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Absence of N addition facilitates B cell development,

but impairs immune responses
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Abstract The programmed, stepwise acquisition of immu-
nocompetence that marks the development of the fetal
immune response proceeds during a period when both T
cell receptor and immunoglobulin (Ig) repertoires exhibit
reduced junctional diversity due to physiologic terminal
deoxynucleotidyl transferase (TdT) insufficiency. To test the
effect of N addition on humoral responses, we transplanted
bone marrow from TdTdeficient (TdT ") and wild-type
(TdT™") BALB/c mice into recombination activation gene
1-deficient BALB/c hosts. Mice transplanted with TdT '~
cells exhibited diminished humoral responses to the T
independent antigens «-1-dextran and (2,4,6-trinitrophenyl)
hapten conjugated to AminoEthylCarboxymethyl-FICOLL,
to the T-dependent antigens NP,;gCGG and hen egg
lysozyme, and to Enterobacter cloacae, a commensal
bacteria that can become an opportunistic pathogen in
immature and immunocompromised hosts. An exception to
this pattern of reduction was the T-independent anti-
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phosphorylcholine response to Streptococcus pneumoniae,
which is normally dominated by the N-deficient T15
idiotype. Most of the humoral immune responses in the
recipients of TdT "~ bone marrow were impaired, yet
population of the blood with B and T cells occurred more
rapidly. To further test the effect of N-deficiency on B cell
and T cell population growth, transplanted TdT-sufficient
and -deficient BALB/c IgM® and congenic TdT-sufficient
CB17 IgM® bone marrow were placed in competition.
TdT ™ cells demonstrated an advantage in populating the
bone marrow, the spleen, and the peritoneal cavity. TdT
deficiency, which characterizes fetal lymphocytes, thus
appears to facilitate filling both central and peripheral
lymphoid compartments, but at the cost of altered responses
to a broad set of antigens.
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Abbreviations

AP Alkaline phosphatase

BCR B cell receptor

BM Bone marrow

BSA Bovine serum albumin

DEX «1—3 Dextran

FACS Fluorescence-activated cell sorting

HEL Hen egg lysozyme

Ig Immunoglobulin

NP,9-CGG Nitrophenylacetyl-chicken gamma
globulin

PC Phosphorylcholine

RAGI Recombination activation gene 1

TCR T cell receptor

TdT Terminal deoxynucleotidyl transferase

TNP-FICOLL (2,4,6-Trinitrophenyl) hapten conjugated
to AminoEthylCarboxymethyl-FICOLL

WT Wild type

Introduction

The ability to respond to specific antigens develops in a
sequential, stepwise fashion during ontogeny (Sherwin and
Rowlands 1974). The resultant delay in achieving adult
immunocompetence is a major contributor to the high risk
of morbidity and mortality from infection observed in pre-
term and term infants (Cooper 1987; Silverstein 1977;
Zinkernagel 2001). This developmental program underlies
many vaccination schedules and limits the use of vaccines
to protect the very young from a variety of infectious
organisms (Stein 1992).

A number of different mechanisms have been invoked to
explain the inefficiency of fetal responses to antigen. These
include, but are not limited to, immunologic naiveté (Bucy
et al. 1990), suboptimal cytokine cell signaling (Chalmers
et al. 1998; Cohen et al. 1999), the programmed appearance
of lymphocyte subpopulations (e.g., B-1 cells (Herzenberg
2000), splenic marginal zone B cells (Martin and Kearney
2000), and epithelial T cells (Aono et al. 2000; George and
Cooper 1990), and restrictions in the diversity of the T cell
and B cell antigen receptor repertoires [TCR and immuno-
globulin (Ig)] (Schelonka et al. 1998; Schroeder et al. 1998;
Schroeder et al. 2001; Yague et al. 1988; Zemlin et al.
2002). This last mechanism is of particular interest because
the ability of an individual lymphocyte to recognize and
respond to its cognate antigen is generally accepted to
reflect the recognition properties of its antigen receptor
(Nossal 2003; Rajewsky 1996; Tonegawa 1983).

