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Abstract: Assessment of humoral immunity to SARS-CoV-2 and other infectious agents is typically
restricted to detecting antigen-specific antibodies in the serum. Rarely does immune monitoring
entail assessment of the memory B-cell compartment itself, although it is these cells that engage in
secondary antibody responses capable of mediating immune protection when pre-existing antibodies
fail to prevent re-infection. There are few techniques that are capable of detecting rare antigen-
specific B cells while also providing information regarding their relative abundance, class/subclass
usage and functional affinity. In theory, the ELISPOT /FluoroSpot (collectively ImmunoSpot) assay
platform is ideally suited for antigen-specific B-cell assessments since it provides this information at
single-cell resolution for individual antibody-secreting cells (ASC). Here, we tested the hypothesis
that antigen-coating efficiency could be universally improved across a diverse set of viral antigens if
the standard direct (non-specific, low affinity) antigen absorption to the membrane was substituted
by high-affinity capture. Specifically, we report an enhancement in assay sensitivity and a reduction
in required protein concentrations through the capture of recombinant proteins via their encoded
hexahistidine (6XHis) affinity tag. Affinity tag antigen coating enabled detection of SARS-CoV-2 Spike
receptor binding domain (RBD)-reactive ASC, and also significantly improved assay performance
using additional control antigens. Collectively, establishment of a universal antigen-coating approach
streamlines characterization of the memory B-cell compartment after SARS-CoV-2 infection or
COVID-19 vaccinations, and facilitates high-throughput immune-monitoring efforts of large donor
cohorts in general.

Keywords: antibody-secreting cell; fluorospot; memory B cell; plasmablast; antigen coating;
influenza; EBV; HCMV; SARS-CoV-2; immune monitoring

1. Introduction

A successful and durable adaptive immune response comprises both expansion of
short-lived effectors and development of long-lived memory cells. Focusing on the humoral
component, this entails differentiation of antigen-specific B cells into antibody-secreting
cells (ASC), capable of producing large quantities of affinity-matured immunoglobu-
lin/antibodies and expansion of antigen-experienced, class-switched memory B cells poised
to rapidly respond upon future antigen encounter. Thus, to truly appreciate the scope of a
given B-cell response, both antigen-specific ASC and the memory cells themselves merit
detailed study.
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Traditionally, monitoring of B-cell responses has largely relied upon serum antibody
measurements due to the ease of sample acquisition and high concentration of antibody
in this biological fluid. However, secreted antibody exhibits a relatively short half-life
(~3 weeks) in vivo [1,2] and maintenance of serum antibody levels therefore requires
continuous replenishment. With the exception of following acute antigen exposure, in
which elevated frequencies of short-lived ASC can be found in circulation and transiently
alter serum antibody reactivity [3-5], long-lived plasma cells (LLPC) residing in the bone
marrow and secondary lymphoid tissues are chiefly responsible under steady state for
the composition and specificity of serum antibody (reviewed by [6]). LLPC are thought
to originate from terminally differentiated B cells that participated in T-cell-dependent
germinal center reactions [7,8]. Short-lived ASC are also generated during T-cell-dependent
immune responses, yet only a subset of these ASC acquire the appropriate gene expression
program and successfully occupy the specialized niche required for long-term survival and
maintenance of sustained antibody production (reviewed by [9-11]).

Such LLPC and their secreted antibodies represent the first line of humoral defense
against re-infection with pathogens such as seasonal influenza [12], Ebola [13], Dengue [14]
and most recently the SARS-CoV-2 virus [15]. Moreover, pre-existing antibodies also
serve to counter reactivation and subsequent dissemination of latent viral infections such
as Epstein—-Barr virus (EBV) [16] and human cytomegalovirus (HCMV) [17,18]. In this
context, elevated levels of serum antibody reactivity serve as a reliable indicator of antigenic
exposure. However, both the size and longevity of an antigen-specific LLPC compartment,
along with the magnitude and maintenance of serum antibody titers, are highly variable
and also may be pathogen dependent (reviewed by [9,19]). Consequently, while some
individuals are endowed with LLPC that maintain stable titers of antigen-specific Ig for
decades, in other instances antibody titers eventually wane to below the limit required for
protection [20,21], as also appears to be the case after SARS-CoV-2 infection [22-24].

In such instances, when pre-existing antibody abundance declines to below protective
levels, long-lived memory B cells generated during the primary immune response can
serve as the second line of humoral defense (reviewed by [25,26]). Poised to rapidly
respond upon antigen re-encounter and undergo robust proliferation, owing to their
increased precursory frequency and expression of class-switched, affinity-matured B-cell
receptors (BCR), the resulting progeny include both additional long-lived memory B cells
that await future antigen encounters and ASC capable of acutely raising antibody titers
to combat and limit dissemination of the offending pathogen (reviewed by [27]). Hence,
immune monitoring of underlying memory B-cell frequencies, and their endowed antigen-
specificity, can provide invaluable insights into whether these cells are capable of conferring
immunological protection upon recall.

The study of antigen-specific memory B cells is complicated by their low precursory
frequency, and because in the absence of recent antigen encounter these cells exist in a
resting state and are indistinguishable from other resting B cells on the basis of surface
phenotype (reviewed by [28]). Consequently, techniques that yield single-cell resolution
and which leverage the specificity of the BCR expressed by individual B cells are best
suited for this task (reviewed by [29]). A commonly utilized approach for the identification
of human memory B cells relies on flow cytometry and is dependent on BCR-mediated
capture of fluorescently-conjugated antigen probes. While technically complex, this strategy
has been implemented successfully for the study of memory B-cell reactivity against
targets such as influenza hemagglutinin [30], HIV envelope [31] and most recently the
SARS-CoV-2 spike and nucleocapsid proteins [24,32,33]. Moreover, this methodology is
conducive to multiplexing since several antigenic probes can be used in parallel with
minimal interference [34]. In concert with advancements in the fields of flow cytometry,
single-cell sequencing and bioinformatics, antigen probe-based memory B-cell assessments
offer an unprecedented window of detail into an individual’s memory B-cell composition
(reviewed by [35]). Nevertheless, these data exist at the level of nucleotides and our
present ability to translate these paired IgH /IgL sequences into predicted antigen binding
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in silico is still limited [36]. Furthermore, despite optimizations improving the scalability of
molecular cloning and expression of recombinant monoclonal antibodies (mAbs) obtained
through antigen probe-based sequencing efforts, the characterization of individual mAbs
isolated from multiple donors is costly, labor intensive and not sufficiently throughput for
its practical application in any sizeable immune-monitoring effort.

As noted previously, memory B cells exist in a quiescent state in the absence of re-
cent antigen encounter and importantly do not secrete their individual BCR as soluble
antibodies. To overcome this obstacle, several in vitro stimulation protocols have been
described that facilitate efficient antigen-independent differentiation of resting memory
B cells into ASC [37—43]. In doing so, these in vitro stimulation protocols provide an alterna-
tive strategy for measurement of pre-existing memory B cells on the basis of their secreted
antibody reactivity. First described by Czerkinsky [44], the traditional enzyme-linked
immunospot (ELISPOT) assay technique enabled enumeration of individual ASC through
the capture of their secreted Ig in close proximity to the secreting cell, and culminates
with deposition of a precipitating substrate to reveal the individual antibody secretory
footprint. Owing to its plate-based format, relatively straight-forward procedural method-
ology and software-assisted counting algorithms, the ELISPOT technique is ideally suited
for large-scale assessments of ASC [45,46]. In agreement, the B-cell ELISPOT technique
has successfully been implemented for the measurement of antigen-specific ASC against
an array of both foreign [3,4,47-52] and self-antigens [53-55], and is a common approach
for assessing B-cell responses in the context of seasonal influenza vaccination where the
complexities of pre-existing serum antibody reactivity exist [56,57]. Subsequent adapta-
tions of the ELISPOT method and usage of detection reagents coupled to fluorochromes
with unique excitation and emission spectra are referred to as FluoroSpot. Assessment of
B-cell responses is particularly well-suited for the FluoroSpot platform because multiple Ig
classes or IgG subclasses can be independently measured in parallel with no ambiguity or
interference, through usage of reagents conjugated with distinct fluorophores [58,59].

Using either an ELISPOT or FluoroSpot assay approach (collectively ImmunoSpot),
or if a single or multiple antibody class/subclass are measured, the greatest obstacle to
detection and subsequent successful enumeration of antigen-specific ASC is achieving
a sufficiently high density of antigen coating on the membrane of the assay well itself.
Unlike in a B-cell InmunoSpot assay measuring total ASC, in which the secreted antibody
is captured with fixed affinity through capture by polyclonal reagents recognizing multiple
epitopes in the constant region of the kappa and lambda light chains, respectively, in an
antigen-specific application, the efficiency of antibody/antigen binding and its ultimate
retention in close proximity to the secreting cells is intrinsically tied to an individual ASC’s
fine specificity. In this regard, inherent differences in ASC affinity for the nominal antigen
could account for diversity in ImmunoSpot morphologies [60]. Supporting this notion,
and in agreement with the polyclonal nature and diversity of BCR affinities present in a
given B-cell repertoire, a spectrum of antigen-specific spot sizes are commonly observed in
ImmunoSpot assays [37,61-63]. By extension, the capacity to detect antigen-specific ASC
spanning a broad spectrum of affinity, along with the sensitivity to reliably detect ASC
with reduced functional affinity, using either the ELISPOT or FluoroSpot assay platform, is
intimately associated with the antigen-coating component since it is responsible for capture
and retention of secreted Ig in close proximity to the secreting cell.

Microplates with polyvinylidene difluoride (PVDF) membranes are considered the
gold standard for usage in InmunoSpot assays due to their porosity and ability to bind
high concentrations of antibodies [64,65]. However, PVDF membranes are intrinsically
hydrophobic and absorption of biomolecules is mediated primarily through hydrophobic
and dipole interactions. Consequently, establishment of antigen-specific B-cell InmunoSpot
assays is often limited by the unique biochemistry of the coating antigen itself; that is,
whether it can be efficiently absorbed to the membrane. While increasing the concentration
of some coating antigens can improve the quantity of protein absorbed to the membrane,
this may be prohibitive due to the associated cost or abundance of antigen required. Lastly,
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due to their hydrophilic nature, there are antigens that cannot be effectively coated to PVDF
membranes even at excessively high concentrations.

In this communication, we describe a universal antigen-coating approach for effi-
cient absorption of recombinantly expressed antigens representing a diverse set of viral
pathogens through exploiting their genetically encoded hexahistidine (6XHis) affinity tags.
Using murine B-cell hybridomas and primary human memory B cells secreting antibody
specificities spanning a spectrum of affinity as model ASC, we highlight improvements
in the sensitivity of antigen-specific B-cell FluoroSpot assays, especially in the context of
ASC with reduced functional affinity. When combined with the beneficial attributes of the
FluoroSpot detection platform, the optimizations in antigen coating reported herein open
the door to larger-scale immune-monitoring efforts of underlying memory B-cell reactivity
using diverse panels of antigens, along with more sophisticated image analysis approaches
that appreciate the attributes of individual ASC.

2. Materials and Methods
2.1. Human Subjects

Peripheral blood mononuclear cells (PBMC) of human subjects tested in this study
were obtained from healthy adults and originate from the ePBMC® library (Cellular
Technology Limited (CTL), Shaker Heights, OH, USA). These subjects were recruited
by Hemacare (Van Nuys, CA, USA) or American Red Cross (Atlanta, GA, USA) with IRB
approvals and were sold to CTL, identifying donors by code only while concealing the
subjects” identities. The PBMC were then cryopreserved and stored in liquid nitrogen
until testing.

2.2. Polyclonal Human B-Cell Stimulation

Thawing, washing and counting of PBMC was performed according to previously
described protocols [66,67] using CTL’s Live/Dead cell-counting suite on an ImmunoSpot®
S6 Ultimate Analyzer (CTL). Subsequently, cells were resuspended at 2 x 10° cells/mL in
complete B-cell medium (BCM) containing RPMI 1640 (Lonza, Walkersville, MD) supple-
mented with 10% fetal bovine serum (Gemini Bioproducts, West Sacramento, CA, USA),
100 U/mL penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate,
8 mM HEPES (all obtained from Life Technologies, Grand Island, NY, USA) and 50 uM
beta-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA) containing B-Poly-S™ reagent
(TLR7/8 agonist R848 + recombinant human IL-2) (from CTL). Cells were then transferred
into tissue culture flasks (Corning, New York, NY, USA, Sigma-Aldrich) and incubated
at 37 °C, 5% CO; for five days prior to usage in B-cell ImmunoSpot® assays. Following
polyclonal stimulation, cells were washed with PBS and then resuspended in complete
BCM at 1-3 x 10° live cells/mL (antigen-specific) or 3 x 10° live cells/mL (total) and used
immediately in ImmunoSpot® assays.

