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ABSTRACT

When HIV-1 vaccine candidates that include soluble envelope glycoproteins (Env) are tested in humans and other species, the
resulting antibody responses to Env are sifted for correlates of protection or risk. One frequently used assay measures the reduc-
tion in antibody binding to Env antigens by an added chaotrope (such as thiocyanate). Based on that assay, an avidity index was
devised for assessing the affinity maturation of antibodies of unknown concentration in polyclonal sera. Since a high avidity in-
dex was linked to protection in animal models of HIV-1 infection, it has become a criterion for evaluating antibody responses to
vaccine candidates. But what does the assay measure and what does an avidity index mean? Here, we have used a panel of mono-
clonal antibodies to well-defined epitopes on Env (gp120, gp41, and SOSIP.664 trimers) to explore how the chaotrope acts. We
conclude that the chaotrope sensitivity of antibody binding to Env depends on several properties of the epitopes (continuity ver-
sus tertiary- and quaternary-structural dependence) and that the avidity index has no simple relationship to antibody affinity for
functional Env spikes on virions. We show that the binding of broadly neutralizing antibodies against quaternary-structural
epitopes is particularly sensitive to chaotrope treatment, whereas antibody binding to epitopes in variable loops and to nonneu-
tralization epitopes in gp41 is generally resistant. As a result of such biases, the avidity index may at best be a mere surrogate for
undefined antibody or other immune responses that correlate weakly with protection.

IMPORTANCE

An effective HIV-1 vaccine is an important goal. Such a vaccine will probably need to induce antibodies that neutralize typically
transmitted variants of HIV-1, preventing them from infecting target cells. Vaccine candidates have so far failed to induce such
antibody responses, although some do protect weakly against infection in animals and, possibly, humans. In the search for re-
sponses associated with protection, an avidity assay based on chemical disruption is often used to measure the strength of anti-
body binding. We have analyzed this assay mechanistically and found that the epitope specificity of an antibody has a greater
influence on the outcome than does its affinity. As a result, the avidity assay is biased toward the detection of some antibody
specificities while disfavoring others. We conclude that the assay may yield merely indirect correlations with weak protection,
specifically when Env vaccination has failed to induce broad neutralizing responses.

Most vaccines that protect humans from viral infection induce
effective neutralizing antibody (NAb) responses (1), but hu-

man immunodeficiency virus type 1 (HIV-1) vaccine candidates
based on the viral envelope glycoproteins (Env) have so far failed
to induce broadly neutralizing antibodies (bNAbs) (2–4). Passive
immunization with bNAbs, either systemically or topically, pro-
tects robustly against virus acquisition in animal models of HIV-1
infection, whereas nonneutralizing antibodies (non-NAbs) do
not (5–10). Accordingly, it is reasonable to conclude that vaccine-
induced bNAb responses would be important for protection. Also
of note is that bNAbs arise in a minority of HIV-1-infected people
(4, 11–15). These bNAbs evolve by iterated B-cell cycling through
germinal centers of lymph nodes, and their affinity maturation
involves a high degree of somatic hypermutation, including dele-
tions and insertions in complementarity-determining regions
(CDRs) and mutations in the normally conserved framework re-
gions (4, 16, 17).

Epitopes that can bind NAbs must be located on the exterior of
virions and be accessible on the surface of functional Env proteins
at some stage before viral entry is completed (18). Conversely,
epitopes that become exposed only when a functional Env protein

is denatured will not bind NAbs (19). Although epitopes on folded
protein molecules are unlikely to be formed exclusively from res-
idues that are adjacent in the polypeptide chain, they can be sub-
divided into two general subcategories. Continuous epitopes are
contained within a local stretch of polypeptide and can be mim-
icked by short peptides (6 to 20 residues). Discontinuous, or com-
posite, epitopes consist of discrete clusters of amino acid residues
that are widely separated in the polypeptide sequence but are
brought into close proximity when the protein folds (19–23). Dis-
continuous epitopes are most sensitive to conformational chang-
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es; they can also be formed by sequences in different subunits of an
oligomeric protein, e.g., the HIV-1 Env trimer; such quaternary-
structural epitopes are particularly sensitive to changes in protein
conformation.

Antibodies (Abs) to discontinuous epitopes are prevalent in
HIV-1-positive human sera and include bNAbs directed to gp120
(4, 12–15, 24). Abs generated to HIV-1 during early infection
include those to predominantly continuous V3 epitopes, but as
the response matures, Abs emerge to discontinuous epitopes, such
as the CD4-binding site (CD4bs), CD4-induced (CD4i), glycan-
dependent, and quaternary-structural epitopes (2, 4, 17). Some
quaternary-structural epitopes on Env are formed where the three
gp120 subunits meet at the trimer apex (25–30). Overall, complex
and conformationally sensitive epitopes are far more likely than
simpler ones to be relevant to the design of Env vaccines capable of
inducing bNAbs.

Perhaps because of the failure of Env vaccine candidates to
guide the immune response toward the generation of bNAbs, pa-
rameters other than neutralization have gained prominence as
measures of vaccine performance. They include Ab-binding titers
and the resistance of Ab binding to chaotrope treatment in what
are known as avidity assays (31–37). The average affinity of serum
or plasma Abs directed to any particular antigen (Ag) is difficult to
ascertain. Thus, a half-maximal binding titer for a polyclonal se-
rum in an enzyme-linked immunosorbent assay (ELISA) is the
product both of the functional affinities of the constituent Abs and
of their concentrations. Although the concentration and affinity
of an Ab to a specific epitope cluster can both increase early in
infections, these two variables are differently regulated and can be
directly measured only when pure monospecific Abs are available
(18, 38–40). Can, then, the strength of binding somehow be indi-
rectly determined without knowledge of the specific Ab concen-
trations? It has long been known that Ab binding to Ag can be
reversed by chaotropic ions, such as thiocyanate (SCN�) (41).
Building on this effect, Pullen et al. used the sensitivity of bound
Ab to chaotrope-induced dissociation in an ELISA as a measure-
ment of the strength of the binding; they designated the assay
endpoint the avidity index (42).

