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Abstract
Vaccine-induced antibodies confer protection in part through neutralization, whereby
antibodies bind to viruses, bacteria, or fungi and block pathogen attachment to host cell receptors
or entry into host cells. Increasingly, studies have shown the importance of non-neutralizing
functions of antibodies, such as monocyte and neutrophil phagocytosis, complement deposition,
and cytotoxicity. Identifying the capacity of vaccine candidates to elicit such antibody-dependent
immune effector functions against target pathogens is thus necessary for complete evaluation of
vaccine responses. Because there is a substantial number of antigen targets against which vaccine
recipients might have antigen-specific antibodies, and clinical serum sample volumes are limited,
high-throughput antibody-profiling tools linking many specificities to functions are needed. This
thesis describes the development of an approach to interrogate the functional activity of
antibodies in serum against 3 to 5 antigen targets simultaneously. Existing single-bead based
assays used to measure the capacity of antibodies to induce phagocytosis were adapted to be
compatible with 3 to 5 different fluorescently colored beads. This allows for concurrent
investigation of antibody responses directed against multiple antigens for a single sample using
as little serum as possible. This high-throughput assay was used to measure Fc-mediated
antibody responses against an array of pathogens, including antigens derived from HIV,
influenza, herpes-simplex virus 1 and 2, and Ebola. To demonstrate the robustness of the
multiplexed assays and their wide-reaching applications, multiplexed phagocytosis assays were
applied to probe differences in antibody-mediated effector functions between HIV controllers
and progressors against HIV antigens gp120, gp41, and p24. Multiplexed phagocytosis assays
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accurately detected known differences in antibody function between distinct clinical sample
groups, while simultaneously showing consistent trends across individuals for antibodydependent effector functions directed against control antigens, influenza and Ebola. Together, the
findings show that multiplexing allows for accurate and more efficient evaluation of antibodydependent monocyte and neutrophil phagocytosis.
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Chapter 1. Background
Antibodies have been recognized for their therapeutic potential since the 1890s, when
passive antibody therapy was used to immunize horses against infections with Clostridium tetani
and Corynebacterium diptheriae1. Antibody immunization is still used for prevention of
heptatitis B virus, rabies, respiratory syncytial virus (RSV), Clostridium tetani, Clostridium
botulinum, vaccinia virus, echovirus, and enterovirus1. However, vaccination with inactivated
virus or antigenic protein is the more commonly used method to confer protection against a host
of pathogens. Vaccines are historically the most effective way to reduce infectious disease
incidence, morbidity, and mortality, but most have been developed empirically, without a
comprehensive understanding of the mechanisms by which they induce immunity2.
Understanding these immunological mechanisms has become especially important for diseases
such as HIV, for which vaccine designs and regimens that prevented infection for other diseases
have continually failed to induce robust protection2-4.
Research studies aimed to elucidate vaccine-mediated mechanisms of protection often
employ animal models, such as mice, guinea pigs, and non-human primates. These studies
determine which vaccines proceed to human trials and reveal pathways of protection4-8. Due to
differences in immunological complexity, findings in animal models cannot be directly translated
to humans. Thus, human studies are required to gain true insights into whether candidate
vaccines have successfully targeted appropriate immune pathways. Whereas animal studies
provide causal evidence for vaccine-induced protection, human clinical trials only demonstrate
facets of the immune response that are likely correlated with observed protection.
Correlates of protection for vaccines are studied to understand how certain vaccines
protect against infection with high efficacy and durability in humans. This allows for

improvement of vaccines in clinical trials and informs rational vaccine design for the future.
Studies investigating licensed vaccines and vaccines in development have shown that many
vaccines protect through more than one immune function9, thereby demonstrating the complexity
of vaccine-induced immune responses. Antibody titers and neutralizing activity have long-been
considered the most important correlates of protection10, but research on influenza, pertussis,
poxviruses, and rotavirus vaccines has highlighted the importance of T-cell responses and nonneutralizing antibody functions9. Additionally, several studies have demonstrated that Fc
receptor interactions are required for the proper functioning of broadly neutralizing antibodies in
vivo5-7,11. Thus, a new emphasis has been placed on investigating mechanisms of protection
beyond titer and neutralization.

Schematic Figure 1. Antibody Fc-mediated effector functions. Antibodies bind to viral or bacterial particles to
form immune complexes. Immune complexes bind to activating and inhibitory Fc-receptors (FcRs) expressed on
innate immune cells to induce phagocytosis, complement deposition, and a host of other downstream inflammatory
mediators.

To understand the mechanisms by which antibodies stimulate effector cells to promote
viral clearance and killing of infected cells, the structure of the antibody itself must first be
2

