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SUMMARY INTRODUCTION

Splenic germinal center reactions were measure One of the most prominent alterations induced
during primary response to a plasmidic DNA intra-by antigenic stimulation is the reaction of germi-
muscular injection. Cardiotoxin-pretreated Balb/cnal centers (GC) which are lymphoid structures
mice were immunized with DNA plasmids encod-implicated in the humoral immune responses. GC
ing or not the SAG1 protein, a membrane antige located in the peripheral lymph organs within the
of Toxoplasma gondiiSpecific anti-SAG1 anti- lymph follicles are essentially composed of B and
bodies were detected on days 16 and 36 after injeT lymphocytes, follicular dendritic cells and tingi-
tion of coding plasmids. The results of ELISAsble body macrophages. GC participate to the
showed that the SAG1-specific antibodies are cimmunopoiesis of B cells but do also influence
the IgG2a class. that of T cells (Heinen, 1999).

Morphometric analyses were done on seria GC are the site of clonal expansion of Ag-specif-
immunostained cryosections of spleen and drairic B lymphocytes, somatic hypermutation, cell
ing or non-draining lymph nodes. This newselection and Ig isotype switching. These events
approach made it possible to evaluate the chronioccur during the so-called germinal center reaction
logical changes induced by DNA immunisation inand give rise to the production of memory B cells
the germinal centres (in number and in size). Sicand to precursor cells able to settle in the bone-
nificant increases in the number of germinal cenmarrow and to transform in long-lived Ig-secreting
tres were measured in the spleen and only in draiiplasma cells (McHeyzer-Williamet al, 2001)
ing lymph nodes after plasmid injection. the mea The GC reaction represents a complex series of
sured changes of the germinal centers appeared cellular events that are regulated by factors includ-
result from the adjuvant stimulatory effect of theing antigen-antibody complexes, complement,
plasmidic DNA since both the coding and the non cytokines and cognate T-B and follicular dendritic

