
Since the late nineteenth century, naturally produced 
human serum immunoglobulins have been used as a 
passive immunotherapy for a wide range of infectious 
diseases1. However, owing to the polyclonal and variable 
nature of serum immunoglobulins, these therapies have 
had mixed efficacies, and they are also hindered by the 
added risk of blood-borne pathogen transmission, not 
to mention the expense and practical limits of the large-
scale production of human blood products.

The development of hybridoma technology by César 
Milstein’s group in the mid‑1970s allowed for the pro-
duction of mouse monoclonal antibodies with defined 
specificities and neutralization capacities2. Although 
these mouse monoclonal antibodies revolutionized 
biomedical sciences, they proved to be problematic for 
human therapeutic use, as they had a short serum half-
life in humans and they were often immunogenic with 
low effector function3. With the advent of technologies 
to produce humanized and chimeric monoclonal anti-
bodies, many of these problems were overcome, leading 
to the generation of a number of monoclonal antibodies 
that are currently approved for clinical use4.

In recent years, however, the development of meth-
odologies for producing antigen-specific monoclonal 
antibodies directly from human B cells has allowed a 
rapid and productive rise in the isolation and charac-
terization of fully human monoclonal antibodies that 
are naturally generated in response to autoantigens or 
pathogens. Because these monoclonal antibodies are 
produced and tolerized in humans, their safety, efficacy 
and relevance to human disease are increased compared 
with antibodies generated in mice or other species. These 
human monoclonal antibodies are proving invaluable in 

improving our knowledge of the natural human response 
to pathogens and for epitope discovery. Human mono-
clonal antibodies also have a high potential to serve as 
potent therapeutic tools against a range of infectious and 
non-infectious diseases. For example, until recently, it 
was thought that certain single antibodies capable of 
neutralizing a broad array of evolving viruses, such as 
influenza virus or HIV strains, were extremely rare and 
almost impossible to isolate. However, high-throughput 
technologies, clever screening processes and the careful 
selection of infected donors have now allowed for the 
isolation and characterization of several broadly neutral-
izing monoclonal antibodies. This has led to the discov-
ery of newly appreciated conserved epitopes that could 
be targeted in antibody-mediated therapy and/or could 
guide vaccine design.

There is now a growing optimism that future work 
will lead to the discovery of additional epitopes that 
can be targeted to fight many infectious diseases. 
Characterization of the antibodies themselves has also 
led to new insights into how, at a protein structural level, 
antibodies can be generated that can access epitopes 
masked by immune evasion mechanisms. All together, 
scrutiny of the natural antibody response has led to 
unparalleled insights into the unique strategies used by 
the human humoral system to neutralize pathogens.

In this Review, we focus on human monoclonal 
antibodies that have been derived directly from human 
B cells that were generated in vivo in response to specific 
infections, rather than on antibodies derived from syn-
thetic immunoglobulin recombinant libraries or human-
ized mouse systems. Although these latter technologies 
have generated valuable monoclonal antibodies that are 
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Hybridoma technology
Fusion of activated, 
antibody-secreting primary 
B cells with an immortalized 
myeloma cell line to produce 
long-living cell lines expressing 
antibodies of a single 
specificity.
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human antibody response
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Abstract | The natural human antibody response is a rich source of highly specific, 
neutralizing and self-tolerant therapeutic reagents. Recent advances have been made in 
isolating and characterizing monoclonal antibodies that are generated in response to natural 
infection or vaccination. Studies of the human antibody response have led to the discovery of 
crucial epitopes that could serve as new targets in vaccine design and in the creation of 
potentially powerful immunotherapies. With a focus on influenza virus and HIV, herein we 
summarize the technological tools used to identify and characterize human monoclonal 
antibodies and describe how these tools might be used to fight infectious diseases.
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Phage display libraries
Pools of bacteriophage virions, 
each expressing a unique 
protein variant (such as 
immunoglobulin fragments) on 
the virion exterior.

used therapeutically in cancer, metabolic diseases and 
autoimmune diseases (as reviewed elsewhere5–7), they 
are beyond the scope of this Review. Here, we summarize 
the current technologies used to isolate human mono-
clonal antibodies and describe how these technologies 
are being applied to understand the natural immune 
response to influenza virus and HIV. Recent advances in 
the isolation and characterization of broadly neutralizing 
human monoclonal antibodies from individuals exposed 
to these viruses have elegantly illustrated the power and 
potential of characterizing the natural humoral immune 
response. The varied approaches used to characterize 
human monoclonal antibodies specific for influenza 
virus and HIV provide a cross-section of the technolo-
gies being used to study human monoclonal antibod-
ies and of the uses for the knowledge gained. However, 
these same methods can be used to make therapeutics 
and improved vaccines for other infectious diseases, 
such as hepatitis C virus, dengue virus, pneumococcal 
and staphylococcal bacteria, and any other pathogen that 
antibodies can control.

Finding the right B cell: a needle in a haystack
Activated B cells differentiate into memory B cells and 
antibody-secreting cells, which can be further cat-
egorized into short-lived plasmablasts and long-lived 
plasma cells. Both memory and antibody-secreting B cell 
populations have been used to generate naturally derived 
antigen-specific monoclonal antibodies.

The main obstacle to the generation of such mono-
clonal antibodies has been in identifying and isolating 
B cells expressing immunoglobulins with the desired 
specificity and functional characteristics at the single-
cell level. Broadly speaking, three different strategies 
have been used to do this (FIG. 1). First, and most clas-
sically, many antibodies have been isolated through 
the panning of phage display libraries constructed from 
the immunoglobulin variable genes of immunized or 
infected individuals. A second common approach is 
B cell immortalization followed by the screening of 
in vitro cultures for antibody specificity. More recently, 
a third approach has been developed that uses single-
cell sorting followed by cloning of the transcribed 
immunoglobulin genes and their expression as mono
clonal antibodies, with or without flow cytometry-based 
pre-selection.