TdT expression is carefully regulated during ontogeny
(Thai et al. 2002). In the mouse fetus, where TdT is not
expressed, Ig and TCR V domains contain few, if any, N
nucleotides (Feeney 1990; Feeney 1992). Because these
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restrictions in junctional diversity proceed in parallel with
fetal restrictions in immune competence, it has been
proposed that the paucity of N addition could be causally
related to the suboptimal immune responses that mark the
neonate. To test this hypothesis, gene targeting has been
used to produce mice that lack TdT (TdT ") (Gilfillan et al.
1993; Komori et al. 1993). While TdT "~ mice produce V
(D)J junctions with few or no N nucleotides, they have
been shown to mount antigen-specific humoral responses
(Gilfillan et al. 1995). However, it should be noted that up
to the time of birth lymphocyte development in TdT '~
mice should be entirely normal, since the absence of TdT at
this stage is physiologic (Nadel et al. 1995). Thus, TdT-
deficient mice would be predicted to contain a full
complement of TCRs and Igs normally generated by the
progeny of fetally derived B cells and T cells. Hence, TdT '~
mice should contain the same progeny of early B cell and T
cell progenitors that develop in TdT"" mice, including the
B-1 population that produces the majority of circulating
natural IgM (Benedict et al. 2000).

We have recently shown that the patterns of VDJ usage
in early pre-B cell progenitors from the bone marrow of
genetically TdT-deficient mice match that of wild-type TdT-
sufficient bone marrow and thus differ from those observed
in the B cell progenitors from physiologically TdT
insufficient perinatal liver. In contrast, the CDR-H3 reper-
toire expressed by mature bone marrow TdT-deficient B
cells is a close, although not identical, homologue of the
CDR-H3 repertoire expressed by IgM'IgD" B cells in the
TdT insufficient perinatal liver (Schelonka et al. 2010).

These observations suggested to us that transplantation
of bone marrow from wild-type TdTsufficient (TdT"")
or -deficient (TdT ") mice into congenic recombinase
activating gene 1 deficient (RAG1™") recipients would
enable us to test the role of N addition on humoral immune
responses in the absence of the physiologically N
nucleotide insufficient B cells that represent the progeny
of fetal stem cells. Furthermore, transplantation into an
adult RAG1-deficient host would ensure that the accessory
cells and immune system components would also be
ontogenetically matched.

We show here that although the TdT~ CD19" B cells
appeared to populate the bone marrow and peripheral
lymphoid tissues more rapidly than their TdT"* counter-
parts, the magnitude or kinetics of the responses to both T-
dependent and T-independent antigens was consistently
diminished when compared to TdT"* controls.

Methods

Mice TdT™" BALB/c mice, C.B17 mice congenic for the
C57BL/6 H chain locus (IgM®), and RAG1™~ BALB/cJ
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mice obtained from Jackson Laboratories (Bar Harbor,
ME) were used to establish breeding colonies in our
animal care facility. TdT~ mice (Gilfillan et al. 1993) on
a C57BL/6 background (the kind gift of Dr. Diane Mathis)
were backcrossed for eight to ten generations onto the
BALB/c background. All of these mice were maintained in
a specific pathogen-free barrier facility in Microisolator®
(Lab Products, Inc., Maywood, NJ) caging. All experi-
ments and animal procedures conformed to protocols
approved by the University of Alabama Institutional
Animal Care and Use Committee.

Host conditioning and transplantation of hematopoetic
precursor cells Except where indicated, 4- to 6-week-old
RAG1™ mice were individually irradiated with 10 cGy/g
with a '"*’Cs source (GammaCell, Toronto, Canada) 2 h
prior to transplantation. Single-cell suspensions of bone
marrow mononuclear cells were prepared from the marrow
of the femurs and tibias of TdT™" and TdT~ mice by
flushing with HBSS and passage through a 70-pm nylon
mesh. Cells were pooled and 107 mononuclear cells
injected into irradiated RAG1™~ mice via the tail vein.
These mice exhibited a 99% survival rate to completion of
experiments (>6 weeks). Prophylactic antibiotics were not
used during this engraftment phase.

For transplantation studies of comparative bone mar-
row development, 3 to 4 h after the irradiation, RAG1 "~
mice were reconstituted with a mixture containing 2x10°
TdT™ IgM® (C.B.17) bone marrow cells plus 2x10°
TdT " or TdT™* IgM* (BALB/c N10) bone marrow cells.
For the reconstitutions, BM was isolated from femora and
tibiae of age matched TdT"* C.B.17 and BALB/c TdT "~
or TdT** mice. RBC were lysed in ACK lysis buffer, the
cells were mixed in 1:1 ratio, and 300 pl of the mix
containing 4x 10° cells total was injected i.v. into the tail
vein of the irradiated recipients. The proportion of B cells
of each isotype was assessed by flow cytometry 4 weeks
post-reconstitution.

