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CASE REPORT

Neonatal Herpes Encephalitis Caused by a Virologically Confirmed
Acyclovir-Resistant Herpes Simplex Virus 1 Strain
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A neonate with herpes simplex virus 1 encephalitis was treated with intravenous acyclovir. During the course of therapy,
the infection became intractable to the treatment and a mutation in the viral thymidine kinase gene (nucleotide G375T,
amino acid Q125H) developed. This mutation was demonstrated in vitro to confer acyclovir resistance.

CASE REPORT

13-day-old boy was admitted to National Defense Medical
College Hospital due to lethargy and failure to thrive. He
was born at 39 weeks 5 days of gestation and 2,558 g birth
weight to a healthy 35-year-old mother (gravida 2, para 2).
Group B streptococcus (GBS) was detected from the mother’s
vagina in the third trimester, but the baby’s bacterial culture
tests performed at birth, including throat, skin, and blood anal-
yses, were negative for GBS. The mother did not have a history
of genital herpes. Her herpes simplex virus 1 (HSV-1) and
HSV-2 serostatus was not examined, and her history of acyclo-
vir (ACV) use was not clear. Furthermore, the genital swab
culture examination for HSV was not performed. On admis-
sion, physical examination of the boy revealed skin blisters on
the forehead and upper lip. A swab from the blister showed
positive and negative reactions for the specific antigens of
HSV-1and HSV-2, respectively, in a direct immunofluorescent
antibody assay (Denka Seiken Co. Ltd., Tokyo, Japan) per-
formed by a qualified clinical laboratory (SRL Inc., Tokyo, Ja-
pan). A serum sample collected on admission showed positive
and negative reactions in the enzyme-linked immunosorbent
assay for detection of anti-HSV IgM and IgG antibody (SRL
Inc.), respectively. A lumbar puncture revealed pleocytosis
(547 cells/pl) and an elevated protein level (168 mg/dl) in the
cerebrospinal fluid (CSF). The CSF was also positive for HSV-1
DNA, which was determined by a previously reported method
(1) in PCR testing (SRL Inc.). The boy was diagnosed as having
neonatal herpes encephalitis (NHE), and intravenous high-
dose ACV (60 mg/kg/day) treatment was initiated. His general
status improved with resolution of the skin lesions within a few
days of the beginning of treatment. However, the viral load in
the CSF determined by TagMan-based quantitative real-time
PCR (SRL Inc.), which dropped temporarily, increased again
after 4 weeks from the initiation of ACV treatment (Fig. 1A)
without obvious deterioration in clinical symptoms. Because
the standard dose of ACV was given and drugs which have
antagonistic effects for ACV were not used, we assumed that an
‘ACV-resistant HSV-1 strain had developed. The ACV concen-
tration in the CSF was not measured. Foscarnet, an antiviral
drug recommended for treatment of ACV-resistant HSV infec-
tions (2), was not immediately available, Therefore, vidarabine
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(15 mg/kg/day) was added to the therapeutic regimen from the
fifth week of the treatment course. Subsequently, HSV-DNA in
the CSF decreased to a level that was finally undetectable;
hence, the antiviral drug treatment was terminated. Because
virus isolation from the CSF of the patient was unsuccessful, as
is common in herpes encephalitis cases (3), we could not per-
form a plaque reduction assay to test the in vitro inhibition
concentration of ACV. Neuroimaging showed residual ne-
crotic changes of the bilateral temporal lobes. Unfortunately,
neurodevelopmental sequelae remained in this patient.

To reveal the mechanism of the clinical ACV resistance,
sequencing analysis of the viral thymidine kinase (vTK) gene
was conducted using the CSF samples collected at two different
time points. As denoted by the arrows in Fig. 1A, sample 1 and
sample 2 were collected before the initiation of and at the 5th
week of ACV treatment, respectively. Full-length vTK genes
were successfully amplified from both samples by a previously
reported nested PCR method (4). By direct sequencing, one
nucleotide substitution, G375T, leading to a Q125H amino,
acid substitution was detected. CSF sample 2 contained a mix-
ture of vTK genes with and without this mutation (Fig. 1B). To
examine whether or not this mutation induced HSV-1 ACV
resistance, further analysis was conducted.

The analysis was performed according to a method developed
by our group (4). The concept for the novel assay system is to
assess the sensitivity of the HSV-1 to ACV and other vTK-associ-
ated drugs by measuring the replication capacity of the vTK-defi-
cientand highly ACV-resistant HSV-1 TAR strain (5) in 293T cells
expressed with the recombinant vTK protein of the HSV-1 strain
of interest. In this study, vTK expression plasmid vectors were
constructed using pTARGET (Promega, Madison, WI). A vTK
expression plasmid without the G375T mutation, which was in-
serted with the vTK PCR product from sample 1, was constructed
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FIG 1 (A) Sequential changes in the HSV-1 DNA level in the CSF determined by quantitative real-time PCR. Arrows below the chart represent the time points
of the CSF sample collection for sequencing analysis. ND, not detected. (B) Chromatogram of the vTK genes amplified from sample 1 and sample 2. A nucleotide

substitution (G375T) was found in sample 2 (lower panel).

and designated vTK-375G. Subsequently, a G375T-mutant vTK
expression plasmid was constructed by site-directed mutagenesis
using the following primers, reagents, and PCR conditions and
designated vTK-375T. Primers 5'-ATATAACAATGGGCATGCC
TTATGCCand 5 -GGGCGCTTGTCATTACCAC were designed
for the inverse PCR (the underlined T is the targeted nucleotide),
and vTK-375G was used as the template. The reaction was per-
formed using a PrimeSTAR GXL DNA polymerase kit (TaKaRa
Bio, Otsu, Japan), and the amplification conditions included an
initial denaturation step of 2 min at 94°C, followed by 10 cycles of
10 s at 98°C, 15 s at 55°C, and 7 min at 68°C. Digestion and
self-ligation were performed with a KOD mutagenesis kit
(Toyobo, Osaka, Japan). G375T substitution without other nucle-
otide changes was confirmed by sequencing analysis. The expres-
sion plasmid for the ACV-sensitive HSV-1 vTK TAS strain (5) was
constructed as a positive control and designated vTK-TAS. Empty
PTARGET served as a negative control. In the final stage of the
assay, the titers of the replicated TAR were determined by the
standard plaque assays. Then, Alog,, PFU values were calculated
as follows: Alog,, PFU = log,, (PFU per milliliter of the replicated
TAR ateach ACV concentration) — log;o (PFU per milliliter of the
replicated TAR at the ACV concentration of 0 wg/ml). This value
represents the inhibitory effect of ACV on TAR replication, which
is brought about by the transfection. Thus, the higher the value is,
the lower the activity of the expressed vTK. In this way, the vITK-
related resistance of HSV-1 can be judged from the Alog,, PFU
values. The sensitivities to ganciclovir (GCV; Sigma-Aldrich
Chemical Company, St. Louis, MO), penciclovir (PCV; Wako),
and brivudine (BVDUj; Sigma-Aldrich) were also tested in the
same way.

