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Memory B Cells and Pneumococcal Antibody After Splenectomy’

Heather Wasserstrom,* James Bussel,” Lony C.-L. Lim,* and Charlotte Cunningham-Rundles*

Splenectomized patients are susceptible to bloodstream infections with encapsulated bacteria, potentially due to loss of bleod
filtering but also defective production of anticarbohydrate Ab. Recent studies propese that a lack of Ab is related to reduced
numbers of IgM* CD27* memory B cells found after splenectomy. To test this, we analyzed CD27* memory B cell subsets, IsG,
and IgM pneumococcal Ab responses in 26 vaccinated splenectomized subjects in comparison to memory B cell subsets and Ab
responses int healthy conirols. As shown previously, the splenectomized antoimmune subjects had fewer total, isetype switched, and
IgM™* CD27" memory B cells as compared with conirols, but there was no difference in memory B cells subsets between controls
and splenectomized subjects with spherocytosis. There was no difference between the geometric mean IgG Ab response between
normal controls and splenectomized subjects (p = 0.51; p = 0.81). Control subjects produced more IsM Ab than splenectomized
autvimmune subjects (p = 0.01) but the same levels as subjects with spherocyfosis (p = 0.15.) There was no correlation between
memory B cell subsets and IgG or IgM Ab responses for controls or splenectomized subjects. These data suggest that splenectomy
alone may not be the sole reason for loss of memory B cells and reduced IgM antipneumococcal Ab. Because subjects with
autoimmunity had splenectomy at a significantly older age than participants with spherocytosis, these data suggest that an
age-related loss of extra splenic sites necessary for the maintenance or function of memory B cells may lead to impaired immunity

in these subjects. The Journal of Immunology, 2008, 181: 3684-3689.

plenectomized patients are susceptible to overwhelming
bloodstream infections, especially those due to encapsu-
lated bacteria (1, 2). For more than three decades, this has
been atiributed to the role of the spleen in the production of Ab o
encapsulated organisms as an impaired Ab response to pneumo-
coccal vaccine was demonstrated after splenectomy (3-7). Be-
cause Strepfococcus pneumoniae accounts for the majority of post
splenectomy infections, pneumococcal vaccination before splenec-
tomy, to override the potential defect after surgery, is a standard
preopexative strategy (8). As for other vaccines, the initial response
to immunization is Ag-specific IgM Abs but long-term protection,
as for other administered vaccines, is attributed to serotype-type
specific IgG antipneumococcal Abs (9, 10). However, the Ab re-
sponses of splenectomized subjects, which were examined in the
older studies, did not incorporate a preabsorption step using cell
wall polysaccharide, now considered essential in such assays. In
fact, using sewer assays, studies have shown that splenectomized
patients actually may have post vaccination IgG antipneumococcal
titers comparable to normal subjects (11, 12} leaving room for
additional explanations for post splenectomy infections,
Recent studies have fecused on the biological role of human
CD27" memory B cells, especially IgM™ memory B cells. Cell sur-
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face markers and gene expression analyses have identified circulating
blood IgM™ IgD* CD27* B cells as the potential counterpart of B
cells in the marginal zone compartment of the spleen (13, 14). Tn the
case of the hyper IgM syndrome due to mutations of CD40 or CD40L,
this population of cells is the cnly memory B cell subset, due to lack
of pormal isotype switch (15). A current view is that these B cells may
be generated independently from germinal centers, andergo somatic
hypermutation: of Ig variable regions (but not isotype switch) and are
exclusively involved in Ab production to T independent Ags, such as
preumecoccal carbohydrates (13, 14). This is consistent with the ob-
servation that a clone of IgM "CD27™ B cells with somatic mutations
and specificity for pneumococeal Ags was found in the spleen, and
later in the circulation, of a subject after immeunization (16). In concert
with this view, IgM* memory B cells and switched memory B cells,
were found to be significantly reduced in the peripheral circulation of
asplenic or splenectomized subjects (17). Based on these collective
observations, it has been proposed that the spleen is critical for the
production and/or survival of IgM™* CD277 B cells, and that the loss
of this B cell population after splenectomy might explain impaired
carbohydrate-specific Ab production, predisposing o systemic infec-
iions (17, 18). However, as Ab production after carhohydrate Ag vac-
cination has not been investigated in splenectomized subjects in par-
allet with B cell phenciype, we analyzed CD27" B cell subsets and
IgG and I1gM pneumococcal Ab responses in a large group of vacei-
nated splenectomized subjects as compared with healthy controls.