These different selection methods are more or less 
amenable to different B cell subtypes. Phage display librar-
ies have been successfully generated using sorted memory 
B cells and total peripheral blood mononuclear cell popu-
lations containing all B cell subtypes, including activated 
and naive B cells. Memory B cells are the most amena-
ble B cell subset to immortalization and in vitro culture, 
after which they can be screened for antibody specificity, 
although it has been recently demonstrated that single 
plasmablasts can be cultured for a long enough time for 
them to secrete sufficient amounts of antibody to enable 
screening for multiple antibody specificities without 
immortalization8,9. Memory B cells have also been suc-
cessfully differentiated into antibody-secreting cells with-
out immortalization, and the secreted antibodies are then 

screened for function and specificity10. The detection of 
specific B cells by flow cytometry requires the expression 
of immunoglobulins on the cell surface and so has worked 
well with memory B cells and IgA+ mucosal long-lived 
plasma cells. However, this selection method has been 
less successful with IgG+ plasma cells and plasmablasts in 
peripheral blood, as these cells have low surface immuno
globulin levels11. Because plasmablasts are activated by 
ongoing immune responses and are therefore enriched 
for the antibody specificity of interest, this cell type is nor-
mally isolated without pre-screening, and antigen-specific 
human monoclonal antibodies are identified after cloning 
and expression. Below we provide more detail on these 
isolation methods, their advantages and disadvantages 
(TABLE 1), and the diseases that have been targeted by each 
of these various approaches (TABLE 2).

High-throughput phage display technologies. Phage dis-
play libraries of single-chain variable antibody fragments 
(scFvs) or antigen-binding fragments (Fabs) have been 
used extensively to identify and clone monoclonal anti-
bodies with a multitude of specificities. The construction 
of the variable gene libraries from B cells isolated from 
immunized individuals or from individuals post infec-
tion can serve as a way to search in a high-throughput 
manner for antibodies produced by B cells responding 
to a specific pathogen. This approach has been useful in 
isolating neutralizing antibodies specific for West Nile 
virus, rabies virus, severe acute respiratory syndrome 
(SARS) virus, hepatitis A virus, HIV, hantavirus, Ebola 
virus, yellow fever virus, hepatitis C virus, measles virus 
and human and avian influenza virus strains, as well as 
for other pathogens, using libraries generated from bone 
marrow, peripheral blood and splenic human B cells 
from immunized or infected individuals12.

While this has been an excellent method for obtain-
ing neutralizing antibodies to a myriad of diseases, the 
resulting library of antibody fragments is not necessarily 
a faithful representation of the physiological antibody 
gene pairs, as the antibody fragments are generated from 
the random pairing of immunoglobulin heavy and light 
chain variable regions that are cloned separately. Thus, 
with phage display it is not certain that a given heavy 
and light chain pair went through selection and is self-
tolerant. However, this random pairing also creates a 
greater diversity of antibodies, and the shuffling of the 
heavy and light chain repertoires has been used to gener-
ate higher affinity antibodies13. Phage display also makes 
it difficult to draw direct conclusions as to the relative 
proportion of particular antibody specificities and to 
gain an understanding of the complete repertoire of 
antigen-specific B cells. Furthermore, antibody expres-
sion in the phage display system may not be the same 
as in mammalian cells owing to differences in protein 
folding and post-translational modifications, causing a 
bias against the isolation of some antibodies. To miti-
gate this problem to some extent, systems have also been 
developed in which recombinant antibody fragments 
are expressed on the cell surface of yeast or mammalian 
cells, and antigen-specific cells are then selected using 
flow-based methods7.
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B  cell immortalization. Human B  cells proved to 
be more difficult to immortalize using hybridoma 
technology than mouse B cells. However, an alterna-
tive approach first published in 1977 (REF. 14) was to 
immortalize human memory B cells using Epstein–Barr 
virus (EBV)-mediated transformation. Although some 
human monoclonal antibodies were produced in the 
1980s and 1990s using this method15–19, the inefficiency 
of the method made it difficult for use in generating 
large numbers of antigen-specific B cells. Subsequently, 
however, it became clear that transformation efficiencies 

could be substantially improved by first activating the 
B cells using the Toll-like receptor 9 (TLR9) agonist 
CpG DNA or other polyclonal stimulants before and 
during EBV infection20. This enhanced EBV transfor-
mation protocol or variations of the method have now 
been widely used for the production of monoclonal 
antibodies against various pathogenic viruses, includ-
ing influenza virus21–24, HIV10,25–27, SARS virus20, human 
cytomegalovirus (HCMV)28, dengue virus29–34, chikun-
gunya virus (CHIKV)35 and respiratory syncytial virus 
(RSV)36.

Figure 1 | Methodologies commonly used to isolate human monoclonal antibodies.  Three general approaches and 
variations therein are typically used to isolate monoclonal antibodies from humans. The particular method used depends  
on various factors but is largely driven by the types of samples obtained. a | Samples with rare specific memory B cells require 
a higher throughput methodology, such as phage display, to identify the rarest specificities. b | Epstein–Barr virus 
(EBV)-mediated transformation or other B cell immortalization strategies can be used for most samples in which an 
immunological history is known. c | In instances in which an effective antigen bait is available that will allow for the detection 
of B cells with specific receptors using flow cytometry, single-cell expression cloning can be used. Finally, if there is an 
ongoing or recent immune response to vaccination or infection then the population of activated plasmablasts will contain a 
high frequency of specific cells that can be used to generate abundant human monoclonal antibodies by expression cloning.
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AID
(Activation-induced cytidine 
deaminase). A cytosine 
deaminase that catalyses a 
pivotal step in antibody gene-
diversification reactions.