TAR replication in 293T cells transfected with a negative con-
trol was not affected by any concentrations of any antiviral com-
pounds (Fig. 2). When ACV was used, Alog,, PFU values elicited
by vTK-375G transfection were at almost the same level as those
elicited by vIK-TAS transfection, indicating that HSV-1 in sample
1 and TAS had nearly equal levels of sensitivity to ACV. However,

used, transfection of vTK-375G, vTK-375T, and vITK-TAS re-
sulted in almost the same level of Alog,, PFU values (Fig. 2B to D).
The HSV-1 G375T mutant was theérefore considered to be sensi-
tive to these drugs. o

To our knowledge, this is the first report of a patient with
ACV-resistant neonatal HSV-1 disease. Neonatal HSV infection is
estimated to occur in 1 in every 3,500 to 5,000 deliveries (6). Ap-
proximately 30% of the patients are diagnosed as having NHE (7).
Although the introduction of ACV has significantly improved the
prognosis, NHE is still a severe disease with a mortality rate of 6%,
and 70% of the survivors suffer from moderate-to-severe neuro-
logical abnormalities (7, 8). ACV-resistant HSV mainly threatens
immunocompromised patients, and the prevalence among them
is reported to range from 3.5% to 10%. In immunocompetent
individuals, the prevalence of ACV-resistant HSV is far lower,
ranging from 0.1% to 0.7% (2). Neonatal ACV-resistant HSV in-
fections are quite rare, and all the cases previously described have
been caused by ACV-resistant HSV-2 (9-11).

The present study also showed for the first time that a Q125H

“amino acid substitution in the vTK polypeptide induces ACV re-

Alog,, PFU values elicited by vTK-375T transfection were signif- -

icantly higher than those elicited by vIK-375G transfection
(Welch’s # test; P = 0.004, <0.001, and = 0.045, at ACV concen-
trations of 0.4, 4, and 40 pg/ml, respectively), indicating that the
HSV-1 with the G375T mutation in the vTK gene had acquired
ACV resistance (Fig. 2A). When GCV, PCV, and BVDU were
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sistance. Using a method previously described (4), it was con-
firmed that the Q125H mutation was not a part of natural poly-
morphism. Q125 of HSV-1 TK has been shown to be located
above the nucleotide binding pocket in the three-dimensional
(3D) structure of the vTK protein (12). Several studies have shown
that substitution of Q125 to other amino acids changes vTK activ-
ity; Q125E and Q125L are associated with resistance to ACV, and
Q125N leads to hypersensitivity to ACV (13, 14). Interestingly, the
Q125H mutation did not induce cross-resistance to GCV, PCV,
and BVDU, suggesting that these drugs may be effective with re-
spect to this specific mutant.

This study showed also for the first time a central nervous
system infection caused by a virologically confirmed ACV-resis-
tant HSV-1 strain. There is one report of a possibly ACV-resistant
HSV-1 encephalitis adult patient (15). In that report, virus isola-
tion from the CSF failed, but an amino acid substitution of R41H
found in the vTK polypeptide was suspected to be responsible for
the ACV resistance, although it has not been virologically con-
firmed whether the mutation confers ACV resistance. The method

jomasmorg 357



Case Report

(A)

05

ACY

Alog 1 PFU

i3
N £
oo

e

¢
a3

0.4 4
concentration {pg/mi}

40

0.1
concentration {pg/ml}

S
o

)
o3

0.4
concentration {pgfmi)

40

FIG 2 Thei nhibitory effects of antiviral compounds on replication of TAR in 293T cells transfected with each of the plasmids vTK-375G (O), vTK-375T (L),
vTK-TAS (X), and empty pTARGET (A). Each experiment was performed in triplicate, and the error bars indicate standard deviations.

used in the present study may be suitable for such a condition.
However, it should be kept in mind that the method can be ap-
plied only for vTK-related ACV resistance and not for DNA poly-
merase-related resistance. *

ACV-resistant HSV is usually seen in patients with a history of
ACYV treatment (16). In the present case, administration of ACV
may possibly have induced the appearance of the ACV-resistant
HSV-1 strain. Although a recent study showed a benefit of oral
ACV suppressive therapy for survivors of NHE (17), emergence of
ACV-resistant HSV during the suppressive therapy was also re-
ported (18). Thus, sensitivity of the causative HSV to antiviral
drugs should be carefully monitored. This patient did not receive
the suppressive therapy because he suffered from NHE before the
beneficial effect of the therapy was reported.

It is recommended to repeat the lumbar puncture after 21 days
from the initiation of ACV administration in the treatment of

NHE (19). On the other hand, persistence of CSF HSV DNA is
" reported to be associated with poor neurodevelopmental out-
comes of NHE patients (20). CSF HSV DNA quantification was
conducted weekly in this patient to monitor the HSV-1 genome
level in a real-time manner. We considered that the practice was
beneficial, although further discussion is needed. In fact, the fre-
quent monitoring enabled us to treat NHE with an appropriate
choice of antiviral drugs.

In conclusion, ACV-resistant HSV-1 was virologically con-
firmed for the first time in a NHE patient. A nucleotide mutation,
G375T in the HSV-1 TK gene, leading to a Q125H amino acid
substitution, conferred ACV resistance.

