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A functionally intact spleen with a marginal zone, containing B cells with high density of
surface C3d-receptors (CD21), is essential for the ability to induce a primary immune
response to thymus-independent type 2 (TI-2) antigens. Main representatives of natural TI-2
antigens are capsular pneumococcal polysaccharides (PPSs). In this study the localization of
different types of PPS antigen is determined in human spleen tissue. Our findings indicate that
a main type of TI-2 antigen, PPS, localizes preferentially in the marginal zone. PPSs show
co-localization with C3, presumably C3d, at the surface of strongly CD21+ B cells equipped
for rapid activation. This enables a rapid primary humoral response. The other main PPS
localization at follicular dendritic cells in germinal centers, relevant for isotype switching

of anti-PPS antibodies, does not seem to be dependent on the presence of specific
immunoglobulin. This may explain the finding of specific IgG in an early stage after antigenic
challenge. It seems likely that complement C3 fragments (likely C3d), bound to PPSs, enable
PPS localization at B-cell and follicular dendritic cell surfaces by binding to CD21, the C3d
receptor. (J ALLERGY CLIN ImmunoL 1996,97:1015-24.)
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The spleen plays an essential role in the defense

against encapsulated bacteria (e.g., Streptococcus Abbreviations used
pneumoniae, Hemophilus influenzae, and Neisseria CR:  Complement receptor
meningitides)."2 For the induction of a primary FDCs:  Follicular dendritic cells

GC:. Germinal center
IHS: Inactivated human serum
mAb: Monoclonal antibody

immune response against these microorganisms, a
normal spleen function is necessary®; the presence

of an unimpaired marginal zone is crucial.'® The NHS: Normal human serum (fresh)
immune response is mainly directed against the PALS: Periarteriolar lymphocyte sheath
polysaccharides located in the bacterial capsule, PPS: Pneumococcal polysaccharide
classified as thymus-independent type 2 (TI-2) TI-2: Thymus-independent antigen type 2

antigens.'"* %7 For a humoral immune response

From the Department of Pathology, University of Groningen.

Supported by the Groningen Foundation for Pediatric Oncol- against these antigens, the actual presence of T

ogy. cells is not necessary, but T-cell factors are re-
Received for publication Feb. 16, 1995; revised June 6, 1995;  quired.! Contrary to the primary immune re-
accepted for publication June 14, 1995. sponse, a secondary immune response can be

Reprint requests: Wim Timens, MD, PhD, Department of

evok ide th een.>®
Pathology, University of Groningen, Oostersingel 63, NL- B iﬁ outs. tt e.fﬁl . leni d
9713 EZ Groningen, The Netherlands. oth patients with an anatomic asplenia an

Copyright © 1996 by Mosby~Year Book, Inc. patients with a functional asplenia have a higher
0091-6749/96 $5.00 + 0  1/1/67054 risk of a fulminant infection with encapsulated

1015



1016 Peset Llopis et al.

bacteria.> ¢ Children younger than 2 years of age
also have a higher risk because of immaturity of
spleen function.!:* > 7 During development, B cells
and T cells in the spleen gain more mature fea-
tures.> The turning point in the defense against
TI-2 antigens at the age of 2 years takes place just
when the CD21 surface molecule (C3d/Epstein-
Barr virus receptor)® 19 appears in relatively high
density on the B cells in the marginal zone. Before
the age of 2 years, low or absent CD21 points to
the existence of a marginal zone “early B cell” that
has not yet matured.! > 1113

The relation of the ability to induce a primary
TI-2 antigen response and the presence of B cells
with high CD21 density is of even more interest
because the complement system, particularly com-
plement fragment C3d, is reported to play an
important role in the activation of B cells in the
spleen during a primary immune response against
TI-2 antigens."»>> 711 Moreover, the C3d frag-
ment is able to bind to the pneumococcal polysac-
charide (PPS); in this way, these complexes can be
recognized by the complement receptor type 2
(CR2).1 ;

In contrast to most other studies,>*1* in this
study we have used purified PPS as a natural type
of TI-2 antigen. Eighty-three PPS types are defined
serologically, of which 23 are used in the current
vaccine, Pneumovax (Merck, Sharp, and Dohme,
West Point, Pa.).” To study the PPS localization
patterns and cellular molecules that may play a
role in localization, we incubated different types of
PPS on human spleen sections in the presence of
complement-containing serum or complement-in-
activated serum. Influences of systemic diseases on
the localization of the PPS types in the human
spleen were studied with the use of spleens from
patients with systemic disease in comparison with
spleens obtained from patients with trauma inju-
ries.