Flow cytometric analysis and cell counting One hundred
microliters of whole blood was diluted in 100 pl of 50 mM
EDTA. Half of the anticoagulated blood was used to obtain
an automated complete blood and differential cell count
(Hemavet 850, CDC Technologies, Oxford, CT). The
remaining blood was treated with RBC lysing solution
(1 mM KHCOs;, 0.15 M NH4CI, and 0.1 mM Na,EDTA),
washed with staining buffer (PBS with 2% FBS), and
resuspended in a master-mix of staining buffer containing
optimal concentrations of antibody reagents. Samples were
analyzed on a FACSCalibur (Becton-Dickinson, San Jose,
CA). Absolute cell counts for Tand B cell populations were
calculated by the total lymphocyte count, as determined by
the automated cell counter, multiplied by the percentages of

CD4", CD8", and CD19" cells from total gated lympho-
cytes as revealed by FACS analysis.

For FACS analysis of B cell development in the bone
marrow, single-cell suspensions of bone marrow from
both femurs of individual mice were extracted and
prepared as previously described (Hardy and Hayakawa
2001; Ivanov et al. 2005). For each analysis, 1x 10 cells
were stained and analyzed on a LSRII or FACSCalibur
(Becton-Dickinson, San Jose, CA).

The following sets of monoclonal antibodies were used:
For bone marrow fractions B-C, anti-CD19 APCCy?7, anti-
CD43 FITC, anti-IgM APC, and anti-BP-1 PE (BD
PharMingen, San Diego CA). For bone marrow fractions
D-E anti-CD19 SPRD (Southern Biotech, Birmingham,
AL) or anti-CD19 APCCy7, anti-CD43 FITC, anti-IgM
APC, anti-IgD PE, anti-IgM® RS3.1, Alexa-488, and anti-
IgM® MB86, Alexa-647 (BD PharMingen, San Diego CA).
For the spleen, anti-CD21 PE (the kind gift of Dr. J.E
Kearney), anti-CD23 FITC, anti-IgM* RS3.1, Alexa-488,
and anti-IgM" MB86, Alexa-647 (all from BD PharMingen,
San Diego CA). For the peritoneal cavity, anti-CD5 PE,
Macl FITC, anti-IgM® RS3.1, Alexa-488, anti-IlgM° MB86,
Alexa-647 (all from BD PharMingen, San Diego CA), and
CD19 SPRD (Southern Biotech, Birmingham, AL)

Serology To determine immunoglobulin levels in reconsti-
tuted mice, class-specific unlabeled and alkaline phospha-
tase (AP)-labeled antibodies were obtained from Southern
Biotechnology Associates (SBA, Birmingham, AL). Mice
were bled from the tail vein at weekly intervals prior to and
after reconstitution.

To determine antigen-specific antibody levels for primary
immunization, beginning 4 weeks following reconstitution,
cohorts of mice were immunized and sequentially bled from
the tail vein 7, 10, and 14 days later. All antigen challenges
were performed on N8 BALB/c TdT '~ mice. Heat-
inactivated Enterobacter cloacae (strain MK7) and Strepto-
coccus pneumoniae (strain R36A; the kind gift of Dr. J.E
Kearney) were injected i.v. (10° CFUs/dose) into the tail
vein. For the DEX response, mice were immunized i.v. with
100 pg of Dextran B-1355S in HBSS (the kind gift of Dr. J.
F. Kearney). For the NP;o-CGG response, mice were
immunized i.p. with 10 pg of NPo-CGG (Biosearch
Technologies, San Francisco, CA) precipitated in potassium
aluminum sulfate (alum) in saline. (2,4,6-Trinitrophenyl)
hapten conjugated to AminoEthylCarboxymethyl-FICOLL
(TNP-FICOLL) was purchased from Biosearch Technologies
(San Francisco, CA), and the anti-TNP monoclonal antibody
107.3 was obtained commercially (Becton-Dickinson Bio-
sciences, Pharmingen, San Diego, CA). Mice were immu-
nized i.p. with 250 pg hen egg lysozyme (HEL) emulsified
in complete Freund’s adjuvant both purchased from Sigma
(St. Louis, MO).
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For secondary immunization, mice were given 5 pg of
NP;9-CGG or 250 pg of HEL emulsified in incomplete
Freund’s adjuvant (Sigma St. Louis, MO) i.p. 6 weeks
following primary immunization. Antigen-specific anti-
body levels were sequentially determined from serum
obtained from the tail vein 7, 10, and 14 days after
immunization.

