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The HIV-1 envelope glycoprotein (Env) undergoes conformational
transitions consequent to CD4 binding and coreceptor engage-
ment during viral entry. The physical steps in this process are
becoming defined, but less is known about their significance as
targets of antibodies potentially protective against HIV-1 infec-
tion. Here we probe the functional significance of transitional
epitope exposure by characterizing 41 human mAbs specific for
epitopes exposed on trimeric Env after CD4 engagement. These
mAbs recognize three epitope clusters: cluster A, the gp120 face
occluded by gp41 in trimeric Env; cluster B, a region proximal to
the coreceptor-binding site (CoRBS) and involving the V1/V2
domain; and cluster C, the coreceptor-binding site. The mAbs
were evaluated functionally by antibody-dependent, cell-medi-
ated cytotoxicity (ADCC) and for neutralization of Tiers 1 and 2
pseudoviruses. All three clusters included mAbs mediating ADCC.
However, there was a strong potency bias for cluster A, which
harbors at least three potent ADCC epitopes whose cognate mAbs
have electropositive paratopes. Cluster A epitopes are functional
ADCC targets during viral entry in an assay format using virion-
sensitized target cells. In contrast, only cluster C contained epito-
pes that were recognized by neutralizing mAbs. There was signif-
icant diversity in breadth and potency that correlated with epitope
fine specificity. In contrast, ADCC potency had no relationship with
neutralization potency or breadth for any epitope cluster. Thus, Fc-
mediated effector function and neutralization coselect with spec-
ificity in anti-Env antibody responses, but the nature of selection is
distinct for these two antiviral activities.

It is well accepted that direct virus neutralization is an impor-
tant element of antibody-mediated protection against HIV-1

(refs. 1–6 and reviewed in ref. 7). In contrast, less is known about
the role of Fc-mediated effector function in the control of HIV-
1, although four lines of evidence signal its importance. First,
studies in HIV-1–infected people (8–14) and in macaques in-
fected with simian immunodeficiency virus (15, 16) consistently
show an inverse correlation between Fc-mediated effector func-
tions, including antibody-dependent cell-mediated cytotoxicity
(ADCC) (8, 9) or antibody-dependent cell-mediated viral in-
hibition (ADCVI), and viral loads or decreased disease progression
(17). Second, vaccine-elicited protection both in nonhuman pri-
mates (18–21) and in a subset of human subjects in the Vax-004
trial (22) correlates with Fc-mediated effector function often ob-
served in the absence of detectable neutralizing antibodies (18–
21). Similarly, there was an inverse relationship between acquisi-
tion of HIV-1 and ADCC in the RV144 trial for a subset of subjects
who had low to moderate IgA anti-gp120 titers (23). Third, breast
milk IgG ADCC responses to gp120 but not to virus neutraliza-
tion correlated with reduced perinatal transmission of HIV-1 (24).
Fourth, passive immunization studies in nonhuman primates (25,
26) showed that abrogation of Fc-mediated effector function
diminished the sterilizing protection afforded by the neutralizing

mAb b12. These compelling studies show that neutralization
alone significantly protects against a simian-human immunode-
ficiency virus challenge and that Fc-mediated effector function
augments this effect. Taken together, these four lines of inves-
tigation strongly suggest that Fc-mediated effector function in
addition to neutralization contributes to antibody-mediated pro-
tection against HIV-1. Thus, it is important to determine the pre-
cise relationships among antibody specificity, neutralization, and
Fc-mediated effector function in protection against HIV-1.
In this report, we probe these relationships using a panel of

human mAbs that recognize transitional epitopes exposed during
the earliest stage of viral entry, the interaction of gp120 with CD4.
Our studies deliberately focus on antibody responses to epitopes
that become exposed during viral entry because passive immu-
nization studies indicate that an antibody has at most a 24-h
window to block transmission (ref. 27; reviewed in ref. 28). Thus,
transmission-blocking antibodies must block infection by direct
neutralization of HIV-1, by Fc-mediated killing of nascently in-
fected cells, or both. Although these two effector functions often
are coincident for a given mAb specificity (29, 30), they can be
dissociated because nonneutralizing epitopes on both gp120 (12,
31) and gp41 (32) can be ADCC targets. In this report, we probe
the relationships among antibody specificity, ADCC, and neutral-
ization using a panel of human mAbs that recognize transitional
epitopes exposed on target cells during viral entry.

Results
mAb Isolation and Epitope Cluster Assignment. A set of 41 CD4-
induced (CD4i) mAbs were isolated from five HIV-1–infected
individuals and characterized for initial reactivity as detailed in
Materials and Methods using recombinant proteins based on the
HIV-1Ba-L isolate. All CD4i mAbs showed preferential binding
to gp120-CD4 complexes compared with monomeric gp120; none
bound trimeric gp140 (SOSIP); and 10 mAbs bound only to gp120-
CD4 complexes (Fig. S1). Thus, these 41 CD4i mAbs recognize
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transitional epitopes that are exposed on HIV-1 envelope gly-
coprotein (Env) consequent to CD4 binding. Initial epitope
specificity assignments were made by competition ELISA using
the well-characterized mAbs A32 (33), C11 (33), 17b (34, 35),
and 19e (36). mAb A32 recognizes an epitope strongly affected
by mutations in mobile layers 1 and 2 of gp120 (37, 38). These
layers reorient the seven-stranded β-sandwich platform that har-
bors the gp41-interactive region relative to the heavily glycosy-
lated gp120 outer domain upon CD4 binding (38). mAb C11
recognizes an epitope strongly affected by mutations in residues
of the seven-stranded β-sandwich in addition to a residue in the
extended C terminus of gp120 (38, 39). mAbs A32 and C11 are
nonneutralizing (Table S1 and refs. 33 and 40), and A32 detects
an epitope that is a strong ADCC target in HIV-1–infected
people (31). mAb 17b recognizes a well-defined epitope in the
classical coreceptor-binding site (CoRBS) (35, 41). mAb 19e (36)
recognizes a hybrid epitope involving residues of the CoRBS and
CD4 (42). Thus, in contrast to 17b, which binds modestly to
monomeric gp120 in the absence of CD4, 19e is strictly complex
specific. Both 17b and 19e are neutralizing, depending on the
isolate (Table S1 and refs. 35, 36, and 43) and assay format (36),
although 19e neutralizes only in the presence of subsaturating
concentrations of soluble CD4 (Table S1 and ref. 36).
Three epitope clusters (denoted “A,” “B,” and “C”) are ap-

parent in Table 1 where percent binding values are presented for
limiting concentrations of biotinylated proband mAbs and satu-
rating concentrations of unlabeled competitor mAbs. Lower val-
ues in Table 1 indicate greater competition. These data illustrate
the diversity of specificity among our 41 CD4i mAbs in which nine
distinct patterns are apparent among three major epitope clusters.