Reverse transcription PCR
(RT‑PCR). A type of PCR in 
which RNA is first converted 
into double-stranded DNA, 
which is then amplified.

B cell immortalization typically involves culturing total 
peripheral blood lymphocytes or sorted IgG+ memory 
B cells from fresh or frozen samples in the presence of 
EBV together with a TLR9 ligand and/or allogeneic irradi-
ated mononuclear cells to provide further co‑stimulatory 
signals. Under these conditions, B cells proliferate and 
secrete antibodies. A week or two later, supernatants from 
the cultured cells are tested for antigen binding and/or 
viral neutralization. The B cells producing the antibodies 
of interest are cloned by limiting dilution and further 
screened for the desired reactivity at the single-cell level 
before individual immunoglobulin heavy and light chain 
pairs are cloned and sequenced20. EBV-transformed B cell 
clones have also been fused with myeloma cells to gener-
ate hybridomas, which facilitates the stable production 
of high levels of antibodies31,37. Kwakkenbos et al. took 
a different approach to immortalizing B cells, by trans-
ducing memory B cells obtained from peripheral blood 
with a retrovirus encoding the anti-apoptotic factors 
B cell lymphoma 6 (BCL‑6) and BCL-XL38. In the pres-
ence of interleukin‑21 (IL‑21) and CD40 ligand, these 
transduced cells differentiated into long-lived antibody-
secreting cells that still expressed a B cell receptor on the 
cell surface, thus allowing selection for antigen specifi
city by flow cytometry and the screening of secreted anti-
bodies. These cells also maintained activation-induced 
cytidine deaminase (AID)-mediated mutational activity. 
Although in vitro mutations may be a source of antibody 
clone instability, they may also lead to the production of 
subclones with higher affinities38.

The immortalization of memory B cells and high-
throughput screening for antigen-specific B cells has 
allowed the isolation of rare B cells from the memory pool 
months or even years after antigenic exposure. For exam-
ple, EBV-mediated immortalization of memory B cell 
populations that were isolated from older individuals 
and had been generated by the immune system decades 
earlier has allowed the isolation of antibodies specific for 
influenza virus strains that are no longer in circulation, 

including the pandemic 1918 H1N1 Spanish flu strain24 
and the pandemic H2N2 strain23 that has not been in cir-
culation since 1968. The drawback of the approach is that 
it involves screening large numbers of B cells to obtain 
monoclonal antibodies of the desired specificity. Typically, 
tens of thousands of memory B cells are cultured and 
screened to obtain less than ten specific B cells.

Single-cell expression cloning. An important advance in 
human monoclonal antibody technology was the use 
of single-cell reverse transcription PCR (RT‑PCR) to iso-
late the cognate immunoglobulin heavy and light chain 
variable genes from single B cells sorted by flow cytom-
etry. These genes could then be cloned and expressed 
in eukaryotic cell lines. This approach allows human 
monoclonal antibodies to be obtained even from rare, 
highly discrete B cell subpopulations, provided that the 
cells can be identified by flow cytometry. Wardemann 
et al. were the first to apply this approach to understand-
ing the tolerogenic selection of developing human B cell 
subpopulations39. This methodology has subsequently 
been applied to understanding human B cell selection in 
multiple situations in healthy and immunocompromised 
individuals40–45 and is a central component of the antigen 
baiting and plasmablast approaches described below.

As an alternative to screening antibodies secreted 
from antigen-specific B cells in vitro, antigen baiting 
involves the use of fluorescently labelled antigens to 
first sort antigen-specific B cells by flow cytometry. First 
used in combination with B cell immortalization46,47, this 
approach has now been combined to great effect with 
single-cell expression cloning48–51. The method involves 
cloning the variable regions that have been amplified 
from single antigen-specific cells into mammalian 
expression vectors containing constant region genes; 
these vectors are then used to transfect HEK293 cells 
for antibody production and purification45,48. The mono-
clonal antibodies produced are then tested for antigen 
specificity and neutralizing capacity.

Table 1 | Advantages and disadvantages of the methodologies commonly used to isolate monoclonal antibodies from humans

Method Pros Cons

Phage display •	High-throughput screening for the desired specificity and 
functional capacity

•	Can find B cells that were generated decades earlier and 
maintained in the memory B cell population

•	Expressed immunoglobulins can be from multiple B cell types

•	No cognate heavy and light chain information
•	Does not provide information on the relative 

frequency of B cell specificities
•	Non-eukaryotic expression of immunoglobulins 

may bias against certain specificities

In vitro culture and 
selection usually with B cell 
immortalization

•	High-throughput screening for the desired specificity and 
functional capacity

•	Can find B cells that were generated decades earlier and 
maintained in the memory B cell population

•	Typically need to screen thousands of B cells to 
find a few desired cells

•	Most amenable to memory B cells

Single-cell expression cloning 
with antigen baiting

•	Can be a highly efficient method to obtain hundreds of B cells 
with the desired specificity

•	Amenable to all B cell types expressing a BCR on the cell 
surface

•	Limited to B cells expressing a BCR on the cell 
surface and by the availability of good antigenic 
baiting reagents

•	Difficult to screen for functional characteristics

Single-cell expression cloning 
of plasmablasts without 
antigen baiting

•	Can be a highly efficient method to obtain hundreds of B cells 
with the desired specificity, depending on the timing and 
quality of immunogenic stimulus

•	Provides information on the specificity of B cells responding 
directly to recent antigen exposure

