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Severe combined immunodeficiency (SCID) is one of
the most severe forms of primary immunodeficiency disease.
Although infants with SCID generally appear healthy at
birth, they are unable to clear infections during the first
few months of life. The presence of insidiously progressive
respiratory disease with radiological evidence of interstitial
pneumonia suggests the involvement of Preumocystis jiroveci
or cytomegalovirus (CMV) infection.

Hematopoietic stem cell transplantation (HSCT) and
gene therapy are the curative treatments of choice for
patients with SCID. Outcome is poor in those with ongoing
P jiroveci or CMV infection. Adoptive immunotherapy with
CMV-specific cytotoxic T lymphocytes (CTL) has recently
been used for post-HSCT patients with refractory CMV
infections [1,2]. However, this therapy is labor-intensive
and expensive. Therefore, it is only used in a limited
number of institutions. Conversely, activated CD4* T cells
can be easily expanded ex vivo and used for adoptive
immunotherapy against cancer or as a component of therapy
based on donor lymphocyte infusion (DLI) [3-5]. Numazaki
et al [6] reported the case of an infant diagnosed with severe
interstitial pneumonia associated with CMV infection who
was successfully treated with adoptive immunotherapy
using activated CD4* T cells.

J Investig Allergol Clin Immunol 2014; Vol. 24(3): 192-211



201

Practitioner's Corner

We report the case of a patient with X-linked SCID and
systemic CMV infection. Treatment involved bone marrow
transplantation (BMT) from a human leukocyte antigen
(HLA)-matched sibling donor and adoptive immunotherapy
administered by infusion of CMV-positive donor-derived
activated CD4* T cells. This combination successfully cured
CMYV infection.

A 3-month-old Japanese boy was admitted to a local
hospital because of long-standing severe cough. The
laboratory studies revealed lymphopenia, and the patient was
transferred to Toyama University Hospital, Toyama, Japan
owing to the possibility of primary immunodeficiency disease.
Physical examination revealed fever, tachypnea, respiratory
retraction, and hepatomegaly. The laboratory studies revealed
lymphopenia (378/uL), thrombocytopenia (36 x 10%/uL),
anemia (hemoglobin, 7.7 g/dL), hypoproteinemia (total protein,
4.0 g/dL), elevated liver enzymes (aspartate aminotransferase,
564 1U/L; alanine aminotransferase, 91 TU/L; lactate
dehydrogenase, 1088 TU/L), and hypogammaglobulinemia
(IgG, 85 mg/dL; IgA, 1 mg/dL; IgM, 29 mg/dL). The
common y chain was not expressed on lymphocytes, and
the genetic analysis revealed a novel 609delG mutation in
IL2RG. Therefore, the patient was diagnosed with X-linked
SCID. A chest radiograph showed interstitial shadow, and
the thymus was not visible. Thoracic computed tomography
images demonstrated consolidation in the right lower lobe
and diffuse ground-glass opacities in both lungs; the thymus
was not visible. Tests for P jiroveci, Aspergillus species, and
Candida species were all negative. However, the test for CMV
antigenemia was positive (C7-HRP, 34/44 000). In addition,
CMV-DNA was detected in all the samples analyzed, including
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blood, urine, sputum, cerebrospinal fluid, and stool. Taken
together, the data indicated systemic CMV infection.

The patient was immediately treated with intravenous
immunoglobulin, ganciclovir, trimethoprim-sulfamethoxazole,
and sivelestat sodium. However, a pulmonary hemorrhage
and hypoventilation due to severe CMV pneumonia required
mechanical ventilation. Although methylprednisolone pulse
therapy and nitrogen oxide inhalation were also administered
for CMV pneumonia, the patient’s respiratory condition
worsened. On the 13th day of hospitalization, the patient
underwent BMT from an HLA-matched sibling without
conditioning. Ciclosporin A and methylprednisolone were
administered as prophylaxis for graft-versus-host disease.

