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The dynamics of human antigen-specific immunoglobulin (Ig) responses in early life are not well characterized. We have p
bserved an inverse relationship between allergen-specific Ig concentration and allergen-Ig-binding affinity in allergen-sensitive ats,
uggesting a possible feedback relationship between these variables. We prospectively studied children (6 months to 6 year
ithout atopic sensitization to the Der p 1major allergen. Experimental results showed the following trends. (1) In both study gro
as little change with age in average Der p 1-specific Ig (IgG1 or IgE) concentrations or allergen-Ig-binding affinities, and conc
nd affinities were independent. (2) Among individuals, however, there was a negative correlation between Ig concentration ch
ffinity changes with age. (3) The rate of increase with age of the non-atopic Der p 1–IgG1 total binding capacity (Ig concentra× Ig
ffinity) paralleled that for the atopic Der p 1–IgE total binding capacity, and there was a comparable ‘consolidation’ of respo
ge reflected by a narrowing of the variance of total binding capacity values. Except for the Ig classes involved, development of
esponse to a non-infectious allergen is similarly regulated in atopic and non-atopic children, with Ig total binding capacity a
egulatory variable. These results also suggest that there is a time-dependent feedback relationship between Ig concentrations
hat establishes an optimal Ig total binding capacity for a given environmental ‘antigen load’. A theoretical model is proposed to acco
elationship.
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eywords: Affinity; Allergen; Antibodies; Atopy; Human; IgE; IgG1

. Introduction

Prolonged exposure to antigens engenders fundamental
hanges in T-cell-dependent humoral responses. Based upon
vidence derived from animal models and in vitro cell cul-
ure (Steward and Steensgaard, 1983; Cerutti et al., 1998), a
reat deal has been learned about the key mechanistic fea-
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tures. These involve structural and functional changes o
munoglobulins via the complementary activities of som
hypermutation (SH), leading to antibody ‘affinity matu
tion’, and isotype class switch recombination (CSR)
promotes specific functional changes upon secondary
gen exposure(s) (Wabl and Steinberg, 1996; Kouskoff et
1998; Stavnezer, 2000; McHeyzer-Williams et al., 2001). Ul-
timately, the interplay of SH and CSR progressively le
to the most energetically favorable repertoire for a pa
ular challenge (Berek and Ziegner, 1993; Hodgkin, 199),
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represented by a pool of terminally differentiated, antigen-
specific memory B and plasma cells (McHeyzer-Williams
and Ahmed, 1999).

However, little is known regarding the dynamic outcomes
of these processes in humans during the course of natural
exposure to environmental allergens, a major source of per-
sistent antigen exposure, particularly during the earliest post-
natal years when antigen encounters first occur. Maturation
of the immune system during the earliest years of life is crit-
ical for establishing normal cellular and humoral responses;
else pathologies may ensue upon exposure to otherwise in-
nocuous environmental challenges.

Given a certain ‘antigen load’, the most suitable phys-
iological effectiveness (ability to remove antigen from the
system) may be engendered either by increasing the pro-
duction of specific antibodies (concentration) or enhancing
the antigen–antibody-binding properties (affinity). Further, if
the ‘antigen load’ is relatively constant, then there should be
some optimal combination of concentration and affinity re-
sulting in the most energetically efficient use of resources for
the given challenge (a total antigen binding capacity).

Although in vitro evidence has shown that SH precedes
CSR (Liu et al., 1996), suggesting that the two are mecha-
nistically independent of one another, they are not mutually
exclusive processes for dealing with an antigen challenge,
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wan, with and without Der p atopic sensitivities, for devel-
opment of antibodies specific to the Der p 1 major allergen.
We report here the changes that occurred with age in the Der
p 1-specific immunoglobulins that these groups of children
produced. We focused upon the dynamics of the changes in
specific immunoglobulin concentrations and binding affini-
ties and, in particular, the possibility of feedback interactions
between these variables in the presence of the presumed con-
stant antigen challenge.

2. Methods

2.1. Study population and screens for atopy

As part of an ongoing prospective study of the etiology of
house dust mite (Der p;D. pteronyssinus)-associated atopic
disorders in Taiwan, two groups of unrelated children were
randomly selected, 15 children per group. Children’s parents
provided written informed consent according to the guide-
lines of the Institutional Review Board, Changua Christian
Hospital, Changua, Taiwan. Atopic children had character-
istic symptoms of atopic dermatitis and/or bronchial asthma
and had positive serum screens for Der p-IgE production,
using purified Der p extracts with a Pharmacia-CAP® ana-
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bserved among adults that there is an apparent inver

ationship between concentration and the antibody-bin
ffinity for allergens (Pierson-Mullany et al., 2002). How-
ver, this observation suggests that there may be a ne
eedback relationship involved.

