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ABSTRACT Analysis of the reactivity of IgM with self-
antigens in tissues by a quantitative immunoblotting tech-
nique showed striking invariance among newborns in the
human and in the mouse. The self-reactive repertoire of IgM
of adults was also markedly conserved; it comprised most
anti-self reactivities that prevailed among neonates. Multiva-
riate analysis confirmed the homogeneity of IgM repertoires
of neonates toward self- and non-self-antigens. Multivariate
analysis discriminated between newborn and adult reper-
toires for reactivity with two of five sources of self-proteins and
with non-self-antigens. Our observations support the concept
that naturally activated B lymphocytes are selected early in
development and throughout life for reactivity with a re-
stricted set of self-antigens.

The repertoire of natural antibodies in the serum of healthy
individuals is the end result of successive selective processes.
Differential rates of individual variable (V)-gene rearrange-
ment, likely to reflect evolutionary selection, introduce a bias
in the emergent bone marrow repertoires as compared with the
germline (1-3). The resulting emergent bone marrow reper-
toire is continuously selected through the clonal elimination of
some reactivities and preferential survival of others (4-6).
Finally, there is evidence that repertoires of plasma cells and
circulating antibodies in normal individuals differ from the
repertoire of peripheral resting B lymphocytes (7, 8).

Autoantibody-associated heavy-chain V (VH) genes and
reactivities are preferentially expressed in fetal and perinatal
B cells and antibodies (9-12). Autoreactive IgM and IgG also
represent a major fraction of natural antibodies in the serum
of healthy young adults (13, 14). Reactivity of natural anti-
bodies with self-antigens has been documented by conven-
tional immunochemical techniques using homologous and
heterologous molecules as sources of antigens. The small
number of antigens used in such studies does not allow a global
analysis of the expressed self-reactive B-cell repertoire. We
have recently developed a Western blot assay that allows a
quantitative determination of hundreds of antibody reactivi-
ties toward antigens in homologous and syngeneic tissues (15).
By using multiparametric statistical analysis, profiles of immu-
noreactivity in different strains of mice can be identified (16).

In the present study, we have used this approach to analyze
the expressed IgM repertoire in umbilical cord blood and in the
serum of healthy adults toward proteins in extracts of homol-
ogous tissues, bacteria, and plant that we selected as sources of
self- and non-self-antigens. The results indicate that the human
neonatal IgM antibody repertoire is invariant and directed
toward a limited set of self-antigens. Invariance and restriction
prevailed in autoreactive repertoires of healthy adults. Patterns
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of reactivity of IgM with non-self-antigens were poor in
newborns and heterogeneous in adults. We interpret the data
as indicating that natural IgM antibody repertoires are pri-
marily driven by a limited subset of "internal" ligands which
represent the targets for germline antibody specificities.

MATERIALS AND METHODS
Sources of IgM. Cord blood was obtained from 15 healthy

neonates born to healthy mothers, including 8 girls and 7 boys
of Caucasian (n = 12) and African (n = 3) origin. Venous
blood was collected from 18 healthy young men aged 20-40
years. Peripheral blood was also obtained from 1- and 8-week-
old BALB/c and C57BL/6 mice (Iffa Credo). Sera were stored
in aliquots at -20°C until use. Serum IgM concentration was
measured by ELISA. IgM was purified by size-exclusion chro-
matography on Sephacryl HR S-300 (Pharmacia) from the
serum of four adults and from Pentaglobin (Biotest Pharma,
Dreieich, Germany), an IgM-enriched preparation of pooled
human immunoglobulin. Purity of IgM was assessed by ELISA
and SDS/PAGE.
Assessment of Antibody Repertoires by Quantitative Im-

