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Functional and Molecular Characteristics
of Novel and Conserved Cross-Clade HIV Envelope

Specific Human Monoclonal Antibodies

James J. Kobie,1 Bo Zheng,1 Michael S. Piepenbrink,1 Ann J. Hessell,2 Nancy L. Haigwood,2

Michael C. Keefer,1 and Ignacio Sanz3

To define features of the B cell response to HIV that may be translated to vaccine development, we have isolated a
panel of monoclonal antibodies (MAbs) from HIV-infected patients. These MAbs are all highly reactive to HIV
envelope (Env) from multiple clades, and include gp120 and gp41 specificities. Three of the MAbs exhibit
substantial homology to previously described VH1-69, VH3-30, and VH4-59 HIV broadly neutralizing antibody
lineages. An inherently autoreactive VH4-34 encoded MAb was reactive to diverse Env despite its minimal
mutation from germline. Its isolation is consistent with our previous observation of increased VH4-34 + antibodies
in HIV-infected patients. These results suggest that conserved developmental processes contribute to immuno-
globulin repertoire usage and maturation in response to HIV Env and that intrinsically autoreactive VH genes,
despite the absence of mutation, could serve as effective templates for maturation and development of protective
antibodies. These results also bear significant implications for the development of immunogens.

Introduction

T he induction of protective humoral response to
HIV envelope (Env) is a primary objective of preventive

vaccination strategies against HIV infection. Approximately
20% of HIV-infected patients develop serum antibodies that
have the ability to neutralize a broad range of HIV isolates;
the appearance of these broadly neutralizing antibodies
(bNAbs) often does not occur until several years after in-
fection,(1,2) and typically they do not neutralize autologous
contemporary HIV isolates from the patient.(3,4) The frequent
induction of these bNAbs demonstrates the capability of the
immune response that if re-capitulated by vaccination would
be an attractive strategy to prevent HIV infection. The
characterization of HIV Env-reactive MAbs generated from
HIV-infected patients has provided substantial insight into
the humoral response, including identifying MAbs that
have potent and broad neutralizing activity, and enabling the
further characterization of other antibody-mediated effector
functions. Additionally, molecular characterization of these
MAbs has provided insight into their developmental process
and identified common features, including extensive muta-
tion from germline, long immunoglobulin (Ig) heavy chain
complementarity determining region 3 (HCDR3), and in-
creased usage of specific Ig variable genes.(5–7)

The number of HIV broadly neutralizing MAb (bNMAbs)
isolated from HIV-infected patients has grown substantially
in recent years and currently exceeds two dozen.(6,7) These
bNMAbs have importantly identified regions of Env that may
be of particular value for targeting through vaccination. The
CD4 binding site of gp120, recognized by several bNMAbs
including b12, VRC01/03, and CH103, is an attractive region
due in part to its conserved nature and participation in viral
entry; however, adequate recognition frequently requires long
HCDR3 for effective binding. Quaternary epitopes of gp120
that include the V1 and V2 regions are recognized by PG9/
PG16 bNMAbs, and 2G12 and PGT recognizes glycan-
dependent epitopes on gp120. The highly conserved membrane
proximal external region (MPER) of gp41 is recognized by the
bNAbs 4E10, 2F5, CAP205-CH12, and 10E8. Many gp41-
directed MAbs exhibit poly-reactivity, including reactivity to
self- and bacterial antigens, which suggests that their induction
may be subject in part to regulation by tolerance mechanisms.

To further define the B cell response to HIV infection, we
have isolated a panel of novel HIV Env-specific MAbs from
HIV-infected patients. Our analysis revealed the presence of
gp120- and gp41-specific MAbs, including those with cross-
clade HIV Env binding, and neutralizing activity in HIV-
infected patients, including those receiving anti-retroviral
therapy (ART) with suppressed viremia.
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Materials and Methods

Patient samples

Peripheral blood samples were obtained from HIV-1 in-
fected patients at the University of Rochester Medical Center.
All subjects provided signed written informed consent.
PBMC were isolated within 2 h of sampling using CPT tubes
(Becton Dickinson, Franklin Lakes, NJ). Tubes were imme-
diately inverted 8 to 10 times and processed according to the
manufacturer’s instructions. All procedures and methods
were approved by the University of Rochester Research
Subjects Review Board.