Materials and Methods
Study populations

Nonsplenectomized healthy controls {12} and 26 splenectemized subjects,
19 who had had immune thrombocytopenic purpura (ITP}> 1 who had
auntoimmane hemolytic anemia, and 6 who have hereditary spherocytosis
(HS), were enrolled at the Mount Sinai School of Medicine or the Weill

* Abbreviations used in this paper: ITP, immune thrombocytopenic purpuara; HS, he-
reditary spherocytosis; Al, antoimmune disease.

Copyright © 2008 by The American Association of Immuriologists, Ine. 0022-1767/08/52.00
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Table 1. Subjects

3683

Splenectomized Subjects

Controls Autoimmune HS

Number of Participants () 20 i)

TP 19

AIHA i

HS 6
Gender 7

Male 4(33.3%} 5(25.0%) 2{33.3%)

Female 8 (66.7%} 15 (75.0%) 4 (66.6%)
Age (years) 40.2 {(26-64) 48.5 (15-80} 33.2(1047)
Age at Splenectomy {years) 35.6 (8-70) 54039
Time Since Splenectomy {vears) 12.9 (2.0-50) 25.6 (7-42)
Previously Vaccinated 18 (90.0%) 5(83.3%)
Time Since Last Vaccination {years} 8.8y (2-25} 7.2y (3-13)
Number of Pror Vaccinations 1.1 1.8
Never Vacecinated 1 0
Unimown Vaccination History 1 1

“ ATHA = Autoimmune Hemolytic Anemia.

Medical College of Cornell University in New York City, New York. Sple-
nectomized subjects who had been immmunized with a pnenmococcal vac-
cination within 2 years of enrollment, or had received steroids, Ig, ritux-
imab, or any other immuncsuppressive medications within six months of
enroliment were excluded. Conirol participants were healthy adults of age
26—64 who had not received a previous pneumococcal vaccination and
were net taking any immunosuppressive medications. Complete bicod
counts including lymphocyte counts and absciute lymphocyte counts were
determined before and after immunization for splenectomized subjects.
The clinical characteristics (gender, age, indication for splenectomy, time
since splenectomy, vaccination history, and history of significant infec-
tions} were determined. Bleod smears were examined for Howell-Jolly
bedies, to clinically confirm absence of splenic function {19). The protocol
and informed consent were approved by Internal Review Boards of both
hospitals.

Serum Ig and Abs

Serum Ig levels IgG, IgA, IgM, and FgG subclasses were measured at
enrollment. All subjects were immunized with 2 0.5 ml i.m. injection of
preumoceecal vaceine (Pneumovax 23; Merck), which consains 25 pg
of each of the following capsular polysaccharides: 1, 2, 3, 4, 5, 6B, 7F,
8, 9N, 9V, 10A, 11A, 12F, 14, 158, 17F, 18C, 19F, 194, 20, 22F, 23F,
and 33F. Pre-immunization and 4 to 7 wk later, postvaccination sero-
type-specific Ig( and IgM Ab concentrations to the 23 pneumococecal
serotypes were measured by a cell wall polysaccharide-absorbed ELISA
for each serotype (20). For 1gG, each sample was compared with the
preumococcal standard reference serum 89SF (United States Food and
Drug Administration, Bethesda, MD) to express serotype-specific 1gG
concentrations, as wg/mi (21). A clinically protective Ab titer was de-
fincd as a scrotype-specific 1gG concentration =1.3 pgfml (22-24).
Because quantitation curves for IgM Ab to pneumococcal serotypes
have not been standardized, test samples were run six times with the
898F standard reference serum to confirm consistency, establish quan-
titation curves, and to interpolate serotype-specific IgM concentrations,
expressed as pg/ml for each.