The avidity index has been used to monitor the affinity matu-
ration of the Ab responses induced by rubella, mumps, and influ-
enza virus vaccines (42–44). Perhaps because of their value in
these other vaccine contexts, avidity assays have become widely
used for evaluating HIV-1 vaccine candidates. When the assay is
adapted to new uses, however, it should be noted how qualitative
demands on NAb responses and the complexity and lability of Ags
differ drastically among viruses. The Env glycoproteins may be
particularly sensitive to conformational perturbations and dena-
turation. Indeed, long ago, the use of urea, a chaotrope, during the
purification of HIV-1 gp160 for human clinical trials was cau-
tioned against because of the resulting denaturation (45). None-
theless, the avidity index has been correlated with protection from
the acquisition of infection (32, 35, 36, 46) or with viremic sup-
pression postinfection (31, 33, 34) in the absence of effective NAb
responses in various simian models of HIV-1 infection. It is of
note, however, that the lack of such correlations has also been
reported (47).

A previous study indicated that Ab binding to continuous
HIV-1 Env epitopes is more chaotrope resistant than binding to
discontinuous ones (48). Here, we have corroborated this obser-
vation, expanded it to other epitopes, including quaternary-struc-

tural epitopes, and investigated its underlying mechanism by
varying the conditions of chaotrope pulsing in binding assays in-
corporating a panel of lectins and Abs. We show that chaotropes
have a far more drastic effect on the binding to conformationally
sensitive epitopes than to more continuous ones, a finding that is
partly attributable to a perturbation of Env protein structure and
not just to the direct dissociation of Ab-Env complexes (41). We
have also investigated the relationship between chaotrope resis-
tance and the valency of binding, i.e., avidity in a stricter sense
than for the term avidity index. Here, we found that higher va-
lency or avidity does confer some chaotrope resistance, although
chaotrope resistance and functional affinity did not correlate well.

We conclude that an avidity index based on the chaotrope
resistance of Ab binding to HIV-1 Env proteins is a highly com-
plex measurement. Many confounding factors make the chao-
trope-based avidity assay a problematic tool for evaluating Ab
responses to Env and for improving the design of HIV-1 vaccines.

MATERIALS AND METHODS
Antibodies, soluble CD4, lectins, Env proteins, and peptides. The fol-
lowing monoclonal antibodies (MAbs) were obtained through the NIH
AIDS Reagent Program: 268-D and 257-D (isolated with a 23-mer peptide
representing the N-terminal part of V3 [MN] [49, 50]); 2191 (isolated
with a disulfide-bonded and glycosylated V3 sequence grafted onto a
truncated form of murine leukemia virus gp70 [25]); 246-D (gp41 cluster
I [51]) from S. Zolla-Pazner; F105 (directed to the CD4-binding site
[CD4bs]) and F240 (gp41 cluster I) (52, 53) from M. Posner; F425 B4e8
(directed to the tip of the V3 loop and capable of neutralizing a subset of
primary isolates from subtypes B, C, and D [54, 55]); F425A1g8 (directed
to a CD4-induced epitope [CD4i]) and b12 (CD4bs [54–56]) from D.
Burton; 17b, E51, and A32 (CD4i [24, 57–59]) from J. Robinson; and
NIH45-46 GW54 (CD4bs [60]) from J. Mascola. The MAbs 2G12 (glycan
epitope), b6 (CD4bs), 15e (CD4bs), PGT128 (V3 base, glycan), and
PGT135 (high-mannose glycan) (29, 61–64) were provided by the IAVI
Neutralizing Antibody Consortium Repository. HIVIG, a polyclonal IgG
preparation from HIV-positive sera, was obtained from the NIH AIDS
Reagent Program (catalog number 3957). D7324, an affinity-purified
sheep Ab to the C-terminal region of gp120, was purchased from Aalto
Bioreagents (Dublin, Ireland). CD4-IgG2 and soluble CD4 (sCD4) were
obtained from Progenics Pharmaceuticals. Biotin-conjugated concanava-
lin A (ConA) (catalog number C2272) and snowdrop (Galanthus nivalis)
lectin (catalog number LA71100-4) were purchased from Sigma-Aldrich
and United Biosystems, respectively.

gp120 (JR-FL) expressed in CHO cells was provided by Progenics.
Extensive structural and epitope-mapping information is available for
this protein in truncated forms that include its V3 region (65). A soluble
gp41 trimer derived from the HIV-1 SF162 sequence (75 kDa, streptavi-
din tagged) was produced and purified as described elsewhere (66). A
synthetic peptide with the sequence N-DQQLLGIWGCSGKLICTTAVP
WNC-C, representing part of epitope cluster I in the ectodomain of gp41,
and a negative control with the same residues in scrambled order, N-WN
CGTQGPTSKCDIWCLGLILVAQ-C, were made by Primm Biotech. The
two D7324 epitope-tagged Env proteins BG505 SOSIP.664-D7324
(SOSIP.664 is also referred to as SOSIP.R6) (27, 28) and WT.SEKS-D7324
(italics indicate an uncleaved construct) were expressed and purified as
previously described (27, 28). The structure of a deglycosylated form of
the BG505 SOSIP.664 trimer in complex with the V3 base- and glycan-
specific Fab PGT122 has been determined by crystallography to a resolu-
tion of 4.7 Å. The structure of fully glycosylated trimer in complex with
the CD4bs-specific Fab PGV04 was resolved to 5.8 Å by cryo-electron
microscopy; the epitopes of several other MAbs have also been delineated
on this trimer (67, 68). The sequence modifications in BG505 SOSIP.664,
including a disulfide bridge between gp120 and gp41 (SOS), the trimer-
stabilizing IP change, and the truncation at residue 664, have been de-
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scribed previously (28). WT.SEKS has the natural REKR cleavage site re-
placed by the nonscissile motif SEKS but lacks the SOS and I559P (change
of I to P at position 559) changes (27). SOSIP.664 adopts nativelike trim-
eric structures, while WT.SEKS exhibits aberrant, nonnative, variable
shapes (27, 67, 68).

ELISA with chaotrope pulsing. Capture ELISA was performed as de-
scribed elsewhere (69, 70). Briefly, Costar 96-well white plates were coated
overnight with 10 �g/ml D7324 (for capture of gp120 or Env trimers via
C-terminal epitopes) in 100 mM NaHCO3, pH 9.5. Plates were blocked
with 200 �l B3T buffer (150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA,
3.3% fetal bovine serum [FBS], 2% bovine serum albumin [BSA], and
0.07% Tween 20) for 1 h at room temperature, washed twice with Tris-
buffered saline (TBS), and then incubated for 2 h with 600 ng/ml JR-FL
gp120, BG505 SOSIP.664, or WT.SEKS Env proteins in TBS containing
10% FBS.