2.3. Recombinant Proteins

Recombinant hemagglutinin (rHA) proteins encoding A /California/04/2009 (CA/09,
H1NT1) or A/Texas/50/2012 (TX /12, H3N2) vaccine strains were acquired from the Cen-
ter for Vaccines and Immunology (CVI) (University of Georgia, Athens, GA, USA) and
were described previously [68]. Additionally, full-length SARS-CoV-2 Spike protein [69],
along with a truncated version representing the receptor-binding domain (RBD) [70],
was also generously provided by CVI at UGA. Recombinant Epstein—Barr virus (EBV)
nuclear antigen 1 (EBNA1) protein was purchased from Serion (Wiirzburg, Germany). Cy-
tomegalovirus gH pentamer complex was purchased from The Native Antigen Company
(Oxford, UK). SARS-CoV-2 Spike (S1 fragment) was purchased from Creative Diagnostics
(Shirley, NY, USA). Importantly, all recombinant proteins used in this study possessed a
genetically encoded hexahistidine (6XHis) affinity tag.
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2.4. Total (IgA/IgG/IgM) Human B-Cell ImmunoSpot® Assays

For enumeration of antibody-secreting cells (ASC), irrespective of their antigen speci-
ficity, cell suspensions were serially diluted 2-fold in duplicates, starting at 3 x 10* live
cells/well, in round-bottom 96-well tissue culture plates (Corning, Sigma-Aldrich) and
subsequently transferred into assay plates precoated with anti-Igk/A capture antibody
contained in the human IgA /IgG/IgM Three-Color ImmunoSpot® kit (from CTL). Plates
were incubated for 16 h at 37 °C, 5% CO,, and plate-bound Ig spot-forming units (SFU),
each representing a secretory footprint of an individual ASC, were revealed using the IgA-,
IgG- and IgM-specific detection reagents contained in the kit, which was used according to
the manufacturer’s instructions.

2.5. Antigen-Specific Human B-Cell ImmunoSpot® Assays

For enumeration of antigen-specific ASC, 6XHis-tagged protein antigens were coated
directly into 70% (v/v) EtOH pre-conditioned assay wells at 10 pg/mL in PBS overnight at
4 °C. Alternatively, 6XHis-tagged protein solutions at 10 pg/mL in PBS (unless otherwise
specified) were applied to EtOH pre-conditioned wells precoated overnight at 4 °C with
10 pg/mL (unless otherwise specified) anti-His tag antibody (Biolegend, San Diego, CA,
USA) and incubated overnight at 4 °C to improve antigen absorption. Following one
wash with 150 uL PBS, plates were blocked with 150 uL. complete BCM for 1 h at room
temperature prior to addition of polyclonally-stimulated PBMC (1-3 x 10° cells/well).
Plates were then incubated for 16 h at 37 °C, 5% CO,, and SFU were visualized using
the human IgA /IgG/IgM Three-Color ImmunoSpot® kit (from CTL) according to the
manufacturer’s instructions.

2.6. Murine B-Cell Hybridomas

Murine B-cell hybridoma lines secreting (IgG1, k) monoclonal antibody (mAb) with re-
activity against the hemagglutinin (HA) protein of the pandemic HIN1 (pH1IN1) A /California/
04/2009 (CA/09) influenza vaccine strain were reported previously [71]. These B-cell
hybridoma lines were additionally single-cell subcloned upon receipt, and the selected
subclone is denoted. Murine B-cell hybridoma lines secreting mAb with reactivity against
the Spike protein of SARS-CoV-2 were generated from DBA /2] mice (Jackson Labora-
tory, Bar Harbor, ME, USA) that were immunized intraperitoneally with heat-inactivated
SARS-CoV-2 virus antigen [72] (~100 pL of virus antigen/mouse) adjuvanted with alum
hydroxide on day 0, day 21 and day 42. To focus antibody reactivity towards the Spike
protein, mice were boosted intraperitoneally with 15 ug of SARS-CoV-2 Spike protein [69]
adjuvanted with aluminum hydroxide on day 63. Mice received a final intraperitoneal
booster immunization with 15 ug of full-length SARS-CoV-2 Spike protein in PBS on day 77
and fusion of immune splenocytes with SP2/0 myeloma cells was performed four days
later, following similar methods as described previously [71,73]. B-cell hybridomas were
then single-cell cloned using FACS, as previously described [71]. All B-cell hybridoma lines
were cultured in complete BCM at 37 °C, 5% COs.

2.7. Murine B-Cell ImmunoSpot® Assays

Murine B-cell hybridoma cells were washed with complete BCM to remove residual
mADb in the solution prior to plating into ImmunoSpot® assays. For enumeration of total
ASC, irrespective of their antigen specificity, ~100 B-cell hybridomas were seeded into wells
precoated with anti-Igk capture antibody contained in mouse B-cell ImmunoSpot® kits
(from CTL). For enumeration of antigen-specific ASC, and comparison of FluoroSpot forma-
tion, murine B-cell hybridomas were seeded into wells coated directly with CA/09 rHA or
SARS-CoV-2 Spike protein at 10 or 25 ug/mL. Alternatively, CA/09 rHA or Spike proteins
at 10 ng/mL were applied to wells precoated with anti-His mAb (IgG2b, «) (Thermo Fisher,
Waltham, MA, USA) as detailed above. Following input of B-cell hybridomas into assay
wells, plates were incubated for 16 h at 37 °C, 5% CO;, and SFU, each representing a
secretory footprint of an individual ASC, were visualized using the IgG1 subclass-specific
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detection component of the mouse IgG1/IgG2a/IgG2b Three-Color ImmunoSpot® kit
(from CTL) according to the manufacturer’s instructions.

2.8. ImmunoSpot® Image Acquisition and Counting

Following completion of B-cell ImmunoSpot® assay detection systems, plates were
air-dried prior to scanning on an ImmunoSpot® S6 Ultimate Analyzer. SFU were then
enumerated using the Basic Count mode of CTL ImmunoSpot SC Studio (Version 1.6.2).
As ImmunoSpot® Multi-Color B-cell kits, analyzers and software proprietary to CTL were
used in this study; we refer to this collective methodology as ImmunoSpot®.

2.9. Bivariate Visualization of FluoroSpots

Counted FluoroSpots from replicate wells of an individual B-cell hybridoma line
or donor and originating from the same coating condition (direct or affinity capture)
were merged into flow cytometry standard (FCS) files using CTL ImmunoSpot SC Studio
software, and were subsequently visualized using Flowjo™ (Version 10.6.2) (Ashland,
OR, USA).

2.10. Statistical Methods

An analysis of variation (ANOVA) with Sidak’s post hoc test was used to identify dif-
ferences in SFU/well between antigen-coating conditions. (GraphPad Prism 9, San Diego,
CA, USA)

3. Results
3.1. Affinity Tag Capture of SARS-CoV-2 Spike Proteins Improves Antigen-Specific
FluoroSpot Assays

We set out to develop a SARS-CoV-2 Spike-specific B-cell ImmunoSpot assay to
determine whether this assay format was suitable for immune monitoring of antigen-
specific memory B cells following resolution of COVID-19. To monitor B-cell reactivity
against the SARS-CoV-2 Spike protein, we evaluated two candidate antigens representing
the S1 component or the receptor-binding domain (RBD). Both antigen targets were used
previously for evaluating prior infection with SARS-CoV-2 on the basis of serum antibody
reactivity [74,75]. Additionally, serum antibody reactivity against the RBD protein is a
strong predictor of neutralizing activity [75,76]. As shown in Figure 1A, direct capture
of the RBD protein at 10 pg/mL to the assay membrane failed to yield bright and well-
defined IgG* FluoroSpots following overnight incubation of pre-stimulated PBMC from
four recovered COVID-19 donors. By contrast, IgG* FluoroSpots generated in wells
coated in parallel with the same RBD protein solution (at 10 pg/mL) using the affinity
capture approach exploiting the genetically encoded hexahistidine (6XHis) tag were readily
apparent. Affinity capture of RBD protein not only yielded an increased number of antigen-
specific IgG* FluoroSpots, but also led to an enhancement of their intensity and reduction
in size (collectively referred to as morphology) relative to FluoroSpots detected in wells
in which RBD protein was directly captured. Importantly, IgG* FluoroSpots were not
present in wells coated in parallel with the anti-6XHis capture mAb and 6XHis peptide
(data not shown).

While all three improvements in B-cell FluoroSpot assay performance and detection
of individual ASC are readily perceived visually (increase in spot numbers, increase in
spot intensity and improved size definition), they can also be graphically represented in
bivariate plots using the flow cytometry standard (FCS) output of ImmunoSpot® data. In
addition to increased SFU counts in the affinity capture compared to direct RBD-coated
wells (shown in red and black, respectively, in the upper right corner of each panel), an
increase in FluoroSpot intensity and reduction in their size was also apparent by the shift to
the right and down of the (red) spot clouds for each donor (Figure 1B). In this representation
of the data, bright and pristine FluoroSpots will cluster towards the lower right quadrant
of intensity vs. size plots. In contrast, large and faint FluoroSpots that are barely countable
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will locate to the upper left quadrant of such bivariate plots. Importantly, as nearly all RBD-
specific FluoroSpots detected in directly coated wells resided in the upper left quadrant,
the affinity capture approach enabled unambiguous detection of memory B cells that were
barely discernable using a standard antigen-coating approach.

Donor 1 Donor 2 Donor 3 Donor 4
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Figure 1. Affinity tag capture improves detection of SARS-CoV-2 RBD-reactive ASC. PBMC from
four PCR-confirmed COVID-19 donors were stimulated in vitro (detailed in Materials and Methods)
and evaluated for antibody-secreting (ASC) reactivity against the receptor-binding domain (RBD)
fragment of the SARS-CoV-2 Spike protein. (A) Representative well images depicting antigen-specific
IgG* ASC in wells coated directly with 10 pg/mL of RBD protein or through affinity capture using
the genetically encoded hexahistidine (6XHis) tag. Magnification and contrast enhancements were
uniformly performed on all images to aid their visualization in publication. (B) RBD-specific Fluo-
roSpots were merged into flow cytometry standard (FCS) files (detailed in Materials and Methods)
and visualized as bivariate plots measuring spot intensity (x-axis) and spot size (y-axis). FluoroSpots
originating from assay wells in which RBD protein was directly captured on the membrane (black
dots) or through affinity capture (red) are shown as overlays. The combined number of FluoroSpots
(spot-forming units, SFU) detected in replicate wells for each of the respective donors is indicated in
the inset using the same red /black color code.

Additionally, we also evaluated these same COVID-19-recovered donors for evidence
of antigen-specific B-cell memory targeting the S1 component of the SARS-CoV-2 Spike
protein. Whereas direct capture of S1 protein yielded detectable IgG* FluoroSpots and
evidence of immunological memory, these FluoroSpots were faint and diffuse (Figure 2A).
In comparison, FluoroSpots generated in wells in which the S1 protein was affinity captured
via its 6XHis tag appeared more intense and well defined. Consistent with the RBD data, we
also detected a greater abundance of S1-specific IgG* FluoroSpots in wells coated through
affinity capture and these FluoroSpots exhibited an enhanced morphology (Figure 2B).
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Figure 2. Affinity tag capture improves detection of SARS-CoV-2 Sl-reactive ASC. PBMC from four
PCR-confirmed COVID-19 donors were stimulated in vitro and evaluated for antibody-secreting
(ASC) reactivity against the S1 subunit of the SARS-CoV-2 Spike protein. (A) Representative well
images depicting antigen-specific IgG* ASC in wells coated directly with 10 pg/mL of S1 protein
or through affinity capture using the genetically encoded hexahistidine (6XHis) tag. Magnification
and contrast enhancements were uniformly performed on all images to aid their visualization in
publication. (B) S1-specific FluoroSpots were merged into FCS files and visualized as bivariate plots.
FluoroSpots originating from assay wells in which S1 protein was directly captured on the membrane
(black dots) or through affinity capture (red) are shown as overlays. The combined number of
FluoroSpots detected in replicate wells for each of the respective donors is indicated in the inset using
the same red/black color code.

