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Abstract Complement receptors (CR1, CR2, CR3), and
their ligands (C3b, C3d, iC3b) are essentially involved in
germinal center development and in binding, trapping, and
retaining immunocomplexes. Methods studying comple-
ment receptor (CR1/CR2)-ligand (C3b/C3d) interactions
mostly involve coating of sheep erythrocytes (E), sheep
erythrocyte-antisheep erythrocyte antibody (EA complexes)
and whole human (h) or mouse (m) sera as a source of
complement, EACh/m complexes, as reagents. The obser-
vation of Dukor et al. (1970), that EACm complexes in
native cryostat sections bind selectively and very strongly
to the B lymphocyte regions of lymphoid organs allowed
the topo-histochemical analysis of receptor (CR1/CR2)—
ligand (C3b/C3d) interactions in such an immunologically
important area as the germinal centers. The main finding of
this study is, that periodic acid pretreatment of unfixed
cryostat tonsil sections-oxidizing vicinal glycol groups of
polysaccharide chains into dialdehydes-completely abol-
ished the binding of all EAC/EC complexes to germinal
center area. It may suggest the involvement of receptor
carbohydrate in C3 receptor/ligand binding. In addition to,
the subsequent sodium borohydride reduction-converting
aldehydes (produced by periodic acid oxidation) into
primary alcohols-restored selectively the binding of all
applied EAC/EC complexes to follicular centers. These in
vitro topo-histochemical studies give a strong hint for the
participation of—OH groups of sugar residues in CR1/CR2
ligand (C3b/C3d) binding.
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Abbreviations
C3 the third component of the complement system
CR1 complement receptor type one, the immune

adherence C3b receptor

CR2 complement receptor type two, the C3d
receptor

CR3 complement receptor type 3, the iC3b receptor

E erythrocyte

EA erythrocyte-antibody complex

EAC erythrocyte-antibody-complement complex

EC3 sheep E-C3 complexes prepared by C3
activation and fixation into sheep E

TA-E thiol-activated erythrocytes

TA-EC3  TA-E coated with C3

SPDP N-succinimidyl 3-(2-pyridildithio) propionate

Introduction

The interactions of complement components, mainly C3
fragments (C3b, C3d) and their receptors (CR1/CD35, CR2/
CD21) on follicular dendritic cells (FDCs) and germinal
center B cells are essentially involved in the formation of
germinal centers, antigen trapping and retention, isotope
switching and generation of strong B cell memory response
[8, 9, 26, 32].

The activation of the central complement molecule (C3)
either by classical or alternative complement pathway leads
to the specific proteolytic cleavage of C3 by convertases
into C3a and C3b. The biochemical mechanism of the C3b
activation and fixation to acceptor molecules were clarified
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decades ago. The short lived "nascent" C3b binds through
its carbonyl group in the internal thioester (labile or
metastable binding site) to hydroxyl or amino-groups of
macromolecules, pathogen agents, immunoglobulins etc.)
forming covalent (ester or amid) bond [22]. Target bound
C3b (C3 molecules that have been fixed to the substrate)
may then interact with C3 receptors through their stable
binding site. The binding mechanism and transport of
antigens, immunocomplexes in germinal centers has not
been clarified.

Most of the methods for complement receptor studies
involve coating of erythrocytes with C3 by means of
activation of the alternative or classical pathway. These
methods use sheep erythrocyte-antisheep erythrocyte anti-
body (EA) complexes and complement factors either from
fresh human (EACh) or mouse (EACm) whole sera [6, 28],
or require relatively large amounts of different complement
components C1, C2, C4, and C3 or factors B, D, nephritic
factor and C3 [27].

A specific and simple method was described for preparing
EC3b, EC3d, which is based on the fact that C3b expresses
an SH-group and that C3b binds to thiol activated
erythrocytes [15].

So far the binding mechanism between complement
receptor types and their ligands has been analysed by
the inhibition of the EAC rosette formation in suspensions
after different pretreatments of the C3 receptor bearing cells
[5, 11, 16]. Biochemical analysis has suggested carbohy-
drates [7, 18], while molecular cloning studies of CR1/CR2
revealed proteins in their ligand binding [3, 14, 21]. The
C3b binding sites in CR1 were mapped to two adjacent
long homologous repeats /LHRs/ at the terminus of the
external membrane domain [13], the C3d protein bound to
the amino terminus of CR2 requiring both SCR1 and SCR2
[10, 29]. These studies were all performed in solutions.