Epitope Cluster A. In epitope cluster A (Table 1), two mAbs
compete for A32, two mAbs compete for C11, and one mAb
competes for both. Although C11 and A32 clearly recognize dis-
tinct epitopes (38, 44, 45), these mAbs are weakly cross-compet-
itive but in a nonreciprocal fashion (44). Thus, there are at least
three distinct patterns of reactivity for cluster A epitopes involving
both N- and C-terminal residues on the face of gp120 occluded by
gp41 in trimeric Env (38, 45). Although the epitopes recognized by
these mAbs are not neutralization determinants (Table S1), they
are potent ADCC targets.
Fig. 1A depicts ADCC curves for the cluster A mAbs using

target cells sensitized with gp120 of the HIV-1Ba-L isolate. ADCC
strength is indicated by two parameters, plateau levels of cyto-
toxicity and the mAb concentration (in nanomolars) required for
50% maximal plateau cytotoxicity (EC50). Over a large series of
studies, we have found that cluster A mAbs consistently mediate
the highest levels of plateau cytotoxicity, which ranges from ∼30–
60% absolute cytotoxicity across individual experiments. Thus, to
compare ADCC activity among experiments, we normalize pla-
teau cytotoxicity values using either C11 or N12-i3 as positive
controls. It should be noted that small experimental deviations
above 100%, representing the statistical variation in our ADCC
method, often are seen in dose–response curves. When this ap-
proach is used, all cluster A mAbs mediate potent ADCC with
median EC50s of 0.15 ± 0.19 nM (SD) and median plateau cy-
totoxicity values of 101.10 ± 5.6% (SD). Because these mAbs cross-
compete for A32, C11, or both, it appears that they recognize a
cluster of at least three epitopes on the face of gp120 that is buried
on trimeric Env but consequently is exposed to CD4 triggering.
Epitope cluster A is depicted on a model of CD4-triggered gp120
in Fig. 2A where it maps to an electronegative surface of CD4-
triggered gp120 that is occluded on the untriggered Env trimer
by gp41 (46). Although the precise epitope boundaries recog-
nized by cluster A mAbs are not yet defined, these mAbs share
the common property of being electropositive by isoelectric fo-
cusing (Fig. 2B).

Based on these observations, we have obtained the crystal
structures for the antigen-binding fragments (Fabs) of two cluster
A mAbs, A32 and N5-i5, at resolutions of 1.85 Å and 1.95 Å,

Table 1. Epitope cluster assignment by mAb competition

Epitope cluster Probe mAb
Unlabeled 

mAb ID 
Biotinylated mAbs

A32 C11 17b 19e 
A A32 L9-i1 2 98 91 103

A N5-i5 0 112 118 113

A C11 L9-i2 84 33 94 93

A N12-i3 97 16 97 87

A A32/C11 N26-i1 0 17 116 109

B E51/m9* N12-i15 68 62 112 116

C.1 17b = 19e L9-i3 92 103 2 1

C.1 17b = 19e N5-i1 81 105 4 0

C.1 17b = 19e N5-i3 91 116 3 1

C.1 17b = 19e N5-i4 76 120 1 0

C.1 17b = 19e N5-i8 85 109 1 1

C.1 17b = 19e N10-i1.1 116 102 4 0

C.1 17b = 19e N10-i5.3 82 99 6 0

C.1 17b = 19e N12-i1 92 107 1 0

C.1 17b = 19e N12-i2 94 95 1 0

C.1 17b = 19e N12-i4 67 94 1 0

C.1 17b = 19e N12-i5 94 99 1 1 

C.1 17b = 19e N12-i7 140 93 4 1 

C.1 17b = 19e N12-i8 118 95 3 1

C.2 17b > 19e N12-i10 107 88 0 7

C.2 17b > 19e N12-i17 107 88 0 7

C.2 17b > 19e N12-i18 113 82 1 5

C.2 17b > 19e N12-i19 112 85 2 11 

C.3 17b < 19e N5-i2 87 89 7 1

C.3 17b < 19e N5-i6 67 104 7 4 

C.3 17b < 19e N5-i9 101 91 10 2 

C.3 17b < 19e N5-i14 122 102 8 2

C.3 17b < 19e N5-i7 94 103 10 2

C.3 17b < 19e N5-i12 113 92 16 6

C.3 17b < 19e N10-i3.1 110 96 17 5

C.3 17b < 19e N12-i12 104 88 11 3

C.3 17b < 19e N12-i9 135 101 18 5

C.3 17b < 19e N12-i11 107 103 10 2 

C.4 17b,19e 

weak 

L9-i4 80 95 38 19

C.4 17b,19e 

weak 

N5-i10.1 95 100 46 20

C.4 17b,19e 

weak 

N5-i13 102 94 60 39

C.4 17b,19e 

weak 

N10-i2 107 96 39 22 

C.4 17b,19e 

weak 

N12-i14 102 100 36 27 

C.4 17b,19e 

weak 

N12-i16 92 85 33 23

Unassigned None N10-i4 102 57 93 98

Unassigned None N10-i6.1 77 96 96 100 

Competition of biotinylated mAbs (top row, last four columns) by unlabeled
mAbs (third column) for binding to FLSC in ELISA. To aid comparison, the relative
values are shaded in degrees of red corresponding to the degree of competition.
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respectively (Fig. 2C and Table S2; also see Fig. S3). A contin-
uous and well-defined electron density was observed throughout
the entire V domains with all complementarity-determining re-
gion (CDR) residues being structurally well ordered as indicated
by low average B-factors (Table S2). The general shapes and
overall electrostatics of the presumed antigen-binding sites of
these mAbs are shown in Fig. 2C. Notably each of the two cluster
A mAbs has a strong electropositive paratope region contributed
largely by positive charges of CDR H3 (mAb A32) or CDR H2
(mAb N5-i5). The overall positive electrostatic surfaces of the
A32 and N5-i5 paratopes are consistent with their binding to
epitopes in the electronegative cluster A region of gp120. This
observation also is consistent with older literature reporting a
general inverse charge relationship between epitopes and para-
topes (47). mAbs A32 and N5-i5 have relatively short CDR H3s
(13 and 10 residues long, respectively), and their putative anti-
gen-binding sites are relatively flat (Fig. 2C). Taken together, the
above data show that mAbs that recognize cluster A epitopes
uniformly mediate potent ADCC and that they likely recognize
net electronegative epitopes on the surface of gp120.

