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Summary:

Established treatment of severe combined immunodefi-
ciencies (SCID) and other primary immunodeficiencies
(PID) is bone marrow transplantation (BMT). Normal
lymphocyte numbers and protein antigen responses are
present within 2 years of BMT, polysaccharide antibody
responses appear last. Streptococcus pneumoniae infec-
tion causes significant morbidity and mortality post-BMT.
Previous studies have shown good protein antigen
responses post-BMT for SCID and PID, but had not
examined the polysaccharide responses. We retrospec-
tively analysed pneumococcal polysaccharide (PPS)
responses in our patient series.

In total, 22 SCID and 12 non-SCID PID were
evaluated, all 42 years post BMT: 17 SCID, 12 PID
received chemotherapy conditioning; 17 SCID, three PID
had T-cell depleted (TCD) BMT, others had noncondi-
tioned whole marrow BMT. All had normal Haemophilus
influenza B and tetanus antibody responses. Of 22 SCID,
13 vs 11/12 PID responded to PPS vaccine (P¼ 0.05).
There was no association with donor age, GvHD, B-cell
chimerism, or IgG2 level. Fewer TCD marrow recipients
responded to PPS (P¼ 0.04). Analysis of the SCID group
showed no association of PPS response with type of
marrow received. This is the first study to specifically
examine PPS antibody responses following SCID and
PID BMT. Pneumococcal conjugate vaccine antibody
responses should be examined in these children.
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Severe combined immunodeficiencies (SCID) are a group
of inherited disorders, where different molecular defects
result in profound impairment of both cellular and humoral

immunity with an incidence of about 1/30 000–1/70 000.1

Without treatment, opportunistic or otherwise self-limiting
infections lead to death within infancy. The only estab-
lished treatment is bone marrow transplantation (BMT),
which is curative in over 70% of SCID patients without a
sibling donor, who undergo haploidentical T-cell depleted
(TCD) transplantation.2,3 BMT is now accepted as
definitive treatment for other types of primary immunode-
ficiency (PID) with current success rates of over 60%.4

Survivors generally appear to have normal immunity,
growth, and development, but detailed studies of these
outcomes are incomplete.5

Depending on the type of marrow infused, immune
reconstitution is apparent 6 weeks to 4 months post BMT,
with TCD marrow taking longest to reconstitute. Patients
are usually immune competent within 2 years of BMT with
normal numbers and function of lymphocytes including
normal responses to protein antigens.3 Post BMT, most
patients can discontinue antibiotic prophylaxis and replace-
ment intravenous immunoglobulin (IVIG). Polysaccharide
antibody responses, such as those against Streptococcus
pneumoniae, appear last,6,7 recapitulating the ontogeny of
polysaccharide responses in infants, but are generally
present by 2 years post BMT. However, S. pneumoniae
infection is a significant cause of morbidity and mortality in
the late period post BMT in both adult and paediatric
transplant series.8 Previous studies, looking at immune
reconstitution post BMT for SCID, have documented good
protein antigen responses,9 but not examined specific
polysaccharide responses. One of our SCID patients
acquired S. pneumoniae right upper lobe pneumonia 5
years post BMT while no patients transplanted for PID had
problems with pneumococcal infection post BMT.
We analysed our BMT series with particular respect to
pneumococcal polysaccharide (PPS) responses, comparing
those transplanted for SCID with those transplanted for
other primary immunodeficiencies.

Patient population

As one of two UK centres performing BMTs for children
with PID, our unit has transplanted 57 children with SCID
(46 survivors) and 66 children with other forms of PID (34Received 7 November 2002; accepted 13 February 2003
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survivors) between 1987 and December 2002. Patients
remained on IVIG until they had normal age-related serum
IgM, IgA, and isohaemagglutinin levels, usually around 6
months for whole marrow transplants and 12 months for
TCD transplants. At 3 months after stopping replacement
IVIG, specific antibody titres were measured and primary
immunisations including tetanus, diphtheria, haemophilus
influenza B (Hib), pertussis, and killed Polio were com-
menced at monthly intervals. Patients with normal age-
related T-cell numbers and normal T-cell proliferation
to mitogens, and who responded to tetanus and Hib-
conjugated protein vaccines with postvaccination specific
antibody titres within the normal range received measles,
mumps, and rubella triple vaccination (MMR). Pneumo-
coccal polysaccharide vaccine (Pneumovax IIs) was given
at least 2 years post BMT, only to those patients who had
demonstrated an adequate antibody response to tetanus,
Hib, and MMR vaccines. Patients still on IVIG (n¼ 8),
those not vaccinated with PPS vaccine (n¼ 7) and those less
than 2 years post BMT (n¼ 31) were excluded.