explored. Neutralizing functions of antibodies are mediated through the Fab region, which is
highly variable and directs antigen-specificity and affinity. Attached to the Fab by a hinge
region, is the Fc-portion, which interacts with receptors on immune cells to induce effector
functions (Schematic Figure 1). The Fc domain is diverse in isotypes, subclasses, and
glycosylation patterns. These modifications influence the ability of antibodies to interact with
Fc-receptors and induce immune functions12. The Fc-domain variants include five isotypes, IgM,
IgD, IgG, IgA, and IgE. IgA and IgG can be further divided into subclasses, IgG1, 2, 3, 4, and
IgA1 and 2. IgG3 and 1 are the most functionally potent and pro-inflammatory due to differences
in hinge length and flexibility12,13. Unique isotypes also differ in their ability to exert functions.
For example, IgM and IgG antibodies that form stable hexameric complexes can recruit
complement and mediate antibody-dependent complement deposition (ADCD). Antibodies
capable of binding to FcγRIIIa induce natural killer cell degranulation and ADCC. Antibody
binding to FcγRII strongly stimulates phagocytosis by macrophages, neutrophils, dendritic cells,
and other granulocytes12. Glycan patterns further influence the function of antibodies. Sialic acid,
core fucose, bisecting N-acetylglucosamine, and mannose residues affect the binding of IgG to
FcγRIIIa and influence ADCC activity. Terminal sugars, such as galactose, modify binding to
C1q, which initiates the complement cascade and ADCD14. Importantly, the Fab and Fc regions
do not work independently of each other. Neutralization studies on HIV, influenza, and B.
anthracis infections have revealed that interactions between the Fc-constant region and Fab
portion are necessary for effective neutralization5-7. Since many structural variables influence the
robustness of the antibody response, research is now aimed to uncover the antibody structure(s)
able to induce the most protective response(s) against specific diseases.
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The HIV RV144 trial in Thailand provided one of the strongest cases for non-neutralizing
antibodies and antibody-mediated effector functions in vaccine-induced immunity. This was the
first HIV vaccine to show significant efficacy (about 60% in the first year and 31.2% over the
3.5 years of the trial) despite eliciting low antibody titers and little diversity in neutralizing
antibodies15,16. Notably, all protected recipients developed antibodies against the V1V2 and V3
regions of the envelope protein, and high titers of these antibodies correlated with the highest
levels of protection (60%)16,17. V2-antibodies from RV144 vaccinees were found to be nonneutralizing but were capable of mediating antibody-dependent cellular cytotoxicity (ADCC).
Furthermore, the decrease in V1V2 antibody titers tracked with the waning vaccine efficacy over
time16. Follow-up studies in rhesus macaques supported the hypothesis that effector functions
elicited by non-neutralizing antibodies provided protection11,18. One such study showed that
passive infusion of polyclonal non-neutralizing anti-SIV antibodies induced ADCC and a
reduction in SIV viremia19. The RV144 trial, among others, highlighted the importance of
directing vaccine design to elicit antibody responses capable of leveraging the innate immune
system. Thus, Fc-mediated responses including, natural killer cell cytotoxicity, phagocytosis, and
complement have emerged as critical innate humoral responses against vaccines and natural
infections.
ADCC by natural killer cells is not necessarily the most important or protective function,
but it is the function most often studied20-24. This is most likely due to limitations in in vitro
assays for studying phagocytosis and complement deposition. To more comprehensively analyze
the immune response to vaccines and natural infections, the Alter lab developed a set of in vitro
assays to measure qualitative differences in antibody-mediated responses. These assays are
collectively termed Systems Serology, as they allow for an unbiased and comprehensive
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understanding of each effector function and how multiple functions work in tandem to create a
coordinated response. Systems Serology includes both biophysical and functional antibody
profiling. Biophysical profiles consist of measuring antibody titers and subclasses, FcR-affinity
and avidity, and Fc-glycan profiling. Functional profiling comprises in vitro assays that measure
the ability of antibodies to induce phagocytosis, complement deposition, and cytotoxic killing
against antigens of interest15. Together, these profiles elucidate which antibody subclasses and
glycan profiles most strongly induce protective functions.
The assay used to measure antibody-dependent cellular phagocytosis (ADCP) in clinical
samples was previously optimized and standardized by the Alter lab25. This is both a bead- and
cell-based assay, whereby antigens of interest are coupled to fluorescent beads and incubated
with primary antibodies from serum to form immune complexes, which induce phagocytosis
upon the addition of monocyte effector cells. Flow cytometry is used to detect the number of
phagocytic cells and the magnitude of antigen-coated bead-internalization by each cell. This
assay uses a monocyte cell line (THP-1) that expresses the Fcγ receptors through which Fcinteractions induce phagocytic activity (most notably, FcγR I and II). Ackerman et al confirmed
this assay was robust and sensitive enough to parse out qualitive differences between antibodies
determined by glycosylation patterns and Fc-receptor binding capacities. The phagocytosis
induced in this assay was shown to be antigen-specific and antibody-mediated, despite the ability
of monocytes to phagocytose in the absence of antigen-specific antibody25. The ADCP assay,
among others, has been used to profile antibody responses against vaccines and natural
infections, such as HIV and tuberculosis26,27.
Ackerman et al conducted a study on elite controllers (ECs), who are a group of HIVinfected individuals that naturally control viremia to virtually undetectable levels28-31. ECs
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represent a model of cure that could allow us to understand how we might design vaccines or
treatments to induce such impressive viral control. Ackerman et al employed Systems Serology
to compare ADCC, ADCP, ADCD, and ADNP between elite controllers, viremic controllers
(VCs), chronic treated patients (CTs), and chronic untreated patients (CUs) (progressors). The
study found few significant differences between groups for individual functions, but it did
determine that ECs possessed uniquely polyfunctional antibody profiles. Each of the four
functions tested were strongly correlated with each other among ECs, suggesting a robust and
cohesive overall innate immune response26. In another study, Lu et al applied Systems Serology
to investigate innate antibody Fc effector profiles between patients with active and latent
tuberculosis (TB). This study showed that antibodies generated in latent and active TB exhibited
distinct functional profiles, which were directed by significant differences in antibody
glycosylation27. Thus, Systems Serology assays, including but not limited to ADCP, ADCD,
ADNP, and ADCC, can be used to gather a comprehensive profile of the innate immune
response to a variety of natural infections and vaccines.
The applications of the Systems Serology assays are not limited to identifying correlates
of protection or expounding differences between groups of naturally infected individuals at a
single timepoint or stage of infection. These assays can be applied to answer basic
immunological questions about differences in the quality of antibodies throughout the course of a
natural infection or even throughout the immune system’s development. This profiling of
antibody-mediated immune responses can also inform us about biological differences in antibody
functions and post-translational modifications between groups of interest, such as twins, genders,
or different age groups. Although the applications are already far-reaching, the assay potential
can be further expanded and improved. Most of the functional assays (ADCP, ADNP, and
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ADCD) involve coupling antigens to fluorescent beads. Current protocols and flow cytometry
analyses allow for only one colored bead per assay and thus, only one antigen. Since all
pathogens include many immunogens against which a response could be mounted, a significant
amount of time, money, and reagents must be used to profile multiple Fc-mediated functions for
hundreds of samples against a variety of antigenic proteins. Furthermore, serum samples from
clinical trials are limited, thereby increasing the need to maximize data output while minimizing
input. To address this, a multiplexed approach to these bead-based assays was optimized here to
study the antibody-mediated responses against a panel of 3-5 antigens per assay.
The purpose of this project was to modify the monocyte and neutrophil phagocytosis
assay protocols (ADCP and ADNP, respectively) and analyses to accommodate a variety of
antigens and detect cellular uptake of a panel of fluorescent colored beads by flow cytometry.
The phagocytosis assays measure phagocytic activity through a phagocytic score, which is
calculated by multiplying the percentage of bead-positive cells by the geometric mean
fluorescence intensity of the beads and dividing this number by 10,000. Thus, the score includes
both the number of cells that internalized a specific antigen-coated bead and how many beads
each cell phagocytosed. In the multiplexed assays, monocytes or neutrophils were exposed to 3-5
antigens coupled to 3-5 different colored beads (one color per antigen) that could be
distinguished upon flow cytometry acquisition. Thereby, it could be identified which cells
internalized each uniquely colored antigen-coated bead set, and the variety of antibody-mediated
uptake could be quantified.
Multiplexed ADCP and ADNP results needed to directly correlate with results obtained
from single-antigen-coated bead assays, as the project purpose was only to improve efficiency.
Thus, it needed to be confirmed that exposing cells to a variety of antigen-antibody immune
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complexes did not itself alter the quality or quantity of phagocytosis. This was important because
the assays are used to detect qualitative differences in antibody-mediated phagocytosis directed
by structural differences rather than antibody titers. To ensure antigen diversity did not confound
the assay results, it was confirmed that there were no differences in assay specificity, sensitivity,
and accuracy between the single- and multi- bead set protocols.
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Chapter 2. Data and Methods
2.1 Introduction
The goal for this assay development project was to ensure that the specificity, sensitivity,
accuracy, and robustness of the phagocytosis assays were maintained upon addition of multiple
different antigen-coated beads sets. The antibody-dependent cellular phagocytosis (ADCP) assay
was previously optimized to detect monocyte phagocytosis induced by even low titers of
antigen-specific antibody in clinical samples25. Therefore, it was confirmed that the multiplexed
ADCP assay allowed for comparable levels of detection of functional antibody responses for
each antigen. To address the specificity and accuracy of the multiplexed assay, experiments were
performed to show that addition of different antigen-coated bead sets did not result in nonspecific uptake. Additionally, results from multiplexed assay were found to be highly correlated
with scores from the single-bead assay. Not only were relative trends consistent, but absolute
phagocytic activities were also comparable. Once sensitivity and accuracy were confirmed with
the previously standardized ADCP assay, the multiplexed protocol was expanded to ADNP.
Finally, a cohort of HIV controllers and progressors was tested against a panel of HIV antigens
using multiplexed ADCP and ADNP to demonstrate that the multiplexed assays could be used to
detect differences between clinically distinct sample groups. Multiplexed data showed
differences and trends in antibody-dependent effector functions between controllers and
progressors comparable to those published by Ackerman et al26.
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2.2. Materials and Methods
Materials
Fluorescent beads (1µm) for multiplexed system serology assays were obtained from
ThermoFisher Scientific in seven colors (excitation/emission wavelengths, units nm): blue
(365/415), blue (350/440), yellow-green (505/515), crimson (625/645), red (580/605), nile red
(535/575), and orange (540/560). Reagents for coupling antigens to beads were purchased from
ThermoFisher Scientific: Sulfo-NHS (N-hydroxysulfosuccinimide) (24520), and EDC (ethyl
dimethylaminopropyl) (77149). HIV and flu monoclonal antibodies against gp120 (2G12), gp41
(2F5), and HA H1N1 (CH65) were acquired from the National Institute of Health AIDS
Research and Reference Reagent Program. The p24-specific monoclonal antibody (37G12) was
supplied by ImmuneTech. Pooled purified immunoglobulin from HIV-infected patients (HIVIG)
was also obtained from the National Institute of Health AIDS Research and Reference Reagent
Program. Pooled purified immunoglobulin from non-HIV infected individuals (IVIG) was
purchased from Sigma (I4506). The PE-conjugated neutrophil marker anti-CD66b antibody was
procured from BioLegend. Purified and recombinant protein antigens were acquired from a
variety of sources (Appendix Table 3).
Methods
2.2.1. Coupling carboxylate-modified fluorescent microspheres to antigen
Carboxylate-Modified Microspheres, 1 µm, were coupled to antigen at a ratio of 36x106
beads/mL for every 1 ug of antigen. Beads were activated with 80 uL of Activation Buffer (0.1M
NaH2PO4, pH 6.2), 10 uL of 50 mg Sulfo-NHS (N-hydroxysulfosuccinimide), 10 uL of 50
mg/mL ethyl dimethylaminopropyl (EDC) and incubated for 30 minutes at room temperature.
10