The patient’s respiratory condition gradually improved,
and he was taken off the mechanical ventilator on day 8 after
BMT (Figure). The donor was positive for anti-CMV antibody
and had CMV-specific CD8" T cells (0.02%). Before BMT,
activated CD4" T cells were prepared from the donor to use in
the treatment of severe CMYV infection. Although the patient was
not under mechanical ventilation at this stage, he still required
oxygen, and his CMV-DNA copy number was high. Therefore,
he was treated with foscarnet beginning on day 18 after BMT for
possible ganciclovir-resistant CMV infection. He also received
CD4-DLI (5 x 107 cells) on days 24 and 38 after BMT. CMV-
DNAemia had disappeared by day 39 after BMT. Although the
patient has a mild developmental delay, he is doing well without
intravenous immunoglobulin (replacement).

Various types of infection have been observed in patients
with SCID. One of the major problems affecting these patients
is interstitial pneumonia due to P jiroveci or CMV infection.
CMV-induced pneumonia may be more severe and leads to a
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poor outcome. The donor CMV-specific CTLs were transfused
to the patient during allogeneic BMT and may have begun
to act against CMV infection. CD4-DLI therapy on days 24
and 38 after BMT may also have contributed to the control
of CMV infection.

CMYV infection is a major complication of allogeneic HSCT.
Ganciclovir is an effective antiviral agent, and cidofovir and
foscarnet are also effective for CMV infection in ganciclovir-
resistant recipients. CMV infection is resistant to these antiviral
drugs in certain patients, especially those receiving T-cell-
depleted HSCT and those with primary immunodeficiency
disease [7]. Treatment with CMV-specific CTLs after HSCT
has resulted in cellular immune reconstitution and suppression
of viremia [8,9]. The first adoptive immunotherapy involved the
use of CMV-specific CTL clones generated by stimulating donor
T cells with CMV-infected skin fibroblasts [8]. Dendritic cells
and Epstein-Barr virus—transformed lymphoblastoid cell lines
have also been used as antigen-presenting cells for expansion of
CTLs [9,10]. However, these methods may not be suitable for
clinical contexts that require rapid generation of CTLs.

Expansion of autologous T cells from peripheral blood
mononuclear cells ex vivo is a feasible and efficacious
approach [3] that rapidly enabled complete chimerism to
be achieved without graft-versus-host disease in a patient
with primary immunodeficiency disease [5]. We performed
CD4-DLI for refractory CMV infection in a patient with
X-linked SCID. Activated CD4* T lymphocytes might have a
bystander effect for donor-derived CMV-specific CTLs that
were transfused during BMT.

In conclusion, we report the case of a patient with X-linked
SCID associated with severe CMV infection. The patient
recovered from severe CMV infection with CMV-specific
CTLs from an HLA-matched sibling donor and adoptive
immunotherapy with CD4-DLL
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It has been unclear whether chromosomally integrated
human herpesvirus 6 (ciHHV-6) can be activated with path-
ogenic effects on the human body. We present molecular and
virological evidence of ciHHV-6A activation in a patient with
X-linked severe combined immunodeficiency. These findings
have significant implications for the management of patients
with ciHHV-6.

Keywords. ciHHV-6; HHV-6; X-SCID; hemophagocytic
syndrome; thrombotic microangiopathy.

Human herpesvirus 6 (HHV-6) is a ubiquitous DNA virus that
is the causative agent of roseola infantum, and infects individ-
uals by 3 years of age [1]. After primary infection, HHV-6 es-
tablishes a latent state in the host. There are 2 distinct species,
HHYV-6A and HHV-6B. Most HHV-6 infections are caused by
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HHV-6B, whereas HHV-6A is less common. Chromosomally
integrated HHV-6 (ciHHV-6) is the state in which HHV-6
(HHV-6A or HHV-6B) is integrated into the host germline ge-
nome, and it is transmitted vertically in a Mendelian manner.
Although ciHHV-6 affects about 1% of the general population,
it is generally considered to be a nonpathogenic condition.
However, it is unclear whether ciHHV-6 can be activated
with pathogenic effects on the human body [2].