METHODS
Human spleen, lymph node, and tonsil
tissue

For PPS binding studies, frozen tissue blocks of
human spleens that showed no histologic abnormalities
in routine histopathologic evaluation were used. Spleens
were obtained from patients after a trauma injury (n =
4; 1 woman, age 30 years; and 3 men, ages 17, 35, and 62
years) and from patients younger than 19 years of age
who had undergone splenectomy because of staging for
Hodgkin’s disease (n = 6), idiopathic thrombocytopenic
purpura (n = 2), or a hemoglobinopathy (Hb Wolga)
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(n = 2). Six spleens were obtained from nonvacci-
nated patients, two spleens were from patients who
were vaccinated before surgery was performed, and six
were from patients for whom data regarding vaccina-
tion were unknown.

To evaluate the supposed role of CD21 in the local-
ization of PPSs, we studied spleens of newborns (n = 4,
38 to 42 weeks old) and infants (n = 5, 6 to 14 months
old), because CD21 expression is low or absent at this
age.! For comparison, localization of PPSs was studied
in reactive lymph nodes (» = 3) and tonsils (n = 2).

Sera

Blood was obtained by venipuncture from healthy
male and female adult donors. Clotting was allowed at 0°
C for 2 hours to reduce complement activation. The
blood was centrifuged at 1000 g for 10 minutes at 4° C,
Part of this normal human serum (NHS) was stored at
—70° C in aliquots of 200 pl until use. The rest of the
serum was heated for 30 minutes at 56° C to inactivate
complement; this inactivated human serum (IHS) was
stored at —70° C until use.

Antigens

For in vitro localization studies, PPS types 1, 2, 3, 4,
6A, 6B, 9N, 9V, 10A, 12F, 14, 19A, and 19F (American
Type Culture Collection, Rockville, Md.) were diluted in
distilled water to a final concentration of 1 mg/ml.

In the evaluation of newborn and infant spleens, we
used PPS types representative of different “patterns”
observed in adult spleens: PPS2, PPS10A, PPS14.

Antibodies

Rabbit anti-human C3d immunoglobulins (anti-C3d),
peroxidase-conjugated rabbit anti-mouse immunoglobu-
lin antiserum, and peroxidase-conjugated swine anti-
rabbit immunoglobulin antiserum were obtained from
Dakopatts (Glostrup, Denmark). To detect the different
types of PPS antigens, type- or group-specific rabbit
anti-PPS immunoglobulins were used (State Seruminsti-
tute, Copenhagen, Denmark).

Anti-CD2 (Leu-5b) and anti-CD3 (Leu-4) monoclo-
nal antibodies (mAbs) were used to detect all T cells.
Anti-CD20 (B-lyl) and anti-CD22 (Leu-14) mAbs were
used to detect B cells. Anti-CD21 (HB5) is a specific
antibody for the C3d/EBV receptor (CR2). Anti-CD35
(CR1), which detects the C3b receptor, was obtained
from DAKO (Glostrup, Denmark).> 1 B-lyl was devel-
oped at our own laboratory and included in the Fourth
Leucocyte Typing Conference'®; all other antibodies
were from Becton-Dickinson (San Jose, Calif.). An
immunoperoxidase staining procedure was applied as
follows. Sections, air-dried for 20 minutes and fixed in
acetone (100%) for 10 minutes at 20° C, were incubated
for 30 minutes with the different mAbs at optimal
dilutions, as determined separately. Next, sections were
incubated with peroxidase-conjugated rabbit anti-mouse
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TABLE |. Localization of PPS and distribution of complement receptors CR1/CD35 and CR2/CD21

in adult human spleen

Mantle Marginal
PPS types GC* zone zone Red pulp

PPS1, 2, 3, 6A, 6B, 9V, 9N, 12F, 14, 19A, 19F

NHS ++ + ++ —

IHS - - - -
PPS4

NHS +++ —/= —/*

IHS + - - -
PPS10A

NHS + - - -

IHS - - - -
Cb21 +++ + ++ -
CD35 +++ ++ ++ +/++gran

*This is in fact FDC staining; GC B cells seem negative.