Direct-coating ELISA was performed as described above for the Ab
capture assay except that the wells were coated overnight with Ag. The
gp41 cluster I peptide or its scrambled counterpart (see above for se-
quences) was applied at 2 �g/ml in 100 mM NaHCO3, pH 9.5. In all
peptide ELISAs with the gp41 cluster I peptide, the background signal
obtained with the scrambled counterpart was subtracted. The gp120
monomer was applied at 600 ng/ml gp120, and the soluble gp41 trimer at
500 ng/ml, both in TBS. In all cases, the wells were subsequently blocked
with B3T buffer.

The choice of the Ag concentrations specified above for both capture
and direct-coating ELISAs was based on pretitrations. Thus, the selected
Ag densities used fell in a zone of approximately constant 50% effective
concentrations (EC50s) for the Abs. Each EC50 is, therefore, a good ap-
proximation of the dissociation constant, Kd, which describes the func-
tional affinity.

The MAbs, lectins, and HIVIG were titrated in 3-fold serial dilutions
(over different concentration ranges, as indicated in the figures) in Ab
buffer (20% sheep serum, 4% milk, and 0.5% Tween 20 in TBS) and were
then allowed to bind immobilized Ag for 2 h at room temperature. Soluble
CD4 was titrated down in constant 4-fold molar excess over the MAbs to
the CD4i epitopes. After Ab or lectin incubation, duplicate wells were
washed twice with TBS and treated with either phosphate-buffered saline
(PBS) or 1.5 M sodium thiocyanate (NaSCN) for 15 min and then washed
twice again with TBS before the addition of the secondary Ab. That pro-
cedure is referred to herein as posttreatment. In the pretreatment, the
wells were washed twice after gp120 was exposed to PBS or 1.5 M NaSCN
and before the addition of the titrated MAb. We compared post- and
pretreatment of both captured Ag and Ag used to directly coat wells,
because direct coating might itself partly denature the Ag (71) and there-
fore diminish any additional effect of the chaotrope. Since the pretreat-
ment chaotrope pulse was followed by washes to avoid residual direct
effects of the reagent on Ab binding, some renaturation of the Ag might
instead occur.

For detection of bound MAb and CD4-IgG2, we used anti-human IgG
(Fc specific) and highly cross-adsorbed alkaline phosphatase (AP)-conju-
gated goat Ab (catalog number SAB3701277; Sigma-Aldrich) diluted
1:1,000. All detection Abs were diluted in TBS with 0.05% Tween 20 and
incubated for 1 h at room temperature. Bound sCD4 was detected with
anti-human CD4 biotin-conjugated MAb OKT4, followed by two TBS
washes and then AP-conjugated streptavidin (catalog number 43-4322;
Invitrogen). Fabs were detected by anti-human IgG F(ab=)2 highly cross-
adsorbed AP-conjugated rabbit Ab (catalog number SAB3701250; Sigma-
Aldrich). Plates were then washed four times with PBS containing 0.1%
Tween 20 and then twice with Tropix (Invitrogen). The AP-mediated
catalysis of the chemiluminescent substrate (Invitrogen) was allowed to
proceed for 10 min before the plates were read on a luminometer. Lumi-
nescence values for test wells were corrected by subtracting first the con-
trol values obtained without Ag (but with capture Ab where applicable) or
with the scrambled peptide and then the control values obtained without
primary Ab. The resulting background-corrected values were plotted

against Ab concentration and fitted with a three-parameter sigmoidal
function that had the bottom plateau constrained to 0 (Prism; GraphPad).
R2 values were �0.9.

Because chaotropic effects on interactions other than those between
test MAbs and Env would make it hard to interpret the experiments, we
investigated whether the chaotrope influenced the coating of the ELISA
wells with the sheep capture Ab D7324. Wells coated as described above
were pulsed with the chaotrope (1.5 M NaSCN) or PBS for 5, 10, 15, and
20 min. The remaining bound D7324 was then detected with AP-conju-
gated anti-sheep IgG. The outcome was that the chaotrope treatment did
not reduce the amount of D7324 attached to the wells compared with the
results for the PBS control (data not shown).

Correlations were investigated by calculating the nonparametric
Spearman’s rank coefficients, and their significance by performing two-
tailed tests (Prism; GraphPad).

RESULTS
Differing effects of chaotrope treatment on MAb and lectin
binding to different epitope clusters in gp120. The degree of Ab
occupancy is known to influence how sensitive an Ab-Ag complex
is to dissociation by a chaotrope (72). To avoid that bias, we
titrated MAbs and lectins over a wide concentration range when
we measured their binding to D7324-captured gp120 (JR-FL)
with and without a 15-min chaotrope (NaSCN) pulse (Fig. 1). The
chaotrope had differing effects on two fitted binding measure-
ments: the plateau value (Bmax) and the half-maximal binding
concentration (EC50). At the Ag densities used, the EC50s approx-
imate the dissociation constants, Kds, and thus describe the func-
tional affinities of the MAbs, which result from the weighted av-
erages over their mixed bivalent and monovalent modes of
binding.

When serum or plasma samples with unknown specific Ab
concentrations are studied, it is common to calculate an avidity
index, which quantifies the effect of the chaotrope on Ab-Ag bind-
ing. Specifically, the avidity index is the serum or plasma dilution
factor for half-maximal binding after chaotrope exposure divided
by the corresponding value in the absence of chaotrope, expressed
as a percentage (33-36, 46, 73–76). Accordingly, we calculated
here the corresponding value, i.e., 1/EC50 with chaotrope relative
to the result without, expressed as a percentage. The resulting
value would ideally be a measure of the relative functional affinity
of the test Ab for the Ag in the presence of chaotrope. We refer to
it as the functional affinity index [FAI]. In some other studies, the
level of Ab binding in the presence of a constant or varied chao-
trope concentration relative to the level of binding without chao-
trope is reported (42, 44, 47, 48, 73, 77–84). Accordingly, we also
calculated the reduction in Ab-binding plateaus, or Bmax values,
and defined the Bmax index (BMI) as the Bmax with chaotrope
divided by the Bmax without, expressed as a percentage.

