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Functional Homology for Antibody-
Dependent Phagocytosis Across
Humans and Rhesus Macaques
Justin Pollara1,2*, Matthew Zirui Tay2†, R. Whitney Edwards2, Derrick Goodman2,
Andrew R. Crowley3, Robert J. Edwards2, David Easterhoff2†, Haleigh E. Conley2†,
Taylor Hoxie2†, Thaddeus Gurley2, Caroline Jones2, Emily Machiele2, Marina Tuyishime1,
Elizabeth Donahue2, Shalini Jha2, Rachel L. Spreng2, Thomas J. Hope4, Kevin Wiehe2,
Max M. He2, M. Anthony Moody2, Kevin O. Saunders1,2, Margaret E. Ackerman3,
Guido Ferrari 1,2‡ and Georgia D. Tomaras1,2‡

1 Department of Surgery, Duke University School of Medicine, Durham, NC, United States, 2 Human Vaccine Institute, Duke
University School of Medicine, Durham, NC, United States, 3 Thayer School of Engineering, Dartmouth College, Hanover,
NH, United States, 4 Department of Cell and Developmental Biology, Feinberg School of Medicine, Northwestern University,
Chicago, IL, United States

Analyses of human clinical HIV-1 vaccine trials and preclinical vaccine studies performed in
rhesus macaque (RM) models have identified associations between non-neutralizing Fc
Receptor (FcR)-dependent antibody effector functions and reduced risk of infection.
Specifically, antibody-dependent phagocytosis (ADP) has emerged as a common
correlate of reduced infection risk in multiple RM studies and the human HVTN505 trial.
This recurrent finding suggests that antibody responses with the capability to mediate ADP
are most likely a desirable component of vaccine responses aimed at protecting against
HIV-1 acquisition. As use of RM models is essential for development of the next generation
of candidate HIV-1 vaccines, there is a need to determine how effectively ADP activity
observed in RMs translates to activity in humans. In this study we compared ADP activity of
human and RM monocytes and polymorphonuclear leukocytes (PMN) to bridge this gap in
knowledge. We observed considerable variability in the magnitude of monocyte and PMN
ADP activity across individual humans and RM that was not dependent on FcR alleles, and
only modestly impacted by cell-surface levels of FcRs. Importantly, we found that for both
human and RM phagocytes, ADP activity of antibodies targeting the CD4 binding site was
greatest when mediated by human IgG3, followed by RM and human IgG1. These results
demonstrate that there is functional homology between antibody and FcRs from these two
species for ADP. We also used novel RM IgG1 monoclonal antibodies engineered with
elongated hinge regions to show that hinge elongation augments RM ADP activity. The RM
IgGs with engineered hinge regions can achieve ADP activity comparable to that observed
with human IgG3. These novel modified antibodies will have utility in passive immunization
studies aimed at defining the role of IgG3 and ADP in protection from virus challenge or
control of disease in RMmodels. Our results contribute to a better translation of human and
macaque antibody and FcR biology, and may help to improve testing accuracy and
evaluations of future active and passive prevention strategies.
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INTRODUCTION

Fc receptors (FcRs) are cell surface proteins that interact with the
Fc domains of antibodies to mediate cell signaling and effector
functions (1, 2). Results of immune correlates analyses for the
RV144 and HVTN505 clinical trials and preclinical vaccine
studies conducted in rhesus macaques (RMs) have identified
associations between non-neutralizing FcR-dependent antiviral
activities of antibodies and reduced risk of HIV/SHIV infection
or control of viremia (3–15). Among the myriad of potential
FcR-dependent effector functions, antibody-dependent
phagocytosis (ADP) of HIV-1/SIV envelope (Env) protein or
virions has emerged as a unifying correlate of reduced infection
risk in several vaccine studies conducted in RMs (3, 4, 6, 8), and
in post-hoc analysis of the human HVTN505 HIV-1 vaccine
efficacy trial (16). Despite this commonality, it remains unknown
how effectively ADP activity observed in the RM model can
predict that in humans.

Outcomes of a signaling event between antibody–antigen
immune complexes and FcR are impacted by genetically-
determined characteristics of the antibody including isotype,
subclass, and allele, as well as characteristics of the FcR such as
type, expression level, allele, and isoform (17). In addition, the
composition of glycans on the antibody Fc and FcR also impacts
interactions between immune complexes and FcR, providing a non-
genetic level of control for signaling (18, 19). The downstream
cellular response is largely dependent on the type of cell interacting
with the immune complex. FcRs are variably expressed on the
surface of different types of leukocytes and are therefore among the
many clusters of differentiation that are used to define specific types
of immune cells. Leukocytes can simultaneously express both
activating and inhibitory FcRs, and the balance of these divergent
signal pathways is critical to regulation of each potential effector
response (1, 20). Although closely related, there are many
differences in Fc/FcR biology between humans and RM including
antibody subclass diversity (17), antibody structures (21–23), FcR
genetic diversity (21, 22), Fc–FcR biophysical interactions (24–26),
and cellular expression of FcR (23, 27–29). Thus, there is a need for
direct comparisons of ADP between humans and RM to improve
our understanding of how to most effectively use and translate
results from this important animal model to future
human interventions.

In this study, we compared the ADP activity of phagocytes
from humans and RM using a panel of monoclonal antibodies
(mAbs) specific for the CD4-binding site (CD4bs) of the HIV-1
Env protein that were recombinantly produced as different
isotypes and subclasses. Peripheral blood monocytes and
polymorphonuclear leukocytes (PMN) were used as sources of
phagocytes. Our data demonstrated that, for both human and
RM phagocytes, in vitro ADP activity was greatest when
mediated by human IgG3, followed by RM IgG1, and then
human IgG1. ADP activity among the tested antibody isotypes
and subclasses was lowest, and often not detectable, when
mediated by human IgA mAbs. We also observed considerable
variability in the magnitude of monocyte and PMN ADP activity
across individual humans and RMs. We found that these
differences in human and RM ADP activity were not
Frontiers in Immunology | www.frontiersin.org 256
dependent on FcR alleles, and only modestly impacted by cell-
surface levels of FcRs. Notably, we also describe production and
characterization of novel RM IgG1 engineered with elongated
hinge regions, and demonstrate that elongation of the RM IgG1
hinge to lengths similar to those of human IgG3 improves ADP
activity mediated by RM monocytes and PMN. Our data
contributes to the creation of a roadmap for effective
translation of Fc–FcR biology across species that is needed to
effectively evaluate non-neutralizing antibody effector functions
in RMs and to make accurate predictions of human outcomes
from preclinical studies. Moreover, the novel hinge variant
antibodies we describe are expected to be useful surrogates for
evaluating the protective or therapeutic potential of IgG3
antibodies of clinical interest in the preclinical RM model.
MATERIALS AND METHODS

Study Samples and Reagents
Peripheral Blood Collection
Peripheral blood was collected by venipuncture, under sedation,
from healthy adult RM at the Duke University School of Medicine,
prior to allocation into any interventional research study in
accordance with a protocol approved by the Duke University
Institutional Animal Care and Use Committee. Human peripheral
blood samples were collected by venipuncture of healthy consenting
adult volunteers in accordance with a protocol approved by the
Duke Health Institutional Review Board. Human and RM blood
was collected into Acid Citrate Dextrose Vacutainer tubes (BD
Biosciences, San Jose, CA) and processed within 4 hours
of collection.
Isolation of Monocytes From Human and RM
Peripheral Blood
Monocytes were isolated from the peripheral blood mononuclear
cell (PBMC) fraction of fresh peripheral blood. PBMC were
isolated using density gradient centrifugation with Ficoll-Paque
PLUS (GE Healthcare Life Sciences, Pittsburg, PA). Monocytes
were enriched from RM and human PBMC by positive selection
using species-specific CD14 magnetic microbeads (Miltenyi
Biotec) according to the manufacturer’s recommended protocol.

Isolation of PMN From Human and RM
Peripheral Blood
Red blood cells were lysed from fresh whole blood using Red Blood
Cell Lysis Solution (Miltenyi Biotec, Bergisch Gladbach, Germany).
A PMN-enriched cell population was isolated from red blood cell-
depleted blood by positive selection of granulocytes using anti-
CD66abce magnetic microbeads (Miltenyi Biotec) (30) according
the manufacturer’s recommended protocol.

Human and Rhesus-ized Monoclonal Antibody
(mAb) Production
HumanmAbs specific for the CD4bs site of HIV-1 Env, CH31 (31),
and VRC01 (32), were expressed as human IgG1, IgG3 (IGHG3*01
May 2021 | Volume 12 | Article 678511
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allele), IgA1, IgA2, and RM IgG1 by transient cotransfection of
heavy and light chain plasmids into Expi293-F cells with
Expifectamine (Thermo Fisher Scientific, Waltham, MA). Secreted
antibody was purified from cell culture supernatants by protein A or
G resin columns as previously described (33, 34). The influenza
specific CH65 mAb (35) produced as human IgG1, IgG3, IgA1, and
IgA2 were used as negative controls for experiments with human
antibodies. For experiments with RM IgG1, the V1V2-specific mAb
HG107 (11) was produced as RM IgG1 (described below) and used
as a negative control as this antibody does not bind to V1V2 of the
subtype B Bal Env. The quality of all recombinant mAbs was
evaluated using reduced and non-reduced SDS-PAGE followed by
Coomassie stain or Western blot.

Rhesus-ization of antibodies was performed as previously
described with some modifications (34). To generate VRC01 with
a RM constant region, the human gamma constant region and
kappa light chain constant region were exchanged for rhesus IgG1
constant regions (34). To produce rhesus-ized CH65 antibody the
unmutated common ancestor antibody that gave rise to the human
antibody lineage was first inferred using Cloanalyst (36). Using the
inferred human germline antibody sequence, the macaque gene
segments with the highest sequence homology were identified by
searching the macaque library in Cloanalyst. All three affinity-
matured complementarity-determining regions (CDRs) of the
CH65 human heavy chain variable region (VH) or light chain
variable region (VL) were grafted into the inferred macaque
germline genes (Supplemental Figure S1). These variable regions
were then attached to RM constant regions to form full-length
immunoglobulin chains. The sequences were codon optimized
using GeneOptimizer (GeneArt), synthesized de novo (GenScript,
Piscataway, NJ), and expressed as described above.

RM IgG1 variants with extended hinges were designed with
sequential repeats (0X, 1X, 2X, 3X and 4X) of the 18 amino acid
(AA) RM hinge region between the CH1 and CH2 domains of
RM IgG1. Antibody genes were synthesized (GenScript) similar
to that previously described for human IgG1 and IgG3 (37).
These antibodies were expressed and purified as described above.
Laboratory Methods
Monocyte Antibody-Dependent Phagocytosis (ADP)
Assay
Monocyte ADP of fluorescently-labeled HIV-1 BaL virions
(38–40) was measured as previously described (41). Briefly,
10 µL of fluorescent RFP-labeled HIV-1 BaL virions were
mixed with 10 µL of recombinant human and RM monoclonal
antibodies (mAbs) at a final concentration of 25 µg/mL for 2
hours at 37°C in round-bottom 96 well plates (Corning Life
Sciences, Durham, NC) to permit formation of immune
complexes. Monocytes isolated from human or RM
peripheral blood were counted using a Muse Cell Analyzer
(Milipore Sigma, Burlington, MA), and added to the immune-
complex containing wells at 60,000 viable cells per well in 20
µL RPMI-1640 media supplemented with 10% FBS. Plates
were sealed, shaken at 750 RPM, and centrifuged for 1 hour at
1200 x g in a 4°C centrifuge. After centrifugation, the plate seal
was removed and the plate was incubated for 1 hour at 37°C in
Frontiers in Immunology | www.frontiersin.org 367
a 5% CO2 atmosphere before being washed in 1% FBS PBS
(wash buffer, WB), and fixed with a 4% formaldehyde PBS
solution. Data acquisition and data analysis were performed
as previously described (41), using a BD LSRFortessa flow
cytometer and FlowJo Software (v9.9.6, BD Biosciences). The
cytometer has been optimized and maintained using quality
control procedures described by Perfetto and colleagues (42).
ADP activity is presented as the phagocytosis score, calculated
by percentage of cells positive × median fluorescence intensity
(MFI), normalized by division with the corresponding result
for the no-antibody control. An example of ADP assay data
and calculation of scores is included as Supplemental Figure
S2. Assays were performed in duplicate for each animal.
PMN Antibody-Dependent Phagocytosis
(ADP) Assay
For PMN ADP of fluorescently-labeled HIV-1 subtype B BaL
virions, immune complexes were formed as described as
above. PMN isolated from human or RM peripheral blood
were added to immune-complexes in 96-well plates at 60,000
viable cel l s per wel l in 200 µL RPMI-1640 media
supplemented with 10% FBS and 1% HEPES. The plates
were incubated at room temperature for 15 minutes, then
centrifuged at room temperature for 1 minute at 300 x g,
followed by a 1 hour incubation at 37°C in a 5% CO2

atmosphere. Plates were then washed, fixed, acquired, and
analyzed as described previously (41), and above.
Binding and Affinity to FcRs
The affinity of Fcg receptors (FcgR) for our IgG mAbs was
measured as previously described (25). Briefly, a Continuous
Flow Microspotter (CFM, Carterra, Salt Lake City, UT) and
carbodiimide chemistry was used to immobilize the antibodies
on a medium density carboxymethyldextran sensorchip (Xantec
Bioanalytics, Düsseldorf, DEU). An 8-point series of 1:3 dilution
of the receptor beginning at 20 µM was then flowed over the
sensor surface and the association and dissociation were
measured for 5 minutes each using an imaging-based surface
plasmon resonance (SPRi) instrument (MX96, IBIS
Technologies, Pantheon 5, NLD). The results were analyzed
in Scrubber 2 (BioLogic Software, Campbell Australia)
using a steady state model to determine the equilibrium
dissociation constants.
Quantification of FcRs on the Surface of Human and
RM Monocytes and PMN
Frequencies of FcR-bearing effector cells and quantification of
the amount of FcR on cell surfaces was determined by
immunofluorescence staining of fresh whole blood. Briefly,
100 µL of human or RM peripheral blood was incubated at
room temperature, protected from light, for 25 minutes with the
following combination of fluorescently conjugated monoclonal
antibodies: PE-CF594-CD3 (clone SP34-2, BD Biosciences); PE-
May 2021 | Volume 12 | Article 678511
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CF594-CD20 (clone 2H7, BD Biosciences); APC-Cy7-CD14
(clone MfP9, BD Biosciences); PacificBlue-CD16 (clone 3G8,
BD Biosciences); APC-CD32 (clone FL18.26, BD Biosciences);
Alexa Fluor 700-CD64 (clone 10.1, BD Biosciences); PE-CD89
(clone A59, BD Biosciences); PerCP-Vio700-CD66 (clone TET2,
Miltenyi Biotec); PE-Cy7-CD11b (clone ICRF44, Biolegend);
FITC-CD62L (clone SK11, BD Biosciences); and PE-Cy5-
CD49d (clone 9F10, BD Biosciences). After incubation, 2 mL
of BD Pharm Lyse solution (BD Biosciences) was added to each
tube, and incubated for 15 minutes at room temperature to lyse
red blood cells. Leukocytes were subsequently pelleted by room
temperature centrifugation for 5 minutes at 500 x g. The cell
pellet was then washed with buffered saline and stained with a
viability marker (Fixable Aqua Dead Cell Stain Kit, Thermo
Fisher Scientific, Waltham, MA) for 20 minutes at room
temperature. After two washes with 2 mL WB the cells were
fixed in 1% paraformaldehyde buffer prior to data acquisition
using our BD LSRFortessa flow cytometer. Quantum™ Simply
Cellular® beads (Bangs Laboratories, Inc., Fishers, Indiana) were
used to determine the antibody binding capacity (ABC) of FcR
on the surface of cells according the manufacturers
recommended procedure. Data analyses were performed using
FlowJo software (v9.9.6, BD Biosciences).
FcR Sequence Analysis
FcR sequence analysis was performed using long-read RNA
sequencing. RNA and genomic DNA were isolated from
human and RM PBMC samples using the AllPrep DNA/RNA
isolation kit (Qiagen, Germantown, MD). RNA was reverse
transcribed using the Qiagen QuantiTect Reverse Transcription
Kit (Qiagen) and FcgR gene-specific primers designed with
PacBio barcodes (Pacific Biosciences, Menlo Park, CA). PCR
products were purified using ZR-96 DNA clean and
Concentrator™-5 (Zymo Research) following manufacturer’s
protocol. PacBio SMRTbell library preparation was performed
in accordance with manufacturer’s recommendations (Pacific
Biosciences) and equal concentrations of ~30 amplicons were
pooled and loaded onto a single SMRT cell as determined by
Qubit quantification (ThermoFisher Scientific). Sequencing was
performed on a PacBio Sequel II instrument using 2.1 or 3.0
chemistry (Pacific Biosciences). Datasets were loaded into PacBio
SMRT Link 7.0.1 software package for demultiplexing of
subreads and generating circular consensus sequences (CCS).
And quality control was assessed by analyzing productivity and
sequence read length before and after trimming. Data analysis
was conducted using a pipeline similar to that previously
described (43). Each unique CCS was aligned to GenBank
deposited reference sequences using a long-read sequence
alignment tool (44) and variants were identified using
the GATK Haplotype Caller (45), and annotated with
ANNOVAR (46).
Negative Stain Electron Microscopy
Antibody samples were diluted to 20 µg/ml with buffer
containing 150 mM NaCl, 0.014 g/dL ruthenium red, and 20
Frontiers in Immunology | www.frontiersin.org 478
mM HEPES buffer, pH 7.4, and incubated at room temperature
for at least one hour. A 5-µl drop of diluted antibodies were
applied to a glow-discharged carbon film covered 300 mesh
copper EM grid and incubated 10 seconds, blotted with filter
paper, rinsed with a 5 µl drop of buffer containing 7.5 mM NaCl
and 1 mM HEPES, pH 7.4, for ~7 seconds, blotted and then
stained with 0.6% uranyl formate for 1 minute. Excess stain was
blotted and the grids were allowed to air dry. Grids were imaged
in a Philips EM420 electron microscopy at 120 kV and 82,000x,
and 60-80 images per sample with ~1000 particles per image
were captured with a 2k x 2k CCD camera at a pixel size of 4.02
Å/pixel. Images were imported into the Relion software package
and 2D class averages were calculated by standard methods (47).
SHIV-Infection of A66 Cells
SHIV.Bal(P4) virus stocks (48) grown in human PBMCs were
titrated to determine the input required for optimal viral gene
expression within 72 h post-infection of A66 cells as measured by
intracellular p27 expression (WNPRC Immunology Services).
A66 cells (provided by Dr. James Hoxie, University of
Pennsylvania, Philadelphia, PA) are SupT1 cells (non-BC7
variant (49)) that have been stably transfected to express both
rhesus CD4 and rhesus CCR5 receptors after knockout of
endogenous human CXCR4 and CD4 (50). SHIV.BaL(P4) was
used to infect 1 × 106 A66 cells by incubation with 24 ng/mL of
p27 for 4 hours at 37°C and 5% CO2 in the presence of DEAE-
Dextran (10 mg/mL, Sigma Aldrich). The cells were subsequently
resuspended at 0.33 × 106/mL and cultured for 3 days in
complete medium containing 10 mg/mL DEAE-Dextran. On
assay day, infection was monitored by measuring the frequency
of cells expressing intracellular p27. The assays performed using
the SHIV-infected target cells were considered reliable if the
percentage of viable p27+ target cells on assay day was ≥10%.
Assay data generated using infected cells was normalized to the
frequency of live target cells positive for intracellular p27.
Infected Cell Antibody Binding Assay (ICABA)
ICABA was used to evaluate the ability of RM IgG hinge variant
mAbs to bind Env on the surface of SHIV-infected cells. SHIV-
infected A66 cells were obtained as described above. Cells
incubated in the absence of virus (mock infected) were used as
a negative control. Infected and mock infected cells were washed
in PBS, dispensed into 96-well V-bottom plates at 2 x 105 cells/
well and incubated with 1 mg/mL of indicated mAbs for 2 hours
at 37°C. After two washes with 250 mL/well WB, the cells were
stained with vital dye (Live/Dead Fixable Aqua Dead Cell Stain,
Invitrogen) to exclude nonviable cells from subsequent analysis.
Cells were washed with WB and stained with anti-CD4-PerCP-
Cy5.5 (clone Leu-3; BD Biosciences) to a final dilution of 1:20 in
the dark for 20 min at room temperature (RT). Cells were then
washed again, and permeabilized using Cytofix/Cytoperm (BD
Biosciences). Anti-p27 antibody (WNPRC Immunology
Services, 1:500 dilution in 1x Cytoperm Solution, BD
Biosciences) and a secondary PE-conjugated antibody (goat
anti-human Ig Fc-PE, eBioscience, San Diego, CA., final
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dilution of 1:400) were added to each well and incubated in the
dark for 25 min at 4°C. Cells were washed three times with
Cytoperm wash solution and resuspended in PBS-1%
paraformaldehyde. The samples were acquired within 24 hours
using a BD Fortessa cytometer. A minimum of 50,000 total
events was acquired for each analysis. Gates were set to include
singlet and live events. Data analysis was performed using FlowJo
9.6.6 software (BD Biosciences). Final data represents the PE
MFI of binding of IgG mAbs to HIV Env, after normalization by
subtraction of the PE MFI observed for cells stained with the
secondary antibody alone. Assays were repeated twice and the
average of the results is shown.
Antibody-Dependent Cell-Mediated
Cytotoxicity (ADCC)
We used an infected cell elimination assay to measure ADCC
activity of RM IgG hinge variant mAbs. SHIV-infected or mock-
infected A66 cells were used as targets and NHP PBMCs rested
overnight in R10 were used as a source of effector cells. On assay
day, infected and uninfected target cells were washed in R10 and
labelled with a fluorescent target-cell marker (TFL4;
OncoImmunin) and a viability marker (NFL1; OncoImmunin)
for 15 min at 37°C, as specified by manufacturer. Cells were
washed in R10 and adjusted to a concentration of 0.2 x 106 cells/
mL. PBMCs were then added to target cells at an effector/target
ratio of 60:1 (12 x 106 cells/mL). The target/effector cell
suspension was plated in V-bottom 96-well plates and co-
cultured with each mAb at the starting concentration of 50 mg/mL
with subsequent three dilutions at 1:10. Co-cultures were
incubated for 6 hours at 37°C in 5% CO2. After the incubation
period, cells were washed and stained with anti-CD4-PerCP-
Cy5.5 (BD Biosciences, clone Leu-3) at a final dilution of 1:20 in
the dark for 20 min at RT. After washing with WB, cells were
resuspended in 100 mL/well Cytofix/Cytoperm (BD Biosciences),
incubated in the dark for 20 min at 4°C, washed in 1x Cytoperm
wash solution (BD Biosciences) and co-incubated with anti-p27
antibody (WNPRC Immunology Services) to a final dilution
of 1:500, and incubated in the dark for 25 min at 4°C. Three
washes were performed with Cytoperm wash solution before
resuspending the cells in 125 mL PBS-1% paraformaldehyde
for acquisition. The samples were acquired within 24 h using a
BD Fortessa cytometer. The appropriate compensation beads
were used to compensate the spill over signal for the four
fluorophores. Data analysis was performed using FlowJo
9.6.6 software (TreeStar). Mock-infected cells were used
to appropriately position live cell p27+/- gates. Specific
killing was determined by the reduction in % of p27+ cells in
the presence of mAbs after taking into consideration non-
specific killing according to the following formula: percent
specific killing = [(Frequency of p27 positive cells in wells
containing targets and effectors alone − Frequency of p27
positive cells in wells containing targets and effectors with
antibodies)/Frequency of p27 positive cells in wells
containing targets and effectors alone] ×100. CH65 (anti-
influenza mAb) produced as human and RM IgG1 were used
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as negative controls. Assays were repeated twice and final data
represents the mean and range of results.
Statistical Analysis
All statistical analysis was performed using SAS software
(version 9.4; SAS Institute Inc., Cary, N.C.). Kruskal Wallis
tests were used to compare response magnitudes between
groups. In order to assess if two groups had different responses
pairwise comparisons between groups were conducted using
Wilcoxon rank sum tests. A p-value of less than 0.05 was
considered to be statistically significant. Spearman’s rank
correlation coefficient was used to assess correlation between
ADP activities of different antibody isotypes and the amount of
cell-surface FcR.
RESULTS