Lastly, to more precisely define the improvement realized through testing primary
human B cells in affinity-captured versus directly antigen-coated assay wells, we leveraged
a panel of four murine B-cell hybridoma lines capable of secreting mAb with specificity
for the full-length SARS-CoV-2 Spike protein. Unlike in the context of B-cell immune-
monitoring efforts, in which the response is polyclonal and the B-cell repertoire involved
spans a spectrum of functional affinities for the antigen, the usage of B-cell hybridomas
as model ASC enabled direct comparison of protein-coating efficiency in the context of
ImmunoSpot assays, since these lines secrete monoclonal antibody (mAb) with defined
specificity and epitope recognition for the Spike protein. As shown in Figure 3A, each
of these B-cell hybridoma lines yielded clearly defined FluoroSpots when the assay well
was coated with antibodies specific for the Igk light chain; that is, when secreted im-
munoglobulin was detected irrespective of its antigen specificity. Counterstaining with
IgG subclass-specific detection antibodies established that all four hybridomas secreted an
IgG1, k mAb. Next, we evaluated the capacity of these B-cell hybridoma lines to generate
antigen-specific FluoroSpots in wells in which the Spike protein was directly captured
at 25 or 10 pg/mL, or in wells coated at 10 pg/mL using the affinity capture approach.
All four B-cell hybridoma lines were capable of antigen-specific FluoroSpot formation in
wells coated directly with 25 ug/mL of the Spike protein. However, three of four B-cell
hybridoma lines exhibited a significant reduction in spot-forming units (SFU) when seeded
into wells coated directly with 10 pg/mL of Spike protein (Figure 3B). Importantly, the
affinity capture of Spike protein yielded a significant improvement in the abundance
of detectable FluoroSpots for the same three B-cell hybridoma lines. Furthermore, the
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FluoroSpot morphology was greatly enhanced for each of these model ASC when Spike
protein was affinity captured (Figure 3C). Collectively, these data suggest that each of the
6XHis-tagged recombinant Spike antigen probes evaluated for utility in B-cell ImmunoSpot
assays were more efficiently coated using an affinity capture approach compared to direct
capture of these antigens to the assay membrane itself.
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Figure 3. Detection of SARS-CoV-2 Spike-specific FluoroSpots is influenced by protein-coating efficiency. Murine B-cell

hybridomas (~100 cells/well) were evaluated for total or antigen-specific FluoroSpot formation (detailed in Materials and

Methods). (A) Representative well images of murine B-cell hybridomas secreting monoclonal antibody (mAb) (IgG1, )

with specificity for the full-length (FL) SARS-CoV-2 Spike protein. Contrast enhancements were uniformly performed

on all images to aid their visualization in publication. (B) Total or Spike-specific SFU/well (mean £SD) for each B-cell

hybridoma line. Significant differences in SFU/well were determined using an analysis of variation (ANOVA) with Sidak’s

post hoc test. *** p < 0.001. (C) Spike-specific FluoroSpots were merged into FCS files and visualized as bivariate plots.

FluoroSpots originating from assay wells in which Spike protein was directly captured on the membrane (black dots) or

through affinity capture (red) are shown as overlays. The combined number of FluoroSpots detected in replicate wells for

each of the respective donors is indicated in the inset using the same red/black color code.

3.2. Affinity Tag Capture of EBV EBNAI1 Protein Improves Detection of Antigen-Specific
Memory B Cells

Encouraged by the improvements in detection of SARS-CoV-2 Spike-specific IgG*
ASC afforded through the affinity capture of 6XHis-tagged antigens, we next sought to
establish B-cell InmunoSpot assays for other viral antigens that could serve as specificity
controls while monitoring for B-cell memory against SARS-CoV-2. As one such candidate
virus, we attempted to detect pre-existing human memory B-cell reactivity against Epstein—
Barr virus (EBV). Successful detection of memory B-cell reactivity against EBV is relevant in
the context of immune monitoring since this herpesvirus causes infectious mononucleosis
and is also linked to several hematopoietic malignancies [77,78]. Moreover, EBV can persist
in a latent state within the memory B-cell compartment for the lifetime of a host [79]. Of
particular interest, the Epstein—Barr nuclear antigen 1 (EBNA1) protein possesses multiple
independent roles in viral latency (reviewed by [80]) and serum antibody reactivity to
EBNA1 predominates during latent EBV infection [81].

Consistent with our observations using recombinant S1 protein, IgG* FluoroSpots
could be detected in wells in which EBNA1 protein was directly captured on the assay
membrane (Figure 4A). However, in comparison, a greater number of EBNA1-specific IgG*
FluoroSpots were detected in wells coated using an affinity capture approach. Furthermore,
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the observed FluoroSpots in the affinity-captured antigen-coated wells possessed a greater
fluorescence intensity and were larger in size compared to FluoroSpots detected in wells in
which the EBNA1 protein was directly captured (Figure 4B). Therefore, affinity capture of
EBNA1 protein improved detection of antigen-specific human ASC by all three criteria:
spot number, spot intensity and spot size definition.
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Figure 4. Improved sensitivity of EBNAl-specific ASC through affinity capture of coating anti-
gen. PBMC were stimulated in vitro and evaluated for antibody-secreting (ASC) reactivity against
the Epstein-Barr nuclear antigen 1 (EBNA1) protein from EBV. (A) Representative well images
depicting antigen-specific IgG* ASC in wells coated directly with 10 ug/mL of EBNAI1 protein or
through affinity capture using the genetically encoded hexahistidine (6XHis) tag. Magnification
and contrast enhancements were uniformly performed on all images to aid their visualization in
publication. (B) EBNA1-specific FluoroSpots were merged into FCS files and visualized as bivariate
plots. FluoroSpots originating from assay wells in which EBNA1 protein was directly captured on
the membrane (black dots) or through affinity capture (red) are shown as overlays. The combined
number of FluoroSpots detected in replicate wells for each of the respective donors is indicated in the
inset using the same red /black color code.

3.3. Affinity Tug Capture of HCMV gH Protein Improves Detection of Antigen-Specific
Memory B Cells

As a second control antigen system for monitoring SARS-CoV-2-specific B cells, we
also evaluated the efficiency of detecting memory B-cell reactivity against human cy-
tomegalovirus (HCMV). In the context of immune monitoring of underlying memory B-cell
reactivity against HCMYV, we utilized a recombinant gH pentamer complex as our coating
antigen since it is a known target of neutralizing antibodies [82]. As shown in Figure 5A,
direct capture of the gH pentamer complex protein at 10 pg/mL failed to yield well-defined
IgG* FluoroSpots. Instead, the observed FluoroSpots were weakly fluorescent and diffuse,
and barely countable. In support of the improvement in antigen coating afforded through
affinity capture of the 6XHis-tagged gH pentamer complex, both an increase in the number
of IgG™* FluoroSpots detected and enhancement of their fluorescence intensity was ob-
served. Nevertheless, despite superior detection of gH-specific IgG* ASC using the affinity
capture coating approach, these FluoroSpots were still at the threshold of reliable detection.
Therefore, we evaluated the hypothesis that increasing the quantity of both the anti-6XHis
capture mAb and gH pentamer complex used for affinity capture coating would further
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improve the detection of gH-specific IgG* ASC and enhance the intensity of the resulting
FluoroSpots. As shown in Figure S1, and supporting our hypothesis, a significant increase
in the number of gH-specific IgG" ASC was detected in wells coated with 20 ug/mL of
gH complex using an affinity capture approach. Furthermore, the FluoroSpots in these
wells exhibited an improved morphology on the basis of fluorescence intensity and size.
Collectively, these data highlight the improvement in assay sensitivity afforded through
affinity capture of recombinant proteins via their encoded 6XHis affinity tag.
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Figure 5. Improved sensitivity of gH-specific ASC through affinity capture of coating antigen.
PBMC were stimulated in vitro and evaluated for antibody-secreting (ASC) reactivity against the gH
pentamer complex protein from HCMV. (A) Representative wells images depicting antigen-specific
IgG* ASC in wells coated directly with 10 ng/mL of gH pentamer complex protein, or through
affinity capture using the genetically encoded hexahistidine (6XHis) tag. Magnification and contrast
enhancements were uniformly performed on all images to aid their visualization in publication.
(B) gH-specific FluoroSpots were merged into FCS files and visualized as bivariate plots. FluoroSpots
originating from assay wells in which gH pentamer complex was directly captured on the membrane
(black dots) or through affinity capture (red) are shown as overlays. The combined number of
FluoroSpots detected in replicate wells for each of the respective donors is indicated in the inset using
the same red /black color code.

3.4. Affinity Tag Capture of Influenza Hemagglutinin Improves Antigen-Specific
FluoroSpot Assays

As additional controls for monitoring SARS-CoV-2-specific B-cell memory, we also
sought to evaluate the efficiency of detecting memory B-cell reactivity against recombinant
hemagglutinin (rHA) proteins representing prototype HIN1 (A /California/04,/2009, CA/09)
and H3N2 (A /Texas/50/2012) influenza vaccine strains. Direct capture of CA /09 rHA protein
at 10 pg/mL yielded well-defined IgG* FluoroSpots for each of the four donors evaluated
(Figure 6A). Additionally, affinity capture of CA/09 rHA did not further increase the number
of detectable antigen-specific IgG* FluoroSpots. However, affinity capture of CA/09 rHA
did increase the fluorescence intensity and size of the observed FluoroSpots (Figure 6B). In
contrast, affinity capture of TX/12 rHA protein afforded a clear improvement in the number
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of antigen-specific IgG* ASC detected (Figure S2). Moreover, both the intensity and size of the
observed antigen-specific IgG* FluoroSpots were augmented in wells coated with TX/12 rHA
through affinity capture.
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Figure 6. Improved sensitivity of CA/09 rHA-specific ASC through affinity capture of coating
antigen. PBMC were stimulated in vitro and evaluated for antibody-secreting (ASC) reactivity
against recombinant hemagglutinin protein representing the A /California/04/2009 (CA/09) HIN1
vaccine strain. (A) Representative well images depicting antigen-specific IgG* ASC in wells coated
directly with 10 pg/mL of CA/09 rHA or through affinity capture using the genetically encoded
hexahistidine (6XHis) tag. Magnification and contrast enhancements were uniformly performed on
all images to aid their visualization in publication. (B) CA /09 rHA-specific FluoroSpots were merged
into FCS files and visualized as bivariate plots. FluoroSpots originating from assay wells in which
CA/09 rHA was directly captured on the membrane (black dots) or through affinity capture (red) are
shown as overlays. The combined number of FluoroSpots detected in replicate wells for each of the
respective donors is indicated in the inset using the same red /black color code.

To reconcile the discrepancy between the improvement in antigen coating observed
in the context of TX/12 rHA with the observation that affinity capture of CA/09 rHA
afforded only a modest benefit, we next evaluated the formation of CA /09 rHA-specific
FluoroSpots using murine B-cell hybridomas as ASC. As noted previously, usage of B-cell
hybridomas as ASC is an ideal approach to directly evaluate any improvements in protein-
coating efficiency in the context of ImmunoSpot assays since these cells secrete monoclonal
antibody (mAb) with defined specificity and epitope recognition for the CA/09 rHA
protein. Moreover, the affinity of the secreted mAb is fixed and enables assessment of B-cell
hybridoma lines known to secrete mAb with varying functional affinities. As shown in
Figure 7A, each of the four selected murine B-cell hybridoma lines yielded well-defined
FluoroSpots when their secreted antibody was captured irrespective of antigen specificity,
and each was confirmed to secrete IgG1, k. Three of these B-cell hybridoma lines were
capable of generating well-defined CA /09 rHA-specific FluoroSpots when the protein was
directly captured at 25 pug/mL. The fourth B-cell hybridoma line (4-G10.3) yielded only



Cells 2021, 10, 1843

13 of 22

Total IgG1, k

CA/09 rHA — Direct capture
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(10pg/mL)

faint FluoroSpots in these directly coated wells, indicating a failure of the secreted mAb to
be retained in close proximity to the secreting cell as a consequence of poor binding. Of the
three lines that yielded definitive FluoroSpot formation in wells coated with 25 ug/mL of
CA/09 rHA, two demonstrated a significant reduction in SFU in wells in which CA /09 rHA
was directly captured at 10 ug/mL (Figure 7B). Importantly, affinity capture of CA/09 rHA
at 10 ug/mL significantly improved FluoroSpot formation for both of these lines, and
greatly enhanced FluoroSpot morphology (Figure 7C). Collectively, the data generated
using the CA /09 rHA and TX/12 rHA proteins further support the notion that affinity
capture of 6XHis-tagged proteins offers a robust strategy for achieving optimal antigen
coating and reliable detection of antigen-specific ASC using the InmunoSpot platform,
and permits detection of ASC that produce antibodies of reduced functional affinity for an
antigen of interest.