We first assessed the effect of chaotrope exposure on the bind-
ing of MAbs to the V3 region of gp120 (Fig. 1). V3 is a dominant
target for autologous, strain-specific, neutralizing responses that
appear early in HIV-1 infection (85–88). Typically, V3 MAbs ef-
ficiently neutralize only sensitive (tier 1) isolates, because their
epitopes are occluded on the trimers of more resistant (tier 2)
viruses. These MAbs usually recognize V3 on gp120 monomers
and, often, also V3 peptides of various lengths (28, 30, 89–92). In
general, epitopes in loops or protruding regions of proteins tend
to be continuous and, therefore, are mimicked well by short pep-
tides (20, 21, 93). For all four V3 MAbs tested against JR-FL gp120,
chaotrope exposure gave FAI and BMI values close to 100%
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(Fig. 1). Specifically, MAbs 257-D, 268-D (49, 50), 2191 (25), and
F425-B4e8 (54, 55) gave BMI values of 95 to 102% and FAI values
of �100%. Thus, the gp120 binding of all of the anti-V3 MAbs
tested was highly chaotrope resistant. This result also provides an
internal control by demonstrating that the chaotrope does not
reverse the capture of gp120 by the Ab D7324 that is adsorbed to
the ELISA wells.

In contrast to the binding of V3-specific MAbs, which was
uniformly chaotrope resistant, MAb binding to the CD4bs
epitopes differed widely in chaotrope sensitivity (Fig. 1). CD4bs
MAbs bind to most gp120 monomers (e.g., JR-FL gp120), but the
CD4bs Abs most prevalent in HIV-1-positive sera neutralize only
tier 1 isolates because their epitopes are occluded on the trimers of
tier 2 viruses (e.g., JR-FL). Some rare CD4bs bNAbs do, however,
neutralize tier 2 viruses (24, 52, 56, 94). We used MAbs 15e, F105,
and b6 as representatives of the first category and b12 and
NIH45-46 to represent the second. The gp120 binding of these five
CD4bs MAbs spanned a spectrum of chaotrope sensitivities. Thus,
the binding of b12, 15e, and F105 was nearly eliminated by the
chaotrope, NIH45-46 binding was partly sensitive (BMI of 51%
and FAI of 34%), and b6 binding was chaotrope resistant (BMI of
90% and FAI of 57%). Chaotrope resistance did not, however,
track with the capacity of the same MAbs to neutralize HIV-1
JR-FL. Thus, b12 and NIH45-46 potently neutralize this tier 2
virus but 15e, F105, and b6 do not (56). Still, the drastically diver-
gent chaotrope sensitivities must reflect differences in how the
MAb paratopes interact with the corresponding epitopes on the

gp120 monomer. Although the epitopes for the five CD4bs MAbs
overlap, they are certainly not identical. For example, b12, unlike
b6 and NIH45-46, inserts its CDR3 into the same hydrophobic
pocket that CD4 itself plugs with its Phe43 residue (63).

We also studied the chaotrope sensitivity of MAb binding to
CD4i epitopes (Fig. 1). In these experiments, sCD4 was present in
4-fold molar excess over the MAb to induce the exposure of the
CD4i epitopes on gp120 (see Materials and Methods). Given CD4
induction of these epitopes, all the CD4i-specific MAbs yielded
binding plateaus such that both their BMI and FAI values could be
determined for quantitative comparisons. The MAbs 17b, E51,
and F425A1g8 recognize discontinuous epitopes that overlap the
conserved coreceptor-binding site on the bridging sheet, which is
formed between the inner and outer domains of gp120 upon CD4
binding (59). These three MAbs generally neutralize tier 1 but not
tier 2 viruses (54, 57, 59, 95). Like the CD4bs MAbs, the CD4i
MAbs bound to gp120 with various chaotrope sensitivities. Thus,
for both 17b and E51, the BMI was �10% and the FAI was �0.1%,
but for F425A1g8, the BMI was 27% and the FAI �100% (i.e., the
EC50 for this MAb was unaffected by the chaotrope).

The A32 MAb also requires sCD4 for induction of its epitope
but differs from the three CD4i MAbs discussed above by not
neutralizing even tier 1 viruses and by recognizing a less complex
epitope with segments in the C1 and C4 regions of gp120 (57, 96,
97). We found that A32 binding was resistant to the chaotrope
(BMI of 92% and FAI of 42%). Hence, the binding of 17b, E51,
and F425A1g8 to their conformationally sensitive, discontinuous

FIG 1 Chaotrope effects on the binding of gp120-specific MAbs and lectins. The MAbs and lectins were titrated against D7324-captured gp120 (JR-FL) in
ELISAs. Quantification of bound MAb, detected as luminescence (relative light units [RLU]), is expressed on the y axis as a function of MAb concentration
(ng/ml) on the x axis. Ligand binding after chaotrope (NaSCN) or control (PBS) treatment is represented by dashed and solid lines, respectively. The data points
are the mean results from three intra-assay replicates, and the error bars show the standard errors of the means (SEM). Each plot is representative of �2 replicate
experiments.
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CD4i epitopes in the bridging sheet was markedly more chaotrope
sensitive than the binding of A32 to its CD4i epitope, which con-
sists of two relatively continuous segments.

The glycan-dependent binding of MAbs and lectins also varied
in chaotrope sensitivity (Fig. 1). The bNAb 2G12 interacts with the
high-mannose glycans at N295, N332, and N392; its Fab arms are
entwined through an unusual VH domain swap that confers
higher affinity than other glycan-binding Abs display and renders
the IgG functionally monovalent (61, 62). 2G12 binding to gp120
was partly chaotrope resistant (BMI of 78% and FAI of 12%).
PGT135, also a bNAb, interacts with glycans at N332, N386, and
N392 but contacts the polypeptide surface as well (67, 98). Like
2G12, PGT135 bound in a partly chaotrope-resistant manner
(BMI of 45% and FAI of 37%). PGT128 interacts with the N301
and N332 glycans at the base of V3 and, also, with the polypeptide
surface (67). This bNAb bound weakly to gp120, but its reactivity
was increased by chaotrope treatment (BMI and FAI values could
not be determined). Chaotrope exposure similarly enhanced the
binding of the mannose-specific lectin ConA (99) but obliterated
the reactivity of a second mannose-reactive ligand, snowdrop lec-
tin (100). The markedly different, indeed sometimes opposing,

effects on the binding of these bNAbs and lectins to gp120 suggest
that chaotrope exposure modulates the orientations of the glycans
in a complex manner.

In general, while the effect of chaotrope treatment varied both
within and among the various gp120 epitope clusters, MAb bind-
ing to conformationally dependent, composite epitopes was more
affected than the binding to predominantly continuous ones.