HIV-1 Virion ADP Activity of Human and
RM Monocytes and PMN From
Peripheral Blood
Although associations between vaccine-elicited ADP responses
and reduced infection risk have been observed in multiple
preclinical vaccine studies conducted in RM (3, 4, 6, 8) and in
the HVTN505 HIV-1 vaccine efficacy trial (16), it remains
unknown how effectively ADP activity in the RM model can
predict that of humans. To address this limitation, we compared
the ADP activity of RM and human monocytes and PMNs using
anti-HIV-1 CD4 binding site-specific mAbs CH31 and VRC01.
Standard recombinant production techniques (33) were used to
produce the mAbs as human IgG1, IgG3, IgA1, and IgA2. To test
the function of the rhesus constant region, the human heavy and
kappa light chain constant regions of VRC01 were exchanged for
rhesus IgG1 constant regions (called RM VRC01 IgG1 hereafter)
(34). We allowed the antibodies to interact with fluorescent HIV-
1 BaL virions to form immune complexes, which were then
incubated with monocytes or PMN isolated from peripheral
blood of 23 RM or 23 healthy human donors. The anti-
influenza mAb CH65 (35) and the HIV-1 V1V2 mAb HG107
(11) were used as negative controls as neither mAb was expected
to specifically bind the HIV-1 subtype B BaL virions used in these
experiments. ADP of fluorescent virions was detected by flow
cytometry, and was reported as a score ratio (41). In virion ADP
assays performed with peripheral blood monocytes (Figure 1A),
we observed no significant differences (Wilcoxon p>0.05) in
ADP activity of human and RM monocytes for phagocytosis
mediated by any of the antibodies tested with the exception of
CH31 IgA. CH31 IgA1 ADP with human monocytes was higher
than that observed with RM monocytes (Wilcoxon p<0.001,
Figure 1A). As shown in Figure 1B, we found that ADP activity
of RM PMN was significantly higher (Wilcoxon p<0.001) than
that observed for human PMN when mediated by CH31 and
VRC01 IgG1, CH31 IgG3, and RM VRC01 IgG1. Despite these
differences in the magnitudes of ADP activity, we observed a
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similar rank order of ADP activity for different antibody isotypes
and subclasses, regardless of whether assays were performed with
human or RM monocytes or PMN. For human and RM
phagocytes, ADP activity was greatest when mediated by
human CH31 IgG3, followed by RM VRC01 IgG1 and human
CH31 or VRC01 IgG1 (Wilcoxon p<0.001 for human IgG3
versus RM or human IgG1); and was lowest when mediated
by human CH31 IgA mAbs. These results demonstrate
that although there are differences in the absolute magnitude
of ADP activity when comparing human and RM phagocytes,
there is functional homology across these two species for
ADP activity irrespective of species mismatch between
antibody and FcRs. Thus, we observed conservation of relative
functional profiles between humans and RM for the types of
antibodies tested.
Correlation of Human and RM ADP
Activity Across Antibody Isotypes and
Subclasses
As shown in Figure 1, we found that there was considerable
variability in the magnitude of monocyte and PMN ADP activity
across individual humans and RMs. We therefore used
Spearman correlation testing to determine if ADP activity was
correlated across antibody isotypes and subclasses to determine if
phagocyte ADP activity was relatively high or low regardless of
Frontiers in Immunology | www.frontiersin.org 6910
the composition of the immune complex involved. A
representative scatter plot showing correlation of CH31 IgG1
and IgG3 ADP activities in assays performed with human
monocytes is shown in Figure 2A. We found significant
(Spearman p<0.05, r>0.5) positive correlations for ADP assays
performed with human and RM monocytes (Figures 2B, C,
respectively). Correlations were strongest when comparing
subclasses within the IgG or IgA isotypes, and were weaker
when comparing between IgG and IgA isotypes. We also
observed significant (Spearman p<0.05, r>0.5) positive
correlations for ADP assays performed with human and RM
PMN (Figures 2D, E, respectively) across all ADP-mediating
antibody isotypes and subclasses. Correlations were not
evaluated for PMN ADP with CH31 IgA1 or IgA2 for humans
(Figure 2D) and RM (Figure 2E) due to the majority of activities
being similar to that observed with negative control IgA
antibodies (Figure 1B). These analyses suggest that relative
differences in ADP activity observed for individual humans
and RM is related to the phagocytic propensity of the cells
obtained from each blood donor, and is conserved across
antibody isotype or subclass. Based on these results, we next
sought to identify characteristics of RM and human peripheral
blood phagocytes that contribute to differences in ADP activity
across individuals.
Impact of FCGR2A Allelic Diversity on ADP
Activity of Human and RM Peripheral
Blood Monocytes and PMN
FcgRIIa has been previously implicated in IgG-mediated ADP of
antibody responses against HIV-1 (16, 51–54). Single nucleotide
polymorphisms (SNPs) in the human FCGR2A gene (which
encodes FcgRIIa) affecting an amino acid within the IgG
contact region result in FcgRIIa allelic variants with lower
(R131) or higher (H131) relative affinities for IgG (26). To
determine if these SNPs contributed to the differences in
human monocyte (Figure 3A) and PMN (Figure 3B) ADP
activity observed across individual human donors, we stratified
the results of testing with CH31 IgG3 and IgG1 mAbs by
homozygosity for the high affinity H131 allele (H/H, n=5
donors), homozygosity for the low affinity R131 allele (R/R,
n=8 donors), and heterozygosity (H/R, n=10 donors). We found
no significant differences (Wilcoxon p>0.05) in IgG3 or IgG1
ADP activity when comparing between donor groups separated
by FCGR2A alleles. Thus, these data indicate that SNPs that have
an effect on the affinity of human FcgRIIa did not significantly
impact the in vitro ADP activity of human monocytes and PMN
in these experiments and therefore do not explain the differences
we observed for ADP activity across individual humans. We next
performed a similar analysis for RM phagocytes. Due to
limitations in available cells for genotyping, we were only able
to define the FCGR2A alleles of 6 of the 23 RM included in our
cohort. One SNP within the IgG contact region was identified
within these RM. Three animals had a potential N-linked
glycosylation site at position 128 (N128), and the other three
did not (K128). We found no consistent trend that would
A

B

FIGURE 1 | ADP of immune complexes formed with fluorescent HIV-1 BaL
virions and human or RM monoclonal antibodies, as indicated, in assays
performed using (A) monocytes, and (B) PMN, isolated from peripheral
blood of 23 humans (white boxes, square symbols) or 23 RM (gray
boxes, round symbols), as sources of phagocytes. Box plots represent
the interquartile ranges, horizontal lines indicate the medians, and error
bars represent the range.
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provide evidence of the amino acid composition at position 128
influencing stratification for IgG1 and IgG3 ADP activity of RM
monocytes, but we did observe a trend for reduced ADP among
RM PMN with N128 (Figure 3C).
Impact of Cell-Surface Abundance of FcRs
on ADP Activity of Human and RM
Peripheral Blood Monocytes and PMN
We next sought to determine if the amount of FcRs on the
surface of human and RM monocytes and PMN correlate with
ADP activity. We used flow cytometry phenotyping and
Frontiers in Immunology | www.frontiersin.org 71011
fluorescent quantitation beads to detect and measure cell
surface expression of FcRs. As shown in Figure 4A, human
and RM monocytes express similar types of cell-surface FcRs;
however, we observed significant differences in the levels of FcR
expressed per cell. Levels of FcgRI and FcaR were lower on
human monocytes when compared to RMmonocytes (Wilcoxon
p<0.001). Although human and RM blood contains similar
frequencies of monocyte subsets when stratified by FcgRIII
expression (55), we found higher levels of FcgRIII on human
pan-monocytes compared to RM pan-monocytes (Wilcoxon
p<0.001). Importantly, no differences were observed for cell-
surface levels of FcgRII. We performed Spearman correlation
A

B C

D E

FIGURE 2 | (A) Correlation of CH31 IgG1 and IgG3 ADP activities in assays performed with human monocytes (n=23). (B–E) Heatmaps of Spearman correlation
coefficients (r values) for ADP activities of indicated antibody isotypes in assays performed with (B) human monocytes, (C) RM monocytes, (D) human PMN,
and (E) RM PMN. IgA correlations were omitted for neutrophil ADP due to the majority of responses being similar to negative controls. The p values for all Spearman
correlations are all ≤0.01.
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analysis to determine if there was a relationship between the level
of cell-surface FcRs and ADP activity. We found no-significant
correlations (Spearman p>0.05 and r<0.5) between IgG3 and
IgG1 ADP activity and cell-surface levels of FcR for human
monocytes (Figure 4B, upper panel). Similarly, ADP activity of
RM monocytes was not correlated with cell-surface levels of FcR
with the exception of ADP by human IgG1 antibodies, which
surprisingly were weakly correlated with amount of FcaR on the
cell surface (Figure 4B, lower panel). However, we found that
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levels of RM FcgRII were positively correlated with levels of FcaR
(Spearman r=0.60, p<0.005) on RM monocytes as shown in
Supplemental Figure S3. Thus, one possible explanation for the
association of an IgG functional response with FcaR abundance
is that monocyte IgG ADP activity is, at least in part, influenced
by the levels of cell-surface FcgRII, which has a direct
relationship with FcaR for expression on the surface of
RM monocytes.

We found significant differences between PMN cell-surface
expression of FcRs when comparing cells from humans and RM
(Figure 4C). Human peripheral blood PMN expressed
significantly less cell-surface FcgRI (Wilcoxon p<0.001), but
more FcgRIII (p<0.001) and FcaR (p<0.001) when compared
to RM. The presence of cell-surface FcgRI and absence of FcgRIII
(specifically the FcgRIIIb isoform) on RM PMN is consistent
with prior observations (27–29). As described above for
monocyte ADP, we performed Spearman correlation analysis
to identify relationships between cell surface FcRs and PMN
ADP activity. For human PMN, we found weak (Spearman r
between 0.42 and 0.58) but significant (p<0.05) positive
correlations between the amount of cell surface FcgRII and
ADP activity of human IgG1 antibodies. We also found weak
negative correlations (Spearman r < 0.6) between IgG1 ADP and
cell-surface levels of FcgRI, and between IgG ADP activity and
FcaR levels (Spearman r <0.7, Figure 4D, upper panel).
Consistent with this observation, we found that human PMN
cell-surface levels of FcgRII were negatively correlated with levels
of FcgRI (Spearman r=-0.82) and levels of FcaR (Spearman
r=-0.56, Supplemental Figure S3). These findings suggest that
cell-surface levels of FcgRII impact the IgG1 ADP activity of
human PMN, and that the abundance of this receptor is
inversely associated with the abundance of FcaR and FcgRI —
which is normally absent or present in only low levels on the
surface of canonical resting human PMNs (56). Interestingly,
these relationships were not identified for RM PMN ADP. In
contrast, we found significant, but weak (r<0.5), correlations
between the levels of FcgRI and on the surface of RM PMN and
CH31 IgG1 and IgG3 ADP activity (Figure 4D, lower panel).
Moreover, no significant relationships between the cell-surface
levels of different cell surface FcR were observed for RM PMN
(Supplemental Figure S3). These observations suggest that RM
PMN ADP may be more dependent on signaling through FcgRI
instead of FcgRII. In light of this possibility, we explored whether
there was FCGR1A allele-dependent stratification for IgG1 and
IgG3 ADP activity of RM PMN. However, within our RM cohort
we identified only one SNP in FCGR1A that changes an amino
acid within the IgG contact region, and this SNP (H158) was
only represented in one animal. It is therefore unlikely that
FCGR1A allelic variation underlies the differences in PMN ADP
activity we observed across individual RM donors.

Comparable Binding Affinities of Human
IgG1 and IgG3 and RM IgG1 to Common
Variants of Both Human and RM FcgRs
Although we identified differences in the magnitude of ADP
across individuals, a consistent finding was that among all
A

B

C

FIGURE 3 | ADP activity of IgG3 and IgG1 mAbs in assays performed with
(A) human monocytes or (B) human PMN when stratified by presence of
FcgRIIa SNPs known to impact affinity for IgG. 5 donors were homozygous
for H131 (H/H), 8 were homozygous for R131 (R/R) and 10 were
heterozygous (H/R). (C) ADP activity observed for RM monocyte or PMN
ADP activity when evaluated with respect to SNPs within the RM FcgRIIa IgG
contact region. Genotype data was only available for 6 of the 23 animals
tested, which are represented by symbols overlaying the total data (box-
whisker plots). RM with identified SNPs within the IgG contact region are
represented by red (N128) and blue (K128) circles as indicated. For all plots,
boxes extend to the interquartile ranges, horizontal lines indicate the medians,
and error bars represent the range.
May 2021 | Volume 12 | Article 678511

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Pollara et al. Human and Rhesus Macaque ADP
humans and RM in our study cohort, the highest ADP activity
was observed for immune complexes formed with IgG3. In fact,
phagocytosis scores for CH31 IgG3 were approximately double
those observed for CH31 IgG1 in assays using human and RM
monocytes or PMN (Figure 1). This superior ADP activity of
IgG3 has previously been demonstrated for assays performed
using human phagocyte cell lines and primary human
phagocytes (41, 57, 58). Importantly, the unique elongation of
the hinge region in human IgG3 subclass, and not affinity for
FcgRs, was shown to be responsible for the improved phagocytic
potency of IgG3 when compared to IgG1 (37). We used
multiplexed surface plasmon resonance (SPR) assays to
evaluate the binding affinities of our panel of IgG1 and IgG3
antibodies to FcgRs. We identified only minor differences in
binding affinities of the antibodies used in our study to common
variants of both human (Figure 5A) and RM (Figure 5B) FcgRs.
In Figure 5, human and RM variants of FcgRIIa and FcgRIIIa are
identified by SNPs in the IgG contact region, and human
FcgRIIIb variants are identified by canonical haplotype name
(25, 59). An example sensogram for CH31 IgG1 binding to
human FcRgIIa H131 at 200 nM print density is shown in
Figure 5C and complete SPR sensor data are included as
Supplemental Figures S4–S5. These results suggest that as
Frontiers in Immunology | www.frontiersin.org 91213
previously described for interactions with human phagocytes,
the potent RM phagocyte ADP activity we observed for virion
immune complexes formed with human IgG3 antibodies is likely
dependent on IgG3 hinge length.

Development of RM IgG1 With Elongated
Hinge Regions
This functional homology for human IgG3 ADP across humans
and RM is noteworthy because RM IgG3 is not structurally
analogous to human IgG3. RM IgG3 lacks hinge region exon
repetition, and is therefore not elongated when compared to other
RM IgG subclasses (21). Therefore, to evaluate the role of antibody
hinge length in determining ADP activity of RM phagocytes, we
produced RM IgG1 antibodies with elongated hinge regions. To
generate these reagents we used recombinant antibody production
techniques to clone and express RM IgG1 with repetition of hinge
region exons between the CH1 and CH2 regions. Comparison of
RM and human IgG1 hinge exons are shown in Figure 6A and
sequence alignments of the constructs used to produce RM IgG1
with elongated hinge regions are shown in Figure 6B. This strategy
is similar to that previously used to define the contribution of hinge
length to human IgG1 and IgG3 antibodies (37). We used the same
nomenclature to describe these novel RM IgG1 variants —0X
A B

C D

FIGURE 4 | (A) Number of cell-surface FcR measured as antibody binding capacity on the surface of human (n=23, white boxes with square symbols) and RM
monocytes (n=21, gray boxes with round symbols). (B) There was no significant correlation (Spearman correlation p values all > 0.05 and r values < 0.5) between
amount of cell-surface FcR and ADP activity of indicated mAbs in assays performed with human monocytes (top panels) or RM monocytes (bottom panels).
(C) Number of cell-surface FcR measured as antibody binding capacity on the surface of human (n=23, white boxes with square symbols) and RM (n=22, gray
boxes with round symbols) PMN. (D) Spearman correlations between amount of cell-surface FcR and ADP activity of human (top panels) or RM PMN (bottom
panels). Numbers on heatmaps indicate Spearman r values of significant correlations (p<0.05).
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represents the normal RM IgG1, with no repetition of the hinge
exon. 1X includes 1 additional hinge region exon, 2X includes 2
additional hinge region exons, and so on. Therefore, the 3X RM
IgG1 variant is expected to be the RM analog of the most common
form of human IgG3 (22, 60). Hinge variant molecular weights were
characterized by Coomassie-stained reduced SDS-PAGE, and all
variants were found to be of the expected size (Figures 6C). We
used negative stain electronmicroscopy to visualize the hinge region
elongation. 2D class averages of RM IgG1 0X mAbs are shown in
Figure 6D, and RM IgG1 1X mAbs are shown in Figure 6E. A
selected example of each has been enlarged so that differences in the
hinge region, located between the two Fab arms and the Fc region
(indicated by white arrows), can be clearly seen. Variants with
additional exon repeats (2X–4X) could not be clearly resolved by
negative stain EM, likely due to flexibility conferred by the longer
hinges. SPR analysis demonstrated that all hinge variants had
similar binding affinities for RM FcgRs, and were similar to
binding affinities of polyclonal IgG and purified IgG1 and IgG2
from RM sera (Figure 6F). Collectively, these data demonstrate the
successful production of RM IgG1 mAbs with elongated hinge
regions. We next used these novel reagents to determine if increased
hinge length improves monocyte and PMN ADP activity of RM
IgG1 mAbs.

Impact of Hinge Region Length on RM
Antibody Functions
We used our previously described HIV-1 BaL virion ADP assay to
compare phagocytic functionality of RM VRC01 IgG1 hinge
variants. RM IgG1 hinge variants based on the anti-influenza
mAb CH65 were used as negative controls. Monocytes and PMN
were isolated from peripheral blood of two healthy male RM and
used as sources of phagocytes. We found that RM VRC01 IgG1
ADP activity increased concomitant with increased antibody hinge
length in assays performed with RM monocytes (Figure 7A) and
RM PMN (Figure 7B). Monocyte and PMN ADP activity of all
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VRC01 hinge variants was significantly higher than that observed
for the CH65 negative controls (Wilcoxon p<0.05). Notably, we
observed that the 2X, 3X, and 4X IgG variants had significantly
higher RM PMNADP activity than the 0X variant which represents
the hinge length present in normal RM IgG1 and IgG3. Moreover,
monocyte and PMN ADP activities of the RM IgG1 3X variant,
which is most structurally analogous to human IgG3, were similar
to that observed in assays performed using human CH31 IgG3.
These data demonstrate that increasing antibody hinge length can
be used as a strategy to improve the ADP activity of RM
monoclonal antibodies.

We next explored whether the ability of antibody to recognize
infected cells and mediate antibody-dependent cellular
cytotoxicity (ADCC) was impacted by elongation of the RM
IgG1 hinge region. We found no impact of increased hinge
length on the ability of RM IgG1 antibody to bind to the surface
of a RM CD4-expressing T cell line infected with SHIV BaL virus
(Figure 8A), or to mediate ADCC against these target cells in the
presence of RM PBMC as a source of effector cells (Figure 8B).

Collectively, these data suggest that RM IgG1 elongated hinge
variants improve ADP activity and do not negatively impact
other non-neutralizing antibody functions including infected cell
recognition and ADCC. Our use of endogenous rhesus sequences
to extend the hinge region is likely to mitigate the potential for
immunogenicity if administered to RM in vivo. Therefore, these
novel reagents are expected to be useful surrogates for evaluating
the protective or therapeutic potential of IgG3 antibodies of
clinical interest in the preclinical RM model.
DISCUSSION

Improved prevention strategies, including the expanded use of
antiretroviral drugs, have reduced HIV-1 transmission (61), yet
there remains a need for additional approaches to limit HIV-1
A B C

FIGURE 5 | Human IgG3, and human and RM IgG1 mAbs have similar binding affinities for common variants of (A) human or (B) RM FcgRs. Human and RM
variants of FcgRIIa and FcgRIIIa are identified by SNPs in the IgG contact region, and human FcgRIIIb variants are identified by canonical haplotype name. Repeated
symbols indicate results of technical replicates, and lines represent the means. Data for CH65 IgG1 binding to RM FcgRIIa-4 is not presented due to poor curve fit.
(C) Example sensogram for CH31 IgG1 binding to human FcRgIIa H131 at 200 nM print density. Data represents testing of an 8 point series of 3-fold dilutions of
CH31 IgG starting at 20 µM. The orange curve represents the kinetic fit; however, the reported values in A and B were calculated using the steady state signal at the
end of the association phase.
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spread as part of an integrated program to end the global epidemic
(62). Development of an effective vaccine against HIV-1 remains the
foremost priority. Numerous vaccine candidates have been tested in
RM models and humans, but vaccine studies performed in RMs (8,
63–67) have historically been inconsistent predictors of outcomes of
human trials (68–71) —suggesting the need for a better
understanding of comparative biology across these two species.
Several vaccine studies performed in preclinical RM models and
human clinical trials have identified associations between FcR-
mediated antibody effector functions and reduced risk of infection
(3–14). Among these FcR-mediated effector functions, vaccine
elicited ADP activity has recently emerged as a common correlate
of reduced infection risk in both species (3, 4, 6, 8, 16, 54). Of
particular interest, it has recently been shown that ADP by
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monocytes and PMN can contribute to vaccine-mediated
protection of RM (3). Ackerman and colleagues immunized RM
with a DNA prime-Ad5 SIVmac239 Env-based vaccine regime via
the intramuscular (IM) route, or intranasally in an aerosol (AE)
formulation. Both regimens effectively reduced infection risk from
smE660 intra-rectal challenge. ADP was identified as a correlate of
this outcome in both the IM and AE vaccine groups. However, the
phagocytes and antibody isotypes associated with this protective
response differed by vaccine regimen. For animals vaccinated by the
IM route, monocyte ADP and IgG were associated with reduced
risk of infection, while ADP by neutrophils and IgA were associated
with reduced risk of infection in animals vaccinated via the AE
route. It is not yet known whether these intriguing observations
would be recapitulated using similar vaccines in humans. Here, we
A

B

C D

E

F

FIGURE 6 | (A) Alignment of amino acids that comprise human and RM IgG1 hinge regions. (B) Strategy for generation of RM IgG1 hinge variants by repetition of
18 amino acid RM hinge domains with comparison to human IgG1 and IgG3. (C) RM IgG1 hinge variants were produced by plasmid transfection of 293T cells and
IgG1 molecular weight was characterized by Coomassie-stained reduced SDS-PAGE. (D, E) Negative stain electron microscopy 2D class averages of (D) RM 0X
and (E) RM 1X IgG1 hinge variants. Selected images were enlarged to show detail. (F) RM IgG1 hinge variants mAbs have similar binding affinities for RM FcgRs. RM
FcgR variants are identified by SNPs in the IgG contact region. Repeated symbols indicate results of technical replicates, and lines represent the means.
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compared ADP activity of human and RMmonocytes and PMN to
bridge the gap in knowledge between RM and human ADP and to
provide insight into how effectively this important FcR-mediated
effector response in the RM model may predict that of humans.

We measured ADP activity with in vitro assays that used
primary monocytes and PMN isolated from fresh whole blood of
23 humans and 23 RM as sources of phagocytes. Targets in these
ADP assays were fluorescent HIV-1 BaL virions that had been
incubated with CD4bs specific antibodies to form immune
complexes. The antibodies were produced using recombinant
techniques as human IgG1, IgG3, IgA1, IgA2, and RM IgG1.
Although we observed some differences in the magnitude of ADP
when comparing the responses observed in assays performed
with human monocytes and PMN to those in assays performed
with cells from RM, we observed a consistent ranking in activity
by antibody isotype and subclass. Specifically, human and RM
ADP activity was greatest when mediated by human CH31 IgG3,
followed by RM VRC01 IgG1 and human CH31 or VRC01 IgG1.
ADP activity was lowest when mediated by human IgA mAbs.
These results demonstrate functional homology between CD4bs
antibodies and FcRs from humans and RM for ADP activity,
irrespective of species mismatch between antibody and FcRs.
This finding suggests that ADP activity observed in preclinical
RM models may be translatable to activity observed in human
clinical studies.
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We also discovered that there was substantial variability in
ADP activity when comparing between individual humans or
RMs. Strong correlations across all ADP-mediating antibody
isotypes and subclasses provided evidence that differences in
ADP activity observed for individual humans and RM is a result
of intrinsic variability in the activity of phagocytes in each blood
donor and is independent of characteristics of the antibody
comprising the immune complex. We therefore investigated
what factors may contribute to the observed differences in
ADP activity of RM and human peripheral blood phagocytes.
We first explored whether FcR allelic diversity impacted ADP
activity. SNPs in human FcRs result in allelic variants with lower
or higher relative affinities (1, 2, 26, 72, 73). Prior studies have
described associations among specific FcR alleles and infection or
progression of disease resulting from diverse types of viruses (51,
53, 74–78). Importantly, genetic polymorphisms of FcgRIIa, the
receptor implicated in IgG-mediated ADP of HIV-1 (52, 79),
have been shown to associate with disease progression (53) and
with risk of infection in the setting of vertical transmission (51).
Moreover, monocyte ADP was found to be a correlate of reduced
infection risk in HVTN505 Phase 2b efficacy trial, and SNPs in
the FcgRIIa gene (FCGR2A) modified this correlation (16, 54).
We therefore hypothesized that genetic variation in FCGR2A
contributed to the differential ADP activity we observed among
phagocytes from different human and RM blood donors. Instead,
A

B

FIGURE 7 | ADP activity of immune complexes formed with fluorescent HIV-
1 BaL virions and RM IgG1 hinge-variant mAbs in assays performed with (A)
monocytes and (B) PMN isolated from 2 RM, evaluated in two independent
experiments. Box plots represent the interquartile ranges, horizontal lines
indicate the medians, and error bars extend to the 10th and 90th percentiles.
A

B

FIGURE 8 | (A) Infected cell binding and (B) ADCC activity of RM IgG1 are
not significantly (Wilcoxon p>0.05) impacted by elongation of the RM IgG1
hinge region. Data represents results the mean and range from two
independent experiments.
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we found no evidence that human or RM ADP activity was
impacted by FCGR2A genotype. We next used a quantitative flow
cytometry approach to determine whether cell-surface
abundance of FcgR contributed to the level of ADP activity
observed in our in vitro assays. We found no significant
correlations between levels of cell-surface FcgRII and ADP by
human monocytes. Similarly, there was no consistent evidence of
a relationship between RM monocyte ADP activity and FcgRII
levels. In contrast, we observed that ADP activity of human IgG
antibodies was positively correlated with the amount of FcgRII
on the surface of human PMN and negatively correlated with
cell-surface levels of FcgRI and FcaR. As we also demonstrated
that the levels of FcgRII on the surface of human PMN were
inversely related to the levels of FcgRI and FcaR, our findings are
consistent with cell-surface levels of FcgRII having an impact on
the IgG1 ADP activity of human PMN. Surprisingly, we did not
find similar correlations between RM PMN FcgRII expression
levels and ADP activity. Instead, we observed weak but
significant correlations between the levels of FcgRI and on the
surface of RM PMN and human IgG1 and IgG3 ADP activity.
This result suggests that RM PMN ADPmediated by human IgG
may be more dependent on signaling through FcgRI than FcgRII
and warrants further exploration in future studies. Overall, our
results indicate that abundance of FcR on the surface of human
and RM phagocytes may contribute to a portion of the variability
in ADP activity levels we observed in vitro for different blood
donors, but it is likely that yet unknown characteristics of human
and RM phagocytes are also involved. We believe that our results
have important implications for design of passive or active
immunization studies, especially in RM where the number of
animals is typically small. RM studies intended to evaluate ADP
as a correlate of protection should consider performing a
screening assay to ensure that animals with low and high ADP
activity are equally distributed in vaccine groups as our data
demonstrated that accurate predictions of phagocyte ADP
functionality cannot be made by genetic screening or by
immunoprofiling phagocytes with flow cytometry.

Another principal result of our study was the demonstration
that for human and RM monocytes and PMN, the highest ADP
activity was consistently observed in assays performed with
immune complexes formed with human IgG3. This finding is
particularly relevant as accumulating evidence suggests that IgG3
responses likely contributed to reduced infection risk both in the
RV144 (9, 80) and HVTN505 clinical trials (16, 54). And,
although largely understudied, IgG3 is likely an important
component of protective immunity against other pathogenic
viruses, bacteria, and parasites (81). The superior ADP activity
of human IgG3 when compared to other human IgG subclasses
has been well-established in prior studies performed with human
phagocyte cell lines and primary human phagocytes (41, 57, 58),
and has been recently shown to be dependent on the unique
elongation of the IgG3 hinge region and not due to a higher
affinity for human FcgRs (37). RM IgG3 lacks hinge region exon
repetition is therefore not structurally analogous to human IgG3
(21). This fundamental difference between human and rhesus
IgG3 has implications for translation of preclinical studies aimed
Frontiers in Immunology | www.frontiersin.org 131617
at defining antibody-mediated protection from infection or
treatment of disease performed in the RM model. Specifically,
passive immunization studies aimed at exploring the antiviral
functionality of IgG3 using the RM model have been limited to
the use of human IgG3, which like human IgG1 is expected to be
immunogenic (34). To overcome this limitation, and to
determine if antibody hinge length impacts ADP activity of
RM phagocytes as previously demonstrated for human IgG
and human phagocytes, we produced RM IgG1 antibodies with
elongated hinge regions. We cloned repeats of the RM hinge
region exon between the CH1 and CH2 domains of RM IgG1 to
generate these novel antibodies. This approach is similar to that
used to define the contribution of hinge length to ADP activity of
human IgG1 and IgG3 (37). We found that elongation of RM
IgG1 improved ADP activity in assays performed with RM
monocytes and PMN. Similar to that described for human
IgG1 and IgG3 hinge variants, elongation of the RM IgG1
hinge region had no impact on affinity to either human or RM
FcgRs, and did not impact the ability of these antibodies to
recognize Env-expressing cells and mediate ADCC. Our use of
only native sequence already present in RM IgG1 is predicted to
result in reduced immunogenicity in RM as previously shown for
rhesus-ized IgG1 antibodies (34). Thus, we propose that these
novel reagents should be used in future passive immunization
studies aimed at defining the role of IgG3 and ADP in protection
from virus challenge or control of disease in RM models.