Severe combined immunodeficiency (SCID) is a grbup of
genetic disorders that result in a combined absence of T- and
B-cell immunity. It is characterized by life-threatening infec-
tions during the first year of life unless treated, usually with he-
matopoietic stem cell transplantation (HSCT). X-linked severe
combined immunodeficiency (X-SCID) arises from a mutation
in the interleukin 2 receptor, gamma (IL2RG) gene on the X-
chromosome [3]. We encountered a boy with X-SCID in
whom ciHHV-6A was activated.

CASE REPORT

A 2-month-old boy was hospitalized for recurrent episodes of
fever, cough, diarrhea, and failure to thrive. Upon admission,
a viral infection was suspected, and supportive care did not im-
prove his symptoms.

Twenty days after admission, mild pancytopenia (leukocyte
count, 1.4x 10°/L; hemoglobin level, 78 g/L; and platelet
count, 37 x 10°/L) and elevated aminotransferases and ferritin
were evident (aspartate aminotransferase, 448 U/L; alanine
aminotransferase, 218 U/L; and ferritin, 4325 ng/mL) (Supple-
mentary Figure 1). A bone marrow biopsy showed a hypocellu-
lar condition without dysplastic changes, as well as increased
activated phagocytes. These results suggested hemophagocytic
syndrome (HPS).

An immunological evaluation revealed an absence of T cells
and low immunoglobulin levels. Genetic analysis identified
a mutatjon in the IL2RG that was consistent with X-SCID. The
patient’s mother was heterozygous for the same mutation, and
there was no such mutation detected in the patient’s father.

A comprehensive search for a pathogen identified high levels
of HHV-6 DNA (1.2 x 107 copies/ug DNA) in his peripheral
blood. Antiviral treatment with ganciclovir or foscarnet did
not reduce the viral load, and ciHHV-6 was suspected. We de-
tected high levels of HHV-6 DNA in the patient’s fingernails,
the father’s peripheral blood, and the father’s hair follicles
(5.9 % 10%, 1.0 x 107, 1.2 x 10° copies/pugDNA, respectively).
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Fluorescence in situ hybridization analysis of the patient’s fibro-
blasts and his father’s peripheral blood mononuclear cells
(PBMCs) confirmed HHV-6 integration at chromosome 22 in
both individuals (Figure 1); these results suggested vertical
germline transmission.

However, discontinuation of antiviral treatment led to a de-
terioration of the patient’s HPS. Because no other pathogen was
detected, activation of HHV-6 was suspected. To confirm this
suspicion, we performed 3 assays that could detect viral activa-
tion despite the presence of integrated HHV-6 DNA. First, re-
verse transcription polymerase chain reaction (RT-PCR) was
used to detect viral RNA in whole-blood samples. RT-PCR
was performed on 2 HHV-6 genes, the late gene U60/66 and
the immediate-early (IE) gene IE1, as described previously
[5]. We detected viral RNA for both genes (4.6 x 10% copies/
ug RNA for U60/66 and 5.2 x 10> copies/ug RNA for IE1). Sec-
ond, immunostaining was used to detect IE antigens in a bone
marrow sample taken at the time of HPS (Figure 2 and Supple-
mentary Figure 2) [6]. Last, HHV-6A was isolated from the pa-
tient’s PBMCs. It was cultured with cord blood cells and its
presence confirmed by immunofluorescent staining with an
anti-HHV-6 monoclonal antibody (Figure 3 and Supplementa-
ry Figure 3) [1].

Two hypotheses were postulated: Either the patient with
ciHHV-6 was infected de novo with HHV-6, or HHV-6 was ac-
tivated from the ciHHV-6 genome present in this patient. We
performed a sequence analysis of the HHV-6 IE1 gene, as IE1
is variable and readily used to distinguish between HHV-6 var-
iants [7]. DNA samples from isolated HHV-6A (described
above), the patient’s fingernails, his father’s hair follicles, and
laboratory strains U1102 and Z29 were amplified by PCR and