Among some people, common environmental allerg
roduce a pathologic response involving the produc
f allergen-specific IgE (Blumenthal and Bj̈orkst́en, 1997).
side from the pathologic consequences, however, alle
re ideal models for the humoral responses that develo

o prolonged exposure to non-infectious antigens. We
hown among adults, either atopic or non-atopic, that
s a dynamic interplay between a response ‘potential’
ected by the type and amount of specific immunoglob
roduced, and the ‘driving force’ of the antibody, reflec
y its binding affinity for the antigen/allergen that induced
roduction (Jackola et al., 2002). There was an inverse re

ionship between optimal specific immunoglobulin conc
ration and its binding affinity, suggesting, again, a feedb
egulation leading to a most efficient total binding cap
ty. However, the age-dependent progress of immunoglo
hanges in the earliest years of life leading to these outc
as not been established.

House dust mite allergens, like Der p (Dermataphagoide
teronyssinus), are common, non-infectious allergens t
rovide an essentially constant environmental ‘antigen lo
e prospectively followed two groups of children from T
yzer (lowest detection limit = 0.35 IU/ml; 1 IU = 2.42 ng
on-atopic children had no symptomatic evidence of
-associated or other allergen sensitivity and serum sc
ere negative for Der p-IgE. In addition to cord blood s
les, each of the children was screened for Der p sensitiv
ges: (1) 6 months to 2 years, (2) 2–4 years and (3) 4–6 y

.2. Serum immunoglobulin assays

Whole blood was obtained by sterile venipunct
erum was separated and stored frozen (−80◦C) until
ssayed. Quantitative determinations for allergen-spe

mmunoglobulin concentrations were made, and aller
mmunoglobulin-binding affinity distributions were done
ng an assay of our device (Pierson et al., 1998).

.2.1. Der p 1-specific immunoglobulin assays
Der p 1 is amajor allergen that was purified by metho

reviously described (Pierson et al., 1998). The purified De
1 was used in a ‘reverse sandwich’ ELISA assay for

f Der p 1-specific IgE and IgG1 as described (Jackola et al
002).

.2.2. Binding affinity distribution functions
Our basic experimental method provides informa

egarding allergen–antibody (Ag–Ab)-binding reaction
itro (Pierson et al., 1998). Briefly, flat-bottomed microte
lates (Costar #3912, Corning, Inc., Corning, NY) are co
ith a mouse anti-human, anti-IgE (clone GE-1, Sigma
ouis, MO) or anti-IgG1 (clone 8C/6-39, Sigma) monoclo
ntibody (mAb). To this is added a serum sample know
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contain allergen-specific IgE or IgG, which is “captured” by
the bound mAb. Biotinylated, purified allergen (BT-Der p 1)
is added to bind only to the specific IgE or IgG1 of inter-
est, and detection is achieved by the addition of streptavidin-
conjugated alkaline phosphatase (Sigma) and a chemilumi-
nescent substrate to generate a light signal.

Using a range of purified Ag (BT-Der p 1) concentrations,
a binding isotherm is generated:r versus log10[Ag], wherer is
the fraction of antibody sites bound at a given [Ag] concen-
tration. To eliminate “background noise” from the positive
test signal, due possibly to non-specific binding of the Ag,
parallel determinations were made for each Ag concentration
using conditions that did not include Ag-specific IgE or IgG1.
The background was subtracted from the test signal prior to
determining the fraction specifically bound,r.

Because the purified allergens may have multiple epitopes,
one or more specific Ag–Ab reactions may contribute to the
resultant binding curve. However, the number (n) of reactions
that contributed is not known or assumed a priori. We have
developed a method to analyze this problem (Pierson et al.,
1998) using an approach first suggested byHunston (1975)
and extended byThakur et al. (1980).

The information from the binding isotherm is trans-
formed to derive an affinity distribution function. These func-
tions identify the number of reactions involved between an
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binding capacity defined by: capacity= [IgX] × ∑n
i=1piKi,

where [IgX] is the concentration of the particular antibody of
interest.

2.3.3. Units
Binding affinity = L/M. Antibody concentration = M/L.

Total binding capacity (concentration× affinity) is dimen-
sionless.

2.4. A general equation for dynamic antibody capacity
changes

A differential equation for the age-dependent dynamics
of a variable,Y(A), that reaches some limiting (asymptotic)
value is given by: dY/dA = α − βY, whereα andβ are con-
stants. The constantα reflects a general input value of the
variableY, and the constantβ reflects the rate of change in
the variableY. A general solution is:Y(A) = Ce−βA + (α/β),
whereC is an arbitrary constant of integration. IfY(0) = 0, a
particular solution is given by the following nonlinear equa-
tion:

Y (A) =
(

α

β

)
(1 − e−βA) (1*)
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quilibrium-binding affinity constant for each reaction (KA)
nd the relative proportion of each reaction to the sum
ll reactions involved (p[K]). The data were analyzed u

ng Mathematica® software (Wolfram Research, Inc., Cha
aign, IL).

