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Abstract

Vaccines that protect against viral infection usually elicit neutralizing antibodies, but HIV-1

vaccine candidates have failed to induce broad and potent such responses. Broadly active

neutralizing antibodies (bNAbs) do, however, slowly emerge in a minority of HIV-1-infected

subjects; and passive immunization with bNAbs protects against viral acquisition in animal

models of HIV-1 infection. New techniques have made it possible to interrogate human B cells

and thereby to isolate highly potent bNAbs to uncharted epitope clusters. Furthermore, recent

high-resolution structure determinations of near-native soluble envelope glycoprotein trimers in

complex with different bNAbs reveal the molecular basis for neutralization. Such trimer structures

may serve as blueprints for vaccine design. Here we discuss how a vaccine might bridge a

reactivity gap from germline antibody to bNAb and simulate the intricate stimuli of affinity

maturation that sometimes prevail in chronic infection.

Targeting the right epitopes

The HIV-1 Env trimer comprises three protomers, each a hetero-dimer consisting of a

receptor-binding membrane-distal subunit, gp120, non-covalently attached to the

transmembrane protein, gp41, which mediates fusion of the viral and cellular membranes -

the culmination of the viral entry process. Viral entry is blocked by neutralizing antibodies

(NAbs). Recently, the structure of a near-native soluble HIV-1 envelope glycoprotein (Env)

trimer in complex with different bNAbs was determined to almost atomic-scale resolution

by cryo-electron microscopy and crystallography (1, 2). Native, functional Env trimers on

the surface of virions are the only relevant targets for NAbs. And all antibodies that reach a

certain occupancy on functional trimers will neutralize viral infectivity. But the virus has

evolved a number of defenses against the induction and binding of NAbs, particularly those

directed to the less variable regions: extensive N-linked glycosylation, variable loops (V1-

V5), quaternary interactions, and conformational flexibility shield conserved epitopes.

Nevertheless, the epitopes of many broadly neutralizing (bNAbs) involve residues in

variable regions (V1-5) as well as glycans (3–6).
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Four clusters of bNAb epitopes have emerged so far: the CD4-binding site, the V2 loop with

its glycans, the V3 and V4 bases with associated glycans, and the membrane-proximal

external region (MPER) in gp41 (3–5). Why don’t antibody responses to recombinant Env

hone in on these epitopes? A problem with such Env immunogens is that they differ from

functional Env; and many non-neutralization epitopes are exposed only on non-functional

forms of Env, such as precursors, which are uncleaved between gp120 and gp41,

disassembled oligomers, and denatured or degraded Env (5, 7). The non-neutralization

epitopes are often strongly immunogenic both in vaccination and infection and may thus act

as decoys, diverting from neutralizing responses (3, 4).

Germline reactivity of Env?

There are further obstacles to bNAb elicitation. Poor reactivity of Env with the germline

ancestors of bNAbs may be one. Antibody specificity arises from the blending of germline

diversity in immunoglobulin genes with somatic recombination and mutations in variable

regions (3, 4). But germline antibodies differ in their propensity to develop into HIV-1

bNabs: e.g., the most potent CD4bs-directed bNAbs (such as NIH45-46 and 3BNC117) have

the gene segment of the germline variable heavy chain VH1-2 or VH1-46 in common. The

structural features of these VH variants favor mimicry of CD4 (4, 8).

Recombinant Env proteins often do not bind germline versions of known bNAbs (3, 4, 9–

15). Several potential explanations may account for such a deficit in reactivity. The forms of

Env used as probes may be structurally deficient: whether cleaved stabilized trimers that

better mimic native Env spikes also fail to bind to unmutated ancestors of bNAbs deserves

to be systematically investigated. Furthermore, the genetic make-up of the Env tested may

not sufficiently match that of the original Env stimulus. Or, alternatively, something other

than Env started the selection process, and along the way Env reactivity arose. In this regard,

it is notable that bNAbs are more often poly-reactive than are average antibodies (3, 4, 16),

although many bNAbs are not (6); and polyreactivity is possibly augmented during HIV-1

infection. Determinants of germline-reverted antibody binding to Env are actively dissected

with the aid of computational methods for inferring unmutated common ancestors (3, 13).