Epitope Cluster B. Three additional nonneutralizing mAbs, N12-
i15, N10-i4, and N10-6.1, were not clearly assignable to compe-
tition groups using A32, C11, 17b, and 19e. N10-i4, and N10-6.1
remain unassigned pending further epitope mapping studies. In
contrast, although mAb N12-i15 did not compete for either 17b
or 19e, it competed for two other CD4i mAbs, E51 (40, 48) and
m9-IgG1 [a mutant derivative of mAb ×5 (49, 50)] that recognize
CoRBS epitopes (Table 1) (40, 49, 50). Further epitope mapping
of N12-i15 using mutant gp120s (Fig. S2 B and C) showed that
this mAb recognizes a conformational epitope that is expressed
only on gp120 that is triggered by CD4 and involves the V1/V2
loop in conjunction with an isoleucine at position 420 in the
CoRBS (Fig. S2 B and C). Although the epitope recognized by
N12-i15 is nonneutralizing (Table S1), it is a potent ADCC

target (Fig. 1B). It is denoted as “cluster B” in Table 1. mAb
N12-i15 mediates ADCC with an EC50 of 1.17 nM and a plateau
cytotoxicity of 103.8%, placing it as slightly less potent than
cluster A mAbs in terms of EC50 but equal to them in plateau
cytotoxicity. Interestingly, it is the only example of such a mAb in
our panel and, as such, might represent an uncommon specificity.
We have obtained the crystal structure of N12-i15 Fab at 2.6-Å
resolution (Fig. 2C). The asymmetric unit of tetragonal crystal of
Fab N12-i15 contained four structurally independent but essen-
tially similar Fab molecules (Fig. S3). A continuous and well-
defined electron density was observed for all CDR loops with an
average V domain B-factor of 33.0 Å2, similar to the average B-
factor for the entire structure (Table S2). mAb N12-i15 lacks the
long CDR H3 typically associated with the classical CD4i mAbs,
such as 17b, that recognize CoRBS epitopes and interact with
their cognate epitopes primarily through relatively long and acidic
CDR H3s (48). The presumed antigen-binding site of N12-i15 is
formed by the moderately long (16 residues) CDR H3 and the
exceptionally long CDR L1 (also 16 residues) [category of κ
canonical 4 of long CDR L1 loops as defined by Chothia and
Lesk (51)], which stack against each other to form a relatively flat
groove that is electronegative throughout. The electronegative
patch is buried at the heavy chain variable region/light chain
variable region interface, and overall the N12-i15 paratope is
electrostatically positive. The conformations of CDR H1 and L1
are stabilized by an extended network of internal hydrogen bonds
and by multiple hydrogen bonds and stacking interactions within
the V domain.

Epitope Cluster C. In contrast to the cluster A and cluster B mAbs,
a majority (33/41) of our mAb panel competed for 17b and 19e,
where four distinct subclusters are apparent (Table 1). The struc-
tures recognized by these mAbs are denoted as “cluster C epito-
pes” in Table 1 and Fig. 2 and constitute an unexpectedly diverse
set of determinants in terms of specificity and function. Table 1

Fig. 1. (A–C) ADCC curves for mAbs described in Table 1. ADCC was performed as described in Materials and Methods using CEM-NKr-CCR5 target cells
sensitized with gp120 of the HIV-1Ba-L isolate.
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shows that 13 mAbs (cluster C.1) cross-compete for both 17b and
19e with equal potency. In contrast, four mAbs (cluster C.2) have
a slight preference for competing for 17b, 10 mAbs (cluster C.3)
have a slight preference for competing for 19e, and six mAbs
(cluster C.4) compete, although weakly, for both 17b and 19e.
Surprisingly, these small differences in competition are function-
ally significant in terms of neutralization (Table S1 and Fig. 3).
It has been reported that structure-based stabilization of

gp120 enhances the immunogenicity of CoRBS epitopes that
correlates strongly with the increased neutralization of the Tier 1
Clade C pseudovirus, MW965.26 (52). Neutralization of this
pseudovirus also discriminated among the subclusters in epitope
cluster C identified above (Table 1 and Fig. 3). Neutralization of
MW9652.26 was greatest in clusters C.1 and C.2 (Table S1, Fig.
3), where there is strong competition for 17b and 19e (Table 1).
Indeed, it is most apparent in cluster C.2, where there is a slight
preference in competition for 17b over 19e. Only one (L9-i3) of
the 17 mAbs in clusters C.1 and C.2 failed to neutralize this virus
(Table S1). In contrast, subclusters C.3 and C.4 exhibited weaker
neutralization of MW9652.26 (Table S1 and Fig. 3). Three of 10
cluster C.3 mAbs failed to neutralize MW965.26, and one mAb
(N12-i11) did so questionably (IC50 = 49.40 μg/mL; Table S1).
None of the cluster C.4 mAbs neutralized this virus. Collectively,
these data signal substantial neutralization diversity among
classical CoRBS epitopes, with the most potent being those that
overlap the classical 17b epitope. Neutralization, in terms of
inhibiting both MW965.26 (Fig. 3 and Table S1) and other Tier 1
pseudoviruses, is much less apparent for clusters C.3 and C.4,

which are less “17b-like” (Table S1). In fact, cluster C.4 epitopes
are nonneutralizing using our current virus panel and assay format
(Table S1). It also is interesting that a majority of the cluster C.4