Dukor et al. (1970) demonstrated that C3 receptors retain
their ability to bind EAC in frozen sections and discovered
the tissue localization of lymphocytes bearing a membrane
receptor for antigen-antibody-complement complexes. The
EAC red blood cells adhered exclusively to B cell areas,
mainly to germinal center and follicular mantle cells but not
to interfollicular regions. These observations made possible
the topo-histochemical analysis of receptor (CR1/CR2)-
ligand (C3b/C3d) binding.

Pretreatment of cryostat tonsil sections with periodic
acid (1% for 10 min), completely abolishes adherence of
EACh, EACm, TA-EC-3b, TA-EC3d to follicules. This
raises a possibility that ligand binding sites of CR1/CR2
involve carbohydrate. On the other hand the effect of
periodate could be reversed, when the periodate treated
cryostat tonsil sections were exposed to sodium borohy-
dride (1% for 10 min), before adding the EACh, EACm,
TA-EC3b, TA-EC3d complexes.
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Materials Pieces of fresh human tonsils were frozen within
an hour and 8 pum cryostat sections cut and stored at —20°C
until used.

Preparation of EACh, EACm reagents Freshly-prepared
sheep red blood cell (E) suspensions (1% vol/vol), were
treated with the IgM fraction of the anti-E serum [28] in
subagglutinating concentration at 37°C for 30 min. The
erythrocyte-antibody (EA) complexes were incubated either
with heat inactivated (56°C, 30 min) human serum or with
complement containing fresh human and mouse serum
(EACh, EACm). Because human serum diluted 1:4 effected
the lysis of sheep erythrocytes of the EA complexes, the
erythrocytes were made haemolysis resistant by glutaralde-
hyde fixation, which did not influence their antigenicity
[30].

EACI-3d analogous reagent was generated by incubating
1x10% EACm with 2 mg trypsin 200 E/g (Merck,
Darmstadt, Germany) in 1 ml of 0.01 M TRIS-buffered
saline, pH 7.4 for 30 min at 37°C. The reaction was stopped
by the addition of 40 pg/ml of soybean trypsin inhibitor
(SERVA, Heidelberg, Germany, [25]).

EACI-3b analogous reagent was generated from purified
C3 (1 mg/ml) by incubation with trypsin (10 mikrog/ml;
Serva, Heidelberg, Germany) for 1 min followed by the
addition of soybean trypsin inhibitor.).

Preparation of C3b C3b was generated from purified C3
(1 mg/ml) by incubation with trypsin (10 ug/ml; Serva,
Heidelberg, Germany) for 1 min followed by the addition
of soybean trypsin inhibitor.

Coupling of C3b to sheep erythrocytes The thiol-activation
of the sheep erythrocytes was carried out as described
previously by Lambris et al., 1983 [15]. Briefly, 3.9 mg N-
succinimidyl 3-(2-pyridyldithio) propionate (SPDP from
Sigma) dissolved in 25 pul DMSO. The SPDP solution was
then added to 2.5 ml of a suspension of sheep erythrocytes
(2x109/ml) in phosphate buffered saline (PBS) and the
mixture was shaken vigorously. The thiol-activated eryth-
rocytes (TA-E) were washed four times with PBS,
resuspended to a concentration of 5x10° cells / ml PBS,
and then C3b prepared with trypsin was mixed with thiol-
activated erythrocytes on a rotating mixer at room temper-
ature for 60 min. The resulting C3-coated cells (TA-EC3b)
were washed three times with PBS, resuspended to a
concentration of 2x 10® cells/ml and stored at 4°C until use.
TA-EC3b cells were converted into C3d with KSCN-
inactivated serum and plasmin [15].
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Adherence of EACh, EACm,TA-EC3b, TA-EC-3d to tonsil
sections Cryostat sections of tonsils were air-dried at room
temperature for 2 h and incubated with EACh, EACm, TA-
EC3b, TA-EC3d complexes in a humidified chamber at
37°C for 30 min. The slides were then washed in saline
solution until no more erythrocytes could be washed off.
Sections were then fixed in 2 % glutaraldehyde for 4 min.
Attached sheep erythrocytes were visualized by the
benzidin-peroxidase reaction; Mayer's haematoxylin was
used as a counter stain.

