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Antibody Repertoire Development in Fetal and Neonatal
Piglets. Il. Characterization of Heavy Chain
Complementarity-Determining Region 3 Diversity in the
Developing Fetus

J. E. Butler,®* P. Weber,* M. Sinkora,* J. Sun,* S. J. Ford,” and R. K. Christenson*

Since the actual combinatorial diversity in the \j, repertoire in fetal piglets represents<1% of the potential in mice and humans,

we wondered whether 1) complementarity-determining region 3 (CDR3) diversity was also restricted; 2) CDR3 diversity changed
with fetal age; and 3) to what extent CDR3 contributed to the preimmune VDJ repertoire. CDR3 spectratyping and sequence
analyses of 213 CDR3s recovered from»>30 fetal animals of different ages showed that>95% of VDJ diversity resulted from
junctional diversity. Unlike sheep and cattle, somatic hypermutation does not contribute to the repertoire. These studies also
revealed that 1) N region additions are as extensive in VDJ rearrangements recovered at 30 days as those in late term fetuses,
suggesting that TdT is fully active at the onset of VDJ rearrangement; 2) nearly 90% of all rearrangement are in-frame until late
gestation; 3) the oligoclonal CDR3 spectratype of 30-day fetal liver becomes polyclonal by 50 days, while this change occurs much
later in spleen; 4) there is little evidence of individual variation in CDR3 spectratype or differences in spectratype among lymphoid
tissues with the exception of the thymus; and 4) there is a tendency for usage of the most proximal D,, segment (Q;B) to
decrease in older fetuses and for the longer p segment to be trimmed to the same length as the shorter pwhen used in CDR3.
These findings suggest that in the fetal piglet, highly restricted combinatorial diversity and the lack of somatic mutation are
compensated by early onset of TdT activity and other mechanisms that contribute to CDRS3 junctional diversity. The Journal of
Immunology, 2000, 165: 6999-7010.

occurs in the fetal liver of most mammals (1) and in the observed. In any case, these processes give rise to the so-calle

avian yolk sac (2). The repertoire of these B cells becomegpreimmune, intrinsic or natural Ab repertoire. This repertoire con-
further diversified after trafficking to lymphoid tissues such as thetains highly cross-reactive, low affinity autoantibodies often en-
bursa of Fabricius in chickens (3), the rabbit appendix (4), the ileatoded by 3'proximal V,; genes (15, 16). The exact size of this
Peyers patches in sheep (5), and other secondary lymphoid orgarepertoire is unknown, and, as cited above, the exact source of itsé
such as the spleen and lymph nodes in humans and mice. Divediversity may vary among species. After birth and/or in response >
sification of the primary VDJ rearrangements at these secondaryp environmental Ag, this preimmune repertoire is further diver- 9
sites can result from untemplated mutation as in sheep, cattlesified by Ag selection in secondary lymphoid tissues as part of the =
mice, and humans (6—8), both gene conversion and untemplateatiaptive immune response.
mutation in rabbits and cattle (9—-11), or entirely by gene conver- The V,, repertoire of swine is encoded kBy20 V,, genes (17),
sion as in the chicken bursa (12, 13). Before birth, this diversifi-a single J, (18), and almost exclusively by two,Psegments (19—
cation proceeds independently of environmental Ag in chicken21). VDJ rearrangements are first recovered from the liver of 30-
and sheep (8, 14). In mice, humans, and rabbits Ag-independentay-old fetuses, and in the remaining 84 days of gestation the
monotonous usage)A, VB, V,C, and \/,E (the fetal \{, genes)
and two D, segments account for approximately 80% of the pre
immune VDJ repertoire in all major lymphoid tissues (20). [{//
*Department of Microbiology and lowa Interdisciplinary Immunology Program, Uni- usage is included (Table 1);90% of total \j; usage can be ac

versity of lowa, lowa City, IA 52242 Department of Animal Science, lowa State counted for by just five Y, genes. Since there is virtually no-so
University, Ames, IA 52242; andU.S. Department of Agriculture, Agricultural Re

search Service, Roman L. Hruska U.S. Meat Animal Research Center, Clay CentefNatic mutation in fetal life (Ref. 19 and this report), the combi-