Quantitative ELISA assays were performed using DEX-
BSA (the kind gift of Dr. J.E Kearney) and NP-BSA
(Biosearch Technologies) as antigens coated at 25 pg/ml in
PBS onto CoStar EIA/RIA plates. Assays of anti-PC sera of
immunized mice were performed as previously described
(Kearney et al. 1981) with anti-IgM, PC-BSA, and the T15
anti-idiotypic monoclonal antibody AB1-2. Assays of IgM
anti-DEX sera were performed as previously described
(Kearney et al. 1985) using MOPC 104E as a standard.
Assays of anti-NP sera were performed using the control
monoclonal antibody, B1-8. Following a 2-h incubation at
37°C with serum samples and isotype-matched antibody
standards, plates were blocked and then incubated with AP-
labeled goat anti-mouse IgM, IgG, or IgA as required (SBA);
plates were developed using p-nitrophenyl phosphate sub-
strate (Sigma, St. Louis, MO). For all ELISAs, eight serial
dilutions of individual serum samples were made in 1% BSA
and 0.05% TWEEN 20 in PBS. All ELISA plates were read
at 405 nm using a Bio-Rad Benchmark microplate reader
and software (Hercules, CA).

Statistical analysis Population means were analyzed using
an unpaired, two-tailed Student’s ¢ test for populations that
were normally distributed, and with the non-parametric
Mann—Whitney for those that were not.

Results
Rapid reconstitution of TdT "~ B and T cells

To test the effect of N addition on humoral responses, we
transplanted bone marrow from TdT-deficient (TdT ") and
wild-type (TdT*") BALB/c mice into RAG1™~ BALB/c
hosts. We tested whether the composition of the starting B
cell population might be affected by the absence of TdT, by
using the scheme of Hardy and Hayakawa (2001) to
compare the prevalence in the bone marrow of B lineage
cells belonging to the progenitor (Fr.B-D), immature (FrE),
and mature (Fr.F) B cell fractions between a cohort of five
TdT™* and a cohort of five TdT '~ mice. No significant
differences in the prevalence of these five bone marrow B
cell fractions among the bone marrow mononuclear cells
were found (Fig. 1a, b).

Four weeks after transplantation with 107 BALB/c
TdT™" bone marrow mononuclear cells, RAG1™™ mice
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that had been preconditioned with a single dose of
10 cGy/g irradiation prior to transplantation exhibited
high numbers of circulating CD19" B cells and CD4" and
CDS8" T cells (Supplemental Figure 1). On the 7th day
after transplant, the numbers of B cells and T cells in the
blood in TdT~ and TdT™* RAG1™" recipient mice were
similar and low (Fig. 1c), supporting that there were no
excess numbers of mature B cells coming from either the
TdT " or TdT"* donor bone marrow and thus cells that
populated peripheral lymphocyte niches over time would
represent the progeny of de novo development.

Two weeks after transplant, TdT '~ cells achieved greater
lymphocyte numbers than BALB/c TdT™* cells. TdT "/~
CD19" B cell numbers exceeded TdT™" at 14 and 21 days,
and then normalized by 28 days (Fig. 1c). TdT "~ CD4" T
cells consistently exceeded TdT"" at 14, 21, and 28 days
where they averaged 483+102 versus 346+48 leukocytes
per microliter (p=0.004) (Fig. 1d). Similarly, TdT "~ CD8"
T cells exceeded TdT"* numbers at 21 and at 28 days
where they reached 157+39 versus 57+8 cells per
microliter (p<0.001) (Fig. le).

A developmental advantage for TdT /" B cells in bone
marrow and peripheral lymphoid tissues