The binding of Abs to cluster I epitopes in gp41 is weakly
enhanced by chaotrope treatment. The immunodominant, non-
neutralization epitopes in gp41 cluster I (residues 579 to 613) are
predominantly continuous and can therefore be mimicked by
short synthetic peptides (22, 23). The binding of MAbs F240 and
246-D and of a polyclonal HIV-1 IgG (HIVIG) to a soluble gp41
ectodomain trimer and to a peptide encompassing the cluster I
epitopes was invariably and strongly chaotrope resistant. Indeed,
chaotrope treatment enhanced F240, 246-D, and HIVIG binding
to the gp41 trimer, yielding BMI values of 116%, 114%, and 146%,
respectively; the relative functional affinities were not detectably
affected, i.e., the FAI values were �100% (Fig. 2A to C). The
binding of F240 and 246-D but not of HIVIG to the gp41 peptide
was also enhanced by the chaotrope; the respective BMI values

FIG 2 Chaotrope effects on the binding of gp41-specific MAbs and HIVIG. The MAbs and HIVIG were titrated against wells directly coated with gp41 trimer
(A to C) or gp41 peptide (D to F) in ELISAs. Bound Ab, detected as luminescence (RLU), is expressed on the y axis as a function of Ab concentration (ng/ml) on
the x axis (MAb F240, MAb 246-D, or HIVIG as indicated). Ab binding after chaotrope (NaSCN) or control (PBS) treatment is represented by dashed and solid
lines, respectively. The data points are the mean results from three intra-assay replicates, and the error bars show the SEM. Each plot is representative of �2
replicate experiments.
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were 143%, 127%, and 91.7%, while the FAI values were again
�100% (Fig. 2D to F). Since only the Bmax and not the functional
affinity was affected by the chaotrope, the enhanced binding to the
gp41 Ags may be caused by an increase in the number of epitopes
that become available for Ab binding through the chaotrope treat-
ment and remain so throughout the ELISA washes.

Affinity does not correlate with chaotrope resistance. The
original purpose of the chaotrope assay was to assess the func-
tional affinity of Abs of unknown concentration in sera or plasma;
i.e., to dissect out the respective contributions that affinity and
concentration make to the increases in Ab binding titers that can
be measured over time after infection or vaccination. The validity
of that application for anti-Env antibodies can be tested by the use
of various MAbs of known concentration. We therefore explored
how well the two measurements of the chaotrope effect, i.e., the
FAI and the BMI (derived from data in Fig. 1 and 2A and B),
correlated with the EC50, which gives an estimate of Kd (Fig. 3A
and B).

We found that the FAI did not correlate well with EC50, al-
though the tendency was in the expected negative direction (r �
�0.36, P � 0.16) (Fig. 3A). Hence, the FAI is a poor surrogate for
the functional affinity of Abs for Env proteins. The BMI correlated
more strongly, and also negatively, with EC50 (r � �0.58, P �
0.016) (Fig. 3B). Furthermore, FAI correlated fairly well with the
absolute Bmax values (r � 0.59, P � 0.012) (Fig. 3C). This corre-
lation agrees with the dependence of the chaotrope effect on the
degree of Ab occupancy of the Ag or, more generally, on the
amount of the Ab-Ag complex present (72). Hence, these con-
founding factors further diminish the value of the avidity index for
evaluating affinity maturation.

There was a corresponding but weaker tendency for Bmax val-
ues to correlate with the BMI (r � 0.42, P � 0.090) (Fig. 3D), again
agreeing with the finding that the more Ab that is bound to an Ag,
the weaker is its proportional sensitivity to dissociation upon
chaotrope exposure (72). The two measurements of chaotrope
resistance, FAI and Bmax, did, however, correlate well with each
other (r � 0.67, P � 0.0030) (Fig. 3E), suggesting that they identify
largely interdependent aspects of Ab binding to Env proteins, in
spite of multiple examples of discordant BMI and FAI values (see
above). Furthermore, the scatterplot of BMI versus FAI showed
that MAbs directed to different types of epitopes segregate (Fig.
3E). Thus, the CD4bs MAbs (except b6) and those to the CD4i
(bridging sheet) epitopes fell to the lower left and the glycan-
specific MAbs in the middle, whereas A32, the V3-specific MAbs,
and the gp41-directed ones fell to the upper right of the plots. Of
note is that the latter set is composed only of non-NAbs.

Partial denaturation of gp120 contributes to the chaotrope
effect on Ab binding. Since we found that Ab reactivity with com-
posite epitopes is particularly sensitive to chaotrope treatment, we
hypothesized that the chaotrope partly denatures gp120, thereby
disrupting discontinuous epitopes while affecting continuous
ones less drastically. Furthermore, if the Ag is partly denatured by
the use of it to directly coat the plastic, additional denaturation by
the chaotrope should be more limited than with captured Ag. To
test these hypotheses, we compared the effects of applying the
chaotrope pulse before and after MAb binding to gp120 mono-
mers, both following capture by D7324 and in directly coated
wells (see Materials and Methods).

To allow clearly detectable effects, we chose three gp120-spe-
cific MAbs that bound with intermediate or stronger chaotrope

sensitivity: b12 and F105, which recognize discontinuous epitopes
in a chaotrope-sensitive manner, and 2G12, which binds to a gly-
can epitope in a partly chaotrope-resistant way. The distinct con-
ditions of binding and chaotrope treatment yielded different re-
sults for the three MAbs (Fig. 4). In the D7324 capture assay, the
pre-Ab chaotrope pulse reduced the binding of b12 and F105 but
not of 2G12. Hence, for b12 and F105 the extensive effect of the
post-Ab pulse can be partly attributed to denaturation of the
gp120 Ag.

In the direct-coating assay, the pre-Ab chaotrope pulses had
negligible effects on all three Ab-gp120 interactions (the plateaus
for b12 and 2G12 were marginally raised). For b12 and F105,
however, the post-Ab pulse had a partial effect in the direct-coat-
ing assay, different from that in the D7324 capture assay, the FAI
rather than the Bmax being reduced. In contrast, the post-Ab pulse
raised the 2G12-binding plateau somewhat in the direct-coating
assay. That effect resembles what we observed for PGT128 and
ConA in the D7324 capture assay and for F240 and 246-D in the
direct-coating gp41 assay, the plateau elevation of the latter having
occurred under the same conditions as described here for 2G12
(Fig. 1, 2, and 4).

Overall, this analysis demonstrates that some effects of the
chaotrope can be attributed to a perturbation of the Env antigen
and not exclusively to the disruption of the interaction between
intact Ab and Env proteins. Thus, the chaotrope acts at least
partly, and sometimes substantially, by denaturing Env proteins.
We note that while denaturation of the MAb might also contrib-
ute, those effects will not differentiate between MAbs stringently
according to the complexity of their epitopes. And as a further
illustration of how complex the chaotrope effects are, the changes
in BMI and FAI values sometimes diverged (Fig. 1 to 3). Theoret-
ically, those discrepancies could be related to the degrees of per-
turbation over the populations of Ag molecules. Thus, a complete
denaturation of some epitopes ought to result in a reduced BMI,
whereas a more partial disturbance—still compatible with some
MAb binding—would merely reduce the FAI.