Among dust mite sensitized adults, in all cases we
ound two specific reactions between Der p1 and IgE
odies and three specific reactions in about 2/3 of the c
Pierson et al., 1998; Pierson-Mullany et al., 2000, 20).
ach of these reactions is directed towards a specific ep
f the major Der p 1allergen (Pierson-Mullany et al., 2000).
epresentative affinity distributions may be found inPierson
t al. (1998)andJackola et al. (2002).

.3. Definitions

.3.1. Average binding affinity
Two or more specific reactions may occur between a

ens and allergen-specific antibodies, and each is char
zed by a binding constant,K, and a proportionate respon
arameter,p, indicating a particular reaction’s contributi

o the total of all specific reactions involved. The averag
ll reactions is the mean binding affinity defined by: m
ffinity =

∑n
i=1 piKi, wheren, p andK are defined above.

.3.2. Total binding capacity
The binding affinity describes a reaction’s ‘driving forc

he concentration of antibodies with these characteri
rovides a particular response ‘potential’. The mathem
al product of these two contributions is the antibody’s t
-

ssumed that all valuesY(A) ≥ 0. The scatter plots ofFig. 2,
o be described inSection 3, have log[binding capacity] a
he variableY(A), most of which values are <0. We arbitrar
dded a constant of 4.0 to all measured values so that alY(A)
0. These adjusted data were fit toEq. (1*) using weighted

east-squares and a nonlinear regression program tha
loyed a Marquardt minimization algorithm (Bevington and
obinson, 2003). From these results, the estimated asy

otic values for log[binding capacity] were determined
α/β) − 4.0.

. Results

.1. Within-study groups, Der p 1-specific antibody
oncentrations and affinities are independent variables

Table 1, part A, lists the results for Der p 1–IgE and Ig
oncentrations for the two groups of children at each o
ges when serum samples were obtained. Only the a
hildren had evidence of clinical sensitization to Der p a
ens, both by symptoms and serum clinical screens for D
llergen-specific IgE. The non-atopic children were neg

or these screens. Mean Der p 1–IgE concentrations incr
ith age among the atopic children, while there was no
arent increase in mean concentrations for Der p 1–IgG
ither group.

Table 1, part B, lists the mean log(binding affinity) valu
defined inSection 2.3.1) for Der p 1–IgE (atopic) and De

1–IgG1 (atopic and non-atopic). As we have previo
bserved among adults (Pierson-Mullany et al., 2000), each
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Table 1
Serum Der p 1 allergen screen results

(A) Allergen-specific antibody concentrations vs. age

Test Age (years) Atopics Non-atopics

Der p 1–IgE 1/2–2 4.1 (1.36)a n.d.b

2–4 12.7 (1.49) n.d.
4–6 16.5 (1.30) n.d.

Der p 1–IgG1 1/2–2 17.4 (5.42) 13.9 (4.66)
2–4 6.6 (1.99) 13.6 (7.06)
4–6 8.5 (1.59) 19.6 (5.12)

(B) log[mean binding affinity] vs. age
Der p 1–IgE 1/2–2 8.234 (0.123)c n.d.d

2–4 8.195 (0.129) n.d.
4-6 8.266 (0.140) n.d.

Der p 1–IgG1 1/2–2 7.776 (0.197) 6.992 (0.524)
2–4 8.011 (0.228) 7.632 (0.070)
4–6 8.024 (0.187) 7.945 (0.129)

a Mean value (S.E.M.); units = ng/ml.
b n.d. = not detected.
c Mean (S.E.M.); units = L/M (seeSection 2.3.1).
d n.d. = not detected.

child produced three epitope-specific antibodies (IgE and/or
IgG1) for the Der p 1 major allergen. However, there were
no apparent changes with age for mean log binding affinities
in the study groups. Remarkably, the values listed inTable 1,
part B, are comparable to values we have previously deter-
mined among both atopic and non-atopic adults (Jackola et
al., 2002). Thus, based upon allergen-specific immunoglobu-
lin (Ig) concentrations and average properties of Ig–allergen
binding, children are able to mount a vigorous humoral re-
sponse to common environmental antigens early in life.