coding plasmid DNA induced them. cell (FDC)-B cell interactions (MacLennan, 1994).
No measurable changes were recorded in the * After a primary antigen challenge, GC appear
dependent zone of lymph organs. after a latency period of about 3 days during which
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events occur in th&-dependent zone. During two gift from Mullins, Dept of Microbiology and
weeks post immunisation, the GC reach their maximmunology Stanford University; California) pre
mum size and develop their characteristic dark anviously opened with Bg/ll, blunt-ended wiffé
light zones.The dark zone contains centroblastsDNA polymerase, and then digested with Hindlll
which are lage dividing B blasts located at the baseendonucleasélhe resulting plasmid pNI contains
of the GC in close contact to tiiedependent area. the SAG1 gene under the control of the human
It is covered by the light zone mainly contains-cencytomegalovirus (CMV) intermediate early pro
trocytes which are medium-sized B blasts. Centrokmoter and introm\ enhancerand uses the bovine
lasts and centrocytes react with the peanut aggligrowth hormone (BGH) terminator for transerip
tinin, a lectin used to mark GC (Butch&p82). tion termination and polyadenylation. Fordes
The end of the GC reaction occurs three weeks aftscale preparations of plasmid DNA, transformed
antigen stimulus (Kelsoe, 1996; Heinen, 1999).  Escherichia coliDH5aF'1Q bacteria (LifeTech
New vaccine development has been revolunologies, S.A. Merelbeke, Belgium) were grown in
tionised by the observation that administration oterrific broth in the presence of ampicillin. Rlas
plasmid DNAvectors encoding antigens can leacmids were extracted by the alkaline phosphatase
to protective antibody and cell-mediated immune:lysis method followed by two rounds of purifica
responses against virus, parasites and bacteriestion on caesium chloride density gradients. DNA
animals (Donnelly1997). concentrations were determined by measuring the
Although DNAiIimmunisation appears to bdief optical density at 260 nrithe amount of endotex
cient, the particular mechanisms underlying the¢in present was determined the by chromogenic
immune response after DNAdministration are limulus amoebocyte assay (QCL-1000 kit, Bio\W
not completely elucidated. Questions not yetaker Verviers, Belgium).
addressed include, for example: does a DN/
immunization induce a germinal centre reaction olmmunisation
draining lymph ogans and what happens in fhe  Six-week-old female Balb/c mice received intra
dependent zones? muscular injections into each anterior tibialis mus
The present study was designed to examine ttcle. Five days after pre-treatment of the muscle
kinetics of GC morphological changes in mousewith cardiotoxin purified fromNaja nigricolis
draining lymph agans following a single DNA venom (1@M, 100ul/injection), they were injeet
immunisationThe eficiency of DNAintramuscular ed with 10,y pNIV3452 in PBS or 10Qwg
injection was assessed by measuring specifie anJW4307f in PBS (control group) or PBS alone.
bodies (ELISAs) in mouse sera at various intervalsThe day of this injection has been defined as day
Immunohistochemical studies and morphometric0. Four mice per group were sacrificed on days 1,
analyses were done on cryosections of spleen a6, 9, 13, 16 and 36 post-injection.
of draining and non-draining lymph nodes of
DNA-immunised mice to determine the chronolo Animals
gy of changes in the germinal-centre size and-nun Female Balb/c mice were killed by cervical-dis
ber. Draining and non-draining were identified by location. Spleen, aortic, and inguinal lymph nodes
intramuscular injection of Indian ink. were excised. Each spleen was immediately cut in
This work represents the first plasmidic DNA two parts. One part was embedded in GO
stimulation study where GC have been examinepound and snap frozefnother was used for flow
temporally cytometry Draining aortic and non-draining
inguinal lymph nodes were entirely embedded in
OCT compound and snap-frozen.
MATERIALS AND METHODS Blood for ELISA assays was collected in the
retro-orbital vein.
Plasmids
The sequence encoding amino acids 18 to 336 w.ndian ink test
a Hind llI-blunted EcoRI fragment of pNIV3418. It Four mice received in the anterior tibialis muscle
was and inserted into the JW4304rf plasmid (a kin'100ul Indian ink (diluted 2x in PBS)After 24
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hours, the mice were sacrificedheir lymph ELISA
organs and the Indian-ink-treated muscle were dis After collection of blood from the retro-orbital
sected and processed for histological observatiorvein and preparation of serum, anti-SAG-1 -anti

or for immunohistochemical labelling. bodies were detected in an enzyme-linked
immunoabsorbent assay (ELISA).
Immuno and histochemistry Ninety-six-well plates were coated overnight at

Biotinylated monoclonal anti-mouse antibody 4°C with 100 ng purified recombinant SAG-1 per
againsfT cells (anti-CD3, Pharmingen, 1/100) or aVell- The plates were washed five times vitis-

biotinylated lectin (Peanut agglutinin) recognising?hugfesrgg]:aggéer’ gq%\évﬁiﬂtgg wgh Sf(%r%tg\ﬂnig

gerrgipal_centre (;?”S (ENA_{ector 1/1000) were serum albumin (BSA) for 1 hour at ¥J. The
used for immunohistochemistry plates were then incubated with serial dilutions of
Serial cryosections L@n thick were cut and mount  ggr4 (1 hour at 3T). Next, they were washed as

ed on poly-L-lysine-coated slides, -diied for 15  gescribed above and enzyme-conjugated isotype-
minutes, and fixed in acetone aCAfor 10 minutes.  specific detection antibodies were addéih

