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Abstract
Purpose Severe combined immunodeficiency (SCID) is a
syndrome of diverse genetic cause characterized by pro-
found deficiencies of T, B and sometimes NK cell function.
Non-ablative HLA-identical or rigorously T cell-depleted
haploidentical parental bone marrow transplantation
(BMT) results in thymus-dependent genetically donor T cell
development in the recipients, leading to a high rate of long-
term survival. However, the development of B cell function
has been more problematic. We report here results of anal-
yses of B cell function in 125 SCID recipients prior to and
long-term after non-ablative BMT, according to their mo-
lecular type.
Methods Studies included blood immunoglobulin measure-
ments; antibody titers to standard vaccines, blood group
antigens and bacteriophage Φ X 174; flow cytometry to
examine for markers of immaturity, memory, switched

memory B cells and BAFF receptor expression; B cell
chimerism; B cell spectratyping; and B cell proliferation.
Results The results showed that B cell chimerism was not
required for normal B cell function in IL7Rα-Def, ADA-
Def and CD3-Def SCIDs. In X-linked-SCID, Jak3-Def
SCID and those with V-D-J recombination defects, donor
B cell chimerism was necessary for B cell function to
develop.
Conclusion The most important factor determining whether
B cell function develops in SCID T cell chimeras is the
underlying molecular defect. In some types, host B cells
function normally. In those molecular types where host B
cell function did not develop, donor B cell chimerism was
necessary to achieve B cell function. 236 words
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Introduction

Severe combined immunodeficiency (SCID) is a syndrome
of diverse genetic cause characterized by profound deficien-
cies of T and B cell function and, in some types, also of NK
cells [1]. This condition is uniformly fatal in the first 2 years
of life unless immune reconstitution can be accomplished
[1–3]. SCID is currently known to be caused by mutations
in at least 13 different genes. X-linked SCID is caused by
defects in the common gamma chain (γc) [4, 5]. Mutations
in the genes encoding adenosine deaminase (ADA) [6],
Janus kinase 3 (Jak3) [7], the α chain of the IL-7 receptor
(IL7Rα) [8], recombinase activating genes 1 or 2 (RAG1 or
RAG2) [9], CD45 [10], the Artemis gene [11], ligase IV
[12], DNA protein kinase catalytic subunit (DNA-PKcs)
[13], CD3δ [14], CD3ε [15] or CD3ζ [16] also result in
SCID and are inherited as autosomal recessive traits.
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Since 1968, the standard treatment for all forms of SCID
has been allogeneic bone marrow transplantation from
HLA-identical or haploidentical related donors or, in some
instances, from unrelated donors. The principal causes of
death in such infants have been fatal viral infections present
at the time of referral.[1] Infants with all genetic types of
SCID given T cell-depleted HLA-identical or haploidentical
bone marrow stem cells without or with pre-transplant che-
moablation or post-transplant GVHD prophylaxis develop
phenotypically and functionally normal, genetically-donor T
cells at between 90 and 120 days post-transplantation [1–3,
17–20].

While bone marrow transplantation has resulted in life-
saving T cell reconstitution in most SCIDs, correction of B
cell function has been more problematic. It has been sug-
gested that the need for post-transplantation immunoglobu-
lin (IG) replacement is due to a lack of donor B cell
engraftment, attributed to a lack of pre-transplant chemo-
ablative conditioning, although data to support the latter
premise have been far from clear. Few studies have been
published regarding longterm B cell function in patients
with SCID who have received bone marrow transplants [2,
3, 19, 21–30]. A review of 19 reports from Europe and the
United States published over the past two decades found
that the percentage of survivors with B cell chimerism and/
or function was higher and the percentage requiring IG
replacement was lower at those Centers that used pre-
transplant conditioning [31]. However there were substan-
tial numbers of patients requiring IG replacement at all
centers, so pre-transplant conditioning does not guarantee
development of B cell function. More importantly, survival
rates were higher at those centers that did not use pre-
transplant conditioning or immunosuppressive drugs post-
transplantation for graft-versus-host disease (GVHD) pro-
phylaxis [31]. This paper reports on B cell function in 125
surviving SCIDs who received non-ablative bone marrow
transplants without post-transplantation GVHD immuno-
suppressive drugs at a single center over a 28 year period.

Methods

Patients and Transplantations

We studied the 125 surviving SCID patients out of a total of
165 (76 %) transplanted at Duke University Medical Center
from May 19,1982 to May 19, 2010 without pre-transplant
chemotherapy or post-transplantation GVHD prophylactic
drugs for the status of their B cell function. One hundred
forty-eight patients received rigorously T-cell depleted hap-
loidentical parental bone marrow stem cell transplants. The
other 17 received either unfractionated bone marrow or T
cell depleted bone marrow cells from an HLA-identical

relative. Thirty (75 %) of the 40 patients who died
succumbed to viral infections present at the time of
transplantation, but none died of GVHD. At the time of
this analysis, patients ranged from 8 months to 28 years
post-transplantation, with 81 of them being more than
10 years post-transplantation. Fifty-eight of the surviving
patients have γc-Def SCID [5], 8 have Jak3-Def
SCID[7], 17 have IL7Rα-Def SCID [8], 18 have ADA-
Def SCID, 6 have RAG-1 or RAG-2 Def SCID) [9]. 3
have mutations in the various chains of CD3 (CD3-Def)
[32], one has CD45-Def SCID [10], 1 has Artemis-Def
SCID [33], 1 has cartilage hair hypoplasia (CHH), 11
have autosomal recessive (AutoRec) SCID of unknown
molecular type and there is 1 male SCID of unknown
molecular type (Table I). All studies were performed with
the approval of the Duke University Medical Center
Institutional Review Board and with the written informed
consents of the parents.