Nucleotide sequence accession numbers. The vIK DNA se-
quence data have been deposited in the DNA Data Bank of Japan
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(DDBJ) under accession no. AB713519 (CSF sample 1) and
AB713520 (CSF sample 2).
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Abstract The number of genetically defined Primary
Immunodeficiency Diseases (PID) has increased expo-
nentially, especially in the past decade. The biennial
classification published by the IUIS PID expert commit-
tee is therefore quickly expanding, providing valuable

information regarding the disease-causing genotypes, the

immunological anomalies, and the associated clinical
features of PIDs. These are grouped in eight, somewhat
overlapping, categories of immune dysfunction. However,
based on this immunological classification, the diagnosis of
a specific PID from the clinician’s observation of an individual
clinical and/or immunological phenotype remains difficult,
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especially for non-PID specialists. The purpose of this work
is to suggest a phenotypic classification that forms the basis
for diagnostic trees, leading the physician to particular groups
of PIDs, starting from clinical features and combining routine
immunological investigations along the way. We present 8 col-
ored diagnostic figures that correspond to the 8 PID groups in
the TUIS Classification, including all the PIDs cited in the
2011 update of the IUIS classification and most of those
reported since. '

Keywords Primary immunodeficiency - classification -
IUIS - diagnosis tool
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Abbreviations '

oFP Alpha- fetoprotein
Ab Aantibody
AD ~ Autosomal dominant inheritance
ADA Adenosine deaminase
Adp ‘Adenopathy
AIHA Auto-immune hemolytic anemia
AML Acute myeloid leukemia
Anti PSS Anti- pneumococcus polysaccharide
antibodies
AR Autosomal recessive inheritance
BL B lymphocyte
CAPS Cryopyrin-associated periodic syndromes
CBC Complete blood count
CD Cluster of differentiation
CGD Chronic granulomatous disease
CID Combined immunodeficiency
CINCA Chronic infantile neurologic cutaneous
and articular syndrome
FCM* Flow cytometry available
'CMML Chronic myelo-monocytic leukemia
CNS Central nervous system
CVID Common variable immunodeficiency
disorders
CT Computed tomography
CTL Cytotoxic T-lymphocyte
DA Duration of attacks
Def Deficiency
DHR DiHydroRhodamine
Dip Diphtheria
EBV Epstein-barr virus
EDA Anhidrotic ectodermal dysplasia
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‘ immunodeficiency

EO Eosinophils

FA Frequency of attacks

FCAS Familial cold autoinflammatory syndrome

FISH Fluorescence in situ hybridization

GI Gastrointestinal

Hib Haemophilus influenzae serotype b

HIDS Hyper IgD syndrome

HIES Hyper IgE syndrome

HIGM Hyper Ig M syndrome

HLA Human leukocyte antigen

HSM Hepatosplenomegaly

Hx Medical history

Ig Immunoglobulin

IL Interleukin

LAD Leukocyte adhesion deficiency

MKD Mevalonate kinase deficiency

MSMD Mendelian susceptibility to mycobacteria
disease

MWS Muckle-Wells syndrome

N Normal, not low

NK Natural killer

NKT Natural killer T cell

NN Neonate

NOMID Neonatal onset multisystem inflammatory disease

NP Neutropenia

PAPA Pyogenic sterile arthritis pyoderma
gangrenosum, Acne syndrome

PMN Neutrophils

PT Platelet

SCID Severe combined immune deficiencies
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Sd Syndrome

SLE Systemic lupus erythematosus
SPM Splenomegaly

Subcl IgG subclass

TCR T-cell receptor

Tet Tetanus

TL T lymphocyte

TNF Tumor necrosis factor
TRAPS TNF receptor-associated periodic syndrome
WBC White blood cells

XL X-linked

Introduction

Primary Immunodeficiency Diseases (PID) comprise at
least 200 genetically-defined inborn errors of immunity

[1-3]. The International Union of Immunological Soci-
eties (IUIS) PID expert committee has proposed a PID
classification [1], which facilitates clinical care and
clinical research studies world-wide; it is updated every
other year to include new information. The PIDs are
grouped into eight categories based on the principal
mechanism in each disease, though if more than one
mechanism is involved, there are diseases that could
appear in more than one category. For each individual
PID, the genotype, immunological and clinical pheno-
types are briefly described. Since the number of disor-
ders is quickly increasing every year [4-6], at an even
faster pace since the advent of next-generation sequenc-
ing, the classification and these tables are therefore
cumbersome. They offer limited assistance to most
physicians at the bedside, especially those outside the
field of PIDs and those in training; clinicians in regions

I. Combined T-cell and B-cell immunodeficiencies

I Lymphopenia (by cac) or T cell lymphopenia (by Lymphocyte immunophenotyping) ' l

_Granulocytopenia,
rombocytopenia
deafness

 dysgenasis (AK2)

. chorid r:ster'nal ,

~ dys]

2 def (RAGL o

Fig. 1 Combined T- and B- cell immunodeficiencies. ADA: Adenosine
Deaminase; Adp: adenopathy; AIHA: Auto-Immune Hemolytic Anemia;
AR: Autosomal Recessive inheritance; CBC: Complete Blood Count; CD:
Cluster of Differentiation; CID: Combined Immunodeficiency; EBV: Ep-
stein-Barr Virus; EDA: Anhidrotic ectodermal dysplasia; EO: Eosinophils;
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———— — 5
Yes Distinctive clinical features?

Autoimunity, EDA, Myopathy
Cavs channet def (ORAI-1*, §ﬂM—1’)

NN, Erythroderma, Alopecia, Adp,
HSM, Eo 1, IgET Beells<2 %
Gmenn sg (hypomorphic mutations in

several SCID genes) -

I
Neuropathy, autgimrhunity, viral

infections, hypouricemia PNp daf
(we) :

T
IgM, IgET N EO, cancer, Low NK,
severe atopy, extensive cutaneous viral,
and bacterial (staph.) infections
LH30KE def (DOCKS)

HIGM, NP, thrombocytopenia CB49 Higand
def (XL, CDIOLG) €540 gei* (AR, cD40)
T
EBV-Lymphoproliferation 1Y daf* (1K) l
T T
La;k of naive T cells, HPV infection it det” (RHDH) |
1T
Lack of naive T cells, EBV infection, HPV infection,
: autuimmunity STH4 det® (STKY) -

Anemia,‘ NP, thrombocytopenia, B and NK cells ébsent, T
cells non functional  ~ ARGS dat* (IKZF1)

TCRap1 T-cell deficiency, viral infections, autoimmunity T#AL def* (TRAC) )