A total of 22 SCID patients were eligible for evaluation
(Table 1). Of these, 16 had T-B+SCID (five common
gamma chain mutation), two had T-B-SCID (one RAG
mutation, one artemis mutation), four had ADA deficiency.
Of 22 patients, 17 received cytoreductive conditioning with
busulphan and cyclophosphamide and had TCD trans-
plants according to standard European working party
protocols. In all, 15 manipulated marrows were TCD
in vitro with CAMPATH 1M, and two (patients 16, 21)
received CD34+ enriched stem cells. Five patients received
whole marrow infusions with no preparative chemotherapy
(patients 8,9,10,19,20).

Of 12 non-SCID PID patients evaluated, three had
Wiskott Aldrich syndrome, two had chronic granuloma-
tous disease, two CD40 ligand deficiency, one ZAP 70
kinase deficiency, one hyperIgE syndrome, and three
combined immune deficiency of unknown molecular basis
(Table 2). All 12 patients received busulphan and cyclophos-
phamide conditioning according to standard European
working party guidelines. Nine received whole marrow, two
marrow TCD in vitro with CAMPATH 1M (patients 28,
30) and one CD34+ enriched stem cells (patient 29).

No patient received radiation as part of the conditioning
protocol. No patient in the study received peripheral blood
stem cells. All patients had normal splenic function with
absence of Howell–Jolly bodies on post-BMT blood films,
apart from patient 6, who underwent splenectomy during
transplantation.

Method

A retrospective analysis of PPS antibody responses in
patients transplanted for SCID compared to responses in
those transplanted for other forms of PID was performed.
Patients’ case records were examined to determine diag-
nosis, age at BMT, type of marrow infused – whole or
TCD, method of TCD, age of BM donor, conditioning
regimen, length of follow-up, occurrence of GvHD,
chimerism, lymphocyte numbers, IgG2 and IgA levels,

isohaemagglutinins, response to tetanus and Hib vaccina-
tion, and response to PPS vaccination.

Serum immunoglobulins and IgG subclasses were
measured by rate nephelometry calibrated against Interna-
tional Standards and reported against age-specific normal
ranges. Specific antibodies against tetanus, Hib, and
pneumococcus were measured by enzyme linked immuno-
sorbence assay (ELISA). The pneumococcal assay mea-
sured unabsorbed total IgG response against the 23 valent
polysaccharide vaccine. A vaccination response was defined
as a two-fold increase in post vaccination titre providing
final titres were 41mg/ml (Hib IgG),10 40.1 IU/l (tetanus
IgG), and 420mg/l (PPS IgG).11 An absent response was
defined as a final level below the lower limit of normal
laboratory range and a poor response as a less than two-
fold rise in antibody level with a final level above the lower
limit of normal laboratory range, post vaccination.

Lymphocyte subsets were measured by flow cytometry
using a Becton Dickinson FACScan (Becton Dickinson
UK Ltd, Oxford) and analysed using the SimulSET 3.0F
programme (Becton Dickinson).

B- and T-lymphocyte chimerism was assessed by
electrophoretic separation of radioactive PCR products
following amplification of dinucleotide repeat polymorph-
isms in DNA from separated T and B cells using standard
protocols. Quantitative analysis of chimerism was not
performed. Investigations were organised as part of routine
clinical evaluation and care. Results were analysed with the
two-tailed Fishers exact test for a difference in proportions.

Results

All patients were followed for more than 2 years post BMT.
SCID patients were followed for a median of 7 years (range
2.33–14 years), non-SCID patients were followed for a
median of 5 years (range 2.5–9 years). Of 22 SCID patients,
19 had mixed donor/recipient or donor B-cell chimerism
(Table 1). All patients had a normal response to tetanus
and Hib. Of 12 non-SCID patients 11, had mixed donor/
recipient or donor B-cell chimerism (Table 2), and all had
a normal response to tetanus and Hib. However, only 13 of
22 SCIDS vs 11 of 12 non-SCIDS responded to PPS
vaccine (P¼ 0.05 – Fisher’s Exact test).