The biophysical mechanism that promote improved ADP
activity of antibodies with elongated hinges is not entirely clear.
Elongated hinges confer flexibility to the antibody (82) that may
facilitate increased access or interaction with FcgRs at the cell
surface. Alternatively, there is also evidence that the hinge may
impact epitope recognition. A recent study by Richardson and
colleagues demonstrated that class-switching a V2-targeting
broad neutralizing antibody from IgG1 to IgG3 improved Fc
dependent effector functions including ADP and ADCC, as well
as neutralization potency (83), suggesting that for some epitopes
the hinge region may impact paratope-epitope interactions.

There are two main limitations to our work. The first is that
our experiments were performed using antibodies specific for
only one Env epitope region, the CD4bs. We were faced with
restrictions on the volume of blood that could be obtained from
the RM used for this study and were therefore limited in the
number of mAbs that could be tested. We focused on the CD4bs
antibodies CH31 and VRC01 as both of these antibodies have
previously been shown to have potent ADP activity (37, 41).
Additionally, VRC01 was previously used to define the
contribution of hinge length to human ADP and is of high
clinical relevance as a candidate for passive immunotherapy
against HIV-1 (37, 84, 85). While the ability of hinge extension
to enhance phagocytosis has been shown for antibodies targeting
the CD4bs [current study and (37)], V3 loop (37), and V2 region
(83), future work will be needed to compare ADP of antibodies
specific for additional epitope regions using cells from RM and
humans to determine if our findings are applicable to epitopes
beyond the CD4bs. The second limitation is that we only had
access to peripheral blood and could therefore only compare
May 2021 | Volume 12 | Article 678511
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ADP activity of human and RM circulating monocytes and
PMN. Comparisons between phagocytes present in different
anatomical and tissue compartments remain to be explored.

In summary, our work has several implications for translation
of ADP response from studies performed in RM to humans. We
demonstrated that there are major similarities between ADP
activity of human and RM peripheral blood phagocytes,
suggesting that RM may effectively predict responses in
humans. However, our results also demonstrated substantial
variability in ADP levels across individual RM and humans
that could not be explained by FcR genotype or expression
levels. This finding suggests that caution should be taken when
assigning individuals to study groups, especially in RM studies
that typically have highly restricted animal numbers as there is
the potential to introduce unintentional biases. We also found
that human IgG3 mediated the most robust ADP in both species.
We therefore produced RM IgG1 with human IgG3-like hinge
regions and demonstrated that ADP activity increased
concomitant with the elongation of the hinge region. These
novel reagents can be used in future passive immunization
studies to investigate the protective or therapeutic potential of
IgG3 antibodies of clinical interest in the preclinical RM model.
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Antibody immunity against malaria is effective but non-sterile. In addition to antibody-
mediated inhibition, neutralisation or opsonisation of malaria parasites, antibody-mediated
complement activation is also important in defense against infection. Antibodies form
immune complexes with parasite-derived antigens that can activate the classical
complement pathway. The complement system provides efficient surveillance for
infection, and its activation leads to parasite lysis or parasite opsonisation for
phagocytosis. The induction of complement-fixing antibodies contributes significantly to
the development of protective immunity against clinical malaria. These complement-fixing
antibodies can form immune complexes that are recognised by complement receptors on
innate cells of the immune system. The efficient clearance of immune complexes is
accompanied by complement receptor internalisation, abrogating the detrimental
consequences of excess complement activation. Here, we review the mechanisms of
activation of complement by alternative, classical, and lectin pathways in human malaria at
different stages of the Plasmodium life cycle with special emphasis on how complement-
fixing antibodies contribute to protective immunity. We briefly touch upon the action of
anaphylatoxins, the assembly of membrane attack complex, and the possible reasons
underlying the resistance of infected erythrocytes towards antibody-mediated
complement lysis, relevant to their prolonged survival in the blood of the human host.
We make suggestions for further research on effector functions of antibody-mediated
complement activation that would guide future researchers in deploying complement-
fixing antibodies in preventive or therapeutic strategies against malaria.

Keywords: malaria, immune complexes, classical complement pathway, infected erythrocytes, complement
regulatory proteins, Plasmodium falciparum erythrocyte membrane protein 1
INTRODUCTION TO MALARIA

Malaria remains one of the major causes of severe morbidity and mortality globally. In 2019 alone,
there were 229 million clinical episodes of malaria causing 0.4 million deaths. The most vulnerable
groups include children under five years of age and pregnant women and the heaviest burden of
disease is concentrated in sub-Saharan Africa (1). Clinical malaria presents as a febrile illness, that
can progress to severe disease, causing death (2). Severe malaria often manifests as severe anaemia,
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cerebral malaria or acute lung or kidney injury, Lung or kidney
injury may lead to pulmonary oedema or renal failure, which is
less common in children than adults [reviewed in (3)]. In
pregnant women, infection in the placenta may cause adverse
outcomes including abortion, stillbirth, intrauterine growth
retardation, low infant birth weight, and neonatal death
[reviewed in (4)]. Treatment strategies involve the use of
artemisinin combination therapies, while vector control and
effective surveillance are also important [reviewed in (5)].

In people living inmalaria-endemic areas, immunity tomalaria is
gradually acquired following repeated exposure so that over time
individuals become relatively protected from malaria and its
complications [reviewed in (6)]. This naturally acquired immunity
was demonstrated to be antibody-mediated, when antibodies
transferred from apparently immune adults to young children
with clinical malaria were able to reduce parasite densities (7).

The leading malaria vaccine candidate RTS,S induces
antibodies to the circumsporozoite protein, and both naturally
acquired and vaccine-induced antibodies fix complement and
engage Fc receptors (8–10), discussed later.

The asexual replication of Plasmodium parasites within
human erythrocytes is responsible for clinical symptoms of
malaria. The parasite has a complex life cycle initiated by a
Plasmodium-infected mosquito bite (see Figure 1 for life cycle of
P. falciparum).

We focus on the importance of understanding the roles of
antibody-mediated complement activation in these different
stages of the Plasmodium life cycle, together with the
Frontiers in Immunology | www.frontiersin.org 22223
mechanisms that parasites adopt to evade complement attack
to promote their survival. A deeper understanding of antibody-
mediated complement activation across the Plasmodium life
cycle will provide insights into harnessing complement
activation in antibody-mediated protection in malaria.
COMPLEMENT ACTIVATION AND ITS
ROLE IN MALARIA IMMUNITY

Introduction to the Complement System
The complement system is a first line of defense against invading
pathogens. It consists of both soluble and membrane-bound
proteins, of which many are proteases that are proteolytically
cleaved in a sequential cascade during activation [reviewed in
(11, 12)]. These proteins can be deposited on the surface of
pathogens or on host cells to produce a membrane attack
complex (MAC) via three pathways, namely the classical,
alternative, and mannose-binding lectin (MBL) [reviewed in
(11)]. In malaria, the complement system may be activated in
response to whole parasites or parasite-derived proteins in the
host circulation [reviewed in (13)] (Figure 2).

The activation of complement is tightly regulated by both
soluble and membrane-bound complement regulatory proteins
(CRPs) that act at definitive points of the cascade and that are
essential to prevent autologous complement attack (Figure 2)
[reviewed in (14)]. The membrane-bound CRPs are
FIGURE 1 | The life cycle of Plasmodium falciparum. P. falciparum requires two hosts to complete its life cycle, the mosquito, and the human. Gametocytes are
ingested by a female Anopheles mosquito during a blood meal. The gametocytes transform into gametes that fertilise to form zygotes and migrate through the
mosquito gut wall to form oocysts. The oocysts rupture and release sporozoites that reach the salivary gland of the mosquito ready to be transmitted into another
human host. The injected sporozoites reach the liver, and within hepatocytes, the parasites undergo division (liver stage) before rupture to release merozoites into the
bloodstream. The merozoites infect new erythrocytes to form ring-stage parasites that mature into trophozoites and schizonts within the infected erythrocytes (IEs).
The rupture of schizonts releases a new generation of merozoites to infect erythrocytes (blood stage). A small proportion of these parasites develop into gametocytes
within the IEs, which are ingested by a female Anopheles mosquito for the continuation of the life cycle [reviewed in (3)].
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constitutively expressed on the surface of cells including
erythrocytes and cells within organs like the kidney, while the
fluid-phase CRPs circulate in the plasma and are recruited onto
the cell surface upon requirement [reviewed in (16)].

Levels of Complement in Serum
During Malaria
Alterations in the levels of complement in serum have been
reported during malaria (17–22). The studies performed in a P.
lophurae infected duck model showed decreased serum levels of
initial complement proteins, C1, C2, and C4 during infection
(23). Reduced levels of C4 in serum in simian malaria have been
reported implicating classical complement activation (19).
Rhesus monkeys infected with P. coatneyi showed decreased
serum levels of initial complement proteins, C1, C2, and C4
during schizont rupture (24). Human studies showed reduced
serum complement levels in patients with cerebral malaria
compared to benign infection also indicating classical
complement activation (17). Similarly, studies in malaria-
infected pregnant women showed increased amounts of C1q,
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C3d, C4, and C9 in malaria-infected placentas compared to non-
infected placentas (25), and deposition of IgG and C3 in some of
the P. falciparum-infected placentas (26), although no
association was shown between infection severity and the
amount of complement deposited on the infected placentas.
Genome-wide expression analyses showed an upregulation of
C1q, C3, C5aR, and C3aR genes in the placentas of primigravid
women with malaria compared to placentas of primigravid
women without placental malaria (27), implying a role for
classical complement activation in disease pathology.

Both the alternative and the classical complement pathways are
activated in malaria, indicated by increased levels of alternative
pathway derived components, Bb (a breakdown product of factor
B) and classical pathway components like C4d (a split product of
inactive C4b) as well as soluble C5b-C9 in natural P. falciparum
infection (28). Complement activation is also regarded as one of
the earliest immune responses against experimental P. falciparum
infection and can be demonstrated when parasitaemia is still
undetectable in peripheral blood (22). In studies performed in
children with severe malarial anaemia and uncomplicated malaria,
FIGURE 2 | Possible mechanisms of complement activation in malaria. The binding of C1q to antigen-antibody immune complexes (ICs) activates the classical
pathway. The lectin pathway can be activated through the binding of mannose with the parasite proteins expressed on schizont surface. The serine proteases
MASP1 and MASP2 (Mannan-binding lectin-associated serine proteases 1 and 2) bind to MBL in lectin pathway, and C1r and C1s bind to C1q to cleave two
inactive proenzymes C4 and C2 in serum to produce C3 convertase (C4b2a). The alternative pathway is activated either by circulating plasmodial antigens, or
products of schizont rupture like hematin. The spontaneous hydrolysis of C3 leads to the cleavage of factor B in serum by an active serum protease called factor D
to form a distinct C3 convertase of the alternative pathway (C3bBb). The C3 convertases cleave C3 into C3a and C3b. The products of C3 and C5 cleavage, C3a
and C5a, act as anaphylatoxins and interact with immune cell receptors (C3aR and C5aR) to drive inflammation. The assembly of C3b with the C3 convertases
produces a C5 convertase (C4b2a3b/C3bBb3b) that can cleave C5 into C5a and C5b. The C5b recruits the factors C6, C7, C8, and C9 for the assembly of the
membrane attack complex (MAC) (C5b-C9 or terminal complement complex) for cytolysis (14). [Figure adapted from (15)].
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the complement system is activated, but a higher level of
complement consumption was observed in children with severe
malarial anaemia compared to uncomplicated malaria (20).

The parasite components that directly activate complement in
malaria include malarial antigens expressed on the surface of IEs
(29), and the products of IE rupture like hematin (30). The antigens
released by P. falciparum growing in culture including merozoites
can activate all three pathways of complement, but they cause
greatest activation of the alternative pathway (see Figure 2) (31).

The role of lectin complement pathway in malaria is not
clearly demonstrated. MBL seems to recognise parasite proteins
of P. falciparum-IEs (32, 33) and may activate lectin pathway.

Genetic studies also reveal a role of MBL protein in malaria.
The concentration of MBL protein in serum is genetically
determined and different haplotype variants of the MBL gene
influence the circulating levels of MBL protein (34). In a study
from Gabon, MBL gene polymorphisms were associated with
reduced serum levels of MBL protein, and these mutations were
present at a higher frequency in children with severe malaria
compared to those with mild malaria, suggesting that low MBL
levels might be a risk factor for severe malaria (35). This
observation was further supported by another study from
Ghana that showed low levels of MBL associated with the mbl2
gene variant increased both susceptibility to P. falciparum
infection and to severe malaria in young children (36).

By contrast, some studies were unable to show any
associations between MBL polymorphisms with parasitaemia
and severe disease. Multiple variant alleles of the mbl2 gene
that predicted low serum levels of MBL were not associated with
infection or malaria severity in Ghanaian children (33),
asymptomatic P. falciparum infection in Gabonese children
(37), or clinical malaria in Gambian children (38). These
discrepancies may be a result of the differences in study design
as well as the disease manifestations, and age groups of children
enrolled in each study. Taken together, all these studies highlight
the possible importance of the lectin pathway in malaria severity,
but further studies are needed to fully elucidate the role of MBL
and its polymorphisms in malaria susceptibility.
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Antibodies Activate the Classical
Complement Pathway in Malaria
Antigen-antibody immune complexes (ICs) activate complement
via the classical pathway in malaria [reviewed in (39)]. They are
formed when antibodies bind malarial antigens circulating in
plasma (Figure 3A) or expressed on the surface of sporozoites,
merozoites, and IEs (Figure 3B). In individuals infected with
malaria for the first time, ICs may first form approximately 10-14
days after infection, while in subsequent Plasmodium infections
complement appears to be activated earlier (13).

The binding of globular head domains of the complement
factor C1q with the antibody constant (Fc) domain regions of IgG
hexamers or IgM binding antigen activates the classical
complement pathway (40). The ability of IgG or IgM antibodies
to activate the classical complement pathway depends on antibody
isotype and subclass, with IgM-bound ICs having the highest
ability to bind C1q and activate the classical pathway, while IgG4
has the lowest activity, and for the other IgG subclasses, the
affinities for C1q are IgG3 > IgG1 > IgG2 [reviewed in (41)].

In the next section, we provide a brief overview of antibody-
mediated complement fixation on different stages of P.
falciparum within the human host. We discuss the
mechanisms of clearance of the parasites via complement-
mediated lysis that are brought about by activation of the
classical complement pathway in the presence of ICs. We also
review the influence of intrinsic and extrinsic properties of both
host and parasite that could have a potential impact on
complement-dependent lysis of different parasitic stages.
ANTIBODY-DEPENDENT
COMPLEMENT FIXATION ON
DIFFERENT PARASITIC STAGES

Sporozoites
After injection by the mosquito, Plasmodium spp. sporozoites
enter the blood vessels and move through the circulation and
A B

FIGURE 3 | The immune complexes (ICs) are formed when antigens and antibodies unite. They can be formed when the circulating plasmodial antigens cross-link
with antibodies in the plasma (A) or antibodies can bind with the antigens expressed on the surface of sporozoites, merozoites, or IEs as shown in (B). The
circulating ICs (as in A) can also get deposited on the surface of the parasite or on other cells like uninfected erythrocytes, promoting complement deposition on host
cell surfaces. These ICs recruit C1q when the globular head domains of C1q bind with the Fc constant region (B) of ICs to activate a cascade of downstream events
of the classical complement pathway.
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invade hepatocytes, where they divide to produce merozoites
which are released to initiate blood-stage infection (Figure 1)
[reviewed in (42)]. Targeting sporozoites is potentially an
efficient way of preventing malaria as only a small number of
sporozoites are injected by the female mosquito during a
blood meal.

Studies in murine models have shown that the passive
transfer of monoclonal antibodies against the sporozoites of P.
yoelii inhibited liver infection and the progression to blood-stage
infection (43, 44) while in humans, antibodies against P.
falciparum sporozoites inhibited the movement of sporozoites
into hepatocytes in vitro (9).

Recent in vitro studies conducted in humans showed that
these naturally-acquired antibodies against sporozoites of P.
falciparum can fix complement on the sporozoite surface and
are predominantly of cytophilic subclasses, immunoglobulin 1
(IgG1) and IgG3 (9). The hepatocyte transversal inhibitory
activity of the naturally acquired anti-sporozoite antibodies
was substantially enhanced in the presence of complement,
resulting in fixation of C1q on sporozoites and causing their
death (9).

Studies show that immunisation with live-attenuated
sporozoites of P. falciparum can induce sporozoite-specific IgG
and IgM antibodies that can fix complement on the sporozoite
surface. These antibodies can inhibit sporozoite traversal and
invasion into hepatocytes and enhance sporozoite membrane
permeability, resulting in sporozoite lysis (45, 46). Similarly, the
RTS,S vaccine is based on the major circumsporozoite protein
(CSP) on P. falciparum sporozoites, and anti-CSP antibodies are
induced following RTS,S vaccination that are functional and fix
complement factor C1q (47).

In summary, induction of complement-fixing antibodies
against sporozoite antigens via natural exposure and
vaccination can inhibit sporozoite transversal into liver
hepatocytes leading to their lysis and death (9), and these
antibodies are associated with protection from clinical malaria
(9, 46).

Merozoites
Studies have identified merozoite surface proteins (MSP) such as
MSP119, MSP3, and apical membrane antigen-1 [reviewed in
(48)], as important targets of protective antibodies, particularly
of type IgG (49). The antibodies targeting merozoites limit
parasite replication and inhibit invasion of erythrocytes.

Both naturally acquired (50) and vaccine-induced (50, 51)
human antibodies against merozoites promote C1q complement
deposition on the merozoite surface and activation of the
classical complement pathway, inhibiting merozoite invasion
and lysing merozoites (50). A longitudinal cohort study
performed in older children showed strong associations
between complement-fixing antibodies against MSP1 and
MSP2 with protection from clinical malaria and high
parasitaemia (50). This observation is further supported by a
similar study in malaria-exposed children (52) that showed that
complement-fixing antibodies against merozoite antigens were a
strong predictor of protection against malaria in children.
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Gametocyte-Infected Erythrocytes
Gametocyte-IEs are the infective stages of the parasite that enable
transmission of infection from human to mosquito [reviewed in
(53)]. There is limited recognition of gametocyte-IEs by naturally
acquired antibodies within the human host and this low level of
recognition may facilitate the evasion of host immunity and
transmission of infection to the mosquito (54).

When an Anopheles mosquito takes a blood meal, host serum
components like complement proteins and antibodies are taken
in along with the gametocyte-IEs (Figure 1) [reviewed in (53)].
In the mosquito midgut, the gametocytes emerge from the
erythrocytes, and are exposed to complement proteins and
antibodies [reviewed in (53)].

Most studies on immunity to P. falciparum sexual stages
revolve around the major gametocyte surface antigen, Pfs230
[reviewed in (55)]. Previous studies showed that the transmission
blocking activities of monoclonal antibodies against Pfs230
were complement dependent (56), and in vitro complement-
mediated lysis of gametes by immune sera is associated
with antibodies towards Pfs230 (57). But in membrane feeding
assays, the transmission blocking activity of immune sera
has yet to be shown to be complement dependent (58). Pfs230
is a leading candidate for transmission-blocking vaccines (59),
and is likely a major antigenic target for complement-
fixing antibodies.

Infected Erythrocytes
The clinical symptoms of malaria are attributable to blood-stage
infection. Some of the major targets of acquired immunity to
blood-stage infection are the surface antigens on P. falciparum-
IEs (60).

Parasite antigens on the surface of IEs play a major role in the
pathology of severe malaria via parasite sequestration leading to
cytoadhesion of IEs to vascular endothelium [reviewed in (61)]
or syncytiotrophoblast of the placenta (62). These surface
antigens can undergo antigenic variations (63) and are known
as variant surface antigens (VSA) (64). The dominant VSAs that
are expressed on the surface of IEs are the P. falciparum
erythrocyte membrane protein 1 (PfEMP1) family of
proteins (65).

The surface of trophozoite-IE of P. falciparum is a target for
antibody-dependent complement activation (29). In the presence
of immune sera the classical complement pathway was activated
as indicated by formation of complexes of C1s and C1 inhibitor,
measured by ELISAs, although antibody-mediated lysis of IEs
was not observed visually (29). Spectrometric quantification of
the changes in optical absorbance induced by the release of
haemoglobin serves as a better option (66).

Later, Weisner et al. showed that the complement cascade can
be activated on the surface of IEs, detecting immunoglobulins,
C3, C4, and C9 on the surface of IEs (but not uninfected
erythrocytes) incubated with immune sera via western blot
analyses (67). However, they failed to observe IE lysis by
classical complement activation in the presence of immune
sera suggesting that IEs are resistant to complement-mediated
lysis, discussed in more detail in section 5.
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Notwithstanding the resistance of antibody-opsonised IEs to
complement-mediated lysis, IEs are susceptible to other
mechanisms of antibody-mediated removal that are briefly
discussed here. Previous studies have shown that antibody-
opsonised IEs are cleared by monocytes (68, 69) and
neutrophils (70) by cellular phagocytosis. Antibody-opsonised
IEs can also activate NK cells, which resulted in lysis of IEs and
inhibition of parasite growth (71).
COMPLEMENT ACTIVATION AND
DISEASE OUTCOMES

Mechanisms of Immune
Complex Clearance
Under normal physiological conditions, the ICs are efficiently
cleared by a functional complement system preventing excess
deposition of complement that brings detrimental effects to the
host [reviewed in (11)]. The complement receptor 1 (CR1) on the
surface of macrophages, B cells, neutrophils, dendritic cells, and
erythrocytes in humans can recognise complement fragments
C3b, iC3b, and C4b that are bound with ICs [reviewed in (11)].
CR1 binds, transports, and endocytoses C3b-bearing ICs to
remove them from circulation [reviewed in (14)]. Additionally,
the complement receptor 3 (CR3 or CD11b/CD18 complex) on
the surface of leukocytes is involved in C3b-mediated opsonic
phagocytosis by monocytes and neutrophils and plays a role in
clearance of C3b-containing ICs [reviewed in (14)]. The Fc
receptors of innate immune cells like neutrophils and
monocytes can directly bind to the Fc domain of the ICs also
promoting antibody-mediated opsonic phagocytosis (72).
Complement Activation in the
Pathogenesis of Malaria
Mice infected with P. yoelii showed a downregulation of the level
of expression of CR1 on monocytes or macrophages, a similar
though less pronounced downregulation was reported in patients
infected with P. falciparum and P. vivax compared to non-
infected controls (73). Decreased CR1 expression on
monocytes or macrophages in the mice was also associated
with inhibited uptake of immune complexes and was also seen
following exposure to lipopolysaccharide (73). Inflammation
may contribute to decreased CR1 expression, which then leads
to impaired ICs clearance in malaria, and possibly to disease as
ICs are associated with increased disease severity (74). But the
contribution of ICs to malaria pathogenesis is not fully known.

Both IgG and complement are shown to be deposited on the
surface of uninfected erythrocytes in severe malarial anaemia
(75, 76). Complement deposition promotes erythrophagocytosis
of IC-deposited erythrocytes via CR1 on macrophage surface
(77). In Plasmodium infection, erythrophagocytosis by
macrophages seems complement-dependent (78), a possible
mechanism for severe malarial anaemia not broadly discussed
here (see Box 1).
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Other than erythrophagocytosis, erythrocytes with C3b-
containing ICs are taken up by splenic reticuloendothelial cells.
This may lead to stripping off of the CR1 from the erythrocyte
surface (76, 79, 80). CR1-deficient erythrocytes are recirculated
and are susceptible to complement attack, implicating
complement deposition as a driver of severe malarial anaemia.
Among heavily malaria-exposed Gambian children, about half
developed a positive direct antiglobulin (Coombs) test (81). IgG
was eluted from the surface of their uninfected erythrocytes, and
in many cases it was shown to recognise schizonts (82), although
the antigen specificity of the antibodies bound to uninfected
erythrocytes has not been studied in detail. More recent studies
[reviewed in (83)] confirm the deposition of IgG and C3 on these
cells. The antibodies are postulated to be immunologically
unrelated to the uninfected erythrocytes (81).

Complement activation generates C5a via the cleavage of C5,
by C5 convertase (see Figure 2 for complement pathway). C5a is
a potent inflammatory mediator (anaphylatoxin) that is readily
cleared from plasma via receptor internalisation under normal
physiological conditions [reviewed in (84)]. The ligation of C5
with C5a receptors (CD88 and C5L2) on innate immune cells
promotes a cascade of conventional inflammatory events
including increased leukocyte extravasation, neutrophil
chemotaxis, degranulation, delayed apoptosis, phagocytosis,
oxidative burst, and the activation of vascular endothelial cells
to upregulate the expression of cell adhesion molecules [reviewed
in (84)].

C5a is implicated in the pathogenesis of cerebral malaria
(85) and placental malaria (86, 87). C5a is increased in women
with placental malaria (87) and elevated C5a was associated
with increased risk of birth of ‘small-for-gestational-age’ babies
(86). Blocking C5a in a murine model of placental malaria
resulted in improved placental and foetal development (86).
Murine models have also highlighted a possible role for C5a
in cerebral malaria as C5 deficient mice or those treated
with antibodies blocking C5a and its receptor respectively did
Box 1 | Suggested future research on antibody and complement interactions
in malaria.

• Clarify the cooperation between opsonins C3b and antibody in
phagocytosis of merozoites, sporozoites, and IEs by phagocytic cells.

• Clarify the combined roles of both opsonins C3b and antibody in
leukocyte activation by merozoites, sporozoites, and IEs.

• Quantify the contribution of C3b deposition on uninfected erythrocytes
to anaemia during malaria.

• Investigate the association of complement in disease pathology of
cerebral and placental malaria in human and consider whether
temporary blockade of C5a generation by complement inhibitors such
as the monoclonal anti-C5 antibody eculizumab or the C3 inhibitor
compstatin could have a beneficial effect in treatment of cerebral or
placental malaria.

• Define other antigenic targets on the surface of merozoites, sporozoites,
IEs and gametocytes (if present) that would generate complement-fixing
antibodies for protective immunity.

• Determine the association between antibody Fc region variations and
antibody functionality for optimum complement activation by opsonised
Plasmodium antigens.
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not develop and could be rescued from cerebral malaria (85).
Though there is some evidence for a role of the inflammatory
complement C5a protein in disease, the anti-C5 monoclonal
antibody eculizumab has not been studied in malaria (see
Box 1).

The inflammatory effector functions mediated by the release
of C5a in response to infection and the C3b-mediated opsonic
phagocytosis of IEs (and/or other parasite stages, such as
sporozoites, merozoites, and intraerythrocytic gametocytes) by
innate immune cells are not discussed in detail in this review.
MECHANISMS OF EVASION OF
COMPLEMENT-MEDIATED LYSIS BY
PLASMODIUM IEs

Irrespective of the exposure of blood-stage parasites to serum
complement over a relatively prolonged asexual blood-stage
(Figure 1) (88), the IEs seem to be broadly resistant to
complement-mediated lysis (67).