Growtﬁ Hormone insensitive dwarfism, dysmorphic featureé, eczema,
lymphocytic interstitial pneumonitis $TATED def* (STAT5B)
T 1
Short-limbed dwarfism with fnetaphyseal dysostosis, sparse hair, bone marrow failure,
autoimmunity, neuronal dysplasia of the intestine Larilage Halr Hypopiasis (RMRP)

FISH: Fluorescence in situ Hybridization; HIGM: Hyper IgM syndrome;
HLA: Human Leukocyte Antigen; HSM: Hepatosplenomegaly; Ig: Im-
munoglobulin; N: Normal, not low; NK: Natural Killer; NN: Neonate; NP:
Neutropenia; PT: Platelet; SCID: Severe Combined ImmunoDeficiency;
TCR: T-Cell Receptor; XL: X-Linked
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I Il. Well-defined syndromes with immunodeficiency I

‘Marrow failure; leukemia;
stature; birdlike fac

: Eacia[ dysmcrphlcfeatures, macroglossla, e
bacteri: : =

 (Chrom.1,9,16):
%mmun ‘

mn!d facnal dy: morphlsm, short stature.
radiosensitivity (RIDDLE sd) DR AT-like
_phenotype  HNF1SH det® (RNF168)

 viral mfecﬂons ismieﬂneé
AR ?!IQS -

Fig. 2 Well-defined syndromes with immunodeficiencies. These
syndromes are generally associated with T-cell immunodeficiency.
oFP: alpha- fetoprotein; AD: Autosomal Dominant inheritance;
AR: Autosomal Recessive inheritance, CNS: Central Nervous

of the world where awareness for PIDs is limited may
also find the tables tricky.

Patients with a PID may first present to many types
of medical and surgical disciplines and this is likely to
be increasingly common given the growing number of
patients with known or suspected PIDs [7]. Such phy-
sicians, who may lack familiarity with PIDs, need a
classification that is based on a clinical and/or biolog-
ical phenotype that they observe. This prompted IUIS
PID experts to. work on a simplified classification,
based on simple clinical and immunological pheno-
types, in order to provide some easy-to-follow algo-
rithms to diagnose a particular PID or group of PIDs.
This will optimize collaboration between primary cen-
ters and specialized centers, particularly for genetic
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System; FCM*:
in situ Hybridization; HSM: Hepatosplenomegaly; Ig: Immuno-
globulin; NK: Natural Killer; XL: X-Linked inheritance

Flow cytometry available; FISH: Fluorescence

studies, and will lead to faster and more precise mo-
lecular diagnosis and genetic counseling, paving the
way to more appropriate management of affected pa-
tients and families. This work presents a user-friendly
classification of PIDs, providing a tree-based decision-
making process based on the observation of clinical and
biological phenotypes.

Methodology
We included all diseases from the 2011 update of IUIS
PID classification [1]. To stay up-to-date, we also in-

cluded new diseases described in the last 2 years [2].
However, there may be other genes associated with
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(PIK3R1)

Fig. 3 Predominantly antibody deficiencies. Ab: Antibody; Anti
PPS: Anti- pneumococcal polysaccharide antibodies: AR: Auto-
somal Recessive inheritance; CD: Cluster of Differentiation;
CVID: Common Variable Immunodeficiency Disorders; CT:

PIDs that are not included here to be faithful to our
inclusion criteria. An algorithm was assigned to each of
the eight main groups of the classification. We used the
same color for each group of similar conditions. Dis-
ease names are written in red. As in the IUIS Classifi-
cation, an asterisk is added to highlight extremely rare
disorders (less than 10 cases reported in the medical

literature). These algorithms were first established by a

small committee; then validated by one or two experts
for each figure.

Results

A classification validated by the IUIS PID expert committee
is presented in Figs. 1,2, 3,4, 5, 6, 7 and 8.

@ Springer

lIl. Predominantly antibody deficiencies , |

dy responses |

 lgG1& nly 1262
F lsG,Z o . islow
_ Normal
OnyigG1 1gG18&
W lgG2are
deficiency
CheckigGagain! |

Computed Tomography; Dip: Diphtheria; FCM*: Flow cytometry
available; GI: Gastrointestinal, Hib: Haemophilus influenzae se-
rotype b; Hx: medical history; [g: Immunoglobulin; subcl: 1gG
subclass; Tet; Tetanus; XL: X-Linked inheritance

Discussion

These figures are diagnostic tools that represent a mod-
ified and simplified version. of the 2011 IUIS classifi-
cation [1]. They are based on patients’ clinical and
biological phenotypes and are mostly presented as de-
cision trees for diagnostic orientation. These figures
serve as diagnostic orientation tools for the typical
forms of PID; the more atypical presentations of PIDs
are not covered in these figures. These figures do not
therefore aim to replace decisional trees or diagnostic

~ protocols proposed by other teams or scientific societies
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[8-11]. Rather they aim at being a user-friendly first
approach to the IUIS classification [1]. These figures
enable non-PID specialists to select the most appropri-
ate diagnostic tree and to undertake some preliminary



1083

J Clin Immunol (2013) 33:1078-1087

I ‘ IV. Diseases of immune dysregulation

Hyﬁop’iginentation

. Giant tysosomes in
Leukocytes on blood smears
Specific hair shaft anomaly

“Low CD107 degranulation

C(T,LNK)

Primary neurological disease

Chediak Higashi sd (LYST)

Specific hair shaft anomaly
Low CD107 degranulation
(T, NK). ,
Griscelli sd fype 2
(RAB27a)

Specific hair shaft anomaly’
Neutropenia '
Increased bleeding

Low CD107 degranulation

(T, NK).

Hermansky Pudiok sd
type 2 (AP3B)

Specific hair shaft anomaly

Hermansky Pudlak sd
type 9 (PLDN)

autoimmunity

al infections, Eui;éﬁdnal\
yposplenism, liver

IFADE deficiency (FADD)

Fig. 4 Diseases of immune dysregulation. AD: Autosomal Dom-
inant inheritance; AR: Autosomal Recessive inheritance; CD:
Cluster of Differentiation; CTL: Cytotoxic T-Lymphocyte; EBV:
Epstein-Barr Virus; FCM*: Flow cytometry available; HSM:

Jinvestigations, whilst contacting an expert in PIDs.
They may also help in the selection of the center or
expert to whom the patient should be referred, given the
patient’s particular phenotype. In all cases, whether a
tentative diagnosis can be made based on these figures
or not, we recommend that the practitioner outside the
field who sees a patient with a possible PID seeks
specialist advice.