CA/09 rtHA

SFU/well

R 4-E6.3 2-G7.2 3-H63 4-G10.3
80K J q 26 288

Figure 7. Detection of CA /09 rHA-specific FluoroSpots is influenced by protein-coating efficiency. Murine B-cell hybridomas

(~100 cells /well) were evaluated for total or antigen-specific FluoroSpot formation. (A) Representative well images of murine

B-cell hybridomas secreting monoclonal antibody (mAb) (IgG1, k) with specificity for the recombinant hemagglutinin

protein representing the A /California/04/2009 (CA/09) HIN1 vaccine strain. Contrast enhancements were uniformly
performed on all images to aid their visualization in publication. (B) Total or CA /09 rHA-specific SFU/well (mean +SD) for
each B-cell hybridoma line. Significant differences in SFU/well were determined using an analysis of variation (ANOVA)
with Sidak’s post hoc test. *** p < 0.001. (C) CA/09 rHA-specific FluoroSpots were merged into FCS files and visualized as
bivariate plots. FluoroSpots originating from assay wells in which CA /09 rHA was directly captured on the membrane

(black dots) or through affinity capture (red) are shown as overlays. The combined number of FluoroSpots detected in

replicate wells for each of the respective donors is indicated in the inset using the same red /black color code.

4. Discussion

Using an affinity capture coating approach leveraging the genetically encoded hex-
ahistidine (6XHis) affinity tag commonly expressed by recombinant proteins, we introduce
a universal platform for antigen absorption that improved the sensitivity of B-cell Im-
munoSpot assays. Using murine B-cell hybridomas and in vitro differentiated human
memory B cells as model ASC, we demonstrate the utility of the affinity capture approach
across a variety of recombinant proteins: seasonal influenza (HIN1 and H3N2), latent her-
pesviruses (EBV and HCMV) and most notably the pandemic SARS-CoV-2 virus. Beyond
reducing the concentration required to achieve efficient protein coating, as evidenced by in-
creased antigen-specific SFU, the affinity capture approach also enhanced assay sensitivity
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based on augmented FluoroSpot intensity and size. Collectively, these data highlight the
suitability of the FluoroSpot assay platform for high-throughput and systematic assessment
of underlying memory B-cell reactivity, or in vivo differentiated ASC such as plasmablasts
or LLPC, against diverse panels of recombinantly expressed protein antigens. Our data
also show that affinity antigen coating was critical for developing high-resolution B-cell
ImmunoSpot assays for SARS-CoV-2, including control antigens, and suggest that this
approach may facilitate B-cell immune monitoring in general.

Development of antigen-specific B-cell memory following SARS-CoV-2 infection has al-
ready been evaluated using flow cytometry and fluorescently-conjugated probes [24,32,83],
or following in vitro differentiation of donor PBMC and assessment of ASC reactivity
in ELISPOT or FluoroSpot assays [84-88]. Our data demonstrating IgG* ASC reactivity
against the RBD and S1 coating antigens provides further evidence supporting the devel-
opment of immunological memory. Using the affinity capture approach described in this
communication, we readily detected RBD-specific ASC in all four donors tested (Figure 1).
In contrast, ~25% of recovered COVID-19 donors evaluated using a nontraditional ELISPOT
detection system encompassing an inverted assay approach and an HRP-conjugated RBD
probe failed to yield detectable ASC reactivity [86]. The reliance on an inverted assay ap-
proach for detection of RBD-specific ASC is in agreement with our observation that direct,
non-specific coating of SARS-CoV-2 RBD to the assay membrane is not an effective strategy
for measuring ASC reactivity against this target. Importantly, whereas this inverted assay
approach is restricted to assessment of IgG* ASC [86,87], our affinity capture approach
enables parallel assessment of multiple Ig classes or IgG subclasses when combined with
multi-color FluoroSpot [37,58].

The Ig class usage of SARS-CoV-2-specific memory B-cell populations has also been
evaluated using an antigen probe-based flow cytometric approach [24]. In addition to
enabling identification of multiple antigen-specific populations in parallel, detailed infor-
mation on the surface phenotype of such cells can also be acquired using this methodology.
Nevertheless, development and implementation of such multi-parametric panels is tech-
nically complex and therefore this approach is unlikely to be suitable for performing
large-scale immune-monitoring efforts. Furthermore, while the specificity of antigen probe
binding is supported through the lack of appreciable staining observed using samples
collected prior to the COVID-19 pandemic [24,32,33], a dedicated comparison between the
lower limit of antigen-specific memory B-cell detection and their relative frequencies using
a flow cytometric or an ImmunoSpot approach has not been reported to our knowledge.
Furthermore, while such efforts are beyond the scope of this communication, the resulting
data would shed invaluable insight into which of these complementary techniques is most
appropriate for reliable detection of antigen-specific memory B-cell reactivity.

Exploitation of the 6XHis affinity tag for capture and subsequent purification of re-
combinant proteins is widely used [89]. Due to its small size, polyhistidine affinity tags are
easily incorporated into either the N- or C-terminus of expression vectors, or the nucleotide
sequence of the recombinant protein itself using polymerase chain reaction, and rarely does
inclusion of this affinity tag affect protein function or structural integrity. Moreover, there
are a variety of commercially available cloning vectors for the generation and expression
of His-tagged recombinant proteins in different expression systems. The 6XHis affinity
tag is only one of several previously described for subsequent purification of recombinant
proteins [90]. Specifically, alternative affinity tags commonly used for purification of recom-
binant proteins include FLAG [91], HA [92], c-Myc [93] and Strep II [94]. In combination
with the respective companion anti-tag mAb, or using a modified Strep-Tactin protein that
binds the Strep II tag with high-affinity, these affinity tags may also lend themselves to
similar usage in the context of antigen-specific ImmunoSpot assays. In this regard, further
investigation into the applicability of alternative anti-tag capture systems for improved
antigen absorption in the ImmunoSpot platform are merited, but are beyond the scope of
this communication.
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Initially commercialized for filtration applications, the porosity and high antibody-
binding properties of polyvinylidene fluoride (PVDF) membranes render them ideally-
suited for usage in ImmunoSpot applications [65]. According to general knowledge,
proteins are absorbed on PVDF membranes through hydrophobic and dipole interac-
tions. However, it stands to reason that usage of PVDF membranes may not be optimal
for all B-cell ImmunoSpot applications due to the unique biochemistry and diversity of
macromolecules that constitute the antigenic universe. In this context, the affinity capture
approach described in this communication circumvents the variability introduced through
absorption of proteins on the basis of their unique conformation and amino acid sequence
composition. Instead, a diversity of recombinant proteins bearing the 6XHis or an alterna-
tive affinity tag may be efficiently coated in a relatively straightforward and streamlined
fashion through preconditioning the assay well first with the corresponding high-affinity
capture reagent, followed by subsequent acquisition of soluble protein.

Conceptually, the affinity capture approach may improve assay sensitivity and reduce
the concentration required to detect antigen-specific ASC by better preserving the tertiary
(or quaternary) structure of coating antigens through directing their interaction with
the capture surface to a defined footprint. In this way, the chance that absorption of
antigen directly to the PVDF membrane could result in protein distortion and subsequent
destruction of relevant epitopes would be reduced. Moreover, the affinity-tagged protein
is likely to project away from the membrane and this could avoid steric hinderance and
enhance accessibility of the secreted antibody for certain epitopes. In this context, oriented
immobilization and capture of proteins via an affinity tag is not a novel idea and has
broader applications beyond improving antigen coating in the context of ImmunoSpot
(reviewed by [95]).

Another benefit of the affinity capture approach may be the ability to achieve a higher
local density of antigen in close proximity to each other relative to that achieved when anti-
gen is applied directly to the assay membrane. Since retention of the secreted antibody in
close proximity to the source cell is essential for detection of antigen-specific InmunoSpots,
especially for ASC with reduced functional affinity, improvements in antigen spatial pack-
ing are in line with our observations of improved assay sensitivity. In support of this
hypothesis, we observed distinct increases in the intensity of antigen-specific FluoroSpot in
several donors and murine B-cell hybridoma lines.

With the exception of the CA /09 rHA coating antigen, we present evidence for im-
proved sensitivity in the detection of underlying human memory B-cell reactivity against
several viral pathogens using an affinity capture approach. This observation could sug-
gest that the CA /09 rHA protein, unlike the other recombinant proteins used as coating
antigens for B cell FluoroSpot assays, was efficiently captured directly on the assay mem-
brane. However, in light of the increased SFU and FluoroSpot intensity observed using
CA/09 rHA-specific murine B-cell hybridomas as model ASC (Figure 7), we consider this
explanation unlikely. Alternatively, this result could merely be due to the limited number
of donors that were evaluated in parallel (n = 4) for FluoroSpot formation against the
CA/09 rHA. Instead, we speculate that CA /09 rHA-specific ASC in these human donors
were endowed with increased affinity. Supporting the hypothesis that CA /09 rHA-specific
ASC possess increased affinity due to previous affinity maturation; the human population
is routinely exposed to HIN1 viruses through natural infection or prophylactic vaccina-
tion [96]. Furthermore, the HIN1 component in the annual seasonal influenza vaccine was
antigenically matched or was quite similar to the CA /09 rHA for the past decade. To this
end, a more detailed assessment of CA /09 rHA-specific ASC and their resulting FluoroSpot
morphologies using a larger donor cohort pool would resolve this open question, but was
beyond the scope of this communication.

As an additional component of our antigen-specific FluoroSpot analysis pipeline,
we leveraged the ImmunoSpot® counting software’s capacity to export flow cytometry
standard (FCS) files and subsequently segregated individual FluoroSpots on the basis of
their intensity and size. Visualizing the FluoroSpot data in a bivariate plot representing
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these parameters, and overlaying the counted FluoroSpot events occurring in wells in
which the antigen was directly or affinity captured, enabled a clear visualization of the
qualitative changes afforded through affinity capture coating of the antigen. Through
extension, and based on mathematical modeling, there should be a relationship between
the size and intensity (collectively termed morphology) of antigen-specific FluoroSpots
derived from ASC with differential affinity [60]. Improvements in antigen absorption in
this context are thus invaluable since they conceptually extend the window of observation
through enabling detection of FluoroSpots originating from ASC with reduced functional
affinity and would offer insights into whether recall responses exhibit evidence of affinity
maturation [97]. Nevertheless, due to the polyclonal nature and diversity of epitopes
recognized by individual antigen-specific human ASC, experimental efforts intending to
confirm and extend the association between antibody functional affinity and FluoroSpot
morphology are best resolved using model ASC that span a defined range of affinity and
recognize a common epitope (Becza et al., manuscript in preparation). Furthermore, while
an association between mAb functional affinity and FluoroSpot formation/morphology
was not readily apparent using the limited number of CA/09 rHA- and SARS-CoV-2
Spike-specific B-cell hybridoma lines detailed in this communication, assessment of a larger
collection of model ASC will be needed to lend support to this hypothesis.