One reason why the IEs are resistant to complement-
mediated lysis may be that the IEs may have low number
of target sites for antibody-binding and complement activation.
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If this is below a certain threshold, even an excess of antigen-
specific antibodies and serum complement may not activate the
classical complement pathway (Figure 4A) (89).

Membrane-bound CRPs that act at different phases of the
complement cascade tightly regulate complement activation
[reviewed in (14)]. These include CD46 or membrane cofactor
protein (MCP); CR1 which targets and cleaves C3 convertase;
CD55 or decay accelerating factor (DAF) which accelerates the
decay of both C3 and C5 convertase (90); and CD59 which acts
on the terminal complement pathway (see Figure 2), targeting
C5b-C9 to inhibit the assembly of MAC (90). Interestingly, the
IEs appear to have high expression of CD59 that makes them
resistant to complement mediated destruction (Figure 4B) (67).
In addition to the membrane-bound CRPs, the P. falciparum-IEs
also utilise soluble complement factors like factor I (FI) and
factor H (FH) (Figure 4B) to evade complement mediated lysis.
FH utilises factor I for recruiting FH-related protein FHL-1 onto
the schizont surface to inactivate C3b and regulates alternative
complement activation in response to the rupture of IEs (91–93).

In an ex vivo study of subjects with severe malaria anaemia,
the levels of expression of CRPs were lower on uninfected
erythrocytes than on IEs (94). This loss of CRPs on uninfected
erythrocytes in severe malaria anaemia was not associated with
changes in complement-fixing cytophilic antibodies or serum
A B

DC

FIGURE 4 | Possible mechanisms of resistance of IEs to classical complement attack. As shown in (A), if the number of PfEMP1 target sites on IEs are below a
certain threshold level, complement is not activated even in the presence of an ample supply of antibody and complement. In (B), the presence of complement
regulatory proteins such as the membrane bound CD59, inhibits the MAC assembly, to prevent lysis of IEs. The soluble complement regulatory factors [factor I (FI)
and factor H (FH)] are also recruited onto the schizont surface (1) and activate FH-like protein 1 (FHL-1) (2) to prevent C3b deposition (3) on the schizont surface,
thus preventing complement activation. The knob-restricted expression of PfEMP1 on IEs in (C) provides an evolutionary advantage to the parasite to evade classical
complement attack. In (D), both PfEMP1 and C1q compete for the same binding site on IgM. Initial binding of IgM with PfEMP1 causes PfEMP1 clustering and
prevents IgM-C1q interaction.
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markers of complement activation (as measured by the serum
levels of C3a and C5a) (94). High levels of CRPs on IEs may help
protect parasites from complement-mediated damage even in the
presence of complement-fixing antibodies (94) and even when
the terminal complement complexes are deposited on the
erythrocyte surface (67).

A recent study assessed the classical complement activation
by PfEMP1-specific human IgG using recombinant PfEMP1 by
ELISAs and native PfEMP1 on the surface of IEs by flow
cytometry (89). The PfEMP1-specific antibodies were unable to
activate classical complement pathway by binding to the native
PfEMP1 expressed on the surface of IEs (89), but when they
bound to recombinant PfEMP1, they activated the classical
complement pathway as measured by the elevated levels of
C1q, C3, and C4. The authors hypothesised that the knob-
restricted expression of native PfEMP1 protein on the IE
surface may provide an evolutionary advantage to the parasite
to evade classical complement attack (89). The knobs are
nanoscale protrusions of the erythrocyte membrane (95) and
enable anchorage of PfEMP1 to the surface of IEs (61). The
knob-restricted expression of PfEMP1 may hinder the
interaction between PfEMP1 and IgG, which may restrict
the formation of IgG hexamers for C1q recruitment
(40) (Figure 4C).

Most of the studies discussed previously highlighted that
complement fixing antibodies on IEs were of type IgG (29),
especially the subclasses, IgG1 and IgG3 (67). A recent study
assessed the complement activation by nonimmune IgM when
bound to PfEMP1 on IEs (Figure 4D) (96). The binding of IgM
to PfEMP1 did not result in complement-mediated lysis because
C1q seemed to compete for the same binding pocket on IgM
where PfEMP1 is already bound. The interaction between IgM
and PfEMP1 prevents C1q deposition and changes the
conformation of PfEMP1 to augment PfEMP1-mediated
parasite interactions with host receptors for its sequestration
and survival (96).

The above reasons seem to contribute to the lack of lysis of IEs
by the classical pathway of complement.
FUTURE DIRECTIONS AND
CONCLUDING REMARKS

Some evidence (9) suggests that ability to fix complement is an
independent correlate of ability of sera to kill sporozoites. Passive
transfer studies of a modified monoclonal antibody against
PfRh5 (P. falciparum reticulocyte homologue 5) indicate that
neutralising antibody alone requires high titres (97), indicating a
role for Fc-mediated antibody function. This may not, however,
be directly attributable to complement fixation as studies of
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vaccine-induced immunity suggested that NK cell and Fc
receptor engagement rather than complement fixation were
independent correlates of protection (10).

Despite such recent improvements in understanding of
antibody-mediated complement interactions in protective
immunity to malaria, the following gaps also should be
addressed as priorities for future research (Box 1).

In this review, we summarise antibody-dependent
complement activation by different stages of parasites during P.
falciparum infection. Studies show that the inhibitory effect of
antibodies directed against surface proteins of sporozoites (e.g.,
CSP), merozoites (e.g., MSP119), and sexual stages of P.
falciparum (e.g., Pfs230) can be greatly augmented by the
presence of complement. The binding of C1q to IgG-opsonised
merozoites and sporozoites has shown to be associated with
protective immunity in malaria. We also emphasise that IEs are
resistant to complement mediated lysis in comparison to other
parasitic stages. This may be due to some intrinsic properties of
IEs, including the expression of complement regulatory proteins,
an insufficient number of antigenic sites as targets for antibody
binding, and the orientation of antigens on the parasite surface
for restricted antibody binding for complement deposition. The
attempts made to evaluate the underlying mechanisms of
antibody-mediated complement activation during malaria will
provide a deeper understanding of the processes that mediate
complement-mediated protection and/or evasion.
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Hull, Hull, United Kingdom, 2 Department of Biomedical Sciences, Faculty of Health Sciences, University of Hull, Hull, United
Kingdom, 3 Department of Immunology & Allergy, Queens Centre, Castle Hill Hospital, Hull University Teaching Hospitals
NHS Trust, Cottingham, United Kingdom, 4 Respiratory Research Group, Hull York Medical School, Faculty of Health
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Bacterial infections are a major cause of morbidity and mortality in chronic lymphocytic
leukemia (CLL), and infection risk increases in patients treated with the Bruton’s tyrosine
kinase (Btk) inhibitor, ibrutinib. Btk and related kinases (like Tec) are expressed in non-
leukemic hematopoietic cells and can be targeted by ibrutinib. In platelets, ibrutinib
therapy is associated with bleeding complications mostly due to off-target effects. But the
ability of platelets to respond to bacteria in CLL, and the potential impact of ibrutinib on
platelet innate immune functions remain unknown. FcgRIIA is a tyrosine kinase-dependent
receptor critical for platelet activation in response to IgG-coated pathogens. Crosslinking
of this receptor with monoclonal antibodies causes downstream activation of Btk and Tec
in platelets, however, this has not been investigated in response to bacteria. We asked
whether ibrutinib impacts on FcgRIIA-mediated activation of platelets derived from CLL
patients and healthy donors after exposure to Staphylococcus aureus Newman and
Escherichia coli RS218. Platelet aggregation, a-granule secretion and integrin aIIbb3-
dependent scavenging of bacteria were detected in CLL platelets but impaired in platelets
from ibrutinib-treated patients and in healthy donor-derived platelets exposed to ibrutinib
in vitro. While levels of surface FcgRIIA remained unaffected, CLL platelets had reduced
expression of integrin aIIbb3 and GPVI compared to controls regardless of therapy. In
respect of intracellular signaling, bacteria induced Btk and Tec phosphorylation in both
CLL and control platelets that was inhibited by ibrutinib. To address if Btk is essential for
platelet activation in response to bacteria, platelets derived from X-linked
agammaglobulinemia patients (lacking functional Btk) were exposed to S. aureus
Newman and E. coli RS218, and FcgRIIA-dependent aggregation was observed. Our
data suggest that ibrutinib impairment of FcgRIIA-mediated platelet activation by bacteria
results from a combination of Btk and Tec inhibition, although off-target effects on
org November 2021 | Volume 12 | Article 76627213233
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additional kinases cannot be discarded. This is potentially relevant to control infection-risk
in CLL patients and, thus, future studies should carefully evaluate the effects of CLL
therapies, including Btk inhibitors with higher specificity for Btk, on platelet-mediated
immune functions.
Keywords: platelet, FcgRIIA, Staphylococcus aureus, Escherichia coli, Bruton’s tyrosine kinase inhibitor, ibrutinib,
chronic lymphocytic leukemia (CLL)
INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most common form
of leukemia in the Western World, with approximately 3750 new
cases diagnosed annually in the United Kingdom (1). Infectious
complications are a major cause of morbidity and mortality in
CLL patients (2, 3). The increased risk of infection is due to
multiple factors including inherent disease-related immune
dysfunction due to secondary hypogammaglobulinemia and T-
lymphocyte dysfunction; patient-related factors like age, frailty
and co-morbidities; and therapy-related immunosuppression (4).

Bruton’s tyrosine kinase (Btk) is a member of the Tec family
of cytoplasmic tyrosine kinases, with a primary role in CLL
pathogenesis through signaling downstream of the B cell
receptor (BCR) (5). The first-generation inhibitor of Btk (iBtk),
ibrutinib, is an effective therapeutic strategy for CLL but has
significant toxicity, particularly related to infections and
hemorrhagic complications (5–8), due to inhibition of Btk
expressed in other (non-B lymphocyte) hematopoietic cells and
off-target effects on other kinases (9–11). Bleeding complications
are linked to ibrutinib inhibition of platelet responses to multiple
agonists that specifically signal through tyrosine kinase-linked
receptors, including GPVI, GPIb-IX-V, CLEC-2, and integrins
aIIbb3 and a2b1 (12–16). Healthy individuals and CLL patients
can be classified in two groups characterized by low or high
platelet sensitivity to ibrutinib based on collagen-induced platelet
aggregation in vitro, which is related to drug efflux pumps (17).
However, a recent study suggests that ibrutinib-dependent
bleeding in CLL patients also involves underlying disease-
related changes in platelets including decreased platelet count
and impaired platelet response to ADP (18).

Platelets play important immune functions during infection
like scavenging and containment of bacteria, secretion of
antimicrobial substances and interaction with leukocytes (19–
24). In CLL, alterations in the innate immune system have been
reported, including impaired function of neutrophils, natural
killer cells and monocyte/macrophages (4, 25, 26), however,
platelet immune functions remain uncharacterized. Moreover,
the potential effect of iBtk therapy on platelet responses to
infection has not been addressed. Streptococcus pneumoniae
and Haemophilus influenzae are predominant pathogens in
CLL, however, ibrutinib treatment has also been associated
with serious infections by Staphylococcus aureus and
Escherichia coli (3, 6, 27, 28). Importantly, most of these
bacterial species are known to cause platelet activation (29–32).
When platelets encounter bacteria, contact among them usually
involves multiple bacterial strain-specific interactions with
org 23334
different platelet receptors [e.g., FcgRIIA (also known as
CD32a), aIIbb3, GPIb, complement receptor gC1q-R, and
Toll-like receptor 2] (33, 34). Although each one of these
molecular interactions can contribute to the adhesion and/or
platelet activation steps, FcgRIIA has a central role in triggering
final platelet activation in response to a wide range of bacteria
(29–31).

FcgRIIA recognizes IgG-opsonized pathogens and signals via
its cytoplasmic immunoreceptor tyrosine-based activation motif
domain (30). Ligation of FcgRIIA by antibody crosslinking
causes phosphorylation of Btk and Tec in healthy donor
platelets (35) and leads to platelet activation that can be
inhibited by iBtks (36). However, activation of FcgRIIA by
bacteria is different from crosslinking the receptor with
antibodies (29–31). Distinct features of the former include the
presence of a lag phase between stimulation and onset of
aggregation, and the fact that FcgRIIA phosphorylation and
platelet secretion depend on integrin aIIbb3 engagement (29,
31). Therefore, it is necessary to study the effect of iBtks on
plate le t FcgRIIA act ivat ion fol lowing exposure to
pathophysiological stimuli including bacteria.

In this study, we analyze if platelets from CLL patients can
respond to bacteria in an FcgRIIA-dependent manner and
investigate the hypothesis that ibrutinib impairs such responses
potentially contributing to the increased risk of infection
reported in CLL patients treated with this drug.
MATERIAL AND METHODS

Reagents
See Supplementary Information for details.

Bacterial Culture and Preparation
S. aureus Newman (a gift from Prof Steve Kerrigan, RCSI,
Ireland) and E. coli RS218 (a gift from Prof Ian Henderson,
University of Queensland, Australia) were cultured and prepared
as described (29, 31) (Supplementary Information).

Human Samples and
Ethical Considerations
This study was performed in accordance with relevant ethics
committees: Hull York Medical School (reference number 1501)
and UK National Health Service Research Ethics (08/H1304/35).
Informed consent was obtained from all participants.

Peripheral blood fromCLL and X-linked agammaglobulinemia
(XLA) patients was taken at the Departments of Haematology and
November 2021 | Volume 12 | Article 766272
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Immunology & Allergy, respectively, at Castle Hill Hospital
(Cottingham, UK). Blood was drawn using sodium citrate or
acid-citrate-dextrose (ACD) vacutainers (see below), and shipped
to the University of Hull within 4 hours of venepuncture for
immediate testing. Ibrutinib-treated CLL patients were taking a
daily dose of 420 mg, except for two patients who were taking 140
mg. Blood from healthy donors was collected at the University of
Hull in syringes containing sodium citrate or ACD from
volunteers over 18 years of age not treated with concurrent anti-
platelet agents.

Platelet-rich plasma (PRP) and platelet-poor plasma (PPP)
were obtained from sodium citrated blood, while washed
platelets (WP) were prepared from blood in ACD, as detailed
in Supplementary Information.

Platelet Aggregation
Platelet aggregation in PRP or WP was done under stirring
conditions (1000 rpm) at 37°C using light transmission
aggregometry with a CHRONO-LOG 490 aggregometer
(CHRONO-LOG, Havertown, PA, USA). WP reactions were
supplemented with 1 mg/ml human fibrinogen and 0.2 mg/ml
human IgGs before experimentation. Platelets were stimulated
with bacteria and other agonists, including crosslinked collagen-
related peptide (CRP-xl), thrombin receptor activator peptide 6
amide (TRAP-6) and ADP. To crosslink FcgRIIA, platelets were
incubated with anti-FcgRIIA monoclonal antibody (mAb) (4 mg/
ml, clone IV.3) for 2 minutes, followed by the addition of
crosslinking F(ab’)2 rabbit anti-mouse IgG (30 mg/ml),
altogether designated as IV.3-xl hereafter.

Platelet Factor 4 Secretion
Supernatants from light transmission aggregometry reactions
were collected and analyzed for human platelet factor 4 (PF4)
by enzyme-linked immunosorbent assay (ELISA) (R&D
Systems), as described in Supplementary Information (29).

Platelet Scavenging and Spreading
PRP samples diluted to 2x107 platelets/ml including 15%
autologous plasma were incubated for 1 hour with S. aureus
Newman or fibrinogen immobilized on glass coverslips. Cells
were stained with Hoechst 33342 (to visualize bacteria) and
TRITC phalloidin (to visualize platelets) and imaged using a
Zeiss Axio Observer fluorescence microscope equipped with
ApoTome structured illumination and an AxioCam 506
camera (Zeiss, UK). See Supplementary Information for details.

Flow Cytometry
Flow cytometry was performed in PRP samples using a BD LSR
Fortessa cell analyzer (BD Biosciences) as described in
Supplementary Information. Data were analyzed using the
FlowJO software (BD Biosciences).

Phospho-Tec ELISA
WP (10x108/ml) supplemented with 1 mg/ml fibrinogen plus 0.2
mg/ml hIgGs were stimulated as required in aggregation
conditions. Samples were lysed 3 minutes after the start of
aggregation, or at a parallel time point in the case of samples
Frontiers in Immunology | www.frontiersin.org 33435
where inhibitors blocked aggregation, by adding an equal volume
of 2x lysis buffer (29) and analyzed using a RayBio human
phosphotyrosine Tec ELISA kit (RayBiotech. Georgia, USA)
following the manufacturer’s instructions.

Western Blot
Protein detection in whole platelet lysates was done by SDS-
PAGE and near-Infrared Western Blot Detection (LI-COR
Biosciences) using lysates collected from PRP samples in the
absence of aIIbb3 inhibitors, as previously described (29) with
minor modifications (see Supplementary Information
for details).

Statistical Analysis
GraphPad Prism was used to perform the statistical analysis,
including normality Kolmogorov-Smirnov and Shapiro-Wilk
tests. Data are presented as the mean ± SD. In case of
comparisons between two groups, means were evaluated using
Student t-test or Mann-Whitney U test, for parametric and non-
parametric data, respectively. If more than two groups were
considered, one-factor or two-factor analysis of variance
(ANOVA) or Kruskal-Wallis test (for parametric and non-
parametric data, respectively) followed by multiple comparison
tests were performed. For categorical variables, p values were
calculated using the chi-square test or Fisher’s exact test. P ≤ 0.05
was considered significant.
RESULTS

CLL Patients’ Characteristics
A total of 34 untreated and 32 ibrutinib-treated CLL patients
were enrolled with their characteristics summarized in Table 1.
The median age was 72 years, and most patients received
concurrent medications for co-morbidities (Supplementary
Table 1). The median number of drugs excluding ibrutinib was
four for ibrutinib-treated, and three for untreated patients
(Supplementary Table 2). Antiplatelet and anticoagulants
were present in 6% of ibrutinib-treated (e.g., aspirin) and 18%
of untreated (e.g., aspirin, clopidogrel, warfarin) CLL patients
(Supplementary Table 1). Notably, 59% of ibrutinib-treated
patients were taking prophylactic antibiotics, and 13% were on
combined chemotherapy (venetoclax).

CLL Patients Taking Ibrutinib Have
Impaired Platelet Activation in Response
to FcgRIIA Crosslinking and Bacteria
Bacteria interact with plasma proteins (including IgGs) and
platelet receptors in a bacterial strain-specific manner (34). S.
aureus Newman and E. coli RS218 are known to cause IgG-
dependent FcgRIIA-mediated aggregation and granule secretion
in platelets derived from healthy donors (29, 31). Therefore, we
asked whether platelets from CLL patients would be similarly
responsive to bacteria and, if so, whether ibrutinib treatment
would interfere with platelet immune functions. We tested
platelet activation induced by clustering of FcgRIIA via IV.3-xl,
November 2021 | Volume 12 | Article 766272
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bacteria, and GPVI-specific agonist, CRP-xl, in the presence of
plasma. We also stimulated platelets with TRAP-6 and ADP,
which are agonists for G-protein coupled receptors that are not
affected by ibrutinib (12–14).

Platelets derived from untreated CLL patients responded to
FcgRIIA crosslinking (IV.3-xl) and CRP-xl at levels comparable to
controls (Figure 1A). S. aureus Newman and E. coli RS218
induced full or nearly full aggregation in 8 and 9 out of 13
samples respectively, similarly to TRAP-6 and ADP, with
aggregation to S. aureus Newman and TRAP-6 being
significantly lower than in controls (Figure 1A). The antiplatelet
agent, clopidogrel, was taken by two CLL patients, but their
platelets aggregated fully to bacteria; however, two aspirin-
treated CLL patients showed a reduction in aggregation to
bacteria, especially S. aureus Newman (Supplementary Figure 1).

Platelet aggregation to S. aureus Newman and E. coli RS218 is
characterized by a lag time between bacterial stimulation and
start of aggregation that contrasts with the immediate onset of
aggregation caused by IV.3-xl (29, 31). Ibrutinib-untreated CLL
platelets in which aggregation in response to bacteria was
Frontiers in Immunology | www.frontiersin.org 43536
detected (Figure 1A) showed a statistically significant decrease
in lag times compared to controls (Figure 1C). Overall, our data
indicates that platelets from ibrutinib-free CLL patients
aggregate to bacteria in the presence of autologous plasma,
although a trend to decreased aggregation compared to
FcgRIIA crosslinking is seen.

In contrast, platelets from ibrutinib-treated CLL patients
showed strong inhibition of IV.3-xl-induced aggregation, and a
significant decrease in aggregation to bacteria (Figure 1A). As
opposed to IV.3-xl, heterogeneity in platelet aggregation to CRP-
xl was observed in our ibrutinib-treated platelet group
(Figure 1A). In previous studies, defects in collagen-induced
platelet aggregation were detected in only a subset of ibrutinib-
treated patients (12, 13); and the presence of ibrutinib low and
high sensitivity groups of both healthy individuals and CLL
patients regarding platelet responses to collagen has been
reported (17). As published (12, 13), responses to TRAP-6 and
ADP (which signal through G-protein coupled receptors) were
mostly unaffected in our ibrutinib-treated group (Figure 1A).
Differences in aggregation among the three clinical groups were
TABLE 1 | Characteristics of chronic lymphocytic leukemia patients enrolled in the study.

Overall (n=66) Ibrutinib-untreated CLL (n=34) Ibrutinib-treated CLL (n=32) P value*

Sex:
Male 43 (65%) 21 (62%) 22 (69%) 0.61
Female 23 (35%) 13 (38%) 10 (31%)

Age (years) 72 (45-86) 72.5 (45-86) 71 (55-82) 0.93
17p deletion
Positive 5 (8%) 0 (0%) 5 (16%) 0.02
Negative 61 (92%) 34 (100%) 27 (84%)

Trisomy 12
Positive 0 (0%) 0 (0%) 0 (0%) >0.99
Negative 66 (100%) 34 (100%) 32 (100%)

11q deletion
Positive 7 (11%) 1 (3%) 6 (19%) 0.05**
Negative 59 (89%) 33 (97%) 26 (81%)

13q deletion
Positive 14 (21%) 0 (0%) 14 (44%) <0.001 **
Negative 52 (79%) 34 (100%) 18 (56%)

b2 microglobulin 2.45 (1.4-6.5) 2.3 (1.4-6.5) 2.5 (1.5-6.3) 0.27
IgG at Diagnosis (g/L) 8.9 (3.1-22) 9.15 (3.1-21.5) 8.8 (5.2-22) 0.97
CD38
Positive 20 (30%) 9 (26%) 11 (34%) 0.59
Negative 46 (70%) 25 (74%) 21 (66%)

Binet stage#

A 49 (74%) 23 (68%) 26 (81%) 0.12
B 4 (6%) 4 (12%) 0 (0%)
C 11 (17%) 6 (18%) 5 (16%

Time from Diagnosis (years) 4 (0.1-23.4) 1.95 (0.1-13.9) 8.1 (1-23.4) <0.001 **
Time on Ibrutinib (years) - - 1.35 (0.1-3.4) -
Number of Medications excluding ibrutinib 4 (0-9) 3 (0-9) 4 (1-8) –

Hb (g/L) 133 (88-163) 129 (87-152) 139.5 (95-163) 0.57
WCC (x109/L) 20 (2-379) 38 (3-379) 11.65 (2-319) 0.009 **
Lymphocyte (x109/L)## 16 (0.6-372) 40 (1.9-372) 3 (0.6-279) <0.001 **
Platelet Count (x109/L) 152 (39-378) 166 (39-378) 147 (75-253) 0.05**
November 2021 | Volume 12 | Artic
Hb, hemoglobin; WCC, white blood cell count. #For Binet staging, untreated patients are n=33, and treated patients are n = 31. ##For lymphocyte counts, untreated patients were n = 13,
and treated patients were n = 16. *Significant difference (p ≤ 0.05).
Data is shown as number (%) or median (range) as appropriate. Cytogenetic tests, CD38 positivity test, and IgG and b2 microglobulin levels are at time of diagnosis; the rest of
measurements are at time of blood sample collection. All p values are for comparisons between ibrutinib-untreated and ibrutinib-treated CLL groups. P values for continuous variables
were evaluated using Student t-test or Mann-Whitney test, for parametric and non-parametric data, respectively. For categorical variables, p values were calculated using the chi-square
test or Fisher’s exact test. P ≤ 0.05 was considered significant. See Supplementary Information for normal hematological and serum immunoglobulin reference ranges, and
Supplementary Tables 1, 2 for information on patients’ concurrent medications.
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FIGURE 1 | CLL platelet aggregation and secretion in response to bacteria and IV.3 mAb mediated FcgRIIA crosslinking are impaired in CLL patients taking ibrutinib.
(A) Characterization of platelet aggregation responses in healthy controls (n=17-18), untreated (n=13) and ibrutinib-treated (n=16-17) CLL patients. PRP samples
were stimulated with crosslinked IV.3 mAb (IV.3-xl; 4 mg/ml mAb IV.3 followed by 30 mg/ml F(ab’)2 rabbit anti-mouse IgG), S. aureus Newman, E. coli RS218, 3 mg/
ml CRP-xl, 3 mM TRAP-6, or 10 mM ADP. Aggregation was recorded by light transmission aggregometry. Reactions were run for 20 minutes from onset of
aggregation for IV.3-xl and bacteria, and 10 minutes for the rest of agonists, and maximum aggregation was calculated. (B) Characterization of a-granule secretion in
ibrutinib-untreated (n=13) and treated (n=15-16) CLL patients. Supernatants from PRP aggregation reactions were collected at 20 minutes of onset of aggregation
for IV.3-xl and bacteria, and 10 minutes in the case of other agonists. Levels of PF4 as a marker of a-granule secretion were measured by PF4 ELISA. (C) Lag time
for onset of platelet aggregation in response to bacteria. For healthy donor and ibrutinib-untreated platelet samples, the lag time for onset of aggregation (e.g., time
between bacteria injection and start of platelet aggregation) was calculated in those cases in which aggregation took place in response to S. aureus Newman
(healthy controls, n=18; CLL, n=11) and E. coli RS218 (healthy controls, n=17; CLL, n=11). (D) Effect of FcgRIIA and Src inhibition on ibrutinib-untreated CLL platelet
aggregation. PRP samples (n=10-12) were incubated with 4 mM dasatinib (Src inhibitor) for 2 min, 20 mg/ml IV.3 mAb (FcgRIIA inhibitor) for 10 minutes, or vehicle
before being stimulated with agonists and monitored by light transmission aggregometry. (E) Effect of FcgRIIA and Src inhibition on ibrutinib-untreated CLL platelet a-
granule secretion. Supernatants from aggregation reactions above were collected at 20 minutes of onset of aggregation for IV.3-xl and bacteria, and 10 minutes in
the case of other agonists. PF4 release was measured by ELISA. Data is shown as mean ± SD. Statistical significance was calculated using two-way ANOVA for
(A, B), or one-way ANOVA for (D, E), followed by Tukey’s or Sidak’s multiple comparison correction. An unpaired t-test was performed for (C) (*p ≤ 0.05, **p ≤

0.01, ***p ≤ 0.001, ****p ≤ 0.0001).
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not due to varying platelet concentrations in PRP samples
(Supplementary Figure 2).