Table IF.  Seruon Ig levels®

B cell analyses

PBMC were isolated from blood after centrifugation on a Ficoll-
Hypague density gradient {Beckman Coulter). PBMCs were washed and
examined, using four-celor flow cytometry analysis FACSCalibur (BD
Biosciences) and CellQuest compuier software (BD Biosciences).
Based on the expression on CD27, kgD, and IgM, CD19™ B cells were
divided in six well-characterized subsets, CDD27™ (naive), CD27" merm-
ory, CD27 IgM ™ IgD™ (isotype switched memaory), and CD27 IgM™,
IgM memory B cells, as previously described (25, 26).

Statistical analyses

The percentage of circulating naive, [gM ™, and switched memory B cells
were compared between groups using one-way ANOVA. The Scheffé test
was used for individual group comparisons to control for Type 1 error. For
Ab smdies, baseline and post vaccination responses were compared by
evaluating the mean number of serotypes before and after vaccination at or
above the estimated protective titer using one-way ANOVA. To compare
Ab concentrations to the 23 serotypes between patient groups, the pre- and
postvaccination Ab titers were log-converted and the geometric means cal-
culated for IgG and IgM Ab. Univariate ANOVA was used to assess the
effect the age, gender, time since splenectomy, and age at splenectomy on
the outcome measures. Variables were considered covariants and con-
trolled for in the correlation analyses if their two-tailed ¢ test determined
significance. Spearman rank correlation coefiicients (r) were calculated for
relationships between the vatious B cell populations, serum Ig, and Ab
titers and the total aumber of serotypes to which protective Ab titers were
achieved. Statistical analyses were performed using SPSS 120 software
(SPSS).

Results

Splenectomized subjects and controls

The distribution of age and gender of the splenectomized and control sub-
jects in each group were comparable (Table I}. The HS patients had had a

Serum I (mg/dL)®

IpG Total TgGl IeG2 12G3 IgG4 IsM IgA
Referénce Range 6001600 344~966 133-622 12138 1-115 40-250 70-315
Controls (r = 12) 11543 2962 6158 = 2342 44741222 680378 351=264 109.1 = 46.7 196.1 £ 634
Agtoimmune (# = 20)  1149.2+ 2662 61371913 43311698 675%355 633x9035 1224 = 645 2839 = 106.6
HS (n = 6) 10615 £ 1178 5305 >1231 33271463 768354 8B6=x 1584 1079 685 2283 +4610

@ Ig ranges for adult subjects; ® Ig mean + 1 SD.
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Table 1. Peripheral blood B and memory B cells

Controls {n = 12} Autoimmune (r = 20) HS {n=6)
Percent Lymphecytes Normal Range (15-50) 27.11 = 1614 27.10 + %87
Absolute Lymphocyie Count Normal Range (1000-4500) 2243 = 819 2802 + 935
% B Cells (CD227)= 8.10 = 2.67 i0.82 * 7.64 10.55 £581
% Naive B Cells*x (CD22°CD277) 62.08 = 18.59° 83.54 £12.22¢ 7956 = 11.33%
% Memory B Cells (CDZTCDZT*} 3792 = 18.59% 14,46 + 12.22° 2044 = 11.33¢
% IgM Memory B Cells (CD227CD27 IgM IgD ™). 17.13 = 11.90% 575 8747 737+ 528
% Switched Memory B Cells (CD22* CD27 IgM IgD ™) 17.73 = 12.198% 647 = 6005 1227 = 11.73"

* B cell percentage of the cizculating lymphocyie population; *= percentage of B cells. Values are expressed as the mean = 1 SD.“ p = 0.0004, > p =
0.07,°p = 00004, “p = 007, “p = 0.00%,7p = 0.11, ¥ p = 0.008,% p = 0.2.

splenectomy at a significantly younger age (5.4 vs 33.6 years; p = 0.001)
than the autoimmune disease (Al) patients; however, the time elapsed from
surgery to study enrofiment did not differ significantly between these two
groups, Twenty-three of the splenectomized patients (88.5%) were known
to have had at least one prior pneumococcal vaccination; six of these had
been vaccinated twice (23.1%). The average time elapsed since the most
recent pneamococcal immunization averaged 8.8 years for Al patients and
7.2 years for HS patients, not significantly different. Baseline Ig and IgG
subclass levels were within the normal range for ail but twe ITP patients,
whose [gM levels were within 10 mg/dl of the lower limit of the normal
range {Table ).