Multivalent binding increases chaotrope resistance. By com-
paring ligands capable of mono-, bi-, and tetravalent binding, we
next investigated whether the avidity in a strict sense affected
chaotrope resistance (Fig. 5). The binding of IgG (bivalent) of the
CD4bs non-NAb b6 was resistant to the chaotrope (BMI of 84%),
but the corresponding Fab (monovalent) bound in a chaotrope-
sensitive manner (BMI of 37%) (Fig. 5A). Chaotrope treatment,
which already had a profound effect with b12 IgG (BMI of 15%),
further reduced the binding of the b12 Fab (BMI of 8.3%) (Fig.
5B). Likewise, for the tetravalent CD4-IgG2 protein, the BMI was
relatively high, 61%, but for monovalent sCD4 it was only 4.5%
(Fig. 5C). In contrast, the binding of either form of MAb F240 was
chaotrope resistant; it was slightly enhanced for the IgG and less so
for the Fab.

The EC50 (nM) ratios for Fab over IgG were similar (�2 to 3)
for b6 and b12. This low ratio suggests partial but similar degrees
of bivalency for these two MAbs. Thus, the greater chaotrope re-
sistance of b6 than of b12 cannot be attributed to a greater degree
of bivalent binding. The corresponding ratio for CD4-IgG2 versus
sCD4 was much greater (�13), a reflection of tetra- versus mon-
ovalent binding capability. The differential effect of chaotrope
treatment was also much greater for CD4-IgG2 versus sCD4 than
for b6 or b12 IgG versus Fab, a result illustrating how a high
valency can confer chaotrope resistance. The chaotrope resistance
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FIG 3 Resistance of binding to the chaotrope does not correlate well with MAb affinity. EC50 and Bmax values were calculated by fitting a sigmoid function to the
data shown in Fig. 1 and 2A and B. The functional affinity index (FAI) and the Bmax index (BMI) are two different measurements of the resistance to chaotrope
treatment of MAb binding to the Env Ag. FAI (%) was plotted against EC50 (ng/ml) (A), BMI (%) against EC50 (ng/ml) (B), FAI (%) against Bmax (RLU) (C), BMI
(%) against Bmax (RLU) (D), and FAI (%) against BMI (%) (E). Symbols representing Abs targeting the more continuous epitopes (V3 and gp41) and the more
composite epitopes are labeled in green and red, respectively.
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of the F240 Fab (EC50 ratio for Fab over IgG of 2.3) shows that the
intrinsic properties of the paratope-epitope interaction can still
dominate, however.

Ab binding to captured Env trimers is chaotrope sensitive.
Soluble, recombinant BG505 SOSIP.664 trimers have a nativelike
structure (26, 28, 67, 68). Most non-NAbs bind minimally to these
trimers, whereas all NAbs that are active against the correspond-
ing virus bind well (28, 30). One exception is the non-NAb b6,
which, although it does not bind to SOSIP.664 trimers as detected
by surface plasmon resonance (SPR), does bind to an extent in
D7324 capture ELISA (28, 30). In contrast, uncleaved gp140 pro-
teins lacking the SOSIP trimer-stabilizing modifications assume
nonnativelike structures and fail to bind quaternary structure-
dependent or -specific NAbs, such as PG9 and PGT145, but do
bind several non-NAbs, such as b6 and F240 (27, 30). They also
bind the broadly active NAb b12, which does not neutralize the
BG505 virus (27). Against that background, we thought it worth-
while to compare the chaotrope sensitivity of MAb binding to
nativelike, cleaved BG505 SOSIP.664-D7324 trimers and nonna-
tivelike, uncleaved BG505 WT.SEKS-D7324 gp140 proteins (see
Materials and Methods) (27). We selected 2G12 and b6, which
recognize both forms of Env, PGT145 and PG9, which react only
with BG505 SOSIP.664-D7324 trimers, and b12 and F240, which
bind only to BG505 WT.SEKS-D7324 gp140 proteins.

We found that 2G12 binding to either form of D7324-captured
Env was largely chaotrope sensitive (Fig. 6). Thus, for the
SOSIP.664 trimers and WT.SEKS gp140, the FAI values were 28%
and 18%, respectively, while the Bmax indices were 14% and 47%.
The binding of b6 to SOSIP.664 trimers was chaotrope sensitive
(FAI of 26% and BMI of 19%), whereas the chaotrope had a
greater effect on b6 affinity for WT.SEKS gp140 than on its degree
of binding (FAI of 4.1% and BMI of 48%) (Fig. 6). Hence, the
binding of b6 to BG505 trimers was more chaotrope sensitive than
its binding to JR-FL gp120 monomers (Fig. 1). The binding of b12
to WT.SEKS gp140 was highly chaotrope sensitive (FAI of �20%
and Bmax of 10%), to roughly the same extent as b12 binding to
gp120 (negligible in the presence of chaotrope). The binding of
the gp41 MAb F240 to WT.SEKS gp140 was partially chaotrope
sensitive, as reflected only in the BMI (FAI of 120% and BMI of
32%; note that F240 does not bind the SOSIP.664 trimers). Fi-
nally, and notably, the binding of the strictly trimer-specific bNAb
PGT145 and of the trimer-preferring bNAb PG9 to SOSIP.664
trimers was obliterated by chaotrope treatment (Fig. 6). Thus, the
chaotrope disproportionately disrupts the binding of some
bNAbs or destroys their complex epitopes, which depend on a
native structure, in this case at the trimer apex.