Fig. 2. Properties of cluster A mAbs and cognate epitopes. (A) Cluster A mAbs recognize at least epitopes on the electronegative face of gp120 normally
occluded by gp41, which comprises the N- and C-terminal extensions, the seven-stranded β-sandwich, and the flexible topological layer 1 of gp120. The
electrostatic potential is displayed at the molecular surface of gp120 and is shown in red for negative, in blue for positive, and in white for apolar values. (B)
Cluster A mAbs have basic pI values by isoelectric focusing. Mobilities of purified cluster A, B, and C mAbs are shown for a silver-stained IEF gel (pH 6.0–11.0).
Each mAb (2 ug) was electrophoresed over an IEF focus gel, pH 6–11 (Gel Company), which then was silver stained. Lanes 1 and 2 correspond to A32 and C11,
respectively. Lanes 3–7 are the cluster A mAbs (L9-i1, N5-i5, L9-i2, N12-i3, and N26-i1, respectively). Lane 8 is the cluster B mAb N12-I15. Lanes 9–11 represent
mAbs 17b, 19e, and E51, respectively. The cluster C.1 mAbs N5-i4, N5-i3, N10-i5.3, N12-i1, N12-i2, and N12-i4 are in lanes 12–17, respectively; cluster C.2 mAbs
N12-i17, N12-I18, and N12-I1 are in lanes 18–20, respectively; cluster C.3 mAbs N5-I2 and N10-I3.1 are in lanes 21 and 22, respectively; and cluster C.4 mAbs L9-
i4 and N10-i2 are in lanes 23 and 24, respectively. Lanes 25 and 26 have the ungrouped mAbs N10-i4 and N10-i6.1, respectively. (C) Crystal structures of Fab
A32, Fab N5-i5, Fab N12-i15, and Fab N12-i2. (Top) A ribbon representation of overall structures. Fabs are aligned by superposition of their V domains, and
CDR H3s are shown in yellow with a dotted yellow line indicating the disordered H100SYYEPGTSY region of mAb N12-i2. (Middle and Bottom) Head-on views
showing the paratope with molecular surfaces displayed (rotated 90° from A). For clarity, only V domains are shown. Molecular surfaces are colored according
to CDR contribution (CDR H1, red; H2, green; H3, yellow; L1, orange; L2, magenta; and L3, cyan) (Middle), and the electrostatic potential is displayed and
shown in red for negative, blue for positive, and white for apolar values (Bottom). Note: The electrostatic potential is displayed over the N12-i2 molecular
surface as observed in the crystal and does not show the contribution of the disordered H100SYYEPGTSY region, which carries additional negative charges of
a single glutamic acid and two sulfotyrosines.

Fig. 3. Neutralization of the Clade C Tier 1 pseudovirus MW965.26 by cluster C
mAbs. Statistical significance was determined by an unpaired t test using
Welch’s correction using GraphPad Prism software. Because none of themAbs in
cluster C.4 neutralized (IC50 >50 μg/mL), one value was set arbitrarily at 49.9 μg/
mL, and the remainder of this group was set at 50.0 μg/mL to enable the t test.
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epitopes are present exclusively on gp120-CD4 complexes (Fig.
S1, pattern C). However, these data also suggest that neutralizing
responses to classical CoRBS epitopes represent selection for
paratopes that more closely fit CoRBS epitopes that are conserved
on Core-V3 structures, such as those described in refs. 52 and 53.
This suggestion is supported most strongly by the crystal struc-

ture of our second most potent MW965.26-neutralizing mAb,
N12-i2, from cluster C.1 solved at 1.95-Å resolution (Fig. 2C and
Table S2). The hexagonal crystals of Fab N12-i2 contained one
Fab molecule in the asymmetric unit in which nine residues
(SYYEPGTSYH100h, Kabat numbering) of the CDR H3 β-hair-
pin region were disordered and missing in the final model (Fig.
2C and Table S2). Structural analysis confirmed that mAb N12-i2
shares a common characteristic of the antigen-binding site with
canonical CD4i mAbs recognizing CoRBS-associated epitopes.
Its paratope is dominated by a long (25-residue) flexible and acidic
CDR H3 (−2 net charge as calculated based on the unmodified
amino acids) that additionally is tyrosine-sulfated. HPLC and
electrospray ionization mass spectrometry analyses suggested
that two tyrosine residues in the disordered segment of CDR
H3 are modified by O-sulfation (Fig. S4).
As shown in Fig. 1C, ADCC was observed for each of the

subgroups of epitope cluster C, although there was significant
intrasubcluster heterogeneity. Three patterns of ADCC are
apparent. First, each subcluster had at least one mAb that ex-
hibited 100% plateau cytotoxicity, such as mAb N5-i3 in cluster
C.1. Only one of these mAbs was as potent as cluster A mAbs in
terms of EC50 (Fig. 1, compare A and C). Second, most of the
mAbs exhibited ∼75% plateau cytotoxicity across the subclusters.
This result is understandable, because once the gp120-CD4
complex has bound to CCR5, the epitope should become oc-
cluded. Our target cells have ∼50,000 molecules of CD4 and
15,000 molecules of CCR5. Thus, we would expect plateau cy-
totoxicity to be in the range of 75% for fully occluded CoRBS
epitopes. Third, each group has mAbs that reproducibly exhibit
low plateau cytotoxicity in the range of ∼20%. The reason for
this low plateau cytotoxicity is not clear, because all our mAbs
were expressed in a common cell line (293T) on the IgG1 back-
bone, making it unlikely that the differences are caused by gly-
coform heterogeneity. However, because these low levels of
plateau cytotoxicity are seen for only a subset of the cluster C
mAbs, it is most likely that these differences represent micro-
heterogeneity in epitope representation after gp120 is bound to
cell-surface CD4. Clarification of this issue is underway.

Quantitative Ranking of ADCC Activity. The studies described above
suggest a wide range of ADCC activities among mAbs specific
for epitope clusters A–C. This range is illustrated clearly in Fig. 4
where EC50 is plotted vs. the plateau cytotoxicity for our CD4i
mAb panel using target cells sensitized with recombinant gp120
of the HIV-1Ba-L isolate. A striking pattern emerges from this
analysis: All cluster A and cluster B mAbs localize to the far right
region of the plot bounded by percent plateau cytotoxicity of
>95% and EC50 <2 nM (the area enclosed by a rectangle in Fig.
4). In contrast, there was marked diversity among the cluster C
mAbs, only two of which were in the potent region. The other
mAbs ranged in activity from just outside the potent region to
very low values of both plateau cytotoxicity and EC50. As ex-
pected from Fig. 1C, there was no consistent pattern among
epitope cluster C subclusters. These data provide a quantitative
potency parameter to define the relative activities of anti-Env
mAbs that mediate ADCC. Further, our data also confirm that
ADCC responses in vivo (12) are selected in an epitope-selective
fashion.