The improvements in antigen coating described in this communication also serve
to elevate the utility of the FluoroSpot platform itself, since multiple Ig classes or IgG
subclasses can be evaluated in parallel through multiplexing of detection systems [37,58].
Moreover, beyond permitting identification of Ig class or IgG subclass usage of individual
antigen-specific ASC, the ImmunoSpot assay platform also serves as a key methodology to
bridge assessments of acute B-cell responses. ImmunoSpot assays permit the detection of
plasmablasts directly ex vivo through their spontaneous antibody secretion. In contrast, the
memory B-cell component, consisting of resting lymphocytes, can be detected via its ASC
activity only following in vitro differentiation. Moreover, ongoing optimizations in the
cryopreservation of resting B cells and B-cell blasts [67,98], along with the high-throughput
capability of the ImmunoSpot approach, also enable simultaneous assessments of these
respective compartments and detailed comparisons, such as Ig class usage and relative
abundance amongst the total ASC response. In this context, it is important to note that
acutely following infection or vaccination, the majority of circulating plasmablasts will be
endowed with high-affinity, antigen-specific BCR since they were successfully recruited into
the T-cell-dependent immune response [4,99]. In stark contrast, ASC with reactivity against
an antigen of interest may comprise a very small frequency of the total ASC compartment
and are likely to possess a wider spectrum of affinity following in vitro polyclonal stimu-
lation, since these methods promote B-cell differentiation independent of BCR-encoded
specificity. Therefore, it is imperative to introduce the appropriate negative controls into
assays aiming at revealing underlying memory B-cell reactivity, especially those bearing an
unswitched IgM* BCR, following in vitro differentiation of donor PBMC [88]. Furthermore,
a B-cell stimulation protocol such as anti-CD40 + IL-4 + IL-21 that mimics physiologic
B-cell stimulation through helper T cells, rather than reliance on mitogens or TLR agonists,
enables selective activation of memory B cells [37] and may offer a superior strategy for
identifying antigen-specific IgM* memory B cells following resolution of viral infections
such as COVID-19.

The presence of LLPC secreting SARS-CoV-2 Spike-reactive IgA or IgG was recently
demonstrated using a double-color enzymatic InmunoSpot approach [15]. In agreement
with the role of LLPC, the abundance of serum antibody reactivity against the Spike antigen
correlated with the frequency of antigen-specific plasma cells detected in bone marrow
aspirates. However, in comparison to the high-quality ELISPOTs generated when the
secreted IgA or IgG was captured irrespective of its antigen specificity, the antigen-specific
spots depicted in this report were faint and diffuse. Based on the data presented in this
communication, we speculate that these assays were performed using suboptimal antigen-
coating conditions. Consequently, not only were these assay results likely difficult to
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enumerate, it is plausible that the magnitude of the Spike-reactive LLPC compartment
was underestimated, since plasma cells secreting lower-affinity specificities may not have
yielded a detectable secretory footprint.

In closing, the affinity capture approach introduced in this communication opens
the door to systematic assessment of underlying memory B-cell reactivity against a wide
array of antigens, regardless of their conformation and amino acid composition using the
ImmunoSpot platform. Such assessment might be essential for understanding immunity to
SARS-CoV-2. Our ongoing studies reveal that low serum antibody reactivity to SARS-CoV-2
poorly reflects on the abundance of SARS-CoV-2 antigen-specific memory B cells in subjects
who recovered from infection, and that such memory B cells can be regularly detected in
recovered subjects even if the serum antibody levels were too low to confirm prior exposure
(Wolf et al., manuscript in preparation). As recent reports indicate that antibody titers
against the SARS-CoV-2 Spike protein may decline over the course of months [22-24,100],
we suggest that the relevant assessment of B-cell immunity in the context of the ongoing
global pandemic exists at the level of memory B cells that can convey immune protection
by engaging in a rapid secondary antibody response. We further contend that ImmunoSpot
offers a suitable platform for the detailed study of SARS-CoV-2 Spike-reactive memory B
cells and suggest its overall utility for identifying protective immune signatures acquired
either through natural infection or following prophylactic vaccination.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10081843/s1. Supplementary Figures, Figure S1: Improved detection of gH-specific ASC
through affinity capture of coating antigen, Figure S2: Improved sensitivity of TX/12 rHA-specific
ASC through affinity capture of coating antigen.

Author Contributions: Conceptualization, S.K. (Sebastian Képpert), EF.,, P.V.L. and G.A.K.; Method-
ology, S.K. (Sebastian Koppert), C.W., N.B., EF. and G.A.K,; Formal Analysis, S.K. (Sebastian Koppert),
C.W, N.B. and G.A K,; Investigation, S.K. (Sebastian Koppert), C.W., EF, N.B. and G.A K.; Resources,
G.A.S. and TM.R,; Data Curation, S.K. (Sebastian Képpert), C.W., N.B. and G.A.K.; Writing—Original
Draft Preparation, S.K. (Sebastian Koppert) and G.A.K.; Writ-ing—Review and Editing. C.W., N.B.,
FF, G.AS., SK. (Stefanie Kuerten), TM.R. and P.V.L.; Su-pervision, P.V.L. and G.A K.; Project
Administration, G.A K. All authors have read and agreed to the published version of the manuscript.

Funding: This study, with the exception of the murine B-cell hybridomas secreting mAb against
the SARS-CoV-2 Spike protein (UGA001), was funded by the Research and Development budget of
Cellular Technology Limited.

Institutional Review Board Statement: PBMC used in this study were collected from Hemacare
(Van Nuys, CA) (Biorepository Protocol 001, approved by external Advarra IRB) or American Red
Cross (Atlanta, GA) (Protocol Number 2016-030, approved by internal IRB) and donors provided
consent to usage of material for research purposes. Cell material was sold to CTL, identifying
donors by code only. Mouse immunizations were conducted in accordance with an IACUC-approved
protocol (A2020 02-024-Y2-A5, approved 4/1/2020) at the University of Georgia.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data generated in this study will be made available by the authors,
without undue reservation, to any qualified researcher.

Acknowledgments: We thank Magdalena Tary-Lehmann for valuable suggestions and comments on
the manuscript. Additionally, we thank Jeffrey Ecker and Spencer Pierce of the Center for Vaccines
and Immunology (CVI) for expression and purification of recombinant proteins. We also thank Tibor
Baki and Victoria Gaidaenko from CTL, and Melissa Sebok, Malachi Wickman and Jennifer Penfold
from American Red Cross for their help in acquiring PBMC from convalescent COVID-19 donors.
This research was performed in fulfillment of the requirements for obtaining the degree “Dr. med.
dent.” by Sebastian Koppert at Friedrich-Alexander University Erlangen-Niirnberg (FAU), Germany.


https://www.mdpi.com/article/10.3390/cells10081843/s1
https://www.mdpi.com/article/10.3390/cells10081843/s1

Cells 2021, 10, 1843 18 of 22

Conflicts of Interest: P.V.L. is the Founder, President and CEO of CTL, a company that specializes
in immune monitoring by ELISPOT testing, producing high-throughput-suitable readers, test kits,
and GLP-compliant contract research. G.A.K. and N.B. are also employees of CTL. The mouse
anti-SARS-CoV-2 Spike mAbs, developed by G.A.S. and T.M.R, have been filed with the Innovation
Gateway at the University of Georgia and are currently licensed for distribution by Kerafast. S.K.,
C.W., FF. and S.K. declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Morell, A.; Terry, W.D.; Waldmann, T.A. Metabolic properties of IgG subclasses in man. . Clin. Investig. 1970, 49, 673-680.
[CrossRef] [PubMed]

Vieira, P.; Rajewsky, K. The half-lives of serum immunoglobulins in adult mice. Eur. . Immunol. 1988, 18, 313-316. [CrossRef]
[PubMed]

Wrammert, J.; Onlamoon, N.; Akondy, R.S.; Perng, G.C.; Polsrila, K.; Chandele, A.; Kwissa, M.; Pulendran, B.; Wilson, P.C.;
Wittawatmongkol, O.; et al. Rapid and Massive Virus-Specific Plasmablast Responses during Acute Dengue Virus Infection in
Humans. J. Virol. 2012, 86, 2911-2918. [CrossRef] [PubMed]

Wrammert, J.; Smith, K.; Miller, ].; Langley, W.A.; Kokko, K.; Larsen, C.; Zheng, N.-Y.; Mays, I.; Garman, L.; Helms, C.; et al. Rapid
cloning of high-affinity human monoclonal antibodies against influenza virus. Nature 2008, 453, 667-671. [CrossRef]
Thevarajan, I.; Nguyen, T.H.O.; Koutsakos, M.; Druce, J.; Caly, L.; van de Sandt, C.E; Jia, X.; Nicholson, S.; Catton, M.; Cowie,
B.; et al. Breadth of concomitant immune responses prior to patient recovery: A case report of non-severe COVID-19. Nat. Med.
2020, 26, 453-455. [CrossRef] [PubMed]

Manz, R.A.; Hauser, A.E; Hiepe, F; Radbruch, A. Maintenance of serum antibody levels. Annu. Rev. Immunol. 2005, 23, 367-386.
[CrossRef]

Smith, K.G.C.; Light, A.; O'Reilly, L.A.; Ang, S.-M.; Strasser, A.; Tarlinton, D. bcl-2 Transgene Expression Inhibits Apoptosis in the
Germinal Center and Reveals Differences in the Selection of Memory B Cells and Bone Marrow Antibody-Forming Cells. J. Exp.
Med. 2000, 191, 475-484. [CrossRef]

Phan, T.G.; Paus, D.; Chan, T.D.; Turner, M.L.; Nutt, S.L.; Basten, A.; Brink, R. High affinity germinal center B cells are actively
selected into the plasma cell compartment. J. Exp. Med. 2006, 203, 2419-2424. [CrossRef]

Lightman, S.M.; Utley, A.; Lee, K.P. Survival of Long-Lived Plasma Cells (LLPC): Piecing Together the Puzzle. Front. Immunol.
2019, 10. [CrossRef] [PubMed]

Shapiro-Shelef, M.; Calame, K. Regulation of plasma-cell development. Nat. Rev. Immunol. 2005, 5, 230-242. [CrossRef]

Moser, K.; Tokoyoda, K.; Radbruch, A.; MacLennan, I.; Manz, R.A. Stromal niches, plasma cell differentiation and survival. Curr.
Opin. Immunol. 2006, 18, 265-270. [CrossRef] [PubMed]

Davis, C.W.,; Jackson, K.J.L.; McCausland, M.M.; Darce, J.; Chang, C.; Linderman, S.L.; Chennareddy, C.; Gerkin, R.; Brown, S.J.;
Wrammert, ].; et al. Influenza vaccine-induced human bone marrow plasma cells decline within a year after vaccination. Science
2020, 370, 237-241. [CrossRef] [PubMed]

Davis, C.W.; Jackson, K.J.L.; McElroy, A.K.; Halfmann, P.; Huang, J.; Chennareddy, C.; Piper, A.E.; Leung, Y.; Albarifio, C.G;
Crozier, I; et al. Longitudinal Analysis of the Human B Cell Response to Ebola Virus Infection. Cell 2019, 177, 1566-1582.e17.
[CrossRef]

Nivarthi, U.K,; Tu, H.A; Delacruz, M.].; Swanstrom, J.; Patel, B.; Durbin, A.P.; Whitehead, S.S.; Pierce, K.K.; Kirkpatrick, B.D.;
Baric, R.S.; et al. Longitudinal analysis of acute and convalescent B cell responses in a human primary dengue serotype 2 infection
model. EBioMedicine 2019, 41, 465-478. [CrossRef] [PubMed]

Turner, ].S.; Kim, W.; Kalaidina, E.; Goss, C.W.; Rauseo, A.M.; Schmitz, A.J.; Hansen, L.; Haile, A.; Klebert, M.K.; Pusic, L.; et al.
SARS-CoV-2 infection induces long-lived bone marrow plasma cells in humans. Res. Sq. 2020. [CrossRef]

Bu, W.; Hayes, G.M,; Liu, H.; Gemmell, L.; Schmeling, D.O.; Radecki, P.; Aguilar, F; Burbelo, P.D.; Woo, J.; Balfour, H.H.; et al.
Kinetics of Epstein-Barr Virus (EBV) Neutralizing and Virus-Specific Antibodies after Primary Infection with EBV. Clin. Vaccine
Immunol. 2016, 23, 363-369. [CrossRef]

Shibamura, M.; Yoshikawa, T.; Yamada, S.; Inagaki, T.; Nguyen, PH.A.; Fujii, H.; Harada, S.; Fukushi, S.; Oka, A.; Mizuguchi,
M.; et al. Association of human cytomegalovirus (HCMV) neutralizing antibodies with antibodies to the HCMYV glycoprotein
complexes. Virol. ]. 2020, 17, 120. [CrossRef]