Antigen was carboxy-coupled to beads in Coupling Buffer (0.05 M morpholinoethanesulfonic
acid (MES), pH 5.0) for two hours at room temperature and subsequently blocked and washed
with PBS-TBN Blocking Buffer (PBS, 0.1% BSA, pH 7.4) and PBS-Tween Buffer (PBS, 0.05%
Tween 20), respectively. Beads were resuspended in 1 mL of 5% BSA/PBS, incubated overnight
at 4 C, and washed and resuspended in 1 mL PBS.
2.2.2. Culture and Maintenance of THP-1 monocytes
THP-1 cells were maintained in media containing RPMI, 5000 IU Penicillin, 5000 ug/mL
Streptomycin, 200mM L-Glutamine, 10mM HEPES Buffer, 10% Fetal Bovine Serum, and
55mM beta-mercaptoethanol (1000x). Cell culture densities were kept below 0.5x106 cells/ml to
maintain consistent assay performance.
2.2.3. Multiplexed-Antibody-Dependent Cellular Phagocytosis
For multiplexing experiments, each antigen of interest was coupled separately to fluorescent
beads of a distinct color. Beads were all combined and diluted in PBS. These were then added to
round bottom 96-well plates so that each well contained 3.6x105 beads of each color in a volume
of 10 uL. A volume of 10 uL of either human IgG monoclonal antibody against gp120 (2G12),
gp41 (2F5), and p24 (37G12), polyclonal antibody (HIVIG or Human IgG), or plasma or serum
(1:50, 1:100, …) was added to each well. Immune complexes were formed over two hours at
37C. After washing, THP-1 cells were added (200 uL/well) at a concentration of 1.25x105
cells/mL (2.5x104 cells/well) and incubated with immune complexes overnight at 37 C. Cells
were fixed with 4% PFA and acquired on the BD LSR Fortessa Flow Cytometer (see appendices
for compensation matrices).
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2.2.4. Amnis ImageStreamX flow cytometry
ADCP samples were prepared according to the phagocytosis protocol above with crimson,
yellow-green, and red beads. Samples from a 96-well plate were combined in 1.5 mL siliconized
microcentrifuge tubes and reconstituted in PBS/2%FBS to a concentration of 2x107 cells/mL.
Samples were acquired by Amnis Imagestream at both 40 and 60X magnification. Data was
analyzed using Amnis-IDEAS software.
2.2.5 Multiplexed-Antibody-Dependent Neutrophil Phagocytosis
Antigen-coated beads were prepared as described above. Whole blood acquired into
Anticoagulant Citrate Dextrose (ACD)-treated tubes was used as a source of neutrophils. To
isolate white blood cells, red blood cells were lysed with ACK Lysis Buffer at a ratio of 1:10.
White blood cells were collected by centrifugation (500xg for 5 minutes), washed, and
resuspended in R10 media (see THP-1 media ingredients; R10 made without Betamercaptoethanol). Cells were used at a concentration of 2.5x105 cells/mL, whereby 50,000 cells
were added per well. Neutrophils were stained with a PE-conjugated anti-human CD66b
antibody in the dark for 15 minutes at room temperature. Cells were washed and fixed with 4%
PFA and finally resuspended in 100 uL of PBS for acquisition on the BD LSR Flow Cytometer.
2.2.6 Patient sample cohort
93 HIV-infected serum samples were acquired from Gilead Sciences. The sample set consisted
of 13 elite controllers (viral loads ≤ 40 units (U)/mL), 27 viremic controllers (VL 40-2000
U/mL), 21 HIV-positive patients on cART (VL ≤ 40 U/mL), 12 HIV-positive untreated
progressors (VL > 2000 U/mL), and 20 healthy HIV-negative controls. No clinical trial ID.
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2.2.7 Lymph/Blood sample cohort
Thoracic duct lymph fluid and plasma from 8 HIV-negative individuals were acquired from the
University of Pennsylvania in collaboration with Mike Betts. This cohort additionally includes
lymph and plasma from 12 HIV-infected individuals.
2.2.8 Antigen-specific IgG ELISA
Antigens were diluted in PBS to a concentration of 1 ug/ml and used to coat 96-well ELISA
plates. After incubating overnight at 4C, plates were washed 3 times with 300 ul/well of PBS
Tween 0.05% using the Tecan plate washer and blocked with 5% BSA/PBS for 1 hour at room
temperature. Monoclonal antibodies or samples were diluted, and 80 ul/well was added and
incubated at room temperature for 1 hour. Goat anti-human Fc peroxidase conjugated secondary
detection antibody was diluted in PBS to 1:10,000, added to the plate after washing, and
incubated at room temperature for 1 hour. Finally, plates were washed and 100 ul/well TMB and
50 ul/well of H2SO4 stop solution were added. Absorbance was measured by the Tecan plate
reader at 450nm and 570nm (reference wavelength).
2.3 Results
Confirming antigen-specificity in multiplexed ADCP
Increased cellular activation and subsequent non-specific phagocytosis were the first
concerns in adapting the ADCP assay to contain multiple antigen-coated bead sets per well.
While 7 different fluorescently colored beads were available, assay development began with 3
colors and 3 commonly studied HIV immunogens: gp120, gp41, and p24. The purpose of this
project was to adapt the existing assay to accommodate multiple bead sets, so how to combine 3
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bead sets per well to most accurately recapitulate the single-bead assay was first addressed. The
single-bead ADCP protocol used a 1:1 ratio of bead to antibody volume; for example, 10 uL of
gp120-coated beads combined with 10 uL of diluted antibody or serum sample per well of a 96well plate. Two options existed for combining beads in the multiplexed assay: (1) Maintain the
1:1 total bead to antibody volume ratio, thereby reducing the number of individual antigencoated beads by one third, or (2) preserve the 1:1 ratio for each antigen, which would result in an
overall 3:1 bead to antibody ratio. To test whether the number of beads per well for each antigen
could be reduced and still yield results comparable to the current protocol, beads were coupled to
3 HIV antigens at a 1:1 ratio and adjusted to a concentration yielding 3.6x105 beads per well in
total. Induction of phagocytosis by antigen-specific monoclonal antibodies 2G12, 2F5, and
37G12 was measured for each antigen alone (3.6x105 beads/well of gp120, gp41, and p24). This
was compared to phagocytosis induced for each antigen by the same antibodies when the 3
coated beads sets were combined (3.6x105 beads/well total with ~1.2x105 beads/well for each
individual antigen). Reducing the number of beads for gp120, gp41, and p24 by a factor of three
resulted in a bead to cell ratio that was not sufficient for induction of ADCP within the range of
detection for the assay (appendix figure 1). Thus, an overall 3:1 bead to antibody ratio was used
to preserve the number of beads for each antigen in the panel. To address the issue of potential
non-specific bead uptake, a mixed-bead experiment with monoclonal antibodies was performed.
A panel of different gp120, gp41, and p24 strains was tested against a variety of
monoclonal antibodies to confirm binding and induction of phagocytosis by each antibody
(appendix figures 2 and 3). Gp120 LAI and SF162 were found to bind most strongly to the
gp120 monoclonal antibody 2G12, which proved to be a robust inducer of ADCP. The HXBc2
strain of gp41 bound to the gp41-specific monoclonal 2F5, which also strongly mediated
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phagocytosis. p24 HXBc2 and CN54 both bound to the antibody 37G12, but this monoclonal
antibody did not sufficiently stimulate effector cells to phagocytose. Other p24-specific
monoclonal antibodies were not readily available, so an HA flu antigen (H1N1 New Caledonia)
was substituted for p24 along with the HA-specific antibody CH65, which strongly induced
ADCP (appendix figure 4). Once antigen-antibody pairs were confirmed, the antigen-specificity
of the multiplexed assay was tested by combining gp120, gp41, and flu (HA)-coated beads in the
presence of one monoclonal antibody.
This experiment showed that no phagocytosis above background was mediated by
monoclonal antibodies for antigen-coated beads for which the antibodies were not specific
(Figure 1). Combining gp120, gp41, and p24 in the presence of 2G12 resulted in uptake of only
gp120-coated beads over a range of antibody concentrations (Figure 1D). Gp41 and flu-coated
beads were similarly phagocytosed only in the presence of their respective monoclonal
antibodies (Figure 1E, F). It was confirmed that phagocytosis was antibody-mediated by titrating
each monoclonal antibody and including a control without antibody. Wells with gp120, gp41,
and flu-coated beads incubated with an anti-Ebola monoclonal antibody were also included as a
negative control for all antigens. This further established antigen-specificity despite any potential
over-activation that might have resulted from cells being exposed to a variety of immune
complexes. None of the 3 antigen-coated bead sets were phagocytosed above background for the
negative control condition. Background for the Ebola antibody wells was equivalent to the
minimal phagocytosis that occurred even in the absence of antibody.