Figure 1. Integration of human herpesvirus type 6 (HHV-6) in chromo-
some 22 was demonstrated by fluorescence in situ hybridization analysis.
Fibroblasts derived from the patient’s skin (A) and peripheral blood mono-
nuclear cells from the father (B) were cohybridized with HHV-6-specific
{yellow arrow) and chromosome-22-specific probes (white arrows) [4].
HHV-6 integration in only one of the chromosome 22 alleles was shown
in both materials. In sets of A and B are the enlared images of FISH
data positively cohybridized with both probes.

sequenced. Because active HHV-6 is not present in the finger-
nails or hair follicles, we could amplify the original integrated
HHV-6 strain from the genomes in these tissues. To our sur-
prise, the sequences and subsequent phylogenetic analysis re-
vealed that the isolated virus was identical to the original
integrated HHV-6A strain present in both the patient and his
father. Furthermore, this HHV-6A strain was unique in that it
differed from all other HHV-6 strains analyzed (Supplementary
Figure 4). These results suggested that the isolated HHV-6A
strain originated from the activation of ciHHV-6A. Analysis
of 3 other viral genes (gB, U94, and DR) confirmed these results
[8,9].

The resumption of antiviral drug treatment with prednisolone
ameliorated the patient’s HPS. When he reached age 7 months,
the patient underwent HSCT. Antiviral drug treatment was con-
tinued during HSCT, and engraftment was achieved 14 days
after transplant. After engraftment, thrombotic microangiopathy
(TMA) and gastrointestinal bleeding developed. Simultaneously,
the patient’s HHV-6A DNA and RNA titers increased, and
HHV-6A was reisolated. Anticoagulant therapy and a reduction
in tacrolimus dosage gradually improved the patient’s TMA.
With immunological reconstruction, the patient’s HHV-6A
DNA and RNA titers were successfully reduced and ultimately,
no HHV-6A was isolated from subsequent blood samples. The
asymptomatic patient was discharged at 12 months.

DISCUSSION

Since the discovery of ciHHV-6 in 1993, the question of whether
ciHHV-6 can be activated from its integrated state has been per-
petually debated [2]. With this case report, we provide the first
molecular and virological evidence of viral activation from
ciHHV-6A in the human body. This evidence comprises (1)
viral RNA and antigens detected in PBMCs and bone marrow,
as well as HHV-6A isolated from PBMCs; (2) HHV-6A se-
quences integrated into the patient’s and his father’s genomes,
which were identical to those of the isolated virus; and (3) an-
tiviral treatment and immunological reconstruction, which
were effective in treating this activated ciHHV-6A.

In an effort to understand the biological significance of
ciHHV-6, active viral replication from ciHHV-6 has recently
been demonstrated in vitro under specific experimental condi-
tions [9-11]. However, only a few studies have suggested
ciHHV-6 activation in vivo despite high ciHHV-6 prevalence
(approximately 1%) in the general population [12-14]. Activa-
tion of ciHHV-6 in vivo has been previously reported in moth-
ers with ciHHV-6 who passed on the infection to infants who
did not have inherited ciHHV-6 [8]. Our findings are consistent
with these findings, as we clearly demonstrate the activation of
HHV-6A in a patient who acquired ciHHV-6 via germline
transmission.
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Figure 2. Histology and human herpesvirus type 6 (HHV-6) immunostaining. A, Hematoxylin and eosin staining of bone marrow. Band C, Inmunostaining

with an anti-HHV-6 antibody.

We speculate that the presence of X-SCID allowed for effi-
cient activation of ciHHV-6A, and this phenomenon was de-
tected with several technical strategies. Similarly, RT-PCR and
virus isolation showed conversion from an HHV-6-positive sta-
tus to a negative status with the patient’s immunological recov-
ery. In addition, these techniques were used to test samples
taken from the patient’s father. We were able to determine
that he was indeed the ciHHV-6 carrier, yet he was HHV-6A
negative. This suggests that X-SCID influenced the activation
of ciHHV-6A. Because X-SCID prevalence is extremely low
(about 0.001%), this case provides valuable iﬁsight into immu-

nocompromised individuals and HHV-6 infection. However,

the mechanism that triggered ciHHV-6A activation and repli-
cation in this patient remains to be elucidated. Further studies
of patients with ciHHV-6 are required to determine what causes
activation of this latent integrated virus.