Donor bone marrow was depleted of T cells by aggluti-
nation with soybean lectin and two cycles of rosetting with
sheep erythrocytes that had been treated with aminoethyli-
sothiuronium bromide as previously described [17]. The

Table I B cell chimerism vs need for IG treatment

Group # (%) with Donor B
Cell Chimerism

# (%) On
IG Treatment

X-linked 21 (36) 38 (66)

N058

Jak3 Def 2 (25) 3 (38)

N08

IL-7R Def 1 (6) 1 (6)

N017

ADA Def 6 (33) 4 (22)

N018

CD3 Chain 0 0

N03

RAG 1/2 1 (17) 5 (83)

N06

AutoRec 3 (27) 8 (73)

N011

CD45Def 0 1 (100)

N01

Artemis 1 (100) 0

N01

CHH 0 1 (100)

N01

Unknown 1 (100) 0

N01

Totals 36 (29) 61 (49)

N0125
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method of T cell depletion was the same for all recipients
over the 28 years of this study. Forty-three of these patients
were treated with a non-ablative booster BMT in an effort to
improve T cell function or, in two cases, to achieve B cell
function and the outcomes of the booster transplants are
described in a separate manuscript (submitted). Four of the
patients underwent gene therapy elsewhere (2 with ADA-
Def in Italy, 2 with γc-Def SCID at the NIH). Gene therapy
was successful in the two ADA-Def but unsuccessful in the
2 γc-Def patients who subsequently each received a
matched unrelated donor (MUD) transplant following re-
duced intensity conditioning. Two ADA-Def patients are
currently receiving polyethylene glycol modified bovine
adenosine-deaminase (PEG-ADA), and one received a
MUD bone marrow transplant elsewhere. One Artemis-
Def patient received a MUD bone marrow transplant
elsewhere.

Serum Immunoglobulin and Antibody Measurements

Serum IgG, IgA, IgM and IgE were quantified by single
radial diffusion or nephelometry [34]. Anti-diphtheria
and anti-tetanus antibodies were determined by tanned
red cell hemagglutination [35] or by an ELISA after
standard vaccines had been administered, and isohemag-
glutinins were measured by a microtiter plate assay.
Bacteriophage ΦXl74 responses were assessed after the
administration of 0.02 ml/kg of bacteriophage intrave-
nously by measuring antibody responses and isotypes of
the antibodies following primary and secondary immu-
nizations, as reported by Ochs et al. [36].

B Cell Chimerism

The relative proportion of donor B cells was assessed on
EBV-transformed B cell lines established at varying times
post-transplantation or on blood B cells using fluorescence
in situ hybridization (FISH) [37], and more recently by
restriction fragment length polymorphism (RFLP) or short
tandem repeats (STR) in the cases where the donor and
recipient were of the same sex.

Flow Cytometry

Multi-color flow cytometry was performed on blood B
lymphocytes with the use of murine monoclonal antibodies
to CD19, CD20, CD22, CD10, CD5, CD27, CD23, CD38
and IgD, purchased from Beckman Coulter (Miami, FL),
Invitrogen (Carlsbad, CA) and Becton Dickinson (San Jose,
CA). CD10, CD5 and CD38 are molecules present on
immature B cells, whereas CD19, CD20 and CD23 are
found on both immature and mature B cells. Switched
memory B cells were detected as described, using

monoclonal antibodies to CD22, CD27 and IgD [38]. The
expression of BAFF-R on CD19+ B cells was detected by
flow cytometry using biotinylated or fluorescently labeled
mAbs (eBioscience, CA) following the manufacturer’s rec-
ommendation. The receptor for BAFF (BAFF-R), a normal
B-cell survival and differentiation factor, is expressed pref-
erentially on B cells.

B Cell Isolation, Culture and Function

Venous blood from healthy controls and patients was col-
lected into heparinized tubes. PBMC were isolated using
Ficoll density gradient centrifugation. Fresh or cryopre-
served PBMC were used for the isolation of B cells. Ben-
zonase was added to cryopreserved cells upon thawing [39].
CD19+ B cells were positively selected using anti-CD19
magnetic beads (MACS; Miltenyi Biotec, Auburn, CA).
The positively selected cell populations contained >86 %
B cells, as detected by flow cytometric staining with an anti-
CD20 mAb (data not shown). The cells were resuspended in
RPMI 1640 supplemented with 10 % human serum
(Gemini) and 1 % PSG (100U/mL penicillin, 100ug/mL
streptomycin and 2 mmol/LL-glutamine) (Sigma-Aldrich).
The flat-bottom 96-well plates were set up in triplicate with
105 CD19+−selected B cells per well in a total volume of
200 μL in the presence of CpG oligonucleotides, unmethy-
lated single-stranded DNA motifs (a gift from Dr. James H.
Robinson, Tulane University) in Threalose (1.25 μg/mL),
IL4 (5 ng/mL) and anti CD40 (0.5 μg/mL), IL 21 (10 ng/
mL) and anti CD40 (0.5 μg/mL), or media alone. Cell
proliferation was assessed by incorporation of [3H] thymi-
dine for the last 18 h of culture. Data are expressed as
proliferation index [mean counts per minute (cpm) in test
wells/mean cpm in media control wells].