To clarify whether N-deficient B and T cells had a
growth advantage over N-sufficient cells, RAG1 ™~ mice
were reconstituted with equivalent numbers of congenic
total bone marrow cells from C.B17 IgM® and TdT ™~ or
TAT™" IgM? littermates. Four weeks after transplantation
at a time when our initial studies suggested that the
numbers of CD19" B cells in the blood were most likely
to have converged (Fig. 1), the proportions of CD19"
IgM? and IgMb B cells in bone marrow, spleen, and
peritoneal cavity were determined by flow cytometry in
the TdT/C.B17 chimeras. The blood was also re-
examined. In the bone marrow, there was a 3-fold
increase in the proportion of CD19" cells from TdT /"~
versus TdT™" precursors (p<0.001). Bone marrow im-
mature Fraction E and mature, recirculating Fraction F
cells demonstrated a 2-fold increase in the proportion of
cells from TdT "~ versus TdT"" precursors (p=0.02 and
p<0.001, respectively). In the marginal zone of the
spleen, the proportion of cells from TdT '~ precursors
was 2-fold greater than TdT™" (»<0.001) and the
follicular zone proportion was less at 1.4 (p=0.004). In
the peritoneal cavity, there was a 2-fold increase in the
proportion of B-la and B-2 cells from TdT '~ versus
TAT™* precursors (p<0.001). The proportion of TdT "~
versus TdT™" precursors in the B-1b population was
similar. In the blood, there was a 1.4-fold increase in the
proportion of CD19" cells from TdT '~ versus TdT"*
precursors (p=0.005) (Fig. 2).
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Fig. 1 Lymphocyte populations in RAG1™~ mice after reconstitution
with either TdT™ or TdT~~ bone marrow cells. a TdT " and TdT™*
donor cells within the lymphocyte gate were first distinguished on the
basis of the expression of CD19 and CD43. Early B cell progenitors
(CD19*CD43™) were divided into fractions B and C on the basis of
the expression of BP-1. Late pre-B, immature B, and mature B cells
(CD19*CD437) were divided into fractions D, E, and F on the basis of
the surface expression of IgM and IgD. b Comparison between the

relative numbers of cells within the Hardy fractions B-F from TdT "
and TdT"" donor bone marrow mononuclear cells. ¢ Absolute
numbers of CD19" B cells in peripheral blood at 7-day intervals
following reconstitution. d Absolute numbers of CD4" T cells. e
Absolute numbers of CD8" T cells in peripheral blood. Closed circles
are RAG1™ mice (n=10) that received TdT™ bone marrow and open
circles are RAG1™~ (n=10) mice that received TdT '~ bone marrow
cells
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Fig. 2 TdT " cells exhibit a selective advantage for populating
peripheral lymphoid tissues. Cell numbers in selected tissues obtained
from RAG1™" mice receiving 2x10° bone marrow cells from wild-
type CB17 (IgM®) mice and from either congenic TdT ™~ or TdT™*

(IgM*) mice were evaluated by flow cytometry 4 weeks after
transplantation. Values given are the ratio of either TdT ™/~ IgM®
(open circle) or TAT" IgM?* (closed circle) to IgMP-bearing cells
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Increased serum immunoglobulin levels in TdT "~
reconstituted mice

We began our analysis by measuring the baseline, pre-
immunization IgM, IgA, and IgG levels 28 days post
transplant. IgM and IgA levels were higher in the TdT ™/~
mice (133+15 versus 75+8 pg IgM/ml, p=0.01, and 45+4
versus 26+2 pg IgA/ml, p<0.01, respectively). IgG levels
in the TdT " reconstituted mice exceeded TdT"" for all
subclasses, although statistical significance was achieved
only for IgG1 and IgG2a. The levels for IgG1 were 160+7
versus 102+11 pg/ml; p<0.01; for IgG2a, the levels were
4544 versus 26+2 ug/ml, p<0.01); for IgG2b, the levels
were 198+34 versus 143+18 pg/ml, p=0.19; and for 1gG3,
the levels were 11714 versus 97+26 pg/ml, (p=0.51)

(Fig. 3).

Increased responses to heat-inactivated S. pneumoniae,
but decreased responses to E. cloacae

We further analyze the effect of N addition on humoral
responses to bacterial antigens. At 7 days after immuniza-
tion with heat-inactivated S. pneumoniae, TdT '~ reconsti-
tuted mice demonstrated higher levels of IgM anti-
phosphorylcholine (anti-PC) than TdT"* (Fig. 4a). The
disparity was greatest at 7 days (258+25 pg/ml versus 58+
12 pg/ml, p<0.001). In wild-type BALB/c mice, the T15
idiotype is the dominant anti-PC idiotype (Claflin and
Cubberley 1980; Claflin and Rudikoff 1976). At 7 days
post-immunization, robust T15 levels were observed in the
TdT " reconstituted mice whereas four of nine TdT"*
reconstituted mice expressed no T15-bearing antibodies and
the remaining five expressed low levels (148+15 versus
20+3 pg/ml, p<0.001). T15 idiotype-specific anti-PC
antibodies were ultimately expressed in all the TdT"*
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Fig. 3 Ig isotype values in RAG1™" mice after reconstitution with
either TAT™" or TdT~ bone marrow cells. Closed circles are RAG1 ™~
mice (7=10) that received TdT™" bone marrow cells and open circles
are RAG1™™ (n=10) mice that received TdT "~ bone marrow cells.
Serum immunoglobulin concentrations were determined by ELISA
4 weeks after transplantation
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reconstituted mice by 10 days post-immunization, albeit
still at low levels (Fig. 4b).