NE 68933 natorial heavy chain preimmune repertoire of the piglet is derived
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charges. This article must therefore be hereby maddertisemenin accordance i ; ; ; ; i i

with 18 U.S.C. Section 1734 solely to indicate this fact, tially used, the combinatorial r_epertowe of swine is con_servatlvely
<1% of that in humans and mice (22). While fetal rabbits also use
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R ) , ) a small number of }, genes and a single, V(V,,1) >80% of the
Mention of trade names is necessary to report factually on available data; however

the U.S. Department of Agriculture neither guarantees nor warrants the standard dime, these are combinatorially joined with eighf, @nd two
the product, and the use of the name by the U.S. Department of Agriculture impliegegments (23‘ 24)_ Since fetal and newborn piglets appear capable

no approval of the product to the exclusion of others that may also be suitable. of producing Abs to a broad range of Ags (25 26) it raises the

3 Address correspondence and reprint requests to Dr. J. E. Butler, Department . f . ' '

Microbiology and lowa Interdisciplinary Immunology Program, University of lowa, (ﬁuestlon as to how so few VDJ recombl_natlons are ?ble to encode
lowa City, IA 52242. E-mail address: Jebutler@blue.weeg.uiowa.edu such an apparently broad Ab repertoire. Theoretically, such a

P rimary Ab repertoire development (VDJ rearrangement)diversification at least by untemplated (point) mutation is seldom
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Table I. Characteristics of CDR3s in clonal VDJs as a function of fetal age

Dy, Reading (%}

Proportion of Proportion of Frame Usage Vy Usage (%) Dy, Lengtt?
Fetal Age No. of Duplicate In-Frame

(days) Clones Clones (%) Clones (%) RF1 RF2 RF3 VA VB VvV,C VvyD V4E V. F Chimeras Other RA D.B
30¢° 74 35 88 9 38 53 13 29 10 2 13 2 25 7 21277 17.5+ 6.3
ilog 43 19 94 0 50 50 26 26 20 11 3 0 14 0 14:3.6 21.2+ 6.5
60 20 20 85 5 74 21 6 25 25 0 0 13 31 0 2323 241+ 2.5
70 21 0 91 5 57 38 43 19 5 0 5 19 10 0 26:13.2 21.7+ 4.6
90 20 0 85 20 40 40 45 20 10 0 10 14 0 0 2255 21.7+ 4.6
110 35 0 74 21 44 35 26 34 17 0 6 3 14 0 234 19.4+ 35
GF piglets 42 0 64 18 47 35 14 50 11 0 16 7 ND 2 2136.0 19.7+-5.8

(6 wk)

2 All RF1 rearrangements are nonproductive due to stop codong,Adnd D,B.
b ength differences are not statistically significant by Studeintést.
¢ Data from fetal liver; all other data are from spleen.

highly restricted combinatorial diversity could be offset by 1) vari- a *2P-labeled pan-)\{ probe to confirm that each clone contains a VDJ
able light chain diversity, 2) junctional diversity in complementa- insert and with gene-specific oligonucleotide probes to determingevie
rity-determining region 3 (CDR3‘),3) gene conversion of the fetal usage (20). In animals older than 50 days DNA was prepared from whole

. . . w)]
. : . tissues, whereas in younger fetuses leukocytes were first prepared as preg
Vi, genes, 4) somatic hypermutations as in the sheepov'5) a viously described (30), since cells containing rearranged VDJ are rare at 30 2

combination of these mechanisms. CDR3 has been shown to plajays (M. Sinkora et al., unpublished observations).
a major role in the specificity of the Ab binding site (27), and ) ) )
experiments by Xu and Davis (28) have shown that a mouse witfF€N9th analysis (spectrotypic analysis) of CDR3

a single \{, transgene can make responses to all Ags provided fullrhe CDR3 segments of the uncloned PCR products described above were
CDR3 diversity is still possible. Thus, we have chosen to initially amplified using a FR3-A primer (gtttctitgagaaccgaagacacggc) aridra
address the second theoretical possibility by examinir2p0 labeled anti-] primer (tgaggacacgacgacttcaa). Use of the FR3pAimer

. . yields PCR products of uniform length 1890% of the amplicons (31, 32),
CDR3 sequences recovered from fetal piglets ranging from 30'fhus reducing shadow band formation during spectratyping. The products