Shimamura, M.; Mach, M.; Britt, W.J. Human Cytomegalovirus Infection Elicits a Glycoprotein M (gM)/gN-Specific Virus-
Neutralizing Antibody Response. |. Virol. 2006, 80, 4591-4600. [CrossRef]

Tarlinton, D.; Radbruch, A.; Hiepe, F,; Dorner, T. Plasma cell differentiation and survival. Curr. Opin. Immunol. 2008, 20, 162-169.
[CrossRef]

Hammarlund, E.; Thomas, A.; Poore, E.A.; Amanna, L].; Rynko, A.E.; Mori, M.; Chen, Z,; Slifka, M.K. Durability of Vaccine-
Induced Immunity Against Tetanus and Diphtheria Toxins: A Cross-sectional Analysis. Clin. Infect. Dis. 2016, 62, 1111-1118.
[CrossRef]

Antia, A.; Ahmed, H.; Handel, A.; Carlson, N.E.; Amanna, L.].; Antia, R.; Slifka, M. Heterogeneity and longevity of antibody
memory to viruses and vaccines. PLoS Biol. 2018, 16, €2006601. [CrossRef] [PubMed]


http://doi.org/10.1172/JCI106279
http://www.ncbi.nlm.nih.gov/pubmed/5443170
http://doi.org/10.1002/eji.1830180221
http://www.ncbi.nlm.nih.gov/pubmed/3350037
http://doi.org/10.1128/JVI.06075-11
http://www.ncbi.nlm.nih.gov/pubmed/22238318
http://doi.org/10.1038/nature06890
http://doi.org/10.1038/s41591-020-0819-2
http://www.ncbi.nlm.nih.gov/pubmed/32284614
http://doi.org/10.1146/annurev.immunol.23.021704.115723
http://doi.org/10.1084/jem.191.3.475
http://doi.org/10.1084/jem.20061254
http://doi.org/10.3389/fimmu.2019.00965
http://www.ncbi.nlm.nih.gov/pubmed/31130955
http://doi.org/10.1038/nri1572
http://doi.org/10.1016/j.coi.2006.03.004
http://www.ncbi.nlm.nih.gov/pubmed/16616478
http://doi.org/10.1126/science.aaz8432
http://www.ncbi.nlm.nih.gov/pubmed/32792465
http://doi.org/10.1016/j.cell.2019.04.036
http://doi.org/10.1016/j.ebiom.2019.02.060
http://www.ncbi.nlm.nih.gov/pubmed/30857944
http://doi.org/10.21203/rs.3.rs-132821/v1
http://doi.org/10.1128/CVI.00674-15
http://doi.org/10.1186/s12985-020-01390-2
http://doi.org/10.1128/JVI.80.9.4591-4600.2006
http://doi.org/10.1016/j.coi.2008.03.016
http://doi.org/10.1093/cid/ciw066
http://doi.org/10.1371/journal.pbio.2006601
http://www.ncbi.nlm.nih.gov/pubmed/30096134

Cells 2021, 10, 1843 19 of 22

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Long, Q.-X,; Tang, X.-J.; Shi, Q.-L.; Li, Q.; Deng, H.-J.; Yuan, J.; Hu, J.-L.; Xu, W.; Zhang, Y.; Lv, E-J; et al. Clinical and
immunological assessment of asymptomatic SARS-CoV-2 infections. Nat. Med. 2020, 26, 1200-1204. [CrossRef] [PubMed]
Seow, J.; Graham, C.; Merrick, B.; Acors, S.; Pickering, S.; Steel, K.J.A.; Hemmings, O.; O'Byrne, A.; Kouphou, N.; Galao, R.P; et al.
Longitudinal observation and decline of neutralizing antibody responses in the three months following SARS-CoV-2 infection in
humans. Nat. Microbiol. 2020, 5, 1598-1607. [CrossRef]

Dan, ].M.; Mateus, ].; Kato, Y.; Hastie, KM.; Yu, E.D.; Faliti, C.E.; Grifoni, A.; Ramirez, S.I.; Haupt, S.; Frazier, A.; et al.
Immunological memory to SARS-CoV-2 assessed for up to 8 months after infection. Science 2021, 371, eabf4063. [CrossRef]
Akkaya, M.; Kwak, K.; Pierce, S.K. B cell memory: Building two walls of protection against pathogens. Nat. Rev. Immunol. 2020,
20, 229-238. [CrossRef]

Engels, N.; Wienands, ]. Memory control by the B cell antigen receptor. Immunol. Rev. 2018, 283, 150-160. [CrossRef]

Palm, A.-K.E.; Henry, C. Remembrance of Things Past: Long-Term B Cell Memory After Infection and Vaccination. Front. Immunol.
2019, 10. [CrossRef]

Sanz, I.; Wei, C.; Jenks, S.A.; Cashman, K.S; Tipton, C.; Woodruff, M.C.; Hom, J.; Lee, F.E.-H. Challenges and Opportunities for
Consistent Classification of Human B Cell and Plasma Cell Populations. Front. Immunol. 2019, 10. [CrossRef]
Boonyaratanakornkit, J.; Taylor, J.J. Techniques to Study Antigen-Specific B Cell Responses. Front. Immunol. 2019, 10. [CrossRef]
[PubMed]

Whittle, ].R.R.; Wheatley, A.K.; Wu, L.; Lingwood, D.; Kanekiyo, M.; Ma, S.S.; Narpala, S.R.; Yassine, H.M.; Frank, G.M.; Yewdell,
J.W,; et al. Flow Cytometry Reveals that H5N1 Vaccination Elicits Cross-Reactive Stem-Directed Antibodies from Multiple Ig
Heavy-Chain Lineages. J. Virol. 2014, 88, 4047-4057. [CrossRef] [PubMed]

Scheid, ].F.; Mouquet, H.; Feldhahn, N.; Walker, B.D.; Pereyra, F.; Cutrell, E.; Seaman, M.S.; Mascola, ].R.; Wyatt, R.T.; Wardemann,
H.; et al. A method for identification of HIV gp140 binding memory B cells in human blood. J. Immunol. Methods 2009, 343, 65-67.
[CrossRef]

Rodda, L.B.; Netland, J.; Shehata, L.; Pruner, K.B.; Morawski, P.A.; Thouvenel, C.D.; Takehara, K.K.; Eggenberger, J.; Hemann,
E.A.; Waterman, H.R,; et al. Functional SARS-CoV-2-Specific Inmune Memory Persists after Mild COVID-19. Cell 2021, 184,
169-183.e17. [CrossRef] [PubMed]

Hartley, G.E.; Edwards, E.S.J.; Aui, PM.; Varese, N.; Stojanovic, S.; McMahon, J.; Peleg, A.Y.; Boo, I.; Drummer, H.E.; Hogarth,
PM.; et al. Rapid generation of durable B cell memory to SARS-CoV-2 spike and nucleocapsid proteins in COVID-19 and
convalescence. Sci. Immunol. 2020, 5, eabf8891. [CrossRef]

Setliff, I.; Shiakolas, A.R.; Pilewski, K.A.; Murji, A.A.; Mapengo, R.E.; Janowska, K.; Richardson, S.; Oosthuysen, C.; Raju, N.;
Ronsard, L.; et al. High-Throughput Mapping of B Cell Receptor Sequences to Antigen Specificity. Cell 2019, 179, 1636-1646.e15.
[CrossRef]

Kwong, P.D.; DeKosky, B.J.; Ulmer, J.B. Antibody-guided structure-based vaccines. Semin. Immunol. 2020, 50, 101428. [CrossRef]
Finn, J.A.; Dong, J.; Sevy, A.M.; Parrish, E.; Gilchuk, I.; Nargi, R.; Scarlett-Jones, M.; Reichard, W.; Bombardi, R.; Voss, T.G.; et al.
Identification of Structurally Related Antibodies in Antibody Sequence Databases Using Rosetta-Derived Position-Specific
Scoring. Structure 2020, 28, 1124-1130.e5. [CrossRef] [PubMed]

Franke, F.; Kirchenbaum, G.A.; Kuerten, S.; Lehmann, P.V. IL-21 in Conjunction with Anti-CD40 and IL-4 Constitutes a Potent
Polyclonal B Cell Stimulator for Monitoring Antigen-Specific Memory B Cells. Cells 2020, 9, 433. [CrossRef]

Crotty, S.; Aubert, R.D.; Glidewell, J.; Ahmed, R. Tracking human antigen-specific memory B cells: A sensitive and generalized
ELISPOT system. |. Immunol. Methods 2004, 286, 111-122. [CrossRef]

Cao, Y.; Gordic, M.; Kobold, S.; Lajmi, N.; Meyer, S.; Bartels, K.; Hildebrandt, Y.; Luetkens, T.; Ihloff, A.S.; Kroger, N.; et al. An
optimized assay for the enumeration of antigen-specific memory B cells in different compartments of the human body. J. Immunol.
Methods 2010, 358, 56—65. [CrossRef]

Pinna, D.; Corti, D.; Jarrossay, D.; Sallusto, F.; Lanzavecchia, A. Clonal dissection of the human memory B-cell repertoire following
infection and vaccination. Eur. J. Immunol. 2009, 39, 1260-1270. [CrossRef]

Walsh, PN.; Friedrich, D.P.; Williams, J.A.; Smith, R.J.; Stewart, T.L.; Carter, D.K.; Liao, H.-X.; McElrath, M.].; Frahm, N.
Optimization and qualification of a memory B-cell ELISpot for the detection of vaccine-induced memory responses in HIV
vaccine trials. J. Immunol. Methods 2013, 394, 84-93. [CrossRef]

Jahnmatz, M.; Kesa, G.; Netterlid, E.; Buisman, A.-M.; Thorstensson, R.; Ahlborg, N. Optimization of a human IgG B-cell ELISpot
assay for the analysis of vaccine-induced B-cell responses. . Immunol. Methods 2013, 391, 50-59. [CrossRef]

Muir, L.; McKay, PE; Petrova, V.N.; Klymenko, O.V.; Kratochvil, S.; Pinder, C.L.; Kellam, P; Shattock, R.J. Optimisation of ex vivo
memory B cell expansion/differentiation for interrogation of rare peripheral memory B cell subset responses. Wellcome Open Res.
2017, 2, 97. [CrossRef] [PubMed]

Czerkinsky, C.C.; Nilsson, L.-A. ; Nygren, H.; Ouchterlony, O.; Tarkowski, A. A solid-phase enzyme-linked immunospot (ELISPOT)
assay for enumeration of specific antibody-secreting cells. J. Immunol. Methods 1983, 65, 109-121. [CrossRef]

Sundararaman, S.; Karulin, A.Y.; Ansari, T.; BenHamouda, N.; Gottwein, J.; Laxmanan, S.; Levine, S.M.; Loffredo, J.T.; McArdle, S.;
Neudoerfl, C.; et al. High Reproducibility of ELISPOT Counts from Nine Different Laboratories. Cells 2015, 4, 21-39. [CrossRef]
Carter, M.].; Mitchell, R.M.; Meyer Sauteur, PM.; Kelly, D.E; Triick, ]. The Antibody-Secreting Cell Response to Infection: Kinetics
and Clinical Applications. Front. Immunol. 2017, 8. [CrossRef]


http://doi.org/10.1038/s41591-020-0965-6
http://www.ncbi.nlm.nih.gov/pubmed/32555424
http://doi.org/10.1038/s41564-020-00813-8
http://doi.org/10.1126/science.abf4063
http://doi.org/10.1038/s41577-019-0244-2
http://doi.org/10.1111/imr.12651
http://doi.org/10.3389/fimmu.2019.01787
http://doi.org/10.3389/fimmu.2019.02458
http://doi.org/10.3389/fimmu.2019.01694
http://www.ncbi.nlm.nih.gov/pubmed/31396218
http://doi.org/10.1128/JVI.03422-13
http://www.ncbi.nlm.nih.gov/pubmed/24501410
http://doi.org/10.1016/j.jim.2008.11.012
http://doi.org/10.1016/j.cell.2020.11.029
http://www.ncbi.nlm.nih.gov/pubmed/33296701
http://doi.org/10.1126/sciimmunol.abf8891
http://doi.org/10.1016/j.cell.2019.11.003
http://doi.org/10.1016/j.smim.2020.101428
http://doi.org/10.1016/j.str.2020.07.012
http://www.ncbi.nlm.nih.gov/pubmed/32783953
http://doi.org/10.3390/cells9020433
http://doi.org/10.1016/j.jim.2003.12.015
http://doi.org/10.1016/j.jim.2010.03.009
http://doi.org/10.1002/eji.200839129
http://doi.org/10.1016/j.jim.2013.05.007
http://doi.org/10.1016/j.jim.2013.02.009
http://doi.org/10.12688/wellcomeopenres.11386.1
http://www.ncbi.nlm.nih.gov/pubmed/29588920
http://doi.org/10.1016/0022-1759(83)90308-3
http://doi.org/10.3390/cells4010021
http://doi.org/10.3389/fimmu.2017.00630

