
Chapter 5
Conclusions and Future Perspectives

We developed and validated a new technology for high throughput sequencing of
paired antibody heavy and light chains at very high cell throughput. This work was
undertaken specifically to address a critical deficiency in currently available high
throughput antibody sequencing techniques, namely that the pairing information of
heavy and light chains is irreversibly lost during traditional high-throughput
sequencing. We first reported a microarray-based technique with capacity for up to
105 cells per analysis [1], then translated the same general workflow into emulsion
droplets for interrogation of up to 107 single B cells per operator in a single day [2].
We determined the VH:VL pairing accuracy of our technique to be >97% [2] and
applied our technology for antibody discovery [1, 3–5], proteomic analysis of
vaccine responses [3, 6], mechanistic investigation of HIV broadly neutralizing
antibody development [4], and to generate novel immunological insight related to
the composition and development of antibody repertoires in healthy human donors
[2, 7].

A primary future direction for paired heavy:light sequencing is to analyze the
features of various B cell subsets. The work presented here analyzed the sequence
and structural differences between naïve and antigen-experienced B cells [7],
uncovering a number of unreported features regarding the development and mat-
uration of the human B cell repertoire in healthy adults. However, many more
distinct B cells have been identified that remain to be analyzed, including earlier
developmental stages (e.g. immature B cells) and antigen-experienced subsets such
as plasmablasts, plasma cells (including long-lived and short-lived plasma cell
subsets), “double-negative” or tissue-like memory, and more recently identified
subsets which are still being refined and developed [8–12]. The high-throughput
sequence and structural analyses of these B cell populations may reveal their dis-
tinct developmental origins and functional contributions to effective (or occasion-
ally, ineffective) adaptive immunity. The antigen-presenting role of B cells has been
recognized to have greater importance in recent years [13], and paired heavy:light
sequencing may reveal additional insights for the antigen-presenting influence of B
cells on T cell responses as well. A major topic of interest is in the identification of
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the B cell precursor subset that leads to long-lived plasma cells [12, 14, 15], which
has the potential to significantly accelerate the development of highly effective
vaccines. Enhanced understanding of B cell development will help us design
vaccines with more effective long-term protection by enhanced elicitation of
long-lived plasma cells.

Another critical application of paired heavy:light sequencing is in the sequence
analysis of vaccine and disease responses. Recent reports have identified conver-
gent genetic signatures that were elicited in response to influenza vaccination [16],
dengue infection [17], HIV infection [18, 19], and other diseases [20, 21].
However, most of these signatures rely on the heavy chain identification only,
which results in poor predictive capacity and an inability to experimentally test
identified antibodies for binding specificity. In other cases, such as VRC01-class
HIV broadly neutralizing antibody identification, the gene signatures are based on
paired heavy:light sequences which cannot be detected at high-throughput by any
other technology [18]. Paired heavy:light sequence information will help to better
elucidate the genetic convergence among antibody repertoires of distinct individ-
uals, as it provides a much higher resolution for the identification of genetically
similar antibodies than separate heavy-only and light-only antibody sequencing can
provide.

Similar to the identification of genetic convergence in vaccines and disease
responses, a number of genetic similarities have been observed in autoimmune
antibodies [20–23]. Paired heavy:light sequencing in the context of autoimmunity
may also provide enhanced resolution of autoimmune B cell features. The addi-
tional information contained in paired heavy:light sequences could one day enable
diagnosis of the precise mechanism of autoimmunity based on a single blood
sample. Furthermore, the confident identification of autoimmune mechanistic tar-
gets would highlight potential insights as to how autoimmunity develops and enable
targeted strategies for antigen-specific therapies.