B Cell Receptor Spectratyping

RNA was prepared from 2 to 5×106 fresh or cryopreserved
PBMC specimens using Trizol (Life Technology, Gaithersburg,
MD) and reverse transcribed to single stranded cDNA with
AMV reverse transcriptase using an oligo dT primer according
to the manufacturer’s protocol (Promega, Madison, WI). The
newly synthesized cDNA was then used as a template for
individual PCR reactions. The PCR reactions were carried out
in 20 μl volumes by standard procedures using six VH forward
primers (VH1: CCATGGACTGGACCTGG; VH2: ATGGA
CATACTTTGTTCCAC; VH3: CCATGGAGTTTGGGCT
GAGC; VH4: ATGAAACACCTGTGGTTCTT; VH5:
A T G G G G T C A A C C G C C A T C C T ; V H 6 :
ATGTCTGTCTCCTTCCTCAT) and a reverse JH consensus
primer (JH-cons: AACTGCAGAGGAGACGGTGACC).[40]
The samples were subjected to 41 cycles of denaturation (1’ at
94 °C), annealing (30″ at 60 °C), and elongation (1′ at 72 °C).
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After the last cycle, a final elongation step (5′ at 72 °C) was
performed. The PCR products were visualized on a 2 % aga-
rose gel by ethidium bromide staining before using 2 μl of the
amplified products for a run-off elongation reaction with a
fluorescent (G-FAM) JH nested primer (FAM-TATATTGT(G/
C/T)CC(C/A/T)TGGCCCCAG). The elongation products
were then run on a sequencing gel. Fluorescence-labeled size
markers (Applied Biosystems, CA) were loaded with the run-
off products. After analysis on an automated sequencer (Ap-
plied Biosystems, CA) size determination of the run-off prod-
ucts and the analysis of the CDR3 region products were
performed using GeneScan software. Spectratype profiles
showed a polyclonal Gaussian distribution of peaks (327–
422 bp in size) in samples of normal control PBMC; an
oligoclonal distribution, from two human lymphoma B cell
lines Namalwa [41] and OCI-Ly80 [42] and from normal
human EBV-transformed B cells; no amplified products from
a T cell line (Jurkat).

Statistical Analysis

Individual comparisons of the mean numbers of B cells bear-
ing the different markers prior to transplantation and at the
latest transplant date between pairs of molecular types of
SCIDs and with normal controls were performed using a
two-sided Satterthwaite test [43]. To maintain an overall Type
1 error rate near 0.1 for each individual set of comparisons
between the SCID types and normal controls a conservative
Bonferroni [44] (0.1/k) alpha level was used, where k is the
number of SCID type to normal control comparisons in any
individual analysis set. In most analyses k07 SCID type
versus normal control comparisons are made and therefore
comparisons with p-values less than 0.0143 (≈0.1/7) were
considered statistically significant. However, in certain indi-
vidual analyses k06, 5, and 2 and therefore p-values less than
0.0167, 0.02, and 0.05 were considered significant.

Results

B Cell Chimerism and IG Replacement

As seen in Table I, B cell chimerism was found in only 36
(29 %) of the 125 patients at the latest time studied post-
transplantation. The molecular defects with the highest per-
centages of donor B cell chimerism were X-linked SCIDs,
of which 21 (36 %) had donor B cells, and ADA-Def SCIDs
of which 6 (33 %) had donor B cell chimerism, with smaller
percentages of donor B cell chimerism found among the
other molecular types. We have done longitudinal studies of
B cell chimerism and have found that this does not change
significantly with time (data not shown). The two patients
who received booster BMT with the sole purpose of

achieving B cell chimerism failed to do so. Eighty-nine
(71 %) of the patients do not have donor B cell chimerism.
Nevertheless, only 61 (48.8 %) of the 125 survivors require
immunoglobulin (IG) replacement therapy. Thus, 28 of the
survivors without B cell chimerism do not require IG re-
placement. Sixty-two percent of those requiring IG replace-
ment are X-linked SCIDs; 38 patients are currently
receiving it and 37 of them do not have B cell chimerism.
In the one remaining case with donor chimerism, it is too
soon to know whether IG therapy can be discontinued.
Other molecular types with a high percentage receiving IG
replacement are RAG-Def SCIDs (83 %) and autosomal
recessive SCIDs of unknown molecular type (73 %). By
contrast, only 1 (6 %) of the patients with IL7Rα-Def SCID,
4 (22 %) of the ADA-Def SCIDs and none of the CD3-Def
SCIDs require IG replacement. Only 1 of the IL7Rα-Def
SCIDs and none of the CD3 chain deficient SCIDs have
donor B cell chimerism. Thus, host B cells appear to be able
to cooperate with donor T cells and function normally in
these particular SCID defects.

Serum Immunoglobulins and Antibodies

Figure 1 shows the concentrations of serum IgA, IgM and
IgE prior to (Fig. 1a) and at the latest time studied post-
transplantation (Fig. 1b). These isotypes are not present in
transplacentally-transferred immunoglobulin or in IG prep-
arations. Many of the infants were neonates or receiving IG
when referred, and 62 of the survivors are currently receiv-
ing IG replacement. Prior to transplantation (Fig. 1a), the
log10 Ig levels for the following SCID groups were signif-
icantly smaller when compared to the values for the normal
controls: IgA for X-Linked SCID (p00.0044), IgM for
ADA-Def, AutoRec and X-linked SCIDs (p00.0022,
0.0141, <0.0001), and IgE levels for ADA-Def, RAG-Def
and X-linked SCIDs (p00.0026, 0.0136, 0.0003). All other
comparisons were not different from normal. At the latest
time post-transplantation (Fig. 1b), the log10 Ig levels for the
following SCID groups were significantly smaller when
compared to the values for the normal controls.: IgA for
the ADA-Def, AutoRec and X-Linked SCIDs (p00.0122,
0.0127, <0.0001), IgM for ADA-Def, RAG-Def and X-
linked SCIDs (p00.0025, 0.0007, <0.0001), and IgE levels
for AutoRec, IL7Rα-Def, RAG-Def and X-Linked SCIDs
(p00.0067, <0.0001, 0.0031, <0.0001).