To determine if there were relationships between the con-
centration and mean affinity values, we compared the two by
simple linear regression (SLR):

Non-atopic :

log[mean affinity]= 7.096− 0.060× log[Der p 1–IgG1],

F (1, 43) = 0.70, P = 0.41

Atopic :

log[mean affinity]= 9.729+ 0.187× log[Der p 1–IgG1],

F (1, 43) = 1.94, P = 0.17

log[mean affinity]= 8.779× 0.071× log[Der p 1–IgE],
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3.2. Inverse relationship between Der p 1-specific
antibody concentration changes and affinity changes
with age among individuals

We have previously observed an apparent inverse relation-
ship between allergen-specific antibody concentrations and
binding affinities among adults 18 years and older (Pierson-
Mullany et al., 2002). As shown above, we could find no ap-
parent relationship for these variables within the study groups
of infants. To determine if there might be any age-dependent
developmental changes, we followed the time course of anti-
body concentrations and affinities for each child individually
to determine if there were any apparent trends.

For each child, we determined the age-dependent changes,
if any, for Der p 1-specific antibody concentrations and mean
binding affinities using SLR for log-transformed variables.
We then compared the “slopes” for concentration and mean
affinity within each study group using simple correlation
analysis. These results are shown inFig. 1.

For Der p 1–IgG1 from non-atopic infants (Fig. 1, Panel
A) and Der p 1–IgE from atopic infants (Fig. 1, Panel C), there
were significant inverse relationships between age-dependent
changes of concentration and mean binding affinities. These
results suggest that, although the variables of concentration
and affinity may be independently regulated, there may be
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F (1, 43) = 0.56, P = 0.46

In all three cases, the regression coefficients were no
ificantly different from zero. Although not shown, th
ere also no significant correlations found between t
ariables using the values at each of the three separate s
ges. These results suggest that antibody concentratio
inding affinity are independent variables within the st
roups.
e

n operational feedback on an individual basis during
inuous exposure to environmental antigens. Interesting
pparent trend was found for Der p 1–IgG1 from atopic

ants (Fig. 1, Panel B).

.3. Age-dependent changes of Der p 1-specific antibo
otal binding capacities

As we have previously shown (Pierson-Mullany et al
002; Jackola et al., 2002), evaluating the total humoral r
ponse involves a dynamic interplay between the resp
potential’ (Ig concentration) and the response’s ‘driv
orce’ (Ig–antigen binding affinity/avidity). The interacti
etween Ig’s and antigens from the environment is a fun
f both these variables: the total binding capacity (define
ection 2.3.2).
Fig. 2 shows the dynamic changes with age for the t

er p 1 binding capacities for the two groups of children.
istical comparisons between the groups are given inTable 2.
t the earliest age (6 months to 2 years), the Der p 1–I
apacities are higher among the atopic children compar
on-atopic values.

However, the Der p1-IgG1 capacity did not change w
ge for atopics, as assessed by SLR: log[Der p 1–IgG1 C
−1.66 + 0.04× age;F(1,43) = 0.18;P = 0.68. In con

rast, there was a significant increase in Der p 1–IgG1 b
ng capacity with age for the non-atopic children. Additi
lly, the Der p 1–IgG1 capacity values approached an a
nt asymptotic limit during the later years. The solid lin
ig. 2A is the best-fit result to the data for a simple nonlin
odel accounting for an asymptotic limit (Eq. (1*) defined
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Fig. 1. Mean binding affinity changes vs. antibody concentration changes with age. For each child, we calculated the slope of the log[mean binding affinity]
(Section 2.3.1) vs. age and the slope of the log[antibody concentration] vs. age. The slopes for mean affinity changes (ordinate) are compared with the slopes
for the concentration changes (abscissa). The solid lines are the results of correlation analyses for these variables.

Table 2
Binding capacity variance stabilization with age

Age (years) Atopic IgE-CAP Atopic IgG1-CAP Non-atopic
IgG1-CAP

1/2–2
Meana −2.666 −1.447 −2.208
Variance 0.566 1.636 2.792

2–4
Mean −1.801 −1.760 −2.063
Variance 0.352 1.830 1.641

4–6
Mean −1.571 −1.319 −1.173
Variance 0.080 0.643 0.377
a log[binding capacity]; dimensionless units (seeSection 2.3.2).

in Section 2.4) using weighted least-squares (Bevington and
Robinson, 2003).

Fig. 2B compares the Der p 1–IgG1 and Der p 1–IgE
binding values for the atopic children. The Der p 1–IgE ca-
pacity values also showed a significant increase with age, and
approached an apparent asymptotic limit. This “rate” of in-
crease was comparable to the Der p 1–IgG1capacities from
non-atopic children.