immunoglobulin antiserum diluted 1:20 in phosphate-
buffered saline with 5% human AB serum for 15 min-
utes. Each incubation step was followed by rinsing the
sections with phosphate-buffered saline for 5 minutes,
with three changes. The peroxidase activity was visual-
ized with 3-amino-9-ethylcarbazole and H,O,. Finally,
sections were washed in distilled water and counter-
stained in Mayer’s hematoxylin, rinsed in running tap
water, and covered with Kaiser’s glycerin-gelatin and a
coverslip.

Detection of PPS binding

Cryostat sections (4 pwm) of the human spleens were
picked up on glass slides and kept at —20° C until use.
Different types of PPS were preincubated for 1 hour at
37° C in a dilution of 1:4 (0.25 mg/ml) in NHS or IHS,
respectively. An immunoperoxidase procedure was per-
formed; it was similar to that described above, except
that peroxidase-conjugated swine anti-rabbit immuno-
globulin antiserum was used instead of peroxidase-
conjugated rabbit anti-mouse immunoglobulin anti-
serum for the detection of the rabbit antisera. Sections,
air-dried for 20 minutes and fixed in acetone (100%) for
10 minutes at 20° C, were incubated for 30 minutes at 37°
C with the different types of PPS, preincubated in NHS
or IHS, respectively. Sections were then incubated for 30
minutes with the different type- or group-specific rabbit
antisera (State Seruminstitute): anti-PPS 1, 2, 3, 4, 6, 9,
10, 12, 14, and 19, respectively. These sera were used at
optimal dilutions, as determined separately, with 5%
human AB serum (heat-inactivated). As controls for the
immunobhistologic staining procedure, sections were
used in which the incubation with PPS or with PPS-
specific antiserum was omitted or in which the type-
specific anti-PPS serum was replaced, for this study, with
nonrelevant rabbit antisera against factor VIII or CD3
(both from DAKO).

Complement fragment C3d

To further study the role of complement fragments in
the binding of PPSs, we repeated the procedure used for
the detection of PPS binding on human spleen sections,
but instead of anti-PPS we used anti-C3d antiserum
(DAKO, diluted 1:100). This antibody is known to react
with epitopes expressed on C3, C3b, iC3b, and C3d,g.!®
To evaluate localization of the recognized complement
fragment without the presence of PPS, these sections
were compared with sections in which the incubation
with PPS antigens was omitted.

Double staining procedures

The double staining procedures for PPSs and relevant
leukocyte antigens were performed with polyclonal flu-
orescein-conjugated goat anti-rabbit immunoglobulin
antiserum (Southern Biotechnology Associates, Bir-
mingham, Ala.), which detects rabbit anti-PPS immuno-
globulin, and rhodamine-conjugated goat anti-mouse
immunoglobulin antiserum (Southern Biotechnology
Associates), which detects the mouse mAb against
CD20, CD21, and CD35. Slides were evaluated under a
fluorescence microscope with appropriate red and green
filters.

RESULTS
PPS localization in adult spleen, lymph
node, and tonsil tissue

Table I summarizes the results in spleen tissue.
Staining results, depicted semiquantitatively, were
consistent and reproducible. Staining patterns ob-
tained with PPS types were compared with CD2/3-,
CD20/22-, CD21-, and CD35-stained sections; the
latter three were also compared in double staining
procedures (Figs. 1 and 2). CD2/3 and CD20/22
were used to delineate T- and B-cell compart-
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FIG. 1. Normal human spleen excised because of trauma; double immunofluorescence for PPS2
and CD21 (all X140). A, Localization of PPS type 2. Note strong FDC staining and staining of marginal
zone B cells. Between the marginal zone and the GC, a small rim of weaker staining the mantle zone
or corona B cells is seen. B, CD21 reactivity, similar to pattern observed in A. M, Marginal zone; C,

lymphocyte corona; F, follicle center; R, red pulp.

ments. In all spleens, these show an expected
pattern.’” CD21 and CD35 show staining of follic-
ular dendritic cells (FDCs) and B cells from the
mantle zone (CD21 stains rather weakly) and the
marginal zone (Figs. 1 and 2). CD35 reacts, in
addition, with granulocytes and more weakly with
histiocytes/monocytes.

