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ABSTRACT

BK virus (BKV), a human polyomavirus that remains latent in renal epithelial cells, can be reactivated after hematopoietic stem cell transplantation (HSCT) leading to
hemorrhagic cystitis. The incidence of BK viremia is higher after Umbilical cord blood transplantation (UCBT) than HSCT from adult donors. Data regarding the role
of immune recovery after UCBT in BKV reactivation is lacking. We examined the correlation between the development of BK viremia and immune reconstitution in 27
adult recipients of UCBT. The incidence of BK viremia was 52% and developed most frequently within the first 8 weeks after the transplantation, but persisted in
seven patients at 6 months, and three patients at 1-year post UCBT. Detection of BK viremia 1 year after transplant was negatively associated with the number of
CD8™ cells (p = 0.03) and CD8 *CD45RO ™ cells (p = 0.05) at 6 months, and the number of CD4 " (p = 0.03) and CD4*CD45RO ™ cells (p = 0.03) at 12 months after
UCBT. Conversely, BK viremia at 6 and 12 months was positively correlated with the number of T regulatory (Treg) cells at 1 month (p = 0.005 and p = 0.016,
respectively). Because UCB Treg have highly potent immunosuppressive function, our findings indicate that sustained BK viremia in UCBT recipients might be
associated with the increase of Treg cells early after transplantation, which mediate impaired and delayed reconstitution of CD4* and CD8* T effector cells.

1. Introduction

Polyomavirus BK (BKV) is a double-stranded, non-enveloped DNA
virus, which usually causes primary infection during childhood and
subsequently remains in a latent phase in the kidneys and urinary tract
[1,2]. Immunosuppression can cause re-activation of the virus asso-
ciated with nephropathy, ureteral stenosis and cystitis in renal trans-
plant recipients [3], and hemorrhagic cystitis (HC) in recipients of he-
matopoietic stem cell transplantation (HSCT) [4,5], and is associated
with increased morbidity and mortality [6-8]. Previous studies have
shown that myeloablative therapy, CMV viremia, chronic and acute
graft versus host disease (GVHD), HLA-mismatched donor and impaired
immune reconstitution are risk factors for the development of HC in
HSCT recipients [9-12].

Umbilical cord blood (UCB) is an alternative source of

hematopoietic stem cells for patients who lack suitable matched related
or matched unrelated adult donors. The use of two UCB units has
shortened the time to engraftment mainly for the myeloid precursors
[13] but lymphoid immune reconstitution remains delayed in the UCBT
recipients [14]. It was recently reported that UCB transplantation
(UCBT) is an independent risk factor for severe BKV disease develop-
ment [12,15-17]. Our group observed that the incidence of BKV re-
activation in a cohort of double UCBT (dUCBT) was 56% [18], which is
higher than reported in previous studies of UCBT [19], further sup-
porting that recipients of UCBT are at higher risk for developing BKV
infection. Previously, we examined the immunological mechanisms
related to reactivation and clearance of CMV after dUCBT. We observed
that clearance of CMV viremia in patients who underwent dUCBT de-
pended on the recovery of CD**CD45RA™ naive T cells and thymic
reconstitution, which was also significantly associated with overall
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survival [20]. The exact mechanisms implicated in the increased sus-
ceptibility of UCBT recipients to BKV infection along with the critical
components of the immune response for its clearance remain unknown.
Understanding these mechanisms might be useful for the development
of therapeutic interventions to prevent BKV reactivation, as currently
there are no effective treatments for BKV infection [21,22].

The aim of our study is to assess whether the incidence of BK vir-
emia is associated with quantitative and qualitative recovery of the T
cell immune response in adult recipients of dUCBT from a single cancer
center treated with one protocol of pre-transplant conditioning and
post-transplantation immunosuppression.

2. Materials and methods

This research protocol was approved by the Institution Review
Board of the Dana-Farber/Harvard Cancer Center. Written informed
consent was obtained from all patients for the correlative laboratory
study of immune reconstitution before enrollment and participation in
accordance with the Declaration of Helsinki. The trial was prospectively
registered at http://www.clinicaltrials.gov (NCT00133367).