Cluster A, B, and C mAbs Mediate ADCC During Bona Fide Viral Entry.
The studies described above used target cells passively sensitized
with monomeric gp120, and it is possible that epitope exposure in

this system does not faithfully represent epitope exposure when
virions bind target cells. This issue was addressed by using rep-
lication-defective, entry-competent virions spinoculated onto
CEM.NKR-CCR5 target cells for ADCC. Fig. 5 shows plateau
cytotoxicity levels for a sampling of cluster A, B, and C mAbs at
6.6 nM using target cells sensitized with AT-2–inactivated HIV-
1Ba-L (54). Except for the cluster C.1 mAb N12-i4, each CD4i
mAb exhibited high levels of plateau cytotoxicity on target cells
sensitized with AT-2–inactivated HIV-1Ba-L virions, showing that
the epitopes they recognize are exposed stably during viral entry.
mAb N12-i4 did exhibit significant plateau cytotoxicity; however,
the levels are lower than those observed for other C.1 mAbs on
either gp120 (Fig. 1C) or AT-2–inactivated virion-sensitized target

Fig. 4. Plot of % plateau cytotoxicity vs. EC50 for cluster A, B, and C mAbs.
The mAb clusters are denoted as follows: cluster A, black circles; cluster B,
red squares; cluster C.1, blue triangles; cluster C.2, blue inverted triangles;
cluster C.3, blue diamonds; and cluster C.4, blue circles. The rectangle en-
closes the potent region.

Fig. 5. ADCC activity for representative mAbs from each epitope cluster
using CEM-NKr-CCR5 cells sensitized with AT-2–inactivated virions of the
HIV-1Ba-L isolate. mAbs were used a saturating concentration of 6.6 nM.
Each bar is the average of three replicate analyses.
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cells (Fig. 5). These studies show that CD4i mAbs can mediate
significant ADCC on target cells during bona fide viral entry,
indicating that they recognize epitopes that are biologically rel-
evant targets of potentially protective antibodies, independently
of their ability to neutralize.

Discussion
The studies described above reveal significant diversity in spec-
ificity and function among CD4i epitopes and their cognate
antibodies. This finding is in accordance with previous pre-
dictions (55) and findings from a number of published studies
(41, 42, 56–58) but contrasts with the suggestion that CD4i anti-
bodies are monolithic in terms of specificity and function (59).
Nevertheless, the degree of diversity among our panel of anti-
CD4i mAbs was even greater than previously suspected. We
were able to divide the mAbs into three major epitope clusters
(clusters A, B, and C). However, even within each cluster
there was significant diversity in specificity and function. This
diversity is discussed below.

Epitope Cluster A. Cluster A mAbs are nonneutralizing, but they
are uniformly potent mediators of ADCC. Epitope cluster A is
defined by cross-competition in our mAb panel using two known
mAbs, A32 and C11 (33, 37, 38, 39, 45), as probands. mAb A32
recognizes an epitope involving topological layers 1 and 2 of
gp120 (37, 38, 45). mAb C11 recognizes an epitope in the seven-
stranded β-sandwich and C-terminal extension of gp120 (38, 39,
45). Although these epitopes are clearly distinct, A32 can par-
tially compete for biotinylated-C11 binding to gp120 but not vice
versa (44). Three distinct specificities are apparent in cluster A:
Two mAbs strongly cross-compete for A32, two mAbs strongly
cross-compete for C11, and one mAb strongly cross-competes
for both. Collectively, these observations strongly suggest that
the face of gp120 occluded in trimeric Env by gp41 is a potent
ADCC target, regardless of epitope fine specificity. It should be
noted that recent studies using plasmas from HIV-1– infected
patients suggested that the A32 epitope is a potent ADCC target
in vivo (31). Our studies confirm this conclusion and suggest
further that at least two other epitopes on the same face of gp120
are equally potent ADCC targets. Our studies further indicate
common physical chemical properties shared among the cluster A
epitopes or their cognate mAbs that are responsible for ADCC
potency.
In this regard, relatively little is known about the structures of

cluster A epitopes save for small-scale mutagenesis studies of the
determinants recognized by A32 and C11 (37, 38, 39, 45). Precise
definition of the physical chemical basis of potent ADCC by
cluster A mAbs awaits structural analysis of mAb-gp120 com-
plexes, preferably through X-ray crystallography. Until then, our
studies reveal common physical chemical properties of cluster A
mAbs (and, by inference, cluster A epitopes) that might be key
elements of ADCC potency. As shown in Fig. 2A, epitope cluster
A maps to an electronegative face of gp120 that is occluded by
gp41 in trimeric Env. This region becomes exposed after CD4-
triggering during bona fide viral entry (Fig. 5) and Env-mediated
cell-to-cell fusion (57, 58) where it is a potent ADCC target (Fig.
5). All cluster A mAbs examined to date have strongly basic
isoelectric points determined by isoelectric focusing (IEF) (Fig.
2B) or by X-ray crystallography (Fig. 2C). In the latter case,
crystal structures of both A32 and N5-i5 confirm strongly basic
paratope regions. We propose that electrostatic interactions play
a major role in ADCC potency of cluster A epitopes regardless
of epitope fine specificity. A formal test of this hypothesis awaits
the solution of cluster A mAb-gp120 structures by X-ray crystal-
lography. Taken together, these results suggest unifying physical
chemical principles for the ADCC potency of anti-gp120 anti-
bodies. If further studies show that antibodies specific for cluster

A epitopes contribute to protective immunity against HIV-1, this
physical chemical information should help guide vaccine design.