•	There is only a brief window of time when 
plasmablasts are present after exposure to the 
antigen

•	Works best with fresh PBMC samples

BCR, B cell receptor; PBMC, peripheral blood mononuclear cell.
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Antigen baiting has been quite successful in obtain-
ing HIV-specific human monoclonal antibodies from 
the IgG+ memory B cell pools of infected donors using 
HIV‑1 envelope spike proteins as probes52–56. Furthermore, 
because long-lived IgA+ plasma cells in the mucosal tis-
sue lining the intestine express immunoglobulins on their 
cell surface11,50,51, antigen baiting has allowed antigen- 
specific plasma cells to be isolated from intestinal biop-
sies to generate rotavirus-specific human monoclonal 
antibodies from healthy individuals50 and transglutami-
nase 2‑specific human monoclonal antibodies from 
patients with coeliac disease51. The detection of antigen-
specific monoclonal antibodies using flow cytometry is 
limited to B cell types expressing immunoglobulins on 
the cell surface and by the availability of highly specific 
and stable antigens to act as probes. However, it allows 
for very efficient and highly selective isolation of B cells, 
with 80–90% of the cells sorted by flow cytometry pro-
ducing immunoglobulins with the desired specificity51,52. 
Although this method primarily screens for bind-
ing specificities and not functional characteristics, as  
exemplified for studies of HIV-specific human mono-
clonal antibodies (see below), B cells expressing neutral-
izing antibodies can be preferentially targeted by cleverly 
designing the antigen probe.

Owing to the resistance of short-lived plasmablasts 
to EBV-mediated immortalization and their low sur-
face immunoglobulin expression levels, screening for 
the immunoglobulin specificity of this B cell type at the 
monoclonal level has been difficult. Although the effi-
cacy of vaccination has traditionally been analysed by 
testing the polyclonal serum immunoglobulin response, 
the cloning and expression of the immunoglobulins from 
plasmablasts at the monoclonal level provides a new level 
of resolution to the ongoing immune response and can 
be a valuable source of therapeutically relevant human 
monoclonal antibodies33,45,57–59. The observation that 
there is a transient, but often large, population of antigen-
specific plasmablasts in peripheral blood 5–8 days after 
vaccination60–62 created the opportunity to sort and clone 
the immunoglobulin genes of these plasmablasts, from 
which the majority of immunoglobulins will be antigen 
specific, and to use these genes for human monoclonal 
antibody production45,63. This approach is particularly 
useful for examining the ongoing immune response to 
vaccines, because the time of antigen exposure is well 
defined. For example, this method has been successful 
for analysing the immune response to influenza, tetanus 
and anthrax vaccination45,57,63–67. The approach works best 
with freshly isolated cells; although frozen samples have 

Table 2 | Approaches used for isolating human monoclonal antibodies in various studies

Disease or virus Isolation or selection method B cell type Refs

Anthrax Unselected single-cell cloning and expression Plasmablasts 45

Coeliac disease Antigen baiting Plasmablasts 51

Chikungunya virus EBV-mediated transformation and in vitro 
culture and selection

Memory B cells 35

Cytomegalovirus EBV-mediated transformation and in vitro 
culture and selection

Memory B cells 28

Dengue virus EBV-mediated transformation and in vitro 
culture and selection

Memory B cells 29–34

HIV EBV-mediated transformation and in vitro 
culture and selection

Memory B cells 25–27

HIV In vitro culture and selection without 
EBV-mediated transformation

Memory B cells 10

HIV Antigen baiting Memory B cells 52–56

Influenza virus (avian 
H5N1)

EBV-mediated transformation and in vitro 
culture and selection

Memory B cells 93,94

Influenza virus (avian 
H5N1)

Phage display Memory or total B cells 76,95

Influenza virus EBV-mediated transformation and in vitro 
culture and selection

Memory B cells 21‑24

Influenza virus Unselected single-cell cloning and expression Plasmablasts 57,62–64, 
78,79

Influenza virus In vitro culture and selection Plasmablasts 9

Respiratory syncytial virus EBV-mediated transformation and in vitro 
culture and selection

Memory B cells 36

Rotavirus Antigen baiting Plasmablasts, memory B cells 50,96

SARS EBV-mediated transformation and in vitro 
culture and selection

Memory B cells 20

Tetanus Unselected single-cell cloning and expression Plasmablasts 66

EBV, Epstein–Barr virus; SARS, severe acute respiratory syndrome.
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Next-generation sequencing
A massively parallel 
high-throughput non-Sanger 
method of sequencing.

been used68, the survival of plasmablasts is negatively 
affected by the freezing and thawing process. Random 
cloning of monoclonal antibodies from activated plasma
blasts without pre-screening for specificity can also be 
inefficient if the starting population contains only a few 
cells that bind to the antigen of interest. Pre-screening 
does, however, inherently bias the obtainable informa-
tion about the antibody response to a given pathogen or 
autoantigen. Thus, isolation and careful characterization 
of all plasmablasts can provide unexpected and novel 
insights into the immune response.

