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Summary

Vaccines that protect against viral infections generally induce neutralizing antibodies. When
vaccines are evaluated, the need arises to assess the affinity maturation of the antibody responses.
Binding titers of polyclonal sera depend not only on the affinities of the constituent antibodies but
also on their individual concentrations, which are difficult to ascertain. Therefore an assay based
on chaotrope disruption of antibody-antigen complexes was designed for measuring binding
strength. This assay works well with many viral antigens but gives differential results depending
on the conformational dependence of epitopes on complex antigens such as the envelope
glycoprotein of HIV-1. Kinetic binding assays might offer alternatives, since they can measure
average off-rate constants for polyclonal antibodies in a serum. Here, potentials and fallacies of
these techniques are discussed.
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Introduction

Vaccination successfully prevents several viral infections and has even eradicated some
viruses from the human population (1). Strong evidence points to a key role for neutralizing
antibodies (NADs) in the protection afforded by viral vaccines. And just as NAbs are the
best correlate of protection after vaccination, they are markers of immunity, which can be
life-long, against reinfection after the clearing of acute viral infections from the organism
(2-4). Furthermore, chronic infections with some viruses that cause cancer, e.g., human
papilloma virus and hepatitis B virus, can be prevented by vaccines inducing potent NAb
responses (1, 2, 4, 5).

HIV establishes a chronic infection, which can be treated effectively but not eradicated from
the organism by pharmacological or immunological intervention (6); nor can HIV
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transmission yet be prevented through vaccination (7). Passive immunization with NAbs
does, however, protect against viral challenge in animal models of HIV-1 infection. Cellular
immune responses may act in concert with NAbs: in the macaque model of HIV-1 infection,
new vaccine candidates profoundly and enduringly suppress viral loads to below
detectability by inducing specific effector memory T cells (8). But clinical trials of HIV
vaccines, both those focusing on cellular immunity and those aiming at inducing NAbs, have
failed, with one exception: the RV144 trial, based on vector priming and Env protein boosts,
showed 30% protection, of borderline statistical significance (9). Indeed, the RV144 vaccine
had not induced NAbs active against circulating strains of the virus (10). Neither in animal
experiments nor in clinical trials have broadly active NAbs against HIV so far been induced
(11). Maybe that is why numerous other measurements of the antibody responses have been
so extensively sifted for links to viral acquisition rates and viremic control in attempts to
find correlates of protection or risk (12). One such measurement is the avidity index of
antibody binding, usually involving the treatment of bound antibody in an enzyme-linked
immunosorbent assay with a chaotropic ion such as thiocyanate and the subsequent
measurement of the effect on the binding titer.

Avidity assays have been used successfully in the context of multiple virus infections. It is
often medically important to distinguish ongoing or recent infections from those in the more
distant past, for example to determine infectiousness. Chaotrope-based avidity indices
differentiate between current and past infections with tick-borne encephalitis virus, West
Nile virus, hantavirus, parotitis virus, morbilli virus, rubella virus, hepatitis C virus,
parvovirus, human herpes virus 6, cytomegalovirus, and human and simian
immunodeficiency virus (SIV) (13-27).

The avidity assay and its variants are described and analyzed in more detail in this
Perspective. The reason for this focus is the prominence the assay has gained in HIV
vaccine research and the problems stemming from its application to the HIV-1 envelope
glycoprotein as the antigen. In addition, though, notable developments in protein chemistry
are radically changing the understanding of the chaotropic effect. This new knowledge raises
questions of what precise information about affinity that the assay purveys. Because of these
problems, it seems worthwhile to contrast the chaotrope-based assay with alternative
methods for assessing the binding strength of polyclonal antibodies. This Perspective
outlines how techniques for measuring the kinetics of antibody binding might present such
alternatives (28). The strengths and weaknesses of all these techniques are discussed in
relation to developments in immunology and structural biology that provide deeper insights
into antibody-antigen interactions, affinity maturation, and the induction of protective
antibody responses.

The maturing immune response and the definitions of affinity and avidity

The use of the terms intrinsic affinity, functional affinity, and avidity in the literature is
inconsistent. Therefore some clarifications are needed.

Intrinsic affinity refers to the monovalent interaction of a single paratope with an epitope
and can be measured either by the use of Fabs or monomeric antigens, although the affinity
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of a paratope for an epitope may of course differ depending on how it is presented in
monomeric and oligomeric antigenic contexts (29). Through subtle conformational effects,
the constant domains of antibodies can also affect the intrinsic affinity (30).

The term functional affinity was introduced to apply to the binding strength of a bi- or
polyvalent antibody to antigens that present more than one copy of an epitope, because they
are multimeric or conjugated in multiple copies to a solid phase, thus allowing cross-linking
by the antibody. The degree of strengthening by bi- or multivalent binding can remain
unknown and the functional affinity describes the average strength of mixed valencies of
such binding (31, 32).

Avidity, strictly defined, refers specifically to the strengthening of binding through more
than one point of interaction. This effect can be quantified as the ratio of the dissociation
constant, Kg, for the intrinsic affinity over that for the functional affinity. But sometimes the
term avidity is used in a looser sense as a synonym for affinity, in practice particularly for
functional affinity, as in the terms avidity assay and avidity index, discussed here.

Still, the aim of the avidity assay is to assess intrinsic affinities: for it is the intrinsic affinity
that increases with affinity maturation after an infection or vaccination. In contrast, the
switches from one isotype to another generally decrease the potential for avidity (2): the
decavalent IgM precedes the bivalent 1gG response; within the IgG isotype, 19G3, which
tends to emerge early, has a greater hinge flexibility than the other subclasses, and that
facilitates bivalent binding.

The affinity of pure monoclonal antibodies can be readily measured by numerous
techniques. The problem was to compare the average affinity of antibodies in polyclonal
sera in order to assess the maturation of the humoral immune response. The proposed
solution was the so-called avidity assay.

Chaotrope-based assays

Both the concentration and affinity of antibodies to viral antigens rise after vaccination and
during infection, but they vary independently of each other and reflect different biological
processes (33). The problem is how to dissect them and how to assess the affinity of
polyclonal antibodies when their concentrations remain unknown (34-37).

One approach has been to disrupt the antibody-antigen complexes by chaotropic ions, such
as thiocyanate (SCN™) (38) (Figure 1; the chaotropic mechanism of action is discussed in the
section New developments in chaotrope chemistry below). The strength of binding would
then be reflected in the resistance to such disruption. The chaotropic effect was applied to an
ELISA and the measurement of the relative residual antibody binding capacity was called
the avidity index (39).