Fig. 2C compares the best-fit results for the Der p 1–IgG1
capacity values for non-atopic children and the Der p 1–IgE
values for atopic children. We divided the age scale for the
results inFig. 2C into 24 equally spaced intervals, and com-
pared the two best-fit curves at each of these intervals byχ2

analysis:χ2(23) = 0.89; no significant difference atP< 0.001.
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Fig. 2. Total binding capacity changes with age. Serum total binding capacities were determined at three different ages for 15 non-atopic and 15 atopic children
(Section 2.3.2). (A) Der p 1–IgG1 capacities for non-atopic children. Solid line is best-fit result for a nonlinear model with an asymptotic limit (Section 2.4).
(B) Der p 1–IgG1 and Der p 1–IgE capacities for atopic children. Broken line is best-fit SLR result for Der p 1–IgG1 vs. age. Solid line is best-fit curve of
Der p 1–IgE results using a nonlinear model. (C) Comparison of nonlinear curve-fitting results for non-atopic Der p 1–IgG1 and atopic Der p 1–IgE capacity
values. As described inSection 2.4, the asymptotic limit is given by the ratio of two constants (α/β), after data adjustment for the fitting algorithm: asymptote
= (α/β) − 4.0. Results for non-atopic Der p 1–IgG1:α = 3.491± 0.367;β = 0.976± 0.119;R2 = 0.36; asymptote = (3.491/0.976)− 4.0 =−0.424. Results for
atopic Der p 1–IgE:α = 2.643± 0.260;β = 0.697± 0.086;R2 = 0.47; asymptote = (2.643/0.697)− 4.0 =−0.208.

The best-fit results are virtually identical suggesting similar,
optimal humoral responses to common environmental aller-
gen exposures.

As suggested by the results inTable 1, antibody concen-
tration or antibody affinity taken alone appear to reflect an
irregular behavior. Additionally, as shown above, these vari-
ables are statistically uncorrelated within the study groups,
suggesting that they are independent of one another. However,
for children individually, there is an inverse relationship be-
tween age-dependent changes of concentration and affinity
(Fig. 1). Further, the combination of the two (total binding
capacity) reflects a well-regulated progression toward an op-
timal, most efficient antibody response for the given antigen

challenge, regardless of the isotype involved. In this context,
total binding capacity appears to be the key regulatory vari-
able.

In Fig. 2, the variances of the distributions of values de-
cline with age for both the log Der p 1–IgG1 and IgE values.
From a basic evaluation of equilibrium binding between a
protein (P) and its ligand (L), the association constant (KA)
is defined as:KA = [PL]/[P][L]. The total ligand concentra-
tion in a reaction mix is: LTotal = [PL] + [L]. The fractional
saturation of bound ligand is defined by

γ ≡ [PL]

LTotal
= [PL]

[PL] + [L]
(1)



D.R. Jackola et al. / Molecular Immunology 42 (2005) 19–30 25

Algebraic rearrangement gives the following relation:

KA[P] = γ

1 − γ
= [PL]

[L]
(2)

whereγ is the fractional saturation is always <1 since un-
der equilibrium conditions [PL] never equals LTotal. Defining
the total binding capacity (CAP) by this relation

CAP ≡ KA[P] = γ

1 − γ
, 0 < CAP < ∞ (3)

Although all values in this range are possible in the-
ory, the evolution of a particular humoral immune re-
sponse is impelled towards the most energetically efficient
use of available resources for a given environmental chal-
lenge (Berek and Ziegner, 1993; Hodgkin, 1997). Thus,
it seems unlikely that a humoral response would develop
that would encompass all possible values for total binding
capacity.

Table 2lists the means and variances for the log[CAP]
values. Clearly, there is a decrease with age in the listed sta-
tistical variances. To determine if this was due to some com-
mon physiological mechanism, we analyzed the ‘deviation’
from the mean value for each child at each age when a serum
sample was obtained.

At each age, the mean log[CAP] value was subtracted from
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are statistically uncorrelated, suggesting that they are inde-
pendent variables. Second, on a per child basis there are
significant negative correlations of age-dependent changes
between concentrations and their corresponding binding
affinities (Fig. 1) suggesting that there is an operational
feedback relationship between two independently regulated
variables. Third, in terms of total binding capacity, there
are similar age-dependent trajectories for the changes of
atopic Der p 1–IgE and non-atopic Der p 1–IgG1 (Fig. 2C)
and the statistical variances of the capacity values decline
as a function of age (Table 2), suggesting that there is
an optimal antigen-specific repertoire for a given antigen
challenge.

The key response variable is the total binding capacity with
respect to its efficiency for clearing the antigen challenge
from the system. We previously definedγ as the fraction
of bound ligand (antigen/allergen). FromEq. (3)above, the
ratio of bound ligand (γ) to unbound or free ligand (1− γ)
describes the total binding capacity.Fig. 4shows a schematic
of a simple “feedback loop” (Hobbie, 1997) for a model that
incorporates these assumptions and observations.

After development of B-cells specific for a particu-
lar antigen challenge within the germinal centers, termi-
nally differentiated memory B or plasma cells are avail-
able for subsequent antigen challenges (Liu et al., 1996;
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ach child’s log[CAP] value to give a “deviation score”
hild’s value above the mean would translate to a (+) devia
core, while a value below the mean would translate
−) deviation score. Then, for each child, we determined
slope” of these deviation scores with age by SLR.