We next measured release of PF4, a chemokine that can
interact with bacteria directly (29, 37), as a marker of a-granule
secretion. PF4 was secreted by ibrutinib-untreated CLL platelets
upon IV.3-xl and bacteria stimulation (Figure 1B) to similar
levels as healthy controls (Figures 1B and 4C) (29). In contrast,
ibrutinib-treated CLL patients showed an inhibitory trend of PF4
secretion in response to bacteria, IV.3-xl and CRP-xl, with the
latter two being significantly reduced compared to untreated
CLL platelets (Figure 1B). PF4 release in response to TRAP-6
and ADP was not affected by ibrutinib treatment (Figure 1B).

To investigate if the CLL platelet responses observed above
were mediated by FcgRIIA, aggregation and secretion were
measured after incubating PRP with IV.3 mAb, which without
the crosslinking F(ab’)2 inhibits FcgRIIA activation. Consistent
with previous observations in healthy donor platelets (29, 31),
CLL platelet aggregation and PF4 secretion to S. aureus Newman
and E. coli RS218 were inhibited by IV.3 mAb and by the Src
inhibitor, dasatinib (Figures 1D, E).

Thus, our results support that platelet immune recognition of
bacteria via FcgRIIA is impaired in CLL patients treated
with ibrutinib.

The Ability of Platelets to Scavenge S.
aureus Newman Is Impaired by Ibrutinib
Treatment in CLL Patients
As innate immune effectors, platelets scan the vasculature and
collect bacteria (21). Therefore, we next investigated if CLL
platelets retain the capacity to scavenge bacteria and whether
this is impaired by ibrutinib. Platelets from healthy controls and
CLL patients were found to scavenge S. aureus Newman in the
presence of autologous plasma with an average (± SD) of 15 ± 8.5
and 13 ± 11.5 bacteria per platelet (bacteria clusters), respectively
(Figures 2A, B). Pre-treatment of PRP samples with the integrin
aIIbb3 inhibitor, eptifibatide, abolished scavenging of bacteria by
both control and CLL platelets (Figures 2A, B), pointing out to a
key role for the integrin in this response. Scavenging was also
dependent upon FcgRIIA (Supplementary Figure 3).
Remarkably, platelets from CLL patients taking ibrutinib could
bind to S. aureus Newman, but showed no morphological
changes indicative of activation as compared to controls and
were not able to scavenge bacteria (Figures 2A, B).

The same platelet samples were tested for spreading on
immobilized fibrinogen. During spreading, the actin
cytoskeleton rearranges causing cellular protrusions including
finger-like filopodia and laterally extended lamellipodia; the
latter being characteristic of later stages of spreading (38). A
statistically significant decrease in total number of CLL platelets
binding to fibrinogen was detected compared to healthy controls
(Figures 2A, C), however, both groups showed similar
percentages of platelets with lamellipodia. In contrast, platelets
from CLL patients taking ibrutinib bound to fibrinogen to
similar levels as controls, but did not spread (Figures 2A, C),
consistent with published studies performed with washed
platelets (14, 39). These data show decreased efficiency in
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platelet bacteria-scavenging ability and spreading in CLL
patients treated with ibrutinib.

Changes in CLL Platelet Granularity and
Membrane Expression of aIIbb3 and GPVI,
but not FcgRIIA, Are Differentially
Dependent on Ibrutinib Treatment
The reduction in platelet responses to bacteria observed in
ibrutinib-treated CLL patients could be due to heterogeneity in
surface expression of important receptors like FcgRIIA and
aIIbb3 (40). Therefore, we performed flow cytometry analyses
of platelets derived from our three clinical groups to measure
membrane protein levels of aIIbb3, FcgRIIA and GPVI in PRP
samples (Supplementary Figure 4). This analysis revealed no
change in cell size, but a significant decrease in granularity/
complexity in untreated CLL platelets (Figure 3A). We also
observed significant reductions of aIIbb3 (as detected by two
different mAb clones against CD41, the aIIb subunit) and GPVI,
but not FcgRIIA (CD32), in CLL platelets independently of
ibrutinib treatment when compared to healthy control platelets
(Figure 3B). This suggests that decreased levels of aIIbb3 in
blood circulating platelets are unlikely to be the major or only
cause of inhibition of ibrutinib-treated CLL platelet responses
to bacteria.

Ibrutinib and Acalabrutinib Inhibit
Healthy Donor Platelet Activation in
Response to Antibody-Mediated
FcgRIIA Crosslinking and Bacteria
To investigate the direct effect of ibrutinib on platelet response to
bacteria, we performed light transmission aggregometry with
healthy control PRP stimulated in vitro with different
concentrations of ibrutinib (Figure 4A and Supplementary
Figure 5A). Pre-incubation with 5µM ibrutinib for 5 minutes
significantly inhibited platelet aggregation to S. aureus Newman
and E. coli RS218, but did not cause a significant reduction of
aggregation in response to CRP-xl or TRAP-6. A lower dose of
ibrutinib (2 µM) was able to abolish aggregation to FcgRIIA
crosslinking (IV.3-xl) (Figure 4A). Longer pre-incubation times
with ibrutinib (20 and 40 minutes) did not significantly reduce
the concentration of drug needed to inhibit aggregation to
bacteria (data not shown). As internal controls, IV.3 mAb
alone (FcgRIIA inhibitor) and dasatinib (Src inhibitor) were
used in PRP, and both inhibited aggregation to S. aureus
Newman and E. coli RS218, but not TRAP-6 (Supplementary
Figure 5C), as previously reported (29, 31). The integrin aIIbb3
inhibitor eptifibatide, as expected, blocked aggregation in
response to all agonists including TRAP-6 (Supplementary
Figure 5C) (29, 31).

The high concentrations of ibrutinib needed to inhibit
aggregation in PRP contrasted with previous studies done in
washed platelets (12, 14, 16), thus we wondered if binding of
ibrutinib to plasma proteins (41) may explain the difference. As
seen in Supplementary Figure 6A, washed platelet aggregation
in response to S. aureus Newman was inhibited by 0.5 µM
ibrutinib, while 0.1 µM ibrutinib was sufficient to inhibit the
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response to E. coli RS218 and FcgRIIA crosslinking (IV.3-xl). A
higher dose of ibrutinib (1 µM) was necessary to inhibit washed
platelet aggregation stimulated with CRP-xl. None of the
ibrutinib concentrations tested in PRP and washed platelets
Frontiers in Immunology | www.frontiersin.org 73839
caused inhibition of TRAP-6 induced aggregation (Figure 4A
and Supplementary Figures 5A, 6A).

The second generation iBtk, acalabrutinib, was also assessed
for its ability to inhibit platelet responses to bacteria. Like
A B

C

FIGURE 2 | S. aureus Newman can be scavenged by platelets from ibrutinib-untreated but not ibrutinib-treated CLL patients. PRP samples from healthy controls,
ibrutinib-untreated CLL and ibrutinib-treated CLL were adjusted to 2 x107 platelets/ml and 15% autologous plasma. Samples were incubated with eptifibatide (9 mM)
to inhibit integrin aIIbb3 or vehicle for 2 minutes and incubated for 1 hour with S. aureus Newman or fibrinogen immobilized on glass coverslips. Coverslips were
then washed, fixed, permeabilized, and stained with Hoechst 33342 (grey color, bacteria staining) and TRITC phalloidin (red color, platelet staining). Coverslips were
mounted and visualized by fluorescence microscopy. (A) Representative images are presented, with scale bars showing 20 mm. For S. aureus Newman, arrowheads
indicate examples of clusters of bacteria scavenged by platelets, and maximum projections of Z-stack images of individual platelets are included. (B) Platelet
interactions with S. aureus Newman. Graphs show number of platelets per surface area (top panel), the percentage of platelets scavenging bacteria (middle panel)
and the number of bacteria per cluster (bottom panel). Number of samples per clinical group were as follows: healthy controls, n=7 vehicle and n=5 eptifibatide; CLL,
n=9 vehicle and n=6 eptifibatide; ibrutinib-treated CLL, n=6 for both vehicle and eptifibatide. (C) Platelet spreading on immobilized fibrinogen. Graphs show number
of platelets per surface area and percentage of platelets with filopodia (finger-like cellular protrusions) and lamellipodia (laterally extended protrusions characteristic of
later stages of spreading). Healthy controls, n=8; CLL, n=9, ibrutinib-CLL, n=9. All data is shown as mean ± SD. Statistical significance was calculated using one-
way or two-way ANOVA followed by Tukey’s multiple comparison correction (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001).
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ibrutinib, acalabrutinib binds irreversibly to Btk at C481 and is
highly bound to plasma proteins (42, 43). In PRP, 10-15 µM
acalabrutinib impaired aggregation after IV.3-xl and bacteria
exposure, but not in response to CRP-xl and TRAP-6 (Figure 4B
and Supplementary Figure 5B). In washed platelets, the
inhibitory effects of acalabrutinib were more prominent.
Aggregation to IV.3-xl was inhibited by 5-10 µM acalabrutinib,
while for bacteria, 1µM and 10 µM inhibited aggregation upon
exposure to E. coli RS218 and S. aureus Newman respectively
(Supplementary Figure 6B). Washed platelet aggregation after
stimulation with TRAP-6 and CRP-xl was unaffected or only
partially inhibited (10 µM) by acalabrutinib respectively
(Supplementary Figure 6B), as previously described (17, 44).

Ibrutinib and acalabrutinib also inhibited platelet a-granule
secretion (PF4) in response to IV.3-xl and bacteria, but not to
TRAP-6 (Figure 4C). As previously reported (29, 31),
eptifibatide blocked PF4 release in response to bacteria, but not
to IV.3-xl (Figure 4C). Moreover, PF4 release in response to
bacteria (but not TRAP-6) was inhibited by blocking FcgRIIA
with IV.3 mAb alone (Figure 4C). This confirms previous
observations of the interplay between FcgRIIA and aIIbb3 in
mediating platelet activation, including secretion, to bacteria.

Hence, in keeping with the above results from our clinical
cohort of ibrutinib-treated CLL patients, iBtks strongly and
directly inhibit immune function even in platelets derived from
healthy donors.
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Bacteria Induce FcgRIIA- and
aIIbb3-Dependent Btk Activation
That Is Inhibited by iBtks
We showed that ibrutinib can inhibit platelet immune
recognition of bacteria, mediated by FcgRIIA, whilst not
impacting on the surface levels of this receptor, thus we sought
to investigate downstream intracellular signaling events. The
binding of ibrutinib and acalabrutinib to Btk C481 blocks Btk
autophosphorylation in Y223 that is critical for its activation (5).
FcgRIIA crosslinking with non-physiological agonists induces
Btk Y223 phosphorylation (35), yet it remains unknown if this is
also critical downstream of bacteria recognition. In healthy
donors, phosphorylation of Btk Y223 was detected in PRP
after IV.3-xl and bacteria exposure, although at lower levels
than those induced by CRP-xl (Figure 5A). For S. aureus
Newman and E. coli RS218, inhibition of FcgRIIA (with IV.3
mAb alone) and aIIbb3 (with eptifibatide) reduced Btk
phospho-Y223 signal to basal levels (Figures 5B.1, B.4 and
B.5), which indicates that both receptors control Btk activation
in response to bacteria, as opposed to CRP-xl (Figures 5B.1, B.2)
and TRAP-6 (Figure 5B.6). For all agonists tested, Btk phospho-
Y223 was inhibited below basal levels by ibrutinib and
acalabrutinib as expected (Figures 5A, B).

We wondered whether signaling through FcgRIIA, rather
than GPVI, would be more reliant on Btk activity, and hence
sensitive to ibrutinib inhibition. Therefore, we analyzed if there
A

B

FIGURE 3 | Although different in granularity, platelets from ibrutinib-treated and untreated CLL patients similarly reduce membrane expression of aIIbb3 and GPVI,
but not FcgRIIA. PRP samples from healthy donors (n=10), CLL (n=10) and ibrutinib-treated CLL (n=10) patients were diluted to 1 x107 platelets/ml and incubated
with monoclonal antibodies against human integrin aIIb (CD41), GPVI and FcgRIIA (CD32) before being analyzed by flow cytometry. (A) Left histograms show size
and granularity in gated platelets, respectively as forward (FSC) and side (SSC) scatter, in representative samples. The bar graphs (right) show the distribution of
platelet size and granularity across the three experimental groups. (B) Bar graphs show the mean fluorescence intensity (MFI) of CD41, GPVI, and CD32 in gated
platelets, across the three experimental groups. For CD41, technical replicates with two different antibody clones (PE-conjugated clone 5B12, FITC-conjugated clone
P2) are shown (left panels). Statistical significance was evaluated in ANOVA analyses, followed by Tukey’s multiple comparison correction. Data is presented as
mean ± SD. (**p ≤ 0.01, ***p ≤ 0.001).
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was a correlation between the ibrutinib concentration found to
inhibit Btk Y223 phosphorylation and that needed to inhibit
aggregation. Upon IV.3-xl, concentrations of ibrutinib that
reduced Btk phospho-Y223 to basal levels (1 mM) or below (2
mM) were also able to partially decrease aggregation (Figure 5C),
with total inhibition of aggregation requiring higher
concentrations of ibrutinib (5 mM). In contrast, inhibition of
Btk Y223 phosphorylation did not correlate with suppression of
CRP-xl induced aggregation (Figure 5C), as previously reported
(16). Thus, phosphorylation of Btk Y223 downstream of bacteria
Frontiers in Immunology | www.frontiersin.org 94041
recognition uses both FcgRIIA and integrin pathways, with
FcgRIIA potentially being more sensitive to ibrutinib treatment
than GPVI, in healthy donor-derived platelets.

We next sought to investigate CLL samples and found that
CLL platelets activated Btk in response to IV.3-xl, bacteria, CRP-
xl and TRAP-6 to a similar degree as healthy controls (compare
Figures 5A, D). This contrasted with ibrutinib-treated CLL
platelets in which no phosphorylation of Btk Y223 was
detected in response to IV.3-xl, CRP-xl and TRAP-
6 (Figure 5D).
A

B

C

FIGURE 4 | Ibrutinib and acalabrutinib inhibit healthy control platelet activation by bacteria and IV.3 mAb mediated FcgRIIA crosslinking in the presence of plasma.
(A) Characterization of the effect of ibrutinib on platelet aggregation. PRP from healthy controls was incubated in vitro with different doses of ibrutinib for 5 minutes
before stimulation with the following agonists: crosslinked IV.3 mAb (IV.3-xl; 4 mg/ml IV.3 mAb followed by 30 mg/ml F(ab’)2 rabbit anti-mouse IgG; n=5), S. aureus
Newman (n=7), E. coli RS218 (n=7), 3 mg/ml CRP-xl (n=5) and 3 mM TRAP-6 (n=5). Aggregation was measured by light transmission aggregometry. Reactions were
run for 20 minutes from onset of aggregation for IV.3-xl and bacteria, and 10 minutes for the rest of agonists, and maximum aggregation was calculated.
(B) Characterization of the effect of acalabrutinib on platelet aggregation. PRP from healthy controls was incubated in vitro with different doses of acalabrutinib for 5
min before stimulating with agonists: IV.3-xl (n=5), S. aureus Newman (n=6), E. coli RS218 (n=5), 3 mg/ml CRP-xl (n=5) and 3 mM TRAP-6 (n=5). Aggregation was
measured by light transmission aggregometry as above. (C) PRP from healthy controls (n=5) was incubated with vehicle or inhibitors, 9 mM eptifibatide (aIIbb3
inhibitor), 20 mg/ml IV.3 mAb (to inhibit FcgRIIA), 4 mM dasatinib (Src inhibitor), or iBtks, 5 mM ibrutinib and 15 mM acalabrutinib. Samples were then stimulated with
stated agonists. Supernatants from aggregation reactions were collected at 20 minutes of onset of aggregation for IV.3-xl and bacteria, and 10 minutes for TRAP-6.
Levels of PF4 as a marker of a-granule secretion were measured by PF4 ELISA. Data is shown as mean ± SD. Statistical significance was calculated using one-way
ANOVA followed by Tukey’s multiple comparison correction (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).
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FIGURE 5 | Platelet stimulation by bacteria or crosslinked IV.3 mAb causes Btk activation in healthy donors and CLL patients that is inhibited by ibrutinib and
acalabrutinib. Phosphorylation of Btk at Y223 was measured by immunoblotting in whole cell lysates collected from healthy control or CLL PRP aggregation
reactions using the following agonists: 3 mg/ml CRP-xl, crosslinked IV.3 (IV.3-xl; 4 mg/ml mAb IV.3 followed by 30 mg/ml F(ab’)2 rabbit anti-mouse IgG), S. aureus
Newman, E. coli RS218, and 3 mM TRAP-6. In some cases, platelet inhibitors were used as indicated below. All lysates were collected at 3 minutes after the start of
aggregation, or a parallel time point in samples in which aggregation was inhibited. Lysates were adjusted to an equivalent of 5 x108 platelets/ml as explained in
Materials and Methods. (A) Btk pY223 phosphorylation in healthy donor platelets stimulated with assorted agonists. Pooled data from three independent
experiments done with different donors is shown on the right-hand side graph as mean ± SD. Data was normalized to GAPDH. On the left, one representative
experiment is presented. (B) Effect of platelet inhibitors on Btk pY223 phosphorylation in healthy control platelets. Before adding agonists, PRP was pre-incubated
with either vehicle, 9mM eptifibatide (aIIbb3 inhibitor, 2 minutes), 20 mg/ml IV.3 mAb (to inhibit FcgRIIA, 10 minutes), or iBtks (5 minutes), 5mM ibrutinib and 15mM
acalabrutinib. B.1. Representative images of five independent experiments for CRP-xl, IV.3-xl and S. aureus Newman. B.2 to B.6. Pooled data shown as mean ± SD.
Five independent experiments were done for all agonists except for TRAP-6 that was tested four times. Data was normalized to GAPDH. Statistical significance was
calculated using one-way ANOVA followed by Tukey’s multiple comparison correction. (C) Ibrutinib dose-response curve for inhibition of Btk Y223 phosphorylation
(green) and aggregation (purple) in response to IV.3-xl (n=5) and CRP-xl (n=4). Representative results are shown below the graphs. (D) Btk Y223 phosphorylation in
PRP from ibrutinib-untreated (n=5) and treated (n=5) CLL patients stimulated with assorted agonists. Healthy control (HC) samples were included as positive
controls. Statistical significance was calculated using one-way or two-way ANOVA followed by Tukey’s multiple comparison correction (*p ≤ 0.05, **p ≤ 0.01,
****p ≤ 0.0001).
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Bacteria Induce Platelet Tec Kinase
Activation That Is Inhibited by Ibrutinib
Platelets express two members of the Tec family of tyrosine
kinases, Btk and Tec. Although Btk has an approximate 8 to 10-
fold greater level of expression in human platelets (45), studies
suggest that ibrutinib-mediated inhibition of Tec has important
consequences in platelet function (14, 16). Thus, we aimed to
decipher if Tec activation takes place downstream of FcgRIIA-
mediated platelet response to bacteria as seen for IV.3-xl (35).
Due to the lack of phospho-specific antibodies to detect Tec
autophosphorylation site Y206 (46), total levels of Tec tyrosine
phosphorylation were measured by ELISA.

In healthy donor-derived platelets, Tec phosphorylation
increased upon exposure to S. aureus Newman and E. coli
RS218, and was inhibited by pre-treatment with ibrutinib
(Figure 6). Moreover, when CLL platelets were stimulated with
S. aureusNewman, Tec phosphorylation reached similar levels as
those observed in healthy controls (Figure 6). We used CRP-xl to
compare Tec phosphorylation across our three clinical groups.
As seen in Figure 6, healthy donor and untreated CLL platelets
stimulated with CRP-xl showed an increase in phospho-Tec that
was significantly decreased in platelets from ibrutinib-treated
patients. Overall, these data suggest that ibrutinib, both at
concentrations used in vitro and at therapeutic doses, affects
platelet Tec activation.
Frontiers in Immunology | www.frontiersin.org 114243
XLA-Derived Platelets Respond to
Bacteria in an FcgRIIA-Dependent Manner
Mutations in the Btk gene resulting in lack of Btk expression or
function cause XLA, a condition characterized by markedly
reduced or absent B cells and profound hypogammaglobulinemia
(47). To investigate if Btk function is essential for FcgRIIA-
mediated platelet responses to bacteria, we obtained PRP from
two XLA patients receiving periodic intravenous immunoglobulin
treatment. Platelets from both patients aggregated to S. aureus
Newman and E. coli RS218 although with varying lag times
(Figure 7A). Upon crosslinking of FcgRIIA (IV.3-xl), no or less
aggregation was observed in patients 2 and 1 respectively
(Figure 7A), suggesting that this pathway is more strongly
affected by Btk deficiency than bacteria-induced activation.
Importantly, XLA platelet responses to bacteria were still
dependent on FcgRIIA, as aggregation was blocked by pre-
incubating PRP with inhibitory IV.3 mAb alone (Figure 7B).
Conversely, we detected normal XLA platelet aggregation in
response to CRP-xl and TRAP-6 (Figure 7A), which was
independent of FcgRIIA (Figure 7B). These results suggest that
while Btk has an active role in FcgRIIA-mediated platelet function,
this is not essential for FcgRIIA-mediated responses to bacteria.
DISCUSSION

This study has focused on platelet immune responses in CLL in
the context of bacterial infection and ibrutinib therapy.
Infectious complications are a major burden in CLL, and the
increased risk of infection is multifactorial, including
immunosuppression inherent to disease, patients’ age and co-
morbidities, and therapy toxicity (3, 4, 6, 27, 28). In CLL,
alterations can be found in both the adaptive and innate
immune systems, namely T lymphocyte dysfunction,
hypogammaglobul inemia , complement defects , and
impairment in antimicrobial activity of neutrophils and
monocytes (4, 25, 26). Because it is possible that CLL platelets
had immune function abnormalities that could be exacerbated by
ibrutinib, the first part of our study had two aims: to characterize
platelet responses to bacteria in CLL (e.g., in the absence of CLL-
targeted treatment) and to investigate the effect of ibrutinib
therapy on these responses.

Overall, ibrutinib-untreated CLL platelets responded to S.
aureus and E. coli in an FcgRIIA-dependent manner in the
presence of autologous plasma, as seen by platelet aggregation,
secretion and scavenging of bacteria. We found that platelet
scavenging of S. aureus Newman was both FcgRIIA and aIIbb3-
dependent. However, more investigations are needed to further
characterize the molecular mechanisms underlying platelet
scavenging of pathogens, including potential bacterial-strain
specific processes. Previous studies suggest that alternative
mechanisms could take place. Gaertner et al. (21) have shown
that platelets can scavenge fibrin-bound E. coli and S. aureus,
both in vitro and in vivo, boosting the phagocytic activity of
neutrophils; while Palankar et al. (22) described a mechanism by
which PF4 binding to E. coli promotes antibody opsonization
FIGURE 6 | Platelet responses to bacteria involve Tec kinase activation.
Characterisation of platelet Tec phosphorylation in healthy controls (n=5),
ibrutinib-untreated CLL (n=5) and ibrutinib-treated CLL (n=5) patients.
Washed platelets from the three clinical groups were supplemented with
fibrinogen and human IgG (commercially available IgGs pooled from healthy
donors). Healthy control platelets were incubated in vitro with 5 mM ibrutinib,
15 mM acalabrutinib or vehicle for 5 minutes before adding agonists. Platelet
samples were stimulated with either 3 mg/ml CRP-xl, S. aureus Newman or E.
coli RS218. Relative phosphorylation of Tec was measured by a phospho-
Tec ELISA. Data is shown as mean ± SD. Two-way ANOVA and Sidak’s
multiple comparison test were used to compare CRP-xl responses across the
three clinical groups. For the effect of ibrutinib on bacteria-induced phospho-
Tec in healthy controls, one way ANOVA followed by Tukey’s multiple
comparison correction was done. (*p ≤ 0.05, **p ≤ 0.01).
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and FcgRIIA-mediated platelet spreading that covers the
opsonized bacteria leading to bacterial killing (22). Platelets
have also been shown to kill S. aureus Newman, but not S.
pneumoniae, in a process that was FcgRIIA independent (23).
Moreover, the releasate derived from platelet aggregation can
directly kill S. aureus and enhance the antimicrobial function of
macrophages (23, 48).

Despite the overall response to bacteria, some variation was
observed in ibrutinib-untreated CLL platelets, with some samples
not reaching full activation. Differences in bacteria-induced
aggregation in healthy donor platelets are not uncommon (49,
50), however, variation in CLL could be due to additional factors
like co-morbidities and related medications (51). Indeed, most of
our CLL patients were taking multiple medications reflecting a
typical population of CLL patients often with multiple
comorbidities. The increased bleeding risk found in ibrutinib-
treated patients is exacerbated by concurrent intake of
antiplatelet or anticoagulant therapy (7), and in vitro studies
show that ibrutinib amplifies the effect of cangrelor and
indomethacin on platelets (14, 17). However, in our study a
minority of patients were taking antiplatelet medications, and
thus, future research should be done to investigate the effect of
different drug combinations, including iBtk combinations with
Frontiers in Immunology | www.frontiersin.org 124344
antiplatelet drugs, on platelet immune functions. Other factors
that might explain why platelets from some CLL patients did not
activate fully to bacteria are plasma immunoglobulin
concentrations (52) and polymorphic variants of FcgRIIA (53,
54). Notably, some of these factors might also account for
variable platelet responses to bacteria within healthy
individuals (49, 50). Although variations in the expression of
FcgRIIA (55) could also affect platelet activation by
microorganisms, no significant changes in FcgRIIA levels were
detected among our clinical groups.

Three observations suggested alterations in circulating CLL
platelets: a decrease in platelet granularity/complexity, an
ibrutinib-independent decrease in membrane levels of aIIbb3
and GPVI compared to controls, and a reduction in lag time for
onset of platelet aggregation in response to bacteria; although the
latter could also be due to changes in plasma composition in
CLL. Our flow cytometry results differ from others in which
aIIbb3 surface expression in CLL platelets was similar to healthy
donors (40, 56) but decreased upon ibrutinib treatment (40).
Moreover, reduced GPVI levels in CLL platelets were found in
one study (56), but not another (40). Platelet alterations could
originate during megakaryopoiesis as CLL is characterized by
bone marrow dysfunction (57); however, they could also reflect
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FIGURE 7 | Platelet responses to bacteria can take place in the absence of functional Btk. (A) Characterization of bacteria-induced aggregation of platelets from X-
linked agammaglobulinemia patients. PRP samples from two XLA patients were stimulated with crosslinked IV.3 mAb (IV.3-xl; 4 mg/ml IV.3 mAb followed by 30mg/ml
F(ab’)2 rabbit anti-mouse IgG), S. aureus Newman, E. coli RS218, 3 mg/ml CRP-xl, and 3 mM TRAP-6. Aggregation was measured by light transmission
aggregometry. (B) PRP from XLA patients was incubated with 20 mg/ml IV.3 mAb (to inhibit FcgRIIA) or vehicle, before stimulation with either S. aureus Newman, E.
coli RS218, 3 mg/ml CRP-xl or 3 mM TRAP-6. Aggregation was measured by light transmission aggregometry. Patient 1 (n=3, in different days) had a missense
mutation in codon 28 affecting the Btk pleckstrin homology domain, which causes lack of Btk function. Patient 2 (n=1) had a mutation in exon 3 resulting in absence
of Btk expression.
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interactions with unknown-disease-related factors once platelets
are released into the circulation (57). The modulation of
membrane receptor levels can affect platelet reactivity to
external stimuli as well as platelet senescence and lifespan (58);
and changes in platelet granularity might reflect some degree of
activation (with granule centralization) (19). Therefore, future
studies are needed to characterize CLL platelet proteomic and
structural changes and their potential consequences in platelet
function in the presence and absence of iBtks.