Comparing memory B cells in splenectomized and control
subjects

Controls and splencctomized subjects of both groups had similar percent-
ages of both lymphocytes and numbers of circulating lymphocytes; all
were in the normal range (Teble III). Controls and splenectomized subjects
also had simifar numbers of B cells but the splenectomized Al cohort had
mere naive (CD227CD277) B cells (p = 0.0004) and significantly fewer
total memory cells (CD27, p = 0.0004; switched memory, CD27"
IgM™IgD™, p = 0.008; and [gM™ memory B cells) than did control sub-
jects {p = 0.0009) (Fig. 1 and Table HI}. Although all memory B cells
were somewhat lower overall in the HS subjects as compared with controls,
there was no significant difference between the numbers of naive, total
memory, or [gM memory or isotype switched memory B cells for coatrols
and HS subjects (Fig. 1). Age or gender were not related to any B cell
subset. The prior use of stercids or rituximab (four subjects) were not
correlated to any B cel subset for Al subjects.
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FIGURE 1. Circulating memory B cell populations (% CD27" B cells,
CD27" 1gM™, and CD27" IgD™IgM™) were exarined for healthy con-
trols and splenectomized subjects with previous Al or HS. Although four
Al subjects had received riuximab therapy 615 mo before enrollment,
"these subjects had similar percentages of memory B cells of all subsets as
compared with other Al subjects. The data are expressed as median (middle
horizontal bar) and all data points fer each greup. -

Pneumococcal Ab responses

Sera of splenectomized patients tended to have higher concentrations of
IgG Ab to a greater number of pneamoccccal serotypes at baseline than
controls, presumably as a result of prior vaccination (Fig. 2). However,
following immunization, controls and all splenectomized subjects devel-
cped comparable overall 1g(G Ab responses, resulting in protective levels of
Ab (1.3 pg/mi or more) ta 17.53, 16, and 18.0 serotypes of the 23 serotypes
in the vaccine. There was no significant difference between the geometric
mean of IgG Ab response between normal controls and subjects with Al or
HS (p = 0.36 and p = 0.82, respectively.) Because controls had less igG
at baseline compared with the splenectomized subjects and similar levels of
IgG anfipmeumococcal Ab after immunization, a greater fold increase was
observed for nonsplenectomized controls {geometfric mean, post/pre =
11.7) as compared with Al or HS subjects (5.2- and 3.8-fold increase,
respectively).

Baseline serum Ab concentrations of the IgM isotype were similar in
all splenectomized subjects and controis (Fig. 3), Comparing geomeiric
mean respoases after vaccination, control subjects (while varied) pro-
duced more Ighi Ab than Al subjects (p = 0.01) but not HS subjects
{p = 0.37). As was seen for the IgG response, the titer-fold geomeiric
mean increase in IgM Ab level for controls (5.4), was greater than for
subjects with I'TP or HS subjects (1.7 and 3.8, respectively), bus this
difference was not significant for HS subjects. There was no significant
correlation between EgG or 1gM Ab titers, age at time of study, age at
splenectomy, time since splenectomy, aumber of immunizations with
pneumococcal vaccine, or (for Al subjects) any medical treatment re-
ceived, Because all HS subjects had splenectomy as children, the three
Al subjects who had splenectomy in childhood {at ages 8, 9, and 10) are
indicated (Figs. 2 and 3, a—¢). These data were obtained 52, 14, and 5
years after splenectemy. One of these had a high IgG Ab, and two had
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FIGURE 2. The geometric mean IgG Ab responses {pg/ml) to 23 se-
rotypes before (@) and after (O) pneumococcal vaccination, are shown for
healthy controls and splenectomized subjects with previous Al or HS.
Three of the Al subjects were splenectomized under age 21 {ages 8, 9, and
10 years). These data were obtained at ages 60, 25, and 15, respectively;
these subjects are indicated in @, b, and ¢ from this cohort.
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FIGURE 3. The gecmetric mean IgM Ab responses to 23 serotypes {(ug/
ml) after pneumococeal vaccination are shown for healthy controis and
splenectomized subjects with previous Al or HS. Three of the AT subjects
were splenectomized under age 21 (ages, 8, 9, and 10 vears). These data
were obtained at ages 60, 25, and 13, respectively; these subjects are in-
dicated in 4, &, and c.

the highest levels of IgM Ab. There were no relationships between IgG
or IgM preumococcal Ab responses and the numbers of CD277 IgM™
memory B celis, or isotype switched memory B cells for either sple-
nectomized subjects or controls (Table IV).