The response to E. cloacae is dominated by anti-o1—3
dextran antibodies of the DEX idiotype (anti-DEX), which
use a A light chain (Kearney et al. 1985). TdT '~ reconstituted
mice exhibited lower anti-DEX levels than TdT™" 7 days
post-immunization (42+24 versus 111£28 pg/ml, p=0.02;
Fig. 4¢). By days 10 and 14, however, the differences in the
anti-DEX response to E. cloacae no longer achieved
statistical significance.

Diminished responses to the T-independent antigens
«1—3 dextran and TNP-FICOLL

To evaluate the responses to Tindependent antigens, the
reconstituted mice were challenged with either al—3
dextran (DEX) or TNP-FICOLL 4 weeks after transplant.
Mice reconstituted with TdT " bone marrow cells had
lower DEX-specific antibodies at 7, 10, and 14 days than
TAT"* (p<0.002 (Fig. 5a)). At 7 days, the response to
TNP-FICOLL in TdT "~ reconstituted mice was also less
robust in the mice reconstituted with TdT™" cells [124+67
versus 218+77 (p<0.001)]. Beyond 7 days, the level of
TNP-specific antibodies converged (Fig. 5b).

Diminished secondary IgG responses to the T-dependent
antigens NP;o-CGG and HEL

To evaluate the responses to T-dependent antigens, the
reconstituted mice were challenging with either NP;o-CGG
or HEL. At 7, 10, and 14 days following primary
immunization, anti-NP and anti-HEL IgG titers were
similar between TdT '~ and TdT"" reconstituted mice
(Fig. 6). On re-challenge, the TdT "~ reconstituted mice
failed to boost antibody levels beyond those achieved
following primary immunization (p<0.001).

Discussion

These studies were undertaken to assess the impact of the
absence of N nucleotide addition on the growth of the
lymphocyte population and on the humoral response to
representative antigens. We used a model of transplanting
adult stem cells into adult animals to avoid the potentially
confounding influences of persistent fetal-derived lympho-
cyte subpopulations as well as that of the fetal liver and
thymic microenvironments. In these transplanted mice, we
show that while restricting the initial receptor repertoire to a
fetal-like, N-less pattern facilitates rapid population of
lymphoid tissues; this potential benefit has incurred the
cost of degrading the humoral immune response to five of
the six antigens tested, including bacteria.
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Our findings of an accelerated population of lymphoid
tissues with B cells expressing BCRs without N addition
are in concert with previous observations that TdT '~ B
cells pass through the splenic transitional stages more
efficiently than TdT™" B cells (Carey et al. 2008) and that
thymocyte development is facilitated in the absence of TdT
(Aono et al. 2000; Bogue et al. 1992). This rapid “filling”
of the peripheral lymphocyte pool by TdT™~ progenitors
could reflect differences in survival, differences in homeo-
static proliferation, or differences in responses to either
exogenous or endogenous antigens.

Allowing unencumbered passage of N-less lymphocytes
with canonical, germline-encoded antigen receptors though
developmental checkpoints appears to be important in the
generation of the natural antibody repertoire (Martin et al.
2001) and may protect against pathogenic self-reactivity
(Feeney et al. 2001; Robey et al. 2004). Our transplantation
studies were designed to specifically exclude the contribu-
tion of physiologically TdT-deficient fetal cells. The higher

Fig. 5 Humoral response to

Streptococcus pneumoniae anti-T15 (IgM)

Enterobacter cloacae anti-dextran (1)

dextran response to E. cloacae. The titers in pre-immune sera were
<1 pg/ml (data not shown). Closed circles are RAG1™™ mice (n=10)
that received TdT™* bone marrow and open circles are RAG1™~ (n=
10) mice that received TdT~~ bone marrow cells

levels of IgM, IgG, and IgA in baseline, pre-immunization
sera of mice transplanted with N-less precursors may thus
reflect facilitated development of the natural antibody
repertoire by adult B cell progenitors, including B-1 cell
progenitors (Esplin et al. 2009; Montecino-Rodriguez et al.
2006; Tung et al. 2006), which normally would introduce N
nucleotides into VDJ joins and thus have difficulty
producing fetal-like canonical, germline-encoded natural
antibodies.