Indeed, some Env constructs, such as the outer domain of gp120, glycosylation mutants,

V1V2 glycopeptides, multimerized forms, and founder-virus variants, do react with

germline antibodies (3, 10–12, 14, 17, 18).

Unusual affinity maturation

After specific uptake of antigen and encounters with cognate T-helper cells, naïve B-cells

enter germinal centers of secondary lymphoid organs where they proliferate, diversify, and

express antigen-binding B-cell receptors. The better the B-cell receptors bind, the more

antigen the B cells internalize and present, thereby getting reinforcing stimuli from follicular

T-helper cells (19). But the affinity increase has a ceiling set by diffusion and endocytosis

rates, and therefore B-cells usually exit the germinal center after ~10 mutations in the VH.

Human IgG has on average only 10–20 such mutations, but strain-specific HIV-1 NAbs

have twice as many, and bNAbs ~80. This degree of somatic hyper-mutation (SHM) would

arise from iterated germinal-center cycles, in which viral escape mutants with reduced
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affinity continually trigger affinity restoration: SHM, potency, and breadth are all correlated

(17).

Apart from deletions and insertions in the complementarity-determining regions (CDRs),

which are rare in regular antibodies (3, 4), bnAbs display mutations even in the normally

conserved framework regions (FWR), modifications that are sometimes crucial to their

neutralizing capacity (20, 21). Highly potent CD4bs bNAbs have short CDRL1 and 3,

conferring tight binding (4, 13). In contrast, CDRH3s of these antibodies are long, and a

requirement for that feature would skew germline recruitment (see above). These unusual

traits reflect how the antibody response has co-evolved with the many intricate viral

defenses against neutralization that characterize the native Env spike. The unusual demands

on germline reactivity and antibody evolution would counteract - but apparently not

preclude - the elicitation of potent bNAbs. Other factors, such as disadvantageous Env

properties for T-cell help, probably exacerbate the situation further (3).

Vaccine design

The considerations so far suggest a multi-pronged reverse-vaccinological strategy. High-

resolution structures of Env-bNAb complexes would serve as templates for immunogen

development. The optimal form of Env should bind bNAbs well and non-NAbs as little as

possible, thereby potentially focusing the antibody response on conserved neutralization

epitopes and minimizing immuno-dominant decoy effects. Stabilized, cleaved Env trimers

might come close to meeting these criteria (5, 7).

Some strains of HIV-1 apparently promote bNAb responses better than others do, and if the

structural basis for such differences were identified, that could inform immunogen design

(12). One contributing factor might be that Env proteins from certain isolates react with

favorable germline B-cell receptors. Therefore, the next strategic step would be to explore

how the immunogen template reacts with germline antibodies that have been reverted from

bNAbs based on computational ancestral analysis. When it is not germline-reactive, the

immunogen may need to be selected among alternative viral isolates or else modified in

order to bridge the gap to reactivity with precursor antibodies. In one study the founder-virus

Env, unlike later evolved variants, was germline-reactive (17). Deletion of glycosylation

sites can confer germline reactivity (3, 14), and glycopeptides, single domains, or scaffolded

epitopes would potentially bind precursor antibodies when the corresponding entire Env

trimer does not (10, 18). As a remote possibility, non-Env priming immunogens might be

identified that can promote lineages prone to bNAb evolution. Ideally, a priming

immunogen to start the bNAb development would be tailored towards V(D)J recombinations

with the greatest potential for potency and breadth.

The antibody response thus initiated, the next goal would be to guide the affinity maturation

towards the impressive breadth and potency that sometimes arise in chronic infection. One

approach would be to simulate the immense antigenic variation in the surface-exposed loops

of gp120 by sequential boosting with variants of Env. Whether each immunization should

also contain several variants remains to be determined, but sequential exposure gave better

maturation of the response to Env in rabbits than did a mixture of variants (22). This scheme
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to shepherd antibody maturation might learn specifically from the continual waves of NAb

responses and viral escape that presage the development of bNAbs in response to chronic

infection (17, 23). Thus, select mutants of Env might be introduced consecutively as

signposts for the affinity maturation. Hypothetically, the high degree of mutation in CDRs

and even FWRs would ensue. Other stratagems might prove superior or complementary,

e.g., deletions in variable loops on Env, in order to circumvent the first waves of type-

specific antibodies.