Paired heavy:light sequencing has a reasonable efficiency (approximately one
antibody VH:VL cluster per 15-20 input cells, as reported in Chap. 4), however it is
likely that significant opportunities for improvement remain as the technology
matures. Several features of the paired heavy:light sequencing workflow could be
further optimized. Perhaps most importantly, the RT-PCR enzyme mix could be
further improved. Recently developed protocols in molecular biology have gener-
ated enhanced reverse transcription and PCR enzymes [24], and these proteins or
comparative analysis of multiple RT-PCR kits may enhance the yield of emulsion
PCR reactions. Additionally, further optimization of the mRNA capture step may
be possible. Variation of the number of beads, size of emulsion droplets, and lysis
buffer compositions could reveal an optimized protocol to enhance the amount of
mRNA captured using paired heavy:light sequencing. Additional non-specific B
cell stimulation technologies could also increase the amount of immunoglobulin
mRNA transcribed to further enhance antibody sequence recovery [4]. Finally,
advances in sequence analysis throughput and/or error rates could improve the yield
of data and bioinformatic algorithms and enhance the amount of information that
can be obtained from a single paired heavy:light sequencing run. The paired
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heavy:light sequencing workflow currently operates with acceptable efficiency to
obtain far greater yield than any other technology and address a wide range of
scientific problems; still, the above opportunities for improvement would provide
even greater utility and a broader range of applications for this antibody sequencing
platform.

A further important application beyond the analysis of antibody repertoires is in
the high-throughput sequencing of paired T cell receptor (TCR) b chain:a chain
sequences. Paired b:a sequencing is an analogous problem to heavy:light
sequencing, with a few key differences: (i) T cells have lower T-cell receptor
expression levels than most B cells, (ii) the TCR genes are much more diverse than
B cell genes, (iii) T cells do not show somatic hypermutation, and (iv) T cells show
a higher rate of multiple a chains than B cells with allelically included light chains.
These features make T cell analysis somewhat more difficult experimentally due to
the lower expression levels and higher size of multiplex primer libraries, and will
require similar bioinformatic protocols with slight differences as compared to an-
tibody bioinformatic analysis (iii, iv). Paired b:a T cell receptor sequencing is
underway with promising results, and the ability to analyze paired b:a repertoires
will dramatically improve our ability to understand T cell responses in the setting of
infectious diseases, vaccination, and autoimmunity.

Importantly, our method for sequencing multiple mRNAs from single cells has a
number of applications beyond the sequencing of antibody heavy and light chain
pairs. Importantly, the poly(dT)-based single-cell capture method collects all
mRNAs at the single-cell level, which includes far more than the immunoglobulin
variable region gene sequences, and future efforts in this area will incorporate
additional mRNAs of interest. For example, one could pair heavy chain sequences
with transcription factors implicated in B-cell development such as Blimp-1[39] to
determine both B cell maturity and VH:VL sequences in a single experiment
without the need for fluorescence-activated cell sorting (FACS). As FACS is an
expensive and time-consuming task that requires skilled operators, the ability to
omit FACS for separate analysis of cell subsets may enable faster, cheaper, and
therefore more effective investigations of human adaptive immune repertoires.
Another approach is to use barcoded beads or hydrogel droplets for analysis of the
entire transcriptome of single cells at very high throughput [25, 26]. We will also
analyze paired antibody VH:VL sequences of cells with surface expression of a
particular phenotype, for example B-cell receptor affinity to an antigen of interest
for extremely rapid and high-throughput antibody discovery.

In summary, our accessible technology for sequencing the paired antibody VH:
VL repertoire has enabled rapid interrogation of the immune response and can be
applied to investigate B-cell responses in a variety of clinical and research settings.
In particular, the suite of new techniques presented here is enhancing
high-throughput, high-resolution analysis of human vaccine responses, providing
new ways to test vaccine efficacy and inform vaccine design. The high-throughput
identification and cloning of paired VH:VL antigen-specific antibodies from
responding B cells will enable rapid generation of novel diagnostic, therapeutic or
prophylactic antibodies and catalyze further high-impact research in the origins and
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development of humoral immunity. As DNA sequencing technologies continue to
progress, low-cost high-throughput single-cell antibody sequencing can enable
paired antibody repertoire analysis at great depth in large study cohorts and clinical
patients and in turn provide unprecedented insights into humoral responses asso-
ciated with vaccine development, autoimmunity, infectious diseases and other
human disease states.
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