Finally, various high-throughput technologies are 
being developed to generate a more comprehensive pic-
ture of the human B cell response69. All the methods 
described to this point result in the isolation and charac-
terization of only a small subset of antigen-specific B cells. 
One promising approach is the use of next-generation  
sequencing to exhaustively sequence the entire B cell rep-
ertoire. By itself, next-generation sequencing can only 
be used to look at general characteristics of immuno-
globulin diversity and usage, as cognate heavy and light 
chain pairing information is not available. However, the 
immunoglobulin variable gene sequences derived from 
next-generation sequencing of a given individual can be 
mined for B cell sequences that are clonally related to 
those isolated and characterized using the monoclonal 
antibody methods described above70. This can provide 
information on the clonal diversity and affinity matu-
ration of antigen-specific B cells. By varying the time 
point and the B cell population sequenced, the longevity 
of a particular B cell specificity of interest and the B cell 
subsets containing that specificity can also be deter-
mined70. Pairing mass spectrometry data obtained from 
digested serum antibody fragments with next-generation 
sequencing information from the antibody-secreting 
cells has also been used recently to resolve at a mono
clonal level the polyclonal serum response, thus charac-
terizing the antibody response at both the cellular and the 
serological level in the same individual53,71. Microarray 
technologies are also being developed for functional pro-
filing of antibody-secreting cells at the single-cell level 
and for epitope mapping of serological responses. These 
new high-throughput technologies have the potential to 
increase both our efficiency at producing human mono-
clonal antibodies and the resolution with which these 
antibodies can be characterized69.

Choosing a method. The choice of method for the isola-
tion of human monoclonal antibodies is determined by 
several factors. The most important factors include the 
expertise of the particular investigator and the primary 
purpose for making human monoclonal antibodies. 
Furthermore, the state of knowledge that already exists 
about the antibody response in that particular disease 
will often dictate the appropriate approach.

If the intent is to isolate for therapeutic purposes 
human monoclonal antibodies with the highest pos-
sible efficacy at neutralizing a given pathogen, then a 
highly targeted screening of memory B cells for spe-
cific binding or a functional characteristic is likely to be 
the most appropriate approach. This screening can be 

accomplished through phage display, by testing antibod-
ies secreted in in vitro culture systems, or through flow 
cytometry-based selection from an immune individual. 
However, if the purpose is first to fully characterize the 
spectrum of the B cell repertoire responding to a given 
antigen or in a particular disease, then broader, less selec-
tive criteria can be used for cloning human monoclonal 
antibodies from both memory and antibody-secreting 
cells. More-random sampling of the human monoclonal 
antibody repertoire can provide valuable information on 
both protective and non-protective immune responses to 
vaccination or infection. This less-selective approach can 
also be used to characterize novel neutralizing epitopes or 
to define autoantibodies that arise in autoimmune disease. 
As human monoclonal antibodies are isolated and charac-
terized, the information gained from these antibodies can 
inform subsequent studies and allow fine-tuning of the 
selection criteria used for isolating new relevant human 
monoclonal antibodies.

Human antibody response to viral infections
The B cell response to viral infections has been particu-
larly well studied using a combination of the technologies 
described above and illustrates well the complemen-
tary information that the various methods can provide. 
Here we describe in more detail how the isolation of 
naturally produced human monoclonal antibodies using 
different methods has expanded our knowledge of the 
human immune response to the evolving viral pathogens  
influenza virus and HIV (FIG. 2).

Influenza virus. The influenza virus is continually evolv-
ing and adapting to escape protective immunity, making it 
difficult to generate a universal vaccine that could provide 
permanent protection against all influenza virus strains. 
Worldwide, influenza causes hundreds of thousands 
of deaths each year owing to local influenza epidemics. 
The 2009 H1N1 pandemic infected a large portion of the 
human population, and infection with the avian influenza 
virus H5N1 resulted in a particularly high mortality rate. 
These events have led to renewed fear of an influenza pan-
demic similar to the 1918 Spanish flu that killed 50 to 100 
million people. There is now a great deal of interest in 
finding protective monoclonal antibodies that can act as 
a passive immunotherapy or that can be used to identify 
epitopes that can be targeted to provide broad protection 
across widely divergent influenza strains.

Antibodies that neutralize influenza virus bind to 
either haemagglutinin or neuraminidase surface glyco-
proteins, inhibiting viral entry and exit, respectively72. 
There are 16 different known haemagglutinin subtypes 
of influenza A virus strains, which can be subdivided into 
two main phylogenetic groups (group 1 and group 2). The 
HA1 subunit of haemagglutinin predominantly forms 
the globular head and contains the sialic acid binding 
site, and the HA2 subunit primarily forms the stalk and 
membrane-attachment portion of the molecule (FIG. 3a). 
With the exception of a broadly neutralizing mono
clonal antibody isolated from an immunized mouse73, 
most neutralizing antibodies that were described before 
2008 bound to the globular head HA1 hypervariable 
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regions surrounding the binding site for host sialic acid 
receptor and inhibited viral attachment to cell surfaces. 
Owing to continual genetic evolution of this region of 
haemagglutinin, however, antibodies specific for the head 
region usually bind to a restricted subset of viral strains. 
However, in 2008–2009, two important papers74,75 were 
published that determined the structure of two differ-
ent broadly neutralizing antibodies specific for the HA2 
subunit. These antibodies were isolated by phage display 
from B cells of people vaccinated against influenza74,76  
or from a synthetic library75. These two antibodies prevent 
the structural rearrangements of haemagglutinin that 
are necessary for the fusion of the viral envelope with 
internal cell membranes. Because this portion of the 
haemagglutinin stem region is highly conserved across 
influenza virus strains, these antibodies neutralized most 
strains in the H1, H5 and H9 clade. Currently there is a 
substantial effort in the influenza vaccine community to  
preferentially target these epitopes72.