For example, the humoral response to PC in mice is
considered to be a component of the natural antibody
repertoire and is normally dominated by antibodies express-
ing canonical heavy and light chains lacking N addition in
CDR-H3. B cells that spontaneously produce these anti-
bodies typically develop in the perinatal period and belong
to the long-lived CD5" B-1a subset (Feeney 1991; Hardy et
al. 1994; Herzenberg 2000; Martin et al. 2001; Masmoudi
et al. 1990; Sigal et al. 1977). However, the primary source
of adaptive antibody responses induced by pneumococcal

; . a b
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Fig. 6 Primary and secondary humoral response to T-dependent
protein antigens. ELISA analysis of RAGI™'~ reconstituted mice
immunized with egg lysozyme (HEL) or NPy-CGG. a Anti-HEL
response at time points following primary and secondary immuniza-
tion. b Anti-NP response. Titers in pre-immune sera were <l pg/ml

polysaccharide, which are essential for long-term protec-
tion, has been attributed to the B-1b subset (Haas et al.
2005). The robust PC and T-15 idiotypic responses to S.
pneumoniae that we and others (Mi et al. 2002) have shown
in mice expressing Igs devoid of N-nucleotide addition
were expected and likely due to the increased availability
and abundance of germline-encoded canonical DFL16.1-
containing CDR-H3s (Schelonka et al. 2010; and manu-
script in preparation). The converse appears to be true as
well. Transgenic mice that express TdT and force the
introduction of N nucleotides into V(D)J junctions during
fetal life exhibit decreased levels of anti-PC antibodies
bearing the T15 idiotype and lack protection against
infection with live S. preumoniae (Benedict and Kearney
1999). The strong PC and T-15 idiotypic responses
observed in our mice, which were transplanted with adult
bone marrow B cell progenitors only, are in concert with
recent studies that have revealed the presence of a small
subset of phenotypically distinct B-1 progenitors in adult
bone marrow that can efficiently generate B-1 cells, most of
which belong to the B-1b sister population (Esplin et al.
2009; Montecino-Rodriguez et al. 2006; Tung et al. 2006).

Despite the increase in both the absolute number of
lymphocytes and in the serum concentration of immunoglob-
ulin, mice transplanted with N-less precursor cells exhibited
diminished humoral responses to the prototypic T cell
independent, type II antigens TNP-Ficoll and «l1—3
dextran. These antigens contain repetitive determinants allow-
ing for a high degree of sIgM cross-linking and thus
independent B cell activation and antibody production (Mond
et al. 1995). Intravenous challenge with «1—3 dextran
elicits a response that is dominated by the J558 idiotype

@ Springer

(data not shown). Closed circles are RAG1 ™ mice (n=10 for primary
and n=6 for secondary immunization) that received TdT™" bone
marrow and open circles are RAGl™~ (n=10 for primary and
secondary immunization) mice that received TdT”~ bone marrow
cells

(Blomberg et al. 1972; Schilling et al. 1980; Stohrer and
Keamey 1983). «1—3 Dextran is expressed on the surface
of E. cloacae, a commensal microorganism of the digestive
tract and skin of mouse and human that can be an
opportunistic pathogen in immune compromised hosts. The
anti-DEX response typically dominates after intravenous
challenge with heat-killed bacteria. Mice transplanted with
N-less precursors had a diminished response to the heat-killed
bacteria. This may be due to an N-less B cell repertoire that is
unable to generate plasmablasts with the very short CDR-H3s
that characterize the anti-DEX response (Blomberg et al.
1972; Schilling et al. 1980; Stohrer and Kearney 1983). Our
findings are in accordance with Mahmoud and Kearney that
have recently proposed that TdT activity is required for the
generation of optimal anti-DEX Ab response and the
dominance of the J558 idiotype in adult BALB/c mice
(Mahmoud and Kearney 2010).

Although the DEX response has been primarily consid-
ered to be independent of T cell function, studies have
shown that it can be modified by T suppressor cells (Specht
et al. 2003; Stab et al. 1990). Suppressor T cells with a
germline a3TCR recognize a component of the J558
epitope and provide a gate, which precludes variability in
the CDR-H3 occurring in the periphery (Clemens et al.
1998). Similarly, lymphokines secreted by T cells modulate
the type II TI response (Pecanha et al. 1992). It remains
possible that alterations in the TCR repertoire induced by
an absence of N addition could also have diminished the
anti-DEX response.