Chaotrope-based avidity measurements have been used for assessing affinity maturation of
antibody responses to vaccines against rubella and mumps viruses (26, 39). Although those
vaccines do induce protective neutralizing antibodies, however, the relationship to
neutralization and protection was not analyzed in those studies. A deeper investigation of an
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influenza-virus vaccine showed that an adjuvant raised both the chaotrope-resistant binding
and the neutralization titers among the vaccinees, but direct correlations were only
investigated between neutralization and other measurements of antibody binding than
chaotrope resistance (discussed in Kinetically based methods, below) (40). It is thus
possible but not proven that in some cases the avidity index tracks properties of the antibody
response that are directly or indirectly related to maturation of the antibody affinities for
neutralization-relevant antigens, thereby improving protection.

The special case of HIV-1 vaccines

HIV-1 differs from many other viruses in that test vaccines against it so far have failed to
induce broadly active neutralizing antibodies. Maybe partly because of that failure, other
types of immune responses are being extensively scrutinized for any correlations with the
limited degrees of protection observed in animal models and in only one out of multiple
human clinical trials (9, 11, 12, 41). Among those tests applied in the evaluation of HIV-1
and SIV (simian immunodeficiency virus) vaccine candidates, chaotrope-based avidity
assays figure prominently (42-52). Thus, the avidity index has been correlated with
protection both from acquisition of infection (43, 48-50) and from high viral loads in
breakthrough infections (42, 44, 46), although exceptions to such associations occur (45).
Before these intriguing immunochemical phenomena can be discussed, some typological
distinctions among epitopes must be adumbrated.

Continuous and discontinuous epitopes

The division of protein epitopes into linear and non-linear, continuous and discontinuous,
simple and composite, or conformationally independent and dependent is somewhat
artificial. For, if a patch on a protein surface is large enough to provide the binding energy
of, say, a neutralizing antibody, it is likely to contain elements that are not contiguous in the
polypeptide chain (53). Therefore, the proper folding of the protein is often required to bring
critical elements of the epitope into proximity, so that the paratope can make contact with
them. Nevertheless, the distinction is meaningful in that some epitopes can be mimicked by
short peptides (<20 residues) derived from the amino-acid sequence of the protein antigen;
others cannot (54-58). The mimicking of epitopes can involve induced fits by the antibody;
sometimes, different antibodies to overlapping epitopes can induce different shapes of the
same antigenic peptide (59).

Although the dichotomous verbal classifications of epitopes above are largely
interchangeable, distinctions exist: no epitope is literally linear, particularly after the induced
fit by a paratope; the conformational dependence of epitopes with the same degree of
continuity can differ; the term continuous only means that part of the epitope is sufficiently
continuous for a peptide to bind to the same paratope as the intact epitope - often with
considerably lower affinity; and composite epitopes in some contexts comprise those with
glycan constituents in addition to the polypeptide components. As a further specification, the
antigenicity of some epitopes depends not only on protomer folding but also on the intact
structure of a whole oligomer, either directly because the epitopes span more than one
subunit, or indirectly because of conformational influences of the quaternary structure on the
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conformation of each protomer. Both instances are exemplified by epitopes on the envelope
glycoprotein of HIV-1.

The envelope glycoprotein of HIV-1

The envelope glycoprotein (Env) of HIV-1 is a trimer of heterodimers, each consisting of
the outer subunit, gp120, non-covalently associated with the transmembrane component,
gp41, which anchors the whole protein in the viral envelope (7, 60-62). The gp120 subunit
binds to the main receptor for the virus, CD4, which induces conformational changes
allowing the interaction with a co-receptor, one of the chemokine receptors CCR5 or more
rarely CXCR4 (63, 64). The co-receptor interaction triggers the fusogenic action of gp41,
merging the viral envelope with a cellular membrane, whereby the viral core enters the
cytoplasm of the host cell. Because of these functions of Env, it is the target of neutralizing
antibodies, which block receptor interactions or later steps in the fusogenic cascade (65).

Env is an extremely variable antigen, but the variation is mostly confined to the large
variable loops, where epitopes tend towards the continuous; other epitopes are more
conserved and discontinuous. The antibody responses to Env can be divided into three
categories: non-neutralizing antibodies (hon-NAbs), narrow NAbs, and broadly active NAbs
(bNAbs) (66). Responses elicited early in infection comprise the non-neutralizing
antibodies, directed to epitopes that are not exposed on native Env trimers, and the narrowly
neutralizing antibodies, directed to the variable loops and therefore active only against a
narrow range of viral strains. But in a subset of infected persons, after several years,
antibodies emerge with broad activity against genetically divergent forms of HIV-1 (67-72).
These bNAbs are mostly directed to discontinuous epitopes, such as the CD4-binding-site
(CD4bs), glycan-dependent, and quaternary-structural epitopes, some of which span the
gpl120-gp4l interface (11, 68, 73). The affinity maturation of bNAbs involves a high degree
of somatic hypermutation, including deletions and insertions in complementarity-
determining regions (CDRs) and mutations in the normally conserved framework regions; in
many cases bNAbs have unusually long CDR3 loops (68, 73, 74). These particularities
potentially influence chatropic effects on the interactions of antibodies with Env epitopes.
But in order to analyze those effects, we must first outline the basis for the avidity assay and
index.

The chaotrope-based avidity assay and index

In an avidity assay, a serum or plasma is titrated in an ELISA (enzyme-linked
immunosorbent assay) with and without a pulse of a chaotrope, e.g., thicyanate, after the
antibody-binding step. Thiocyanate is the strongest anionic chaotrope (Figure 1); the non-
ionic chaotrope urea is sometimes used instead. The results are presented as an avidity index,
which quantifies the effect of the chaotrope on antibody-antigen binding as the reciprocal
titer after chaotrope exposure divided by the reciprocal titer without chaotrope, expressed as
a percentage (15, 16, 20, 21, 44, 46, 48-50). Analogously, the reciprocal half-maximum
binding concentration, 1/ECsp, for an antibody with and without chaotrope treatment can be
expressed as a percentage (75). The latter measures the relative functional affinity of the
antibody for the antigen in the presence of the chaotrope and can therefore be called the
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functional affinity index, FAI (75). As an alternative or complement, the level of antibody
binding, By, after treatment with the chaotrope, relative to without chaotrope treatment,
can be calculated (13, 17-20, 22, 24, 25, 39, 45, 76-78). The latter measurement has been
dubbed the By index (BMI) (75). The By itself correlated fairly well with the FAI in one
study (75), in line with the observation that the amount of antibody bound can be a
confounding factor in avidity assays (79). Most important, though, the ECs of the binding
of monoclonal antibodies to HIV-1 gp120 did not correlate well with the measurement of
the chaotropic effect, the FAI (75). That demonstrates that the avidity index does not always
reflect affinity.