For the purpuse of stating whether sialic acid do have a
role in CR1/CR2 ligand binding neuraminidase pretreat-
ment was carried out by the method of Hsu et al., (1986)
[12]: 2 U/ml neuraminidase (from Vibrio cholerae, SERVA,
Heidelberg, Germany) in 0.1 M acetate buffer, pH 5.3 was
used for 20 min at 37°C.

Periodic acid pretreatment was used to characterize the
carbohydrate or peptidic nature of CR'/CR2 active binding
sites. Periodic acid: 0.01-1 % HIO,4 (SIGMA) in distilled
water and incubated for 1-30 min.

Whether C3 receptor sugar-OH groups are involved in
the ligand binding periodic acid formed aldehydes were
restored with sodium borohydride into hydroxil groups.
Sodium borohydride: 0.01-1 % NaBH, (SIGMA) in
distilled water and incubated for 1-30 min.

Preincubation of the sections with antiserum to
human alpha-1-antitrypsin, mouse (with C3d, iC3b) and
human sera (with C3b, C3d) or with MAbs to CD35,
CD21 and CDI11b and mannose specific lectins (Conca-
navalin A, Lens culinaris /SIGMA/, 0.5-100 ug/ml) were
performed.

In order to define, whether do divalent cations play a
role in C3 receptor-ligand binding one part of 0.1-0.5 M
Na,H, EDTA (pH 7.6) was added to nine part of EACh,
EACm, TA-EC3b, TA-EC3d erythrocyte suspensions.

Immunodetection of complement receptors 1 have pre-
treated the sections with periodic acid and with different
anti-C3 receptor antibodies in order to define whether the
epitope of the complement receptors are peptidic or
carbohydrate in nature. I intended to test, that the binding
of some monoclonal antibodies is periodic acid sensitive or
resistant. Furthermore whether these antibodies are able to
block the adherence of EACh complexes and they can react
with supposed real carbohydrate or the peptidic binding
site.

Cryostat sections of tonsils were incubated followed by
periodic acid oxidation with monoclonal antibodies
(MAbs) clone: J3D3 (Dakopatts) and clone RFDS5 to
CD35/(CR1), clones OKB7 (Ortho), IOBla (Dakopatts),
RFB6 to CD21(CR2), MAbs OKM1 (Ortho) and
2LPM19c (Dakopatts) to CD11b (CR3) diluted 1 :100,

without prior fixation or blocking of the endogenous
peroxidase. Peroxidase conjugated anti-mouse immuno-
globulin (Dakopatts) diluted 1:100 was used with 3-
amino-9-ethylcarbazole as a chromogen in the peroxidase
reaction. The slides were counterstained with Mayer's
hematoxylin. Controls were carried out omitting the
incubation with the MAbs.

Results

The binding of EACh and EACm complexes to tonsil
sections was more intensive than that of TA-EC3b and TA-
EC3d. The adherence of the trypsinized EACm complexes
(EACI1-3d analogous reagent) was comparable to the less
dense adherence of TA-EC3d to the germinal center area.
The tissue localization (adherence) of EACh and TA-C3b
complexes seemed to be similar. The binding of the EACh,
TA-EC3b complexes was more extensive (follicular center,
mentle zone, some parafollicular adherence), while EACm,
TA-EC3d adherence confined mainly to the germinal center
cells (Fig. 1). There was no adherence of EA complexes
incubated with heat inactivated human or mouse sera.
Pretreatment of the sections with 1% periodic acid for
10 min the EACh, EACm, TA-EC3b, TA-EC3d did not
adhere to the to the cryostat sections of tonsils (Fig. 2).
Neuraminidase predigestion, NaBH, pretreatment of the
sections did not influence the adherence of EC/EAC
complexes.