110 days of age. In addition, VDJs from various lymphoid tissueswere separated on 6% polyacrylamide sequencing gels, the gels were dried
were analyzed for their CDR3 spectratype (length). Based on Nand then scanned using a Hewlett-Packard Instant Imager (Palo Alto, CA), =,
region addition, our finding suggest that TdT is active from theand the results were displayed directly (see Figs. 1, 2A, and 5). To confirm 3

. ) that the CDR3 spectratypes obtained were not artifacts of PCR, the CDR3
0

time c_;f first VDJ rearrangement, and thaQO@ of the SEQUeNCES o quct of an initial porcine CDR3 amplification was repeatedly amplified.

contain no somatic mutations. While fetal piglets tend to first userhis procedure resulted in no PCR-dependent changes in CDR3 spectra-

the shortest of two B segment, the longer [psegment is more type (Fig. 1A). We conclude that the CDR3 spectratypes seen on sequenc:g
extensively trimmed so the segment length of bothsegments in  ing gels (Figs. 1, 2, and 5) are an accurate reflection of cell numbers and o
CDR3 is the same. Spectratypic and sequence analyses failed ff distribution of CDR3s lengths in vivb.
show any significant increase in the length of CDR3 duringQuantitative spectratypic analysis
fetal life.

:dny wiouy pepeo|u
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The distribution and relative concentration of CDR3 lengths were quanti-
fied by scanning (Fig. 2B) using the Hewlett-Packard Electronic Autora-

Materials and Methods diography Program (Packard Imager version 2.05 for Windows 95).

Source of animal tissues and DNA

. ) ] Sequence analysis of CDR3
White crossbred (WC) gilts (one-quarter Yorkshire, one-quarter Chester

White, one-quarter Large White, one-quarter Landrace) from the Roman LThe CDR3 region of 213 randomly selected VDJ clones from the fetal liver
Hruska U.S. Meat Animals Research Center and Yorkshire and Meighan Fof 30- and 40-day-old fetuses and the spleen of 60-, 70-, 90-, and 110-
crosses from lowa State University were used in the study. Animals werglay-old (essentially newborn) fetuses were sequenced using previously de-
hand-mated and scheduled for slaughter and collection of 23-, 26-,28-, 30scribed methods (19). CDR3 sequences were compared as previously de-
40-, 50-, 60-, 70-, 90-, and 110-day fetuses. Gestation in swine is 114 dayscribed (21) in terms of total length, P and N nucleotide additions both 5
All gilts were healthy and normal at slaughter, and fetuses were immediand 3'of D, Dy, usage, [ length, and [} reading frame usage (Fig.ad

ately removed from the gravid uterus. Fetal liver was collected from 23-,Table I). Data were compared with those obtained from 42 sequences from
26-, 28-, 30-, and 40-day-old fetuses. Spleen samples and a variety &Wwk-old germfree piglets (Table I).

lymphoid tissues were collected from 40-day-old and older fetuses. We

also include in our study a noninductive site of the mucosal immune systenResults

(parotid gland) that depends on B cell immigration (29) andacontroversiatrh reimmun DR3 r rtoire expands from an oli lonal
B cell tissue, the thymus. The results summarize data>f8@ fetuses of € pre une CDRS repertoire expands from an oligoclona

different ages. to a polyclonal profile first in fetal liver

I . Spectratypic analysis revealed a oligoclonal repertoire in the 30-
Amplification and cloning of VDJs and CDRS3 day-old fetal liver with prominent CDR3 lengths of 42—45 bp in
Since all swine Y, genes are members of a single, highly homologous most animals (Fig. 1B), but also with prominent 3639 lengths in

family (17) and have a singlg,J18), VDJ rearrangement can be amplified ; ; ;
from DNA or cDNA using an FR1 primer (recognizing a sequence share ome animals (Figs. 18nd 2). The oligoclonal spectratype of the

by all swine \{, genes) and an antjzJrimer. The approximately 500-bp 30-day-old liver was a common feature of all but one of nine
product was then cloned into pBluescript and grown in XL-1 Blue cells, 30-day-old fetal livers examined (Fig. 1B; animal 1 excepted).

and individual recombinant clones were selected and transferred to a maghese spectratypic results are consistent with the mean CDR3
ter filter as described previously (19, 20). These were then hybridized with