Discussion

Splenectomized patients have a predilection for systemic pneumococ-
cal infections. Hosea et al. (3) reported in 1981 that nine adult sple-
nectemized patients had a poor response 1o the pnewmococcal vac-
cine, although it should be noted that seven of the subjects in this
report had antoimmume disease and five were receiving immune sup-
pressants (prednisone or cyclophosphamide or both) at the time of
study (4). However, based on this report, and the incidence of sys-
temnic infections after splenectomy, the primary strategy for avoidance
of post splenectomy sepsis has been the administration of a pneurno-
coccal vaccine before surgery. This immunization practice has con-
tinued despite subsequent reports that showed the techniques used in
early studies to measure Ab titers had also not accounted for nonspe-
cific binding of celi wall polysaccharides, which interfere with quan-
titation of Ab titers (20, 27, 28). A number of more recent studies,
which incorporate a cell wall polysaccharide pre-absorption step, sug-
gest that splenectomized patients do make adequate IpG antipneumo-
coccal and other bacterial Abs, although IgM responses have been
variably reduced (11, 12, 29). The clinical significance of a reduced
IgM Ab response is unclear becanse IgG Ab is considered the chni-
cally protective isotype and the purpose of immunization (10, 24, 28,
30, 31).

Table IV. Antibody responses and memory B cells”

CD27* IgM* B CD27* 1gM™ IgD™
Cells (p Values) B Cells {p Values)

Presmococeal Ab
Response {Isotype)

Controls 12G 0.07 0.65
IgM 0.18 0.66
Al I2G 0.14 0.49
IgM 0.7t 0.97
HS IeG 0.67 0.68
IeM 0.71 100

¢ Comelation analyses between Ab titers and memory B cell subsets for these
groups of subjects was performed vsing the Spearman rank correlation coefficient; the
p valize was determined based or the numbers in each data ser.
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The clearance of encapsulated organisms is believed mediated
by opsono-phagocytosis in the liver and spleen, although the
spleen is considered primary in this regard as in asplenic states,
bacteria proliferate rapidly (3, 32). The puzzling role of the spleen
in protection against encapsulated organisms has been re-explored,
as splenectomized subjects were shown to have reduced numbers
of circulating IgM™ CD27" memaory B cells (16, 17). Generally,
IgM" CD27" memory B cells are viewed as able to thrive and
undergo somatic hypermutation independently from germinal cen-
ters. Because IgM memory B cells have been shown to produce Ig
with specificity for polysaccharide Ags (16) and B cells of this
phenoiype are found in marginal zone of the spleen and after sple-
nectomy are depleted from the peripheral blood {17), the possibil-
ity that these cells are the equivalent of T independent, B-1a cells
in the mouse (33) has been raised (16). These cells in mice produce
ratural Abs of the IgM isotype, including those with specificity for
pneumnococei (34, 35), and contribute to carly defense against in-
vasive bacterial disease in both animals and possibly in man al-
though this point has not been settled (35). Congenitally asplenic
mice, or splenectomy of wild type mice is associated with loss or
depletion of these cells, and an inability to produce Abs to strep-
tococcal polysaccharides (33). Although the origin and role of
these cells in humans is far from clear and alternative scenarios
have been proposed (36), the reduction of IgM™ CD27" cells has
been suggested as reasens for severe bacterial infections in sple-
nectomized subjects (16, 17) and for a higher risk of infections in
both infants and patients with common variable bmmune defi-
ciency, because both groups have reduced numbers of memory B
cells (25, 37, 38).