Pretreatment of the sections with 1% periodic acid for
10 min the EACh, EACm, TA-EC3b, TA-EC3d reagents
did not adhere to the cryostat sections of tonsils (Fig. 2).

However, periodic acid oxidation followed by subse-
quent sodium borohydride reduction the adherence of all
reagents (EACh, EACm, TA-EC3b, TA-EC3d) selectively
restored to the area of follicles, mainly to the germinal
centers (Fig. 3).

Schematic representation of CR1, CR2 and CR3
structure is demonstrated on Fig. 4.

The adherence of all the applied EC/EAC reagents could
not be abolished by EDTA, so the adherence of different E
(A)C complexes do not require divalent cations.

Neither neuraminidase predigestion nor NaBH, pretreat-
ment (1%, for 10 min) influence the adherence of EACh,
EACm and TA-EC3b and TA-EC3d, which indicates the
role of the alkali stable N-glycosidic oligosaccharide chain
in CR1/CR2 binding.

EDTA could not abolish the specific adherence of neither
EACh, EACm nor TA-EC3b, TA-EC3d to the germinal
center areas after periodic acid-borohydride treatment, so no
divalent cations are required for the reversed ligand (C3b,
C3d) binding, either.
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Preincubation of the sections with mouse and human
sera, Lens culinaris and Concanavalin A lectins did not
change the adherence of EAC/EC complexes.

After periodic acid oxidation of cryostat sections of
tonsils the binding of (Monoclonal antibodies /MAbs/)
J3D3 (Dakopatts) and RFD5 to CD35, MAbs HBS5
(Becton-Dickinson) and OKB7 (Ortho), IOBla (Dako-
patts), RFB6 to CD21 was well preserved, whereas MAbs
OKM1 (Ortho) and 2LPM19c (Dakopatts) to CDI11b
(similarly to E(A)C complexes) were sensitive to periodic
acid.

Discussion

The discovery of Dukor et al. (1970) was the very specific
and strong tissue adherence of EACm complexes to the
germinal center cells allowing the topo-histochemical
analysis of ligand (C3b/C3d)-receptor (CR1/CR2) binding.
The main finding of this study is that the periodic acid
treatment of human tonsil sections abolishes binding of
EAC/EC complexes to follicles (germinal centers) and that
borohydride restores their binding. This seems to prove that
ligand binding site of CR1/CR2 involve carbohydrate
sugars. Aminoacids are oxidized by periodate at alkaline
pH (pH 7.0 and not at pH 3.0 —pH 4.0) [4]. Bianco et al. [2]
reported in 1970, that some lymphocytes bound sheep
erythrocytes (E) coated with IgM (A) and complement (C).
The same authors showed that binding of EAC is mediated by
the third component of the complement system (C3). In the
same year Dukor et al. demonstrated that C3 receptors retain

Fig. 1 Thiol-activated sheep erythrocytes covered with C3b (TA-
C3b) adhere to the germinal center cells of normal human tonsil. The
overlayered red blood cells are appeared as dark brown dots with the
benzidin-peroxidase reaction. In the interfollicular region only a few
red blood cells are seen. x 160
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Fig. 2 The adherence of TA-EC3b stopped after periodic acid
oxidation. x 160

their ability to bind EAC in frozen sections. This observation
made possible the tissue localization of complement receptor
bearing lymphocytes. They observed that EAC adhered
exclusively to germinal centers and follicular mantles but
not to interfollicular regions. EA coated with mouse comple-
ment (EACm) exclusively adhere to C3d receptor positive
cells, while EAC human complexes bind to C3b and C3d
receptor-bearing cells [28] Thiol-activated erythrocytes
which were coupled with C3b, C3d, (TA-EC3b, TA-EC3d)
prepared from purified C3 without (anti-erythrocyte) anti-
body [15], also adhered only in the area of follicles in
cryostat sections of tonsils.