The association between HHV-6 and HPS has previously
been reported [15], and a link between HHV-6 and TMA has
also been noted [16]. Therefore, it is possible that ciHHV-6A
activation in our patient was associated with HPS and TMA.
We noted that active HHV-6A infection coincided with

symptom onset and the active infection was controlled with an-
tiviral treatment. This suggests that HHV-6A is pathogenic, yet
it remains to be established whether activated HHV-6A enhanc-
es underlying pathological conditions, and whether the activa-
tion of ciHHV-6A occurs in a similar fashion for all infected
individuals.

Latent HHV-6 reactivation occurs in 40%-50% of recipients
during HSCT, and our case report is the first to demonstrate
that ciHHV-6A activation also occurs during this procedure. It
is possible that the presence of X-SCID allowed for viral activa-
tion, but further studies are required to validate this hypothesis.

We have described the first case to provide molecular and vi-
rological evidence of the activation of chromosomally integrat-
ed HHV-6A in the human body. However, our report has
limitations. We still do not know how virus production was trig-
gered from a state of ciHHV-6A or how the production of the
virus affected the patient’s symptoms. Despite these limitations,
based on this case, we hypothesize that an immunodeficient
phenotype in conjunction with uncontrolled host defense sys-
tems allows the activation of ciHHV-6A. We support the rec-
ommendation that a screening program to detect ciHHV-6 in

Figure 3. Immunofluorescent staining assay. A, Virus isolation confirmed with an anti- human herpesvirus type 6 antibody {gp116/64/54). B, U1102
cultured with cord blood cells {positive control). C, Cord blood cells alone (negative control).
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transplant patients and donors be established, and recommend
that ciHHV-6 patients with immunocompromised status such
as primary immunodeficiency, human immunodeficiency
virus infection, or organ transplantation, be monitored carefully.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online
(http://cid.oxfordjournals.org). Supplementary materials consist of data
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materials are not copyedited. The contents of all supplementary data are the
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should be addressed to the author.
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INTRODUCTION

Hematopoietic cell transplantation (HCT) serves as a curative
treatment for diseases such as hematopoietic malignancy,
congenital BM failure and primary immunodeficiency (PID).
Selection of a suitable donor by HLA matching and/or an
appropriate conditioning regimen has improved the outcome of
HCT for leukemia patients’ and PID patients.>® Recently, success-
ful outcomes of cord blood transplantation (CBT) and BM
transplantation (BMT) have been observed even in HLA-
mismatched conditions.*®

Despite these improved outcomes, transplantation-related
morbidities such as graft failure, GVHD and infection are still
major problems that affect the prognosis and/or quality of life.
Infection monitoring after HCT is important for the initiation of
preemptive therapy at the appropriate time, while assessment of
immune reconstitution is essential because it is considered to be
associated with post-transplant infection, relapse of primary
disease and 0S.°

CD4+ T-cell counts, T-cell proliferative capacity, B-cell number
and serum IgG have been used as parameters of immune recovery
after HCT. Recently, more direct assessment of T- and B-cell
neogenesis has become feasible by analyses of T-cell receptor
excision circles (TRECs) and kappa-deleting recombination exci-
sion circles (KRECs), respectively.

DNA fragments between rearranging V, D and J gene segments
are deleted as circular excision products during rearrangement of
the T-cell receptor gene.'® These products are called TRECs.
Quantitative detection of TRECs enables direct measurement of

thymic output. The recovery of TRECs is associated with survival
and infection after HCT for treatment of malignancies."’™*® In a
previous study, TREC levels were lower in patients post CBT than
in those receiving BMT or PBSC transplantation (PBSCT)."

KRECs are formed by Ig kappa-deleting rearrangement during
B-cell development. Coding joint KRECs (cjKRECs) serve as an
indicator of B-cell numbers, and signal joint KRECs (sjKRECs) are
an indicator of B-cell neogenesis. However, the kinetics of KREC
recovery post HCT are largely unknown. A correlation between
KRECs and survival or infection after HCT has not been reported
previously. In addition, whether B-cell recovery as assessed by
KRECs is different among graft sources is still unknown.