2202 'S Yose|A uo 1senb A

% Since a single band seen on a sequencing gel, e.g., 51 bp Bjignay represent
4 Abbreviations used in this paper: CDR3, complementarity-determining region 3;many different clones of equal CDR3’, the term oligoclonal is used here in the ver-
RF1, reading frame 1; MLN, mesenteric lymph node; IPP, ileal Peyer's patches. nacular to denote only length distribution.
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A B
Sequential PCR Amplifications Length Individual 30-day fetal livers
E 5 Marker 1 2 3 4 5 6 7 8 9 C
£ 5 1 2 3 a4 s
6 b 66 bp
FIGURE 1. Fidelity and animal vari- P- ° e
ation in spectratypingd, Using five suc- 57bp #
cessive rounds (lanes 1-5) of PCR start- SThp |4 P “ b -
ing with the same original template, the = ; . i
spectratype generated remains constant. bp | - = : 48bp W - g - e oy e
B, The CDR3 spectratype of VDJs from | - - el -
30-day-old fetal liver in nine outbred fe- 39 bp | s | & & i P 9bp M & - -
tuses. Marker polynucleotides of the in- - = . _, : ® & - 5
dicated length show that most major 39 pp | o -4 30bp ¥
polynucleotide bands represent produc- : 4 ' :
tive rearrangements. - e 8 &
TR O

length determined by sequence analysis (Figs. 3 and 4B). How4D). P nucleotide additions were seldom seen either 8’ of D,.
ever, CDR3s as long as 66 nucleotides and as short as 12 were al¢ée found no evidence for D-D rearrangements, for mipi-&
present at 30 days (Figs. H®d 2). The polynucleotide spectrum quences, or that short homology segments had been inserted. Ther&
had the appearance of a repertoire selected for the proliferation afias no increase in the frequency of point mutation with age, and =
B cells carrying a single in-frame rearrangement (only every thirdoverall, >90% of all CDR3s were nonmutated (FigA}%
polynucleotide is present; FigsBland 2A). This contrasts with a D,,B is the most J-proximal D, segment in swine (J. Sun et al.,
totally nonselected repertoire (see thymus; Fig. 5) or the spectrainpublished observations) (18). In germline configurationB s
type from the spleen of older fetuses, e.g., 110 days, in whictcomprised of 28 nucleotides, whereagMis comprised of 36
out-of-frame rearrangements are routinely observed (Y. Bhis nucleotides. In 30-day-old fetal liver, nearly two-thirds of the B
observation is further described below. Evidence that the promicells randomly sampled used,B, but its proportional usage de
nent CDR3 lengths comprising the oligoclonal spectratype in thecreased with fetal age (Fig. 4C). Although usage of the shorter D
day 30 fetal liver (Figs. 1Bind 2B) represent expansion of certain decreased gradually during fetal development, there was no age-é
clones was also consistent with data on the random recovery alependent change in the length of CDR3 (Fig. 3). This constancy &
duplicate clones (Table I). The random recovery of duplicatein length appeared to result from greater trimming of the longer
clones before 70 days indicated that the B cell compartment i®_ A, such that the actual lengths of B and DB used in CDR3
small early in development. were not significantly different (Table 1). Usage of reading frame
At 40 days the spectratype in fetal liver remained oligoclonal,1 (RF1) increased in late term fetuses and was also seen in 6-wk-
but with as many as seven prominent lengths, including one obld germfree piglets (Table 1), although RF1 is nonproductive in
only 12 bp (Fig. 2B). However, at 50 days the fetal liver was both D, segments due to a stop codon.
polyclonal and would have appeared nearly Gaussian in profile
were it not for the short 12-bp CDR3, which was also prominentThe proportion of in-frame rearrangemefitdecreased in late
in spleen from 50- to 60-day-old animals (FigB)2as well in the ~ gestation
parotid gland of older animals (FigBj. VDJ clones recovered from 30- to 70-day-old fetuses were nearly
The spleen in 40-day-old fetuses is poorly developed to the exg0o, in-frame compared with 65% in newborn germfree piglets
tent that it is difficult to recover in all fetuses. Although the spleenand 749% in 110-day-old fetuses (Table 1). The latter values strad-
is morphologically well developed by day 50, lymphocyte cellu- gle the expected value of approximately 71% if VDJ rearrange-
larity is low (30), and the CDR3 spectratype of rearranged VDJsment and cell survival are merely random. This age-associated
from 50- to 70-day-old fetal spleen remains oligoclonal in contrastincrease in nonproductive rearrangement was also apparent from
to fetal liver, which is polyclonal by 50 days. Not until 90 days spectratypic analyses (FigAR The heavy bands spaced at three-
does the splenic CDR3 profile appear polyclonal and Gaussiamycleotide intervals in Figs. 1, 2, and 5 are the in-frame sequences
Coincident with the appearance of a polyclonal profile in olderas determined by comparison with the CDR3 length standards pro-
fetuses, the short 12-bp CDR3 is no longer prominent in any majoyided. Spectratypes showing out-of-frame rearrangements are es-
lymphoid tissue tested, but can still be seen in the parotid glangecially prominent in 110-day-old fetal spleen (Figa.ghd 5A) in
(Figs. 2 and 5B). the mesenteric lymph nodes (MLN) of some animals (FA). &nd
in the 90- and 110-day-old parotid gland (Fig. 5B). Surprisingly,
the bone marrow, which is regarded as a primarily B cell tissue in
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N region additions were similar in number during fetal
development, and point mutations were rare