The cryosections were rehydrated in phosphatedetect total IgG, an alkaline-phosphatase-labelled
buffered saline (PBS, pH 7.3) and transferred to goat anti-mouse IgG antibody diluted 1/7500 was
humid chamberThey were incubated for 60 min used as the secondary antibody (1h 4€371gG1
utes at room temperature with the primary antibodyand IgG2a were detected respectively with biotin-
Endogenous peroxidase activity was inhibited witrconjugated rat anti-mouse 1gG1 and IgGRfer
0.3% HO,in methanol for 10 minutedfter sever ~ Washing, alkaline-phosphatase-conjugated strep
al washes in PBS, the slides were incubated for ztavidin was added (30 minutes at room tempera
minutes at room temperature with avidin-biotin-per tUré)- After washing again, immune complexes
oxidase complex (Zymed Kkit, diluted 2000x) and/ere revealed with p-nitrophenyl phosphate as
washed in PBS. Peroxidase activity was reveaIeChromoge-nIC SUBSTEIENE BNSOIDANCE &t 415 M
with a solution of aminoethylcarbazole (AEC,Was read in a microplate reader (Biorad).
Zymed).The sections were stained for 10 minutes I"Elow cytometry
the dark, counterstained with haematoxylin, ant gpjenic cells’ were isolated by mechanicak dis
mountedn gelatineAs a control, the procedure was ryption and filtered on nylon wooThe cell sus
carried out with omission of the primary antibody pensions (10cells) were first incubated for 25

min at £C with biotinylated anti-CD4, -CD8a,
Morphometric analysis and -B220 antibodies (Pharmingen). Biotin-cenju

Four mice per group were analysed at each poiigated antibodies were detected with streptavidin-
of the experimental schedule. MorphometricPE (Pharmingen)The cells were then washed
analysis was performed on cryosections of the certwice in 1 ml cold PBS, resuspended in 780
tral part of each lymph gan.Three diferent see ~ cold PBS, and analysed with thA®&Scan (Bee
tions, 100um apart, were analysed for each spleeiton Dickinson).
and lymph node. Both the area of the sections ar
the respective areas occupied by CD3-posilive
cells (Fdependent zone) and germinal centre:
were evaluated by the Leica Qwin image process

ing and analysis system. . Sixteen hours after intramuscular injection of
The areas occupied by the germinal centres arjian ink, ink was seen at the site of injection in
the T-dependent zone are expressed here as pihe connective tissue between muscle fibres and in
centages of the entire section arBais provides a some myocytes (data not shown). It appeared that
measure of the surface density of germinal centréthe spleen and the aortic lymph nodes drain the
and T-dependent zones under each set of expelinjected area, as shown by the presence of Indian
mental conditionsThe statistical significance of ink in the maginal zone of the spleen (Fig. 1a) and
differences between control and vaccinated micin the sub-capsular and intermediate sinuses of the
was tested with Student test. aortic lymph nodes (Fid.b). Typical macrophages

RESULTS

Intramuscular injection of Indian ink
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Fig. 1 - a Immunostaining of CD3-positiv€ lymphocytes in splenic cryosectioriscells appear distributed around a central
arteriole (A) in the white pulp (WP). Indian ink (black staining) was present in macrophages (M) distributed through the mar
ginal zone separating the white from the red pulp (RP). (G: 200Jlassical hematoxylin/eosin staining of draining lymph
node: Indian ink (black staining) appears in cells of the subcapsulginaiasinus (MS) and peritrabecular intermediate sinus

es (IS). (G: 200x).

showing active phagocytosis of the Indian ink were¢preferentially of class 1gG2aAn earlier IgG2a
recognised in the m@inal zone surrounding the response was observed (for only one mouse) on day
white pulp. Inguinal lymph nodes are non-drainin¢c13 post-injection.

lymph nodes. No Indian ink was detected in thes

lymph nodes 16 hours after injection. Morphometric analysis

Cryosections were treated with PNA reveal

Priming antibody response to SAG-1 by injec  germinal centres or immunolabelled with anti-
tion of the antigen-encoding plasmid CD3 antibodies to reveal thedependent zones.
To see whether intramuscular injection of SAG-1-As illustrated on Figs. 2a-b, mice injected with
encoding plasmid can induce a specific immunicoding (b) or non-coding plasmids displayed, 16
humoral response, sera obtained after DMAc-  days after injection, lger germinal centres than
tion were tested in an ELISAs shown inTable I,  control mice injected with PBS (a). Interestingly
we detected a specific anti- SAG-1 immunoglobulirthis efect was observed only in the spleen and the
response on days 16 (three mice) and 36 (four mic aortic lymph nodes and not in the non-draining
post-injection.The immunoglobulins detected were inguinal lymph nodes.

