneic hematopoietic cell transplantation. Pediatr Transpl 2015; 
19: 737–44.

 23. Jaskula E, Dlubek D, Sedzimirska M, Duda D, Tarnowska A, Lange A. Reactivations of cytomega-
lovirus, human herpes virus 6, and Epstein-Barr virus differ with respect to risk factors and clinical 
outcome after hematopoietic stem cell transplantation. Transpl Proc 2010; 42: 3273–6.

 24. Schmidt-Hieber. CMV serostatus still has an important prognostic impact in de novo acute leukemia 
patients after allogeneic stem cell transplantation: a report from the Acute Leukemia Working Party 
of EBMT. Blood 2013; 122: 3359–64.

 25. Teira P, Battiwalla M, Ramanathan M, et al. Early cytomegalovirus reactivation remains associated 
with increased transplant related mortality in the current era: a CIBMTR analysis. Blood, epub 2016

 26. Gilis L, Morisset S, Billaud G, et al. High burden of BK virus-associated hemorrhagic cystitis in 
patients undergoing allogeneic hematopoietic stem cell transplantation. Bone Marrow Transpl 2014; 
49: 664–70.

 27. Velardi E, Tsai JJ, Holland AM, et al. Sex steroid blockade enhances thymopoiesis by modulating 
Notch signaling. J Exp Med 2014; 211: 2341–9.

 28. Nadal E, Fowler A, Kanfer E, Apperley J, Goldman J, Dazzi F. Adjuvant interleukin-2 therapy for 
patients refractory to donor lymphocyte infusions. Exp Hematol 2004; 32: 218–23.

 29. Seggewiss R, Einsele H. Hematopoietic growth factors including keratinocyte growth factor in al-
logeneic and autologous stem cell transplantation. Semin Hematol 2007; 44: 203–11.

 30. Perruccio K, Bonifazi P, Topini F, et al. Thymosin alpha1 to harness immunity to pathogens after 
haploidentical hematopoietic transplantation. Ann NY Acad Sci 2010; 1194: 153–61.

 31. Nierkens S, Lankester AC, Egeler RM, et al. Challenges in the harmonization of immune monitoring 
studies and trial design for cell-based therapies in the context of hematopoietic cell transplantation 
for pediatric cancer patients. Cytotherapy 2015; 17: 1667–74.