munoblotting Analysis. To assess IgM antibody repertoires, we
used a quantitative immunoblotting technique that allows the
comparison of reactivities of antibodies from different sources
with hundreds of antigens in tissue extracts (15). The sources
of self-antigens were histologically normal human kidney,
liver, thymus, stomach, and muscle obtained during surgical
procedures and muscle, liver, lung, brain, thymus, and spleen
obtained from normal CB20 adult mouse. The sources of
non-self-antigens were Pseudomonas aeruginosa (C.I.P. A22);
Bacillus macquariensis (C.I.P. 103269), a bacterium that has
been reported only in Antarctica (17); Kurthia sibirica (C.I.P.
103418), a recently identified bacterium that was isolated from
mammoth bowel (18); and Bacopa amplexicaulis, an aquatic
plant originating from tropical areas. Proteins were extracted
from tissues, bacteria, and plant by mechanical disruption
and/or homogenization in 2% SDS/1.45 M 2-mercaptoetha-
nol/125 mM Tris HCl, pH 6.8, containing aprotinin (1 ,ug/ml),
pepstatin (1 ,tg/ml), and EDTA (1 mM), on ice. Tissue
samples were sonicated and boiled for 5 min at 100°C. Protein
concentration was determined by Folin assay. Carbohydrates
represented 5-10% (wt/wt) of the proteins in tissue extracts,
as measured with phenol/sulfuric acid.

Proteins were subjected to preparative SDS/10% PAGE
(19) at 20 mA per gel and transferred onto nitrocellulose
(Schleicher & Schull) for 60 min at 0.8 mA/cm2 with a
semi-dry electroblotter (model A; Ancos, H0jby, Denmark).
The membranes were blocked for 2 hr at room temperature
with phosphate-buffered saline containing 0.2% Tween 20

Abbreviations: mAb, monoclonal antibody; PCA, principal-
component analysis.
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(20). Sera were incubated with the membranes after addition
of one serum per slot in a cassette miniblot system (Immu-
netics, Cambridge, MA) with gentle rocking overnight at 4°C.
The membranes were then washed with agitation in 0.1 M
Tris/0.5 M NaCl/0.01 M glycine/0.1% Tween 20 before
incubation with goat anti-human or anti-mouse IgM antibodies
coupled to alkaline phosphatase (Southern Biotechnology
Associates) for 2 hr at room temperature. Immunoreactivities
were revealed with nitroblue tetrazolium/5-bromo-4-chloro-
3-indolyl phosphate substrate (Promega). Quantitation of
reactivities was performed by densitometry in the reflective
mode with a high-resolution CCD camera (Masterscan; Scana-
lytics, Billerica, MA). Transferred proteins were then stained
with a colloidal gold solution (Protogold, Biocell, Cardiff,
U.K.). Lanes between immunoblots were subjected to a second
densitometric analysis in order to characterize and quantitate
transferred proteins. This allowed the immunoreactivity pro-
files to be compared by referring to their corresponding
protein profile corrected for migration defects by superimpos-
ing corresponding protein peaks by computer. A reference
human IgM preparation or a pool of normal mouse serum was
included in each blot, in order to rescale the membranes
transferred with a given protein extract and adjust for intensity
of staining of different membranes. Data were analyzed with
IGOR software (WaveMetrics, Lake Oswego, OR).
We have validated the method in terms of reproducibility

and reliability for comparative analysis of different sources of
immunoglobulin. Calculation of the areas under curve of the
reactivity profiles of IgM with tissue extracts for serial dilutions
of serum showed a dose-dependent decrease of immunoreac-
tivity at IgM inputs of 5-50 ,ug/ml. The binding of IgM to the
transferred extracts was saturable at concentrations of IgM
above 50 ,ug/ml (data not shown). The reproducibility of the
assay was assessed by comparing the areas under the curves of
reactivity peaks with liver and muscle antigens in eight lanes of
a membrane blotted with the same serum at one dilution. The
95% confidence interval was 30% of the mean area under the
curve for peaks of immunoreactivity (data not shown). The
anti-IgM antibodies used in our study recognized one band of
100 kDa in human and mouse tissue extracts and recognized
no band in extracts of bacteria and plant. V-region dependence
of the binding of IgM to antigens in tissue extracts was
demonstrated as follows. (i) Patterns of reactivity of IgM with
specific bands in the blots were selective in the case of mouse
(15, 16) and human IgM. (ii) Soluble extracts of tissues
dose-dependently inhibited the binding of serum IgM to the
corresponding extract proteins immobilized on nitrocellulose.
Inhibition by soluble extracts showed tissue specificity as well
as different degrees of crossreactivity between various tissues.
(iii) IgM monoclonal antibodies (mAbs) derived from spleen
and bone marrow of normal adult unimmunized mice showed
specific patterns of reactivity upon blotting with different
tissue extracts: 60% of the mAbs did not react with any band,
whereas each of the others showed a distinct profile of
reactivity (21). (iv) The reactivity of an IgM anti-trinitrophenyl
mAb mixed with IgM-containing supernatants of lipopolysac-
charide-stimulated mouse B cells, with trinitrophenylated bo-
vine serum albumin added to a bacterial extract, was inhibited
by soluble trinitrophenylated bovine serum albumin (E.
Malanchere and A.C., unpublished work).