Env-specific B cell isolation

To isolate gp140-specific B cells, PBMC were stained with
purified oligomeric HIV-1 SF162 (clade B) and KNH1144
(clade A) gp140 directly conjugated to AlexaFluor660 and
AlexaFluor 647, respectively, and Tetanus Toxoid conju-
gated to FITC (Calbiochem, San Diego, CA), in addition to
anti-CD19-PE-Cy7, anti-CD20-APC-Cy7, anti-IgD-PE, anti-
IgM-PerCP-Cy5.5, anti-CD3-PE-Cy5, anti-CD14-PE-Cy5,
7AAD for dead cell exclusion, and biotinylated 9G4 MAb/
streptavidin Qdot800 (Invitrogen, Carlsbad, CA) at 4�C for
60 min, as previously described.(8) Single 7AAD- CD3- CD14-
CD19 + Tetanus Toxoid – gp140 + cells were directly sorted
into 96-well PCR plates (Bio-Rad, Hercules, CA) containing
4mL/well 0.5X PBS with 10 mM DTT (Invitrogen), 8 U
RNAsin (Promega, Madison, WI), and 0.4 U 5¢-3¢ Prime
RNAse Inhibitor (Eppendorf, Hamburg, Germany). Plates were
sealed with Microseal F Film (Bio-Rad) and immediately fro-
zen on dry ice before storage at - 80�C until used for RT-PCR.

Alternatively, single cells were sorted into 384-well tissue
culture plates containing irradiated CD40L-expressing fi-
broblasts, 10 ng/mL IL-2 (Peprotech, Rocky Hill, NJ), 2.5 mg/
mL CpG2006 (IDT, Coralville, IA), 2.5 mg/mL R848 (In-
vitrogen, San Diego, CA), and 1:100,000 Staphylococcus
aureus Cowan (SAC, EMD Millipore, Darmstadt, Germany)
and cultured for 7–10 days. Following culture, qualitative 384-
well ELISA was performed to identify wells containing cells
secreting gp140-reactive IgG. Cells from positive wells were
collected and resuspended in PCR buffer described above.

MAb generation and production

cDNA was synthesized and semi-nested RT-PCR for IgH,
Igl, and Igk V gene transcripts was performed as previously
described.(9) Purified PCR2 products were sequenced at
Genewiz Sequences and analyzed by IgBlast (www.ncbi.nlm
.nih.gov/igblast) and IMGT/V-QUEST (www.imgt.org/
IMGT_vquest) to identify germline V(D)J gene segments
with highest identity and determine sequence properties in-
cluding mutation, CDR3 length, and charge. Expression
vector cloning and transfection of HEK293T cells (ATCC,
Manassas, VA) were performed as previously described(10)

using expression vectors kindly provided by Dr. Eric Meffre
(Yale University, New Haven, CT). MAbs were purified using
Aspire Protein G tips (Thermo Scientific, Waltham, MA).

ELISA

ELISA plates were coated with recombinant HIV-1 Env
proteins at 0.5mg/mL, MAbs were diluted in PBS + 0.01%

Tween-20, and binding detected with horseradish peroxidase–
conjugated anti-human IgG (Jackson ImmunoResearch, West
Grove, PA). Env proteins tested included: oligomeric SF162
gp140, oligomeric PVO.4 gp140, oligomeric X1936 gp140,
oligomeric KNH1144 gp140, and oligomeric YU2 gp140
DV1V2V3 provided by the UR CFAR Recombinant Protein
Production Core; monomeric MN gp120 (Protein Sciences,
Meriden, CT); monomeric CN54 gp120 (NIH AIDS Reagent
Repository), monomeric Con of Cons gp120 (Immune Tech-
nology, New York, NY); and YU2 gp41 (ImmunoDx, Wo-
burn, MA). b12, 17b, and 4E10 MAbs were obtained from NIH
AIDS Reagent Repository. Polyclonal human IgG was ob-
tained from Jackson ImmunoResearch. Anti-Nuclear Antigen
(ANA) IgG ELISA (Inova Diagnostics, San Diego, CA) was
performed, testing samples in duplicate using kits according to
the manufacturer’s recommendations. Anti-cardiolipin ELISA
was performed as previously described.(8)

HIV-1 neutralization activity

The neutralizing activity of sera was determined as pre-
viously described.(11) Briefly, pseudotyped viruses were in-
cubated with heat-inactivated sera and then added to TZM-bl
indicator cells. Neutralizing antibody titers were determined
as the MAb concentration (mg/mL) at which luciferase ex-
pression was reduced by 50% (ID50).