A key finding of this investigation is that therapeutic doses of
ibrutinib impair platelet responses to S. aureus Newman and E.
coli RS218. While it is still possible that an underlying CLL
platelet immune dysfunction is significantly worsened by iBtks,
the fact that ibrutinib and acalabrutinib also inhibited platelets
derived from healthy donors points out to the ability of iBtks to
directly interfere with platelet immune functions (independently
of additional CLL-specific changes). Despite some conflicting
reports regarding the increased risk of infection during ibrutinib
therapy in B-cell malignancies, Ball et al. have recently published
a systematic review and meta-analysis of randomized controlled
trials, including more than 2000 patients, in which a significantly
higher risk of infections associated with ibrutinib treatment has
been found (6). Ibrutinib inhibition of platelet immune functions
might contribute to infection by interfering with the ability of
platelets to contain and kill pathogens and crosstalk with other
immune cells (19–24, 48, 59); however, this hypothesis will need
further evaluation in view of the complex multifactorial nature of
infection complications in CLL. For example, ibrutinib affects
neutrophil, monocyte and macrophage responses to fungi (10,
11), and these effects might also have important consequences in
responses to bacteria. Furthermore, infections cannot be
explained by Btk inhibition alone, as seen by the decline in the
risk of infection and neutropenia rate over time on ibrutinib
therapy presumably due to gradual immune reconstitution (60–
62). Notably, in our study some platelet samples from ibrutinib-
treated patients aggregated to bacteria, mainly E. coli RS218,
suggesting the presence of Btk-independent mechanisms of
activation. It is important to point out that immune responses
in CLL, including those ones in which platelets might be
involved, are likely microorganism dependent. Thus, frequent
pathogens like S. pneumoniae, H. influenzae, but also fungi (63)
should be examined in this context.

To clarify if newer iBtks with improved selectivity for Btk over
other kinases (5, 42, 64) might be beneficial to treat B-cell
malignancies, it is important to understand how Btk and
structurally related kinases like Tec work in non-malignant
cells, including platelets. For this reason, the second part of
our study investigated the role of Btk in platelet immunity.
Previous studies on healthy donor platelets reported a role for
Btk and Tec in FcgRIIA-mediated platelet activation in response
to artificial antibody crosslinking and sera from heparin-induced
thrombocytopenia patients (35, 36). Here, we studied Btk and
Tec activation downstream of bacteria-stimulated platelets from
healthy donors and CLL patients. Bacteria and FcgRIIA
crosslinking with IV.3 mAb caused Btk activation, and platelet
aggregation that was more sensitive to ibrutinib than CRP-xl
Frontiers in Immunology | www.frontiersin.org 134445
stimulation, suggesting that Btk has a role downstream of
FcgRIIA, as supported by investigations by Goldmann et al.
(36). Although the peak plasma concentration of ibrutinib is only
0.3-0.4 mM (65), Btk activation was abolished in platelets derived
from ibrutinib-treated patients, which confirmed that
therapeutic doses of ibrutinib target platelet Btk. Nonetheless,
bacteria also caused platelet Tec phosphorylation that was
inhibited by ibrutinib.

Because platelets are anucleated, intracellular signaling
studies often rely on animal models. For GPVI, the relative
contribution of Btk and Tec in GPVI-mediated platelet
activation was studied using platelets from knockout mice, and
only those from double Btk and Tec knockout animals were
insensitive to CRP-xl (66). However, this strategy is not feasible
in the context of our study because murine platelets do not
express FcgRIIA, and platelets from FcgRIIA-transgenic mice do
not respond to many bacterial strains that are known to activate
human platelets, even when supplemented with human IgGs
(29). This should be taken as a warning of the limitations of using
animal models that lack FcgRIIA to address platelet immune
functions that depend on IgGs, thus linking innate and acquired
immune responses. Instead, we tested platelets from two XLA
patients, which lack functional Btk, and found that they
responded to bacteria in an FcgRIIA-dependent manner,
although we detected some impairment in aggregation to
FcgRIIA crosslinking (IV.3-xl) that will require further
investigation. Most commonly, XLA patients suffer from
respiratory infections caused by S. pneumoniae and H.
influenza. Although S. aureus infections are also reported (67,
68), generally they are not considered significant problems in
patients who receive regular immunoglobulin replacement
therapy (47), which further suggests that Btk is not essential
for the immune system to control infection by specific bacterial
species in the presence of normal IgGs. Altogether, and as found
for GPVI (15, 35, 66, 69), our results suggest that either Btk is
dispensable for platelet aggregation to S. aureus and E. coli, or
there is enough Btk/Tec kinase functional redundancy to rescue
the activating signaling when Btk is absent. It is also possible that
other tyrosine kinases can compensate for the loss of Btk, but still
be off-targeted by ibrutinib in CLL patients. Platelet-bacteria
interactions are complex and can involve multiple receptor-
ligand combinations that are bacterial-strain specific (70),
therefore, it is also possible that crosstalk between FcgRIIA/
aIIbb3 and other receptors (e.g., GPIb, complement receptor
gC1q-R, and Toll-like receptor 2) (33, 34) and signaling
pathways can overcome the absence of Btk.

In summary, this study shows that CLL platelets can respond
to S. aureus and E. coli bacteria in an FcgRIIA-dependent
manner and provides evidence that ibrutinib impairs such
responses. Mechanistically, while FcgRIIA expression was not
altered by the treatment, our data demonstrates that ibrutinib
inhibits both Btk and Tec kinases downstream of FcgRIIA/
aIIbb3 activation in response to bacteria stimulation. This
points out to the importance of evaluating the effect of iBtks
used to treat CLL and other hematological malignancies on
platelet immune functions.
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Malm A. Bacterial Colonization in Patients With Chronic Lymphocytic
Leukemia and Factors Associated With Infections and Colonization. J Clin
Med (2019) 8:861. doi: 10.3390/jcm8060861

4. Teh BW, Tam CS, Handunnetti S, Worth LJ, Slavin MA. Infections in Patients
With Chronic Lymphocytic Leukaemia: Mitigating Risk in the Era of
Targeted Therapies. Blood Rev (2018) 32:499–507. doi: 10.1016/
j.blre.2018.04.007

5. Wen T, Wang J, Shi Y, Qian H, Liu P. Inhibitors Targeting Bruton’s Tyrosine
Kinase in Cancers: Drug Development Advances. Leukemia (2021) 35:312–
32. doi: 10.1038/s41375-020-01072-6

6. Ball S, Das A, Vutthikraivit W, Edwards PJ, Hardwicke F, Short NJ, et al. Risk
of Infection Associated With Ibrutinib in Patients With B-Cell Malignancies:
A Systematic Review and Meta-Analysis of Randomized Controlled Trials.
Clin Lymphoma Myeloma Leukemia (2020) 20:87–97.e5. doi: 10.1016/
j.clml.2019.10.004

7. Lipsky AH, Farooqui MZH, Tian X, Martyr S, Cullinane AM, Nghiem K, et al.
Incidence and Risk Factors of Bleeding-Related Adverse Events in Patients
With Chronic Lymphocytic Leukemia TreatedWith Ibrutinib.Haematologica
(2015) 100:1571–8. doi: 10.3324/haematol.2015.126672

8. Munir T, Brown JR, O’Brien S, Barrientos JC, Barr PM, Reddy NM, et al. Final
Analysis From RESONATE: Up to Six Years of Follow-Up on Ibrutinib in
Patients With Previously Treated Chronic Lymphocytic Leukemia or Small
Lymphocytic Lymphoma. Am J Hematol (2019) 94:1353–63. doi: 10.1002/
ajh.25638

9. Honigberg LA, Smith AM, Sirisawad M, Verner E, Loury D, Chang B, et al.
The Bruton Tyrosine Kinase Inhibitor PCI-32765 Blocks B-Cell Activation
and is Efficacious in Models of Autoimmune Disease and B-Cell Malignancy.
Proc Natl Acad Sci (2010) 107:13075–80. doi: 10.1073/pnas.1004594107

10. Fiorcari S, Maffei R, Vallerini D, Scarfò L, Barozzi P, Maccaferri M, et al. BTK
Inhibition Impairs the Innate Response Against Fungal Infection in Patients
With Chronic Lymphocytic Leukemia. Front Immunol (2020) 11:2158.
doi: 10.3389/fimmu.2020.02158

11. Blez D, Blaize M, Soussain C, Boissonnas A, Meghraoui-Kheddar A, Menezes
N, et al. Ibrutinib Induces Multiple Functional Defects in the Neutrophil
Response Against Aspergillus Fumigatus. Haematologica (2019) 105(2):478–
89. doi: 10.3324/haematol.2019.219220

12. Levade M, David E, Garcia C, Laurent P-A, Cadot S, Michallet A-S, et al.
Ibrutinib Treatment Affects Collagen and Von Willebrand Factor-Dependent
Platelet Functions. Blood (2014) 124:3991–5. doi: 10.1182/blood-2014-06-
583294

13. Kamel S, Horton L, Ysebaert L, Levade M, Burbury K, Tan S, et al. Ibrutinib
Inhibits Collagen-Mediated But Not ADP-Mediated Platelet Aggregation.
Leukemia (2015) 29:783–7. doi: 10.1038/leu.2014.247

14. Bye AP, Unsworth AJ, Vaiyapuri S, Stainer AR, Fry MJ, Gibbins JM. Ibrutinib
Inhibits Platelet Integrin aiibb3 Outside-In Signaling and Thrombus Stability
But Not Adhesion to Collagen. Arterioscler Thromb Vasc Biol (2015) 35:2326–
35. doi: 10.1161/atvbaha.115.306130

15. Nicolson PLR, Nock SH, Hinds J, Garcia-Quintanilla L, Smith CW, Campos J,
et al. Low Dose Btk Inhibitors Selectively Block Platelet Activation by CLEC-2.
Haematologica (2021) 106(1):208–19. doi: 10.3324/haematol.2019.218545

16. Nicolson PLR, Hughes CE, Watson S, Nock SH, Hardy AT, Watson CN, et al.
Inhibition of Btk by Btk-Specific Concentrations of Ibrutinib and
Acalabrutinib Delays But Does Not Block Platelet Aggregation to GPVI.
Haematologica (2018) 103(12):2097–108. doi: 10.3324/haematol.2018.193391

17. Series J, Garcia C, Levade M, Viaud J, Sié P, Ysebaert L, et al. Differences and
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FCGR2C Associates With Increased
Odds of Perinatal HIV Acquisition
Joy Ebonwu1,2, Ria Lassaunière3, Maria Paximadis2,4, Mark Goosen2,4,
Renate Strehlau5,6, Glenda E. Gray7,8, Louise Kuhn9,10 and Caroline T. Tiemessen2,4*

1 Division of Public Health Surveillance and Response, National Institute for Communicable Diseases, Johannesburg, South
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8 South African Medical Research Council, Cape Town, South Africa, 9 Gertrude H. Sergievsky Centre, College of Physicians
and Surgeons, Columbia University, New York, NY, United States, 10 Department of Epidemiology, Mailman School of Public
Health, Columbia University, New York, NY, United States

In the Thai RV144 HIV-1 vaccine trial, a three-variant haplotype within the Fc gamma
receptor 2C gene (FCGR2C) reduced the risk of HIV-1 acquisition. A follow-on trial,
HVTN702, of a similar vaccine candidate found no efficacy in South Africa, where the
predominant population is polymorphic for only a single variant in the haplotype, c.134-
96C>T (rs114945036). To investigate a role for this variant in HIV-1 acquisition in South
Africans, we used the model of maternal-infant HIV-1 transmission. A nested case-control
study was conducted of infants born to mothers living with HIV-1, comparing children with
perinatally-acquired HIV-1 (cases, n = 176) to HIV-1-exposed uninfected children
(controls, n = 349). All had received nevirapine for prevention of mother-to-child
transmission. The FCGR2C copy number and expression variants (c.−386G>C,
c.−120A>T c.169T>C, and c.798+1A>G) were determined using a multiplex ligation-
dependent probe amplification assay and the c.134-96C>T genotype with Sanger
sequencing. The copy number, genotype and allele carriage were compared between
groups using univariate and multivariate logistic regression. The FCGR2C c.134-96C>T
genotype distribution and copy number differed significantly between HIV-1 cases and
exposed-uninfected controls (P = 0.002, PBonf = 0.032 and P = 0.010, PBonf = > 0.05,
respectively). The FCGR2C c.134-96T allele was overrepresented in the cases compared
to the controls (58% vs 42%; P = 0.001, PBonf = 0.016). Adjusting for birthweight and
FCGR2C copy number, perinatal HIV-1 acquisition was associated with the c.134-96C>T
(AOR = 1.89; 95% CI 1.25-2.87; P = 0.003, PBonf = 0.048) and c.169C>T (AOR = 2.39;
95% CI 1.45-3.95; P = 0.001, PBonf = 0.016) minor alleles but not the promoter variant at
position c.−386G>C. The c.134-96C>T variant was in strong linkage disequilibrium with
the c.169C>T variant, but remained significantly associated with perinatal acquisition
when adjusted for c.169C>T in multivariate analysis. In contrast to the protective effect
org November 2021 | Volume 12 | Article 76057114849
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observed in the Thai RV144 trial, we found the FCGR2C variant c.134-96T-allele
associated with increased odds of perinatal HIV-1 acquisition in South African children.
These findings, taken together with a similar deleterious association found with HIV-1
disease progression in South African adults, highlight the importance of elucidating the
functional relevance of this variant in different populations and vaccination/
disease contexts.
Keywords: Fc gamma receptor, FCGR2C, genetic variant, polymorphism, gene copy number, perinatal HIV-1
acquisition, genetic association study, South Africa
INTRODUCTION

The crystallisable fragment (Fc) region of immunoglobulin G
(IgG) antibodies interacts with Fc gamma receptors (FcgRs)
expressed on the surface of hematopoietic cells to mediate
effector functions. In humans, FcgRs are divided into three
classes (FcgRI, FcgRII, and FcgRIII) based on structural
domain organization, differences in affinity and specificity for
IgG subclasses, and whether their binding triggers activating or
inhibitory signals. The low affinity FcgRs are encoded by five
genes on chromosome 1q23, namely FCGR2A, FCGR2B,
FCGR2C, FCGR3A and FCGR3B (1) and play different roles in
regulating immune responses (2). Functionally significant
genetic variants occur for all low affinity FcgRs. These affect
FcgRs by altering receptor cell surface density, binding affinities
to IgGs, glycosylation patterns, cellular distribution, or
subcellular localization (3, 4). Apart from single nucleotide
polymorphisms (SNPs), copy number variation (CNV) has
been demonstrated for FCGR2C, FCGR3A and FCGR3B (5, 6),
and has been correlated with protein expression levels (7). Genes
are duplicated or deleted at the FCGR2/3 locus within well-
defined copy number variable regions (CNRs), namely CNR1,
CNR2, CNR3 (8, 9) and CNR4 (9). The most common are
CNR1, which comprises genes of FCGR2C, HSPA7 and FCGR3B
and CNR2 that includes the distal part of FCGR2A (exon 8 and
3’-untranslated region [3’UTR]), HSPA6, FCGR3A and proximal
part of FCGR2C (excluding exon 8 and 3’UTR) (9).

The FCGR2C gene, encoding FcgRIIc, is described as a
pseudogene and is the product of an unequal crossover event
between the 5’ part of FCGR2B genes and 3’ part of FCGR2A
(10). Expression of the membrane-bound FcgRIIc protein
depends on a combination of three minor alleles that include
the c.169T>C variant in exon 3, which substitutes a premature
stop codon with a glutamine at amino acid 57, and two splice
variants in intron 7 - c.798+1A>G and c.799-1G>C (6, 11). Due
to significant variation of the minor allele frequencies in different
populations (12), FcgRIIc protein expression is subject to ethnic
variation. The splice variant c.798+1A>G minor allele rarely
occurs in black Africans and East Asians, thus, few individuals in
this population express FcgRIIc compared to approximately 33%
of Caucasians (12). An additional FCGR2C c.134-96C>T variant
(also known as FCGR2C 126C>T) has been identified as
clinically significant (13). Overall, genetic variation of FCGR2C
has been associated with rheumatoid arthritis (14) idiopathic
thrombocytopenic purpura (15), HIV-tuberculosis co-infection
org 24950
(16), antibody responses to vaccinations (11, 13, 17) and HIV
disease progression (18).

In the RV144 vaccine trial, where the vaccine regimen was
designed against HIV-1 clade B and E, a three-variant haplotype
within FCGR2C [c.353C>T (rs138747765); c.391+111G>A
(rs78603008) and c.134-96C>T (rs114945036)] reduced the
risk of HIV-1 acquisition in Thai adults. The vaccine test
subjects carrying at least one minor allele of the c.134-96C>T
tag variant had an estimated vaccine efficacy of 91% against the
CRF01_AE 169K HIV-1 strain and 64% against any HIV-1
strain, while those with wild type allele exhibited a vaccine
efficacy of 15% and 11%, respectively (13). Conversely, two
variants within the haplotype were associated with increased
risk of HIV-1 acquisition in the HIV Vaccine Trials Network
(HVTN) 505 vaccine trial (17). A follow-on trial of a similar
vaccine regime to RV144 (HVTN 702 vaccine trial) tested in
South Africa showed no efficacy (19). The cause underlying the
different vaccine trial outcomes remains undetermined.
However, differences in vaccine regimen, population,
demographics and environment should be considered (17). A
role for population genetics warrants consideration, since black
South Africans do not possess the complete Thai FCGR2C
haplotype and are only polymorphic for c.134-96C>T
(rs114945036) (12).

The c.134-96C>T FCGR2C variant has been implicated in
HIV-1 disease progression in a black South African cohort (18).
However, unlike the protective effect observed for Thai
vaccinees, the minor allele was associated with increased odds
of HIV-1 disease progression in those already infected. It is
unknown whether the alternate protective and deleterious roles
of the FCGR2C c.134-96C>T variant in the Thai vaccinees and
HIV-1 infected South Africans is due to different mechanisms
involved before and after HIV-1 infection or whether the genetic
differences associated with the haplotype alters its role in the two
populations. Establishing the role of the c.134-96C>T variant in
HIV-1 protective immunity in other models of persistent HIV-1
exposure, such as infants born to HIV-1 infected mothers, will
be informative.

Mother-to-child transmission (MTCT) is an attractive model in
which to study immune correlates of protection since both
members of the transmitting dyad are known, timing of
transmission can be ascertained with reasonable precision, and it
affords the opportunity to assess factors contributing to both the
infectiousness of the transmitter (mother) and susceptibility of the
recipient (infant) (20, 21). Limitations of this model are that
November 2021 | Volume 12 | Article 760571
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transmission occurs between genetically similar individuals,
exposure to HIV-1 occurs at a time of early immune
development, and immune circumstances during pregnancy are
associated with tolerance of the fetal allograft (22). Nevertheless, it
provides a unique opportunity to investigate the role of FcgR-
mediated effector functions, since the individual (fetus/infant) at risk
is passively immunized with HIV-1-specific antibodies through
trans-placental transfer of IgG from the HIV-1 infected mother
and the model is not confounded by interspecies differences as
observed for non-human primate studies (23). In this study, we
investigate the association between the FCGR2C c.134-96C>T
variant and HIV-1 acquisition in black South African children
born to women living with HIV.
MATERIALS AND METHODS

Study Design and Population
A nested case-control study was undertaken to investigate the
association between the FCGR2C variants and HIV-1 perinatal
acquisition in children, combining data from past studies of five
perinatal cohorts at two hospitals in Johannesburg, South Africa
(24–27). One of the five cohorts consists of 546 HIV-infected
children who were recruited as part of two sequential
randomized clinical trials (NEVEREST 2 and 3) (24–26). The
remaining four cohorts comprised of 849 HIV-1 infected
mothers and their infants who were recruited and followed
prospectively, of whom 83 (10%) infants acquired HIV (27). In
the present study, only samples that were found and with
sufficient volume were genotyped. FCGR2C genotypic data
from 99 out of 546 and 77 of 83 HIV-1-infected children
(cases) from the NEVEREST and mother-infant cohorts,
respectively (n = 176) were compared with 349 of the HIV-
exposed uninfected children (controls).

Mode of transmission was defined according to the presence
or absence of detectable HIV-1 deoxyribonucleic acid (DNA) in
the infant at birth and six weeks of age. Infants that tested HIV-1
positive at six weeks of age, but who were negative at birth, were
considered to be infected intrapartum (during labor and
delivery) (n = 31), while infants that tested HIV-1 positive at
birth were considered infected in utero (n = 19). Infants who
were HIV-1 positive at six weeks, but had no birth sample, were
categorized as ‘undetermined’ (n = 28). In the ‘undetermined’
category, 25/28 (89.2%) mothers received single-dose nevirapine
or triple-drug combination therapy (two nucleoside reverse
transcriptase inhibitors with either a protease inhibitor or non-
nucleoside reverse transcriptase inhibitor) known to reduce
intrapartum transmission (27–29). Genotyping generated a
result for all the FCGR2C variants assessed in this study in 27
out of the 28 samples. It was thus concluded that the majority (n
= 27) of infants were likely infected in utero and were combined
with the in utero group to form an in utero-enriched group. For
the NEVEREST cohort, there were no birth samples as the
children were recruited from six weeks of life. They were
therefore classified as mixed transmission since a few were
breastfeeding infections and in utero infections could not be
Frontiers in Immunology | www.frontiersin.org 35051
distinguished from intrapartum infections (n = 99). All study
participants were black South Africans and received nevirapine
for prevention of MTCT. Maternal antiretroviral therapy was not
routinely used at the time.

Ethics
Ethics approval for the study was obtained from the University of
the Witwatersrand Human Research Ethics Committee
(Reference numbers: M170585; M180575).

Genotyping
FCGR2C copy number and SNPs that affect gene expression –
c.169T>C (p.X57Q), c.798+1A>G, and the FCGR2B/C promoter
variant at position c.−386G>C and c.−120A>T – were determined
using the FCGR-specific multiplex ligation-dependent probe
amplification assay (MRC Holland, Amsterdam, The
Netherlands) according to manufacturer’s instructions. Amplicons
were separated by capillary electrophoresis on an ABI Genetic
Analyser 3130 (Life Technologies, Applied Bio systems, Foster
City, CA, USA) and fragments analyzed with the Coffalyzer.NET
software (MRC Holland) using peak height as a measure of gene/
allele copy number. We did not utilize gene-specific polymerase
chain reactions (PCR) to distinguish FCGR2B and FCGR2C
promoter sequences since earlier findings indicate that African
individuals do not possess the promoter variant in FCGR2B, and
thus any detected c.−386G>C minor alleles were in FCGR2C (12).

The FCGR2C c.134-96C>T (rs114945036) variant was
genotyped through conventional PCR and Sanger nucleotide
sequencing. In brief, a 6,374 base pair fragment was amplified
with the Expand Long Template PCR System (Roche,
Mannheim, Germany) using the FCGR2B/C sense primer (5’-
ATGTATGGGGTGTCTGTGTGTC-3’) and FCGR2C-specific
antisense primer (5’-CTCAAATTGGGCAGCCTTCAC-3’)
(15). The PCR reaction consisted of ~20 ng genomic DNA as
template, 3.75 U Expand Long Template enzyme mix, 5 µl 10×
PCR buffer 3 (2 .75 mM MgCl2) , 500 µM of each
deoxynucleotide, 0.3 µM of each oligonucleotide primer, and
molecular grade water to a final volume of 50 µl. The PCR
conditions were initial denaturation at 94°C for 2 minutes,
followed by 10 cycles of 94°C for 10 seconds (denaturation),
60°C for 15 seconds (annealing) and 68°C for 7 minutes
(elongation). Thereafter, 25 cycles repeat process of
denaturation, annealing and elongation respectively at 94°C for
15 seconds, 60°C for 15 seconds and 68°C for 7 minutes plus 20
seconds cycle elongation for each successive cycle; and a final
elongation cycle at 72°C for 7 minutes. The internal antisense
primer (5’-CCTCCACTGACCAGAAAGCAC-3’) was used in
standard BigDye Terminator v3.1 Cycle Sequencing reactions.
Sequences were analyzed in Sequencer version 4.5 (Gene Codes
Corporation, Ann Arbor, MI) and area under the curve of the
electropherogram used to determine allele count for individuals
bearing more than two FCGR2C gene copies.

Nomenclature
The SNP nomenclature used in this manuscript refers to the
amino acid positions in the full protein, in accordance with the
Human Genome Variation Society (HGVS) guidelines (30).
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The numbering of nucleotides is according to the Genome
Reference Consortium Human Reference 38 [GRCh38 (hg38)].

Statistical Analysis
Categorical data were summarized as proportions and the Fisher’s
Exact test was used for comparisons. For numerical data, the t-test
was used for comparison of means. Univariate and multivariate
analyses were conducted to determine factors associated with
perinatal HIV acquisition. Adjustment for multiple comparisons
was performed using the Bonferroni correction, which considered
16 independent tests — four unrelated clinical subgroups each
tested for four variants (gene copy number, c.134-96C>T,
c.169T<C, and c.−386G>C). Both unadjusted and adjusted P
values are reported. Analysis of an association between FCGR2C
variants and HIV-1 acquisition was limited to variants whose allele
frequencies were ≥ 5%. Due to the low frequencies of minor allele
homozygotes, their effect was tested using dominant model
approach, where participants were divided into two genotype
groups: homozygous genotype of the major allele and the two
genotypes containing at least one minor allele. All analyses were
performed in STATA version 15.1 (StataCorp LP, Texas, USA).

Linkage disequilibriumbetween FCGR2C functional variants and
CNRswas computed using theHaploview software package (31) and
expressed as D prime (D′) and square of the correlation coefficient
(r2).ThecloserD′ is to1 the stronger theLDbetween two loci.Hardy-
Weinberg equilibrium was considered for individuals with two gene
copies and the statistics abstracted from the Haploview analysis
output. For the analysis, genotypic data with multiple gene copies
were considered homozygous if all copies carried the same allele or
heterozygous when both alleles were present.
RESULTS

Cohort
This nested case-control study investigated FCGR2C genotypic
data from 525 children to determine the role of FCGR2C variants
Frontiers in Immunology | www.frontiersin.org 45152
and HIV-1 acquisition in South African children born to women
living with HIV-1. The cohort includes 176 HIV-1 infected
(cases) and 349 HIV-exposed-uninfected (controls) children.
The HIV-1 infected children comprised four transmission
mode groups: in utero (n = 19), in utero-enriched (n = 46),
intrapartum (n = 31) and mixed (n = 99). Overall, there was no
significant difference in sex, gestation and breastfeeding status
between the HIV-1 infected and HIV-1 uninfected cohort.
However, the total HIV-1 infected and HIV-1 exposed-
uninfected groups differed significantly in birth weight at
delivery. Specifically, a higher proportion of HIV-infected
children had a birth weight below 2500 g (22% vs. 11%;
P = 0.001, PBonf = 0.016) (Table 1).