The analysis of the CDR3 sequences presented in Fig. 3 is graph-

icall ized in Fig. 4. R Its indicate that N . dd'-eln some literature, the terms in-frame rearrangement and productive rearrangement
ICally summarized in Fig. 4. Results Iindicate tha region addi-,re ysed synonymously. Since RF1 in swine contains stop codons in héttaimd

tions were of the same magnitude at 30 days as at 110 days (Fi@.B, use of the term in-frame rearrangement is more accurate.
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mammals and where unselected pre-B cells should be found/, usage favors VHA and VHB
shows few out-of-frame rearrangements (Fig) 55canning spec- Although the focus of the current study was on the diversity of

tratypes generated on gels allowed to run longer allowed us Petal CDRS3, sequence and hybridization analyses of VDJs were ‘=:

estimate that about 40% of all B cells in tissues from older fetuse%onsistent with our earlier report in showing thgA/and V,,B are
H H
carried such rearrangements (data not shoWwhnyis, both spectra- the predominant ) genes used during fetal life by piglets and

typic and sequence analysis show that B cells with nonproductiv%enerally account for about 50% of all Misage (20) (Table 1)
rearrangements are rare before 70 days of fetal life (Fig.ghdB). V..D was rarel d and H i lated ) b
" y encountered and, as we earlier speculated, may

CDR3 diversity was h|gh|y conserved among diverse |ymph0|d an allelic variant of \AC (20) We also recovered chimeric VDJS,
tissues and among individuals but with higher frequently in early fetal life when the B cell com-

Figs. 1Band 2 show that the earliest VDJ rearrangements (30- t(s)alrltment was small (:]-.ab!e l)'. Evidence S’Lthi sr;_alllqsfize of the Bf %’
40-day-old fetal liver) have CDR3s as diverse in length as oIderCe (_:ompartment atthis ime Is supported by the high frequency of 5
fetuses, but decidedly more oligoclonal. Clones bearing prominen?u'ohcate clones that were recovered (Table 1).
CDR3 lengths of 36—45 bp in the youngest fetuses persisted

throughout fetal development (FigB% When the CDRS3 spectra- . .
type of VDJs from diverse lymphoid tissues of 90- and 110-day-D|SCU_SS'Qn ) )

old fetuses were compared, the same broad spectrum of CDRBN€ epitheliochorial placenta of the pig prevents the transfer of any
lengths was seen in all samples tested, including even the parotmaternal proteins into the fetal circulation, unlike the situation in
gland, but excluding the thymus (Fig. 5). In typical secondary |ym_r0dents and primates (33). Therefore, developmental changes
phoid tissues of 110-day-old animals, nonproductive rearrangell the immune system observed during fetal life must be encoded
ments were universally present. While the spectratype of CDR3 i the genome of the developing fetus and cannot be a consequence
the bone marrow, spleen, IPP, and MLNs of 110-day-old fetuse®f environmental Ags or maternal regulatory factors that can cross
differs littte among four unrelated animals (FigAthe parotid  the placenta as observed in rodents and primates. Based on this
gland of unrelated individuals exhibited animal differences (Fig.pPremise, we have embarked on a series of studies of fetal B cell
5B). As indicated above, the frequency of nonproductive rearfepertoire development in piglets. Previously we reported that fetal
rangements was also quite conspicuous in the parotid glands froiglets display a rather monotonous pattern of variable heavy chain
90- and 110-day-old fetuses, but not in the parotid glands of thregene segment usage throughout 84 days of fetal life in all major
6-wk-old animals (Fig. 5). Also prominent in the fetal parotid was tissues (20). Specifically, four or five,\Vgenes account for about