Antibody binding to continuous HIV-1 Env epitopes resists chaotrope-treatment more than
binding to discontinuous epitopes does (38, 75, 76). This difference is not only due to a
more efficient direct dissociation of the antibodies from the discontinuous epitopes but can
also be attributed to a perturbation of the conformation of the antigen (38, 75).

Specifically, antibody binding to epitopes within the highly variable V3 region itself of
HIV-1 Env (as opposed to epitopes overlapping with the VV3 base and associated glycans)
was consistently chaotrope-resistant. In contrast, the chaotrope sensitivity of the antibody
binding to the CD4-binding site on gp120 (CD4bs) was variable and pronounced in several
cases. Likewise binding to the CD4-induced (CD4i) epitopes ranged from highly chaotrope-
sensitive for some to completely resistant in the case of an antibody, A32, directed to an
epitope comprising two continuous segments from the N- and C-terminal regions of gp120
(75).

The bNAbs 2G12 and PGT135, both directed to glycan-dependent epitopes around the V3
base, bound with partial chaotrope sensitivity. In contrast, the binding of another bNAb,
PGT128, directed to a nearby epitope, was enhanced by chaotrope treatment. Likewise,
antibody binding to cluster I epitopes in gp41 was somewhat augmented by chaotrope
treatment (75). These variable, sometimes opposing, effects by themselves suggest that the
chaotrope-assay results are subject to complex influences other than mere affinity, which
agrees with the outcome of the systematic analysis, demonstrating that affinity does not
correlate well with chaotrope resistance (FAI) (75). Furthermore, evidence from pre-
treatment of the antigen before antibody binding suggested that the chaotropic effect is
partly attributable to denaturation of Env. Although not directly investigated, denaturation of
the antibody by the chatrope might also contribute, and different paratopes might be
differentially sensitive. Therefore, additional variation in chaotropic effects, enhancing the
disconnection from affinity, might arise if the antibodies were pre-treated with chaotrope
before binding.

The context of the epitope also modulated the chaotropic effect: binding to some epitopes
exposed on both the monomeric gp120 and the Env trimers was differentially affected by the
chaotrope. Perhaps most significant of the findings, however, was that the binding of bNAbs
to the quaternary-structurally dependent epitope at the trimer apex was obliterated by the
chaotrope treatment (75).
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The biophysics and semantics of avidity and affinity

It is ironic that avidity in a stricter sense than intended in the term avidity index affects
chaotrope sensitivity. Higher valency of the interaction of ligands, including antibodies,
conferrred greater resistance, although the monovalent binding of some Fabs to linear
epitopes, for example in gp41, was so intrinsically chaotrope-resistant that it was not
demonstrably weaker than for the 1gG (75). Just as the avidity assay was not intended to
measure avidity in the strictest sense, but rather intrinsic affinity, it is perfectly rational to try
to eliminate the effect of valency when assessing affinity maturation, for example in order to
distinguish recent from longstanding viral infections. This elimination can be achieved by
reducing the antigen density (24); the longer the average distance between two antigen
molecules, the lower the probability that two-point binding can be established, and the purer
will be the intrinsic-affinity measurement. Furthermore, simply lowering the pH (less than
what denatures either protein) is a valid alternative to the use of chaotropes for inducing
antibody-antigen dissociation: the pH can be optimized for maximum dissociation and
minimum denaturation and thereby some of the qualitatively complex effects of chaotropes
that are difficult to interpret might be avoided, although it should be noted that pH-triggered
fusion proteins would react to sufficiently lowered pH with refolding (24, 80). Indeed, these
simple approaches, although more convenient, have proven as accurate as the chaotrope-
based method for distinguishing recent from long-standing HIV-1 infections (for these
purposes neutralization irrelevant antigens, not native gp120 or Env trimers, are used (24,
78)). That finding raises the question whether limiting dilution of antigen in ELISA could
replace the chaotrope-based methods for assessing affinity maturation after vaccination,
particularly for antibody binding to neutralization-relevant antigens (78). Indeed, the
simplification might improve the assessment of intrinsic affinities.

In summary, the rationale for the avidity assay has been to measure binding strength of
polyclonal antibodies, but its application to monoclonal antibodies specific for well-defined
epitopes reveals that the degree of chaotrope sensitivity is subject to multiple qualitative
influences. Those influences would explain the observed lack of a strong correlation
between affinity and chaotrope resistance: specificity for continuous epitopes, for certain
glycan-containing epitopes, and the degree of bivalent binding may all elevate resistance.
Crucially, the HIV-1 Env trimers are particularly complex and fragile; therefore their native
structure may be more easily perturbed by chaotropes than that of other viral antigens.

Interpreting the avidity index in vaccine research

The difference in chaotrope sensitivity of antibody binding to continuous and discontinuous
epitopes might shed light on some findings from HIV vaccine experiments in the macaque
model. When the reactivities of post-immunization sera with different antigens were
compared, the avidity index was lowest for a V1V2-loop-deleted gp120 monomer as
antigen, intermediate for a full-length gp120 monomer, and highest for a V1V2 peptide (42,
46). Thus the resistance to chaotrope disruption of binding correlated with the relative
preponderance of simple, continuous, and conformationally independent epitopes.
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These important observations should be coupled with findings of an absence of broad and
potent neutralizing responses in these experiments. The vaccines did not prevent infection
but sometimes reduced the ensuing viremia (42—-44, 46, 49, 50). The absence of bNAb
responses, together with the differential chaotropic effects, suggests what chaotrope
sensitivities would emerge if bNAbs were successfully induced. Since bNAbs tend to be
directed against complex and even quaternary-structural epitopes, their binding would be
reduced or completely disrupted by the chaotrope. The greater the proportion of narrowly
active antibodies directed to surface-loop epitopes, and the poorer the response to the
currently characterized bNADb epitopes, the higher would be the resulting chaotrope index.
The index might correlate negatively with broad protection from infection in such situations.