Results and Discussion

Patient characteristics and MAb generation

Peripheral blood B cells were isolated from a diverse group
of HIV-infected patients, including three patients receiving
ART with suppressed viral loads of < 50 copies/mL; the re-
maining two patients had viral loads of < 1000 copies/mL
(Table 1). The inclusion of patients with and without de-
tectable viremia allows the exploration of the necessity of
ongoing viremia for the persistence of HIV-specific memory
B cells. HIV Env-reactive B cells were identified by binding
to fluorescently conjugated oligomeric gp140 and isolated by
flow cytometric sorting. Single gp140-reactive B cells were
either directly subjected to single cell RT-PCR for Ig heavy
and light chain variable (V) region sequencing and cloning or
single cells cultured (SCC) briefly and pre-screened by
ELISA for gp140-reactive antibody production prior to RT-
PCR (Table 2). Heavy and light chain variable regions were
cloned and expressed as human IgG1 MAbs.

HIV envelope binding activity

Eight MAbs that exhibited HIV binding activity during a
preliminary screen on oligomeric HIV SF162 gp140 (data not
shown) were tested against a comprehensive panel of mo-
nomeric HIV gp120 and oligomeric HIV gp140 proteins by
ELISA (Fig. 1A). Four of the MAbs (KS37-6, KS59-5, KS41-
2, and KS41-11) were reactive to monomeric gp120, sug-
gesting that their binding does not depend on quaternary
structure or gp41. All MAbs as expected based on screening
were reactive to oligomeric gp140; additionally all of the
MAbs displayed multi-clade reactivity. Further titration of the
highest binding MAbs demonstrated significant ( p < 0.001)
multi-clade binding to SF162 gp140 (clade B) and KNH1144
(clade A) at 0.01mg/mL for KS41-2, KS41-22, KS41-11, and
KS59-5 as compared to control human IgG (Fig. 1B). KS41-2
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displayed the highest binding to SF162 gp140 and KNH1144,
which was significantly greater ( p < 0.0001) at even 0.01mg/
mL compared to the other MAbs tested.

The MAbs KS41-22, KS59-12, KS37-6, KS18-5, and
KS74-11 displayed reactivity to gp41 (Fig. 2A). The MAb
KS37-6 was reactive to both gp120 and gp41, suggesting it
may be binding in a poly-reactive manner, which is consistent
with its VH4-34 usage, a subset of immunoglobulin with
inherent poly-reactivity recognized by the 9G4 anti-idiotype
antibody.(9,12) Its polyreactive nature is also consistent with
its reactivity to anti-nuclear antigen (data not shown), in a
similar fashion to VH4-34 antibodies isolated from healthy
controls previously published by our laboratory.(9) None of
the other MAbs exhibited any reactivity to anti-nuclear an-
tigen or cardiolipin (data not shown), suggesting they were
not poly-reactive.

All MAbs, except KS41-2, were reactive to an HIV gp140
that lacks the V1, V2, and V3 variable loops (Fig. 2B), sug-
gesting that only KS41-2 binding was dependent on the
presence of one or a combination of these variable loops.
These results indicate that we have identified a diverse panel
of MAbs recognizing gp41- and gp120-dependent epitopes
and that HIV Env-specific memory B cells persist in patients
whose viremia is suppressed by ART. To determine the rel-
ative dependence on heavy or light chains on binding activity,
KS59-5, KS41-2, and KS41-11 light chains were replaced
with an irrelevant light chain, resulting in a 69%, 72%, and
7% reduction in binding to SF162 gp140, respectively (Fig.
3). This indicates that native KS59-5 and KS41-2 light chains

are substantially contributing to its ability to bind to gp140,
although pairing of these light chains with an irrelevant heavy
chain did not confer binding to SF162 gp140 (Fig. 3), indi-
cating that the light chain reactivity alone is not sufficient for
gp140 binding. Native (paired heavy and light chain) b12 was
included for comparison. The substantial contribution of the
light chain to the binding of gp140 for KS59-5 and KS41-2
does highlight the importance of studying light chain interac-
tions to further dissect the molecular basis of HIV Env binding.