2.1. Patients

Patients with hematologic malignancies were eligible for inclusion
in the study if they lacked a 6/6 or 5/6 HLA-A,-B,-DRB1-matched re-
lated donor, a 10/10 HLA-A,-B,-C,-DRB1,-DQ-matched unrelated donor.
Eligibility was based on previously established criteria [23].

2.2. Selection of UCB units

UCB units were obtained from national and international cord blood
banks. Both units were required to be a 4/6 or greater HLA A, HLA B,
and HLA DRBI allele-level match with each other and the patient.

2.3. Treatment

Patients received the following conditioning regimen before UCBT:
fludarabine 30 mg/m? per day from day —8 through day —3 (total
dose of 180 mg/m2), melphalan 100 mg/m? per day on day —2 only,
and rabbit antithymocyte globulin 1.5 mg/kg per day on days —7, —5,
—3, and — 1. Prophylaxis for GVHD consisted of tacrolimus starting on
day —3 at a dose of 0.05mg/kg orally. A loading dose of sirolimus
(12 mg) was given on day — 3, with subsequent daily doses of 4 mg/day
with a target blood level of 3 to 12ng/mL. In the absence of GVHD,
tacrolimus and sirolimus were tapered from day + 100 through +180.
Patients received filgrastim at 5pg/kg per day from day +5 until an
absolute neutrophil count higher than 2.0 X 10° cells/L was reached
for 2 consecutive days.

2.4. Sample collection

Peripheral blood samples were collected at the following time-
points: immediately before administration of conditioning che-
motherapy, 4 weeks, 8 weeks, 100days, 6 months, 12 months, and
24 months after transplantation. Serum was separated with cen-
trifugation and stored at —80 °C. Urine sampling was done if clinically
indicated.

2.5. Immunophenotyping

Peripheral blood mononuclear cells (PBMCs) were obtained at the
above indicated time-points for staining with fluorescence-conjugated
monoclonal antibodies for lineage-specific markers and analysis using a
BD FACSCanto flow cytometer (BD Biosciences) as previously described
[20]. Representative flow cytometry plots of gating are shown in Sup-
plementary Fig. S1.
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2.6. Detection of BKV DNA and antibody

DNA extraction was performed using the QIAamp® Minelute Virus
Spin Kit (Qiagen, CA) as previously [18]. BKV DNA was quantified
using Quantitative PCR (qPCR) using a 7300 Real Time PCR System
(Applied Biosystems, CA) as previously described [18]. BKV ELISA was
used to quantify BKV IgM, IgA, and IgG and results were reported as
mean values of duplicates as described before [18].

2.7. Clinical monitoring for BKV infection

Medical records were reviewed for covariates associated with the
clinical monitoring for BKV infection. Clinical data including creatinine
and estimated glomerular filtration rate at each time point of sera
collection all bacterial urine culture results, all clinical urine and blood
PCR results, clinician notes documenting symptoms of cystitis around
and at each time point, onset of GVHD and treatments for BKV infection
were recorded.

2.8. Statistics

The Wilcoxon rank-sum test was used to test differences between
continuous variables, whereas the Fisher exact test was used for cate-
gorical measures. Correlation between continuous variables was eval-
uated by using the Spearman rank test. BKV serostatus and phenotypic
markers were included as time-varying covariates. Phenotypic markers
were assessed at the above mentioned time-points. BK viremia was
assessed in the following intervals: O to 4 weeks (1 month), 4 weeks to
100 days (3 months), 100 days to 6 months (6 months) and 6 months to
12 months (12 months). All phenotypic markers analyzed as continuous
variables. All tests were two-sided at the significance level of 0.05 and
multiple comparisons were not considered. All statistical analyses were
performed using SAS version 9.4 (SAS Institute).