In general, mechanistic analyses of the chaotrope-based avidity assay show that the epitope
specificity of an antibody can affect the results more than its affinity does. In particular,
because of the fragility of the HIV-1 Env trimer as a soluble antigen and the complexity of
its cross-reactive neutralization epitopes, the avidity index is liable to under-represent
bNAbs and over-represent non-NAbs.

New developments in chaotrope chemistry

According to a now thoroughly revised view, chaotropes reduce protein-protein interactions
primarily by disrupting the ordered shell of water that juxtaposes non-polar patches on the
protein surfaces. Thereby the chaotrope would render binding less entropically favorable.
But already this view, which is over-simplistic, implies that the balance between van der
Waals and polar interactions between paratope and epitope would affect how individual
affinities are affected by chaotropes (81-83). Thus two antibodies with the same affinity but
different numbers of polar interaction and different areas of non-polar contact surfaces
would be differentially affected by chaotropes. Affinity is the net result of entropic and
enthalpic contributions to the binding energy: the interaction of two different antibodies with
an antigen can show the same affinity, i.e., have the same binding energy, while one
interaction has a large entropic contribution (for the sake of the argument assumed to stem
only from the effect on water), making it chaotrope-sensitive according to the old view, and
the other interaction has a small entropic contribution, making it relatively chaotrope-
resistant.

The revised view of chaotropic effects on proteins explains why all chaotropes are not the
same. Thus, ionic chaotropes, such as SCN™, also interact directly with the protein backbone
and thereby shift the equilibrium towards the unfolded state (84), the kind of denaturing
effect that was invoked to explain some disruption of binding in the avidity assay (75). And
chaotropic anions can pair with cationic side-chain groups, i.e. the guanidinium of arginine,
the ammonium of lysine, and the imidazolium of histidine (79, 81, 83). There is now a
renaissance in research into why proteins differ in the ranking of how chaotropes affect their
solubility, their so-called salting in and salting out, i.e., why they have different Hofmeister
series (81) (Figure 1).

Studying the antigenic effects of systematic substitutions of residues in peptides in
conjunction with comparisons of antibody-peptide binding in large numbers of buffers,
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including those that contain chaotropes, may elucidate aspects of the chemistry of
antigenicity: such studies have indeed demonstrated dramatically different effects of urea
and thiocyanate on antibody binding (85, 86). It would, however, not only be impractical to
use multiple chaotropes (except perhaps as a pool), but variable profiles of resistant and
sensitive binding would probably ensue, each specific for the chemical make-up of each
epitope-paratope interface; such finger-printing would be too complex to interpret and
would have no rationally predictable bearing on the protective potential of the antibodies.
Qualitatively distinct effects that depend on the amino-acid composition of particular
proteins would hardly translate into quantitatively uniform measurements proportional to
intrinsic affinities of ligand interactions with the respective proteins.

Indeed, it may be less surprising that interactions with different epitopes on HIV-1 Env are
differentially affected than that the chaotrope-based assays can differentiate recent infections
from those in the more distant past for many viruses (13-24, 75, 76). Other disconnections
between chaotrope resistance and affinity than those demonstrated for HIV-1 Env should be
expected. As a case in point, chaotrope resistance did not correlate inversely with ECsg
values for monovalent antibody binding of phosphocholine (87).

Increased affinity can result from various combinations of improved spatial fit, expanded
hydrophobic interactions, and polar complementarities between paratope and epitope. Still,
it has been suggested that affinity maturation generally entails reduced flexibility in
constituent elements of the paratope (88-91). Thus affinity maturation may specifically
affect the entropic control of the association rate (89). It should be noted, however, that
these entropic effects are distinct from those of the water shell previously suggested to be
the main target of the chaotrope according to the over-simplistic view. Hence the
generalizations about flexibility, even if valid, do not imply simple quantitative relationships
between chaotrope sensitivity and affinity.

The emerging knowledge of bNAbs directed to HIV-1 may cast further light on variable
effects of chaotropes. Not only do several bNAbs have long CDR3 loops, which might be
perturbed by chaotropes, some have sulfated tyrosines in these loops that confer specific
affinity-enhancing polar interactions, further complicating the possible chaotropic effects (7,
92). For example, the commonly used anionic chaotrope thiocyante may interact with the
residues that otherwise partner with the sulfated tyrosines.

A hypothesis that epitopes are chemically special patches on the protein surface implies that
certain agents would selectively disrupt antibody-antigen interactions. But careful analyses
suggest that the amino-acid composition of epitopes does not on average deviate from that
of protein surfaces in general (30). Indeed, when known overlapping and non-overlapping
epitopes of a well-studied antigen are added up more and more of the surface is found to be
antigenic: the antigenic area may indeed approach the entire surface (Figure 2) (93). In
contrast, CDRs deviate from the average protein surface in amino-acid composition, each
CDR having its own preferences for residues. But this does not in general add up to special
amino-acid compositions for the entire paratopes; rather the preferences of the six different
CDRs average out. On the epitope side there may thus be the corresponding constituent
patches, i.e., components of epitopes, with idiosyncrasies in amino-acid composition,

Expert Rev Vaccines. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klasse

Page 10

although contact residues on the paratope side and CDRs are not exactly synonymous (30).
The problem with specific chaotropic effects designed to disrupt these interactions is the
vast complexity that precludes any general predictions.

In conclusion, the differential effects of different chaotropes on the polypeptide backbone as
well as on particular amino-acid sides and their interactions with each other are complex,
conferring to each paratope-epitope interaction a unique sensitivity. These effects are
furthermore expected to be subject to the prevalent phenomenon of hysteresis: the scalar
energy change for the initial macromolecular association can be smaller than that of the
dissociation. This difference arises from secondary, stabilizing interactions and the
concomitant extrusion of solvent molecules from the binding cleft (94, 95). Hysteresis
comprises conformational changes that stabilize antibody-antigen binding over time. It can
be directly demonstrated by the kinetic methods discussed below: hysteresis would manifest
itself as a reduction in the dissociation rate when the association time is prolonged. The
degree of this time dependence of the strength of the interaction adds another dimension to
the variable influences of chaotropes.