the 12-bp CDRS. 90% of V,, usage, and only A and DB are used. Since swine
have only a single,J (18), combinatorial diversity provides only
8-10 possibilities. This pattern of, region segment usage does
not fit the paradigm of diversity generated through combinatorial
The spectratype of CDR3 in the fetal porcine thymus was the onlyusage of many V region segments as described in immunology
one resembling the pattern expected if VDJ rearrangement waextbooks. Either the repertoire in piglets is highly restricted, or
random and no selective proliferation of B cells with productive diversity is dependent on other mechanisms. Here we have inves-
rearrangements had occurred. This pattern also persisted intiated 1) the extent to which CDR3 diversity in the heavy chain
adulthood (Fig. 5A). variable region accounts for repertoire diversity in this species, 2)

1 maay/:dny wody papeojumod
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The CDR3 spectratype from thymus indicated the absence of
selection for in-frame rearrangements
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FIGURE 4. Characteristics of CDR3 during fetal development in piglets. Data obtained by analysis of the sequences presented Ay Flge 3.
frequency of somatic point mutation in CDR3 in randomly cloned VDJs from fetal piglets of variousBgele distribution of CDR3 lengths during
development in piglets. Sequences for 30 and 40 days were obtained from liver. All other sequences were recovered from spleen. Results are pregent
as the percentage of total usage according to the length of CDR3 ranked into the categories showregistidne mean CDRS3 lengths and their standard E

deviation (depicted as) are given to theight of the histogram in correspondence with the age of the f@u3he proportional usage of,[B and D,A
in VDJ sequences recovered from fetal piglets of various dgeghe distribution of N region additions in CDR3 during development. Data are presented
as the meant SD for N region additions ranked into the categories indicated ox-dves. The mean and SD for each age is given orritie.
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whether diversity in the preimmune CDR3 repertoire changes durin adult vs fetal mice and humans has been ascribed to the absenc
ing development, and 3) whether CDRS3 diversity or its spectratyper limited use of N region additions during fetal life (36—-39) and
differs among lymphoid tissues. the use of shorter Por J, segments in fetal life (39, 40). In the
Fig. 2 shows that the CDR3 spectratype is oligoclonal in thefetal pig N region additions are the same length at 30 days as they
30-day-old fetal liver. This was true in nearly all animals testedare at 110 days (Fig. 4D). In fact, the mean CDR3 length at 30 days
(Fig. 1B; animal 1 excepted) and is not particularly surprising,(Fig. 4B) is only one codon shorter than reported for adult humans
since the fetal liver at 30 days is the first site at which VDJ rear-(40) and is the same length as we have observed in both colonized
rangement is detected (20). This oligoclonal pattern suggests thagolator piglets and adults (21). Consistent with studies in mice
the preimmune B cell compartment at 30 days is small, an obser:39) and humans (16, 36, 40), piglets also first use their shortest
vation supported by the high proportion of duplicate clones recovD,, segment ([2B; Fig. 4D). The preferential usage ofB in the
ered (Table ). earliest VDJ rearrangements is consistent with the usage of a
Noteworthy is that while the CDR3 spectratype in fetal liver is J-proximal D, segment as reported in rabbits (24), humans (37,
polyclonal by day 50, that of fetal spleen remains oligoclonal to at37, 41, 42), and mice (43, 44). The preferential use of RF1 in the
least day 70. While the oligoclonality of early fetal liver may sim- VDJ of fetal mice (44) and of RF3 in newborn rabbits (23) was not
ply be a consequence of the size of the B cell compartment, thebserved in swine. However, we previously reported that RF1 of
oligoclonal pattern in spleen may result from selection by someboth D A and DB contains a stop codon (19), so all arrangements
intrinsic ligand. We believe that this is likely, since after 50 daysusing RF1 are nonproductive (Table I). The reason why we ob-
there is a marked expansion of the B cell (34) and peripheral T celserved greater RF1 usage in late term and GF piglets than in very
(29) compartments so that a polyclonal splenic spectratype wouléarly gestation fetuses is unexplained. While a higher usage of RF1
be expected if immigration and proliferation had been random. could lead to a higher proportion of nonproductive rearrangements,
While short CDR3s are the hallmark of early pre-B cells in it does not explain the lower proportion of in-frame rearrange-
humans (35, 36), we found no evidence that short CDR3s werenents observed at this time. Since it has been shown by some (45),
predominant in early fetal life and progressively increased inbut not all (40), that TdT expression abrogates RF bias, our finding
length during development (Fig. 4). The increased length of CDR3f random/nearly equal usage of RF2 and RF3 in fetal piglets