We examined the role of N addition in T-dependent
responses more directly by challenging the transplanted
mice with HEL and NP;o-CGG. HEL elicits a T cell
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dependent, class I MHC response with a type-2 cytokine
signature (Yip et al. 1999). The vast majority of the HEL-
specific T cell response is directed towards a small
proportion of HEL peptides (Velazquez et al. 2001). V3
and Vo T cell CDR3s of 7-31 and 103—117 HEL peptide
regions have been shown to be heterogeneous in sequence
and commonly contain N nucleotides (Gapin et al. 1998).
Affinity maturation by means of somatic hypermutation
alters the structural conformation of CDR-H3, thereby
improving the binding of HEL (Li et al. 2003). This
process appears to spread structural diversity generated by
V-D-J recombination from central to peripheral regions of
the antibody binding site (Tomlinson et al. 1996). It has
been postulated that dendritic cells play a major role in the
focusing of the immune response against a few antigenic
determinants, while B lymphocytes may diversify the T cell
response by presenting a more heterogeneous set of
peptide-MHC complexes (Gapin et al. 1998). TdT '~ T
lymphocytes may be unable to escape the constraints of the
CDR-H3 diversity limitations, while B lymphocytes with a
restricted immune repertoire may be unable to sufficiently
diversify the T cell response by presenting only a set limited
of peptide-MHC complexes.

In BALB/c mice, the primary response to the nitro-
phenylacetyl hapten of nitrophenylacetyl-chicken gamma
globulin (NP;9-CGG) is dominated by IgGlA anti-NP
antibodies with a restricted idiotype (Cumano and Rajewsky
1985). The CDR-H3 sequences of anti-NP antibodies often
contain N nucleotides and these junctional nucleotides often
determine the maturation pathway of the antibody (Furukawa
et al. 1999). However, after primary intraperitoneal challenge
with NP¢-CGG, the anti-NP IgG in mice transplanted with
TdT™* or TdT " precursors had a similar response,
suggesting that N nucleotides in CDR-H3 were not essential
for creating robust antigen binding sites. Still, on secondary
immunization, mice transplanted with TdT~ bone marrow
had only a modest increase in antigen-specific antibody
titers, whereas mice transplanted with TdT”* bone marrow
demonstrated nearly a full log increase in anti-NP IgG titers.
Similarly, after primary challenge, the IgG anti-lysozyme
response in mice transplanted with TdT™* or TdT
precursors was equivalent. And, on secondary immuniza-
tion, mice limited to an N-less repertoire also had only a
modest increase in antigen-specific antibody titers. Both
the NP;9-CGG and lysozyme responses normally undergo
affinity maturation as well as class switching after
secondary immunization (Weiss and Rajewsky 1990;
Weiss et al. 1992). The diminished secondary response to
NP,o-CGG and to lysozyme in the TdT "~ mice could thus
have been influenced by suboptimal T cell help, by an
altered initial antibody repertoire enriched for antibodies
expressing lesser antigen affinity due to absence of N
addition, or both.

The transplantation model we have developed here
presents us with the opportunity to test these hypotheses
further Mutant mouse strains exist where B cell or T cell
development have been selectively abrogated, e.g., JH "~ or
TCRB " mice. Transplantation studies mixing and matching
JH, TCRB™", and TdT "~ genotypes and bone marrow
should enable sequential analysis of the contribution of N
addition to Ig versus TCR function in diminishing the
immune response to these and other antigens. These studies
are currently underway in our laboratory.

The existential issue of why the mouse limits the
introduction of N nucleotides into both its B cell and T
cell receptors has been a difficult one to address. Coupled
with previous observations from other investigators (Aono
et al. 2000; Bogue et al. 1992) that thymocyte development
is facilitated in the absence of TdT and our previous studies
demonstrating relatively few changes in the composition of
the CDR-H3 repertoire in terms of length and amino acid
content in the transition from late pre-B cells to mature B
cells in the bone marrow (Schelonka et al. 2010), the results
obtained in this study provide support for the hypothesis
that an absence of N addition facilitates both B cell and T
cell development because the germline repertoire is predis-
posed to fit within the boundaries of receptors that are
acceptable for passage through late developmental check-
points in the primary lymphoid organs (Ippolito et al. 2006;
Ivanov et al. 2005). If so, this would suggest that there is a
developmental advantage to prioritizing the population and
thus the full development of lymphoid tissues over robust
immune responses to certain antigens. The exigencies of
creating fully populated lymphoid organs may thus out-
weigh the increased threat from infection that occurs as a
result of limiting the diversity of these antigen receptor
repertoires; especially since other mechanisms are typically
in play to provide maternally derived passive immunity
during the period of greatest vulnerability.
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