Antigenic perturbation and fixation

Enveloped viruses enter susceptible cells by fusing with the cell-surface of endocytic
membranes, a feat mediated by their envelope glycoproteins, which in the process undergo
drastic functional conformational changes, sometimes even refolding. Some of these
glycoproteins have developed conformational masking as a general means of escaping
neutralizing antibodies (7, 96). Even before the drastic functional changes set in, triggered
by receptor interactions or a drop in the endosomal pH, viral envelope glycoproteins can
transit between distinct conformations. As elucidated by single-molecule fluorescence-
resonance-energy transfer, HIV-1 Env fluctuates between three different states, the relative
prevalence of each being shifted by receptor (CD4) and antibody binding (97). The research
into which conformations best elicit broadly neutralizing antibodies and how to stabilize
these conformations is intense (96). Indeed, that approach has already led to the
identification of an immunogen that more effectively than un-mutated protein induces
neutralizing antibodies to the respiratory syncytial virus (98). Here, the disruptive effects of
chaotropes on the interactions and conformations of antibodies and antigens have been
considered. Other studies have addressed the degree of antigen perturbation involved in
antibody binding. The question is then how the chaotropic effects might relate to
conformational flexibility and antigenic perturbation.

In one study, the degree of perturbation in HIV-1 Env required for Ab binding was
measured in a cell-based ELISA as the ratio of binding to unfixed Env over the binding to
glutaraldehyde-fixed antigen (99). This ratio was called the perturbation factor. How does
this measurement relate to the chaotrope-based avidity index? Since chaotrope treatment
acts not only by perturbing conformations but apparently also more drastically by denaturing
the antigen, whereas the fixation should merely lock the most sampled conformations, it
might be farfetched to posit any relatedness of the chaotropic and fixation effects. Upon
scrutiny of the few Env ligands included in studies by both approaches, no general
relationship emerges, although it should be noted that the binding assays and the forms of
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Env differed. Thus binding of PGT128 to gp120 was enhanced by the chaotrope but its
perturbation factor was among the lowest, <1. In other cases the match was better between
both the conditions and the results of the two assays: the binding of some antibodies to
trimers gave low BMIs in the chaotrope assay (FAIs were too low to measure), as well as
low perturbation factors (<<1) in the fixation-based assay, the latter being equivalent to
preferential binding of glutaraldehyde-fixed Env. In summary, although no strong agreement
should be expected, both the chaotrope- and fixation-based measurements are influenced by
other factors on binding than mere functional affinity.

Kinetically based methods

Because of the complications of chaotrope-based assessments of the binding strength of
antibodies directed to HIV-1 Env as well as to other viral antigens, it is rational to explore
alternative methods. Kinetically based methods are candidates because from the binding
constants they measure, affinities can be derived. Surface plasmon resonance (SPR, Biacore)
is a label-free technique based on the reflection of polarized light converted to a resonance
signal that allows the amount of, e.g., antibody bound to an antigen to be followed over time
(28, 100). By fitting a model function to the binding data for a titrated antibody, one can
obtain the on- and off-rate constants of antibody binding to the immobilized antigen, and
thereby the affinity of the interaction, because the equilibrium constants are the ratios of the
kinetic ones: Kq=Kqf/Kon [M] and Ka=Kon/Koss [1/M]. Although subject to some
uncertainties, the stoichiometry of the interaction, i.e., the number of paratopes maximally
bound to an oligomeric antigen, can also be derived from the binding data (Figure 3) (28,
29).

The SPR instrument contains a microfluidic system, allowing a molecule in solution (the
analyte) to flow past and bind to the immobilized molecule (the ligand) without any
significant changes in the concentration of free analyte, provided the flow rate is sufficiently
high. When the flow rate is too low, e.g., if the amount of ligand so high that no feasible
flow rate is sufficient, the data will be compromised by the problem of mass-transport
limitation or rebinding, which will distort the kinetic and therefore potentially also the
equilibrium constants. But the high sensitivity of the detection obviates the untoward effects
by allowing of low ligand densities; as another remedy, the flow rate can be increased. And
the absence of mass-transoprt limitation can be ascertained by a battery of diagnostic tests.
The non-turbulent laminar flow provides a theoretically satisfactory basis for the validation
of the binding data.

Another label-free approach, biolayer interferometry (Octet), for studying the kinetics of
antibody binding is increasingly used: it can also yield on- and off-rate constants and
thereby the affinity of the interactions. This system is not based on laminar flow of the
analyte solution but involves the dipping of sensor tips into different wells and mixing by
vigorous shaking. It may be hard to avoid mass-transport limitation, although cumbersome
schemes have been designed to do so; it may be even harder to ascertain validity of the
kinetic data (101). Instead, the advantages of this system are speed of analysis and the large
numbers of samples that can be processed.
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The reason these techniques are briefly introduced here is that both have been applied as
potential alternatives to the chaotrope-based avidity assays (10, 46). Indeed, the kinetic
approach has also been dubbed an avidity assay for analyzing plasma (10, 46). This use
raises the question of what information the kinetic techniques can provide and how that
differs form the avidity index.

When the binding of polyclonal antibodies is studied, the relevant concentrations are
unknown and only the off-rate constant, which is concentration-independent, can be
analyzed kinetically. It should be noted, however, that affinity maturation also involves
increases in the on-rate constant. Furthermore, the antigen density on the SPR chip will
determine the avidity, i.e., the degree of bivalency of 1gG binding, which will have a
dominant influence on the off-rate in an arbitrary manner that may not be relevant to
neutralization or other protective mechanisms (29). Just as in ELISA, however, the antigen
density on the SPR chip can be reduced until 1gG binding is overwhelmingly monovalent
(29). Then the measured off-rate constant would provide partial information about the
affinity maturation of an antibody response. Not all maturation will be measurable though,
since many bNAbs bind with so low off-rate constants that they fall below the limit of
detection.

In promising studies of the antibody responses to vaccines against influenza virus, the off-
rate constant of binding to haemagglutinin correlated inversely with neutralization titers of
sera from human vaccinees and with haemagglutination-inhibition titers and reduction in
viral load in a ferret infection model (40, 102). The off-rate constant may be more closely
related to the persistent fraction of viral infectivity than is either the on-rate constant or the
affinity (29); the off-rate constant for the binding of antibodies to short peptides representing
a variable epitope cluster on HIV-1 Env has also bee found to correlate inversely with their
capacity to neutralize narrow ranges of HIV-1 isolates (103). In another study, development
of bNADb activity against HIV-1 occurred simultaneously with an increased strength of
binding as assessed by biolayer interferometry (104). That study went further than assessing
the off-rate constant: by using the total IgG concentration as a substitute for the unknown
concentration of the Env-specific antibodies, it derived not only the straightforward kg
values but also the apparent kg, and thereby also K values. It should be borne in mind that
increases in the relative concentrations of specific antibodies would raise the on-rate and
appear as apparent increases in the on-rate constant under those circumstances.
Nevertheless, this approach may yield valuable complementary information that is
considerably easier to rationalize than that stemming from the multi-factorial influences on
the avidity index.