The discovery of these broadly neutralizing anti-
bodies prompted the search for and characterization 
of additional broadly neutralizing human monoclonal 
antibodies specific for influenza virus. Using B cells from 
individuals that had received the annual seasonal trivalent 

influenza vaccine containing H1, H3 and B strains, EBV-
immortalized memory B cells with broadly neutralizing 
specificities were identified by screening for monoclonal 
antibodies that could neutralize the H5 strain22. By 
screening for neutralization of a viral strain not present 
in the vaccine, the investigators could identify B cells 
with antibodies able to bind to regions that are conserved 
between divergent strains. In this way, 20 independent 
human monoclonal antibodies that bound to viruses of 
the H1 and H5 clades were isolated, as well as a few anti-
bodies that recognized H9 clade viruses. All but one of 
these monoclonal antibodies bound to the stem portion 
of haemagglutinin, and the one head-binding antibody 
had a more restricted virus strain neutralization capabil-
ity. Another study used the novel approach of culturing 
single plasma cells that were isolated a week after either 
influenza virus infection or administration of the trivalent 
vaccine9. The authors then screened the single-cell cul-
ture supernatants for the presence of immunoglobulins 
capable of binding to both group 1 and group 2 haem
agglutinin. Although the low antibody concentration in 
the supernatant obtained using this method may preclude 
the detection of some low-affinity antibodies, sufficient 
amounts of antibody are generated from high-affinity 

Figure 2 | Summary of the processes typical of human monoclonal antibody isolation and analysis.  To maximize the 
chances of identifying relevant human monoclonal antibodies with both potent and broad reactivity to variant forms of a 
particular virus or other pathogen, a number of issues must be taken into consideration when the studies are designed. The 
factors summarized in this figure are detailed within the body text and include the following. a | First, an appropriate cohort must 
be chosen, such as HIV long-term non-progressors, influenza pandemic survivors, currently or recently infected individuals, 
vaccinated individuals, and people with a wider breadth or higher potency of serum neutralization than the general population. 
b | Second, an appropriate methodology must be chosen to generate a library of monoclonal antibodies. c | Third, the relevant 
resources, reagents and methodologies must be applied to characterize the activity of the antibodies isolated. Examples of such 
characterizations include: screening for appropriate binding characteristics using enzyme-linked immunosorbent assays 
(ELISAs) and surface plasmon resonance; determining the breadth and potency of neutralization activity in vitro; testing the 
in vivo efficacy of protective antibodies in animal models; and mapping epitopes by escape-mutant analysis, target-antigen 
mutagenesis, competition assays using monoclonal antibodies of known specificity, functional assays and X‑ray 
crystallography. The space-filling diagram denoting the structure of an antibody Fab fragment bound to influenza virus 
haemagglutinin exemplifies how epitopes are determined using crystallography. d | The biological information gleaned from 
analysing the highly unique antibody variable gene sequences can be used to further understand the immune responses,  
as well as to identify additional antibodies that have similar specificities but that differ in fine specificity and efficacy owing  
to differentially accumulated immunoglobulin somatic mutations. The graph depicts typical nucleotide sequence data.
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clones to screen multiple antigens. Using this approach, 
they were able to identify one antibody that bound to 
both group 1 and group 2 influenza virus strains9. 
However, the natural emergence of these very broadly 
neutralizing antibodies appears to be rare, as the antibody 
that bound to both groups was the only one obtained 
from among 104,000 plasma cells from 8 different donors 
previously selected for high heterosubtypic serum anti-
body titres. Furthermore, this same antibody could not 
be identified when 20,000 immortalized memory B cells 
from the same donor were screened9.

The emergence of the 2009 pandemic H1N1 strain 
created an interesting situation in which the ability to 
clone and characterize the specificity of plasmablasts 
from peripheral blood could be applied. The pandemic 
H1N1 strain arose from a reassortment of swine and 
human viral components in which the haemaggluti-
nin and neuraminidase proteins were derived from the 
swine influenza virus. This H1N1 strain most closely 
resembled the 1918 pandemic H1N1 virus, with ~20% 
divergence between the two virus strains at major anti-
genic sites on the haemagglutinin head. By contrast, 
there was 50% divergence between the 2009 pandemic 
H1N1 strain and the most recent seasonal vaccine strain 
of H1N1 influenza (namely A/Brisbane/10/2007)77. Not 
surprisingly, older individuals, who were more likely to 
have been exposed to 1918‑like strains, had fewer inci-
dents of 2009 pandemic H1N1 influenza infection than 
younger people. What soon became apparent, however, 
in analysing the plasmablast response in relatively young 
individuals exposed to the pandemic H1N1 strain, was 

that a much higher percentage of responding cells were 
broadly reactive across the H1 and H5 viral strains. In 
contrast to the response to pre-pandemic seasonal H1N1 
strains, in which antibodies typically bound to the anti-
genically divergent globular head, antibodies induced by 
the 2009 pandemic strain bound to the conserved region 
on the haemagglutinin stem64. In addition to the broad 
reactivity of these antibodies, the immunoglobulin vari-
able region genes from the pandemic H1N1‑induced plas-
mablasts were highly mutated. This indicates that these 
plasmablasts probably arose from memory B cells with 
heterosubtypic specificities, which are known to exist at 
low frequencies owing to past exposure to seasonal H1N1 
strains22. Taken together, these data indicate that exposure 
to an antigenically novel strain of influenza virus elicits 
an antibody response that is biased towards antibodies 
specific for a more conserved region of haemagglutinin, 
namely the stem region. This observation provided an 
important proof of principle that a broadly protective 
or even a pan-protective antibody response to influenza 
virus could indeed be elicited with the right immunogen. 
Subsequent studies have now demonstrated that a similar 
response can be induced in humans in response to the 
pandemic H1N1 strain vaccine78,79.