Here, we investigated the kinetics of TREC and KREC recovery
post HCT and factors contributing to better recovery of TREC and
KREC levels, mainly focusing on KRECs. We also assessed the
association of KRECs with infection after HCT in patients with
malignancies or PID.

MATERIALS AND METHODS

Patients

A total of 133 patients who underwent allogeneic HCT from March 1996 to
August 2013 were enrolled in this study. The patients were followed up at
the Department of Pediatrics or Department of Hematology at Tokyo
Medical and Dental University or the Department of Pediatrics of the
National Defense Medical College in Japan. The median age at
transplantation was 12 years (range, 0-62 years). Table 1 shows the
patient characteristics, information on HCT and events associated with
transplantation. This study was approved by the ethics committees of

"Department of Pediatrics and Developmental Biology, Tokyo Medical and Dental University Graduate School of Medical and Dental Sciences, Tokyo, Japan; *Department of
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Table 1. Patient characteristics and clinical course

PID (56) Malignancy (77) All (133)

Patient characteristics
Recipient age

< 18 years 45 44 89
> 18 years 11 33 44
Sex
Male 42 44 86
Female 14 33 47
Conditioning
RIC or minimal 33 10 43
conditioning
MA 23 66 89
Donor age (BM)
< 18 years 5 8 13
=18 years 25 38 63
Cell source
BM 35 47 82
CB 19 17 36
PB 2 13 15
HLA allele
<5/6 20 3 51
6/6 23 33 56
Relation
Related 13 30 43
Unrelated 43 47 920
Steroid use 28 (52%) 32 (42%) 60 (46%)
ATG use 26 {48%) 5 (6%) 31 (24%)
Clinical course
Acute GVHD
Grade 0-2 44 53 97
Grade 3-4 8 10 18
Chronic GVHD 15 (28%) 35 (45%) 50 (38%)
Infection 29 (53%) 48 (62%) 77 (58%)
Bacterial infection 11 (20%) 20 (26%) 31 (23%)
Fungal infection 4 (7%) 6 (8%) 10 (8%)
Viral infection 18 (33%) 35 (45%) 53 (40%)
Relapse — 30 (39%) —
Survival 51(91%) 49 (64%) 100
(75%)

Abbreviations: ATG = antithymocyte globulin; CB=cord blood; MA =mye-
loablative; PID=primary immunodeficiency; RIC=reduced-intensity
conditioning.

Tokyo Medical and Dental University and National Defense Medical
College. Informed consent was obtained in accordance with the
Declaration of Helsinki.

Measurement of TREC and KREC levels

TREC, sjKREC and cjKREC levels were measured by real-time PCR as
described previously'™™'® at 1, 3 and 6 months, and yearly after HCT.
RNase P was used as an internal control. Primer and probe sequences
are listed in Supplementary Table I. The minimum detectable limit was
10 copies/ug DNA. TRECs or KRECs < 10 copies/ug DNA were defined as
negative, and TREC or KREC levels of > 10 copies/ug DNA were defined as
positive.

Monitoring of infections

Genomic DNA of eight human herpes virus species, BK virus, JC virus and
parvovirus B19 in peripheral blood was measured by multiplex PCR and
real-time PCR as described previously.?’ Adenovirus, hepatitis A virus,
hepatitis B virus, hepatitis E virus, Norwalk-like virus, Coxsackie virus, ECHO
virus, enterovirus, human metapneumovirus and human bocavirus were
measured by realtime PCR as described elsewhere?’ The minimum
detectable limit was at least 30 copies/pug DNA.

Bone Marrow Transplantation (2014) 1155-1161

Definitions

Patients treated with a > 5 Gy single dose of TBI, > 8 Gy fractionated TBI or
>8mg/kg body weight of BU in addition to other cytoreduction agents
were categorized as receiving myeloablative (MA) regimens.?* HLA typing
was performed by genotyping for HLA-A, B and DRB1 loci. GVHD was
graded according to standard criteria®® We defined the incidence of
infection as having symptoms of infection with detectable pathogens and
severity >grade 3 as defined in the Common Terminology Criteria for
Adverse Event (CTCAE) version 4.0, National Institutes of Health and
National Cancer Institute.