Measurement of antibody titers to standard vaccines is
non-informative when patients are receiving IG replace-
ment. Table II displays the antibody titers in the patients
who are no longer receiving IVIG. As can be seen, most but
not all of these patients have normal serum immunoglobulin
levels and appropriate antibody titers to tetanus and diph-
theria toxoids and to blood group antigens. In the cases of
the IL7Rα-Def, ADA-Def and CD3-Def SCIDs, there was a
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very low rate of B cell chimerism. Antibody production
capability can be assessed in those receiving IG replacement
by giving them the neoantigen bacteriophage Φ X174 and
measuring antibody responses and isotypes of the antibodies
following primary and secondary immunizations. Neither
IVIG nor subcutaneous immunoglobulin (SCIG) contains
antibodies to this neoantigen. In an effort to determine
whether IG therapy could be discontinued, we have been
able to administer bacteriophage Φ X174 to 61 of these
patients, and the results we found in all 61 of the immunized
patients are displayed in Fig. 2. All 61 patients have donor T
cell chimerism and good T cell function. Only 20 of the 61
patients had B cell chimerism: 12 of the 33 X-linked, 5 of
the 10 ADA-Def, and 1 each of the RAG-Def, IL7Ra-Def

and Jak3-Def. After transplantation, the mean peak antibody
response to bacteriophage for CD3-Def SCIDs was signifi-
cantly smaller (p<0.0001) than that for the normal controls
(Fig. 2a) while the mean peak antibody responses to bacterio-
phage for all other SCID types were not significantly different
from normal controls. The mean percentages of IgG antibody
made after the second immunization are shown in Fig. 2b
according to the molecular type of SCID. These percentages
were significantly smaller than that for normal controls for
Jak3-Def (p<0.0001), X-Linked (p<0.0001) and ADA-Def
(p00.0475) SCIDs. Themost striking differences were seen in
the first two types, and those with Jak3-Def SCID had a lower
mean percentage of IgG antibody those with X-linked SCID
(p00.0156). Despite the fact that both CD3-Def patients had
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Table II Immunoglobulinsa, antibody titersa and B cell chimerism in patients off of immunoglobulin therapy45

Mol. Type Patient # IgG IgA IgM IgE Tetanus Diphtheria Anti-A Anti-B B Cell Chimerism

X-linked 1 1290 245 132 9 0.11 0.07 2 32 100 %

2 934 224 59 12 243.00 NDc 0 64 100 %

3 585 29 65 3 ND ND ND ND 100 %

4b 425 61 71 5 0.03 0.05 0 0 40 %

5b 785 65 103 9 177,147 ND 0 8 81 %

6 570 12 176 118 0.45 0.10 0 0 ND

7 1170 137 268 64 0.27 0.08 256 128 0

8 413 16 92 2 ND ND ND ND 100 %

9 923 32 50 115 0.50 0.09 256 64 100 %

10 859 72 166 90 3.20 0.36 0 0 100 %

11 627 14 39 ND ND ND ND ND 99 %

12 518 4 21 1 ND ND ND ND 37 %

13 1060 80 71 4 6,561 2187 ND ND 25 %

14 938 79 125 641 0.14 0.03 0 0 15 %

15 325 130 99 27 0.08 0.02 0 16 0

16b 1080 206 95 13 0.06 0.04 4 4 30 %

17 816 19 50 754 1.57 0.39 0 0 0

18b 743 155 57 5 0.14 0.05 0 0 10 %

19 650 18 78 13 >7.00 >3.00 2 0 100 %

20b 604 6 41 5 81 ND 0 0 99 %

Jak3 Def 21 389 17 127 39 729 81 0 32 0

22b 1,050 374 192 5 0.31 0.15 64 0 0

23 1368 139 277 33 2,187 729 128 128 ND

24 921 116 232 7 0.04 0.04 8 4 0

25 869 97 64 5 0.92 0.19 0 0 100 %

IL7Rα Def 26 944 259 113 25 19,683 19,683 0 64 0

27b 1117 122 81 5 531,441 531,441 64 8 0

28 771 0 154 5 0.22 0.05 0 0 0

29 1370 198 121 5 0.19 0.85 0 128 0

30 845 210 111 1 81 81 32 0 0

31 829 31 162 23 59,049 59,049 128 0 0

32 421 96 96 5 0.47 0.74 32 0 0

33 681 34 107 6 531,441 19,683 32 0 0

34 1060 64 66 680 177,147 ND 128 64 0

35 1310 117 270 9 1.68 0.38 0 0 1

36 882 120 189 19 0.25 0.18 32 2 0

37 807 54 99 7 19,683 ND 8 0 0

38 1540 146 290 5 7.00 0.29 0 16 0

39 864 0 54 5 1.22 0.18 0 0 0

40 1230 0 116 5 0.91 0.26 2 2 0

41 834 87 94 5 0.96 0.15 256 256 0

ADA Def 42 1180 165 136 7 2,187 81 0 16 0

43 738 82 35 31 6,561 6,561 128 4 16 %

44b 883 182 61 199 2.08 0.17 32 32 100 %

45 1190 78 44 28 ND ND 8 2 79 %

46b 1030 130 74 419 7.00 3.00 32 34 0

47 492 0 28 24 531,441 19,683 0 0 71 %

48b 1410 155 110 35 19,683 6,561 ND ND 99 %

49b 991 105 114 5 7.00 1.51 0 32 0
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quantitatively low antibody titers to bacteriophage Φ
X174, they both had normal IgG isotype switching
and made normal antibody titers to their standard vac-
cines after IG therapy was discontinued. Neither had
donor B cell chimerism.