Cells 2021, 10, 1843 20 of 22

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Wrammert, J.; Koutsonanos, D.; Li, G.-M.; Edupuganti, S.; Sui, J.; Morrissey, M.; McCausland, M.; Skountzou, I.; Hornig, M.;
Lipkin, W.L; et al. Broadly cross-reactive antibodies dominate the human B cell response against 2009 pandemic HIN1 influenza
virus infection. J. Exp. Med. 2011, 208, 181-193. [CrossRef] [PubMed]

Ellebedy, A.H.; Krammer, F; Li, G.-M.; Miller, M.S.; Chiu, C.; Wrammert, J.; Chang, C.Y.; Davis, C.W.; McCausland, M.; Elbein,
R.; et al. Induction of broadly cross-reactive antibody responses to the influenza HA stem region following H5N1 vaccination in
humans. Proc. Natl. Acad. Sci. USA 2014, 111, 13133-13138. [CrossRef]

Bhaumik, S.K.; Priyamvada, L.; Kauffman, R.C.; Lai, L.; Natrajan, M.S.; Cho, A.; Rouphael, N.; Suthar, M.S.; Mulligan, M.].;
Wrammert, J. Pre-Existing Dengue Immunity Drives a DENV-Biased Plasmablast Response in ZIKV-Infected Patient. Viruses
2019, 11, 19. [CrossRef]

Verheul, A.M.; Versteeg, A.A.; Westerdaal, N.A.C.; Van Dam, G.J.; Jansze, M.; Snippe, H. Measurement of the humoral immune
response against streptococcus pneumoniae type 14-derived antigens by an ELISA and ELISPOT assay based on biotin-avidin
technology. J. Immunol. Methods 1990, 126, 79-87. [CrossRef]

Gaultier, G.N.; McCready, W.; Ulanova, M. The effect of pneumococcal immunization on total and antigen-specific B cells in
patients with severe chronic kidney disease. BMC Immunol. 2019, 20, 41. [CrossRef]

Tian, C,; Chen, Y,; Liu, Y.; Wang, S.; Li, Y.; Wang, G.; Xia, J.; Zhao, X.-A.; Huang, R.; Lu, S.; et al. Use of ELISpot assay to study
HBs-specific B cell responses in vaccinated and HBV infected humans. Emerg. Microbes Infect. 2018, 7, 1-10. [CrossRef]
Kuerten, S.; Pommerschein, G.; Barth, S.K.; Hohmann, C.; Milles, B.; Sammer, EW.; Duffy, C.E.; Wunsch, M.; Rovituso, D.M.;
Schroeter, M.; et al. Identification of a B cell-dependent subpopulation of multiple sclerosis by measurements of brain-reactive B
cells in the blood. Clin. Immunol. 2014, 152, 20-24. [CrossRef]

Taddeo, A.; Khodadadi, L.; Voigt, C.; Mumtaz, .M.; Cheng, Q.; Moser, K.; Alexander, T.; Manz, R.A.; Radbruch, A.; Hiepe,
E; etal. Long-lived plasma cells are early and constantly generated in New Zealand Black/New Zealand White F1 mice and their
therapeutic depletion requires a combined targeting of autoreactive plasma cells and their precursors. Arthritis Res. Ther. 2015, 17,
39. [CrossRef]

Wang, W.; Rangel-Moreno, J.; Owen, T.; Barnard, J.; Nevarez, S.; Ichikawa, H.T.; Anolik, ].H. Long-Term B Cell Depletion in
Murine Lupus Eliminates Autoantibody-Secreting Cells and Is Associated with Alterations in the Kidney Plasma Cell Niche. .
Immunol. 2014, 192, 3011-3020. [CrossRef]

Sasaki, S.; Sullivan, M.; Narvaez, C.F,; Holmes, T.H.; Furman, D.; Zheng, N.-Y.; Nishtala, M.; Wrammert, J.; Smith, K.; James,
J.A.; et al. Limited efficacy of inactivated influenza vaccine in elderly individuals is associated with decreased production of
vaccine-specific antibodies. J. Clin. Investig. 2011, 121, 3109-3119. [CrossRef]

Painter, S.D.; Haralambieva, . H.; Ovsyannikova, I.G.; Grill, D.E.; Poland, G.A. Detection of Influenza A /H1N1-Specific Human
IgG-Secreting B Cells in Older Adults by ELISPOT Assay. Viral Immunol. 2014, 27, 32-38. [CrossRef]

Caspell, R.; Lehmann, P.V. Detecting all Inmunoglobulin Classes and Subclasses in a Multiplex 7 Color ImmunoSpot® Assay. In
Handbook of ELISPOT: Methods and Protocols; Kalyuzhny, A.E., Ed.; Springer: New York, NY, USA, 2018; pp. 85-94.

Megyesi, Z.; Lehmann, P.V,; Karulin, A.Y. Multi-Color FLUOROSPOT Counting Using ImmunoSpot® Fluoro-X™ Suite. In
Handbook of ELISPOT: Methods and Protocols; Kalyuzhny, A.E., Ed.; Springer: New York, NY, USA, 2018; pp. 115-131.

Karulin, A.Y.; Lehmann, P.V. How ELISPOT Morphology Reflects on the Productivity and Kinetics of Cells” Secretory Activity. In
Handbook of ELISPOT: Methods and Protocols; Kalyuzhny, A.E., Ed.; Humana Press: Totowa, NJ, USA, 2012; pp. 125-143.
Priyamvada, L.; Cho, A.; Onlamoon, N.; Zheng, N.-Y.; Huang, M.; Kovalenkov, Y.; Chokephaibulkit, K.; Angkasekwinai, N.;
Pattanapanyasat, K.; Ahmed, R.; et al. B Cell Responses during Secondary Dengue Virus Infection Are Dominated by Highly
Cross-Reactive, Memory-Derived Plasmablasts. J. Virol. 2016, 90, 5574-5585. [CrossRef]

Kirchenbaum, G.A.; Allen, ].D.; Layman, T.S.; Sautto, G.A.; Ross, T.M. Infection of Ferrets with Influenza Virus Elicits a Light
Chain-Biased Antibody Response against Hemagglutinin. J. Immunol. 2017, 199, 3798-3807. [CrossRef]

Bromage, E.; Stephens, R.; Hassoun, L. The third dimension of ELISPOTs: Quantifying antibody secretion from individual plasma
cells. J. Immunol. Methods 2009, 346, 75-79. [CrossRef]

Kalyuzhny, A.E. Membrane Microplates for One- and Two-Color ELISPOT and FLUOROSPOT Assays. In Western Blotting:
Methods and Protocols; Kurien, B.T., Scofield, R.H., Eds.; Springer: New York, NY, USA, 2015; pp. 435-447.

Weiss, A.J. Overview of Membranes and Membrane Plates Used in Research and Diagnostic ELISPOT Assays. In Handbook of
ELISPOT: Methods and Protocols; Kalyuzhny, A.E., Ed.; Humana Press: Totowa, NJ, USA, 2012; pp. 243-256.

Ramachandran, H.; Laux, J.; Moldovan, I.; Caspell, R.; Lehmann, P.V.; Subbramanian, R.A. Optimal Thawing of Cryopreserved
Peripheral Blood Mononuclear Cells for Use in High-Throughput Human Immune Monitoring Studies. Cells 2012, 1, 313-324.
[CrossRef]

Fecher, P; Caspell, R.; Naeem, V.; Karulin, A.Y.; Kuerten, S.; Lehmann, P.V. B Cells and B Cell Blasts Withstand Cryopreservation
While Retaining Their Functionality for Producing Antibody. Cells 2018, 7, 50. [CrossRef]

Ecker, ].W,; Kirchenbaum, G.A; Pierce, S.R.; Skarlupka, A.L.; Abreu, R.B.; Cooper, R.E.; Taylor-Mulneix, D.; Ross, T.M.; Sautto,
G.A. High-Yield Expression and Purification of Recombinant Influenza Virus Proteins from Stably-Transfected Mammalian Cell
Lines. Vaccines 2020, 8, 462. [CrossRef]

Hsieh, C.-L.; Goldsmith, J.A.; Schaub, ].M.; DiVenere, A.M.; Kuo, H.-C.; Javanmardi, K.; Le, K.C.; Wrapp, D.; Lee, A.G; Liu,
Y.; et al. Structure-based design of prefusion-stabilized SARS-CoV-2 spikes. Science 2020, 369, 1501-1505. [CrossRef]


http://doi.org/10.1084/jem.20101352
http://www.ncbi.nlm.nih.gov/pubmed/21220454
http://doi.org/10.1073/pnas.1414070111
http://doi.org/10.3390/v11010019
http://doi.org/10.1016/0022-1759(90)90014-M
http://doi.org/10.1186/s12865-019-0325-9
http://doi.org/10.1038/s41426-018-0034-0
http://doi.org/10.1016/j.clim.2014.02.014
http://doi.org/10.1186/s13075-015-0551-3
http://doi.org/10.4049/jimmunol.1302003
http://doi.org/10.1172/JCI57834
http://doi.org/10.1089/vim.2013.0099
http://doi.org/10.1128/JVI.03203-15
http://doi.org/10.4049/jimmunol.1701174
http://doi.org/10.1016/j.jim.2009.05.005
http://doi.org/10.3390/cells1030313
http://doi.org/10.3390/cells7060050
http://doi.org/10.3390/vaccines8030462
http://doi.org/10.1126/science.abd0826

Cells 2021, 10, 1843 21 of 22

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.
90.
91.

92.

The Following Reagent was Produced under HHSN272201400008C and Obtained through BEI Resources, N., NIH: Vector
PCAGGS Containing the SARS-Related Coronavirus 2, Wuhan-Hu-1 Spike Glycoprotein Receptor Binding Domain (RBD),
NR-52309. Available online: https:/ /www.beiresources.org/Catalog/BEIPlasmidVectors /NR-52309.aspx (accessed on 30 May
2021).

Sautto, G.A.; Kirchenbaum, G.A.; Abreu, R.B.; Ecker, ] W.; Pierce, S.R.; Kleanthous, H.; Ross, TM. A Computationally Optimized
Broadly Reactive Antigen Subtype—Specific Influenza Vaccine Strategy Elicits Unique Potent Broadly Neutralizing Antibodies
against Hemagglutinin. J. Immunol. 2020, 204, 375-385. [CrossRef]

The Following Reagent was Deposited by the Centers for Disease Control and Prevention and Obtained through BEI Resources,
N., NIH: SARS-Related Coronavirus 2, Isolate USA-WA1/2020, Heat Inactivated, NR-52286. Available online: https:/ /www.
beiresources.org/Catalog/antigen /NR-52286.aspx (accessed on 30 May 2021).