An ambitious scheme would be to harness the capacity of SPR to measure the
concentrations of active molecules mixed with inert and irrelevant different species. This
application intriguingly builds on the mass-transport limitation that invalidates kinetic
measurements (105, 106). The concentrations of active antibodies in purified 1gG (serum,
containing mixed classes of antibodies, would not work since the analytes must have
homogeneous mass; the binding of IgM would be too complex to model) could be measured
under conditions that favor mass transport limitation, i.e., large amounts of immobilized
antigen, and with varied flow-rate. From the fitted binding parameters, the concentration of
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active antibodies can then be derived. Thus to determine the proportion of a class of
antibodies in a post-vaccination serum or plasma that can simultaneously bind to the
immunogen, or to another relevant form of the viral antigen, could in itself help characterize
antibody response. Subsequently, however, the IgG could be titrated against lower amounts
of antigen to avoid mass transport limitation so that both on- and off-rate constants and
thereby the affinities could be measured by the incorporation of the previously determined
concentrations of specific 1gG; the monovalent and bivalent binding components would be
separated by the appropriate modeling. Note that at best the affinity information obtained
would be averages for all simultaneously binding antibodies, i.e., potentially directed to
several epitopes (Figure 2). Obviously, the procedure would be laborious and consume large
amounts of serum. Whether it would have any practical use remains uncertain.

The few examples of particular antibodies that have been studied both with the HIV-1 Env
trimer as antigen in the chatrope-based assay and with immobilized trimers by SPR illustrate
that the highest affinities of the bNAbs, including trimer-specific ones, (K4 values around or
below 1nM) are compatible with the highest chaotrope sensitivities (29, 75). Again this
suggests that the chaotropic effect is no substitute for affinity measurements and must at
least partly be attributed to a disruption of the fragile antigenic structure, which is
particularly delicate for quaternary-structural epitopes (75).

Avidity in a stricter sense

SPR enables the dissection of intrinsic affinity and avidity. Flowing a Fab over an
immobilized antigen is the most direct way of measuring the intrinsic kinetic and, thereby,
affinity constants by SPR: with IgG as the analyte instead, a bivalent model must be applied
unless the antigen density is sufficiently low to exclude bivalent binding by antibodies that
cannot cross-link two epitopes intra-oligomerically. How should we then best express the
effects of strictly defined avidity that affect the binding? The densities of viral surface
proteins on the SPR chip can be made to simulate those on the surface of virions; avidity
dependence on antigen density can be measured, and avidity can be quantitatively expressed
either as the ratio of Kq for Fab over IgG, both Langmuir-modeled, or of the K4 for modeled
monovalent 1gG binding over the approximate Langmuir-modeled binding of the whole IgG
(29). The agreement between the monovalent binding in the bivalent modeling and simple
Langmuir-modeled Fab binding is good (29). Theoretically these do not have to coincide
exactly: the Fc portion can have indirect, allosteric effects on the paratopes as well as on the
accessibility of the epitopes (30). Furthermore, Fc portions can interact with each other and
this would enhance the valency of binding further (107).

Avidity in the stricter sense of binding valency has been studied by SPR in another manner
that is also relevant to neutralization and virion aggregation (cf. (108)). The method involves
the immobilization of virions, the subsequent binding of antibodies to the virions, and the
ultimate detection of free paratopes on the bound antibodies by another round of virion
injection: if the 1IgG molecules are not engaged bivalently, the virions in the second round
will be captured, causing a strong SPR signal (109).
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Notably, the contribution of strict avidity to neutralization varies among viruses. It is
particularly feeble for HIV-1, probably because the Env trimer spikes on the viron surface
are sparse, which counteracts cross-linking (110). As mentioned, this density can be
mimicked in the SPR system and the avidity effect can be determined by comparing the
binding of Fabs and 1gG to Env at different densities; then the Fab/IgG functional affinitiy
ratios can be compared with the Fab/IgG neutralization ratios (29). The Fab/IgG
neutralization 1Cs ratio tends to be around 10 for HIV-1 and can be orders of magnitude
higher for other viruses (29, 110). Of course, an antibody that could bind bivalently to two
epitopes on the same trimer would not depend on Env density for its functional affinity, but
spatial constraints militate against that sort of intra-trimeric binding by natural antibodies to
HIV-1 Env (60, 61). Binding agents with optimal spacers between the two paratopes have
been created and these antibody-derived molecules neutralize HIV-1 with orders of
magnitude greater potency than the corresponding regular 1gG (111). The concept of avidity
remains central to an understanding of virus neutralization.

The biological importance of binding kinetics

The kinetics of antibody-antigen interactions are at the heart of immunological processes:
the on- and off-rate constants are intricately and asymmetrically related to the iterative
process of B-cell-receptor ligation and affinity maturation (112). Ever greater on-rate
constants would enhance presentation to and stimulation of B-cells. Such rate increases
would thus be selected for until they reach the physico-chemical limit. But mass-transport
limitation makes on-rates difficult to detect correctly by SPR above 10° (M~1s71). The off-
rate constant selection, in contrast, is cell-biologically limited for every cycle of selection in
the germinal centers of lymph nodes: when the off-rate, which is concentration-independent,
is lower than the endocytic rate of the B-cells, a further reduction confers no selective
advantage. How can then extremely low off-rate constants that are typical, e.g., for bNAbs
against HIV-1, arise? Presumably, there is a cross-antigenic effect of mutations that reduce
the off-rate for antibodies down to the endocytic rate for the presented antigen, and in
parallel reduces it further for the same antibody in relation to another antigen for which the
off-rate is already lower than the endocytic threshold. When the virus mutates again, that
raises the off-rate and the cycle of selection resumes; the cross-antigenic kinetics readjust
anew.

Thus SPR and interferometry provide more direct evidence that is more readily rationalized
and biologically more important than does the chaotrope-based assay. It is an advantage that
the same techniques can be used with poly- and monoclonal antibodies. Thus, the kinetic
methods bring unity to the study of the B-cell response and will allow comparisons between
the cruder polyclonal and the more finely dissected monoclonal levels of antibody
responses.