Statistical analysis

Recipient age, recipient sex, disease, conditioning regimen, donor age, cell
source, HLA disparity, relationship, acute GVHD, chronic GVHD, and the use
of steroids or antithymocyte globulin (ATG) were chosen as clinical
parameters. We categorized the diseases of enrolled patients as PID or
malignancy. A MA regime was evaluated in comparison with reduced-
intensity conditioning regimens and minimal conditioning regimens. HLA-
mismatched HCT was compared with 6/6 HLA-matched HCT. Acute GVHD
was graded as 0-4 and divided into two groups (0-2 and 3-4). The
proportion of surviving patients was estimated by the Kaplan-Meier
method and compared using the log-rank test. Factors that were found to
be significant (P <0.05) in univariate analysis were inciuded in the
multivariate analysis. Multivariate analyses of factors contributing to better
TREC/KREC recovery were performed by excluding or including acute and
chronic GVHD, steroid use, and ATG use, because these factors are post-
HCT events and associated with other factors. Donor age was also
excluded because it is restricted for BMT.

RESULTS
Levels of sjKRECs and cjKRECs recover faster than those of TRECs

First, we evaluated the recovery of TREC, sjKREC and cjKREC levels
post transplantation.

One month after HCT, TRECs, sjKRECs and c¢jKRECs were
detectable in 17 (17.5%), 34 (35.1%),and 28 (28.9%) of 97 patients,
respectively. The median copy number was low (< 10 copies/ug
DNA) in all assays (Figures 1a and b).

Eighty-two patients were examined 3 months after HCT. TRECs
were positive in 15 (18.3%) patients, whereas sjKRECs and ¢jKRECs
were positive in 57 (69.5%) and 59 (72.0%) patients, respectively
(Figures 1c and d).

TRECs became positive in 41.3% of patients at 6 months and in
66.7% of patients 1 year post HCT. SJKRECs and cjKRECs were
positive in 77.8% of patients at 6 months and in >90% of patients
at 1 year post HCT. The median level of TRECs was < 10 copies/ug
DNA at 6 months and reached up to 1270 copies/ug DNA at
1 year. Interestingly, sjKRECs continued to increase for at least
1 year, while ¢jKRECs peaked at 6 months, and then started to
decline (Figures 1e-h).

The recovery of sjKREC and ¢jKREC levels correlated as shown in
Figures 1b, d, f, and h. This finding indicates that B-cell maturation
is intact once B-cell engraftment is achieved. On the other hand, a
considerable number of patients exhibited B-cell neogenesis in
the absence of T-cell neogenesis, especially at the early stage post
HCT (Figures 1a, ¢, and e).

We examined the trend of TRECs and KRECs in individual
patients, of whom 71% had positive sjKRECs at 1 month and
showed increased sjKRECs at 3 months. Similarly, the levels of
sjKRECs detectable at 1 month increased at 6 months in 80% of
the patients (Figure 2b). On the other hand, positive TRECs at
1 month did not indicate further T-cell recovery at a later period.
When we examined patients with positive TRECs at 3 months, 10
of the 11 patients had increased TREC levels at 6 months,
suggesting that positive TRECs at 3 months may serve as a
predictor of T-cell reconstitution after 6 months (Figure 2a).

Longitudinal analysis showed that the recovery course of TRECs
from 1 month to 15 years post HCT is at least not inferior to CBT
when compared with that of BMT and PBSCT. Compared to BMT,

© 2014 Macmillan Publishers Limited
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KREC levels recovered more rapidly after CBT (Supplementary
Figures 1 and 2). Final sjKREC/cJKREC levels reached the levels of
the age-matched control when KRECs were fully recovered (data
not shown).