Other factors were examined for their potential influence
on whether or not a patient responded to PPS vaccine.
There was no significant difference between the groups
when the number of child vs adult donors was compared.
There were no serious episodes of GvHD among the
patients and no difference between the groups. There was
no association with B-cell chimerism or level of IgG2 and
PPS response. Significantly fewer patients who had received
TCD marrow responded to PPS (P¼ 0.04). However, the
majority of SCID patients received TCD marrow, whereas
non-SCID patients received whole marrow. When the
SCID group alone was analysed, antibody response to PPS
antigen was not significantly associated with type of
marrow received, although the numbers of SCID patients
receiving whole marrow were small. SCID patients took
significantly longer post transplant to mount an adequate
PPS response than non-SCID patients (P¼ 0.05).
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Table 1 SCID patient and BMT characteristics and responses to PPS vaccination

Patient D Conditioning TCD FU
(years)

Tet
pre

Tet
post

Hib
pre

Hib
post

PPS
pre

PPS
post

Time to
PPS

IgG2 IgA B cells
(ml)

Donor
age (years)

Chimerism
T/B cells

GvHD Isohaem Age at BMT
(months)

A B

1 B+ bu16/cy Yes 14 0.36 6.54 0.15 8.5 18 52 6 N N 210 P 27 D/D No 1/128 1/32 12
2 B+ bu16/cy Yes 14 — 0.27 — 1.08 8 19a 10 Low N 273 P 23 D/D No 1/2 — 3
3 B+ bu8/cy Yes 10 — 0.35 1.14 2.93 7 59 6.5 Low N 318 P 26 D/D A2s/Ce 1/512 1/128 6
4 B+ bu8/cy Yes 9 0.17 3.46 0.3 9 4 45 9 N N 705 P 28 D/D A1 1/64 1/16 2
5 B+ bu8/cy Yes 8 0.2 1.87 1 10 5 39 2.16 N N 201 P 34 D/D A1s 1/256 1/64 1
6 B+ bu8/cy Yes 8 0.11 6.59 0.74 9.0 4 13a 2.75 N Low 795 P D/R No — 1/256 29
7 B+ bu8/cy Yes 7 0.17 7 0.75 5.25 3 57 2 N N 480 P 26 D/m No — 1/256 2
8 B+ Nil No 7 0.27 2.83 0.69 10 11 67 6 N N 203 U 38 D/m No 1/64 — 1
9 B+ Nil No 5.5 0.09 3.1 0.1 1.7 3 3a 5 Low Low 700 U32 D/m Cs/g — 1/2 6

10 B+ Nil No 3 0.44 7 2.63 9.0 15 25a 2.33 N N 242 S cord D/m No 1/2 1/1 1
11 B+ bu8/cy Yes 5 0.27 0.72 1.11 9.0 4 31 3 N N 417 P D/R No 1/64 1/32 1
12 CgC bu8/cy Yes 13 0.42 2.57 0.4 2.24 10 17a 9 N N 328 P 26 D/m No — 1/8 2
13 CgC bu8/cy Yes 9 0.07 2.5 1.5 9 26 132 4.33 Low N 262 P 30 D/D A2s 1/64 1/32 18
14 CgC bu8/cy Yes 8 0.4 1.87 1.78 10 3 3a 5 Low Low 445 P 36 D/m A1 — 1/2 12
15 CgC bu8/cy Yes 5 0.16 2.59 1.6 9.5 6 17a 3.66 Low N 454 P 28 D/D A1/Cl — 1/1 12
16 CgC bu8/cy Yesb 4 0.11 4.91 0.53 6.09 1 3a 3.5 N Low 693 P 32 D/m No 1/64 1/4 8
17 ADA bu16/cy Yes 13 0.12 0.65 0.54 5.68 4 14a 9.5 Low N 300 P 35 m/m No — — 4
18 ADA bu16/cy Yes 6 0.05 7 0.92 9.5 3 53 3.5 N N 49 U 43 D/m A2s/Cl 1/1 1/2 15
19 ADA Nil No 4 0.05 7.0 1.71 5.83 6 137 2.58 N Low 144 S 2 D/m No — 1/32 1
20 ADA Nil No 3 0.16 7.0 3.0 9.0 6 104 2 Low N 116 U cord D/m No 1/4 1/4 4
21 RAG bu8/cy Yesb 2.33 0.66 5.81 0.4 9.0 3 71 2 N N 302 P27 D/D No — 1/4 24
22 artemis bu8/cy Yes 6 0.2 1.9 0.74 4.6 3 135 4 Low Low 88 P 22 D/R No 1/64 — 7