Statistical Analysis. Reactivity profiles of IgM of newborns
and adults with each set of antigens were divided into sections
corresponding to defined peaks. To discriminate between
groups of individuals, areas under curves were calculated in
immunoblots of IgM of each individual with each source of
antigens and submitted to principal-component analysis
(PCA) (22). Separate PCA performed for reactivities of IgM
of newborns and adults with each set of antigens allowed the
calculation of respective variances of both groups of individ-
uals. Multivariate statistical treatment of the data was per-

formed with MATHEMATICA software (Wolfram Research,
Champaign, IL).

RESULTS

Analysis of the Self-Reactive Repertoire of IgM in Cord
Blood and in the Serum of Healthy Adult Donors. Reactivity
of cord blood IgM of 15 neonates and serum IgM of 18 healthy
young men with protein extracts of liver, muscle, stomach,
thymus, and kidney was studied by immunoblotting. The IgM
concentration was 0.064 ± 0.014 mg/ml (mean ± SD) and 1.17
± 0.53 mg/ml in cord blood and in the serum of adults,
respectively. Sera were diluted to an IgM concentration of 20
,tg/ml. The amount of protein extract subjected to electro-
phoresis and transfer ranged between 100 and 600 jig per gel,
depending on the tissue. All experiments were repeated twice.
The reactivity profiles of serum IgM of 15 neonates with

kidney, liver, muscle, and thymus antigens are shown in Fig. 1.
Only 8-10 protein bands among the multiple protein bands in
the blots were recognized by serum IgM of each individual
tested. The same protein bands were recognized by IgM of all
individuals in each tissue tested. Some bands strongly stained
with colloidal gold were not recognized by IgM, whereas
others, present in low amounts, generated strong immunore-
activity (Fig. 2). There were only. minor differences between
individuals in the magnitude of the peaks of reactivity. No
difference was observed between reactivity profiles obtained
with either purified IgM or serum IgM, when tested at the
same IgM concentration (data not shown). Together, these
observations indicate that reactivities of serum IgM are di-
rected toward a limited set of antigens present in homologous
tissue extracts and that there is extensive similarity of the IgM
self-reactive repertoire among human neonates.
The reactivity profile of neonatal serum IgM toward ho-

mologous proteins was then compared with that of IgM from
young adults (Fig. 3). Six and 10 protein bands were recognized
in the stomach extract by IgM of neonates and adults, respec-
tively. The 4 major bands of neonatal IgM reactivity were
included in the adult IgM reactivity patterns. Reactivity pro-
files of IgM of adult donors were largely conserved among
individuals, although to a lesser extent than in the case of
neonates. Some peaks of reactivity were specific to a given
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FIG. 1. Densitometric profiles of reactivity of cord blood IgM of 15

healthy neonates with normal human kidney (A), liver (B), muscle (C),
and thymus (D) proteins. Sera were diluted to an IgM concentration
of 20 ,ug/ml. Individual profiles are depicted as full lines. Shaded areas
depict background obtained with anti-human IgM antibody alone.
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FIG. 2. Reactivity of cord blood IgM of a healthy neonate with
kidney (A), liver (B), muscle (C), and thymus (D) proteins. Full lines
depict the immunoreactive profiles (left axis). Broken lines depict
densitometric quantitation of Protogold-stained proteins (right axis).
Single arrows indicate bands associated with strong reactivity, al-
though present in low amounts. Double arrows indicate bands strongly
stained with Protogold and poorly or not recognized by IgM.

individual. There were inter-individual differences in the
magnitude of the peaks of reactivity with a given protein band.
Analysis of reactivity of serum IgM of adult donors with kidney
and muscle extracts showed conserved patterns of reactivity
(data not shown). In the case of liver and thymus antigens,
profiles of reactivity of IgM exhibited some differences be-
tween donors regarding the bands recognized and magnitude
of reactivity (data not shown). These results indicate that the
adult serum IgM autoreactive repertoire is conserved among
individuals and directed toward a limited set of self-antigens
which includes those recognized by neonatal serum IgM.