To simplify our figures, we did not systematically
include all data from the IUIS classification (OMIM
number, presumed pathogenesis, affected cells or func-
tion...) [1]. In order to present the 24 pages from the
IUIS classification in only 8 figures, we used common
abbreviations familiar to most physicians (explained in
footnotes). The use of a color code makes these figures

84

Hepatosplenomegaly; Ig: Immunoglobulin; IL: interleukin; NK:
Natural Killer; NKT: Natural Killer T cell; TL: T lymphocyte;
XL: X-Linked inheritance

easy to follow, so that they could be hung, in larger
format, in clinical wards. This is also suitable for
informing young clinicians and students.

To make these figures easier to use by clinicians
and biologists, we highlighted the clinical and bio-
logical features, adding to the data from the IUIS
classification some other features typical of the PID
in question. This allows an initial orientation towards
a particular disease or group of diseases. Whenever it
was possible, we have focused on clinical or routine
laboratory features that distinguish disorders that are
closely related. Example: A female infant with an
opportunistic infection in whom lymphocyte subpop-
ulation investigation reveals profound CD3 and
CD16/56 lymphopenia without CD19/20 lymphopenia
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V. Congenital defects of phagocyte number, function, or both

Fig. 5 Congenital defects of phagocyte number, function, or both. For Differentiation; CGD: Chronic Granulomatous Disease; CMML:
DHR assay, the results can distinguish XL-CGD from AR-CGD, and Chronic Myelo-monocytic Leukemia; DHR: DiHydroRhodamine;
gp40phox defect from others AR forms. AD: Autosomal Dominant LAD: Leukocyte Adhesion Deficiency; MSMD: Mendelian Suscepti-
inheritance; AML: Acute Myeloid Leukemia; AR: Autosomal Reces- bility to Mycobacteria Disease; NP: Neutropenia; PNN: Neutrophils;
sive inheritance; CBC: Complete Blood Count; CD: Cluster of WBC: White Blood Cells; XL: X-Linked inheritance

VI. Defects in innate immunity

{haC

Chronic Mucocutaneous
Candidiasis

Occasionally
autoimmunity, no
P .

AR:
ILI7RA*

AD:
STAT1 (gain of function)
IL17F*

|
Invasive candidiasis or

dermatophytic disease

Wil invasivs fungal sz

Hpnases®

(CARDS) i Kin can
Bpidermordysplasia verratite
(EVERL, EVERZ)

Fig. 6 Defects in innate immunity. AD: Autosomal Dominant inheritance; AR: Autosomal Recessive inheritance; BL: B lymphocyte; EDA-ID:
Anhidrotic Ectodermal Dysplasia with Immunodeficiency; Ig: Immunoglobulin; PNN: Neutrophils; XL: X-Linked inheritance
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I VI Auto-inflammatory disorders. I

lack of TNF-t wé§ C
. bs:we? disaase (ADA

M17)

lar dermatms, S ort and broken halr, paron krchla, frequent cutaneuus
nsidered partly respons:ble for thelr mcreased susce bllity to mf C

‘2- AR, hfe-threatenmg, multlsystemlc mﬂammatorv dlsease charac enzed by eplso
fever, malalse, and Ieukocytosus Gﬁsmrakmgi ?{iﬁiﬁii}?‘ ;zse}rzasss (ll—sysﬁja)‘ -

nfections, and diarrh 2, high
tion and evelopment of cardmmyopathy inﬁammmm skm I&ﬁifi

! WIdespread dlffuse ery‘thematous pustular rash assocnated thh hlgh

Fig. 7 Autoinflammatory disorders. AD: Autosomal Dominant
inheritance; AR: Autosomal Recessive inheritance; CAPS:
Cryopyrin-Associated Periodic syndromes; CINCA: Chronic In-
fantile Neurologic Cutaneous and Articular syndrome; DA: Du-
ration of Attacks; FA: Frequency of Attacks; FCAS: Familial
Cold Autoinflammatory Syndrome; HIDS: Hyper IgD syndrome;

has a SCID T-B+NK- phenotype, which strongly
suggests Jak3 deficiency (Fig. 1). After discussion
with a team specialized in the diagnosis and treat-
ment of SCID patients, an analysis of the JAK3 gene
will be arranged as a priority, while expert advice
will be given on the appropriate management for the
infant.

Though atypical forms of PID are increasingly
reported in the literature [12-—15], typical presenta-
tions of these conditions remain predominant, per-
mitting this classification to be useful in most of
cases. Moreover, the genetic heterogeneity of most
PIDs is high and patients with almost any PID may
lack coding mutations in known disease-causing
genes. This manuscript will therefore be up-dated
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Ig: Immunoglobulin; IL: interleukin; MKD: Mevalonate Kinase
deficiency; MWS: Muckle-Wells syndrome; NOMID: Neonatal
Onset Multisystem Inflammatory Disease; PAPA: Pyogenic sterile
Arthritis, Pyoderma gangrenosum, Acne syndrome; SPM: Spleno-
megaly; TNF: Tumor Necrosis Factor; TRAPS: TNF Receptor-
Associated Periodic Syndrome

every other year along with the IUIS classification.
Meanwhile, we hope that this phenotypic approach
to diagnosis of PID can constitute a useful tool for
physicians or biologists from various related spe-
cialties, especially in the setting of pediatric and
adult medicine (internal medicine, pulmonology, he-
matology, oncology, immunology, infectious diseases,

c...) who may encounter the first presentation of PID
patients.