Original antigenic sin or novel immunogenic virtue?

According to the doctrine of original antigenic sin, the first encounter with a changeable

antigen traps the immune response into focusing on certain dominant epitopes, thereby

depriving subsequent responses to mutated antigens of their full efficacy. Later responses

will then cross-react sub-optimally with the mutated versions of the dominant epitopes

rather than yield potentially more effective reactivities with alternative targets. Maybe

constraints to this effect contribute to the lack of bNAb responses in the majority of HIV-1-

infected persons. But then, conversely, in the minority who do mount bNAb responses,

maybe the extreme variability of the most exposed Env epitopes dilutes the boosting of the

immune response to those sites and by default focuses it on conserved elements, making for

breadth, and with ever iterated boosting, for potency.

The new structural information (1, 2, 24), together with the collated mapping of bNAb

responses (3, 4, 6, 8, 23), will eventually answer how much of the conserved external

surface of the Env trimer remains immuno-silent. Dormant bNAb epitopes may exist that

never get a chance to elicit responses because of their dominant neighbors; perhaps some

silent potential epitopes are not germline-reactive, but could be rendered immunogenic when

presented in isolated, scaffolded form. Hypothetical strategies of that kind might broaden the

NAb response and narrow the loopholes of viral escape.

Acknowledgments

MMR is a recipient of a fellowship from the Consejo Nacional de Ciencia y Tecnología (CONACyT) of Mexico.
RWS is a recipient of a Vidi grant from the Netherlands Organization for Scientific Research (NWO) and a Starting
Investigator Grant from the European Research Council (ERC-StG-2011-280829-SHEV). The authors’ work in this
area is supported by NIH grants P01 AI82362 and R37 AI36082.

References

1. Julien JP, Cupo A, Sok D, Stanfield RL, Lyumkis D, Deller MC, Klasse PJ, Burton DR, Sanders
RW, Moore JP, Ward AB, Wilson IA. Crystal structure of a soluble cleaved HIV-1 envelope trimer.
Science. 2013; 342:1477–1483. [PubMed: 24179159]

2. Lyumkis D, Julien JP, de Val N, Cupo A, Potter CS, Klasse PJ, Burton DR, Sanders RW, Moore JP,
Carragher B, Wilson IA, Ward AB. Cryo-EM structure of a fully glycosylated soluble cleaved
HIV-1 envelope trimer. Science. 2013; 342:1484–1490. [PubMed: 24179160]

3. Haynes BF, Kelsoe G, Harrison SC, Kepler TB. B-cell-lineage immunogen design in vaccine
development with HIV-1 as a case study. Nat Biotechnol. 2012; 30:423–433. [PubMed: 22565972]

4. Klein F, Mouquet H, Dosenovic P, Scheid JF, Scharf L, Nussenzweig MC. Antibodies in HIV-1
vaccine development and therapy. Science. 2013; 341:1199–1204. [PubMed: 24031012]

5. Sanders RW, Derking R, Cupo A, Julien JP, Yasmeen A, de Val N, Kim HJ, Blattner C, de la Pena
AT, Korzun J, Golabek M, de Los Reyes K, Ketas TJ, van Gils MJ, King CR, Wilson IA, Ward AB,

Medina-Ramírez et al. Page 4

Expert Rev Vaccines. Author manuscript; available in PMC 2014 August 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Klasse PJ, Moore JP. A next-generation cleaved, soluble HIV-1 Env Trimer, BG505 SOSIP.664
gp140, expresses multiple epitopes for broadly neutralizing but not non-neutralizing antibodies.
PLoS Pathog. 2013; 9:e1003618. [PubMed: 24068931]

6. Walker LM, Huber M, Doores KJ, Falkowska E, Pejchal R, Julien JP, Wang SK, Ramos A, Chan-
Hui PY, Moyle M, Mitcham JL, Hammond PW, Olsen OA, Phung P, Fling S, Wong CH, Phogat S,
Wrin T, Simek MD, Koff WC, Wilson IA, Burton DR, Poignard P. Broad neutralization coverage
of HIV by multiple highly potent antibodies. Nature. 2011; 477:466–470. [PubMed: 21849977]