B cell Phenotypes

Prior to transplantation, the mean number of CD19+ B cells
was significantly larger (p00.0005, Fig. 3a) for the X-
Linked SCIDs than that for the normal controls, while the
mean number of CD19+ B cells was significantly smaller in
ADA-Def SCIDs (p<0.0001) than that for normal controls.
B cells were not detected in RAG-Def, CHH and Artemis-
Def SCIDs (not shown in Fig. 3). The mean numbers of
CD19+ B cells for all other SCID types were not signifi-
cantly different from normal controls. The X-linked, Jak3-
Def and IL7Rα-Def SCIDs also had markedly increased
expression of three molecules present on immature cells:
CD10, CD5 and CD38 (Fig.3a) (p<0.0001, 0.0035,
<0.0001). The mean numbers of CD5+ B cells were signif-
icantly larger in X-linked and IL7Rα-Def SCIDs (p<0.0001
and p<0.0001) than in normal controls. The mean number
of CD38+ B cells were significantly larger in X-linked
SCID (p<0.0001) than in normal controls. Prior to trans-
plantation, the mean number of CD23+ B cells was signif-
icantly smaller than normal (p<0.0001) in the ADAdef
SCIDs and significantly larger than normal (p<0.0001) in
the X-Linked SCIDs.

After successful T cell reconstitution by bone marrow
stem cell transplantation, the RAG-Def, Artemis-Def, and
CHH did not develop B cells. As shown in Fig. 3b, the mean
numbers of CD19+ total B cells for ADA-Def and IL7Rα-
Def SCIDs were significantly smaller (p<0.0001, p0
0.00015) when compared to age-appropriate normal con-
trols, whereas the mean numbers for all other SCID types
were not significantly different from normal. The mean
number of CD10+ B cells for X-Linked SCIDs was signif-
icantly larger (p<0.0059) when compared to normal con-
trols, but the mean numbers for all other SCID types were
not different from normal. The mean number of CD5+ B
cells for the AutoRec SCIDs was significantly smaller
(p00.012) than that for normal controls, but the mean
numbers for all other SCID types were not different
from normal. The mean numbers of CD38+ B cells
for ADA-Def, CD3-Def, and IL7Rα-Def SCID types
were significantly smaller (p00.0025, 0.0079, <0.0001) when
compared to normal controls, but the mean numbers for all
other SCID types were not different from normal. Therefore,
SCID B cells do not retain an immature phenotype after
transplantation. At the latest time tested post-transplantation,
the mean numbers of CD23+ B cells were lower in the ADA-
Def (p00. 001) and IL7Rα-Def (p00.0023) SCIDs than in the
normal controls, but were not significantly different from
normal for all other SCID types.

We were also interested in knowing about the appearance
of CD27+ (memory) B cells. Memory B cells are capable of
producing diverse plasma cells making antibodies of

Table II (continued)

Mol. Type Patient # IgG IgA IgM IgE Tetanus Diphtheria Anti-A Anti-B B Cell Chimerism

50 501 67 30 57 243 243 128 0 0

51 607 87 76 22 2,187 729 64 0 100 %

52 586 46 75 268 59,049 19,683 0 2 0

53 423 3 5 10 ND ND 0 0 0

54 1260 32 9 6 19,683 19,683 0 0 0

55 1010 80 55 51 1.62 0.23 8 16 0

56b 793 31 133 442 3.00 7.00 128 64 0

CD3 Chain Def 57 1,260 57 84 5 1.79 1.21 32 32 0

58b 842 201 57 36 4.30 >3.00 0 16 0

59 936 45 7 19 1.73 0.20 4 8 0

RAG 1 60b 751 178 80 21 243 81 32 16 100 %

AutoRec 61 624 26 129 5 0.30 0.05 0 0 0

62b 690 90 124 280 6,561 2,187 16 0 4 %

63 982 104 52 11 177,147 2,187 0 0 100 %

Unknown 64 1700 125 123 49 7.00 2.46 0 16 100 %

a Values are expressed as mg/dl (IgG, IgA, IgM) or IU/ml (IgE). Tetanus and diphtheria antibody titers are expressed as 1:X, omitting the 1, or as
μg/dl. Isohemagglutinins are expressed as 1:X, omitting the 1.
b HLA Identical Transplants
cND not done
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different isotypes when antigen is encountered again,
whereas naïve B cells would produce plasma cells produc-
ing only IgM antibodies. As seen in Fig. 4a, before trans-
plantation the mean percentages of CD19+/CD27+ B cells
for IL7Rα-Def, Jak3-Def, and X-Linked SCIDs were sig-
nificantly smaller (p<0.0003, 0 0.020, <0.0001) than that
for age appropriate normal controls. Post-transplantation,
the mean percentages of CD19+/CD27+ B cells for only
the Jak3-Def and X-Linked SCIDs remained significantly
smaller (p<0.0001, <0.0001) than normal controls (Fig. 4b).
Patients were included in these studies regardless of whether
they were receiving IG therapy. We were also able to assess
the percentage of switched memory B cells in 55 of the
patients (Table III). As can be seen, the molecular types of
SCID with the lowest percentages of switched memory B
cells are the X-SCIDs still receiving IG therapy (p0<0001),
the autosomal recessive SCIDs of unknown molecular type
(p0<0001), the ADA-Def SCIDs (p00.0017) and the
CD45-Def SCID. The percentages are normal for all of the

other molecular types except the RAG-Def, Artemis-Def
and CHH patients (not listed) who do not have any B cells.