Conclusion

The strengths of this algorithmic approach to the diagnosis
of PID are its simplified format, reliance on phenotypic
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VIIl. Complement deficiencies |

Yes

3MCsyndrome (cOLECLY)

Fig. 8 Complement deficiencies. Def: deficiency; SLE: Systemic Lupus Erythematosus
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Abstract Patients with X-linked severe combined
immunodeficiency (X-SCID) suffer from severe and per-
sistent infections, and usually die early in life unless treated
by hematopoietic stem cell transplantation. If a patient has
an HLA-identical sibling donor, preparative conditioning is
not necessary for T-cell engraftment and B-cell function.
However, in the absence of such a donor, long-term
reconstitution of full B-cell function is often problematic,
leading in many cases to a lifetime requirement for
immunoglobulin replacement therapy. Preparative my-
eloablative conditioning has been shown to improve long-
term B-cell function, but may aggravate pre-existing
infection and transplant-related toxicity. It is thus
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important to determine the minimum intensity of condi-
tioning that assures immunoglobulin production. In the
present study, we performed reduced-intensity condition-
ing (RIC), consisting of fludarabine 125 mg/m?* and mel-
phalan 80 mg/m?, prior to unrelated umbilical cord blood
transplantation (UCBT) for five patients with X-SCID,
none of them had an HL.A-identical donor. Four patients
survived more than 4 years without sequelae, and none
required long-term immunoglobulin replacement therapy.
One patient succumbed to sepsis in conjunction with severe
GVHD. Our result demonstrates that the RIC regimen
described above in combination with UCBT is an effective
and less toxic conditioning to correct B-cell function in
patients with X-SCID.

Keywords X-SCID - Reduced-intensity
conditioning - Umbilical cord blood transplantation -
Fludarabine/melphalan

Introduction

X-linked severe combined immunodeficiency (X-SCID),
which accounts for approximately half the cases of SCID,
is caused by mutations of the yc chain. Immunological
characteristics of this disease include profound impairment
of both cellular and humoral immunity due to the absence
or diminished numbers of T cells and natural killer (NK)
cells, and abnormal B-cell function in spite of normal or
elevated numbers of B cells. Therefore, patients with
X-SCID suffer from severe and persistent infections,
including opportunistic pathogens, and usually die early in
life unless treated by hematopoietic stem cell transplanta-
tion (HSCT) or gene therapy [1]. Previous reports dem-
onstrated excellent results of HLA-identical BMT with
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survival rate over 90 %, and full restoration of T- and
B-cell function [2, 3]. Since most patients do not have an
HLA-identical sibling donor, HLA-haploidentical bone
marrow transplantation (BMT) was developed in the early
1980s, when better T-cell depletion methods became
available. However, the survival rate was lower, at around
60-80 %, and about half of the patients required life-long -
immunoglobulin replacement therapy despite normal
T-cell immunity with or without pre-transplant condition-
ing [2-4]. These results suggested that T-cell-depleted,
HLA-haploidentical bone marrow cells might not be a
suitable source of HSCT for correcting B-cell function.
Another strategy to treat this condition is to use unrelated
~donor HSCT with conventional myeloablative conditioning
regimens, which leads to stable reconstitution of T- and
B-cell function [5]. However, this approach has been
associated with significant treatment-related toxicities and
aggravation of pre-existing infections. To avoid these
problems, reduced-intensity conditioning (RIC) regimens
have been developed. Recently, Rao et al. [6] reported that
a RIC regimen using a total dose of 150 mg/m? of fludar-
abine, 140 mg/m? of melphalan, and Campath 1H or ATG
resulted in an improved survival and reduced transplanta-
tion-related mortality, compared with myeloablative con-
ditioning, in children with primary immunodeficiency
(PID) undergoing unrelated BMT. They used the same
regimen for patients with X-SCID who would be expected
to need less intensive conditioning because their immune
system is already profoundly impaired. Based on their
report, we performed unrelated umbilical cord blood

Table 1 Patient characteristics

transplantation (UCBT) with pre-transplant conditioning
using a further reduced dosage of fludarabine and mel-
phalan, in the absence of Campath 1H or ATG, to inves-
tigate whether a minimally intensive conditioning regimen
could assure correction of B-cell function in X-SCID
patients.

Patients and methods
Patients

Five patients with typical X-SCID received unrelated
UCBT because they had no HLA-matched sibling donor.
As shown in Table 1, mutations in the yc chain gene were
detected in all patients. Patient 3 suffered from pneumonia
caused by Pneumocystis jiroveci at the time of diagnosis of
X-SCID. All patients except for patient 3 were diagnosed
with X-SCID at birth because their brothers had the same
disease. Immunoglobulin replacement therapy was initiated
once hypogammaglobulinemia- was confirmed, and IgG
trough levels were maintained over 500 mg/dL. This study
was performed with the approval of Institutional Review
Board at each university and with the written informed
consents of the parents.

Conditioning regimen and GVHD prophylaxis

Pre-transplant conditioning for all patients consisted of
fludarabine (25 mg/m? per day) from day —7 to day —3

Patient 1 2 3 4 5
‘Age at diagnosis (months) 0 0 4 0 0
Age at UCBT (months) 3 3 10 3 3
Mutations in the yc chain 868 G > A 691 G > A c.735 741* IVS4 +2T > A 568A > G
HLA identity 6/6 5/6 6/6 5/6 5/6
Nucleated cell dose (x107/kg) 7.1 10.0 5.0 9.5 11.2
CD34+ cell dose (x10%/kg) 1.09 3.65 ND 3.50 1.68
Hematological recovery

Nt > 500/uL 30 20 36 20 12

Plt > 5 x 10%uL 10 16 95 17 16

Ret>1 % 18 16 38 20 15
Complications at UCBT None None Pneumonia None None
Additional infections duﬁng UCBT None None Sepsis CMV Sepéis ’
GVHD

Prophylaxis CyA FK + sMTX FK FK + sMTX CyA + PSL

Acute (grade) 0 0 i II “ I

Chronic - - Extensive - Extensive

Therapy - - FK + mPSL FK + PSL FK + MMF + PSL

¢.735 741% ¢.735_741del AGCCACC—insGGGAGCAATACTT, ND not determined, Nt neutrophils, Plt platelets, Ret reticulocytes, sMTX short-

term methotrexate
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(total dose 125 'mg/mz) and melphalan (40 mg/mz per day)
from day —4 to day —3 (total dose 80 mg/m?). Neither
ATG nor Campath 1H was included in the conditioning
regimen.

Prophylaxis for acute GVHD was performed with either
cyclosporine A (CyA) with/without prednisolone or FK506
with/without short-term methotrexate as shown in Table 1.

Graft characteristics

As shown in Table I, UCB units were either serologically
full-matched or one locus mismatched at 6/6 (A, B, DR)
HLA loci. Infused nucleated cell doses were 5.0 x 107/kg—
11.2 x 107/kg (mean 8.6 x 10"/kg), which contained
CD34+ stem cells, ranging from 1.09 x 10°/kg to
3.65 x 10°/kg (mean 2.48 x 10°/kg) except for patient 3,
whose information on CD34+ cells was not available.