Table |
Antibody profiles induced by a single intramuscular DM#&ccination.The primary 1gG2a and 1gG1
responsesf mice to intramuscular injection of 100mg of pNIV3452 in PBS. Mice were treated as described
in the experimental schedulgtres are expressed as the reciprocal of the dilution giving a signal 50% of the
maximal OD valueThe meart SE titres of groups of n mice are shown. NS: not significant

Days post-injection IgG1 IgG2a
6 NS NS
9 NS NS
13 NS 34 (h=1)
16 15,6t4,1 (=3) 19,6£9,29 h=4)
36 55+19,8 h=3) 15941887 a=4)
218
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Fig. 2 - Immunostaining of PNA-positive cells in splenic cryosections: 16 days after injection, mice injected with PBS (a) dis
play fewer and smaller germinal centres (GC) than mice injected with coding or non-coding plasmid (b). (G: 50x).

By morphometric analysis we examined the sigthe non-draining inguinal lymph nodes, in the-oth
nificance of these diérences observed betweener hand, we observed no significant increase in size
mice injected with the coding or non-coding plas of the germinal centres and nofedience between
mid and control mice injected with PBSe studied PBS- and plasmid-treated animals.
the chronology of the germinal-centre size increas On cryosections immunostained with anti-CD3
in the spleen and found thefdifence to be signifi  antibodies, no significant ddrence was observed
cant on day 16 post-injection<@05, Studens't between experimental conditions or between the
test). For example, in mice injected with the codindymph oigans examined (Fid}).
or non-coding plasmid, the germinal centres ecct
pied respectively 2.6% and 2.5% of the total sectio Flow cytometry
area, as opposed to 0.7%. in control mice. BigA
few days earlier (day 13 post-injection), we B- and Tcell populations
observed a significant increase in germinal-centr After dissection of the spleens, lymphoid cells
size in the aortic lymph nodes (data not shown). Iwere isolated and prepared for flow cytometry

4 PBS
Non codin lasmid
3,5 - (| ing plasmi

il Coding SAG1 plasmid
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Fig. 3 - Chronology of the size
increase of spleen germinal een
tres. Each result is expressed as
T a percentage representing the
-5 0 6 9 13 16 proportion of the total section
area that is occupied by germi
nal centres.
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I . secretion of specific antibodies of the IgG2a-sub
25 e Rl s class was observed 16 and 36 days post-injection.
Intramuscular injection of Indian ink enabled us
20 W Coding SAG1sas™d| 4 recognise the draininggans concerned by this

type of injection. Sixteen and 24 hours post-injec

15 tion, Indian ink was present at the site of injection,
in the cytoplasm of some myocytes, and in the
10 4 connective tissue between muscle fibres. More
interestingly it was also present in the sinuses of
the draining aortic lymph nodes and in the mar
ginal zone of the spleelVe never observed any
staining of the inguinal lymph nodes. Mena and
- 0 & a 13 16 collaborators (2001) have reported that plasmid
DNA is very rapidly and widely disseminated
Deys aftes immunisafion throughout the body and allow for the possibility

Fig. 4- Evolution of theT-dependent zone of the spleen. Eachthat immune responses could be generated at sites

result is expressed as a percentage representing the proportia&tam from the inoculation. Howevein our
of the total section area that is occupiedidependent zones. .

study only spleen and draining lymph nodes
showed a germinal center reaction.