3. Results
3.1. Patient characteristics

A total of 32 patients with hematologic malignancies were enrolled
in the study. Four patients were excluded from analysis because of
death before day 100, and one patient was excluded because of in-
sufficient number of samples after transplantation. The results pre-
sented in this study are based on 27 patients. Median age was 48 years,
52% of patients in this cohort were male and lymphoma was the in-
dication for transplantation in 48% of patients, with acute leukemia
(33%), myeloproliferative disease (11%) and chronic leukemia (7%) to
be the other indications. Approximately half of the patients (48%) died
before the completion of the study and one patient (4%) was lost in the
follow up. Seven patients (26%) developed acute GVHD and 2 patients
(7%) developed chronic GVHD. The median days to neutrophil and
platelet engraftment were 21 and 42 respectively [23].

One hundred forty-six serum samples from 27 patients were avail-
able for BKV studies and correlation analysis. None of the patients'
serum was found positive for BKV DNA prior to transplantation, while
anti-BKV IgM antibody was found positive in 3 patients (13%) prior to
transplantation [18]. The baseline characteristics of the patients are
summarized in Table 1.

3.2. Development of BK viremia and BK infection

Fourteen of twenty seven patients (52%) developed BK viremia
ranging from 4.1 x 10° to 7.9 x 10° copies/mL of serum (median
8.9 x 10* copies). BK viremia was detected as early as four weeks and
as late as 8 weeks after dUCBT and median time was 40 days. Overall,
the cumulative incidence of BK viremia was highest between 8 weeks
and 100 days, since during this period more than 50% of patients were
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Table 1
Baseline characteristics of the patients.

Number of patients

n = 27 (range of %)

Median age (range) 48 (19-67)
Male sex (percentage) 14 (52%)
Baseline disease
Acute leukemia 9 (33%)
Chronic leukemia 2 (7%)
Lymphoma 13 (48%)
Myeloproliferative disease 3 (11%)
Clinical outcome
Completed study 13 (48%)
Death prior to study completion 13 (48%)
Lost to follow up 1 (4%)
Acute GVHD 7 (26%)
Chronic GVHD 2 (7%)
Median days to neutrophil engraftment 21 (13-70)
Median days to platelet engraftment 42 (25-162)
Positive anti-BKV IgM antibody 3 (13%)

Table 2
Incidence of BK viremia at different time-points.

Time point Tested (n) Positive (n, %)
Pre-transplant 24 0

4 weeks 23 8 (35%)

8 weeks 26 14 (54%)

100 days 26 14 (54%)

6 months 21 7 (33%)

1year 16 3 (19%)

2 years 8 1 (13%)

found with BK viremia. The probability of developing BK viremia by
day 100 was 0.52 (95% CI, 0.33-0.71) [18]. Table 2 shows the in-
cidence of BK viremia at different time-points during follow up. Eight of
27 patients developed hemorrhagic cystitis (30%) by day 100 and 6 of
these patients (75%) had concurrent BK viremia [18]. In 9 of the 15
patients (60%) with detectable serum BKV DNA, urinary BKV PCR was
also performed. All 9 patients (100%) had detectable urinary BKV and
developed clinical symptoms ranging from dysuria to hemorrhagic cy-
stitis [18].

3.3. BK viremia is negatively correlated with T effector CD4* and CD8*
cell reconstitution and positively associated with the number of T regulatory
cells

Next, we analyzed all the immune subsets of PBMC for potential
correlation with the development of BK viremia. For this purpose, we
analyzed CD4* and CD8" counts and their correlation to viral out-
comes at each time point. We further examined potential correlation
between CD4* and CD8™" counts at each time point, which indicates
the kinetics of immune reconstitution, to viremia at 1 year after dUCBT
(Table 3a and Table 3b). As we have previously reported [14,20],
median values of CD4* and CD8* T cells fell after the transplantation,
and subsets of CD8™ cells remained depressed throughout the first
6 months reaching normal median values at 1year after the

Table 3a
Correlations between CD4* and CD8™ T cell counts and BK viremia at the
corresponding time points.