FCGR2C Copy Number Distribution and
HIV-1 Acquisition
The FCGR2C gene, highly homologous to FCGR2B in the first six
exons and FCGR2A in the last two exons, is subject to CNV
within previously described distinct regions (Figure 1). We did
not observe any individual with a complete absence of the
FCGR2C gene. Overall, FCGR2C CNV occurred in 166/525
(32%) children, with the frequency of duplications (n = 114)
2.2-fold higher than deletions (n = 52) (69% vs. 31%). The copy
number distribution was significantly different between the HIV-
1 infected and HIV-1 exposed-uninfected groups but not after
Bonferroni correction (P = 0.010, PBonf > 0.05) (Table 2).
Variation in copy number among the whole study cohort was
observed more frequently in CNR1, which encompasses a
complete FCGR2C copy, HSPA7 and FCGR3B (28%; n = 147)
than CNR2, with an incomplete FCGR2C copy, HSPA6 and
FCGR3A (2.7%; n = 14). In six instances (1.1%), we observed
CNV for only FCGR2C in the absence of duplicated/deleted
flanking genes, as previously described among the South
African black population (12). A duplication in both CNR1
and CNR2 was observed in one individual. Given the
differences between the CNRs, their copy number variability
was determined separately.
TABLE 1 | Demographic and clinical characteristics of perinatal HIV-1 acquisition groups.

Variables HIV-1-exposed uninfected Total HIV-1
infected

In utero infected In utero-enriched
infected

Mixed infected Intrapartum
infected

n = 349 n = 176 P value n = 19 P value n = 46 P value n = 99 P value n = 31 P value

Sex (n = 346) (n = 176) 1.000 0.487 0.875 0.569 0. 260
Male 160 (46) 80 (45) 7 (37) 20 (43) 42 (42) 18 (58)
Female 189 (54) 96 (55) 12 (63) 26 (57) 57 (58) 13 (42)

Gestation (n = 327) (n = 164) 0.355 (n = 18) 0.105 (n = 44) 0.788 (n = 95) 1.000 (n = 25) 0.013
(PBonf =
0.208)

Term 295 (90) 143 (87) 14 (78) 39 (89) 86 (91) 18 (72)
Preterm (<37 weeks) 32 (10) 21 (13) 4 (22) 5 (11) 9 (9) 7 (28)

Birth weight (g) (n = 344) (n = 168) 0.001
(PBonf =
0.016)

0.251 0.003
(PBonf =
0.048)

(n = 92) 0.001
(PBonf =
0.016)

(n = 30) 0.898
≥2500 307 (89) 131 (78) 15 (79) 34 (74) 70 (76) 27 (90)
<2500 37 (11) 37 (22) 4 (21) 12 (26) 22 (24) 3 (10)

Breastfed (n = 346) (n = 170) 1.000 (n = 18) 0.384 (n = 45) 0.117 (n = 95) 0.780 (n = 30) 0.359
No 271 (78) 134 (79) 16 (89) 40 (89) 73 (77) 21 (70)
Yes 75 (22) 36 (21) 2 (11) 5 (11) 22 (23) 9 (30)
Nove
mber 2021 | Volum
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Data are n (%) unless otherwise specified.
The P values refer to comparisons between the HIV-1-exposed uninfected (control) group and each of the HIV-1 infected (case) groups.
Bold indicates statistical significance of P < 0.05; PBonf, Bonferroni corrected P value.
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Within CNR1, CNV was significantly different between the
HIV-1 infected and HIV-1 exposed-uninfected groups (P =
0.009, PBonf > 0.05). This difference was primarily determined
by gene deletions. There were a higher number of HIV-1
exposed-uninfected children with a single gene copy compared
to HIV-1 infected children (36% vs. 14%) (Table 2). Using two
FCGR2C gene copies as reference, the possession of a single gene
copy was independently associated with reduced odds of HIV-1
acquisition (OR = 0.29; 95% CI 0.12-0.71; P = 0.007, PBonf > 0.05)
and retained significance after controlling for birthweight and
FCGR2C genotypes (AOR = 0.37; 95% CI 0.15-0.90; P = 0.029,
PBonf > 0.05) (Table 3). The CNR2 and the novel CNR4
variability were excluded from further association analysis due
to low frequencies (< 5%).

FCGR2C Variants That Determine the
Expression of Surface FcgRIIc
We further genotyped functional FCGR2C variants that
determine the expression of FcgRIIc (c.−386G>C, c.169T>C
and c.798+1A>G) and the c.134-96C>T variant that associated
with risk of HIV-1 acquisition in the Thai RV144 HIV-1 vaccine
trial (Figure 1). To assess the role of the FCGR2C genotypes and
allele distribution in perinatal HIV-1 acquisition, children with a
single FCGR2C gene copy were considered homozygous; those
with more than one FCGR2C gene copy were considered
homozygous if all the alleles were the same or heterozygous if
both alleles were present. With MLPA, we obtained genotypic
data from 166 out of the 176 HIV-1 infected for c.169T>C and
c.−386G>C variants.

A SNP in exon 3 (c.169T>C) that results in an open reading
frame (ORF) or a stop codon determines the expression of
Frontiers in Immunology | www.frontiersin.org 55253
FcgRIIc when present with the minor allele of two splice
variants in intron 7 (c.798+1A>G and c.799-1G>C). While
129/515 (25%) of individuals carried at least one FCGR2C-ORF
(c.169C allele), only 4/129 (3%) individuals possessed the c.798
+1G minor allele that represents the classic FCGR2C-ORF and
predicts FcgRIIc expression (6, 32). Of the four individuals with
the c.798+1G minor allele, three were HIV-1-exposed uninfected
and one HIV-1 infected. Conversely, the c.169C allele co-
occurred with the c.798+1A allele in 97% (n = 125) of the
participants, representing the non-classic FCGR2C-ORF that
does not yield surface expression of FcgRIIc. The c.799-1G>C
splice cite variant was not genotyped, since it has been shown
that the c.169C and c.798+1A alleles are syntenic with the c.799-
1G allele in South African population (12).

While the c.169T>C variant alone does not result in surface
expression of FcgRIIc, it may have other unknown functional
consequences and was therefore investigated for a possible
association with HIV-1 perinatal transmission. The c.169T>C
genotype distribution was significantly different between HIV-1
infected and HIV-1 exposed-uninfected children (P = 0.002,
PBonf = 0.032) (Figure 2i). In a dominant model, the c.169C was
overrepresented in the HIV-1 infected compared to the
uninfected children (32% vs. 22%) and significantly associated
with increased odds of HIV acquisition (OR = 1.68; 95% CI 1.11-
2.55; P = 0.013, PBonf > 0.05). The strength of association
increased after adjusting for birthweight and CNR1 copy
number (AOR = 2.39; 95% CI 1.45-3.95; P = 0.001, PBonf =
0.016). For the FCGR2B/C promoter variant at position –
386G>C, which modulates gene expression levels, no
significant difference in genotype frequency was observed
between the HIV-1 infected and HIV-1 uninfected cohort
FIGURE 1 | Schematic diagram of the FCGR gene locus on chromosome 1q23 with their orientation; CNV of FCGR2C within distinct copy number variable regions
– previously designated CNR1, CNR2 (8,9) and a novel region (CNR4) where only FCGR2C duplicated/deleted, as described among South African black population
(12); Functional and clinically significant FCGR2C variants and their positions on the gene.
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(P = 0.288) (Figure 2ii). The homozygous −386 CC genotype was
not observed in any individual. Due to the low frequency of the
splice site variant c.798+1A>G minor allele, an association
analysis was not conducted.

The Thai FCGR2C Haplotype Tag Variant
c.134-96C>T Associates With Increased
Odds of Perinatal HIV-1 Transmission
The FCGR2C c.134-96C>T genotype distribution was
significantly different between the children who acquired HIV-
1 and those who did not (P = 0.002, PBonf = 0.032) (Figure 2iii).
In particular, the c.134-96T-allele was overrepresented in the
HIV-1-infected children compared to the exposed-uninfected
children (58% vs. 42%; P = 0.001, PBonf = 0.016). The
overrepresentation was primarily driven by the in utero-
enriched (63% vs. 42%; P = 0.011, PBonf > 0.05) and mixed
(59% vs. 42%; P = 0.004, PBonf > 0.05) infected groups
(Figure 2iii). We combined the in utero-enriched and mixed
transmission groups into a larger in utero-enriched group,
excluding the 27 HIV-1 infected and 75 HIV-1 exposed
uninfected breastfed individuals, and sti l l observed
Frontiers in Immunology | www.frontiersin.org 65354
overrepresentation of the minor allele in the HIV-1 infected
children (60% vs. 43%; P = 0.002, PBonf = 0.048) (data
not shown).

The association between FCGR2C c.134-96C>T variant and
HIV acquisition was assessed in a univariate model and a
multivariate model that controlled for birthweight and CNR1
copy number, which were statistically significant at univariate
analysis (Table 4). In a dominant model, the c.134-96C>T minor
allele was associated with increased odds of perinatal HIV-1
transmission at univariate (OR = 1.89; 95% CI 1.31-2.73; P =
0.001, PBonf = 0.016) and multivariate analysis (AOR = 1.89; 95%
CI 1.25-2.87; P = 0.003, PBonf = 0.048). The association was
specific to the in utero-enriched (OR = 2.34; 95% CI 1.24-4.42;
P = 0.009, PBonf > 0.05) and the mixed transmission groups
(OR = 1.94; 95% CI 1.24-3.06; P = 0.004, PBonf > 0.05) but not the
in utero (OR = 1.24; 95% CI 0.49-3.12; P = 0.653) and
intrapartum groups (OR = 1.29; 95% CI 0.62-2.69; P = 0.500).
Statistical significance was retained in both in utero-enriched
(AOR = 2.49; 95% CI 1.31-4.76; P = 0.006, PBonf > 0.05) and
mixed transmission groups (AOR = 2.06; 95% CI 1.28-3.30; P =
0.003, PBonf = 0.048) after adjusting for birthweight.
TABLE 3 | Effect of FCGR2C CNR1 copy number distribution on perinatal HIV-1 acquisition, adjusting for birthweight and FCGR2C genotypes.

FcgRIIc copy number (Total group) Univariate Multivariate

OR (95% CI) P-value Adjusted OR P-value

1 copy 0.29 (0.12-0.71) 0.007 (PBonf = 0.112) 0.37 (0.15-0.90) 0.029 (PBonf = 0.464)
2 copies Ref Ref
≥3 copies 0.99 (0.63-1.57) 0.978 0.74 (0.43-1.27) 0.275
November 2021 | Volum
OR, Odds Ratio; CI, Confidence Interval; PBonf, Bonferroni corrected P value.
Bold indicates statistical significance of P < 0.05.
TABLE 2 | FCGR2C copy number distribution in HIV-1-exposed infected and uninfected infants.

Variables Total study
cohort

HIV-1-exposed unin-
fected

TotalHIV-1
infected

In utero infected In utero-
enriched
infected

Mixed infected Intrapartum
infected

n = 525 n = 349 n =
176

P
value

n = 19 P
value

n = 46 P
value

n = 99 P
value

n = 31 P
value

FcgRIIc copy
number

0.010
(PBonf =
0.16)

0.672 0.142 0.095 0.028
(PBonf =
0.448)1 copy 52 (10) 44 (12) 8 (4) 1 (5.3) 3 (6) 5 (5) 0 (0)

2 copies 359 (68) 233 (67) 126
(72)

13
(68.4)

28 (61) 71 (72) 27
(87)

≥3 copies 114 (22) 72 (21) 42 (24) 5 (26.3) 15 (33) 23 (23) 4 (13)
CNR1 (n = 147) (n = 105) (n = 42) 0.009

(PBonf =
0.144)

(n = 5) 0.162 (n =
15)

0.035
(PBonf =
0.56)

(n =
23)

0.228 (n = 4) 0.296

deletion 44 (30) 38 (36) 6 (14) 0 (0) 1 (7) 5 (22) 0 (0)
duplication 103 (70) 67 (64) 36 (86) 5 (100) 14 (93) 18 (78) 4

(100)
CNR2 (n = 14) (n = 8) (n = 6) 0.767 (n = 1) 0.444 (n = 2) 0.444 (n = 4) 0.180 (n = 0)
deletion 5 (36) 3 (37.5) 2 (33) 1(100) 2 (100) 0 0
duplication 9 (64) 5 (62.5) 4 (67) 0 (0) 0 4 (100) 0

CNR4 (n = 6) (n = 3) (n = 3) 0.100 (n = 0) (n = 1) 0.250 (n = 2) 0.100 (n = 0)
deletion 3 (50) 3 (100) 0 0 0 0) 0
duplication 3 (50) 0 3 (100) 0 1 (100) 2(100) 0
e 12
 | Article
Data are n (%) unless otherwise specified.
The P values refer to comparisons between the HIV-1-exposed uninfected (control) group and each of the HIV-1 infected (case) groups.
Bold indicates statistical significance of P < 0.05; PBonf, Bonferroni corrected P value.
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The FCGR2C c.134-96C>T and c.169T>C
Are in High Linkage Disequilibrium
The observed genotype frequencies for FCGR2C c.–386G>C,
c.134-96C>T, c.169T>C were in Hardy-Weinberg equilibrium
(P > 0.05). We also observed that 71% (39/55) of children
carrying a c.169C were heterozygous for the FCGR2B/C
promoter variant (data not shown). We analyzed linkage
disequilibrium between the FCGR2C variants and CNRs, with
and without considering the CNV. It was important to determine
whether the observed variants associated with HIV-1 acquisition
act independently or linkage disequilibrium plays a part. Our
result demonstrated high linkage disequilibrium between c.134-
96C>T and c.169T>C both without considering CNV (D′ =
0.867; r2 = 0.319) and when only those with two gene copies were
Frontiers in Immunology | www.frontiersin.org 75455
included (D′= 0.908 and r2 = 0.213) (Figure 3). Both c.134-
96C>T and c.169T>C independently associated with increased
odds of HIV-1 acquisition, but in multivariate analysis, c.134-
96C>T retained significance (AOR = 1.91; 95% CI 1.23-2.96; P =
0.004, PBonf > 0.05) while c.169T>C did not (AOR = 1.14; 95% CI
0.70-1.86; P = 0.590).

Effect of FCGR2C c.134-96C>T and
Maternal Viral Load on Perinatal
Acquisition of HIV-1
Maternal viral load is a key determinant of MTCT of HIV-1
infection. For the NEVEREST cohorts, the maternal viral load
was not recorded. However, in the birth cohort with the defined
modes of transmission, information on maternal HIV-1 viral
A B

FIGURE 2 | Genotype (A) and allele carriage (B) distribution of functional FCGR2C variants and their association with perinatal HIV-1 acquisition in black South
Africans [HIV-1-exposed uninfected (n = 349), total infected (n = 176 for c.134-96C>T; n = 166 for c.169T>C and c.−386G>C), in utero infected (n = 19), in utero-
enriched infected (n = 46), mixed infected (n = 99 for c.134-96C>T; n = 89 for c.169T>C and c.−386G>C) and intrapartum infected (n = 31)]. * No individual with
homozygous −386 CC genotype.
November 2021 | Volume 12 | Article 760571
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load was available for 279 mothers of whom 70 transmitted HIV
to their infants and 209 did not. The mean HIV-1 viral load was
significantly higher in transmitting mothers than non-
transmitting mothers (4.53 vs. 3.95 log10 copies/ml; P <
0.0001). The maternal FCGR2C c.134-96C>T variant
Frontiers in Immunology | www.frontiersin.org 85556
independently associated with HIV-1 transmission (OR = 1.98;
95% CI 1.16-3.37; P = 0.012, PBonf = 0.192) and when controlled
for maternal viral load and birthweight (AOR = 2.03; 95% CI
1.14-3.62; P = 0.016, PBonf = 0.256). In this small subset, the
infant FCGR2C c.134-96C>T variant was independently
TABLE 4 | Univariate and multivariate analysis of the effect of FCGR2C c.134-96C>T on perinatal acquisition of HIV-1.

Genotype Univariate Multivariate

OR (95% CI) P value Adjusted OR (95% CI) P value

Total infected*
CC Ref Ref
CT/TT 1.89 (1.31-2.73) 0.001 (PBonf = 0.016) 1.89 (1.25-2.87) 0.003 (PBonf = 0.048)
In utero-enriched#

CC Ref Ref
CT/TT 2.34 (1.24-4.42) 0.009 (PBonf = 0.144) 2.49 (1.31-4.76) 0.006 (PBonf = 0.064)
Mixed#

CC Ref Ref
CT/TT 1.94 (1.24-3.06) 0.004 (PBonf = 0.064) 2.06 (1.28-3.30) 0.003 (PBonf = 0.048)
In utero
CC Ref
CT/TT 1.24 (0.49-3.12) 0.653
Intrapartum
CC Ref
CT/TT 1.29 (0.62-2.69) 0.500
November 2021 | Volum
OR, Odds Ratio; CI, Confidence Interval; PBonf, Bonferroni corrected P value.
Bold indicates statistical significance of P < 0.05.
*adjusted for birthweight and CNR1 copy number.
#adjusted for birthweight.
A B

FIGURE 3 | Linkage disequilibrium of the single nucleotide polymorphisms (SNPs) and copy number regions (CNRs) in FCGR2C gene in South African children
born to women living with HIV-1. (A) LD plots for SNPs without considering CNV and (B) when only those with two gene copies were included. Values reflect D′
measures of LD and color in the squares given by standard D′/LOD (log of the odds of there being LD between two loci) color scheme, with bright red color used to
display very strong LD.
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associated with HIV-1 acquisition (OR = 1.92; 95% CI 1.14-3.23;
P = 0.014, PBonf = 0.224). The significant association remained
when adjusted for maternal viral load (AOR = 2.10; 95% CI 1.13-
3.87; P = 0.018, PBonf = 0.288), specifically in the in utero-
enriched transmission group (AOR = 2.67; 95% CI 1.33-5.37;
P = 0.006, PBonf = 0.064) (Table 5).

Mother-Child FCGR2C c.134-96C>T
Genetic Similarity and HIV-1 Acquisition
We next evaluated mother-child FCGR2C c.134-96C>T genotype
concordance and association with HIV-1 acquisition.
Concordance was defined as mother and infant each bearing at
least one T allele (mother-child: CT/TT-CT/TT) or both were
homozygous for the C allele (CC). Discordance was defined as
one individual within the dyad possessing a CC genotype and the
other bearing a T allele (CT/TT). Possession of a T allele in both
mother and infant was overrepresented in the HIV-1-infected
children compared to the exposed-uninfected children (45% vs.
28%; P = 0.012, PBonf = 0.192). Independently, MTCT was more
likely among the mother-child concordant CT/TT group
compared to the concordant CC group (OR = 2.58; 95% CI
1.36-4.88; P = 0.004, PBonf = 0.064) and retained significance after
adjusting for maternal viral load, birthweight and infant CNR1
copy number (AOR = 2.87; 95% CI 1.36-6.06; P = 0.006, PBonf =
0.096) (Table 6).
DISCUSSION

Previous studies have reported both functional and clinical
relevance of FCGR2C genetic variability, including single
nucleotide polymorphisms and copy number variations.
Expression of the membrane-bound FcgRIIc protein in
individuals bearing the FCG2C c.169T>C minor allele
(FCGR2C-ORF) has been associated with susceptibility to
idiopathic thrombocytopenic purpura (15), Kawasaki disease
(32), systemic lupus erythematosus and increased antibody
responses to vaccinations (11). Furthermore, the FCGR2C
c.134-96C>T tag variant associated with reduced risk of HIV-1
infection in the Thai phase 3 RV144 HIV-1 vaccine trial (13) and
increased risk of HIV-1 disease progression in black South
Africans (18). In addition, increased risk of HIV-1 acquisition
Frontiers in Immunology | www.frontiersin.org 95657
in the HVTN 505 vaccine trial was associated with two variants
within the Thai FCGR2C haplotype but not the c.134-96C>T tag
variant (17).

In this study, we report further associations between FCGR2C
variants and perinatal HIV-1 acquisition in South African
children. Deletion of CNRI was significantly protective of
perinatal HIV-1 acquisition compared to two gene copies, but
the significance was not retained after Bonferroni correction.
However, the observed association between CNR1 and perinatal
HIV-1 acquisition might not be due to FCGR2C copy number
variability because FCGR3B and HSPA7 genes are also deleted
with CNR1. The associations appear to be unrelated to surface
expression of membrane-bound FcgRIIc. While some children
carried the c.169C open reading frame allele, the co-occurrence
of the splice-site variant c.798+1A allele predicted the absence of
FcgRIIc expression in the majority of children. The latter allele
gives rise to alternative mRNA splicing and a premature stop
codon with associated loss of surface expression (6, 32). Only
four children carried both the c.169C open reading frame allele
and the splice-site variant c.798+1G allele required for functional
expression of FcgRIIc. This finding correlates with previous
studies that suggested rare to absent expression of FcgRIIc in
the black African population (12, 32) and raises questions
around the functional relevance of the c.169T>C variant.

The FCGR2C c.134-96T-minor allele was associated with
increased odds of perinatally acquired HIV-1 acquisition in
South African children. Specifically, a significant association
was observed in the in utero-enriched and mixed transmission
groups but not in the in utero and intrapartum transmission
groups. The in utero-enriched and mixed transmission groups
are very similar in terms of drug treatment, as all were exposed to
nevirapine for prevention of MTCT. Due to the nevirapine, fewer
infants in the mixed group would have had intrapartum
transmission and therefore were likely in-utero enriched. After
adjusting for multiple comparisons using Bonferroni correction,
the overall c.134-96C>T association retained significance,
primarily driven by the mixed transmission group. The non-
significance in the in utero-enriched group may potentially be
due to small sample size. We postulate that the role of c.134-
96C>T in HIV-1 acquisition is more pronounced during the
course of pregnancy and at the maternal-fetal interface (3). In a
subset of our study cohort, the observed association with
TABLE 5 | Effect of FCGR2C c.134-96C>T on perinatal acquisition of HIV-1 in study cohort with information on maternal viral load.

Genotype Univariate Multivariate

OR (95% CI) P value Adjusted OR (95% CI) P value

Total infected*
CC Ref Ref
CT/TT 1.92 (1.14-3.23) 0.014 (PBonf = 0.224) 2.10 (1.13-3.87) 0.018 (PBonf = 0.288)
In utero-enriched#

CC Ref Ref
CT/TT 2.34 (1.24-4.42) 0.009 (PBonf = 0.144) 2.67 (1.33-5.37) 0.006 (PBonf = 0.064)
November 2021 | Volum
OR, Odds Ratio; CI, Confidence Interval; PBonf, Bonferroni corrected P value.
Bold indicates statistical significance of P < 0.05.
*adjusted for maternal viral load, birthweight and CNR1 copy number.
#adjusted for maternal viral load and birthweight.
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FCGR2C c.134-96C>T variant remained when adjusted for
maternal viral load, a key determinant of MTCT of HIV-1
infection. In both mother and child, the FCGR2C c.134-96C>T
variant was associated with HIV-1 transmission and acquisition,
respectively. Concordance in mother-child possession of the
c.134-96T-allele further associated with a greater risk of MTCT
compared to homozygosity for the C-allele in both mother
and infant.

Assessing the role of the FCGR2C c.134-96C>T tag variant in
both HIV-1 acquisition and disease progression has produced
contrasting results of both protective and deleterious effects. The
Thai phase 3 RV144 HIV vaccine trial provided the first clinical
evidence of vaccine-induced protection, where the FCGR2C
c.134-96C>T tag variant reduced the risk of HIV acquisition
(13). Subsequently, two variants within the Thai FCGR2C
haplotype were associated with increased risk of HIV-1
acquisition in vaccine recipients in the HVTN 505 trial but the
c.134-96C>T tag variant was not. The population in this trial was
predominantly Caucasian men who have sex with men (17). The
FCGR2C c.134-96C>T tag variant was also associated with HIV-
1 disease progression in South African adults (18). In this
mother-child transmission model study, we establish its role in
increased predisposition to HIV-1 acquisition. Whether the
contrasting associations bear any functional significance is
currently not clear and the modulating risk factors may not
necessarily overlap (18). The differing results may be attributable
to a variety of factors, including genetic differences between
populations. It has been shown that two of the three variants
within the Thai FCGR2C haplotype are absent in the African
population, including black South Africans (12).

These findings may be of consequence to efforts aimed at
elucidating the different outcomes of the two very similar HIV-1
vaccine efficacy trials, RV144 in Thailand and HVTN702 in
South Africa. In addition to population genetic differences, the
vaccine regimen evaluated in the RV144 and HVTN702 vaccine
efficacy trials were also different. The RV144 vaccine candidate
was specific for HIV-1 clades B and E with alum as adjuvant.
This vaccine candidate elicited robust cross-clade immune
responses in South Africans (33). However, in subsequent
clinical trials the RV144 vaccine regimen was modified to
increase immunogenicity and improve the duration of
vaccine-induced immune responses (34). The vaccine regimen
was HIV-1 clade C-specific, the predominant clade in South
Africa, and was adjuvanted with MF59 (34, 35). The adapted
ALVAC-HIV and Bivalent Subtype C gp120–MF59 vaccine
Frontiers in Immunology | www.frontiersin.org 105758
regimen evaluated in HVTN 702 trial showed no efficacy
among South African adults, despite previous evidence of
immunogenicity (19). The differential vaccine efficacy between
the RV144 and HVTN 702 trials might be due to differences in
some components of the vaccine regimen and host genetics. In
vaccine design, it is important to consider host genetic variation
that can modulate vaccine efficacy (36). We previously
established that black South Africans do not possess the
complete Thai FCGR2C haplotype and are only polymorphic
for c.134-96C>T (rs114945036) (12).

The functional mechanisms underlying the association of the
variants within the Thai FCGR2C haplotype with HIV-1
acquisition, disease progression and vaccine efficacy is largely
undefined. It raises many biological questions as to how
expression of the membrane-bound FcgRIIc protein or the
variants could modulate HIV-1 infection. The proposed impact
of the FCGR2C variant haplotypes on immunity against HIV is
unknown, one can only speculate. It is increasingly evident that it
does not involve expression of the surface FcgRIIc receptor, since
a limited number of individuals in the available genetic
association studies bear the minor alleles that predict
expression of the surface molecule. It is unknown whether a
truncated soluble form of the FcgRIIc protein is produced in
individuals with the premature stop codon or alternative splicing
variants that prevent surface expression of FcgRIIc. Results from
a study suggest that variants within the Thai FCGR2C haplotype
either directly associate with the expression of FCGR2C in
human B cells or in correlation with other causal variants that
affect expression levels (36). The correlation with FCGR2A was
observed across different populations and was specific to the
c.134-96C>T variant (36, 37). We have proposed that the
variants modulate transcription factor binding that may alter
mRNA expression (18). This may in turn affect processes
regulated by mRNA from the FCGR2C gene.