15

Having confirmed antigen-specificity of the multiplexed ADCP assay, it was next tested
that phagocytosis was occurring rather than beads being localized to the outside of the cells, as
was shown in the previous assay development by Ackerman et al25.
Imaging confirmation of phagocytosis
To test whether phagocytosed beads were internalized rather than associated with cell
membranes, a 3-bead-set ADCP assay was conducted, and cells were imaged by Amnis
ImagestreamX. This confirmed bead internalization and demonstrated a range of phagocytosis
across all cells (Figure 2). Some cells internalized several of each colored bead, while others
phagocytosed only one or two differently colored beads. This range of phagocytic ability was
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also shown by flow cytometry (appendix figure 5). Due to compensation limitations, Fc-receptor
and DAPI stains were not included for imaging by Imagestream technology.

Since the multiplexed assay showed antigen-specificity and mechanism of ADCP
consistent with that shown by Ackerman et al25, it was next determined whether the multiantigen assay could detect antibody function to the same degree as the single-bead assay.
Confirming the sensitivity of multiplexed ADCP
Previous ADCP development experiments showed the assay could measure cellular
phagocytosis over a range of antibody concentrations. These linear ranges were antigen specific.
While the specificity of the multiplexed ADCP assay was tested with monoclonal antibodies, the
ultimate purpose of this assay is to score phagocytosis induced by antibodies in clinical serum
samples. These samples are polyclonal antibody pools, which dramatically differ in antibody
titers specific for unique antigens. A major concern was that samples having high antibody titers
specific for some antigens but low titers for others in a multi-bead-set panel might affect the
linear range of detection for the antigens with low-titer antibodies. Thus, it was tested whether
the ADCP assay was sensitive enough to detect phagocytosis of all antigens in a panel when
there were differences in concentration among antigen-specific antibodies.
17