Sections that were stained with NHS incubated
PPS revealed a common staining pattern for all
types of PPS for all spleens obtained from nonva-
ccinated adult patients (Figs. 1, 4, and 2, A). In
spleens from the two vaccinated patients, patterns
were similar but showed variation in staining in-
tensity between different PPS subtypes. PPS bind-
ing was seen in germinal centers (GCs), mantle
zones, and marginal zones. GCs showed a strongly
stained meshwork pattern, identical to the CD21

and CD35 pattern as confirmed by double immu-
nofluorescence. Double staining for IgD and PPS
showed that this meshwork staining coincided with
the IgD— central area of B-cell follicles, as is
characteristic for GCs. Primary follicles show
IgD+ staining of all B cells. Mantle zones and
marginal zones, the first staining more weakly than
the latter, showed membrane staining of individual
lymphocytes. In double staining procedures all
cells with surface localization of PPS were labeled
with CD20, CD21, and CD35. However, not all
CD20+,CD21+,CD35+B cells showed PPS local-
ization. CD35+,CD20—,CD21— cells in the red
pulp, presumably granulocytes, never showed dou-
ble labeling with PPS. The periarteriolar lympho-
cyte sheath (PALS) and the red pulp were nega-
tive. In lymph nodes and tonsils, mainly a
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FIG. 2. Normal human spleen excised because of trauma; double immunofluorescence for PPS2
and CD35 (all X140). A, Localization of PPS type 2 {(similar to Fig. 1, A). B, Staining for CD35
(CR1) with similarity to A, but with additional perifollicular cells, mostly neutrophils (arrows).
M, Marginal zone; C, lymphocyte corona; F, follicle center; R, red pulp.

meshwork pattern of GCs was observed, with very
low reactivity of mantle zone cells (Fig. 3).

A few exceptions to these common patterns
were seen. In contrast to other PPS types, anti-PPS
10A and anti-PPS 4 showed only weak staining for
all spleens; anti-PPS 10A sometimes showed neg-
ative staining. Anti-PPS 4 showed staining of the
red pulp sinusoid lining cells, which were clearly
delineated. In the staining procedure in which
inactivated serum was used, sections of spleens
from patients who were not vaccinated before
surgery were completely negative. Spleens from
the two vaccinated patients showed PPS types 2, 6,
9V, 19A, and 19F with positive GCs (Fig. 4). The
mantle zone, the marginal zone, PALS, and red
pulp were negative. Spleens from patients for
whom data regarding vaccination were unknown

all showed results similar to those of the nonvac-
cinated patients.

No differences were found between spleens from
trauma patients and those from patients with sys-
temic diseases. Results of controls with omission of
the PPS showed results similar to those obtained
with PPS incubated with inactivated serum. Re-
placement of rabbit anti-PPS antiserum by other
rabbit antisera resulted in negative staining of
FDCs and the B-cell area, which showed positive
staining with the specific antisera.

Newborn and infant spleens

In newborn spleens in general no marginal zone
area is present.'” In infant spleens a marginal zone
is present with low or absent expression of CD21!
but with presence of CD35 on the marginal zone
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FIG. 3. Normal human lymph node. A, Localization of PPS type 14. Note strong FDC staining
without staining of mantie zone/corona B cells (X140). B, CD21 reactivity, similar to pattern
observed in A (x140). C, Staining for CD35 (CR1) with similarity to A and B, but with stronger
staining of mantle zone/corona B cells (x350). C, Lymphocyte corona; F, follicle center.
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FIG. 4. Spleen from a patient vaccinated with Pneumovax. Demonstration of anti-PPS type 9V
reactivity with FDCs, without preincubation with PPS (X 140). F, Follicle center.

B-cell surface. Localization of NHS-incubated PPS
was found in a meshwork pattern in the GC,
consistent with FDC staining, and very weakly on
mantle zone B cells. Marginal zone B cells were
negative.