Younger recipient age and CB favor increased levels of sjKRECs
and cjKRECs
Next, we evaluated the factors that contributed to the levels of
TRECs, sjKRECs and cjKRECs by regression analysis, including the
factors listed in Materials and Methods {Supplementary Table II).
A younger recipient and donor age was defined as < 18 years old.
In univariate analysis, a younger recipient age was a favorable
factor for increased levels of TRECs, sjKRECs or cjKRECs post
HCT. In fact, only the ¢jKREC levels of older recipients became
close to those of younger recipients at 2 years after HCT (Figure 3).
In BMT recipients, a younger donor age was a favorable factor
for increased levels of TRECs, sjKRECs and cjKRECs (Supplementary
Table Il and Supplementary Figure 3). Compared with BM or PB,

© 2014 Macmillan Publishers Limited

the use of CB was a favorable factor for increased levels of
sjKRECs and ¢jKRECs after HCT (Figure 4 and Supplementary
Table II).

A MA regime, PID, no or mild acute GVHD (grade 0-2), no
chronic GVHD, no use of steroids, and no use of ATG were also
favorable factors for increased levels of TRECs, sjKRECs or ¢jKRECs
at various time points after HCT (Supplementary Table |I).

On the basis of the results obtained from the univariate analysis,
the following factors were used in multivariate analysis: recipient
age, disease, conditioning regimen, cell source and relationship.
Our results concerning TRECs largely reconfirmed previous
reports,’>** indicating that a younger recipient age, no ATG use
and a MA regime are associated with better TREC recovery. When
focusing on B-cell recovery, we found that a younger recipient age
was a favorable factor for increased levels of sjKRECs at 6 months
to 2 years and ¢jKRECs at 6 months to 1 year after HCT. In addition,
compared with BMT, CBT favored increased levels of sjKRECs at 1,
3 and 48 months. A MA regime was a favorable factor for
increased levels of sjKRECs at 3 to 6 months (Table 2).

Bone Marrow Transplantation (2014) 1155-1161
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Figure 2. Levels of TRECs and KRECs after HCT. The levels of TRECs

(@), sjKRECs (b) and ¢jKRECs (c) after HCT. The arrows show the
detectable limit of the real-time PCR (10 copies/pg DNA). Values
under this limit are considered ‘negative’ Numbers in parentheses
indicate the number of subjects who show a negative value (< 10
copies/pug DNA) for the indicated products.

By including acute GVHD, steroid use and ATG use in the
analysis, grade 0-2 acute GVHD, no steroid use and no ATG use
were identified as factors favoring better KREC recovery at various
time points (Supplementary Table Ill). The analysis further
including chronic GVHD suggested that the condition does not
affect B-cell neoproduction (Supplementary Table IV).

We then performed multivariate analysis of a group of patients
with malignancy. Compared with BM recipients, the results
showed that sjKRECs and ¢jKRECs were more frequently detect-
able in CB recipients at 3 months (Supplementary Table V).
Compared with BM recipients, in adult patients of > 18 years of
age (n=44), the use of CB was a favorable factor for increased
levels of sjKRECs at 1 month (Supplementary Table VI). These data
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Figure 3. Recipient age and the levels of TRECs and KRECs. Recipient
age and the levels of TRECs (a), sjKRECs (b) and c¢jKRECs (c). Closed
circles indicate < 18 years old, and open squares indicate > 18 years
old. Arrows show the detectable limit of the real-time PCR (10
copies/ug DNA). Values under this limit are considered ‘negative’
Numbers in parentheses indicate the number of subjects who show
a negative value (< 10 copies/ug DNA) for the indicated products.

show that CB use contributes to early recovery of neogenesis. In
contrast, we observed no significant difference of T-cell recovery
in adult patients when CB use was compared with BM at any time
point after HCT (Supplementary Figure 4).

Positivity for sjJKRECs 1 month after HCT is associated with
decreased infectious episodes

We next investigated whether the levels of TRECs, sjKRECs or
¢JKRECs were associated with the occurrence of infections. We
found that positive sjKRECs or TRECs 1 month after HCT correlated

© 2014 Macmillan Publishers Limited
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