Analysis of the Repertoire of IgM in Cord Blood and in
Serum from Healthy Adults Toward Foreign Antigens. A small
number of protein bands were recognized by IgM of neonates
in extracts of P. aeruginosa and fewer bands in extracts of B.
macquariensis and K sibirica (Fig. 4). The same bands were
recognized by IgM of all neonates tested, with minor inter-
individual differences in the magnitude of the peaks of im-
munoreactivity. IgM from all adults that we studied showed
reactivity with a large number of bands in extracts of P.
aeruginosa and B. macquariensis and fewer bands in the extract
of K sibirica (Fig. 4). Inter-individual differences between
patterns of reactivity of IgM of adult donors were striking in
the case of extracts of P. aeruginosa and B. macquariensis and
less pronounced in the case of extracts of K sibirica. Patterns
of reactivity of IgM of adults clearly differed from those of IgM
of neonates in terms of number and magnitude of the peaks of
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FIG. 3. Densitometric profiles of reactivity of cord blood IgM of 15
healthy neonates (A) and serum IgM of 18 healthy young men (B) with
stomach proteins. Individual profiles are depicted as full lines.
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FIG. 4. Profiles of reactivity of IgM of 15 healthy neonates (Left)
and serum IgM of 18 healthy young men (Right) with proteins from the
bacteria P. aeruginosa (A and B), B. macquariensis (C and D), and K
sibirica (E and F). IgM was tested at 20 ,tg/ml. Individual reactivity
profiles are depicted as full lines.

reactivity. We further investigated the reactivity of serum IgM
with proteins of the tropical plant Bacopa amplexicaulis. Serum
IgM of the 15 neonates reacted with a single band of apparent
molecular mass of 60 kDa, whereas IgM of young adults
recognized four to five bands, including that recognized by
IgM of neonates (data not shown).
Comparative Analysis of Reactivity of Serum IgM from

Neonates and Healthy Young Adults with Self- and Non-Self-
Antigens by Multivariate Statistical Analysis. Reactivities of
IgM of newborns and adults were quantitated by calculating
the areas under curves delineated by sections assigned to each
peak in the densitometric profile. The data were then submit-
ted to PCA within a 30- to 39-dimension vector space, de-
pending on the source of antigens, and fitted within the
two-dimensional linear subspace (factors 1 and 2, accounting
for 65-94% of the variance) that allowed the most powerful
discrimination between individuals. Reactivities of IgM of
newborns and adults with kidney, liver, and muscle proteins
were not discriminated by PCA (Fig. 5). The repertoires of
newborns and adults were distinct with regard to reactivities
with stomach and thymus antigens (Fig. 5). Repertoires of
reactivities of IgM were conserved among adults toward
antigens of the kidney and thymus, although less than among
neonates, as assessed by calculating the respective variances of
reactivities of IgM of newborns and adults with these antigens
(Table 1). There was heterogeneity among adults with regard
to reactivities toward liver and stomach antigens; reactivities of
IgM were conserved among adults and newborns in the case of
muscle antigens (Table 1). PCA of the data obtained with each
of the non-self-antigens discriminated between newborn and
adult repertoires (Fig. 5). In addition, IgM repertoires of
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FIG. 5. PCA. Calculated areas under the curve corresponding to
peaks of reactivity of IgM of neonates (0) and healthy young men ([L)
with self-antigens (A-E) and non-self-antigens (F-I) were subjected to
PCA. The results are those obtained with IgM from the 15 neonates
and 18 healthy men depicted in Figs. 1-4. Antigens were from kidney
(A), liver (B), muscle (C), stomach (D), thymus (E), P. aeruginosa (F),
B. macquariensis (G), K sibirica (only eight neonates and eight adults
were analyzed with K sibirica) (H), and Bacopa amplexicaulis (I). Each
individual is represented by a dot. The data relating to the 33
individuals were analyzed in a 30- to 39-dimension vector space,

depending on the tissue extract, and fitted within a two-dimensional
linear subspace (factors 1 and 2) corresponding to 65-94% of the
variance.

newborn individuals clustered together for reactivities with
non-self antigens, which was in contrast with the scattering of
IgM repertoires of healthy adults (Fig. 5).