Chimerism studies

Hematological recovery was defined as achievement of
absolute neutrophil count (ANC) >500/uL for 3 consecutive
days and a platelet count >5.0 x 10%/uL for 7 consecutive
days without need for further transfusion. Chimerism was
analyzed at Human Leukocyte Antigen Laboratory (Kyoto,
Japan) as described previously [7]. Briefly, T cells, B cells
and NK cells were separated by anti-CD3, anti-CD19 and
anti-CD56 microbeads (Invitrogen Dyanl AS, Oslo, Nor-
way), respectively. Donor- and recipient-specific polymor-
phic short tandem repeats (STR) were amplified by PCR, and
subsequently analyzed by SDS-PAGE.

Immunological reconstitution studies

Immunological reconstitution status after transplantation
was monitored by serum immunoglobulin levels (IgG, IgA,
IgM and IgE), isohemagglutinin, and specific antibodies,
and by flow cytometry analyses of peripheral mononuclear
cells for CD3, CD4, CD8, CD19, CD16 and CD36.

Results

The age at transplantation was 3 months in four patients
and 10 months in one patient (Table 1). All patients
received UCBT using fludarabine (125 mg/m?) and mel-
phalan (80 mg/m?) as a pre-transplant conditioning. They

all achieved engraftment of ANC > 500 uL and plate-

Jets > 5.0 x 10%uL at a mean of 23.6 days (range
12-36 days) and 30.8 days (range 10-95 days), respec-
tively. All but one survived more than 4 years without
complication. One patient, patient 5, succumbed to sepsis
in conjunction with severe GVHD.
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Infections

Patient 3 suffered pneumonia due to P. jiroveci infection
prior to admission and intravenous trimethoprim/sulfa-
methoxazole therapy was initiated. The pneumonia
resolved with the engraftment of donor cells. He also
experienced an episode of sepsis due to enterococci after
UCBT, which was cured by appropriate antibiotics.
Patients 1, 2, 4, and 5 were diagnosed with X-SCID at birth
by sequencing of the yc chain because their brothers had
the same disease. They had been protected in a clean
environment soon after birth and they did not experience
any infection until UCBT. Patient 5 developed sepsis due
to a catheter infection, which was the cause of death at day
491 after UCBT.

Regimen-related toxicity and GVHD

Mild mucositis and myelosuppression were observed with
this reduced-intensity conditioning, and no other regimen-
related toxicity was noted.

Patient 3 developed acute GVHD grade II (skin stage 3)
and extensive chronic GVHD, while patient 4 developed
acute GVHD grade II (skin stage 3, liver stage | and gut
stage 1). Symptoms in both cases resolved on prednisolone
and FK506. Patient 5 developed acute GVHD grade HI
(skin grade 1, liver grade 3 and gut stage 3), followed by
extensive chronic GVHD. He succumbed to sepsis in
conjunction with uncontrolled GVHD, although he was
treated with prednisolone, FK506 and mycophenolate
mofetil (MMF).

Chimerism

Median follow-up was 68 months (range 48-73 months).
As shown in Table 2, all survivors had complete donor
T-cell chimerism. One survivor, patient 3, also had com-
plete lymphocyte and granulocyte chimerism, which was
confirmed by day 52. The others demonstrated mixed
chimerism in these cell lineages. The percentage of the
donor cells in each cell lineage had been stable since day
168 after UCBT in patient 1. In patients 2 and 4, detailed
chimerism using fractionated cells was analyzed only the
date indicated in Table 2. Donor cells of patient 5 consti-
tuted only 5 % of his peripheral blood nucleated cells at
day 420 after UCBT, although T cells were 100 % of donor
origin.

Immune reconstitution
Table 3 shows the results of immunologic evaluation at the

most recent follow-up after UBCT in all survivors. Abso-
lute numbers of lymphocytes were normal after
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Table 2 Leukocyte chimerism

Patient 1 2 3 4 5
Days after UCBT? 168 1620 60 1098 52 2021 90 2078 42\0
T cell (donor %) 100 >95 90 94 100 100 92 100
B cell (donor %) 24 20 20 8 100 70 50 ND
} NK cell (donor %) 55 69 15 33 100 90 84 ND
ND not determined Granulocyte (donor %) 65 - 359 18 48 95 100 20 13 ND
* Days after UCBT when Lymphocyte (donor %) >95
chimerism was determined
Discussion

Table 3 Immune reconstitution

Patient 1 2 3 4 5 (at day 470)
WBC (/uL) 7700 7400 4710 - 9200 1000
Lymphocyte (/uL) 3700 4370 4120 4100 400
CD3 (%) 822 604 637 813 38.6
CD4 (%) 484 244 353 420 33.0
CD8 (%) 27.8 287 257 322 115
CD19 (%) 134 379 320 151 0.0
CD16/56 (%) 1.8 0.6 4.0 2.7 13.0
B-cell function

1gG (mg/dL) 937 531 692 1157 660 (under

iv.Ig)

IgA (mg/dL) 58 32 55 101 89

IgM (mg/dL) 17 77 115 231 112

IgE (1U/mL) 37 <3 42 1 ND

Isohemagglutinin  + + - + -

Specific antibody ~ + + + ND
T-cell function

PHA stimulation 1644 243.6 2209 12134 1.1

(SD

ConA stimulation 897.7 322.1 2255 713.1 1.1

(8D
NK activity (%) 15 4 10 19 ND

Normal values; PHA stimulation (SI) >100, ConA stimulation (ST)
- >75, NK activity 18-40 %

ND not determined, S/ stimulation index

transplantation (Table 3). Numbers of CD3+, CD4+,
CD8+ T cells and CD19+ B cells were within normal
ranges, and T-cell function was normal by assessment with
PHA and ConA stimulation. Immtnoglobulin serum levels
were within normal ranges of age-matched controls in all
four patients, and none requires IgG substitution (Tables 3,
4). Also each patient had a positive antibody response. NK
activity was lower than normal in all but patient 4.

Growth and psychomotor development
As shown in Table 4, all survivors have shown normal

height, body mass index (BMI), psychomotor development
and performance status to date.
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We report the outcome of unrelated UCBT in five patients
with X-SCID using a RIC regimen. The most important
result of this study is all four survivors are free from
immunoglobulin replacement therapy.