Month(s) post Absolute CD4* count and Absolute CD8* count and

transplant BK viremia BK viremia

1 month r= —0.05P = 0.84 r=0.14, P = 0.60

3 months r=—-0.24,P =0.28 r=0,P=1

6 months r=—-0.07,P =0.78 r=-0.16, P = 0.50
12 months r= —0.64, P = 0.03 r= —0.41,P =0.18
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Table 3b
Correlations between CD4* and CD8™ T cell counts on different time points
and BK viremia 1 year after transplant.

Month(s) post Absolute CD4 " count and BK  Absolute CD8* count and BK

transplant viremia 1 year after viremia 1 year after
transplant transplant

1 month r=0.35P =0.24 r=0.20, P = 0.52

3 months r=—-0.30,P =0.34 r=—-0.24,P =045

6 months r= —0.40,P = 0.17 r=—0.62, P =0.03

12 months r= —0.64, P = 0.03 r=-0.41,P=0.18

transplantation. On the contrary, the subsets of CD4* cells did not
reach normal median values within 1 year after transplantation (Fig. 1).
We observed a statistically significant inverse correlation between BK
viremia and the absolute numbers of CD4* at 12 months (r = —0.64,
p = 0.03). We also observed that the absolute numbers of CD8* at
6 months were inversely correlated with BK viremia at 12 months
(r= —-0.62, p = 0.03).

By analyzing naive and effector memory subsets of CD4 " and CD8*
T cells, we found no significant association between BK viremia and
absolute number of naive CD4*CD45RA™ and CD8*CD45RA™ cells
(Table 4). On the contrary, BK viremia at 1year after transplant was
inversely correlated with the absolute number of T effector
CD8"CD45RO™" cells at 6 months (r = —0.56, p = 0.05) and T effector
CD4*CD45RO™ cells at 12 months after dUCBT (r = —0.64, p = 0.03)
(Table 5).

3.4. Distinct cellular components of immune reconstitution are correlated
with reactivation of BK and CMV reactivation after UCBT

Our group determined previously that the ability of dUCBT re-
cipients to generate new, post-thymic T cells is associated with clear-
ance of CMV viremia and improved overall survival [20]. Our present
studies showed that BK viremia was not associated with the absolute
numbers of naive CD4"CD45RA™ and CD8*CD45RA™ cells but in-
versely correlated with the numbers of CD4"CD45RO* and
CD8"CD45RO™ T cells (Table 4). These findings suggest that immune
surveillance of CMV and BK viremia might be mediated by distinct
mechanisms which involve different immune populations. We assessed
whether correlation between the development of BK and CMV viremia
could be detected. We observed that there was no correlation between
BK and CMV viremia in at any time point after dUCBT.

One cell subset that might have an active role in the expansion and
immune function of CD4*CD45RO " and CD8 " CD45RO™ T cells is the
natural immunosuppressive population of Treg cells. Particularly UCB
Treg cells have distinct signaling properties and mediate potent im-
munosuppressive function [24,25]. We examined whether a correlation
between Treg cell numbers and BK viremia could be detected. The
absolute number of Treg cells at 1 month after dUCBT was positively
correlated with the development of BK viremia at 6 months (r = +0.65,
p = 0.005) and 12 months (r = +0.65, p = 0.016) (Table 6). Patients
with BK viremia at 8 weeks, 100 days and 6 months also had higher
CD47CD25" counts at 1 month after the dUCBT (p = 0.05, p = 0.043
and p = 0.02 respectively) (Table 6). Because UCB Treg have highly
potent immunosuppressive function, these correlations indicate that
sustained BK viremia in UCBT recipients might be associated with the
increase of Treg cells early after transplantation, which mediate im-
paired and delayed reconstitution of CD4* and CD8™" T effector cells.