HIV neutralizing activity

The neutralizing activity of the MAbs was examined by
Tzm-bl assay. Only three of the eight MAbs exhibited neu-
tralizing activity against the Tier I isolate SF162, these in-
cluded KS59-5 (IC50 = 0.5 mg/mL), KS41-2 (IC50 = 2 mg/mL),
KS41-11 (IC50 = 0.5 mg/mL) (Table 3; some data not shown).
Further assessment of neutralizing activity of these MAbs
revealed moderate Tier 2 neutralizing activity (10–70 mg/
mL) by all three MAbs, and moderate cross-clade neutraliz-
ing activity of ZM109 (clade C) by KS41-2 (IC50 = 80 mg/
mL) and KS41-11 (IC50 = 40 mg/mL). The cross-clade neu-
tralizing activity of these MAbs is consistent with their cross-
clade binding profiles. All three of these MAbs were isolated
from patients on ART with suppressed viral loads indicating
that memory B cells with cross-clade neutralizing activity
can persist in the absence of detectable viremia, consistent
with the presence of HIV neutralizing serum antibodies in
HIV patients on ART that has been previously reported.(13–15)

Table 2. Molecular Characteristics of MAbs

Heavy chain Light chain

Subject mAb
Selection
Strategy V D J

AA
mutation

(%)

CDR3
length
(AA) V J

AA
mutation

(%)

CDR3
length
(AA)

HIV018 KS18-5 gp140 + IgD- 3-15*05 3-22*01 5*02 27 13 k1-NL1*01 k4*01 20.9 9

HIV037 KS37-6 gp140 + 9G4 + 4-34*01 2-2*02 6*02 0 26 l9-49*01 l1*01 1 14

HIV041 KS41-2 gp140 + SCC 4-4*02 1-20*01 6*02 17.3 20 k1-27*01 k1*01 7.7 9
KS41-11 gp140 + SCC 4-59*08 3-3*01 6*02 11.3 20 k3-20*01 k2*01 4.8 10
KS41-22 gp140 + SCC 1-18*01 3-10*01 3*02 21.6 16 k1-27*01 k1*01 3.8 9

HIV059 KS59-5 gp140 + IgG + 3-30*02 3-3*01 3*02 16.3 23 k2-30*02 k1*01 7.7 9
KS59-12 gp140 + IgG + 3-23*01 1-26*01 3*02 14.3 17 l2-11*01 l1*01 7.1 12

HIV074 KS74-11 gp140 + SCC 1-69*13 3-3*01 6*03 14.3 12 k1-5*03 k2*02 7.7 10

Table 1. HIV+ Subject Demographics

Subject MAb Gender Age (yr) Race
Time since

Dx (yr)
ART

status
CD4

(cells/lL)
Viral Load
(copies/mL)

HIV018 KS18-5 F 51 Black 7 On 344 < 50
HIV037 KS37-6 F 33 Black 12 Off 447 470

HIV041 KS41-2 M 52 Hispanic 12 On 235 < 50
KS41-11
KS41-22

HIV059 KS59-5 F 49 Black 1 On 479 < 50
KS59-12

HIV074 KS74-11 F 48 Black 2 Never 900 624
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FIG. 1. HIV Env binding profiles of MAbs. Human recombinant MAbs were added in triplicate to ELISA plates coated
with 0.5 mg/mL of indicated HIV Env proteins and binding detected with anti-human IgG. (A) MAbs were tested at 10 and
1 mg/mL and relative binding indicated; shading indicates MAbs were isolated from the same subject. (B) MAbs were
serially diluted and binding to indicated oligomeric gp140 determined, mean – SEM presented. MAbs b12, 17b, and 4E10
included as positive controls. Polyclonal human IgG included as negative control.

FIG. 2. HIV gp41 and V1V2V3 dependent binding of MAbs. Human recombinant MAbs were added in triplicate at 10 and
1mg/mL to ELISA plates coated with (A) 2mg/mL of YU2 gp41 or (B) 0.5mg/mL of oligomeric YU2 gp140 DV1V2V3 and
binding detected with anti-human IgG.
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Molecular characterization

The variable regions of the heavy and light genes of the
MAbs were sequenced and analyzed to determine Ig gene
usage and features (Table 2). Heavy chain VH3 and VH4
genes were most predominantly used (6/8 MAbs) consistent
with their common usage in the human Ig repertoire.(16)

The remaining two MAbs use VH1 genes, including VH1-
69 encoded KS74-11 MAb, which is also used by the
bNMAbs 4E10(17,18) and CAP206-CH12,(19) which are also
gp41-specific. KS74-11 shares substantial heavy chain ho-
mology with CAP206-CH12, including using VH1-69 and
JH6*03; 58% of the residues mutated in KS74-11 are at the
same sites that are mutated in CAP206-CH12, and 25% of the
mutated residues in KS74-11 are identical to those mutated in
CAP206-CH12, all of which are in FR2 or FR3 (Fig. 4).
Similar to CAP206-CH12,(19) the binding of KS74-11 ap-
pears sensitive to variation in residues 674 to 677 of the
MPER, as demonstrated by stronger binding of KS74-11 to
X1936, weaker binding to KNH1144 and SF162, and lack of
binding to PVO.4 (Fig. 1A; Supplementary Fig. 1).