Anti-C3d antiserum

Sections were stained as in the normal proce-
dure with NHS-incubated PPS, but with anti-C3d
antiserum instead of anti-PPS antiserum: GCs, the
mantle zone, and the marginal zone showed posi-
tivity; PALS and red pulp were negative. This
staining pattern was identical to the NHS-PPS
staining pattern. Performing the staining proce-
dure with IHS preincubation of PPS or with fresh
serum and omission of PPS antigens, followed by
anti-C3d antiserum, showed less positivity in the
GCs. Mantle zones, marginal zones, PALS, and
red pulp were negative.

DISCUSSION

The results of this study show that the localiza-
tion patterns of the different types of PPS are very
similar. This indicates that the initial site of local-
ization of the antigens does not depend on the type
of PPS. Although it is known that a common
component, C-polysaccharide, may contaminate
specific PPS preparations, this C-polysaccharide is
not recognized by the type-specific anti-PPS anti-
sera. Therefore this contaminant cannot be re-
sponsible for this similarity of localization of dif-
ferent PPS types. The localization of the antigens

does not appear to be influenced by systemic
discases. The results of staining procedures with
complement containing NHS show positivity in
both the marginal zone and the mantle zone. The
marginal zone stains more strongly than the man-
tle zone. Further, in the GC a dendritic pattern is
seen, compatible with FDC staining, confirmed by
double labeling for CD21. GC B cells are difficult
to evaluate but seem negative, as confirmed by
double labeling for CD20. This pattern is identical
to the pattern observed for CD21.'® ! These re-
sults confirm and extend our preliminary results
from a study of the blocking capacity of different
anti-CD21 antibodies in relation to NHS-incu-
bated PPS.1°

Spleens of preoperatively vaccinated versus non-
vaccinated patients produced different results after
a staining procedure with IHS. The positive GCs
observed in sections of spleens of vaccinated sub-
jects suggest that antigens and/or antibodies were
present in the spleen before staining. After a
successful immune response to the antigens in the
PPS vaccine, as expected, no antigens were found
at this time after vaccination in the mantle zone or
the marginal zone. The restricted GC localization
of PPS is based on the retention of PPS antigen/
anti-PPS-antibody complexes by FDCs in the fol-
licle centers as always occurs after a successful
humoral immune response. This localization is
relevant for affinity maturation and generation of
B-cell memory.?® This localization of PPS from the
Pneumovax vaccine as a part of an immune com-
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plex lasts much longer than the binding of pure
PPS antigens in the mantle zone or the marginal
zone.”! Spleens of patients who had not been
vaccinated, and in whom therefore no immune
response to the antigens in the PPS vaccine had
occurred, showed only negative GCs.

In spleen sections of the vaccinated patients, pos-
itivity is also seen when PPS types (e.g., PPS 6A),
which are not present in the vaccine (Pneumovax),
are used. This may be due to extensive immunologic
cross-reactivity, observed among pneumococcal cap-
sular polysaccharides.” For some PPS types present
in the vaccine (e.g., PPS 12F), the follicle centers
were negative after the staining procedure with THS.
The most likely explanation is that the vaccination
did not produce an optimal immune response to this
antigen, with consequent low or absent localization
of PPS immune complexes in the GCs.

PPS 10A and less explicit PPS 4 show very weak
or even negative staining. Several explanations are
possible. One explanation is that the anti-PPS
antiserum mainly recognizes epitopes at or near
the binding site of C3 components to the PPS. It is
also possible that these types of PPS do not bind to
the C3 complement fragment as well as the other
types do. Further, the antiserum could be of less
quality than the other antisera. Moreover, for the
detection of different types of PPS in human serum
with an ELISA system, a two to three times higher
threshold value is found for PPS type 10A in
contrast to other types of PPS.22

In this study we found three strong indications
that C3d is the most important complement com-
ponent in binding to PPS and subsequent binding
of the complex to CD21.!! First, sections stained
with NHS showed a localization pattern identical
to the staining patterns of sections stained with
anti-CD21/CR2 mAbs. This pattern is clearly dif-
ferent from the pattern observed with antibodies
directed against the C3b receptor (CD35). The
latter shows, besides staining of marginal zone,
mantle zone, and FDCs, strong staining of red pulp
granulocytes.!” The second indication is that PPS
staining procedures with NHS show positivity,
whereas staining procedures with IHS showed
negative results (excluding the sections of spleens
of preoperatively vaccinated patients). The third
indication is that spleen sections incubated with
anti-C3d antiserum only show positive FDC stain-
ing, suggesting the presence of C3d epitopes, pre-
sumably as a component of immune complexes
localized at FDCs. Performing the same protocol
with sections preincubated with a PPS type and
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NHS not only showed FDC positivity m the tollicle
centers but also in mantle and marginal zone B
cells. Clearly, a component of complement, pre-
sumably C3d, is at least a component of the newly
formed complexes localizing at the surface of the
marginal zone (and less intensely, the mantle zone)
B cells.