[440/Anc]
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(Table 1) may not be surprising. Our failure to observe changes iring the 12-bp CDR3 found in VDJs from this organ even in late 1,
CDR3 length or N region additions compared with mice and hu-term fetuses. In fact, VDJs are difficult to recover from the parotid @

man is consistent with the view that TdT in fetal piglets is fully before day 90 and are highly oligoclonal (data not shown).

active at the earliest time at which VDJ rearrangement occurs dur- |t has been shown in studies of mice and humans, that CDR3

ing embryological development. length is regulated during rearrangement or by selection during
Although we found no progressive age-dependent change fromjevelopment (40). This is also true in swine, in that 1) CDR3

short to longer CDR3 during development, we did find a 12-bpjengths of 36—45 bp dominate the 30-day spectratype (Eiy.2)

CDR3 that occurred in fetal liver, fetal spleen, and fetal parotid Bihe mean CDR3 length does not change during 84 days of fetal

cells, but was absent or no longer prominent in the CDR3 reperdevelopment (Fig. 4B): and 3) the longer porcingDis trimmed

toire of lymphoid tissues/organs of older fetuses. It is possible tha&uring usage in CDR3 to the same length as the shortes D
such very short CDR3s characterize early B cell Iymphogenesis(Table )

t.’Ut dlsappear from the spectratype due t9 I_ack of positive selec: Although swine are also artiodactyls, the extremely long CDR3s
tion. Consistent with idea, we recovered triplicate clones from 40-

day-old fetal liver that had QA truncated to four nucleotides reported for cattle (46, 47) are not seen in the preimmune reper-

(clone 3: Fig. 3). VDJs with highly truncated egments are very t0|r_e of the piglet. Another phqugenetlc c_ilscontlnuny is our fall_ure
often recovered from fetal thymus (J. Sun and M. Sinkora, unpubIo find that somatic point mutation contributes to repertoire diver-

lished observations). If the unselected CDR3 profile of thymusSity in the fetal piglets (Fig. A), although this has been reported to
(Fig. 5A) reflects B cell lymphogenesis in this organ (see below)P€ @ major Ag-independent mechanism in thehains of other

the occurrence of such short CDR3s may reflect unselected B celfiodactyles, such as sheep and cattle (6, 8, 11). Apart from the
that should be rare among B cells in older fetuses. Since it iddea thatx-chain diversification may be regulated differently from