HIV. HIV has been intensely studied since it was first iso-
lated in the 1980s, but an effective vaccine has remained 
elusive owing to the T cell tropism and the immune eva-
sion capacity of the virus80. In particular, the development 
of broadly neutralizing antibodies to the viral envelope 
— which contains spikes that are composed of a surface 
gp120 trimer and a transmembrane gp41 trimer (FIG. 3b) 
— is impeded by the high variability of the exposed 
epitopes and the structural inaccessibility of conserved 
regions owing in part to heavy glycan shielding81. Because 
of the relative difficulty of generating human monoclonal 
antibodies and the rarity of broadly neutralizing antibod-
ies in infected individuals, until recently only a few natu-
rally occurring broadly neutralizing antibodies specific for 
conserved regions of HIV had been described82,83. Since 
2009, however, a rapid succession of papers describ-
ing newly isolated broadly neutralizing antibodies from 
HIV-infected patients has indicated that potent broadly 
neutralizing antibodies can be naturally generated. This 
has provided important insights into the crucial epitopes 
that might facilitate the development of an HIV vaccine 
and the ways in which these epitopes might be targeted.

The success of isolating broadly neutralizing antibod-
ies generated in response to human HIV infection in 
recent years has been due to careful selection of infected 
donors with high serum titres of broadly neutralizing 
antibodies and due to targeted approaches to isolate large 
quantities of HIV-specific neutralizing memory B cells. 
The first high-throughput attempt began by screen-
ing serum from ~1,800 HIV‑1‑infected donors for high 
neutralizing titres84. Next, Simek et al. chose one donor 
from whom they activated and differentiated ~30,000 
IgG+CD19+ memory B cells into antibody-secreting cells. 
They then screened culture supernatants for antibodies 
capable of binding to the envelope proteins gp120 and 
gp41 and for neutralizing activity10. In this screen, two 

Figure 3 | Structures of influenza haemagglutinin and HIV gp120.  a | The figure 
shows a space-filling model of a haemagglutinin trimer from the 2009 pandemic H1N1 
influenza virus strain (the structural data were obtained from the Protein Data Bank  
(PDB ID: 3LZG))77. The HA1 and HA2 subunits of one trimer — as well as how they 
contribute to the haemagglutinin globular head region versus the more conserved 
haemagglutinin stalk region — are indicated. b | The figure shows a top-down view of a 
space-filling model of HIV gp120 (PDB ID: 2NY6), and indicates the crucial CD4 binding 
site, as determined by the Kwong group92.

R E V I E W S

716 | OCTOBER 2012 | VOLUME 12	  www.nature.com/reviews/immunol

© 2012 Macmillan Publishers Limited. All rights reserved



broadly neutralizing monoclonal antibodies were iso-
lated that had higher neutralizing activities than any of 
the other broadly neutralizing antibodies isolated thus far. 
The binding of the two broadly neutralizing antibodies 
mapped to a conserved region of the HIV gp120 subunit 
containing variable loop residues and N‑linked glycans85. 
Screening memory B cells from another four infected 
donors yielded several additional broadly neutralizing 
antibodies with even more potent broadly neutralizing 
capabilities that also bound to variable loop epitopes27. 
Corti et al. screened EBV-immortalized memory B cells 
from 21 HIV-infected donors with neutralizing serum 
antibodies26. The efficacy of EBV immortalization was 
lower for B cells from HIV-positive patients than for 
B cells from healthy donors, but 58 B cell clones were 
isolated, one of which had potent and broad neutralizing 
capability.

Wu et al. used a highly targeted flow cytometry-based 
approach to isolate broadly neutralizing antibodies from 
memory B cells of infected individuals. Based on the 
epitope that is bound by the well-characterized broadly 
neutralizing antibody b12, which binds to the CD4 bind-
ing site on gp120, a stabilized core of gp120 was con-
structed that contained the major contact sites for CD4, 
but from which other antigenic regions to which non-
neutralizing antibodies bind were removed55. Using this 
resurfaced protein (termed RSC3) and the same protein 
with a point mutation in the CD4 binding site (ΔRSC3) 
as bait, the investigators sorted 29 memory B cells that 
had specificity for RSC3 but not for ΔRSC3 from a total 
of 25 million peripheral blood mononuclear cells from 
one donor whose serum had been shown to bind to RSC3 
during pre-screening. From these individually sorted 
B cells, they directly amplified and cloned the immuno-
globulin heavy and light chain genes and made human 
monoclonal antibodies. Three of these human mono
clonal antibodies (VRC01, VRC02 and VRC03) bound 
to RSC3, two of which were clonally related. These clones 
bound gp120 with a relatively high affinity and neutral-
ized an impressive breadth of HIV isolates. The authors 
later used the same approach with two more donors and 
identified more potent broadly neutralizing antibodies that  
likewise bound to the CD4 binding site on gp120 (REF. 56).

Scheid et al. used a similar approach to screen memory 
B cells for HIV binding but, instead of targeting B cells 
that specifically bound the CD4 binding site, they used a 
soluble form of the complete trimerized Env spike (gp140) 
as bait for flow cytometry to screen memory B cells from 
six patients who had been pre-screened for broadly neu-
tralizing antibodies in their blood52. This was a highly 
efficient method, as 86% of the B cells from which mono-
clonal antibodies were produced were specific for HIV. 
From the 433 HIV-binding human monoclonal antibod-
ies that were made, 134 were clonally distinct, and 65 of 
these were neutralizing against a narrow range of HIV iso-
lates, binding to a spectrum of gp120 epitopes. This study 
demonstrated the wide range of neutralizing epitopes that 
exist when considering specific HIV isolates. When these 
human monoclonal antibodies were used as a cocktail at 
high concentrations, they together neutralized a broad 
array of HIV isolates, although no single monoclonal 

antibody had the same neutralizing breadth as the mono
clonal antibodies that have been previously described. 
However, by altering the primers used to amplify the 
immunoglobulin genes to reproduce the high mutation 
level of HIV-specific broadly neutralizing antibodies, and 
by using a more-targeted probe composed of the gp120 
core glycoprotein stabilized in the CD4‑bound conforma-
tion but lacking variable loops 1–3, six clonally distinct 
broadly neutralizing antibodies were identified53. One of 
the monoclonal antibodies (NIH45‑46) was a more potent 
variant of the VRC01 broadly neutralizing antibody  
isolated from the same patient using RSC3 as bait56.