Analysis of the Self-Reactive Repertoire of Serum IgM of
8-Day-Old and Adult Mice. The self-reactive IgM repertoires
of 8-day-old and adult BALB/c and C57BL/6 mice were

compared by using six syngeneic organs as sources of antigens.
The reactivity profiles of IgM in a pool of sera from six
1-week-old mice and of the mean profiles obtained with sera

from five 8-week-old animals of the same strain toward muscle,
liver, spleen, lung, brain, and thymus proteins expressed
striking similarity (data not shown). These results further
document the preservation in adult life of the original self-
reactive repertoire expressed in the newborn.

DISCUSSION
Studies of autoreactive antibody repertoires have often utilized
purified heterologous proteins as sources for self-antigens (9,
14). In the present work, we have used solubilized proteins
from homologous tissue extracts to investigate the reactivity of
IgM with a large panel of self-antigens. In addition to proteins,
the carbohydrate or lipid moieties of glycoproteins and li-
poproteins may have represented targets for some of the
antibody reactivities that were scored. The differences ob-
served between reactivity profiles of newborns and adults in

Table 1. Total variance of reactivities of IgM of newborns and
adults with self- and non-self-antigens calculated by PCA

Cumulative
variance, %

Tissue extract Individuals Total variance Factor 1 Factor 2

Kidney Neonates 29.52 57 86
Adults 71.22 54 77

Liver Neonates 45.70 80 86
Adults 422.00 61 73

Muscle Neonates 115.66 58 84
Adults 97.01 58 78

Stomach Neonates 97.59 63 86
Adults 367.97 39 57

Thymus Neonates 23.84 49 68
Adults 60.53 44 58

P. aer. Neonates 40.58 75 87
Adults 280.91 50 70

B. mac. Neonates 7.71 48 74
Adults 121.00 45 65

K sib. Neonates 8.53 67 84
Adults 48.91 64 82

Ba. amp. Neonates 34.28 90 96
Adults 431.68 59 84

Reactivities of IgM of newborns and of adults with antigens in
extracts of five human tissues, of the bacteria P. aeruginosa (P. aer.),
B. macquariensis (B. mac.), and K sibirica (K sib.), and of the plant
Bacopa amplexicaulis (Ba. amp.) were analyzed separately in a 30- to
39-dimension vector space. Total and cumulative variances of factor 1
and 2 for reactivities of IgM of newborns and adults are shown.

the human may reflect, in part, reactivity with allotypic
determinants. There are only a few examples of autoantibodies
detected by reactivity with homologous antigens that were
shown to recognize allotypic determinants in addition to
self-determinants on target antigens (23). Homogeneity in
reactivity profiles between individuals was also seen when
mouse IgM reactivities with syngeneic tissue extracts were
tested. Some of the epitopes identified by IgM may have been
altered with respect to their conformation in the native
protein. The latter considerations do not invalidate compar-
ative analysis of reactivities of IgM from different sources.

Analysis of the reactivity of human cord blood IgM dem-
onstrated that neonatal IgM recognized a small number of
protein bands in human tissue extracts and that the pattern of
reactivity was almost identical among individuals with regard
to the bands recognized and the intensity of reactivity. The
conserved character of reactivities of human cord blood IgM
was established by low values of the calculated variance of
reactivities of neonates with self- and non-self-antigens as
compared with those of adults. Newborns included in the study
were unrelated and belonged to various ethnic backgrounds.
Reactivities of IgM of 8-day-old mice of different strains also
showed extensive similarity. The results provide direct evi-
dence that the plasma cell repertoire of newborns is restricted
to reactivities toward a small set of self-antigens that is highly
conserved between individuals.

Analysis of serum IgM of healthy adult donors also dem-
onstrated restricted patterns of reactivity with self-antigens
and conservation of these patterns among individuals. The
reactivity profiles of adult IgM showed extensive similarity
with those of newborn IgM in the case of kidney, muscle, and
liver antigens for which PCA did not discriminate between
newborn and adult repertoires. Inter-individual differences in
reactivity of IgM of adult donors that were observed with liver
antigens may relate to high allotypic polymorphism of proteins
in this organ, even though we have restricted our analysis to
male donors to avoid the complexity of the analysis of allo-
immunized women. The self-reactive IgM repertoire of healthy
men was distinct from that of newborns with regard to
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reactivity with stomach and thymus antigens as assessed by
PCA. Even in this case, more than half of the bands reactive
with adult IgM in these two tissues were the same as those
recognized by IgM of neonates.