Previous studies showed that about two-thirds of SCID
patients required immunoglobulin replacement therapy
after T-cell-depleted, HLA-haploidentical BMT from
related donors without pre-transplant conditioning [2, 8].
In Europe, about half of SCID patients who received
HLA-haploidentical related marrow cells were condi-
tioned mostly with busulfan (8 mg/kg) and cyclophos-
phamide (200 mg/kg) [3]. However, the mortality rate for
this type of conditioning was higher than that of patients
without conditioning. Further, pre-transplant conditioning
in combination with HLA-haploidentical related marrow
cells did not always result in correction of B-cell function,
and about one-third of the SCID patients continue to
require immunoglobulin replacement therapy. In contrast,
all surviving SCID patients, who had received bone
marrow cells from unrelated donors after conventional
conditioning with busulfan (16 mg/kg) and cyclophos-
phamide (200 mg/kg), did not require immunoglobulin
replacement therapy [5, 6]. This conventional condition-
ing regimen, however, has been associated with a sig-
nificant mortality rate due to treatment-related toxicities
such as profound pancytopenia, severe organ toxicity, and
exacerbation of pre-existing infections. In addition, chil-
dren treated with myeloablative regimens often suffer
from delayed effects such as infertility, hormonal dys-
function, growth failure and secondary malignancies [9].
Recently, Rao et al. [6] reported the outcome of 33
patients with primary immunodeficiency (PID) [SCID
(n = 6) and non-SCID (n = 27)] who received unmodi-
fied unrelated donor marrow grafts following reduced-
intensity conditioning consisting of fludarabine (150 mg/
mz), melphalan (140 mg/mz), and alemtuzumab (Campath
IH) or anti-thymocyte globulin (ATG). All patients had
primary engraftment, and most patients achieved normal
immunoglobulin production and B-cell function, although
it is not clear whether patients with SCID were on
immunoglobulin replacement therapy or not. From these
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Table 4 Current status

i.v.Ig intravenous
immunoglobulin, NA not

Patient 1 2 3 4 5

Clinical status Alive Alive Alive Alive Dead (at 17 months)
Follow-up (months) 68 48 73 69 17 months

Last i.v.Ig (months) 44 32 8 3 17 months

i.v.Ig at present Off Off Off Off NA

Height —-1.0SD +192SD- —1.0SD —02SD Short stature

Body mass index 15.9 14.5 14.5 15.2 BW 6 kg

Mental status Normal Normal Normal Normal Normal

Karnofsky performance status 100 % 100 % 100 % 100 % 30 %

applicable, SD standard
deviation, BW body weight

results, we speculated that T-cell depletion might interfere
with B-cell engraftment and function. In this context, it is
interesting to note that patients in our study who had
acute GVHD complications showed higher B-cell chi-
merism and early immunoglobulin production after
UCBT. However, one of our patients succumbed to sepsis
in conjunction with severe GVHD. Unlike patients with
hematologic malignancies, who benefit from the graft-vs-
leukemia effect of donor cells, there is no such benefit
from GVHD in patients with PID [10]. Thus, it is inevi-
table to use immunosuppressive drugs to prevent GVHD,
“and modifications such as the addition of ATG to our
protocol to reduce the risk of GVHD will need to be
evaluated in a future study [11]. Of note, two of our
patients who did not develop acute GVHD gradually
corrected their B-cell function, and immunoglobulin
replacement therapy could be discontinued 32 and
44 months after UCBT. These results suggest that the RIC
regimen described here may provide a minimal-intensity
conditioning regimen in combination with' UCB, which
can assure sufficient production of immunoglobulin.

Some reports have raised concern about cardiac toxicity
associated with high-dose melphalan and fludarabine used
in combination [12, 13]. However, patients with this
adverse event had been suffering from advanced hemato-
logic malignancies and had been heavily treated with
cytotoxic drugs including anthracyclines prior to pre-
transplantation conditioning, and the total dosage of flu-
darabine (150 mg/m?®) and melphalan (140 mg/m?) used
for conditioning was much higher than the present study. In
addition, reduction of melphalan from 140 to 80 mg/m? is
expected to result in a lower frequency of cardiac toxicity.
‘We only observed mild myelosuppression and mucositis as
adverse events of the RIC regimen. Engraftment of unre-
lated cord blood cells, which might not be achieved with

lower concentration of melphalan, was observed in all -

patients in our study. To date, none of our patients has
shown any delay in growth or mental development. Long-
term follow-up is necessary to validate the efficacy and
safety of this RIC regimen. .
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Regarding B-cell engraftment and function, T-cell
depletion from related donor bone marrow cells may not be
a suitable source of HSCT for PID patients who do not
have an HILA-identical sibling donor as described above.
Recently, it was reported that UCB from unrelated donors
could be used successfully for patients with PID [{4, {5].
As UCB contains T cells, faster emergence of donor T cells
is expected even though the infused T cells are functionally
naive. UCB recipients were able to discontinue immuno-
globulin replacement therapy sooner and more frequently
compared with T-cell-depleted bone marrow recipients
although the estimated 5-year over all survival rates were
comparable when UCB recipients received a myeloablative
conditioning regimen [{5]. In addition, UCBT is more
tolerant of HLA disparity because the incidence and
severity of GVHD is lower than for unrelated BMT. These
results together with ours support the application of UCBT
for patients with X-SCID who do not have an HLA-iden-
tical sibling donor.

Another risk factor for a poor outcome using HSCT for
SCID is a pre-existing infection [8]. In our patients, all but
one were diagnosed with X-SCID at birth from their family
histories, and they had been kept in a protective environ-
ment for 3 months until they received UCBT. There are
two reasons why we performed UCBT at the age of
3 months. One is to minimize regimen-related toxicities
because infants are more susceptible to cytotoxic drugs,
and the other is to expect higher survival rate after trans-
plantation in the first 3.5 months of life as described pre-
viously [2, 16]. Early diagnosis before any infectious
episodes is necessary for safe HSCT in the patients with
SCID. Recently, screening of newborns for SCID has been
recommended [17], and the RIC regimen described above
in combination with UCBT is an alternative to HLA-ha-
ploidentical BMT for such patients.

In conclusion, our regimen in combination with UCBT
is well tolerated and resulted in normal immunoglobulin
production and B-cell function in our patients. Future
studies with a modification of GVHD prophylaxis for
patients with X-SCID who do not have an HLA-matched
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