B Cell Responses In Vitro

Interactions between CD40 on B cells and its ligand on
activated CD4+ T cells are crucial in T cell-dependent B
cell responses, and are vital to the generation of memory B
cells and germinal centers [45]. IL-4 and IL-21, produced by
T cells, promote the expansion of mature B cells that have
been stimulated through CD40 [46]. While IL-4 stimulates
B cells using the γc-containing IL-4 receptor and the non-
γc-containing IL-13 receptor [46], IL-21 only utilizes the
γc-containing IL-21 receptor [30, 47]. The goal of these
studies was to test whether poor B cell function post-
transplantation was attributed to the underlying SCID-
causing molecular defect or whether it was a consequence
of inadequate T cell help. We studied the function of CD19+
selected B cells from PBMC of five X-linked SCIDs (who
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Fig. 2 Antibody responses to
bacteriophage Φ X174 in all 61
SCID patients immunized with
this vaccine post-
transplantation. a The mean
peak antibody response to bac-
teriophage for CD3-Def SCIDs
was significantly smaller
(p<0.0001) than the mean peak
antibody response to bacterio-
phage for the normal controls,
but those for all other SCID
types were not significantly
different from those of normal
controls [36]. b The mean per-
centages of IgG antibody made
after the second immunization
were significantly lower than
normal in Jak3Def (p<0.0001),
X-Linked (p<0.0001) SCIDs
and ADA-Def (p00.0475)
SCIDs. Those with Jak3Def
SCID had an even lower mean
percentage of IgG antibody
those with X-linked SCID
(p00.0156). All other compari-
sons were not significantly dif-
ferent from normal controls
[36]. All patients have donor T
cells and good T cell function
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had no detectable donor-derived B cells and no B cell function
but good T cell function), two IL7Rα-Def SCIDs (with no
detectable donor-derived B cells but good B cell function),
and five normal controls. CD19+ B cells were cultured with
human IL-4 or human IL-21 and anti-CD40 mAb, or with the
mitogen CpG, or with media. The results of stimulation with
IL-21+ anti-CD40 size (Fig. 5a) showed substantially lower
proliferation of all X-SCID patients’ B cells tested, compared
to B cells from controls and from IL7Rα-Def SCID B cells,
although the difference was not statistically significant due to
the small sample size (two sided p values 0.063 and 0.1516 in
a Satterthwaite test). Conversely, both X-SCID and IL7Rα-
Def B cells proliferated similarly to B cells from normal
controls in response to stimulation with IL-4+ anti CD40
(Fig. 5b) and to CpG (Fig. 5c).

BAFF-R Expression

Normal B-cell survival and differentiation depends upon B-
cell activation factor (BAFF). Defects in mouse genes
encoding BAFF or BAFF-R abolish the generation of ma-
ture B cells. The receptor for BAFF (BAFF-R) is expressed
preferentially on B cells. We thus tested whether the expres-
sion of BAFF-R on B cells from SCID patients after BM
transplantation was different between molecular types that
developed B cell function compared to those that didn’t, and
compared to controls. Flow cytometric studies were per-
formed to test for BAFF-R expression on CD19+ B cells
in 56 PBMC samples from 27 SCID patients after BM
transplantation, and in 15 control PBMC samples (14 indi-
viduals of ≥20 years of age and one newborn). The results,
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Fig. 3 a Prior to
transplantation, the mean
number of CD19+ B cells was
significantly larger (p00.0005)
for the X-Linked SCIDs than
that for the normal controls,
while the mean number of
CD19+ B cells was significant-
ly smaller in ADA-Def SCIDs
(p<0.0001) than that for normal
6 month old controls. B cells
were not detected in RAG-Def,
CHH and Artemis-Def SCIDs
(not shown). X-linked, Jak3-
Def and IL7Rα-Def SCIDs also
had markedly increased expres-
sion of three molecules present
on immature cells: CD10, CD5
and CD38 (Fig. 3a) (p<0.0001,
0.0035, <0.0001). b At the lat-
est time studied post-
transplantation, the mean num-
ber of CD10+ B cells for X-
Linked SCIDs was significantly
larger (p<0.0059) when com-
pared to normal adult controls,
but the mean numbers for all
other SCID types were not dif-
ferent from normal
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shown in supplemental Figure 1, revealed that BAFF-R is
constitutively expressed on host CD19+ B cells from all
SCID types (X-linked, Jak3-Def, ADA-Def, CD3δ-Def
and IL7Rα-Def SCID) after bone marrow transplantation.
Only 7 % of SCID samples (3 IL7Rα-Def and one Jak3-
Def) showed a lower percentage of CD19+ BAFF-R+ cells
at early times after transplantation (<146 days), similar to
that found in a normal newborn sample. Further out after
transplantation and successful immune reconstitution by
donor stem cell-derived T cells, the percentage of CD19+
BAFF-R+ normalized in all of the SCID samples despite the
fact that the B cells remained of host origin in 22/27 patients
tested. One of the five with donor B cell chimerism was the
Jak3-Def patient who had a lower percentage of CD19+
BAFF-R+ cells early after transplantation.