Histochemical use of periodic acid was investigated by
McManus (1946) [20] Periodic acid has been used earlier as
a carbohydrate oxidant [19] to form aldehyde, when it split
a chain between two carbon atoms each bearing-OH
groups. Periodic acid in tissue sections breaks the C-C
bonds, where vicinal glycol groups (CHOH-CHOH) are
present and converts them into dialdehydes. Sodium
borohydride is a suitable, specific reducing agent for
converting aldehydes (produced by periodic acid oxidation)
into Schiff negative primary alcohols [17]. Periodic acid
pretreatment of gastrointestinal sections was applied to
characterize the carbohydrate or peptidic nature of mucin
epitopes [1].

Periodate oxidative treatment—as a chemically very
specific attack on lymphocyte surfaces-leads to stimulate
blastic transformation, which is mediated by the induction
of free aldehyde groups on their surface [23]. Transforma-
tion of periodate-treated lymphocytes is blocked by
subsequent incubation with sodium borohydride [24].
Using mild periodate oxidation (1-2 mM, pH 7.0)-which,
selectively oxidizes only the side chain of terminal sialic
acid-followed by NaBH, reduction of rat lymphocytes [31]
found that the lymphocyte recirculation in vivo was
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Fig. 3 Restored adherence of TA-EC3b in the areas of germinal
centers—on an adjacent cryostat section of the same tonsil—after
periodic acid oxidation followed by borohydride reduction.x 160

dependent on the oxidation reduction state of protein bound
sialic (neuraminic) acid. Taking together these findings and
our observations suggest similar biochemical mediation of
the bindings between complements and CR1/CR2 receptors
and of those used by lymphocytes at recirculation.

The selective restored binding of EAC/EC complexes
in the area of germinal centers in the periodic acid-
borohydride system gives a strong hint for the involvement
of sugar residues in the ligand binding of CRI1/CR2
receptors. Preincubation of cryostat tonsillar sections with
fresh native and diluted human and mouse sera (native

complement) and with mannose specific lectins none of
them abolished the adherence of different EA/EAC com-
plexes. Periodic acid pretreatment of cryostat tonsillar
sections preserved the binding of the applied monoclonal
antibodies to CR1/CR2. Presumable mainly the protein part
(short and long consensus repeats /SCRs, LHRs/) partic-
ipates in the binding of Mabs to CD35, CD21 clusters (to
the strongest antigenic /peptidic) antigenic structure of
CRI1/CR2.

All these findings indicate, that—in such an immmuno-
logically important areas as the normal germinal centers the
carbohydrate part of CR1/CR2 is also (or mainly) involved
in ligand (C3b/C3d) binding. The reversible adherence of
various E(A)C complexes in the periodic acid oxidation-
sodium borohydride reduction (topo-chemical) system
seems to prove the redox regulatory role of CRI1/CR2
receptor oligosaccharide sugar molecules. It may serve as
an in vitro model for the traffic of the immunocomplexes in
the area of germinal centers. It seems possible that both the
C3b/C3d acceptor and CR1/CR2 receptor molecules take
part with their-OH groups in binding and C3b behaves as
an endogenous lectin.

The protein part of CR1/CR2 consists of short consensus
repeats (SCRs) in a linear alignment as a semi-rigid
structure. Finally I postulate, that the protein part of the
complement receptors presumably is unable to bind to
protein ligands in a reversible, rolling way with regard to
the fact, that the binding of the immunocomplexes must be
quick and reversible in the germinal centers.

Fig. 4 Schematic representation sugar vicin 1
of CR1, CR2 and CR3 structure. (SCR) CI?.'l /(R sy'rrlzols leinal glycols
The protein part of CR1/CR2 short ' o-> binding of EAC/EC complex
consists of short consensus consensus \
repeats (SCRs) in a linear repeat
alignment as a semi-rigid struc- D
ture. Every SCR has a triple D'/ > oo i o
loop formation in which four @ -'D/ e ( periodic acid - vicinal aldehydes
conserved half-cystines form di- \C(.\!: "'B"D ~p-D
sulfide linkage [13] CR3 (iC3b) .{- \ no binding of EAC/EC
receptor belongs to the integrin 0 complexes
family with o and (3 chain N N- glycosidic
proteins. All C3 receptors are binding site
glycosilated

e(

(R3
6 p .
-‘If.lpﬂ? borohydride - converts aldehydes into

"original® hydroxils

-.-- binding of EAC/EC
reagents

signal transduction
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