Fig. 3 shows the scatter plots of these slopes comp
ith the initial deviation score (sample at 6 months to 2 ye

or each of the children. Clearly, for each child, an initial
eviation score resulted in a downward trend in devia
cores with age{(−) slope}, while an initial (−) deviation
core resulted in an upward trend of deviation scores with
(+) slope}. For each child, the combined contributions o
roduction and binding affinity impelled the total bind
apacity to more closely approximate the mean popula
alue.

. A feedback model for post-germinal center
umoral response consolidation

Common indoor allergens like house dust mites pro
continuous source of low-level, non-infectious antig

hallenge. If we assume that the concentration of this
enge remains essentially constant, then it is also reaso
o assume that the immune response(s) to this challeng
ventually achieve some optimal level. A qualitative mo
or the changes with age in antigen-specific immunoglob
esponses must take into account three observations pre
bove.

First, within the study groups of infants (atopic a
on-atopic), antibody concentrations and binding affin
d

cHeyzer-Williams and Ahmed, 1999; McHeyzer-Willia
t al., 2001). The major component of the B-cell rece

or (BCR) complex is antigen-specific, membrane-boun
mIg) (Al ės-Martinez et al., 1991). We assume that there a
istributions of cells that vary with regard to their affin

or antigen and their ability to produce antigen-specific a
odies. The question becomes what is the best combin
f antibody concentration and/or antibody affinity and h
re these regulated to achieve the optimal binding effici
capacity) for a given challenge?

Under equilibrium conditions it is known that

= [Ag–Ig]

[Ag][Ig]
= CAP

[Ig]
(4)

here [Ag–Ig] is an antigen–immunoglobulin complex a
Ag] is the free antigen concentration. Assuming a cons
ree antigen concentration, [Ag], and an optimal binding
ciency, CAP, there is an inverse relationship between
inding affinity constant,K, and the antigen-specific an
ody concentration [Ig]. This is depicted in the upper p
f Fig. 4using an arbitrary value for CAP.

Antigen bound to mIg on B-cells will induce the produ
ion of some amount of soluble immunoglobulin, sIg (Al ės-
artinez et al., 1991). A simple relationship describing th
ssuming some maximal level of production is

sIg] = Pmax
f [Ag]K

1 + f [Ag]K
(5)

herePmax is a simple proportionality constant for maxim
roduction,f the fraction of free antigen bound to mIg, [A

he free antigen concentration andK the affinity of sIg for the
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Fig. 3. Total binding capacity ‘deviation scores’ with age. At each age when a serum sample was obtained, the mean log[CAPACITY] value was subtracted
from each child’s log[CAPACITY] value to given a ‘deviation score’. The ‘slopes’ of the deviation scores vs. age were determined for each child by SLR.
These ‘slopes’ were compared with the initial sample deviation score (sample at 6 months to 2 years). The solid lines give the trends of the slopes vs. the initial
deviation score as determined by SLR.

antigen. Assuming that everything but the affinity variable
remains constant, this simplifies to

[sIg] = δK

1 + δK
(6)

This relationship is shown in the lower panel ofFig. 4.
Eqs. (4) and (6)are implicitly “linked” via the presumed

constant free antigen concentration, [Ag]. For the system as
a whole it is assumed that there is also some optimal bind-
ing efficiency (CAP) involving the antibody concentration
and its affinity for the antigen that will remove the antigen
from the system (small box at bottom ofFig. 4). This opti-

mal point is found whenEqs. (4) and (6)are solved simul-
taneously. A schematic of this “operating point” is shown in
Fig. 5 whereEqs. (4) and (6)are plotted on the same set of
axes.

When antigen first enters the system, it will bind to cells
having variable affinities for antigen. This will lead to the
production of some amount of sIg, depending upon this dis-
tribution of affinities. This will define some binding capacity
that may or may not be at the “operating point” for the sys-
tem. Following this initial round, either more sIg is produced
or the cells with variable affinities are differentially selected
or both simultaneously during successive “rounds” in the
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Fig. 4. Feedback model for antibody selection. Assuming a constant level of antigen input (oval at top), there will be some optimal antibody concentration
and its associated binding affinity for the antigen challenge (lower panel). Initially there will some distribution of memory B or plasma cells that vary in their
ability to produce antibodies with different antigen binding affinities and/or antibody concentrations. As discussed inSection 3, the plots in the middle panel
depict a feedback relationship for selection of these cells that will ultimately achieve the optimal binding efficiency (total binding capacity).

feedback loop. To determine if there is zero, negative or pos-
itive feedback, we must determine the “gains” in each part of
the feedback system (Hobbie, 1997).