Kirchenbaum, G.A.; Ross, TM. Generation of Monoclonal Antibodies against Immunoglobulin Proteins of the Domestic Ferret
(Mustela putorius furo). J. Immunol. Res. 2017, 2017, 5874572. [CrossRef]

Hicks, J.; Klumpp-Thomas, C.; Kalish, H.; Shunmugavel, A.; Mehalko, J.; Denson, ].-P; Snead, K.R.; Drew, M.; Corbett, K.S.;
Graham, B.S,; et al. Serologic Cross-Reactivity of SARS-CoV-2 with Endemic and Seasonal Betacoronaviruses. J. Clin. Immunol.
2021, 41, 906-913. [CrossRef]

Suthar, M.S.; Zimmerman, M.G.; Kauffman, R.C.; Mantus, G.; Linderman, S.L.; Hudson, W.H.; Vanderheiden, A.; Nyhoff, L.;
Davis, C.W.; Adekunle, O.; et al. Rapid Generation of Neutralizing Antibody Responses in COVID-19 Patients. Cell Rep. Med.
2020, 1, 100040. [CrossRef]

Mantus, G.; Nyhoff, L.E.; Kauffman, R.C.; Edara, V.V,; Lai, L.; Floyd, K.; Shi, P.-Y.; Menachery, V.D.; Edupuganti, S.; Scherer,
E.M.; et al. Evaluation of Cellular and Serological Responses to Acute SARS-CoV-2 Infection Demonstrates the Functional
Importance of the Receptor-Binding Domain. J. Immunol. 2021, 206, 2605-2613. [CrossRef] [PubMed]

Dunmire, S.K.; Hogquist, K.A.; Balfour, H.H. Infectious Mononucleosis. In Epstein Barr Virus Volume 1: One Herpes Virus: Many
Diseases; Miinz, C., Ed.; Springer International Publishing: Cham, Switzerland, 2015; pp. 211-240. [CrossRef]

Kempkes, B.; Robertson, E.S. Epstein-Barr virus latency: Current and future perspectives. Curr. Opin. Virol. 2015, 14, 138-144.
[CrossRef]

Joseph, A.M.; Babcock, G.J.; Thorley-Lawson, D.A. EBV Persistence Involves Strict Selection of Latently Infected B Cells. .
Immunol. 2000, 165, 2975-2981. [CrossRef]

Frappier, L. The Epstein-Barr Virus EBNA1 Protein. Scientifica 2012, 2012, 438204. [CrossRef]

Henle, W.; Henle, G.; Andersson, J.; Ernberg, I.; Klein, G.; Horwitz, C.A.; Marklund, G.; Rymo, L.; Wellinder, C.; Straus, S.E.
Antibody responses to Epstein-Barr virus-determined nuclear antigen (EBNA)-1 and EBNA-2 in acute and chronic Epstein-Barr
virus infection. Proc. Natl. Acad. Sci. USA 1987, 84, 570-574. [CrossRef]

Ha, S.; Li, F; Troutman, M.C.; Freed, D.C; Tang, A.; Loughney, ] W.; Wang, D.; Wang, 1.-M.; Vlasak, J.; Nickle, D.C.; et al.
Neutralization of Diverse Human Cytomegalovirus Strains Conferred by Antibodies Targeting Viral gH/gL/pUL128-131
Pentameric Complex. J. Virol. 2017, 91, e02033-16. [CrossRef] [PubMed]

Ezzell, C. AIDS envelope protein patent. Nature 1988, 331, 649. [CrossRef]

Nguyen-Contant, P.; Embong, A.K,; Kanagaiah, P.; Chaves, FA.; Yang, H.; Branche, A.R.; Topham, D.].; Sangster, M.Y.; Ellebedy,
A.; Schultz-Cherry, S. S Protein-Reactive IgG and Memory B Cell Production after Human SARS-CoV-2 Infection Includes Broad
Reactivity to the S2 Subunit. mBio 2020, 11, e01991-20. [CrossRef] [PubMed]

Byazrova, M.; Yusubalieva, G.; Spiridonova, A.; Efimov, G.; Mazurov, D.; Baranov, K.; Baklaushev, V.; Filatov, A. Pattern of
circulating SARS-CoV-2-specific antibody-secreting and memory B-cell generation in patients with acute COVID-19. Clin. Transl.
Immunol. 2021, 10, €1245. [CrossRef] [PubMed]

Yao, L.; Wang, G.-L.; Shen, Y.; Wang, Z.-Y.; Zhan, B.-D.; Duan, L.-].; Lu, B.; Shi, C.; Gao, Y.-M.; Peng, H.-H.; et al. Persistence of
Antibody and Cellular Immune Responses in COVID-19 patients over Nine Months after Infection. |. Infect. Dis. 2021. [CrossRef]
Sherina, N.; Piralla, A.; Du, L.; Wan, H.; Kumagai-Braesch, M.; Andréll, J.; Braesch-Andersen, S.; Cassaniti, I.; Percivalle, E.;
Sarasini, A.; et al. Persistence of SARS-CoV-2-specific B and T cell responses in convalescent COVID-19 patients 6-8 months after
the infection. Med 2021, 2, 281-295.e4. [CrossRef]

Ansari, A.; Arya, R,; Sachan, S.; Jha, S.N.; Kalia, A.; Lall, A.; Sette, A.; Grifoni, A.; Weiskopf, D.; Coshic, P; et al. Inmune Memory
in Mild COVID-19 Patients and Unexposed Donors Reveals Persistent T Cell Responses After SARS-CoV-2 Infection. Front.
Immunol. 2021, 12. [CrossRef]

Bornhorst, J.A.; Falke, J.J. Purification of proteins using polyhistidine affinity tags. Methods Enzymol. 2000, 326, 245-254. [CrossRef]
Zhao, X,; Li, G,; Liang, S. Several affinity tags commonly used in chromatographic purification. J. Anal. Methods Chem. 2013, 2013,
581093. [CrossRef]

Einhauer, A.; Jungbauer, A. The FLAG™ peptide, a versatile fusion tag for the purification of recombinant proteins. J. Biochem.
Biophys. Methods 2001, 49, 455-465. [CrossRef]

Moon, J.-M.; Kim, G.-Y.; Rhim, H. A new idea for simple and rapid monitoring of gene expression: Requirement of nucleotide
sequences encoding an N-terminal HA tag in the T7 promoter-driven expression in E. coli. Biotechnol. Lett. 2012, 34, 1841-1846.
[CrossRef]


https://www.beiresources.org/Catalog/BEIPlasmidVectors/NR-52309.aspx
http://doi.org/10.4049/jimmunol.1900379
https://www.beiresources.org/Catalog/antigen/NR-52286.aspx
https://www.beiresources.org/Catalog/antigen/NR-52286.aspx
http://doi.org/10.1155/2017/5874572
http://doi.org/10.1007/s10875-021-00997-6
http://doi.org/10.1016/j.xcrm.2020.100040
http://doi.org/10.4049/jimmunol.2001420
http://www.ncbi.nlm.nih.gov/pubmed/33952616
http://doi.org/10.1007/978-3-319-22822-8_9
http://doi.org/10.1016/j.coviro.2015.09.007
http://doi.org/10.4049/jimmunol.165.6.2975
http://doi.org/10.6064/2012/438204
http://doi.org/10.1073/pnas.84.2.570
http://doi.org/10.1128/JVI.02033-16
http://www.ncbi.nlm.nih.gov/pubmed/28077654
http://doi.org/10.1038/331649c0
http://doi.org/10.1128/mBio.01991-20
http://www.ncbi.nlm.nih.gov/pubmed/32978311
http://doi.org/10.1002/cti2.1245
http://www.ncbi.nlm.nih.gov/pubmed/33552508
http://doi.org/10.1093/infdis/jiab255
http://doi.org/10.1016/j.medj.2021.02.001
http://doi.org/10.3389/fimmu.2021.636768
http://doi.org/10.1016/S0076-6879(00)26058-8
http://doi.org/10.1155/2013/581093
http://doi.org/10.1016/S0165-022X(01)00213-5
http://doi.org/10.1007/s10529-012-0966-8

Cells 2021, 10, 1843 22 of 22

93.

94.

95.

96.

97.

98.

99.

100.

Hillman, M.C.; Yang, L.S.; Sun, S.; Duke, J.L.; O’Neil, K.T.; Kochie, J.E.; Karjoo, A.; Nath, P.; Breth, L.A.; Murphy, K; etal. A
Comprehensive System for Protein Purification and Biochemical Analysis Based on Antibodies to c-myc Peptide. Protein Expr.
Purif. 2001, 23, 359-368. [CrossRef]

Schmidt, T.G.M.; Koepke, J.; Frank, R.; Skerra, A. Molecular Interaction Between the Strep-tag Affinity Peptide and its Cognate
Target, Streptavidin. J. Mol. Biol. 1996, 255, 753-766. [CrossRef] [PubMed]

Liu, Y,; Yu, J. Oriented immobilization of proteins on solid supports for use in biosensors and biochips: A review. Microchim. Acta
2016, 183, 1-19. [CrossRef]

Nufiez, I.A.; Carlock, M.A.; Allen, ].D.; Owino, S.0O.; Moehling, K.K.; Nowalk, P; Susick, M.; Diagle, K.; Sweeney, K.; Mundle,
S.; et al. Impact of age and pre-existing influenza immune responses in humans receiving split inactivated influenza vaccine on
the induction of the breadth of antibodies to influenza A strains. PLoS ONE 2017, 12, e0185666. [CrossRef] [PubMed]
McCarthy, K.R.; Raymond, D.D.; Do, K.T.; Schmidt, A.G.; Harrison, S.C. Affinity maturation in a human humoral response to
influenza hemagglutinin. Proc. Natl. Acad. Sci. USA 2019, 116, 26745-26751. [CrossRef] [PubMed]

Kyu, S.Y,; Kobie, J.; Yang, H.; Zand, M.S.; Topham, D.J.; Quataert, S.A.; Sanz, I; Lee, F.E.-H. Frequencies of human influenza-
specific antibody secreting cells or plasmablasts post vaccination from fresh and frozen peripheral blood mononuclear cells. J.
Immunol. Methods 2009, 340, 42-47. [CrossRef] [PubMed]

Varnaité, R.; Garcia, M.; Glans, H.; Maleki, K.T.; Sandberg, ].T.; Tynell, J.; Christ, W.; Lagerqvist, N.; Asgeirsson, H.; Ljunggren, H.-
G.; et al. Expansion of SARS-CoV-2-Specific Antibody-Secreting Cells and Generation of Neutralizing Antibodies in Hospitalized
COVID-19 Patients. J. Immunol. 2020, 205, 2437-2446. [CrossRef] [PubMed]

Demonbreun, A.R.; McDade, T.W.; Pesce, L.; Vaught, L.A.; Reiser, N.L.; Bogdanovic, E.; Velez, M.P.; Hsieh, R.R.; Simons, L.M.;
Saber, R.; et al. Patterns and persistence of SARS-CoV-2 IgG antibodies in Chicago to monitor COVID-19 exposure. JCI Insight
2021, 6. [CrossRef] [PubMed]


http://doi.org/10.1006/prep.2001.1514
http://doi.org/10.1006/jmbi.1996.0061
http://www.ncbi.nlm.nih.gov/pubmed/8636976
http://doi.org/10.1007/s00604-015-1623-4
http://doi.org/10.1371/journal.pone.0185666
http://www.ncbi.nlm.nih.gov/pubmed/29091724
http://doi.org/10.1073/pnas.1915620116
http://www.ncbi.nlm.nih.gov/pubmed/31843892
http://doi.org/10.1016/j.jim.2008.09.025
http://www.ncbi.nlm.nih.gov/pubmed/18996127
http://doi.org/10.4049/jimmunol.2000717
http://www.ncbi.nlm.nih.gov/pubmed/32878912
http://doi.org/10.1172/jci.insight.146148
http://www.ncbi.nlm.nih.gov/pubmed/33755598

	Introduction 
	Materials and Methods 
	Human Subjects 
	Polyclonal Human B-Cell Stimulation 
	Recombinant Proteins 
	Total (IgA/IgG/IgM) Human B-Cell ImmunoSpot® Assays 
	Antigen-Specific Human B-Cell ImmunoSpot® Assays 
	Murine B-Cell Hybridomas 
	Murine B-Cell ImmunoSpot® Assays 
	ImmunoSpot® Image Acquisition and Counting 
	Bivariate Visualization of FluoroSpots 
	Statistical Methods 

	Results 
	Affinity Tag Capture of SARS-CoV-2 Spike Proteins Improves Antigen-Specific FluoroSpot Assays 
	Affinity Tag Capture of EBV EBNA1 Protein Improves Detection of Antigen-Specific Memory B Cells 
	Affinity Tag Capture of HCMV gH Protein Improves Detection of Antigen-Specific Memory B Cells 
	Affinity Tag Capture of Influenza Hemagglutinin Improves Antigen-Specific FluoroSpot Assays 

	Discussion 
	References