BCR Spectratype Analysis

We next determined whether the B cell functional deficiency
in SCID recipients of non-ablated T cell-depleted bone
marrow stem cell transplants derives from restricted utiliza-
tion of immunoglobulin (Ig) genes, resulting in lack of
development of a diverse repertoire. This question was
addressed by spectratyping the six major VH gene families
in an area encompassing the Complementarity Determining
Region 3 (CDR3). The selected patients had no evidence of
maternal B cells in their PBMC samples, as determined by
FISH or RFLP (data not shown). Compiled results from the
spectratype analyses of nine BMT treated SCID patients are
presented in Table IV. The number of size peaks from each
VH family was determined in the patients‘ samples, and
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Fig. 4 CD27+ (memory) B
cells: a Prior to transplantation
the mean percentages of CD19
+/CD27+ B cells for IL7Rα−-
Def, Jak3-Def, and X-Linked
SCIDs were significantly
smaller (p<0.0001, 0.020,
<0.0001) than that for normal
controls. b Post-transplantation
the mean percentages of CD19
+/CD27+ B cells remained sig-
nificantly smaller than normal
only for the Jak3-Def and X-
Linked SCIDs (p<0.0001,
<0.0001). Patients shown in-
cluded those who were or were
not receiving IG therapy
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compared with the range of peaks from normal controls. Only
2/9 patients studied (X-3 andX-6) did not express amplification
of the VH1, VH5 and VH6 gene families, while all of the other
patients revealed a complete representation of the six VH
families. Examples of spectratype results from an X-linked
(X-1), a Jak3-Def (J-2), an IL7Rα-Def (7–4) patient and a
normal control are shown in supplemental Fig. 2, panels A,
B, C and D, respectively). When comparing the spectratype
results for the BCR repertoire analysis with that of the TCR
repertoire analysis for each patient tested (see last column in
Table IV) [48] the results were different and unpredictable. In
fact, a complete polyclonal TCR repertoire, seen in patient X-3,
was associated with a partially skewed BCR repertoire, while
patient X-1 did not develop a diversified TCR repertoire (0 %
polyclonality) but developed a normal BCR repertoire
(Table IV).

Discussion

The studies presented here revealed that normal B cell func-
tion can develop in some SCIDs who become T cell-
reconstituted following non-ablative rigorously T cell-
depleted haploidentical (N0108) or HLA-identical (N017)
bone marrow transplants despite having only host B cells.
The genetic types with the best B cell function (IL7Rα-Def,
ADA-Def, CD3-Def and some autosomal recessive SCIDs of
unknown molecular type) were also found to have the highest
percentages of B cells bearing the CD27 memory B cell
marker and the highest percentages of switched memory B
cells. This demonstrates that host B cells in patients with
IL7Rα-Def, ADA-Def, CD3-Def and some autosomal reces-
sive SCIDs of unknownmolecular type can function normally
if T cell help is provided. The finding of normal B cell
function in the IL7Rα-Def SCIDs with only host B cells is
in contrast to the situation in IL7Rα murine knockouts where

B cells fail to develop [49]. The finding of good B cell
function in the ADA-Def SCIDs with donor T cells but only
host B cells implies that the purine salvage pathway may not
be as crucial for B cell function as it is for T cell function. The
poor B cell function seen in Jak3-Def and X-linked SCIDs
post-transplantation despite the presence of phenotypically
normal B cells is most likely due to failure of signaling
through their defective cytokine receptors on the host B cells
and not a result of inadequate T cell help [30].

Table III Percentages of switched memory B cells

Molecular Type SCID N Meana St. Dev. S.E.M.

ADA-Deficient 6 27.67* 10.60 4.33

CD3 Chain Deficient 2 56.75 1.85 1.31

IL7Ralpha-Deficient 8 48.79 12.41 4.39

ARSCID 4 11.05** 3.69 1.85

CD45 Deficient 1 8.40 NAb NAb

Jak3-Deficient 3 30.87 13.99 8.08

X-SCID on IG 21 11.41** 11.16 2.44

X- SCID not on IG 10 34.68 22.26 7.04

a Normal adult mean % and range: 51.4 (32.3–70.5)
b NA0not applicable for statistics as there is only 1 patient of this type.

*p00.0017

**p<0.0001

Fig. 5 B cell proliferative responses in vitro. Each point represents the
proliferation index of cultures of B cells isolated from X-SCID patients
[n04 in (a), n05 in (b),(c)], from IL7Rα-Def SCID [n02 in (a),(b),(c)]
patients and normal controls [n08 in (a), n09 in (b),(c)] stimulated
with IL-21+ anti-CD40 (a), with IL-4+ anti CD40 (b), or with CpG (c)
The horizontal bars represent the mean value of each series
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Although 48.8 % of our patients are currently receiving
IG replacement, the percentage receiving it varies based on
molecular defect. Only 6 % of the IL-7Rα-Def patients are
currently receiving IG, while 83 % of RAG-Def patients and
66 % of X-SCID patients require replacement. It has been
suggested that this high IG requirement is due to lack of
donor B cell chimerism because they did not receive pre-
transplant conditioning. However, we do see donor B cell
engraftment in approximately one third of our X-linked
patients despite the lack of conditioning and those patients
do not require IG replacement [1, 2]. Indeed, the percentage
with B cell chimerism was higher in X-SCIDs than in any
other molecular type. What determines whether or not B cell
chimerism will develop is unknown. This was not due to
over representation of the HLA-identical transplants among
any molecular type. For example, among the 58 X-linked
patients, there were only 5 who had an HLA-identical donor
and among the 17 with IL7Rα−Def, there was only 1.
Moreover, only 10 of the 17 patients who received HLA-
identical transplants had donor B cells (Table II). It is
possible that, in patients with specific genetic variants of
SCID, there is a competitive inhibition of engraftment of
normal donor-derived hematopoietic progenitors by defec-
tive host progenitors for occupancy of one or more of the
specialized niches in the thymus or bone marrow [50, 51]. In
murine models, such resistance to the development of nor-
mal precursors within the thymus has been demonstrated in

RAG-2 −/− and TCR B −/− but not γc−/− or IL7Rα −/− forms
of SCID [52]. Age at transplant is not a factor in B cell
chimerism or B cell function and neither is race or sex [3].
Genetic analyses of the cells from γc-Def and Jak3-Def
patients without B cell function have revealed all T cells to
be genetically donor, whereas the B and antigen-presenting
cells remain those of the recipient [2]. A majority of our
patients received rigorously T cell depleted bone marrow
transplants. Some have advocated using pre-transplant con-
ditioning followed by unfractionated matched unrelated do-
nor cord blood, adult marrow or mobilized peripheral blood
stem cells and post-transplantation immunosuppression to
mitigate GVHD in an effort to achieve donor B cell recon-
stitution. However, Stephan et al. [53] and Haddad et al.
[21] reported that 35 % and 45 % of survivors, respectively,
required immunoglobulin substitution despite conditioning.
Thus, conditioning does not always result in B-cell function,
and the associated risks may not justify the chance to
achieve normal B cell function. Whether unfractionated
cord blood or marrow has any advantage over T-depleted
marrow in this regard is unknown but the unfractionated
unrelated donor products are much more likely to carry
significant risks of severe GVHD. It was hoped that gene
therapy for X-linked SCID could ensure that B cell function
would be normal. However, two recent follow-up reports
both revealed that the only lineage corrected long term by
gene therapy was T cells [54, 55].