Overall, the examples described above show that chaotrope
exposure can have a variety of effects on how well MAbs interact

FIG 4 Antigenic perturbation by the chaotrope contributes to reduced binding of MAbs to gp120. The plots on the left show MAb binding to gp120 in capture
ELISA, and those on the right show the binding in the direct-coating ELISA, as indicated. For each type of assay, the results of the pre- and post-Ab-binding
chaotrope (NaSCN) treatments are shown under the respective labels in the left and right columns (the ELISA conditions for the post-MAb-binding condition
in the capture assay were like those in the experiments whose results are shown in Fig. 1.) In each assay, luminescence (RLU) is expressed on the y axis as a function
of MAb concentration (ng/ml) on the x axis. The MAb binding after chaotrope or control (PBS) treatment is represented by dashed and solid lines, respectively.
The data points are the mean results from three intra-assay replicates, and the error bars show the SEM. Each plot is representative of �2 replicate experiments.
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FIG 5 Chaotrope resistance increases with valency. Mono-, bi-, and tetravalent ligands were titrated against D7324-captured gp120 (JR-FL) in ELISAs. Binding, detected
as luminescence (RLU), is expressed on the y axis as a function of ligand concentration (ng/ml) on the x axis. The potentially bi- or tetravalent binding of IgG and
CD4-IgG2 is shown on the left, and the monovalent binding of Fabs and sCD4 on the right. The ligands were b6 IgG/Fab (A), b12 IgG/Fab (B), CD4-IgG2/sCD4 (C), and
F24 IgG/Fab (D). Ligand binding after chaotrope (NaSCN) or control (PBS) treatment is represented by dashed and solid lines, respectively. The data points are the mean
results from three intra-assay replicates, and the error bars show the SEM. Each plot is representative of �2 replicate experiments.
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with Env proteins of various designs. Both the affinity and the
extent of Ab binding can be affected. The complexity and oligo-
meric state of the Env protein are decisive variables in that binding
to simple peptides, gp120 monomers, uncleaved gp140s, and na-
tivelike trimers responds differentially to chaotrope exposure.

DISCUSSION

The chaotrope-based avidity assay has gained a prominent role in
the evaluation of HIV-1 and simian immunodeficiency virus
(SIV) vaccine candidates (31–37, 46, 47, 101, 102). In spite of its
widespread use, however, it has been unclear what the avidity
index actually measures, in particular with regard to complex and
conformationally fragile antigens, such as HIV-1 Env. Clearly, the
original rationale for this assay was to monitor the affinity matu-
ration of polyclonal Abs specific for certain Ags without the need
to know the constituent Ab concentrations and, thus, to dissect
the two factors, concentration and affinity, that together deter-
mine binding titers.

Notably, the term “avidity” is widely used in two quite distinct
senses; in one case very loosely, as a synonym for any Ab affinity,
i.e., its meaning in the term “avidity index” (72), and in the other
more strictly, to describe the strengthening of binding through
two or multipoint interactions. But the capacity for bi- or polyva-
lent Ab binding, or avidity in the strict sense, does not tend to
improve with affinity maturation. On the contrary, the more av-
idly binding isotypes dominate in the early response to infection
and evanesce as the response matures (3). Thus, IgM can bind
more avidly than bivalent IgG by virtue of its potential for decava-
lency. Within the IgG response, the main relevant difference
among the subclasses is the greater hinge flexibility of IgG3, which
can confer greater avidity under certain conditions of epitope den-
sity and orientation. We found that higher valency of binding is
associated with chaotrope resistance (Fig. 5). In spite of its name,
however, the avidity assay was not intended to detect effects of this
kind. Indeed, a quite plausibly superior method by which to assess
affinity maturation and, thereby, to distinguish recent from long-

standing HIV-1 infections eliminates the influence of valency, or
strict avidity, by reducing the Ag density (83). In an ELISA in
which wells have a sufficiently sparse coating of Ag, the functional
affinity, describing the binding of the potentially bivalent IgG,
approaches the intrinsic affinity, i.e., that of the monovalent
paratope-epitope interaction (71). In the avidity assays as conven-
tionally performed, however, bivalent binding by IgG can occur to
various extents, and as we demonstrated, this will influence the
outcome.

We therefore tested the validity of the chaotrope-based index
as a measurement of functional affinity. Thus, by using MAbs of
known concentration rather than polyclonal sera, we found that
the chaotrope resistance of antibody binding to HIV-1 Env pro-
teins has no simple relationship to Ab-Ag affinity. The binding of
MAbs to monomeric gp120 yielded a poor correlation between
chaotrope resistance and functional affinity (Fig. 3A).

At the level of the Env trimer, a comparison with SPR analyses
provides other instances of this disconnection. For example, the
binding of 2G12 to the BG505 SOSIP.664 trimer was reduced but
not abolished by chaotrope treatment, whereas the binding of
PGT145 to its trimer-specific epitope was obliterated. In contrast
to that pronounced difference, the two bNAbs bind to the trimer
with high and similar affinities as assessed by SPR (30). The Kd

value for the functionally monovalent 2G12 was 1.3 nM, whereas
for PGT145, it was 2.0 to 2.9 nM for the monovalent binding of its
IgG or Fab and 0.16 nM for its mixed bi- and monovalent binding
as IgG. Hence, in these cases, chaotrope sensitivity is not directly
determined by the bNAb-trimer affinity but appears more influ-
enced by the quaternary-structural dependence of the epitope,
which is strongest for PGT145 and weakest for 2G12.

Why would chaotrope resistance not generally reflect Ab affin-
ity for HIV-1 Env proteins? Since different chaotropes disrupt
different bonds, qualitative differences in bond compositions
among paratope-epitope interactions and not just the binding en-
ergy (directly related to the affinity) are expected to influence

FIG 6 The binding of MAbs to Env trimers is chaotrope sensitive. The MAbs were titrated against D7324-captured, nativelike BG505 SOSIP.664-D7324 trimers
(top row) or uncleaved, nonnative BG505 WT.SEKS-D7324 gp140 proteins (bottom row). Bound MAb, detected as luminescence (RLU), is expressed on the y
axis as a function of MAb concentration (ng/ml) on the x axis. The MAb binding after chaotrope (NaSCN) or control (PBS) treatment is represented by dashed
and solid lines, respectively. Note the differences in y-axis scale between diagrams. The data points are the mean results from three intra-assay replicates, and the
error bars show the SEM. Each plot is representative of �2 replicate experiments.
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chaotrope sensitivity (103). Thus, Abs with the same affinity
might have widely different chaotrope sensitivity profiles depend-
ing on which Env epitope they interact with or how they bind
within the same epitope cluster.

In general, continuous epitopes are less conformationally sen-
sitive than discontinuous ones, making their ligation more chao-
trope resistant. Many continuous epitopes are located in hydro-
philic surface loops, as exemplified by the V3 epitopes in this
study. It is pertinent to HIV-1 vaccine studies that the binding of
Abs to the most variable epitopes will thus be among the most
chaotrope resistant, as we show here. Another immunodominant
cluster of continuous epitopes, however, is located on the highly
conserved ectodomain of gp41. Although these cluster I epitopes
are covered by gp120 in the Env complex, when presented as pep-
tides or on gp41 fragments, they can bind Abs in a highly chao-
trope-resistant and even -enhanced manner, as demonstrated
here. Overall, surface loop- and cluster I-directed Abs would be
overrepresented in responses yielding high avidity indices,
whereas Abs to discontinuous gp120 epitopes would be underrep-
resented, because their binding is usually more chaotrope sensi-
tive.