In ihis study, we examined the peripheral B cell phenotype and
IgG and IgM Ab preduction after pneumococcal vaccination, in a
group of splenectomized subjects as compared with healthy con-
trols. As Kreutzmann et al. noted (17), some of the splenectomized
subjects, the group who had had autoimmune disease as a precur-
sor to splenectomy, had reduced numbers of circulating IgM™
memory B cells, as well as reduced numbers of total memory and
isotype switched memory B cells. In contrast, there was no sig-
nificant difference in peripheral B memeory cell phenotypes be-
tween controls and subjects with splenectomy due to HS. Although
these data may indicate that the lack of a spleen may not be the
sole reason for the reduced numbers of memory B cell numbers in
the Al group, a smaller number of HS subjects were available for
study than AT subjects. Thus, we cannot exclude the possibility
that deficits of memory B cells might emerge with a larger cohort
of HS subjects. Although there was a wide variability in the geo-
metric mean responses to pneumnococcal vaccination between sub-
jects in each group, and contro! subjects had less anti-
pneumococcal Ab before immunization, after immunization, all
splenectomized subjects, as also shown in previous studies (11, 12,
28), produced protective responses to a similar number of sero-
types, and had geometric mean IgG responses similar to that of
controls. Control subjects had higher post vaccination IsM re-
sponses than the Al subjects but not the HS subjects, showing that
the lack of a spleen may not be the only reason for these differ-
ences. Although we cannot exclude the possibility that the subjects
with autoimmunity may have intrinsic or residval immunologic
differences in Ab function when compared with subjects with HS,
a notable difference between the HS and Al patients was the age at
splenectomy, 5.4 vs 35.6 years. Aside from the differences in the
numbers of subjects in each group, this highly significant age dif-
ference at splenectomy may explain the reduction in memory B
cells and possibly IgM Ab responses between these groups. Po-
tentially in agreement with this possibility, Weller et al. noted that
while splenectomized adults had reduced numbers of CD27% B
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3688 MEMORY B CELLS AND PNEUMOCOCCAL Ab AFTER SPLENECTOMY

cells ¢both isotype switched and IgM™IgD*CD27" cells, as
shown by Kreuizmann et al. (17)), their group of four younger
asplenic patients studied did not show any significant alterafion in
either numbers or mutational status of these memory B cells (16).
These data and cur observations suggest that, unlike the mouse, the
younger human immune system might retain a plasticity of B cell
development due to the availability of other sites which can pro-
vide essential margin-zone like influences (16). One-year-old in-
fants have well developed and mutated circulating IgM™ IeD™
CD27° B cells, althongh at this age, the marginal zone of the
spleen is not yet mature, suggesting that extra splenic sites such as
Peyer patches, tonsils (16}, or perhaps bone marrow (3%9) may be
involved in these maturatonal processes.

In the mouse, natural IgM Ab is important in the control of
microbial infections (40) and after splenectomy, mice lack B-1a B
cells and have reduced serum IgM levels {33). However, the func-
tion of serum IgM in humans is much less clear, although natural
IgM Abs with specificity for polysaccharide Ags can be found
after immunization (35), and in supernatants of human B cells
cultured with Hgands for TLR9 (41). Serum IgG and presumably
IgM levels are predominantly sustained by plasma cells in the
marrow which also allows for the maintenance of humoral mem-
ory to previously encountered Ags (42, 43) Although it has been
suggested that IgM Ab responses to polysaccharide Ags are cor-
related with the number of circulating IgM memory B cells (17,
38), we could find no relationship between post immunization se-
rum IgG or IgM Ab responses to pneumococcal vaccine (geomet-
ric mean of 23 serotypes or serotypes taken individnally), and the
number of B cells, CD27" memory B cells, IgM™ memory B cells,
switched memory B cells, or serum IgG or IgM, in the blood of
either controls, A, or HS splenectomized subjects.

Our data affirm that splenectomy is associated with diminished
numbers of peripheral memory B cells and reduced IgM Ab pro-
duction to T cell independent polysaccharide Ags for aduit sub-
jects who had autoimmune disease. However, as a group, the HS
subjects who were splenectomized as children appeared to have
both no lass of memory B cells ard normal vaccination responses.
IgG Ab responses to a pneumococcal vaccine were preserved in all
subjects, suggesting that additional work te understand the role and
mainterance of memory B cells, as well as means to prevent post
splenectomy infection (44), is warranted.
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