In the case of HIV, the field has progressed further 
than simply isolating and characterizing naturally pro-
duced broadly neutralizing antibodies. The groups men-
tioned above have gone on to comprehensively study, 
both at the DNA sequence and the protein structure 
level, how these antibodies were generated and which fea-
tures are essential for their potency. For this, Scheid et al. 
used primers specific for the immunoglobulin variable 
heavy chain genes of the broadly neutralizing antibody 
to amplify large numbers of additional cDNA transcripts 
from related clones from long-lived bone marrow plasma 
cells of the same HIV-infected donors53. This both pro-
vided information on the variability and magnitude of 
clonal variants and tested for the presence of B cells with 
certain specificities in different B cell effector popula-
tions. Wu et al. performed next-generation sequencing 
on memory B cell cDNA and, by focusing on the same 
immunoglobulin variable heavy chain genes, obtained 
thousands of sequences with over 75% identity to the 
original B cell immunoglobulin genes sorted by flow 
cytometry56. By making monoclonal antibodies from 
some of these variants and examining their functional 
characteristics, a remarkable convergence by affinity  
maturation to conserved residues that are important in 
neutralizing a wide range of HIV variants was identi-
fied53,56. At the protein structure level, Diskin et al. com-
pared the structures of VRC01 and NIH45‑46 in complex 
with the HIV gp120, and this led to the in silico design of 
an antibody with an even greater breadth of neutralizing 
activity than either of the original forms86.

All together, these elegant studies serve to illustrate the 
advantages and disadvantages of the different strategies 
used to isolate naturally produced human monoclonal 
antibodies. By using a very specific probe that is designed 
based on the lessons learnt from previously isolated neu-
tralizing and non-neutralizing monoclonal antibodies, Wu 
et al. were able to isolate broadly neutralizing antibodies 
that recognized a highly conserved epitope that is crucial 
for viral infection55,56. Walker et al. chose to screen for the 
neutralizing capacity of memory B cells, and not to base 
their selection on the binding of antibodies to specific 
regions of the HIV spike10,27. In this way, they obtained 
broadly neutralizing antibodies that recognized con-
served glycan–protein quarternary structures in variable 
loop regions of gp120 that were thought to be poor targets 
for broadly neutralizing antibodies owing to their mostly 
variable residues27,85,87. By using binding to the HIV spike 
as the only selection criterion, Scheid et al. and Mouquet 
et al. did not focus on identifying only the most broadly 
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neutralizing B cells, but instead produced information on 
the diversity of the epitopes targeted by neutralizing B cells 
in response to HIV52,54. This widens the list of epitopes that 
need to be considered when designing vaccine immuno-
gens. It also provides a large dataset from which to glean 
the common features of HIV-specific antibodies and sets 
the groundwork for the comparison of B cell responses 
between individuals with different clinical outcomes.

The challenge: inducing neutralizing antibodies
As we continue to focus on the best ways to identify and 
characterize naturally produced human monoclonal 
antibodies, the ongoing challenge is to take advantage 
of the information we learn. Although these human 
monoclonal antibodies might certainly have exciting 
potential as therapeutics, the highest impact on pub-
lic health would be achieved by the design of vaccines 
that naturally elicit antibodies that bind to key epitopes. 
As reviewed in detail elsewhere72,82,88, several general 
approaches are being considered that exemplify how 
the B cell response might be targeted by new vaccines.

One of the biggest challenges is to increase the breadth 
of protection provided by a vaccine to neutralize a large 
span of evolving viral strains. However, the isolation of 
neutralizing human monoclonal antibodies from some 
individuals does not mean that we can readily induce 
similar antibodies in all vaccinated individuals. The 
immune response of individuals can be dramatically 
affected by various factors, including immune and vac-
cine history, genetic background, geographical region 
and ethnicity, diet, concurrent infections and age or other 
factors that cause them to be immunocompromised. For 

example, although some individuals clearly responded 
to the 2009 pandemic H1N1 infection or vaccination 
with a particularly broad-spectrum response, others in 
these studies had highly specific responses to the pan-
demic H1N1 strain64,78,79. Because the more broadly 
protective response was probably elicited from memory 
B cells specific for divergent influenza strains, it is pos-
sible that the people with highly targeted responses had 
few pre-existing memory B cells to influenza virus. In 
the case of HIV, it has been estimated that 20–30% of 
infected individuals have broadly neutralizing antibod-
ies89,90. An open question is whether few people develop 
these antibodies because of differences in the pre-existing 
B cell repertoire or because of inefficient B cell activa-
tion. HIV-specific broadly neutralizing antibodies are for 
the most part highly mutated and often polyreactive53,91. 
Therefore the generation of these broadly neutralizing 
antibodies may require extensive antigen exposure and 
multiple rounds of hypermutation and affinity matura-
tion. Tolerance mechanisms in some individuals may 
also prevent these polyreactive B cells from reaching 
maturity. This will be an important point to determine as  
vaccination approaches against HIV are explored.

In any event, a key first step is identifying the relevant 
epitopes that need to be targeted and understanding in 
detail the immune processes required for the natural 
production of neutralizing antibodies. Use of the vari-
ous approaches discussed here to more efficiently clone 
human monoclonal antibodies should continue to pro-
vide crucial insights into how we can finally develop vac-
cines to immunize against pathogens that have thus far 
evaded our efforts.
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