Epitope Cluster B. Epitope cluster B is defined by a single mAb,
N12-i15, which is unique among the mAbs in our panel. mAb
N12-i15 is similar to cluster A mAbs, in that it mediates potent
ADCC (Fig. 1 A and B), and it falls into the potent zone shown in
Fig. 5. It is also nonneutralizing in the TZM-bl cell assay
(Table S1). Interestingly, cluster B is not exposed on either mo-
nomeric gp120 or trimeric Env until the conformational change is
triggered by CD4 binding. Thus, N12-i15 is strictly specific for
gp120-CD4 complexes (Fig. S1, pattern C), like 19e (42), but it
does not cross-compete for this mAb (Table 1). Surprisingly,
N12-i15 cross-competes for two other CD4i mAbs, E51 (40) and
IgG1-m9 (×5) (Fig. S2A) (50, 60), that have overlapping reac-
tivity with 17b and 19e but clearly recognize distinct epitopes.
This unusual reactivity, along with the selective exposure of the
cluster B on gp120-CD4 complexes, suggests that elements of the
CoRBS contribute to this epitope. This suggestion was confirmed
by mutagenesis studies in which the I420R mutation that abro-
gates CoRBS binding and the classical CoRBS-associated 17b
epitope (34, 35) altered binding of N12-i15 to gp120-CD4 com-
plexes (Fig. S2C). In this case, the binding was reduced by
approximately 40-fold and was not abrogated as observed for 17b
(Fig. S2C). Deletion mutagenesis showed that the N12-i15 epi-
tope also involves elements of the V1/V2 loop (Fig. S2B). These
studies show that N12-i15 recognizes a complex structure in-
volving elements in the outer domain of gp120 that rearrange
consequent to CD4 binding during viral entry. More precise
definition of this structure is underway, although, given the
regions involved in the epitope, it is unlikely that we will be able
to characterize it by X-ray crystallography. The structure of N12-
i15 Fab reveals a paratope region that comprises both electro-
negative and electropositive patches (Fig. 2B), resulting in an
overall basic charge that is intermediate between the cluster A
mAbs and the classical CoRBS mAb 17b [Fig. 2B; compare lane
8 (N12-i15) with lanes 1–7 (cluster A mAbs) and lane 9 (17b)].
The unique specificity and potent ADCC activity of N12-i15 has
prompted an ongoing search for new antibodies in this group.

Epitope Cluster C. Cluster C comprises mAbs that recognize CoRBS
epitopes defined by competition with 17b and 19e, revealing a
previously unsuspected complexity. We were able to categorize
cluster C mAbs into four subclusters based on differential com-
petition with these two mAbs. Cluster C.1 and C.2 include mAbs
that completely inhibit 17b. Cluster C.1 mAbs also strongly block
19e binding to a full-length single-chain gp120-CD4 monomer,
FLSC, whereas cluster C.2 mAbs competed for 19e slightly less
than cluster C.1 mAbs. Thus, cluster C.1 and C.2 mAbs are re-
presentative of classical CoRBS mAbs, in that they have essen-
tially the same neutralization spectrum as 17b (Table S1). In
contrast, the neutralization spectrum was narrower for cluster
C.3 and C.4 mAbs (Table S1), as best exemplified by neutrali-
zation of the Clade C pseudovirus MW965.26 that has been used
as a measure of increased neutralization breadth for CoRBS-
specific antibodies elicited by structurally constrained gp120 (52).
Although ∼95% of the cluster C.1 and C.2 mAbs neutralize this
virus, only 60% of the cluster C.3 mAbs and none of the cluster
C.4 mAbs clearly neutralized this virus (Table S1). Neutraliza-
tion of the Clade B Tier 2 virus QH0692.42 also differentiated
cluster C.1 and cluster C.2 mAbs from cluster C.3 and C.4 mAbs
(Table S1). Thus, epitope cluster C comprises at least four fine
specificity groups in which decreasing neutralization breadths
and potencies correlate with decreasing ability to compete for
17b and 19e. These data show the considerable diversity in fine
specificity and neutralization among mAbs that recognize
CoRBS epitopes.
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The preferential neutralization of the Tier 1 Clade C pseudo-
virus MW965.26 and the Tier 2 Clade B pseudovirus QH0692.42
by cluster C.1 and C.2 mAbs suggests a bottleneck in somatic
maturation of the neutralizing antibody response to classical
CoRBS epitopes. To date, this spectrum of neutralization appears
to be the maximum for this type of CoRBS-specific antibodies,
as apparent in our data (Table S1) and in the literature (35, 40,
52, 61) and as supported by the observation that the “best”
neutralizing antibodies of this category have long, tyrosine-
sulfated CDR H3s (48–50, 62, 63). We were able to solve the
crystal structure of our second most potent C.1 mAb, N12-i2,
and found that it also has a 25-residue CDR H3 that is disor-
dered in a segment that is tyrosine sulfated (Fig. 2C and Fig.
S4). When our results are considered in the broader context of
the literature, mAb N12-i2 and similar mAbs reported by others
(35, 40, 52, 61) represent the maturational limit of neutraliza-
tion breadth and potency that can be attained by somatic
hypermutation of this epitope C subcluster. Thus, mAbs such as
N12-i2 probably represent the endgame in terms of neutrali-
zation breadth and potency for this category of antibody. It
should be noted that screening protocols using recombinant
proteins might favor the repeated isolation of such mAbs. Thus
broadly neutralizing antibodies specific for CoRBS-associated
structures might be identified by alternative screening strategies.
Consistent with this view, genetic signature analysis correlated
neutralization breadth with reactivity to elements of the CoRBS
(64); a broadly neutralizing mAb that recognizes part of the
CoRBS was identified recently by screening on cell surface en-
velope trimers (65).
It also should be noted that four cluster C mAbs (N5-i9, N12-

i9, N12-i11 of cluster C.3, and N10-i2 of cluster C.4) that share
the common property of being strictly specific for gp120-CD4
complexes (Fig. S1, pattern 3) are neutralizing. We recently showed
that 19e, another pattern 3-type neutralizing mAb, is specific for
a hybrid epitope comprising residues from both gp120 and CD4
(42). Thus the epitopes recognized by the pattern 3 mAbs in
cluster C also may recognize hybrid epitopes and may neutralize
postattachment. Interestingly, these cluster C mAbs neutralize
without pretriggering with soluble CD4, which is required for 19e
neutralization (Table S1 and ref. 36). Studies are underway to
characterize the epitopes recognized by the four cluster C mAbs
with neutralizing activity to determine whether they comprise
residues from both gp120 and CD4. It is interesting that most of
the pattern 3 cluster C mAbs fall into clusters C.3 and C.4, which
are either poorly neutralizing or nonneutralizing. If these mAbs
also recognize hybrid epitopes (42), it is possible that the re-
sponse to the CD4 moiety selects against neutralization potency.
This hypothesis is under investigation.
Although there was a consistent relationship between epitope