generally believed that the parotid depends on immigration of Bheavy chain diversity, it seems increasingly clear that phylogeny is
cells from especially secondary mucosal lymphoid tissues, e.gnot a reliable indicator of the pattern or mechanism of repertoire
Peyers patches, early immigrants may be unselected, thus explaidevelopment among mammals (48).
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The fact that maternal regulatory factors are unable to cross thderived from thymocytes that have rearranged their heavy chain Ig
swine placenta probably does not explain the different features afegments and carry them in a nonfunctional state; or 3) the thymus
CDRa3 in fetal piglets vs those in mice and humans. For exampleis a true site of B cell lymphogenesis, and our studies have cap-
it seems unlikely that suppression of TdT activity in fetal mice andtured pro-B cells before selection and/or migration to other sites
in early gestation human fetuses is due to maternal factors, alwhere selection occurs. lg, specifically Ig DJ rearrangements, have
though we could not identify studies that directly tested this hy-been reported in human thymocytes (59, 60). To rule out the sec-
pothesis. The apparent early intrinsic onset of TdT activity in fetalond possibility in swine, we bulk-sorted thymocytes from a late
piglets may have evolved as a compensatory mechanism in a spgerm fetus and T cells from spleen. We could not identify any
cies with limited combinatorial diversity. On the other hand, re- developing peripheral T cells containing VDJ rearrangements
ported differences in CDR3s between fetal and adult mice or hu{data not shown). Therefore, we conclude that the VDJ rearrange-
mans is quite likely another matter, and some differences may beents in the thymus of fetal piglets are indeed associated with the
the result of extrinsic factors acting on the fetal immune systemB cell lineage, consistent with the recent report by Akashi et al.
since these cannot or have not been controlled in rodent and prthat B cell lymphogenesis occurs in the mouse thymus (61).
mate studies. In the piglet we have already shown that there are no Gene conversion is an attractive mechanism for increasing VDJ
differences in V, usage, [, usage, or the characteristics of CDR3 diversity in species that use few \genes. However, experimental
in piglets reared germfree for 6 wk in an isolator (21). On the otherevidence to support this idea, beyond data obtained by PCR-inde-
hand, both colonized isolator piglets and adults ugg Bbwo or pendent studies in chickens and rabbits, is ambiguous. This is es-
three times more frequently than,B, suggesting that pronounced pecially true since we show elsewhere that when homologous tem-
D, A usage is a marker for diversification of the VDJ repertoire in plates are amplified in the same PCR, a surprisingly high
swine as is increased CDR3 length due to N region additiéia$ 3 proportion of the resultant VDJs are in vitro chimeras resulting
D, (21). In fetal piglets we observed a trend to greatgAlisage  entirely from PCR (62).
during development, but unlike colonized or conventional animals, Based on the recovery 6200 unique CDR3 sequences asso-
no increase in N region additions was seen (FiD).£Other dif-  ciated with only five nonmutated,Ygenes, junctional diversity in
ferences between fetal and adult mice may be intrinsic. For examEDR3 accounts for-95% of repertoire diversity during fetal life
ple, the decline in }{ 81X usage (a R-proximal V,, gene) in adult  in piglets. This diversity is associated with no change in length and
mice occurs before surface Ig is expressed on pre-B cells (49)with only a gradual change injpusage. Since no maternal factors
Interestingly, this decline parallels a decrease in the ratio of proeross the swine placenta, the subtle changes we did observe i
ductive/nonproductive rearrangements (50). This decline is exactliZDR3, such as the gradual shift from,B to D,,A usage and the
what we observed in fetal piglets (Table I), whereas Tunyaplin andlecline in the proportion of in-frame rearrangements in late ges-
Knight (51) observed the opposite effect in rabbits. In piglets, thistation, are intrinsic features of the developing preimmune reper-
decline is also paralleled by the tendency to shift from usage ofoire in this species. The CDR3 length distribution before 50 days
D,,B to D A. This decline in the frequency of in-frame rearrange- of fetal age is oligoclonal in fetal liver and is polyclonal in all
ments may suggest that 1) cells carrying both nonproductive antymphoid tissues of older fetuses as well as in the parotid. This
in-frame rearrangements are inhibited in proliferation; 2) rear-may explain the ability of fetal piglets to make Abs to a broad
rangement is nonstoichastic and differentially regulated during onspectrum of Ags during the second half of gestation (25, 26). Con-
togeny in fetal liver vs bone marrow; 3) rearrangements in thesidering the limited combinatorial diversity and lack of somatic
swine variable heavy chain locus in fetal liver may follow a patternmutation in fetal piglets, our results are consistent with the views
reminiscent of the TCR rearrangement, in which multiple at- of Davies et al. regarding both Ab (28) and T cell repertoires (63), o
tempts can be made on the same chromosome (52, 53); or 4)ia that junctional diversity in CDR3 is responsible for most VDJ =
mechanism may have evolved in swine that favors repair or rescudiversity and perhaps Ab specificity. Interestingly, in sharks, %
of an out-of-frame rearrangement before switching to the use ofvhere VDJ rearrangement does not occur and variable regions are=>
the second chromosome. In support of the second possibility, it iencoded by approximately 200 tandomly arrayed VDJs that are |,
interesting that usage of nonproductive RF1 increases as the praiready rearranged in the germline, Ab diversity in these elasmo- Q
portion of in-frame rearrangements decreases (Table ), suggestifganches is predominately encoded in CDR3 (64). Thus, a speciesN
more stringent control of early VDJ rearrangements. The third poswith very restricted combinatorial diversity and those lacking it
sibility is inconsistent with the known organization of the porcine altogether are still able to generate a diverse Ab repertoire using
V-Dy-Jy locus, because swine have only a singlg18) so that CDRS3 alone.
progressive rearrangement attempts in this locus, as described for
TCRa, would be impossible. Various permutations of the last pos-ACKnowledgments
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