Table IV Analysis of the BCR repertoire by spectratyping

Source of RNA samples Number of peaks / VH family BCR Spectra Typea TCR Spectra Typeb

VH1 VH2 VH3 VH4 VH5 VH6

Normal PBMC range 17–20 13–19 18–20 19–20 15–17 15–17 100 64–100

EBV-transf. PBMC 5 6 7 7 0 1 0 –

Namalwa B cells 0 0 0 1 0 0 0 –

OCI-Ly8 B cells 0 0 1 0 0 0 0 –

Yurkat T cells 0 0 0 0 0 0 0 0

X-linked PBMC (days post-transplantation):

X-1 (64) 19 15 18 19 18 15 100 0

X-3 (1984) 0 13 13 17 0 0 17 100

X-4 (140) 19 17 18 20 16 17 100 43

X-6 (4,263) 0 15 15 16 0 0 17 0

X-7 (839) 17 16 17 18 16 15 83 41

Jak3-Def PBMC (days post-transplantation):

J-1 (2,408) 18 18 18 18 15 15 100 64

J-2 (3,676) 20 19 17 19 16 15 83 50

J-3 (1,084) 20 14 18 21 14 17 83 50

IL7Rα-Def PBMC (days post-transplantation):

7-4 (544) 20 17 20 20 18 16 100 96

a BCR spectratype data are presented as % VH families with normal distribution of size peaks
b TCR spectratype data are presented as % Vβ families with normal distribution of size peaks (Sarzotti et al., JI)
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We performed in vitro studies in order to understand
whether B cell function in X-linked SCIDs could be
detected in vitro under the right type and amount of
stimulation provided experimentally. Results from the in
vitro stimulation of CD19+ selected B cells with stimuli
(IL-21 + anti-CD40) that require the γc receptor for cytokines,
revealed that B cells from X-linked SCIDs proliferated very
poorly in comparison to IL7Rα-Def or normal B cells. These
results are in keeping with those from a recent report showing
that IL-21 is the primary common γ chain-binding cytokine
required for human B-cell differentiation in vivo [30]. When
X-linked B cells were stimulated with IL-4 + anti-CD40 or
with CpG, which bypass the γc receptor, they proliferated as
efficiently as IL7Rα−Def or normal B cells. These findings
support the hypothesis that poor host B cell function post-
transplantation is due to the underlying SCID-causing molec-
ular defect, and that B cells from these patients have the
potential to develop B cell function under appropriate stimu-
lation conditions. When the γc receptor is normal, as is the
case in the IL7Rα-Def SCIDs, B cells can receive sufficient
signals from the successfully engrafted T cells to develop
function.

It was also possible that B cells in SCIDs who do not
develop B cell function have defective expression of recep-
tors (BAFF-R) for essential maturation signals, such as
BAFF. We tested this hypothesis by performing flow cyto-
metric analysis of 27 patients of different SCID molecular
types, some of whom developed B cell function (IL7Rα-
Def) and some of whom did not (Jak3-Def and X-linked)
and determined that BAFF-R is expressed on 80 % of CD19
+ cells in >93 % of the samples tested over time post-
transplantation. Only four samples (3 IL7Rα-Def and 1
Jak3-Def) had low BAFF-R expression at early time points,
a result obtained also when testing B cells from a normal
newborn. Although the mechanism is unclear at this time,
the low receptor expression normalized with time. Thus, the
constitutive expression of BAFF-R in B cells from all mo-
lecular types of SCID does not correlate with the develop-
ment of B cell function.

Finally, we tested the hypothesis that the lack of B cell
function in some SCID molecular types reflects a limited
utilization of Ig genes similar to that taking place during
ontogeny. Fumoux et al. [56] showed that, in adults with
hematologic malignancies who received BMTs, the expres-
sion of the VH repertoire was very different from that of age
matched controls: the expression of the VH 3 family was
decreased two- to threefold, while other families were over-
expressed. Minegishi et al. [57] found in studying the rep-
ertoire of IgH chain gene in three X-SCID patients that the
JH3 segment was preferentially utilized in the CDR3 and
that somatic mutation was absent in all of the JH3 segments.
We studied the expression of the B cell repertoire in 5 X-
linked, 3 Jak-3Def and 1 IL7Rα-Def SCIDs to understand

the extent of genetic diversity of B cells in these patients and
the influence that re-populating donor T cells have on the
clonal expansion of B cells. The spectratype results showed
a normal or quasi-normal distribution of CDR3 size peaks of
the VH families of SCID patients’ PBMC indicating that the
majority of these patients (7/9) do not appear to have a
biased B cell repertoire expression. Finally, the expression
of a polyclonal B cell repertoire in BMT treated SCIDs
appears to be independent of the expression of a normal T
cell repertoire.

Conclusions

These results showed that B cell chimerism was not required
for normal B cell function in several molecular types of
SCID and that the most important factor determining wheth-
er B cell function develops is the underlying molecular
defect. In those molecular defects where host B cell function
does not develop, donor B cell chimerism is necessary for
the development of B cell function.
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