An experiment was performed with the 3 antigens and monoclonal antibodies mentioned
above. The purpose of this test was to compare the linear range of detection for each antigen
between the single and multi-bead-set assays. It was hypothesized that if higher-titer antibodies
outcompeted lower-titer antibodies for Fc-receptor binding in the presence of multiple different
immune complexes, then antibody-dependent phagocytosis of some antigens would be
significantly reduced as compared to the level identified when these antigens were assayed alone.
Combinations of monoclonal antibodies were used to create pseudo-polyclonal pools.
To this end, one antibody was titrated 5-fold over a range of 25-0.0016 ug/ml, while two
other antibodies were kept at a concentration of 5 ug/ml across the same wells. Pseudopolyclonal antibody pools were combined with a mix of gp120, gp41, and flu-coated beads. On
the same plate, single antigen coated bead sets were incubated with one antigen-specific
monoclonal antibody, which was titrated in the same manner. An Ebola-specific monoclonal
antibody was used as a negative control for both mixed and single bead-set conditions. A no
antibody well was also included. For the mixed bead wells, the no antibody well consisted of 0
ug/ml of the titrated antibody but contained 5 ug/ml of the other two antibodies. Findings from
this condition supported the conclusion that multiplexed ADCP remained antigen-specific, as
monocytes phagocytosed only the two antigens that had their respective antibodies at 5 ug/ml,
and the level of phagocytosis for the antigen without its respective antibody dropped to
background (Figure 3). Background was defined here as the level of phagocytosis induced by the
negative control Ebola monoclonal antibody.
In respect to assay sensitivity, comparable, if not identical linear ranges of ADCP
detection were found for each antigen (Figure 3). This experiment showed that potential antibody
competition driven by differences in titer did not affect the ability to detect ADCP for many
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individual antigens simultaneously. Additionally, it confirmed that qualitative differences in
antibody function did not pose a significant issue. Because the titers of each of the three
monoclonal antibodies were equivalent at each dilution point, differences in phagocytic score
were a result of differences in the antibodies’ abilities to bind to the appropriate Fc receptors and
induce phagocytosis. For example, CH65 was the strongest inducer of ADCP as compared to
2F5 and 2G12 monoclonal antibodies. Nevertheless, linear ranges for gp120 and gp41 remained
consistent even when the more functional CH65 antibody was kept at a constant high
concentration (Figure 3B).
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The findings from this experiment emphasized the importance of combining antigens that
have similar antibody titers in a sample and equivalent linear ranges. Here, phagocytosis of each
antigen-coated bead was detected over the same range of antibody concentrations whether a well
contained 1 or 3 bead sets, but the linear range differed between antigens. For example, the linear
range for CH65/flu appeared to be from 5 ug/ml to about 0.04 ug/ml (Figure 3B, bottom), but for
2G12/gp120, phagocytosis decreased to background at 0.2 ug/ml and never reached a maximum
signal within the range of this experiment (Figure 3B, top). Thus, antigen-specific antibody titers
in samples of interest must always be compared first by ELISA, or multiplexed ADCP assays
must be performed over a range of dilutions to capture the maximum signal for each antigen.
After showing no significant differences in specificity or sensitivity between single and 3-bead
ADCP assays, the assay was expanded to accommodate 5 antigen-coated beads and ensure
consistent accuracy.
Confirming accuracy of 3-5 bead ADCP
The goal of this experiment was to show that ADCP with 1, 3, and 5 different antigen
coated bead sets all yielded equivalent measurements and trends of phagocytic activity. The
proteins used were gp120, gp41, p24, flu (HA), and HSV 1 and 2 (mixed). HIV positive and
negative plasma samples were used as the primary antibody source. Using human plasma
allowed for confirmation that multiplexing ADCP with true polyclonal pools preserved assay
sensitivity, as was shown with monoclonal antibodies (Figure 3). Flu and HSV were chosen as
antigens that would have high titers in the plasma samples. A no antibody condition was used as
a negative control for flu and HSV, as the HIV negative samples contained antibodies against
these antigens (data not shown).
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Combinations of the 5 antigens listed above were used to directly compare single, 3, and
5-antigen/bead conditions across a 96-well plate. Single bead wells contained either gp120,
gp41, or p24-coupled beads alone; 3 bead-set wells included gp120, gp41, and p24-coated beads;
and 5 bead-set wells comprised all 5 antigen-coated beads. Coupled beads were incubated with
either HIV positive or negative serum at 8 sample dilutions to cover the linear range of detection
for the assay. The results again showed that the linear range was conserved irrespective of
antigen variety (Figure 4C, F, I). Phagocytic scores represented as fold change over background
(HIV negative plasma) from 3 and 5 bead ADCP assays were significantly correlated with scores
generated by the single bead assay for gp120 (Figure 4A, B), gp41 (Figure 4D, E), and p24
(Figure 4G, H). Thus, even if absolute phagocytic score values were not equal when different
numbers of unique antigen-coated bead sets were combined, relative trends over a series of
antibody concentrations were nearly identical. Overall, the multi-antigen ADCP assay was
shown to be specific, sensitive, and accurate to the same degree as the original single antigen
protocol. Next, it was assessed that these parameters were also consistent for multiplexing
ADNP, which measures antibody-mediated neutrophil phagocytosis.
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Multiplexing ADNP
The main difference between the ADNP and ADCP assays was the source of effector
cell. Whereas a monocytic cell line was used for ADCP, primary leukocytes isolated from whole
blood were used as a source of neutrophils for the ADNP assay. Therefore, a neutrophil-marker
was needed to measure only phagocytosis by neutrophils by flow cytometry, as monocytes and
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dendritic cells in the blood also phagocytose antigen-coated beads in the presence of antibody.
The maximum number of different colored beads for which the flow cytometer could reliably
compensate (appendix table 1) in the ADCP assay was five. The beads were many times brighter
than antibody-conjugated fluorophores, so one bead had to be removed from the multiplexed
ADNP assay to accommodate a PE-conjugated anti-CD66b antibody (appendix table 2). Assay
development experiments were performed with 3 antigens because only 3 reliably immunogenic
HIV agents existed and limiting the antigen panel to HIV antigens simplified the required
controls.
To ensure that multi-bead ADNP was as sensitive and accurate as multi-bead ADCP,
single and 3-bead conditions were directly compared across a 96-well plate over a series of
antibody concentrations. HIVIG and IVIG (negative control) were used as sources of polyclonal
antibody pools (HIV-positive and negative, respectively). Gp120, gp41, and p24 antigens were
coupled to fluorescent beads and either combined in wells or tested alone. Consistent with results
from ADCP experiments, linear ranges of detection for each antigen were found to be conserved
between single and triple antigen assays (Figure 5). Phagocytic scores were also not significantly
different (Figure 5). Data for gp120 was excluded because of elevated levels of antibodyindependent phagocytosis of gp120-coated beads in the presence of IVIG. This was likely due to
the heavy glycosylation state of gp120 and subsequently increased phagocytosis by neutrophils
in the absence of antigen-specific antibodies. After reliability and accuracy of the multi-antigen
coated bead ADCP and ADNP assays were confirmed with monoclonal antibodies, polyclonal
antibodies, and plasma samples, applications of the multiplexed assays for scoring phagocytosis
induced by different antigen-specific antibodies in clinical samples were explored.
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Multiplexing with clinical samples from HIV controllers and progressors
A cohort of 90 HIV-infected patients comprising five groups consistent with those
examined by Ackerman et al26 was used to show that multiplexed ADCP and ADNP could be