Gain is defined as the rate of output (dependent variable)
relative to the rate of input (independent variable) in the dif-
ferent parts of the system. For the upper panel ofFig. 4 (la-
beled “affinity (K) selection”), the first gain is defined by the

relationship inEq. (4):

G1 = dK

d[Ig]
= −CAP

[Ig]2 (7)

For the lower panel inFig. 4 (labeled “concentration se-
lection”), the second gain is defined by the relationship in



28 D.R. Jackola et al. / Molecular Immunology 42 (2005) 19–30

Fig. 5. Feedback system operating point. As discussed inSection 3, the
optimal binding efficiency (total binding capacity) in the feedback system
shown inFig. 4 will be achieved whenEqs. (4) and (6)in Section 4are
solved simultaneously. A theoretical solution of these equations, assuming
an optimal total binding capacity, is shown by the intersection of the curves.

Eq. (6):

G2 = d[sIg]

dK
= δ

(1 + δK)2
(8)

Note that the two system gains, G1 and G2, are opposite
in sign, suggesting a possible negative feedback relationship.
However, the nature of the feedback relationship, if any, can
only be determined empirically (Hobbie, 1997). We seek to
determine how the variables of affinity (K) and concentration
(sIg) change with age relative to one another.

For the variable of affinity, we have

dK

dA
=

(
d

dA

)(
CAP

[sIg]

)
=

(
dK

d[sIg]

)(
d[sIg]

dA

)

which, using the results fromEq. (7), gives

dK

dA
= G1

(
d[sIg]

dA

)
(9)

For the variable of concentration, we have

d[sIg]

dA
=

(
d

dA

)(
δK

1 + δK

)
=

(
d[sIg]

dK

)(
dK

dA

)

which, using the results fromEq. (8), gives

d[sIg]

dA
= G2

(
dK

dA

)
(10)

reti-
c ve
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i ges
( di-
v ther
b
T ative
f ables

of affinity (K) and concentration ([sIg]) to achieve an optimal
total binding capacity.

5. Discussion

Among children living in similar environmental con-
ditions, including exposure to allergens, there is a ‘con-
solidation’ of T-cell-dependent humoral immune responses
towards the most efficient production of antibodies for the
specific environmental challenge, regardless of atopic sta-
tus. As shown inTable 1, even in the earliest years, children
are able to mount a vigorous allergen-specific humoral re-
sponse reflected both by the concentrations of the antibodies
produced and their binding affinities for allergen. However,
based upon these results alone, there are no apparent age-
dependent trends.

In contrast, upon combining the two variables for total
antibody capacity (concentration× affinity) does show an
age-dependent progression of humoral response changes to
environmental allergen challenges. These results are in ac-
cord with previously proposed ideas regarding the possibil-
ity of “natural limits” both for Ig concentrations for a given
antigen load and a ceiling for Ig affinity values.

The major component of the B-cell receptor (BCR) com-
p
M m-
p a
g ary
w l-
u Ig,
w esh-
o es
b ir B-
c

esh-
o
a ed
( ti-
g ical
s l re-
s en-
t ow
i ions
o tu-
a tatic
b

,
1
N e-
c by
m mal
m for
s iring
a at
o

If there is a negative feedback relationship, then a theo
al plot of (dK/dA) versus (d[sIg]/dA) should have a negati
lope because the system gains, G1 and G2, are op
n sign. As described previously, we followed the chan
slopes) with age,A, for these variables for each child in
idually (Fig. 1). Comparing these slopes against one ano
y correlation gave:r = (dK/dA)/(d[sIg]/dA) = dK/d[sIg] < 0.
he theoretical and experimental results suggest a neg

eedback relationship between the two independent vari
lex is antigen-specific, membrane-bound Ig (mIg) (Al ės-
artinez et al., 1991). As a model, we can envision two co
eting mIg’s (mIgX1 and mIgX2), both of which require
iven antigen for activation of their respective BCRs, but v
ith regard to their distributions of mIg-binding affinity va
es. We can further propose an “affinity threshold” for m
here those BCRs with affinity values at or above the thr
ld will become activated, while those with affinity valu
elow the threshold remain quiescent or, possibly, the
ells become subject to death via apoptosis.

In vitro evidence has shown that there is an affinity thr
ld below which the BCR will not become activated (Batista
nd Neuberger, 1998). Further, in the presence of a limit
limiting) antigen load, the two mIg’s will vie for the an
en akin to a “selective competition” between two biolog
pecies that mutually require a particular environmenta
ource for their survival. Previous theoretical and experim
al work following B-cell reconstitution after bone marr
rradiation in a murine model have shown how populat
f B-cells with differential combining capacities for a mu
lly required resource will eventually achieve a homeos
alance (Freitas et al., 1995; McClean et al., 1997).