Despite inter-individual differences in the intensity of re-
activity with specific protein bands, the self-reactive repertoire
of adult IgM appeared to be conserved. These results further
extend our previous findings of a marked homogeneity among
mice (16). Thus, the testing of mAbs and of supernatants of
limiting-dilution cultures of B cells stimulated by a polyclonal
mitogen has demonstrated the high discriminatory power of
this method. Moreover, every mixture of up to 100,000 mito-
gen-activated B-cell clones is unique and readily distinguished
from all others by a single gel (A.N., unpublished data; ref. 15).
Conservation of serum reactivity patterns, therefore, reflects
invariance in the repertoires of natural antibodies. Our obser-
vations strengthen the concept of a highly restricted and
conserved naturally expressed self-reactive adult IgM antibody
repertoire. The putative role of a limited set of target autoan-
tigens in the establishment and maintenance of tolerance to
self remains to be established (24).

Reactivity of cord blood IgM was restricted to ten bands in
extracts from P. aeruginosa, four to five bands in B. macquar-
iensis and K sibirica extracts, and only one band in the case of
Bacopa amplexicaulis. The same protein bands were recog-
nized in a given tissue extract by IgM of all the neonates tested.
Fewer bands were recognized in extracts of bacteria that are
phylogenetically distant from commensal bacteria than in
extracts of P. aeruginosa. The bands may represent proteins
that are antigenically crossreactive with self-proteins. The
paucity of reactivities of cord blood IgM with non-self-antigens
strengthens the concept that the neonatal antibody repertoire
is primarily self-reactive. In contrast to the patterns observed
with cord blood IgM, a large number of reactivities were
observed upon immunoblotting of serum IgM of adults with
the extract of P. aeruginosa. Reactivity patterns with P. aerugi-
nosa differed between individuals, contrasting with the homo-
geneous patterns of reactivity of adult IgM with self-antigens.
Fewer bands of reactivity were observed, with proteins in
extracts of B. macquariensis and K sibirica displaying notice-
able inter-individual heterogeneity among densitometric pat-
terns. These observations are consistent with low selective
pressure in the development of the adult antibody repertoire
against foreign antigens.
The conserved character of the reactivities of cord blood

IgM and their restriction to a limited set of self-antigens
strongly suggest that the expressed neonatal B-cell repertoire
is selected for recognition of self through V-region-dependent
processes during fetal development (9-12). Alternatively, it
could be argued that germline repertoires have been evolu-
tionarily selected for reactivity toward a limited set of self-
antigens. Preferential rearrangement and expression of a
limited number of diversity (D)-region-proximal VH genes
have been demonstrated in the embryonic and perinatal
murine repertoires (1-3), as well as a low frequency of terminal
deoxynucleotidyltransferase-dependent N-sequence addition
(25). Preferential D-region proximal VH gene usage remains
controversial, however, in studies of human fetal B-cell rep-
ertoires (11, 26-29). It has been demonstrated that immuno-
globulin-dependent processes are required for the differenti-
ation of precursor to mature B cells (30-32), and positive
selection of B cells expressing a particular VH gene has been
shown in embryonic and perinatal life (5). Selection is more
likely in the repertoire of serum IgM, since its production
requires B-cell activation to plasma cells rather than simple
survival. It is likely that the characteristics of the neonatal
repertoires described here-i.e., marked restriction and invari-
ance-result from the combination of evolutionarily selected

genetic mechanisms favoring expression of a biased V-gene
repertoire and further selection dependent on self-ligands.
That individuals of a given species share a restricted set of

self-antigens as targets for a primordial B-cell repertoire is
consistent with an "immunological homunculus" that would
distortedly represent self and be instrumental in the establish-
ment of tolerance to self (16, 33). Tolerance to self would be
achieved through recognition of and positive selection by a
conserved set of critical self-antigens by the immune system.
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