4. Discussion

In the present study we evaluated the development of BK viremia,
which was seen in 52% of our patients by the day 100 after transplant.
Interestingly, we found that BK viremia was prevalent in seven patients
(33%) at six months and three patients (19%) at 1 year after dUCBT.
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Fig. 1. Reconstitution of various cell populations after double UCB transplantation. (A) CD4* T-cell subsets. (B) CD8* T-cell subsets. The 25th and 75th percentiles
are denoted by the error bars; solid symbols (i, ¢, A, ®) denote median values. (Adapted from Brown et al. [20]).

Table 4
Correlations between naive CD4* and CD8* T cell counts on different time
points and BK viremia 1 year after transplant.

Month(s) post CD4*CD45RA* and BK CD8 + CD45RA + and BK

transplant viremia 1 year after viremia 1 year after transplant
transplant
1 month r=0.41, P = 0.19 r=0.16, P = 0.61
3 months r=—0.41,P=0.19 r=—0.26, P = 0.41
6 months r=-0.44,P=0.13 r= —0.53,P =0.06
12 months r= —0.54, P = 0.07 r=-0.33,P =0.30
Table 5

Correlations between effector CD4* and CD8™ T cell counts on different time
points and BK viremia 1 year after transplant.

Month(s) post CD4"CD45RO* and BK CD8*CD45RO™ and BK

transplant viremia 1 year after viremia 1 year after transplant
transplant
1 month r=0.40,P =0.18 r=0.20, P = 0.52
3 months r=—0.33,P=0.30 r=—-0.30,P =0.33
6 months r=—-0.35P=0.24 r= —0.56, P = 0.05
12 months r= —0.64, P = 0.03 r=—0.41,P =0.18
Table 6

Correlation between regulatory T cell count at 1 month and BK viremia at
1 month, 3 months, 6 months and 12 months after transplant.

Month(s) post transplant CD4*CD25" count 1 month post-dUCBT and BK

viremia

1 month r=0.32,P=0.21
3 months r=0.38, P =0.10
6 months r = 0.65, P = 0.005
12 months r = 0.65, P = 0.016

This finding reflects the impaired and delayed immune reconstitution in
dUCBT recipients [20,26,27],. We found that BK viremia at 12 months
after the transplantation was negatively associated with the total
number of CD8 " and CD4™ T cells at 6 and 12 months, respectively. BK
viremia at 12 months was also negatively associated with T effector
CD8*"CD45RO* and CD4*CD45RO™ cell counts at 6 and 12 months,
respectively. Moreover, the development of BK viremia positively cor-
related with the number of Treg cells at one month after transplanta-
tion. The association between the Treg cells count at 1 month after the
dUCBT with the persistent BK viremia at later time points suggest an
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early and sustained immunosuppressive effect of these potent Treg cells
which compromises the expansion of effector T cells and correlates with
the impaired clearance of BK viremia at later times after transplanta-
tion.

Hemorrhagic cystitis associated with BK viremia is a severe com-
plication of HSCT related to significant morbidity and mortality [4].
Previous studies showed that myeloablative conditioning, use of a graft
from an unrelated or mismatched donor, CMV viremia, severe acute
and chronic GVHD are risk factors for development of BK-associated
hemorrhagic cystitis [9,12,28,29]. The incidence of BK viremia has
been found to be higher in recipients of dUCBT compared to non-
dUCBT allogeneic HSCT recipients [15,18,19]. It is known that T cells
transferred to the recipient with the UCB are naive, and fewer com-
pared to HSCT from adult donors leading to decreased risk of GVHD but
also to inadequate protection against viral infections such as CMV and
EBV [14,17]. Our group and others have identified a delayed recovery
of T cells through thymic reconstitution in UCB recipients [20,26,27],
which is critical for the clearance of CMV viremia and predictive of the
overall survival of these patients [20].