The KS18-5 MAb shares substantial heavy chain homol-
ogy with the bNMAb 10E8, which is also gp41 specific and uses
VH3-15.(20) The heavy chain of KS18-5 is 27% mutated from
the germline, of which 59% of the mutations are at the same sites
that are mutated in 10E8; 15% of the mutated residues in KS18-5
are identical to those mutated in 10E8, including key residues
shown to be gp41 contact residues for 10E8.(20)

Similar to the previously described CD4bs-specific bNMAb
CH103, KS41-11 also uses VH4-59, and 45%(5) of the resi-
dues mutated in KS41-11 are at the same sites that are mu-
tated in CH103, of which three of the residues are in FR2 or
FR3 including R81K, which is identical in CH103, and K52Y
within HCDR2, which is a defined CH103 gp120 contact res-
idue (Fig. 4).(21) Additionally, similar to CH103,(21) KS41-11
is broadly cross-reactive to multiple Env and exhibits weaker
reactivity to PVO.4 and KNH isolates (Fig. 1), and the
V1V2V3-independent gp120 binding of KS41-11 (Figs. 1, 2)
suggests it is also a CD4bs-specific antibody.

The genetic and functional homologies of (1) KS74-11 and
CAP206-CH12 and (2) KS41-11 and CH103 support the
previously suggested concept of repertoire convergence,

FIG. 3. Immunoglobulin light chain contribution to HIV gp140 binding. KS59-5, KS41-2, and KS41-11 MAbs were
generated either as their native Ig heavy and light chain pairing or by replacing their native heavy or light chain with that of
the irrelevant 1011 F12 MAb. MAbs were tested in triplicate at 10mg/mL by ELISA for binding to SF162 gp140. b12 and
polyclonal hIgG, both only tested in native H + L format.

Table 3. HIV-1 Neutralizing Activity of MAbs

ID50 (mg/mL) in TZM-bl cells

MAb
SF162 (B)

Tier 1A
BaL.26 (B)

Tier 1B
SS1196.1 (B)

Tier 1B
JRCSF (B)

Tier 2
ZM109 (C)

Tier 1B

KS59-5 0.5 30 10 70 > 100
KS41-2 2 10 > 100 10 80
KS41-11 0.5 10 10 50 40
b12 ND 0.1 0.5 0.5 > 2
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positing that for some viral epitopes the responding immu-
noglobulin repertoire may be biased toward usage of limited
VH families and follow similar maturation pathways among
different individuals.(22–27) Thus, immunization strategies
capable of recapitulating HIV-specific B cell lineages dis-
playing these shared molecular properties may be an attrac-
tive strategy for HIV vaccine development.

All of the MAbs except the VH4-34 encoded KS37-6 have
substantial VH amino acid mutation from germline (14.3–
27%), a feature commonly observed in HIV Env-specific
MAbs.(5–7) Half of the MAbs had heavy chain complemen-
tarity determining regions (HCDR3) of 20 amino acids in
length or longer, also commonly associated with HIV Env-
specific MAbs. Diverse k and l light chain gene usage was
evident among the MAbs (Table 2).

The KS37-6 MAb was isolated based on staining with the
anti-idiotypic antibody 9G4, which recognizes VH4-34 en-
coded Ig. We have previously reported increased 9G4 + B cells
and serum antibodies in HIV-infected patients.(8,28) This MAb
did not exhibit any heavy chain mutations from germline and
subsequently maintains the VH4-34 framework 1 hydrophopic
patch, which we have previously demonstrated confers B cell
binding and, similar to other anti-nuclear antigen reactive
VH4-34 encoded MAbs,(9) has a positively charged HCDR3
(pI = 4.89). The absence of mutation is in dramatic contrast to
other HIV Env-specific MAbs and suggests that B cells with
inherently auto-reactive germline B cell receptors, such as
9G4 + BCRs, may have an enhanced ability to bind HIV Env
relative to other germline BCRs, thereby providing a desirable
template potentially capable of supporting the generation of
protective antibodies with a more limited mutational load than
typically required for broadly neutralizing antibodies.

Conclusion

The isolation of a panel of HIV Env-specific MAbs from
HIV-infected individuals has provided additional resolution
of the specificity and molecular characteristics of the B cell
response. Homology of several of these newly described
MAbs with known bNMAbs suggests the participation of a
conserved repertoire and maturation process in the humoral
response to HIV and suggests that targeting these common
bNAb developmental pathways may be a valuable strategy
for HIV vaccines.
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