The above findings are corroborated by the results
in newborn and infant spleens. Marginal zone cells in
infants showed no or faint staining, either for PPS or
for CD21. In all spleens the pattern of PPS localiza-
tion was very similar to the obtained CD21 pattern,
and different from CD35, which strongly stained
mantle and marginal zone cells, and in addition,
granulocytes. PPS incubated with THS showed no
reactivity in any of the newborn or infant spleens.

It is clearly shown that without CD21 at the B-cell
surface, no localization of PPS is observed. Although
in the normal immune response complement com-
ponent C3b is often involved in formation of immune
complexes, this seems of far less importance in
localization of PPS. PPSs preincubated with fresh
serum, which can be considered to contain all com-
plement fragments, do localize at cells with CD21
and CD35 (C3b receptor) at the cell surface, but not
at CD35+,CD21— cells as granulocytes and infant
spleen marginal zone cells. Although the anti-C3d
antiserum also recognizes epitopes on C3, C3b, and
iC3b, the fact that cells with receptors for these
complement fragments showed no PPS localization
suggests that these fragments are less or not at all
involved in complex formation with PPS. Fc recep-
tor-positive cells, abundantly present in the spleen,
do not show localization of incubated PPS antigens.
This suggests that immunoglobulins are not a part of
the localized PPS complex.

Our study shows that in human beings, PPSs,
which can be considered natural TI-2 antigens,
localize exclusively in areas with cells known to
have (high) CD21 density at the cell surface.
This localization is dependent on the presence of
fresh serum factors including complement com-
ponents.

Our findings suggest that the initiation of a pri-
mary humoral response to the most antigenic part of
pneumococci, the capsular polysaccharide, is depen-
dent on a mechanism different from most other
responses. A relationship between the presence of
C3 and the ability to mount an adequate antipneu-
mococcal response has been reported.?® According
to the results of our study, it is likely that PPSs are
not bound to C3b, but to C3d. In contrast to C3b
binding, this complex is formed without the need for



J ALLERGY CLIN IMMUNOL
VOLUME 97, NUMBER 4

specific immunoglobulin, which apparently is not a
part of the complex. Such a mechanism has the
advantage that even at first contact with a particular
antigen, close contact is possible between the anti-
gen-C3d complex and B cells with high CD21 (and
IgM) density, which are particularly well equipped
for a rapid activation and response.>>?*2> This acti-
vation is enabled by extensive cross-linking of CD21
and IgM on the B-cell surface. In a secondary
response, localization of PPS-C3d complexes on
FDCs can be expected to allow rapid isotype switch-
ing and perhaps affinity maturation®>2 of PPS-spe-
cific B (memory) cells, even in the absence of specific
immunoglobulin. In this way it may be explained that
in immunization procedures with PPSs, often in a
first screening, IgM and also IgG antibodies are
found.”

In conclusion, the results of this study contribute
to an explanation of the dependency of the initia-
tion of a primary humoral response to TI-2 anti-
gens on the presence of a functionally intact
spleen. The spleen is the only lymphoid organ with
a specific B-cell compartment with high CD21
density at the cell surface. The anatomic context of
this compartment, the marginal zone, allows close
contact of antigen, bound to C3d, with these
strongly CD21+ B cells."* 17 A secondary re-
sponse, in normal immunophysiology, mainly de-
pendent on the presence of GCs, is possible in all
secondary lymphoid tissues. Our findings suggest
that this secondary response may occur very rapidly
after the induction of a primary response, because
the PPS antigens can localize at FDCs, even if
specific immunoglobulin is not (yet) present.

We thank Mr. Hilbrand Wieringa and Mr. Siep Noor-
man for their help in the preparation of the micropho-
tographs.
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