7. Ringe RP, Sanders RW, Yasmeen A, Kim HJ, Lee JH, Cupo A, Korzun J, Derking R, van Montfort
T, Julien JP, Wilson IA, Klasse PJ, Ward AB, Moore JP. Cleavage strongly influences whether
soluble HIV-1 envelope glycoprotein trimers adopt a native-like conformation. Proc Natl Acad Sci
U S A. 2013; 110:18256–18261. [PubMed: 24145402]

8. Zhou T, Zhu J, Wu X, Moquin S, Zhang B, Acharya P, Georgiev IS, Altae-Tran HR, Chuang GY,
Joyce MG, Do Kwon Y, Longo NS, Louder MK, Luongo T, McKee K, Schramm CA, Skinner J,
Yang Y, Yang Z, Zhang Z, Zheng A, Bonsignori M, Haynes BF, Scheid JF, Nussenzweig MC,
Simek M, Burton DR, Koff WC, Mullikin JC, Connors M, Shapiro L, Nabel GJ, Mascola JR,
Kwong PD. Multidonor analysis reveals structural elements, genetic determinants, and maturation
pathway for HIV-1 neutralization by VRC01-class antibodies. Immunity. 2013; 39:245–258.
[PubMed: 23911655]

9. Hoot S, McGuire AT, Cohen KW, Strong RK, Hangartner L, Klein F, Diskin R, Scheid JF, Sather
DN, Burton DR, Stamatatos L. Recombinant HIV envelope proteins fail to engage germline
versions of anti-CD4bs bNAbs. PLoS Pathog. 2013; 9:e1003106. [PubMed: 23300456]

10. Jardine J, Julien JP, Menis S, Ota T, Kalyuzhniy O, McGuire A, Sok D, Huang PS, MacPherson S,
Jones M, Nieusma T, Mathison J, Baker D, Ward AB, Burton DR, Stamatatos L, Nemazee D,
Wilson IA, Schief WR. Rational HIV immunogen design to target specific germline B cell
receptors. Science. 2013; 340:711–716. [PubMed: 23539181]

11. Ota T, Doyle-Cooper C, Cooper AB, Huber M, Falkowska E, Doores KJ, Hangartner L, Le K, Sok
D, Jardine J, Lifson J, Wu X, Mascola JR, Poignard P, Binley JM, Chakrabarti BK, Schief WR,
Wyatt RT, Burton DR, Nemazee D. Anti-HIV B Cell lines as candidate vaccine biosensors. J
Immunol. 2012; 189:4816–4824. [PubMed: 23066156]

12. Scharf L, West AP Jr, Gao H, Lee T, Scheid JF, Nussenzweig MC, Bjorkman PJ, Diskin R.
Structural basis for HIV-1 gp120 recognition by a germ-line version of a broadly neutralizing
antibody. Proc Natl Acad Sci U S A. 2013; 110:6049–6054. [PubMed: 23524883]

13. West AP Jr, Diskin R, Nussenzweig MC, Bjorkman PJ. Structural basis for germ-line gene usage
of a potent class of antibodies targeting the CD4-binding site of HIV-1 gp120. Proc Natl Acad Sci
U S A. 2012; 109:E2083–2090. [PubMed: 22745174]

14. McGuire AT, Hoot S, Dreyer AM, Lippy A, Stuart A, Cohen KW, Jardine J, Menis S, Scheid JF,
West AP, Schief WR, Stamatatos L. Engineering HIV envelope protein to activate germline B cell
receptors of broadly neutralizing anti-CD4 binding site antibodies. J Exp Med. 2013; 210:655–
663. [PubMed: 23530120]

15. McGuire AT, Glenn JA, Lippy A, Stamatatos L. Diverse recombinant HIV-1 Envs fail to activate
B cells expressing the germline B cell receptors of the broadly neutralizing anti-HIV-1 antibodies
PG9 and 447-52D. J Virol. 2013