The primary explanation for this dichotomy is that the chao-
trope acts partly by perturbing the conformation of the antigen or
even by unfolding it (Fig. 4).This general difference in the chao-
trope sensitivities of Ab binding to continuous and discontinuous
epitopes thus also explains why, in studies of SIV vaccination with
combined vector and gp120 boost regimens, the avidity index for
postimmunization sera was lowest against a V1V2-deletion mu-
tant of the gp120 monomer used as the Ag, intermediate against
the full-length gp120 monomer, and highest against a V1V2 pep-
tide (31, 34). When the V1V2 loops are deleted from gp120, the
proportion of continuous epitopes decreases; the peptide anti-
gens, in contrast, present these continuous variable-loop epitopes
in isolation. The chaotrope resistance (i.e., avidity index) thus
correlates with the relative abundance of and reactivity with sim-
ple, continuous epitopes on the Env antigen used in the binding
assay.

Furthermore, we found that Ab binding to quaternary-struc-
tural epitopes was even more chaotrope sensitive than the binding
to the other conformationally dependent sites (Fig. 6). In addi-
tion, the chaotrope sensitivity differed for the same epitope in
different oligomeric contexts. Thus, 2G12 binding to gp120
monomers was considerably more chaotrope resistant than its
binding to the SOSIP.664 trimer, suggesting that the epitope is
more easily perturbed in the trimer than in the monomer, either
because of differences in glycan composition or the conforma-
tional influence of the subunit interactions. In accordance with
the latter explanation, the chaotrope affected the binding of b6
to gp120 negligibly, but it markedly reduced b6 binding to
SOSIP.664 trimers and to the WT.SEKS gp140 protein. As another
example, F240 binding to the gp41 trimer and cluster I peptide was
somewhat enhanced by the chaotrope, but its binding to
WT.SEKS gp140 was substantially reduced. Hence, the outcome
of the avidity assay strongly depends on the complexity of the
HIV-1 Env molecule it is based on.

Crucially, the correlations of the chaotrope-based index with
protection or dampened viremia in HIV-1 Env vaccine experi-
ments on nonhuman primates have so far been obtained in the
absence of broad and potent neutralizing responses (31–36). And
yet, it behooves us to consider what the index would detect if such

responses were successfully induced. If a polyclonal serum from
an HIV-1 vaccine recipient yields a high avidity index for Ab bind-
ing to Env, the most prevalent Abs probably recognize relatively
continuous, simple epitopes. This result, in turn, translates into a
preponderance of Abs to the variable loop regions and the N- and
C-terminal segments of gp120, as well as to gp41 cluster I epitopes
when these are included in the Ag. Such Abs generally do not
neutralize or do so narrowly. It is notable that, of the MAbs to
discontinuous epitopes, the CD4bs-reactive MAb b6 bound with
the greatest chaotrope resistance, and A32, recognizing a CD4-
induced epitope comprising two continuous segments at the ter-
mini of gp120, also bound a in a resistant manner. Neither of those
MAbs generally neutralizes primary isolates of HIV-1. It is partic-
ularly noteworthy that the binding of bNAbs to quaternary-struc-
tural epitopes on native Env trimers would not be detected at all in
a chaotrope-based avidity assay. Indeed, the inclusion of native
trimers in chaotrope-based avidity assays may be ineffectual,
whether the trimers are made as soluble recombinant proteins or
incorporated into viruslike particles (33, 36). Overall, avidity in-
dices would be skewed upwards by high ratios of non-bNAb over
bNAb responses.

A variant of the index based on ammonium thiocyanate elu-
tion of Ab from wells directly coated with gp140 did, however,
correlate with the development of cross-reactive NAbs in a group
of treatment-naïve, HIV-1-infected people (88). That observation
raises the question whether the binding of the bNAbs themselves
in those sera was more chaotrope resistant than that of nonneu-
tralizing or narrowly neutralizing responses. If not, the avidity
index may be a mere surrogate marker for the bNAb responses,
directly detecting increasingly strong binding by other Abs that
develop in parallel. Our results favor the latter possibility, al-
though we note the exception of the chaotrope-enhanced binding
by the bNAb PGT128 to gp120. Such atypical Abs could enhance
the net average chaotrope resistance of a polyclonal serum, but
such exceptional results also raise the question whether other
chaotropes would yield aberrant effects with other Abs.

The range of avidity indices found to correlate either with pro-
tection from infection or with substantial viremic suppression in
plasma is remarkably narrow: 20 to 50% (31, 32, 34, 36, 46). To
put this into perspective, it can be noted that in the corresponding
index, FAI, the neutralizing and nonneutralizing Abs in our panel
varied from 0.1 to 116%, i.e., �1,000-fold (Fig. 1 to 3). Against
that background, it seems unlikely that an approximately 2-fold
shift in the chaotrope resistance of an Ab interaction with a non-
native Env protein would identify the cause of the profound bio-
logical effects observed. It is quite plausible that other variables
indirectly and inconstantly link the index to protection. After all,
neither chaotrope resistance nor V1V2 peptide reactivity nor an-
tibody-dependent cellular cytotoxicity, which in some assays is
preferentially detected with A32-like and loop-directed Abs, is
universally associated with protection (47, 104–107).

We conclude that strong chaotrope resistance of Ab binding to
an Env protein may be attributed to multiple factors: Ab specific-
ity for continuous epitopes, certain glycan interactions, and the
degree of bivalent binding. The HIV-1 Env trimers are extraordi-
narily complex and fragile and, therefore, chaotrope sensitive. In
particular, the quaternary-structural epitopes, such as those at the
trimer apex, may be utterly destroyed by chaotropes. For studies
based on HIV-1 Env, we argue that directly linking an avidity
index to protective Ab responses is not feasible; it would require a

Avidity of Antibodies to HIV-1 Env

June 2015 Volume 89 Number 11 jvi.asm.org 5991Journal of Virology

http://jvi.asm.org


better mechanistic understanding of specific chaotrope effects.
For example, what categories of Env-specific Ab does the test Ag
bind, and what does the chaotrope do to the structure of the cor-
responding epitopes? Because of these uncertainties, the avidity
index is a problematic analytical tool for evaluating current HIV-1
Env vaccine candidates and for designing new ones.
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