Fig. 6 shows the evolution of various cell popula Immunohistochemical observations validated by
tions following injection of the coding or non-cod morphologic analyses fefred a new approach for
ing plasmid or PBS alone. Percentages of thesstudying the biological mechanisms that underlie
cell populations evolved similarly in all three the immune response induced by DMAmunisa
groups up to day 9 (data not shown). tion. The germinal centers are histologically

On day 16, a significant dérence appeared in defined structures that support maturation and dif
the B220+ cells (Fig. 5A) between mice injectecferentiation ofAg-activated B cells, principally in
with either plasmid or PBS. T-dependent humoral responses.

For CD4+ cells, there was no significantfelif We observed on days 13 and 16 after DNAc-
ence between mice injected with the SAG-encodtion, and only in the draining lymphgans (spleen
ing plasmid and mice having received the nonand aortic lymph nodes), a significant increase in
coding plasmid (Fig. 5B). germinal-centre size. Our results are in accordance

On day 13, the percentage of CD8+ cells was si¢with previous studies using classic antigenic stim
nificantly higher in mice vaccinated with either ulation (Pabst and Fritz 1986; Zhaepal, 1988;
plasmid than in PBS-injected mice (Fig. 5C). Hollowoodet al.,1992).

Again no diference was observed between the Since this dect was present whether a coding or
two groups of plasmid-injected mice. non-coding plasmid was injected, it probably points

By day 36, this dierence had disappeared andthat this germinal center reaction resulted from an
the cell population percentages were again simileadjuvant efect of the plasmids. Unmethylated CpG
in all three groups (data not shown). basepairs in plasmid DNRave indeed been recog

nised as immunostimulantérthur et al, 1998;

Denniset al, 1997).This adjuvant déct may also
DISCUSSION result from cardiotoxin treatment. Indeed, -car

diotoxin used to induce cell alterations in the anteri

We have focused here on the germinal centeor tibial muscles leads to the release of inflammato
reaction induced by single intramuscular injectiorry cytokines and the attraction and/or activation of
of plasmid DNAencoding the antigen SAGL1. antigen presenting cells providing optimal cendi

In our experiments, the fefacy of the injection tions for efective T cell activation (Sallusto and
was proved by the presence of SAG1-specific antLanzavecchia, 1994; Galluceit al, 2001). The
bodies in the sera of mice injected with the plasslight increase of the germinal center observed in
mid coding SAG1A humoral response inducing the controls treated with PBS might result from this

T-dependant zonas surfaces [%:)
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Fig. 5- Evolution, as monitored by flow cytometry on days 13 and 16, of splenic lymphoid cells expressing the CD4, CD8, or
B220 marker after injection with PBS or with a plasmidB220+ cells; B: CD4+ cells; C: CD8 cells. Means and standard devi
ations are indicated (n=4 for each experimental protocol).

action; it thus also might contribute to the germina The CG changes in the lymph nodes and spleens
center reaction observed on days 13 and 16 aftdiffered in their time coursélhese quantitative
plasmid injection. morphologic findings suggest a féifence in the
The failure to detect fdct of antigen on GC functionel roles of lymph nodes and spleen in the
development may imply factors limiting thefief  systemic immune response to DiNAmMunisation.
cacy of DNAimmunisation. We also measured thliedependent zone, but did
The factors limiting DNAimmunisation are not not detected any variation in the size of this area
fully identified. Dupuiset al. (2000) found that over the span of our experiments. Normallygell
distribution and cellular uptake present significanare critical for GC formation and subsequent B cell
limitations of DNA stimulation potencyOthers selection. It is worth mentioning, howeytirat area
groups have shown that factors such as needmeasurements are less accurate in the case Bf the
type, orientation and speed of injection, volumedependent zone than for the germinal cenfrbs.

and type of injection fluid, and preinjection of fact that specific IgG2a antibodies were detected
hypertonic solutions can influence gene expressicafter plasmid administration suggests thatT-a
after intramuscular injection (Manthorpst al., dependent antigenic response was initiated, and thus
1993; Levyet al.,1996).These limitations must be that cells were activated inside tAedependent
understood before DNAmmunisation can be zone.

developed to their full potentiel.
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