16. Mouquet H, Scheid JF, Zoller MJ, Krogsgaard M, Ott RG, Shukair S, Artyomov MN, Pietzsch J,
Connors M, Pereyra F, Walker BD, Ho DD, Wilson PC, Seaman MS, Eisen HN, Chakraborty AK,
Hope TJ, Ravetch JV, Wardemann H, Nussenzweig MC. Polyreactivity increases the apparent
affinity of anti-HIV antibodies by heteroligation. Nature. 2010; 467:591–595. [PubMed:
20882016]

17. Liao HX, Lynch R, Zhou T, Gao F, Alam SM, Boyd SD, Fire AZ, Roskin KM, Schramm CA,
Zhang Z, Zhu J, Shapiro L, Mullikin JC, Gnanakaran S, Hraber P, Wiehe K, Kelsoe G, Yang G,
Xia SM, Montefiori DC, Parks R, Lloyd KE, Scearce RM, Soderberg KA, Cohen M, Kamanga G,
Louder MK, Tran LM, Chen Y, Cai F, Chen S, Moquin S, Du X, Joyce MG, Srivatsan S, Zhang B,
Zheng A, Shaw GM, Hahn BH, Kepler TB, Korber BT, Kwong PD, Mascola JR, Haynes BF. Co-
evolution of a broadly neutralizing HIV-1 antibody and founder virus. Nature. 2013; 496:469–476.
[PubMed: 23552890]

Medina-Ramírez et al. Page 5

Expert Rev Vaccines. Author manuscript; available in PMC 2014 August 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



18. Alam SM, Dennison SM, Aussedat B, Vohra Y, Park PK, Fernandez-Tejada A, Stewart S, Jaeger
FH, Anasti K, Blinn JH, Kepler TB, Bonsignori M, Liao HX, Sodroski JG, Danishefsky SJ,
Haynes BF. Recognition of synthetic glycopeptides by HIV-1 broadly neutralizing antibodies and
their unmutated ancestors. Proc Natl Acad Sci U S A. 2013; 110:18214–18219. [PubMed:
24145434]

19. Victora GD, Nussenzweig MC. Germinal centers. Annu Rev Immunol. 2012; 30:429–457.
[PubMed: 22224772]

20. Klein F, Diskin R, Scheid JF, Gaebler C, Mouquet H, Georgiev IS, Pancera M, Zhou T, Incesu RB,
Fu BZ, Gnanapragasam PN, Oliveira TY, Seaman MS, Kwong PD, Bjorkman PJ, Nussenzweig
MC. Somatic mutations of the immunoglobulin framework are generally required for broad and
potent HIV-1 neutralization. Cell. 2013; 153:126–138. [PubMed: 23540694]

21. Georgiev IS, Rudicell RS, Saunders KO, Shi W, Kirys T, McKee K, O’Dell S, Chuang GY, Yang
ZY, Ofek G, Connors M, Mascola JR, Nabel GJ, Kwong PD. Antibodies VRC01 and 10E8
Neutralize HIV-1 with High Breadth and Potency Even with Ig-Framework Regions Substantially
Reverted to Germline. J Immunol. 2014; 192:1100–1106. [PubMed: 24391217]

22. Malherbe DC, Doria-Rose NA, Misher L, Beckett T, Puryear WB, Schuman JT, Kraft Z, O’Malley
J, Mori M, Srivastava I, Barnett S, Stamatatos L, Haigwood NL. Sequential immunization with a
subtype B HIV-1 envelope quasispecies partially mimics the in vivo development of neutralizing
antibodies. J Virol. 2011; 85:5262–5274. [PubMed: 21430056]

23. Wibmer CK, Bhiman JN, Gray ES, Tumba N, Abdool Karim SS, Williamson C, Morris L, Moore
PL. Viral Escape from HIV-1 Neutralizing Antibodies Drives Increased Plasma Neutralization
Breadth through Sequential Recognition of Multiple Epitopes and Immunotypes. PLoS Pathog.
2013; 9:e1003738. [PubMed: 24204277]

24. Bartesaghi A, Merk A, Borgnia MJ, Milne JL, Subramaniam S. Prefusion structure of trimeric
HIV-1 envelope glycoprotein determined by cryo-electron microscopy. Nat Struct Mol Biol. 2013;
20:1352–1357. [PubMed: 24154805]

Medina-Ramírez et al. Page 6

Expert Rev Vaccines. Author manuscript; available in PMC 2014 August 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