used to accurately detect differences in antibody function between biologically distinct groups.
This cohort included a balanced mix of elite controllers, viremic controllers, HIV-infected
patients treated with HAART, HIV-infected untreated patients (chronic progressors), and healthy
HIV-negative controls. Before comparing the quality of antibody responses between sample
groups, the multiplexed ADCP assay was validated for this cohort to show that testing each
sample against single or multiple antigen-coated bead sets yielded equivalent measurements of
Fc-mediated phagocytic activity.
Consistent with findings from prior experiments, phagocytic scores did not differ
significantly for individual samples whether gp120, gp41, and p24-coated beads were assayed
together or separately (Figure 6A, B, C). Scores from single and multi-bead set assays were
significantly correlated (Figure D), proving multiplexed ADCP reliably produced accurate
results, which were nearly identical to those yielded by the current single-antigen protocol.
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Variation in phagocytic scores for individual samples between single and triple bead-set assays
remained within the inherent assay variability between different runs that was dependent on
technical variations and subtle cellular differences (Figure 7G).
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Next, the full 5-bead capacity was used to compare phagocytic activity induced by
antibodies for which titers should differ between samples with those that should be relativity
constant across individuals. HIV antigens gp120, gp41, and p24 were included as antigens for
which antibody titer and function would vary between individuals in the cohort. Flu HA H1N1
(New Caledonia) was used as the positive control against which all samples in the cohort should
elicit responses. An Ebola glycoprotein (GP) antigen was used as a negative control against
which no samples in the cohort should induce innate effector responses. Results showed a variety
of responses for HIV antigens, with the same samples repeatedly inducing negative responses
equivalent to the background seen in the HIV negative plasma and no antibody controls (Figure
7A, B, C). Monocyte Fc-mediated phagocytic activity for flu was high across all samples, with a
few exceptions that would be expected based on variability in the general population (Figure
7D). As hypothesized, no samples elicited responses against the Ebola antigen (Figure 7E).
Additionally, ADCP assays tested with only the 3 HIV antigens using the same 90 samples were
correlated with results from the 5-antigen experiment (Figure 7G), further depicting the
robustness and accuracy of the multiplexed assay. ADNP responses against the 3 HIV antigens
were also measured using the multiplexed protocol, and results showed comparable phagocytic
scores and trends across individuals (Figure 8).
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Finally, samples were combined into their respective groupings (elite controllers, viremic
controllers, cART treated, viremic progressors, and healthy controls), and results from
multiplexed ADCP and ADNP were analyzed for differences in effector functions. Antibody
function differed significantly between HIV positive groups and HIV negative controls across all
antigens for both assays. Overall, antibody function did not significantly differ between groups
unique in clinical level of HIV control (Figure 9). The only exceptions were significant
differences between cART treated and viremic patients for ADCP and ADNP against p24
(Figures 9C and F) and ADNP against gp41 (Figure 9E). Although differences in groups were
not significant, some variation was found, and these trends were consistent with data from
Ackerman et al26. Ackerman et al investigated differences in effector functions, including ADCP
and ADNP, against gp120 between the same clinical HIV sample groups. They studied antibodydependent effector responses against gp120 using the original single-bead-set phagocytosis
assays. Finding similar differences and trends here when probing gp120 responses combined
with gp41 and p24 further demonstrated the accuracy and robustness of the multiplexed
phagocytosis assays.
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2.4 Discussion
To improve the efficiency of the bead-based Systems Serology assays and reduce the
amount of sample, reagents, and time required for comprehensive functional antibody profiling,
a multiplexed approach to ADCP and ADNP assays was developed and optimized. The
multiplexed assays were shown to produce results that were highly correlated with those from
single-antigen protocols. Additionally, the assays were validated using clinical samples and
applied to test Fc-mediated functions against an array of antigens. In the lab’s interest of
studying vaccine-induced responses against HIV, malaria, tuberculosis, and influenza,
combining 3 to 5 antigens is sufficient to dramatically increase productivity, as most of these
pathogens contain about 3-5 antigens of significant interest. Because antigen panels must be
grouped by titer, it is unlikely that samples would contain more than 3-5 antibodies of similar
titer. Thus, technical and mechanistic limitations did not hinder the significance of adapting the
protocols to accommodate a multiplexed approach. Furthermore, studying multiple antigens per
assay will allow for additional analyses that were not possible upon investigating antigens
separately.
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Chapter 3. Discussion and Perspectives
3.1 Limitations
The plan to multiplex functional assays originally included testing at least 10 antigens but
theoretically as many as 100 at one time. This level of efficiency was not reached for several
reasons. Most importantly, bead availability was limited. Bead choice was restricted because the
multi-bead-set protocols needed to be consistent with the current assays used in the lab so that
differences in antibody quality could be detected to the same degree. To limit variation, beads of
the same size were acquired from the same vendor. Carboxylated beads were available in the
widest variety of colors, so these were used instead of the original Neutravidin beads. Notably,
changing the bead-coupling chemistry did not dramatically alter the assay results. Carboxymodified fluospheres were commercially available in only seven colors. The fluorescence of the
beads was extremely bright, which further limited the variety that could be used in one assay
well. Two of the seven bead colors could not be distinguished from the other five by flow
cytometry, even with compensation. While technical limitations most strongly influenced the
potential for the multiplexed antigen panels, other restrictions based on the assays themselves
presented as well.
Increasing cell death proved to be an issue as the number of different antigens to which
the cells were exposed increased. It was thought this could be overcome by adding more cells to
the assay, but competition proved to limit phagocytosis upon doubling the number of THP-1
monocytes per well. Therefore, overcoming technical shortcomings alone might not allow for a
significant increase in the number of antigens that can be investigated per assay. The use of dim
secondary detection antibodies in ADNP further reduced the number of different antigen-coated
beads that could be included. However, this issue could most likely be combatted by custom
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ordering beads with less saturated fluorescence. As mentioned above, combining antigens with
similar antibody levels in a sample is ideal for maximum detection of phagocytosis for each
antigen. This limited the number of antigens that could be reliably tested in one assay, as many
pathogens for which we want to combine antigens contain 1 or 2 extremely immunogenic
proteins but also several others of interest that more weakly induce antibodies. Thus, the two (or
more) groups of antigenic proteins must be combined separately. This seemed to be the case in
studying the three main HIV immunogens, gp120, gp41, and p24, in assay development
experiments. With limited time, it was not possible to test the three antigens together at three
dilutions to detect the maximum signal to noise ratio for each antigen. This might explain weaker
correlations for certain antigens between single and multiple bead-set assays, as antigen-specific
responses tend to be more variable between assay runs when the signal to noise ratio is low.
Finally, due to time restrictions and compensation issues, the assay to measure complement
deposition (ADCD) could not be properly optimized to accommodate the multiplexed approach
or applied to study clinical samples.