Discrepancies between antibody binding and neutralization

The premise all through this discussion has been that measurements of antibody binding
should have maximum relevance to neutralization and thereby to protection from virus
infections. One complication is that many antibodies are polyspecific or polyreactive, i.e.,
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they bind different, even unrelated, antigens (33, 113). This capacity can sometimes be
explained by the conformational flexibility of the paratopes (114). For viruses that display
few NADb epitopes, because of a paucity of the entry-mediating viral proteins on the virion
surface, this capacity can have profound effects on neutralization (115, 116). If an 1gG
molecule can rarely bridge two relevant viral protein oligomers, it may instead cross-link
one of those to a host-derived passenger antigen and thereby achieve a lower off-rate. As a
result, neutralization is potentiated (115, 116). But this effect would reduce the correlation
between the affinity measured against native-like viral proteins and the neutralizing potency.

In other cases, the epitope can consist of, e.g., different constellations of glycans. Such
constellations may occur in different numbers on glycoproteins of different strains of same
virus (117, 118), but they may be differentially antigenic and the affinities measured will
therefore be mere averages. Heterogeneity in glycosylation may leave some viral proteins
non-antigenic, thereby affecting the slope and plateaus of neutralization curves (29, 119,
120). Again, discrepancies would arise between binding measurements obtained with
homogeneous viral proteins and neutralization of heterogeneous viral populations. When the
viral populations are antigenically heterogeneous, polyclonal mixtures of antibodies can
achieve stronger neutralization efficacy than individual ones (119, 120). The molecular
details, including glycosylation, of the antigens in the binding assays determine the
relevance of the binding constants to protection.

As the binding measurements become more precise and sophisticated, sometimes correlating
well with neutralization of matching viruses in experiments (121-123), it should be born in
mind that protection induced by vaccination requires antibody binding to heterologous viral
antigens with various degrees of differences from the immunogens.

Outlook and conclusions

The chaotrope-based avidity assays have been applied in clinical settings; they have helped
to identify recent infections and to demonstrate the maturation of responses to vaccines.
These assays have also been used in experimental HIV-vaccine research. In the absence of
neutralizing responses, the avidity assays have been included in wide arrays of tests in the
search for statistical correlates with the limited protection observed (12). Hence the problem
of how to interpret what these assays really measure arose. In the study of bNAbs to HIV-1
it has emerged that some of these antibodies only bind to native-like trimers, which are
conformationally delicate antigens. When soluble Env trimers were applied in the chatrope-
based assays, bNAb binding was abrogated, whereas non-NAb binding to more linear
epitopes on subunits or peptides was preserved (75). This bias in the chaotrope-based assays
points to the need for an altenative technique to assess affinity maturation relevant to
protection.

Since concentrations and affinities both rise after initial infection and vaccination, and since
both are relevant to protection, it might be asked why assays aimed at determining binding
strength would be superior to simple binding titrations, which yield half-maximal binding
dilutions that are the net result of concentrations and affinities. Indeed, during infections
with acutely cytopathic viruses, such as vesicular stomatitis virus, the antibody response
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may mature rapidly and thereafter the degree of protection is determined by changes in
antibody concentration (33). Regular titrations, particularly against low densities of antigen
that exclude bivalent binding, as well as the kinetic methods, i.e., SPR and biolayer
interferometry as outlined here, can give valuable information about the development of
polyclonal antibody responses. The information provided by all of these measurements is
more direct than that contained in the chaotrope-based avidity indices, and it is better
understood biophysically and more comparable with the measurements of choice for
monoclonal antibodies.

The comparison with monoclonal antibodies is crucial. Even if some studies of polyclonal
sera after experimental vaccination can be useful, a deeper understanding requires a
dissection of those responses into their component antibody specificities and indeed further
into the germline lineages from which the effective responses originate. Great advances in
viral vaccine research are due to the new methods for isolating human monoclonal
antibodies through immortalization of memory B-cells and plasma cells (124).

Essential are also the methods for determining the neutralizing capacity of both monoclonal
antibodies and the post-immunization polyclonal sera. The epitope mapping of the
neutralizing antibodies, the structural studies of the antibody-antigen complexes, the
thermodynamic and kinetic analyses of the binding, and the measurement of potency and
breadth of neutralization together guide the further development of immunogens. Some of
those techniques allow comparable measurements for single antibodies and polyclonal sera;
others are restricted to individual antibodies but instrumental in improving the understanding
of neutralizing responses. Of note, it was analyses of the chaotropic effects on the binding
by well-characterized monoclonal antibodies that revealed some of the obfuscating aspects
of the traditional avidity assay.

Independently of developments in immunology and virology, the basic chemistry of
chaotropic and other ionic effects on proteins - the solvation science that started with
Hofmeister’s ingenious experiments - is undergoing a renaissance and will no doubt
improve our understanding of protein interactions. That improvement will benefit the study
of immunologically and virologically important proteins, viz. antigens and antibodies. The
opposite concurrent trend towards simplicity might seem ironic: determining the kinetics of
antibody binding, once pursued within the arcane sub-domain of immuno-chemistry, is
becoming routine and provides affinity measurements as a welcome byproduct. What was a
simple tool is becoming an intricate topic, and what was an intricate topic has produced a
simple tool.

Expert commentary

Anti-viral vaccines are among the greatest successes in medical history. Neutralizing
antibodies are known to mediate vaccine-induced protection against viral infections. But
many effective vaccines against important viral pathogens remain to be developed. When
vaccines are studied experimentally and in clinical trials, we need the most informative
assays to assess the elicited immune responses. Chaotrope-based avidity assays for
measuring antibody binding strength have served well for distinguishing current from past
infections with many viruses. It has transpired, however, that these assays preferentially
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detect antibodies of certain specificities while missing others. Antibody binding to important
neutralization epitopes on the complex and fragile HIVV-1 envelope glycoprotein trimer is
hyper-sensitive to the disruptive effects of the chaotrope, although the interactions are of
high affinity. Furthermore, the understanding of the multifaceted effects of the chaotrope on
proteins is still evolving and this increasing complexity undermines simple interpretations of
chaotrope-based avidity indices. It is therefore warranted to explore alternative techniques
that can measure antibody-binding properties relevant to protection. Thus, surface plasmon
resonance and biolayer interferometry, which measure the kinetics of binding, are emerging
tools for evaluating polyclonal vaccine-induced antibody responses. The kinetics of antibody
binding to native-like viral antigens are intricately related to affinity maturation and
neutralization.