cluster C fine specificity and neutralization, none was observed
for ADCC (Fig. 1C). Values for EC50 and plateau cytotoxicity
ranged from two cluster C.1 and C.3 mAbs that have potencies
approximately equal to those of cluster A and B mAbs (Fig. 4) to
14 mAbs from all cluster C subclusters with plateau cytotoxicities
<40% and EC50s in the 1 nM to >1,000 nM range. The rest of
the mAb panel had intermediate values of plateau cytotoxicity
and EC50. There was no consistent pattern of ADCC activity
among the subclusters that correlated with fine specificity de-
termined by 17b and 19e mAb competition. This degree of di-
versity was unexpected and remains unexplained. There are two
possibilities. First, there might be Fc-glycoform heterogeneity
among the mAbs. This possibility is less likely, because all mAbs
were expressed in 293T cells using the same IgG1 heavy-chain
backbone. Preliminary glycoform analyses have not revealed
obvious differences among the mAbs. In addition, the differ-
ences in plateau cytotoxicity are hard to explain by differences in
glycoforms, which usually have a greater effect on EC50s. Sec-
ond, there might be microheterogeneity in epitope-exposure

dynamics within each subcluster. We are exploring this possibility
by determining temporal dynamics of epitope-exposure intensity
using single-particle imaging of viral entry. Regardless of the
ultimate outcome of these studies, it is very clear that epitope
clusters A and B are much more consistently potent than epitope
cluster C as determined by either EC50 or plateau cytotoxicity.
In summary, the studies described above reveal unexpected

diversity in specificity and function for CD4i mAbs. Although
occasional CD4i mAbs can be broadly neutralizing (64, 65), our
data show that an array of CD4i mAbs with limited neutraliza-
tion breadth and potency nevertheless can produce a broad
spectrum of Fc-mediated effector function via recognition of
epitopes on the gp41-interactive face of gp120 (epitope cluster
A) and/or within elements of the CoRBS (epitope clusters B
and C). This information sets the stage for future studies to
determine the relative contributions of neutralization and Fc-
mediated effector function to vaccine-elicited protection against
HIV-1. This information should be particularly useful because
two very recent studies further implicate a role for Fc-mediated
effector function in the prevention of HIV-1 acquisition.
The first study found an inverse correlation between ADCC in

two assay formats and acquisition in a subset of RV144 vaccinees
that had low to moderate IgA anti-Env antibody responses (23).
Notably, A32-like cluster A mAbs that mediate ADCC were iso-
lated readily from a subset of RV144 subjects (66). In the second
study, ADCC activity of breast milk IgG correlated with decreased
maternal–child transmission of HIV-1 (24). Taken together with
an earlier study showing an inverse relationship between ADCVI
and HIV-1 acquisition in a subset of Vax-004 subjects (22), sub-
stantial data in humans now indicate that Fc-mediated effector
functions play a role in reducing HIV-1 acquisition. Our studies
shed light on the range of epitopes that are potential targets of
potent Fc-mediated effector responses and should aid in further
refinements of HIV-1 vaccine candidates.

Materials and Methods
Research Subjects. Five HIV-1–infected individuals were selected for this
study. Volunteers NVS5, NVS10, and NVS12 are part of our Natural Viral
Suppressor (NVS) cohort, a group of HIV-1–infected individuals who suppress
HIV-1 replication to <400 copies/mL in the absence of antiretroviral therapy
(67–71). These individuals have average CD4 counts of 569 cells/μL, 991 cells/
μL, and 1,124 cells/μL, respectively, over 13, 11, and 7 y of infection, respec-
tively. Volunteer NVS26 was diagnosed with acute retroviral syndrome with
9,976 HIV-1 RNA copies/mL and was placed immediately on antiretroviral
therapy for 5 y before halting therapy. NVS26 has maintained an average
CD4 count of 752 cells/μL and <75 HIV-1 RNA copies/mL for more than 4 y
after stopping therapy (the time point of the sample). LongT9 is an in-
dividual with HIV infection who has maintained an average CD4 count of
1,246 cells/μL and an average of 6,568 HIV-1 RNA copies/mL for almost 10 y
The University of Maryland Institutional Review Board approved the use of
human subjects, and all individuals provided informed consent.

mAb Isolation. mAb isolation was carried out as described in ref. 68. Briefly,
culture supernatants from memory B cells activated at limiting dilution were
screened by ELISA for binding to monomeric gp120, a disulfide-stabilized
gp140 SOSIP trimer (72, 73), and a single-chain gp120-CD4 monomer, FLSC
(74), all based on the HIV-1Ba-L isolate. This strategy permits the rapid initial
assignment of epitope specificity to CD4i (selective reactivity with FLSC),
CD4-binding site (CD4bs) (selective reactivity with gp120 and SOSIP gp140),
gp120 (reactivity with all three proteins), or gp41/oligomer (selective re-
activity with SOSIP gp140) (Fig. S1). Initial epitope-specificity assignments
were confirmed using mutagenized fragments of gp120 or gp41 and syn-
thetic peptides. Using this approach, we were able to categorize 61 unique
mAbs into CD4i (41 mAbs), CD4bs (10 mAbs), V3 (8 mAbs), and gp41 (2 mAbs)
reactivities. The CD4i mAbs were selected for further study. All mAbs, in-
cluding mAbs used as positive controls [A32 (44, 75), C11 (44, 39), 17b (34, 35),
19e (36), E51 (40) PG9 (76), PG16 (76), and b12 (77)] were expressed from
plasmid clones in 293T cells using an IgG1 backbone for heavy-chain variable
regions and either a κ- or λ-chain expression vector for light-chain variable
regions. mAbs were purified from culture supernatants by protein-A chro-
matography. IgGm9 (50) was generously provided by Dimiter Dimitrov
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(National Cancer Institute, Bethesda, MD). The anti-respiratory syncytial virus
mAb Synagis (Medimmune) was used as a negative control in some experi-
ments. It was purchased from the University of Maryland Hospital Pharmacy.