3.2 Future Directions
To overcome some of the limitations mentioned above, specifically concerning bead and
antibody compensation, dimmer beads could be custom ordered in more colors. However, results
from the multi-antigen assays might no longer translate directly to those from single-bead assays
if the amount of fluorescence is altered. Additionally, the ADCD assay will be multiplexed and
included in the investigation of the controllers and progressors. For this thesis, bead-set
combinations consisted of groups of antigens for which samples would not have cross reactive
antibodies. This was done so that results would correlate whether antigens were studied together
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or alone. However, there are instances where potential changes in phagocytic activity between
multi and single antigen assays could be taken advantage of to address interesting questions. One
notable application is studying cross reactivity. This is especially important for the development
of a universal influenza vaccine32-34. It could also help gain an understanding of how antibodies
against similar antigens either enhance or inhibit each other’s functions, as in the case of dengue
virus35. For influenza, multiplexed experiments could be used to show either potentially
enhanced or reduced responses by antibodies in clinical samples upon testing against multiple
HA H1N1 influenza strains as compared to testing antigens individually against the same
samples. This might show which antigens should be included in a universal vaccine to induce the
broadest antibody response.
Beyond these future directions, the applications of multiplexed ADCP, ADNP, and
ADCD will be further expanded to study basic immunological questions about the heritability of
effector functions using samples from 300 pairs of mono and dizygotic twins, which were
collected as part of a large United Kingdom twin study36. In a related twin study, Brodin et al
conducted a systems analysis of the immune system in healthy twins to determine the heritable
influence of immune components and cellular responses37. They found that most variation in
innate and adaptive immunity between twin pairs was more strongly influenced by the
environment than genetics. Importantly for the study of antibodies, frequencies of memory and
naïve B cells and plasmablasts showed 0.00 to only about 30% heritable influence (based on a
scale from 0.00 (no genetic influence) to 100 (complete genetic influence)). Thus, one might
hypothesize that the functions of antibodies generated by these B cells would be more strongly
influenced by environmental factors and would differ between individual twin pairs. Brodin et al
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also analyzed seasonal influenza vaccine responses and discovered that the variation between
twins was due entirely to environmental factors.
Other studies have identified the role of heritability in determining differences in vaccineinduced responses between twins. Together these analyses of twins have shown a range of
heritable influence across different vaccine-induced responses38-41. For example, the responses
directed against the measles and polio vaccines seemed to be strongly influenced by genetic
variables, as they were shown to be 89 and 60% heritable, respectively. Conversely, responses
against tetanus, mumps, and rubella had heritability scores of only 44, 39, and 46%, respectively.
Based on these previous findings, it is expected that ADCP, ADNP, and ADCD activities will
differ between twins to varying degrees depending on the antigen. In these future studies,
effector responses will be probed against vaccine and natural infection antigens. In preparation
for studying vaccine antigens and common infectious agents in multiplexed functional assays, a
panel of about 20 antigens was assembled, and the quality of the purified proteins was verified.
This panel covered immunogenic proteins or cell lysates from a wide variety of viruses, bacteria,
and toxoids: measles, mumps, rubella, varicella-zoster, pertussis, tetanus, influenza, Epstein-Barr
virus (EBV), respiratory-syncytial virus (RSV), herpes simplex virus (HSV), and hepatitis B
virus (HBV). Reagent availability limited the variety of antigens included in the original vaccine
and infectious agent panel. Antigens of interest, such as those related to polio, meningitis,
hepatitis A, and more, were difficult or impossible to acquire from reliable sources. Thus, the
entire scope of UK and American childhood vaccine schedules and natural infections could not
be covered.
Antigens were evaluated based on antibody titers in both HIVIG and IVIG by ELISA
(Figure 10). Next, the antigens with substantial antibody titers in either HIVIG or IVIG were
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identified and investigated by ELISA using samples obtained from thoracic duct efferent lymph
fluid (chyle) and blood matched pairs from 8 healthy HIV-negative donors. No significant
differences in IgG antibody titers for individual antigens between chyle and blood were found
(Figure 11). Because lymph and blood from HIV negative donors were taken at a single time
point, it cannot be expected that the collection occurred recently after an infection or vaccination.
Therefore, it is not surprising that IgG levels were comparable for all antigens between the chyle
and blood. In the future, it will be tested whether antigen-specific IgG, IgM, and IgA titers differ
significantly between chyle and blood acquired from HIV-infected individuals. Antigens with
differences in titers will then be tested in multiplexed functional assays to determine whether
antibodies in the efferent lymph are more functional than antibodies in the blood.
Although not much has been done to characterize antibodies in the efferent lymph, it is
known that there are high levels of antibody concentrated in the efferent lymph when an immune
response is stimulated42. Furthermore, a study by Amanna et al showed that antibody responses
against viruses, such as varicella-zoster, measles, and mumps were stable with half-lives ranging
from 50-200 years43. This raised the question of how antibody titers were maintained over such a
considerable time, especially when repeated vaccinations did not occur. Several theories have
been posited concerning the model of antibody maintenance, but the exact mechanisms remain
poorly understood. Evidence exists for both the “bystander or polyclonal activation” of memory
B cells during antigenically unrelated infections44 and the production of antibody by long-lived
plasma cells in either a memory B-cell independent or dependent manner45-48. Having chyle and
blood samples from both HIV-positive and negative individuals allows for a unique opportunity
to investigate this question in the context of recent infection and how that might affect antibody
responses against other pathogens to which a person was previously exposed. Studying antibody-
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dependent effector functions for these samples might also provide insights into the effects of
HIV infection on responses against viruses and bacteria that cause opportunistic infection, such
as EBV. A study by Ling et al showed that HIV-infected patients treated with HAART had
significantly more detectable levels of EBV DNA in the blood49. Thus, antibodies against EBV,
CMV, and RSV, for example, might induce a different type of humoral response in HIV-infected
chyle and blood as compared to healthy individuals. Antibody functionality might also converge
more between chyle and blood in HIV-positive patients than in negative individuals.
The projects involving chyle and blood samples and the UK Twin samples require
investigation of over 20 antigens, many of which have comparable relative IgG titers, as
determined by ELISA (Figures 10 and 11). Thus, it will be easy to combine antigens using the
multiplexed approach and still achieve detection of phagocytosis for each antigen at its
maximum signal. For the purposes of these two projects, especially the Twin study, which
includes 600 samples, multiplexing will vastly improve efficiency and significantly save
valuable sample, time, and reagents. The future directions described here will build upon the
work completed in this thesis, but ideally, the applications of the multiplexed phagocytosis
assays will expand to all functional profiling projects under the umbrella of Systems Serology.
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Appendices