Five-year view

Over the next few years alternatives to the inadequately understood chaotrope-based avidity
assays for assessing the strength of antibody interactions with viral antigens will be
developed further for better vaccine evaluations. Among those alternatives are surface
plasmon resonance and biolayer interferometry that measure the concentration-independent
off-rate constants of antibodies in polyclonal preparations and give precise affinity and
kinetic information for monoclonal antibodies. Optimization of these techniques for the
particular purpose of evaluating polyclonal antibody binding to complex viral antigens is
likely to lead to a consensus for standard measurements. No doubt the renaissance of the
study of chaotropic and other ionic interactions with proteins will meanwhile furnish
exciting new insights with relevance to virology and immunology. But so far, such insights
have increased the complexity and thereby the difficulties in interpreting the chaotrope
avidity assays.
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Key issues

Chaotrope-based antibody binding assays have been used widely for assessing
the strength of the binding of anti-viral antibodies but are not mechanistically
understood.

Binding to continuous epitopes is more resistant to chaotrope treatment than
binding to discontinuous epitopes.

Binding to important quaternary neutralization epitopes on HIV-1 Env trimers is
particularly vulnerable to chaotrope disruption.

The effects of chaotropes and other ions in Hofmeister’s series are complex;
these effects are the subject of continuing advanced studies in protein chemistry.

New B-cell and plasma-cell cloning techniques allow the dissection of antibody
responses and facilitate detailed studies of paratope-epitope interface structures
as well as of binding kinetics, thermodynamics, and stoichiometry.

Surface plasmon resonance and biolayer interferometry measure the binding
kinetics of monoclonal antibodies but can also give some biophysically
interpretable information about the binding strength of polyclonal antibodies.

Pseudovirus-based neutralization assays allow the screening of post-vaccination
sera against multiple viral variants mutants and thereby the determination of the
salient neutralization epitopes recognized by vaccine-elicited antibodies.

Neutralization and binding titers have great predictive value in vaccine analyses,
provided the antigens used in the assays are similar to functional entry-
mediating proteins on the surfaces of circulating viruses.

Chaotropic effects on proteins in general and antibody-antigen interactions in
particular may become better understood through developments in physical
chemistry while their usefulness in routine immunological assays recedes.
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Hofmeister series for cations and anions

NH,*> K*> Na* > Li*> Mg?* > Ca?*> guanidinium

SO,* > HPO,? > acetate > citrate > tartrate
>ClI">NOy >1">ClO, > SCN-

Figure 1.
The Hofmeister series. In 1888 Franz Hofmeister described the ranking of salt solutions for

efficacy in precipitating serum globulins (81). By comparing cations paired with the same
anion and vice versa he elegantly dissected the effects of the individual ions and ranked
them as illustrated in the series. Each series describes a spectrum from the first ion (left),
which most decreases globulin solubility (“salting out”) to the last ion (right), which most
increases it (“salting in”). Anionic effects tend to be stronger than the cationic ones. The
series has also been called lyotropic and the left-hand extreme kosmotropic, whereas the
righ-hand extreme is commonly referred to as chaotropic. Those terms are derived from a
now much revised view of how the ions work. Thiocynate, the most chaotropic of the
anions, is often used in the chaotrope-based avidity assay. Certain non-ionic molecules, e.g.,
urea, share some properties of the chaotropic ions and have also been used in the assay. The
old theory suggested that the effect was general and attributable to how the ions interact with
water: the propensity of water molecules to form shells around macromolecules would be
diminished by the chaotrope. Part of the binding energy for two interacting protein
molecules is explained by how the macromolecular interaction reduces the sizes of those
combined water shells. Therefore the binding energy would be unfavorably affected by the
chaotrope. The newer insights in Hofmeister solvation science suggest less general
mechanisms: instead the solvation effects on proteins partly stem from ionic interactions
with the peptidic backbone and the side chains, the latter in particular making the
susceptibility of each antibody-antigen complex unique, like the amino-acid composition of
the parts contributing to the epitope and the paratope. Already the old view suggested
variation in chaotrope resistance according to the relative contributions to the paratope-
epitope binding of van der Waals or hydrophobic versus polar interactions. But the new
insights further undermine the theoretical basis for using chaotropes to measure binding
strength.
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Figure 2. Antibodies (Fabs) bound to neutralization epitopes of an HIV-1 Env trimer
(A) The Fabs (green) directed to various known neutralization epitopes on each of the three

Env protomers nearly cover the trimer (beige). (B) Fabs directed to different epitopes are
shown in different colors. Most antibodies bind with a stoichiometry of up three paratopes
per trimer; some directed to quaternary-structural epitopes at the trimer apex (PG9) bind to
only one epitope per trimer; but here only one Fab of each antibody is represented, thereby
revealing the unoccupied surfaces on the other protomers (white). (C) The unoccupied
epitopes, corresponding to those occupied by the Fabs in B, are shown in the same colors as
the corresponding Fabs in B. The figure shows simultaneous binding of multiple paratopes,
a situation that resembles the binding of polyclonal antibodies in a serum although in some
sera antibodies to a single epitope dominate. Because the antibodies will have varying
affinities and unknown concentrations, only the average off-rate constant can be assessed by
kinetic techniques. Furthermore, the binding of one Fab may positively or negatively affect
the binding of another (93). The images are reproduced from Derking et al. PLoSPath 2015
11: 1004767 (93).
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Figure 3.

Tr?e kinetics of antibody binding to immobilized trimeric HIV-1 envelope glycoprotein
(Env) analyzed by SPR. The sensorgrams, i.e., response units (RU) after background
subtraction as a function of time (s), show the binding curves for titrated antibodies as
indicated in the legend. The same color code applies to all diagrams but the titration ranges
start and end at different concentrations and also differ in the dilution steps. The data were
fitted with a model for bivalent binding except in the case of the functionally monovalent
antibody, 2G12, the binding of which was fitted with the simple Langmuir model. The
curves generated by the modeling are depicted in black but are only visible where they
diverge somewhat from the data. Note how the binding of the antibodies, all broadly
neutralizing (bNADbs), differs both in on-rate (association phase, 5 min) and off-rate
(dissociation phase, 10 min). The on-rate is the product of the on-rate constant, kon, and the
antibody concentration; the off-rate is concentration-independent and hence its constant,
koff, can be determined when the antibody concentrations are unknown, as is the case for
polyconal sera. Therefore it has been possible to apply SPR and another kinetic method,
biolayer interferometry, to the monitoring of increased binding strength of antibodies during
affinity maturation (10, 104). The diagrams are reproduced from Yasmeen et al. 2014,
Retroviology 11:41 (29).
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