ELISA. ELISAs were performed using an antigen-capture format (78) as de-
scribed previously (68, 79).

ADCC Assays.ADCC assays were carried out using the rapidfluorescence ADCC
method described in ref. 80 modified to reduce prozone effects. CEM-NKr-
CCR5 target cells were sensitized with recombinant gp120 of the HIV-1Ba-L
isolate as described in ref. 80 (in most studies) or with inactivated HIV-1 as
described below. The sensitized target cells were incubated with mAb
dilutions for 15 min and were washed with culture medium before the ad-
dition of peripheral blood mononuclear effector cells from healthy donors
at a final ratio of 50:1. The effector and target cells were pelleted by cen-
trifugation and incubated for 3 h at 37 °C followed by fixation and cytolysis
determined by flow cytometry as described in ref. 80. In one series of studies,
the CEM-NKr-CCR5 target cells were sensitized by spinoculation for 2 h at
12 °C exactly as described in ref. 81 with AT-2–inactivated HIV-1 of the Ba-L
isolate (54) at a multiplicity of infection (MOI) of 5. This MOI was calculated
using analytical information provided by Jeffery Lifson (National Cancer
Institute at Frederick, Frederick, MD), who generously supplied this prepa-
ration. This highly purified virus preparation has been characterized exten-
sively for the presence of stable (i.e., nonshedding) Env trimers in which the
gp120:gp41 ratios remain 1.0 during storage and after freeze–thaw cycles
(82). Absolute cytotoxicities ranged from ∼30 to 60% at plateau in each
experiment regardless of the mode of sensitization. Absolute cytotoxicity
values were normalized using the mAbs C11 or N12-i3, because they con-
sistently yield maximum values of absolute cytotoxicity among the many
mAbs we have tested. These mAbs recognize overlapping epitopes in the
seven-stranded β-sandwich of gp120 (see below and refs. 38 and 45). Values
of plateau cytotoxicity were taken as the peak value in the plateau region of
the dose–response curve. The concentrations of mAb (in nanomolars) me-
diating EC50 were determined by nonlinear curve fitting of the dose–response
curves using internal algorithms of GraphPad Prism. In the few instances in
which a true plateau in the dose–response curve was not achieved, the peak
cytotoxicity value was used, and EC50s were determined by nonlinear curve
fitting as above. In all such cases, potencies were weak, and the values de-
termined did not adversely affect the rank ordering of the mAbs.

Virus Neutralization Assays. Standardized virus neutralization assays were
carried out using a standardized TZM-bl assay and HIV-1 pseudotyped viruses
as described in ref. 83. In addition, neutralization of CD4-triggered HIV-
27312A in TZM-bl cells was performed as described (36).

X-Ray Crystallography: Crystallization Experiments. Fabs were produced from
purified IgG1 (10 mg/mL) by proteolytic digestion with immobilized papain
(Pierce) and were purified using protein A (GE Healthcare), followed by gel
filtration chromatography on a Superdex200 16/60 column (GE Healthcare) in
a buffer containing 0.3 M NaCl, 5 mM Tris (pH 7.2), and 0.02% NaN3. Fab
molecular weights were determined by electrospray ionization MS. Initial
vapor-diffusion sitting-droplet crystallization trials at room temperature
were set up robotically (OryxNano Protein Crystallization Robot; Douglas
Instruments) using Fabs at a concentration of 10 mg/mL, commercially avail-
able Crystal Screens from Hampton Research, and Classics Suites from Qia-
gen (0.2-μL droplets mixed in a 1:1 ratio). Crystallization hits from robotic
screening were optimized and scaled up manually using a hanging-drop

vapor diffusion method in a 24-well plate format. Final crystallization con-
ditions are shown in Table S3. Crystals were soaked briefly in reservoir so-
lution supplemented with 25–30% (vol/vol) glycerol and were flash-frozen in
the nitrogen steam at 100 K.

Data Collection, Structure Solution, and Refinement. Complete datasets to
1.85-Å (Fab A32), 1.95-Å (Fab N5-i5 and N12-i2), and 2.6-Å (Fab N12-i15)
resolutions were collected at beamlines BL7-1 and BL9-1 of the Stanford
Synchrotron Radiation Lightsource on an ADSC QUANTUM 315 and MAR325
detector, respectively. Data were integrated and reduced with HKL2000
(84), and structures were solved by molecular replacement with MrBUMP
(85) and Phaser (86) from the CCP4 suite (87). MrBUMP was used to search
the Protein Data Bank (PDB) to obtain the best-fitting model of variable
domain, and then the constant and variable domains were used as separate
searching models in Phaser. Structures of Fab N12-i2 and Fab N12-i15 were
solved using coordinates extracted from PDB entry 1RZ8 (48), and the
structures of Fab A32 and Fab N5-i5 were solved based on PDB entry 1N7M
(88). Initial models were improved with several cycles of translation, libra-
tion, and screw-rotation (TLS)-restrained refinement implemented in Refmac
(89) and Phenix (90) and were coupled with manual refitting and rebuilding
with COOT (91). Data collection and final refinement statistics are shown in
Table S2.

Structure Validation and Analysis and Figures. The quality of the final refined
models was monitored using the program MolProbity (92) and the PDB vali-
dation server (http://deposit.pdb.org/validate/). Structural alignments were
performed using the Dali server and the program lsqkab from ccp4 Package
(87). Molecular graphics were generated using Pymol (www.pymol.org).

Homology Modeling of CD4-Triggered gp120. Homology modeling of CD4-
triggered gp120 was carried out using ICM-Pro software (Molsoft) to build a
model of CD4-triggered gp120. Initial modeling used the full-length gp120
sequence of HIV-1Ba-L and a YU2-Core V3 structure [PDB ID 2B4C (62)] fol-
lowed by additional modeling using a gp120 core structure that includes the
N- and C-termini [PDB ID 3JW0 (45)]. The structure was completed by using a
built-in loop-modeling algorithm to model the V1/V2 loop. The electrostatic
surface was calculated the REBEL electrostatics algorithm of the ICM package.
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