Our present study suggests that immunologic mechanisms asso-
ciated with the protection from BK viremia and hemorrhagic cystitis are
distinct from protection from CMV reactivation. We analyzed the cor-
relations between the numbers of reconstitution of various cellular
immune populations and the development of BK viremia. Our data
showed that the detection of BK viremia at 1 year after the transplan-
tation is negatively associated with the total number of CD8 " T cells at
6 months and CD4™ T cells at 1 year after the transplantation. These
data are consistent with previous reports showing that the incidence of
BK viremia and development of BK-associated graft nephropathy are
higher in renal transplant recipients with defective CD8* dependent
immune reactivity and abnormal CD4* T cell function [30,31]. Of note,
Abudayyeh et al. recently showed that apart from decreased CD37,
CD4%, and CD8" counts, decreased CD56 + counts are also associated
with increased incidence of BKV infection in HCT recipients including
UCBT recipients [12]. Focusing further on T cells we found that the
incidence of BK viremia at 12 months is negatively associated with the
number of effector memory CD8*CD45RO* at 6months and
CD4"CD45RO* T cells at 12months after transplantation. On the
contrary we did not identify any statistically significant correlation
between the BK viremia and number of naive T cells at any time-point
during the follow up. Previous studies have already highlighted the role
of CD4™ and CD8™" T cells recognizing BKV specific antigens for the
clearance of the infection in recipients of renal transplants and HSCT
[32,33]. Our study is the first to reveal a role of effector T cells for the
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protection from BK viremia in recipients of UCBT.

We also observed that the absolute number of Treg cells at 1 month
after the transplantation was positively correlated with BK viremia at 6
and 12 months after dUCBT. It should be noted that our study is based
on retrospective analysis of data that were generated when Treg iden-
tification was based only on co-expression of CD4, CD25 and Foxp3 in
patients' T cells. However, this finding is important as UCB grafts per se
have higher content of Treg cells than adult grafts [17]. Treg cells are
involved in maintaining self-tolerance and immune homeostasis and
their ability to inhibit the host immune responses may lead to pro-
gression of viral infections and neoplastic diseases. Treg cells reduce the
protective T cell response against viral replication through their re-
pressive effect on effector cell expansion and cytokine production and
by inhibiting the trafficking of CD4™ and CD8* T cells to the sites of
the infection [34-36]. It has been suggested that viral infections may
trigger the expansion and activation of Treg cells via several mechan-
isms including recognition of viral antigens by the Treg TCR or secre-
tion of inflammatory cytokines including IL-2 and TNF-a at the site of
the infection [37]. Despite the extensive research regarding the impact
of Treg cells on viral replication and progression of viral infections such
as HIV and HCV, a role of Treg on the development of BK viremia
especially after HSCT has not been identified before. In this context, our
findings support the novel hypothesis that Treg cells may be involved in
BKV proliferation and sustained BK viremia in recipients of dUCBT, and
inhibition of Treg activity might be a promising therapeutic approach
to improve this detrimental complication.

Godfrey et al. showed previously that UCB is a superior source of
Treg cells compared with adult blood [24] while our group showed that
UCB Treg can retain their suppressive properties after prolonged in
vitro culture in IL-2 [25]. Moreover, Treg cells from UCB are more
potent compared to adult Treg in regard to their suppressive effects on
T effector cells [24,25]. Our finding that higher number of Treg cells
early after the dUCBT is associated with sustained BK viremia after the
transplantation may be related to highly suppressive properties of UCB
Treg cells transfer in the UCB grafts, which contribute to the delayed
immune reconstitution by inducing prolonged suppression effects
leading to impaired T cell expansion. Together, our findings provide an
immunological insight why BK viremia is more common in recipients of
UCB compared to recipients of adult HSCT. Although these findings are
intriguing, the interpretation of these data should be taken with caution
due to the relatively small sample size in our clinical trial in which more
than one primary endpoint were assessed. However, the strength of our
studies is the collection of data from adult recipients of dUCBT from a
single cancer center, treated with one protocol of pre-transplant con-
ditioning and after transplantation immunosuppression. Further studies
are warranted to establish the role of Treg on the reactivation of BKV
and potential other viruses after UCBT.
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