Figure 1. Determining the bead: antibody ratio for multiplexed ADCP. gp120, gp41, and p24 purified antigens
were coupled to crimson, yellow-green, and blue beads, respectively, at a 1:1 ratio and diluted 1:100 in PBS,
yielding about 360,000 beads/well. Bead sets were added alone to wells or combined, with mixing resulting in 3X
fewer beads for each antigen but maintaining the total bead number. Phagocytosis, measured as a phagocytic score,
induced by 2G12 (blue line), 2F5 (red), or 37G12 (green) dropped to background when the number of beads for an
individual antigen was reduced by 3 (~120,000 beads/well per antigen) (right side graphs).
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Figure 2. Antigen and Antibody binding. 5 strains of HIV gp120 antigens (SF162, MN, LAI, BG505, and YU2), 1
gp41 strain (HXBc2), and 3 p24 strains (CN54, HXBc2, and Q3-CxC) were carboxy coupled to blue beads and
incubated with HIV-specific monoclonal antibodies 2G12, b12, 4E10, 2F5, and 37G12 at 5 and 0.5 ug/mL. A
secondary PE-conjugated anti-human Fc antibody (1:200) was used to indicate binding, measured as median
fluorescence intensity. HIVIG, Human IgG, and an Ebola-specific monoclonal antibody were used as binding
controls.
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Figure 5. Range of phagocytic activity across monocyte population in multiplexed ADCP. Purified or recombinant
gp120, p24, nef, HSV, and influenza proteins were coupled to crimson, blue, red, yellow-green, and nile red beads,
respectively, then mixed, and incubated with HIVIG. THP-1 monocytes (A) that phagocytosed many (12-14) gp120coated beads (B, C, red gate) also internalized a high number of the other antigen-coated beads (D, E, F, red peaks).
Conversely, monocytes that phagocytosed few gp120 beads (B, blue gate) also internalized a small number of the
other antigen-coated beads (D, E, F, blue peaks). This suggests a range of cellular activation and Fc-mediated
phagocytosis across the assay cell population.
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Table 1. Compensation matrix for 5 fluorescent beads in the ADCP assay. Bead colors include:
crimson (APC), blue (BUV395), yellow-green (Alexa Fluor 488), nile red (PerCP-Cy5-5), and
red (BV605).
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Table 2. Compensation matrix for 3 fluorescent beads and a PE-conjugated anti-human CD66b
antibody in the ADNP assay. Bead colors include: crimson (APC), blue (BUV395), and yellowgreen (Alexa Fluor 488).

Table 3. Antigen and antibody details
Pathogen

Antigen

Ebola

GP

HIV
HIV
HIV
HIV
HIV

gp120
gp120
gp41
p24
p24

Antigen
Protein tag(s)
Host cell
source
IBT
not specified
His
SF9 insect cells
Bioservices
SF162 (Clade B) Immune Tech His (6x)
HEK 293
LAI (Clade B)
Immune Tech His (6x)
HEK 293
HXBc2 Clade B Immune Tech His (6x)
HEK 293
Clade B/C(CN54) Immune Tech
His
HEK 293
HXBc2
Immune Tech
His
HEK 293
Strain

Measles Viral Antigen

Endmonston

BioRad

Vero

Mumps Viral Antigen
Rubella Viral Antigen
VZV
gE(Orf68)
EBV
gp350/220
gH(DIEBV
III/gL/gp42)
EBV
gH
HBV Core Protein
HBV HBsAg Adw
HSV-1
gG
HSV-1
gD
HSV-2
gG
HSV-2
gC

Enders
HPV-77
VariVax

BioRad
BioRad
Lingwood lab
Immune Tech

His, Avi
His

BSC-1
Vero
HEK 293
HEK 293

B95-8

Immune Tech

His

HEK 293

B95-8

Immune Tech
Geneway
Geneway
Immune Tech
Immune Tech
Immune Tech
Immune Tech

His

HEK 293

His
His
His
His

Pchia Pastoris
HEK 293
HEK 293
HEK 293
HEK 293

His (6x)

HEK 293

His (6x)

HEK 293

Influenza

HA

Influenza

HA

H1N1
Immune Tech
(A/Brisbane/2009)
H3N2 (Wisconsin
Immune Tech
2005)
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Influenza

HA

Influenza

HA

Influenza

HA

Influenza

HA

B Malaysia 2004

Immune Tech

H3N2
Immune Tech
(A/Brisbane/2007)
H1N1 A/New
Immune Tech
Caledonia/20/99
H1N1 A Solomon
Immune Tech
Islands 3 2006

His (6x)

HEK 293

His (6x)

HEK 293

His (6x)

HEK 293

His (6x)

HEK 293

RSV
Umass
Medical
Center

tetanus

toxoid

Pertussis

toxin

Bordetella

Pertussis

FHA

Bordetella

Pathogen

Antibody

Isotype

Antigen

Ebola

h13C6 FR1

mouse Fab/HuIgG1
Fc

GP (Zaire
strain)

HIV

2G12

HuIgG1

gp120

HIV

2F5

HuIgG1

gp41

HIV

37G12

HuIgG1

p24

Flu

CH65

HuIgG1

HA H1N1
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Antigen
Host cell
Source
IBT
N. benthamiana
Bioservices
NIH Reagent
CHO
Program
NIH Reagent
CHO
Program
Immune Tech heterohybridoma
NIH Reagent
Program

CHO
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