It has also been theoretically proposed (Foote and Eisen
995), with support from in vitro evidence (Batista and
euberger, 1998), that there is an “affinity ceiling” for a sp
ific humoral response. While a minimal binding affinity
Ig is required for BCR activation, there is also a maxi
Ig affinity above which there is no probable benefit

elective advantage, since most cellular properties requ
ctivation via ligand–receptor coupling will be activated
r below this ceiling value.
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We have previously shown that allergen-specific IgE bind-
ing affinity among older children and adults with established
atopic disorders is extremely high (Pierson et al., 1998;
Pierson-Mullany et al., 2000, 2002; Jackola et al., 2002),
and comparable to the previously proposed affinity ceiling
(Foote and Eisen, 1995). Once these values were established,
they remained constant throughout most of the human life
span (Jackola et al., 2003). Additionally, once established,
there were no significant changes in serum allergen-specific
IgE concentrations with age. Thus, the total binding capacity
(Ig concentration× affinity) reached a limiting value above
which there was no additional benefit for the particular anti-
genic challenge.

With reference toFigs. 4 and 5we can envision that, with
time (age), there will also be a narrowing of the distribution of
binding capacity values via a negative feedback relationship
between affinity and antibody concentration. If, for example,
a cell is selected with affinity,K, above that value at the opti-
mal “operating point” for total binding capacity, then less of
that sIg will need to be produced in order to obtain optimal
efficiency within the system.

If the smooth curves shown inFig. 2C are the optimal tra-
jectories leading to the most efficient total binding capacity
“operating point”, then it would appear that the immune sys-
tems of infants exposed to a non-infectious antigen tend to
p cen-
t ease
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ell-
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4–6 years of age as previously suggested by others (Hattevig
et al., 1993).

More generally, however, as shown inFigs. 2C and 3, the
development of Ig responses to allergens follow similar tra-
jectories in both atopic and non-atopic children, reflected by
nearly parallel kinetics (Fig. 2C) and ‘consolidation’ of re-
sponses with age (Fig. 3). While atopic clinical conditions
may be the result of an inherited predisposition to produce
allergen-specific IgE, the evolution of the response is par-
ticularly well regulated. In both atopic and non-atopic chil-
dren, continuous exposure to allergen (Der p) does not mimic
a response that would occur upon continuous exposure to
an infectious antigen. Rather, once the particular isotype in-
volved has recognized the relatively low level of non-self anti-
gens, there is an impetus towards stabilization of the humoral
responses against these non-infectious agents. Immunologi-
cally, atopy is not an infectious disease process, but an error in
isotype switching during an otherwise normal antigen recog-
nition process.

Most importantly, our results demonstrate an immuno-
logic regulatory mechanism via a negative feedback control
system. While antigen-specific antibody concentration and
binding affinity are important parameters of the humoral re-
sponse, the ultimate controlling variable that defines the effi-
ciency of the response appears to be the antibody total bind-
i tigen
c most
e ting
v is is
a une
s al re-
s

A

tion
r cript
M er-
s

R

A M.E.,
day

B cell
f off-

B onse.

B nal-
.

B nd

C ax,
duce
roduce optimal amounts of antibody with regard to con
ration and affinity with age. This also accounts for a decr
ith age of the statistical variance of measured capacity
es (Table 2).

The amount of Ig produced by a given B-cell, or B-c
erived plasma cell, is a function of the binding affin
f the mIg incorporated in the BCR complex (Batista and
euberger, 1998). If the optimal affinity range begins to na

ow towards those values between an affinity threshold
n affinity ceiling, then the amount of Ig produced for a gi
ntigenic challenge will also eventually reach an opti
alue (concentration). As “fine-tuning” progresses via
essive rounds in the negative feedback loop, smalle
maller adjustments in the variables ofK and sIg are re
uired for each child as each of their total binding cap

ies is impelled towards the (presumed) optimal “opera
oint”. Thus, our experimental results demonstrate the
amics of the evolution of a humoral response to a spe
nvironmental antigen challenge in children.

We were not able to detect Der p 1-specific IgE in
ord blood samples from the atopic children. Although it
een suggested that the “atopic propensity” may result
aternal influences on the in utero environment (Prescott e
l., 1998), our results show that postnatal environmenta
osure to allergens is critical for the maturation and con

dation of T-cell-dependent humoral responses. Furthe
evelopmental deviation between the atopic and non-a
esponses requires several years of exposure to allerg
hown inFig. 2. Although a vigorous humoral response
vident in the earliest postnatal years, a clear demarcatio
ween atopic and non-atopic status is not evident until a
s

ng capacity. In the presence of a (presumed) constant an
hallenge, the humoral response is driven towards the
fficient combination of concentration and affinity opera
ia a negative feedback interaction between the two. Th
nother example of how separate elements of the imm
ystem feedback upon each other to achieve an optim
ponse (Germain, 2001).
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