CgC=common gamma chain deficiency; ADA=adenosine deaminase deficiency; B+=B-cell positive SCID – molecular diagnosis unknown; RAG=recombination activating gene; bu8(16)=busulphan 8
(16)mg/kg; cy=cyclophosphamide 200mg/kg; TCD=T-cell depletion; FU=length of follow-up; PPS=pneumococcal polysaccharide antibody; N=normal; donor: P=parent, S=sib, U=unrelated,
cord=umbilical cord blood; chimerism: D=donor, R=recipient, m=mixed donor and recipient; GvHD=graft-versus-host disease, A=acute, C=chronic, 1,2=grade 1,2, s=skin, l=liver, e=extensive;
isohaem=isohaemaglutinin titre; low IgG2, IgA=o2 s.d. below the age-related normal mean value.
aAbsent/poor response.
bCD34+ stem cell selection.
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Discussion

While the survival following BMT for PID is improving
and survivors can look forward to normal growth,
development and immunity, pneumococcal infection fol-
lowing BMT remains a problem in both adult and
paediatric series with significant morbidity and mortal-
ity.12,13 A number of factors have been associated with this
increased risk of pneumococcal infection including low
IgG2 subclass13 and low pneumococcal antibody titres.14

Chronic GVHD in particular seems to lead to a depressed
response to pneumococcal polysaccharide antigen post
BMT.15,16 In this series, differences were not because of the
age of the bone marrow donor. No differences in cell
lineage specific chimerism were found, although B-cell
microchimerism was not measured. Other recognised
factors such as chronic GVHD and low IgG2 were not
significantly different between the groups.

It is recognised that patients vaccinated less than 2 years
post BMT may not respond to PPS antigen, as the donor
immune system recapitulates normal infant immune
maturation with delay of polysaccharide antibody re-
sponse.17 All patients were vaccinated at least 2 years post
BMT. The difference in response to PPS antigen between
the two groups is not because of the length of follow-up. In
fact the length of follow-up for the SCID group is longer
than for the non-SCID group. We have demonstrated that
non-SCID patients are more likely to make a response to
PPS antigen than SCID patients post BMT. Previous
studies looking at immune reconstitution following BMT
for PID have documented good protein antigen responses,
but have not specifically examined the response to
polysaccharide antigen.9

There are a number of possible explanations for our
findings. Firstly, differences in response to polysaccharide
antigens between the two groups may be because of the type
of immunodeficiency. Patients with SCID are born with an
absence of T cells and sometimes B cells, whereas although
other forms of PID may have dysfunctional T cells or
dysfunctional myeloid-derived cells, there is generally some
preserved lymphoid function. Our series was too small to
tease out differences between the SCID subtypes that might
identify important cellular phenotypes in determining PPS
antibody responses. There is evidence to suggest that in SCID
patients, even with normal donor T-cell function, recipient B
cells remain dysfunctional or nonfunctioning.18 B-cell micro-
chimerism was not analysed and it may be that in the SCID
group, a subset of polysaccharide-specific B cells remain of
recipient rather than donor origin, and so are unable to
respond to polysaccharide antigen.

Secondly, chemotherapeutic cytoreductive conditioning
may damage thymic epithelium and so adversely affect
subsequent donor-derived T-cell development.19 Although
antipolysaccharide antibody responses are classically de-
scribed as T-cell independent responses, there is increasing
evidence to show that in humans at least, T cells are
important in mounting a polysaccharide antibody re-
sponse.20 However, all patients had adequate classical
protein T-cell dependent antibody responses and further-
more, all the non-SCID patients who have normal
antipolysaccharide responses received chemotherapy.T
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Thirdly, marrow TCD may play an important role in the
subsequent immune development. In the non-SCID group,
two of three patients receiving TCD marrow responded to
PPS antigen compared to nine of 17 patients receiving TCD
marrow in the SCID group. Although there was not a
significant difference between the groups, the numbers
of patients analysed in this group, particularly of SCID
patients receiving whole marrow, are small, and so the
results need to be interpreted with caution. The process of
TCD may remove key stromal cells which are important in
the initial innate part of the immune response. However all,
but two, of our TCD BMTs were with Campath 1 M,
which should leave stromal cells intact.21 Although
chemotherapy conditioning may affect stromal cells,
all the non-SCID group with normal antipolysaccharide
responses received chemotherapy.

This is the first study to specifically examine the PPS
antibody response in children transplanted for PID and
only looked at PPS IgG responses. Both patient groups
make IgM responses to red blood cell isohaemagglutinin
antigens, implying ability to mount an IgM response to
polysaccharide antigen. Further studies are required in
these patients to examine the antibody response against
other polysaccharide antigens such as meningococcus. If a
defective IgG response to these antigens is confirmed, a
defect in polysaccharide-specific IgM to IgG isotype
switch would be suggested. Further areas for investigation
include examining the avidity of PPS antibody made in the
SCID group. Finally, the response to pneumococcal
conjugate vaccine in this group of children should be
examined.
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