In conclusion, the FCGR2C variant c.134-96T-allele, which
was associated with protection in the Thai RV144 trial, was
associated with increased odds of perinatal HIV-1 acquisition in
black South African children. This adds to other deleterious
associations found for FCGR2C variants in the context of HIV-1
(17, 18) and warrants investigation of these variants in South
African adults actively immunized in the HVTN 702 trial (19)
and individuals passively immunized with the broadly
neutralizing VRC01 antibody in the Antibody Mediated
Prevention (AMP) trials (38). Collectively, these intriguing
results highlight the need for further mechanistic studies to
TABLE 6 | Mother-child FCGR2C c.134-96C>T genetic similarity and HIV-1 acquisitiona.

Genotype (mother-child pair) HIV-1-exposed
uninfected n = 222

HIV-1 infected n = 76 Univariate Multivariate*

OR (95% CI) P value OR (95% CI) P value

Concordant CC 94 (42) 20 (26) Ref Ref
Concordant CT/TT 62 (28) 34 (45) 2.58 (1.36-4.88) 0.004 (PBonf = 0.064) 2.87 (1.36-6.06) 0.006 (PBonf = 0.096)
Discordant 66 (30) 22 (29) 1.57 (0.79-3.10) 0.197 1.50 (0.68-3.29) 0.308
Novem
ber 2021 | Volum
OR, Odds Ratio; CI, Confidence Interval; PBonf, Bonferroni corrected P value.
Bold indicates statistical significance of P < 0.05.
*adjusted for maternal viral load, birthweight and CNR1 copy number.
a
“Concordant” denotes mother-child pairs with same FCGR2C c.134-96C>T genotype. “Discordant” denotes mother-child pairs with different genotypes.
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establish the functional relevance of FCGR2C variation in
different populations and more broadly in contexts of
vaccination and disease.
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Receptors for the crystallisable fragment (Fc) of immunoglobulin (Ig) G, Fcg receptors
(FcgRs), link the humoral and cellular arms of the immune response, providing a diverse
armamentarium of antimicrobial effector functions. Findings from HIV-1 vaccine efficacy
trials highlight the need for further study of Fc-FcR interactions in understanding what may
constitute vaccine-induced protective immunity. These include host genetic correlates
identified within the low affinity Fcg-receptor locus in three HIV-1 efficacy trials – VAX004,
RV144, and HVTN 505. This perspective summarizes our present knowledge of FcgR
genetics in the context of findings from HIV-1 efficacy trials, and draws on genetic variation
described in other contexts, such as mother-to-child HIV-1 transmission and HIV-1
disease progression, to explore the potential contribution of FcgR variability in modulating
different HIV-1 vaccine efficacy outcomes. Appreciating the complexity and the
importance of the collective contribution of variation within the FCGR gene locus is
important for understanding the role of FcgRs in protection against HIV-1 acquisition.

Keywords: FCGR genes, Fc gamma receptor (FcgR), variant, polymorphism, copy number, HIV - human
immunodeficiency virus, vaccine, disease progression
INTRODUCTION

Despite enormous research efforts over 30 years, a highly efficacious preventative HIV vaccine
remains elusive. Nonetheless, each vaccine efficacy trial provided new insight. Only one HIV-1
vaccine trial has shown some level of protection against HIV-1 acquisition. The RV144 vaccine trial
(1), conducted in Thailand, achieved modest vaccine efficacy at 31.2%, while 6 other efficacy trials –
VAX003 (2), VAX004 (3), HVTN502 (the Step trial) (4), HVTN503 (the Phambili trial) (5),
HVTN505 (6), and HVTN702 (the RV144 follow-on trial) (7) – failed to prevent HIV-1 acquisition
in vaccinees, and even increased risk in some individuals (4, 8). Many differences could account for
the efficacy outcomes, including the vaccine regimen (design, virus subtype, and adjuvant), diversity
of circulating virus strains, sex, modes of transmission, different risk populations, geography, and
host genetics.

The initial immune correlate analysis from RV144 (9) provided the impetus for more detailed
study of immune correlates to better understand vaccine-induced immune protection against
org December 2021 | Volume 12 | Article 78820316061
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HIV-1. These subsequent studies and analyses have revealed the
inordinately complex nature of immunological mechanisms that
collectively act to provide protection against acquisition of HIV-
1 [reviewed in (10)]. In particular, they have highlighted many
HIV-specific antibody parameters as correlates of HIV-1
acquisition risk (9, 11–14), many of which bind FcgRs to
mediate their functions. Indeed, FcgR-mediated effector
functions associate with vaccine protection (9, 15). Host
genetic correlates further implicating a role for FcgRs have
been identified in three efficacy trials, VAX004 (16), RV144
(17), and HVTN505 (18); each conducted in different population
groups with distinct allelic variability across FcgRs (19).

Here we summarize our present knowledge of FcgR genetics
in the context of findings from HIV-1 efficacy trials, and include
studies of mother-to-child HIV-1 transmission and HIV-1
disease progression. We highlight the complexity of the FCGR
locus, the importance of using validated methods to aid
interpretation, the inclusion of FCGR gene copy number
determination, and population genetic differences, among
other considerations outlined.
THE LOW AFFINITY FcgRs AND HOST
GENETIC VARIABILITY

IgG, elicited through active immunization (infection or vaccination)
or transferred passively (intravenous infusion or transplacental),
modulates an antiviral response through several mechanisms. The
antigen binding fragment (Fab) may neutralize virus infection by
binding viral surface proteins and preventing attachment to host
receptors, while the antibody Fc domain direct immune
mechanisms through the engagement of FcgRs. Cross-linking of
FcgRs on the cell surface through multivalent interactions, initiates
responses that include antibody-dependent cellular cytotoxicity
(ADCC), antibody-dependent cellular phagocytosis (ADCP),
oxidative burst, release of inflammatory mediators, and regulation
of antibody production (Figure 1A) (21–24).

FcgRs are a complex family of activating and inhibitory
receptors, comprising three classes of molecules and different
isoforms: FcgRIa, FcgRIIa/b/c, and FcgRIIIa/b (Figure 1B). All
FcgRs are glycoproteins belonging to the Ig superfamily and
consist of a ligand-binding a-chain with two (FcgRII and
FcgRIII) or three (FcgRI) extracellular Ig-like domains, a
transmembrane domain, and intracytoplasmic domain. The
activating or inhibitory signaling motifs are located either within
the a-chain (FcgRII) or associated signaling subunits (FcgRI and
FcgRIIIa) (25). Unique to the FcgR family, FcgRIIIb attaches to the
cell membrane with a glycosylphosphatidylinositol anchor.
Despite lacking intrinsic cytoplasmic signaling domains,
FcgRIIIb induces several cell responses (26–28). Each FcgR is
expressed on specific cell types, either constitutively or induced,
and has particular affinities for IgG and its subtypes (IgG1-4). The
genes that encode FcgRs – FCGR1A, FCGR2A/B/C, and FCGR3A/
B – are further subject to considerable allelic variation, resulting
from segmental genomic duplications/deletions or single
nucleotide polymorphisms.
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FCGR2C, FCGR3A, and FCGR3B occur at different gene
copies due to the gain or loss of defined copy number regions
(CNR1-5, Figure 1C). The number of FCGR genes per diploid
genome directly correlate with FcgR surface density and function
(29, 30). In addition to this gene dosage effect, duplications/
deletions create chimeric FCGRs that alter the cellular
distribution, expression, and function of FcgRs. A deletion of
CNR1, present in 7.4-18.1% of individuals depending on
ethnicity, juxtaposes the 5’-regulatory sequences of FCGR2C
with the coding sequence of FCGR2B, creating the chimeric
FCGR2B’ and expression of FcgRIIb on cytotoxic NK cells where
it inhibits cell activation and ADCC (31, 32). A CNR2 deletion,
present in <1.5% of individuals, leads to an FCGR2A/2C chimera
that result in reduced FcgRIIa surface levels and oxidative burst
response (32, 33). Conversely, a CNR2 duplication, present in
1.6-4.5% of individuals, leads to an FCGR2C/2A chimeric gene
that increases FcgRIIc expression levels.

Allelic variation for FcgRI is low. In contrast, several single
nucleotide variants with a known phenotypic or functional
consequence exist for FcgRIIa/b/c and FcgRIIIa/b (34). Distinct
amino acid changes in the membrane proximal Ig-like domain of
FcgRIIa and FcgRIIIa alter their affinity for IgG subtypes and
associated effector functions, including FcgRIIa-p.H166R (alias
H131R, rs1801274) and FcgRIIIa-p.F176V (alias F158V,
rs396991) (35–38). Conversely, in the transmembrane domain
of FcgRIIb, the p.I232T variant (rs1050501) alters its inclusion in
lipid rafts and inhibitory signaling (39). In FcgRIIIb, a
combination of six amino acid changes determine the human
neutrophil antigens (HNA) 1a/b/c – molecules that are
antigenically distinct and modulate neutrophil phagocytosis
and oxidative burst (40). Unlike other FCGRs, FCGR2C occurs
predominantly as a pseudogene, where a combination of
FCGR2C minor alleles – p.X57Q (alias X13Q) and c.798+
1A>G (rs76277413) – determine its surface expression (20, 41).
Other co-inherited single nucleotide variants (haplotypes) within
the promotor region of FCGR2B/C and spanning FCGR3A
modulate surface expression levels of FcgRIIb/c and FcgRIIIa,
respectively (42–44).

Over the past few years, research identified several new FCGR
variants of clinical relevance in the context of HIV-1 (described
below). Although, linkage disequilibrium (co-occurring variants) in
the FCGR locus has impeded identification of potential causal
variants (19, 45, 46). Studying FCGR variants in different
population groups in the same and/or different context may help
define a role for specific variants, since linkage disequilibrium is
inconsistent between geographical populations (19). Of note,
describing new FCGR variants and assigning them to specific
FcgRs warrants caution, since high nucleotide sequence homology
between FCGRs could lead to inaccurate assignment of variants to
specific genes (34); thus, highlighting the need for validated
genotyping methods. In general, for the description of new and
conventional FCGR variants, we encourage the use of a single
international genotypic variation nomenclature as described by
the Human Genome Variation Society (HGVS) to enable cross-
referencing of FCGR variants between studies (34, 47). We include
here the HGVS name for all variants.
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A

B

C

FIGURE 1 | FcgR function, structure and variability. (A) FcgRs activate or inhibit immune mechanisms that include killing of infected cells through antibody-dependent
cellular cytotoxicity, clearance of immune complexes through phagocytosis, release of reactive oxygen species [superoxide anion (O-

2) and hydrogen peroxide (H2O2)],
and regulation of B cell activation through co-engaging the B cell receptor and inhibitory FcgRIIb by immune complexes. (B) FcgRs comprise a family of receptors: FcgRI,
FcgRIIa, FcgRIIb, FcgRIIc, FcgRIIIa, FcgRIIIb; also known by their cluster of differentiation (CD) markers CD64, CD32a, CD32b, CD32c, CD16a, and CD16b, respectively.
The FcgRs IgG binding chain activates or regulates immune responses depending on its association with or inclusion of an immunoreceptor tyrosine activation motif
(ITAM) or inhibitory motif (ITIM). Unique among FcgRs, FcgRIIIb attaches to the cell membrane with a glycosylphosphatidylinositol (GPI) anchor. Each receptor has a
specific cell expression profile and affinity for IgG and its subtypes (IgG1-4), shown as affinity constants (KA×10

5 M-1); -, no binding. Expression patterns: #inducible
expression; •in individuals bearing the FCGR2C expression variants (20); †very low expression or expressed by rare subsets; *expressed in individuals bearing a FCGR2C-
FCGR3B gene deletion. (C) The cluster of FCGR2A/B/C and FCGR3A/B genes on chromosome 1q23.3 that encode FcgRIIa/b/c and FcgRIIIa/b are polymorphic.
Variants include nonsynonymous single nucleotide polymorphisms that alter the receptor’s binding affinity for certain IgG subtypes, determine expression of an otherwise
pseudogene, increase surface expression, glycosylation, and subcellular localization. Large segmental duplications and deletions in the FCGR cluster further modify FcgR
expression levels and create chimeric genes that yield FcgRs with altered cellular distribution and/or function. Created with BioRender.com.
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FcgR GENE VARIANTS AND HIV VACCINE
EFFICACY TRIALS

In HIV-1 vaccine efficacy trials, studies have shown clear
associations between FcgR-mediated effector functions and risk
of HIV-1 acquisition following vaccination (9, 15, 16, 48). To
dissect further, three vaccine efficacy studies to date have
investigated FcgR variation as a modifier of antibody Fc-
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mediated effector functions and HIV-1 acquis it ion
risk (Figure 2A).

The VAX004 trial evaluated a recombinant envelope protein
(AIDSVAX B/B) prime-boost regimen in predominantly
Caucasian men who have sex with men (3). Vaccine recipients
who remained uninfected had higher antibody-dependent cell-
mediated virus inhibition (ADCVI) responses, which encompass
ADCC, ADCP and the induction of soluble antiviral factors, than
A

B

FIGURE 2 | FCGR variant associations with HIV-1 vaccine efficacy trial outcomes. (A) To date, three HIV-1 vaccine efficacy trials investigated the association
between FCGR variants and HIV-1 acquisition risk: VAX004, RV144 and HVTN505. The trials differed with regard to vaccine modalities, target HIV-1 subtypes, study
populations, mode of HIV-1 transmission, and host ethnicities. In VAX004 and HVTN505 vaccinees bearing minor alleles within FCGR2A and FCGR2B, enhanced
Fc-mediated effector functions [antibody-dependent cellular viral inhibition (ADCVI) and antibody-dependent cellular phagocytosis (ADCP), respectively] associated
with reduced risk of HIV-1 acquisition. In VAX004, enhanced HIV-1 acquisition occurred in vaccinees homozygous for the FcgRIIIa-176V allele. Co-inherited intragenic
minor alleles in FCGR2C enhanced vaccine efficacy in RV144, but increased HIV-1 acquisition risk in HVTN505. Similarly, co-inherited minor alleles in the 5’
untranslated region of FCGR3B associated with HIV-1 acquisition risk in HVTN505. (B) Defining FCGR genetic associations with HIV-1 vaccine efficacy is affected by
several factors relating to the vaccine, the host, the virus and methodology used. Created with BioRender.com.
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those who became infected (48). The magnitude of ADCVI
responses inversely correlated with the HIV-1 acquisition rate,
but only in individuals bearing low affinity alleles for FcgRIIa-
p.H166R (HR/RR genotypes) and FcgRIIIa-p.F176V (FF
genotype) (48) (Figure 2Ai). When adjusted for linkage
disequilibrium between the two variants, an independent
association with FcgRIIa-p.H166R remained. However, the
FcgRIIa-p.H166R variant itself did not predict acquisition rate
(16). Conversely, in the low risk behavioral group, vaccinees
homozygous for the p.176V allele were at greater rate of
acquiring HIV-1 compared to those who received the placebo
(hazard ratio 4.51), suggesting enhanced infection from the use
of AIDSVAX B/B in this genotype group (16).

The RV144 trial, which evaluated a heterologous ALVAC-
HIV (vCP1521) canary pox vector prime and AIDSVAX B/E
protein boost regimen, demonstrated modest vaccine efficacy
(31.2%) in Thai individuals (1). The primary determinants of
vaccine efficacy were binding IgG to the variable loops 1 and 2
(V1V2) region of gp120 and binding of plasma IgA to envelope
(9). In a secondary analysis, the combination of high levels of
ADCC and low plasma anti-HIV-1 envelope IgA antibodies
inversely correlated with HIV-1 acquisition risk (9). Variants
within FcgRIIIa, the major FcgR involved in NK cell-mediated
ADCC, did not associate with HIV-1 acquisition risk (17)
(Figure 2Aii). Conversely, three single nucleotide variants within
FCGR2C significantly modified vaccine efficacy that include
FCGR2C 126C>T (HVGS name: c.134-96C>T, rs114945036),
c.353C>T (p. T118I, rs138747765), and c.391+111G>A
(rs78603008) (17). All variants were in complete linkage
disequilibrium in Thai RV144 trial participants, forming a
haplotype. Possession of the haplotype associated with an
estimated vaccine efficacy of 91% against CRF01_AE 169K HIV-1
and 64% against anyHIV-1 strain, compared to 15% and 11% in the
absence of the haplotype, respectively. The functional significance of
the variant is unrelated to FcgRIIc surface expression, since only one
study participant carried an FcgRIIc-p.57Q allele that predicts
expression (17). Alternatively, the haplotype locates within a weak
transcriptional enhancer (49). The minor alleles likely abrogate
binding of repressor proteins within the regulatory motif and
increase mRNA expression. Indeed, in Epstein-Barr virus
transformed lymphoblastoid B-cell lines from European
Caucasians, the minor allele haplotype associated with increased
expression of FCGR2A and/or FCGR2C exon 7 (50). Other FCGR2C
variants in complete linkage disequilibrium with the haplotype
include c.113-1058T>C (rs2169052/rs115953596) and c.113-
684C>T (rs111828362) (49) were not genotyped in RV144
participants and warrant further investigation. Of significance,
two components of the haplotype, p.T118I (rs138747765) and
c.391+111G>A (rs78603008), are rarely polymorphic in Africans
(19), where the RV144 follow-up trial HVTN 702 failed to protect
against HIV-1 infection (7).

The HVTN 505 trial that evaluated another heterologous
prime-boost regimen – a multigene, multiclade DNA prime and
recombinant adenovirus 5 (rAd5) boost – did not show any
efficacy in a cohort of predominantly Caucasian men who have
sex with men (6). However, ADCP responses and binding of
Frontiers in Immunology | www.frontiersin.org 56465
immune complexes to recombinant FcgRIIa-p.166H inversely
correlated with HIV-1 acquisition risk (15) (Figure 2Aiii). The
associations increased for individuals without HIV-1 envelope
IgA. Intriguingly, in a phase IIa clinical trial of the same DNA/
rAd5 regimen (HVTN 204) (51), a different group did not detect
ADCP responses (52). The cause of the distinct observations is
unclear; both groups used the same assay albeit a different
antibody source (isolated IgG vs. serum) and antigen (vaccine
clade-specific gp120 vs. Con S gp140) (52). In the HVTN 505
trial participants, targeted sequencing of regions encoding the
extracellular domains of FcgRs identified several variants that
associated with HIV-1 acquisition risk or Fc-mediated effector
functions. An FCGR2A intronic variant modified HIV-1
acquisition risk, FCGR2A-intron13-645-G/A (HGVS name:
c.742+290G>A, rs2165088) (15). In vaccine recipients bearing
the minor allele of c.742+290G>A, the magnitude of ADCP
responses and FcgRIIa-p.166H binding to antibody-rgp140
complexes associated with reduced risk of HIV-1 acquisition
(15). The functional consequence of FCGR2A c.742+290G>A is
unknown and it does not appear to be in complete or high
linkage disequilibrium with other variants in, or flanking,
FCGR2A. Inverse correlations between ADCP with HIV-1
acquisition risk similarly occurred for participants bearing
minor alleles of two FCGR2B variants (synonymous FCGR2B-
exon5-523-G/A; HGVS name: c.336G>A, rs6665610 and
FCGR2B-intron14-352-T/G; HGVS name: c.760+26T>G,
rs6666965) (18). c.336G>A is in high linkage disequilibrium
with seven other FCGR2B variants and associated with decreased
expression of FCGR2A (18).

Furthermore, in HVTN 505 participants, a four-variant
FCGR2C haplotype and three-variant FCGR3B haplotype
associated with increased HIV-1 acquisition risk (hazard ratio
9.79 and 2.78, respectively) (18) (Figure 2Aiii). The FCGR2C
haplotype comprise two of the three FCGR2C variants identified
as protective in the RV144 vaccine trial (p.T118I, rs138747765;
and c.391+111G>A, rs78603008). The lack of association with
the third FCGR2C variant (c.134-96C>T, rs114945036) is likely
due to incomplete linkage disequilibrium of the three FCGR2C
variants in Caucasians (49), the predominant ethnicity of HVTN
505 participants. Additional FCGR2C variants were in complete
linkage disequilibrium in HVTN 505 participants, FCGR2C-
intron15-403-C/T (HGVS name: c.760+81C>T, rs373013207]
and FCGR2C-intron15-433-G/A (HGVS name: c.760+111G>A,
rs201984478). The functional consequences of these variants
remains to be determined. The haplotype within FCGR3B that
also associated with increased HIV-1 acquisition comprise three
variants in the 5’ untranslated region of FCGR3B, 111 to 126
nucleotides upstream of the transcription start site and
potentially in the gene promoter region. These include
FCGR3B-5’utr222-G/A (HGVS name: c.-111G>T; rs34085961),
FCGR3B-5’utr44-T/A (HGVS name: c.-181T>A, rs34322334),
and FCGR3B-5 ’utr99-C/G (HGVS name: c.-126C>G,
rs61803026). In individuals with the FCGR3B haplotype,
vaccination was less likely to induce potentially protective
envelope-specific IgG and/or CD8+ T-cell responses than for
individuals without the FCGR3B haplotype.
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FcgR VARIANTS IN OTHER HIV
INFECTION AND DISEASE CONTEXTS

Mother-to-child-transmission. Investigations of FCGR variants
and mother-to-child-transmission risk are limited to two Kenyan
cohorts and one South African cohort (53–55). In a Kenyan
cohort of grouped perinatal HIV-1 transmission routes (in utero,
intrapartum, and breastfeeding), infants with the FcgRIIa-
p.166HH genotype were at increased risk of acquiring HIV-1
compared with infants bearing the p.166HR genotype (53).
Studies of a Kenyan cohort with a large representation of
breastfeeding HIV-1 transmission and our South African
cohort with predominantly in utero and intrapartum HIV-1
transmission, did not replicate these findings (55, 56). In the
latter two cohorts, the maternal FcgRIIIa-F176V variant
associated with HIV-1 transmission, although with contrasting
findings. In the Kenyan cohort of predominantly breastfeeding
women, heterozygous mothers (FV) had an increased risk of
transmitting HIV-1 compared to homozygous mothers
(combined FF/VV); however, carriage of the 176V allele did
not predict HIV-1 transmission (56). If adjustment for multiple
comparisons were applied in the study, the association would not
have been statistically significant. In contrast, our South African
cohort revealed a protective role for the 176V allele in in utero
transmission, where the association remained significant after
adjustment for multiple comparisons (55). A recent study of
FCGR2C variability in South African children revealed a
protective role for a single gene copy of FCGR2C/3B per
diploid genome (57). In contrast, children bearing the minor
allele of the FCGR2C variant c.134-96C>T (rs114945036) –
identified as protective in Thai RV144 vaccine recipients (17) –
were more likely to acquire HIV-1 compared to children
homozygous for the c.134-96C allele (57).

Disease progression. The FcgRIIa low affinity genotype,
p.166RR, predicted a faster CD4 decline compared to
p.166RH/HH in the Multicenter AIDS Cohort Study (MACS)
of predominantly Caucasian men who have sex with men (58). A
similar analysis in Kenyan women – a different host genetic
background, sex and route of transmission – showed no effect
(59). In addition, the variant did not modify natural control of
HIV-1 infection in African Americans (60, 61). Despite
convincing evidence for a role for ADCC in natural HIV-1
control [reviewed in (62)], the FcgRIIIa-p.F176V variant does
not appear to modify HIV-1 disease course in Caucasians (58) or
African Americans (60) (after adjusting for multiple
comparisons). Neither FcgRIIa-p.H166R, FcgRIIIa-p.F176V,
nor FcgRIIb-p.I232T associated with HIV-1 control in the
French multicentric CODEX cohort (63). Of note, the potential
for FcgR variants to modify HIV-1 control may only become
apparent when considering variability within the ligand, such as
IgG g chain phenotypes (GM allotypes). For example, in
individuals bearing the FcgRIIa p.166HH or FcgRIIIa p.176FV/
VV genotypes, HIV-1 viraemic control was more likely in the
absence of the IgG GM21 allotype (61). Beyond the protein-
coding region, a variant located 3.1 kilobases upstream of
FCGR2A, g.1954 A>G (rs10800309), modified HIV-1 disease
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progression in a cohort of predominantly Caucasian men and
women (63). In particular, homozygosity for g.1954A allele,
which associates with increased FcgRIIa surface expression on
myeloid cells, predicted natural control of HIV-1 independent of
HLA-B57 and HLA-B27 (63). Another non-coding variant, the
FCGR2C variant c.134-96C>T (rs114945036), predicted HIV-1
disease progression in South Africans (49), the same population
where the RV144 follow-on trial, HVTN702, failed to show
efficacy (7). However, in the French multicentric CODEX
cohort of predominantly Caucasian individuals, the same
FCGR2C variant did not associate with disease progression
(63). It is unclear whether the different outcomes of RV144
and HVTN702 result from diverse population genetics, that
include FCGR2C, or vaccine-associated factors that include
differences in HIV-1 subtype envelopes, mismatched
circulating strains, adjuvant or additional booster vaccination.
Regardless, the collective findings further emphasize the
importance of the FCGR2C locus, and additional study in
different contexts will help elucidate the underlying protective/
deleterious mechanisms.
DISCUSSION

Many factors affect the host immunological response to
immunization and to the pathogen (HIV) encountered. These
include i) the route of inoculation and of HIV-1 acquisition, ii)
immunogen/virus variability, iii) vaccine regimen (modality,
dose, timing, adjuvant), iv) other prior exposures (related or
unrelated), comorbidities and pre-existing infections, v) age, vi)
sex, vii) geography (population genetics), and viii) genetic
variation of the host (Figure 2B). The immune milieu present
at antigen encounter is affected by all these factors, which
collectively define what could be called “an immunological
founder effect” – a measure of an individual’s immune
capability that dictates the likelihood of producing a protective
response to vaccination or infection. As context matters, the
antibody Fc-FcgR axis, implicated in protection from acquisition
of HIV-1 in vaccine recipients, would be expected to be
modulated by these factors.

Investigations of FcgRs and their variants warrant several
considerations. i) There are no association studies of FCGR copy
number variation and HIV vaccine outcome. In RV144, ADCC
was a correlate of protection. It is therefore plausible that a CNR1
deletion, which results in the expression of the inhibitory FcgRIIb
on NK cells and subsequent inhibition of ADCC, may have an
effect on vaccine efficacy. ii) Investigations of single nucleotide
variants need to adjust for FCGR gene copy number. Certain
minor alleles are more prevalent in individuals with more than
two gene copies and may confound quantitative trait loci studies
of FCGR variants (49). iii) Investigations of Fc-mediated effector
functions should consider the autologous FcgR variants since
they modulate binding of the receptor to antibodies, surface
expression levels of the receptor, and/or cell activation/inhibition
(64). iv) FCGR genes are highly homologous. Assigning single
nucleotide variants to specific FCGRs requires validated
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methods. v) Considerable linkage disequilibrium between single
nucleotide variants exist across the FCGR gene region (19, 45,
46), complicating identification of potential causal variants. vi)
Increasing evidence suggest a clinical significance for non-coding
FCGR variants highlighting potential complex cis- or transgene
regulation that warrants characterization and investigation in
other contexts. vii) FcgRs often co-occur on the same cell type.
Elucidating the role of a single variant requires adjusting for
allelic variants in co-expressed FcgRs, since the collective
function of all co-expressed FcgRs will determine the effector
response. Furthermore, phenotypic and functional analyses of
FCGR genotype combinations are highly relevant, as
demonstrated by an association of the FCGR2A rs1801274:
rs10800309 diplotype with cell-type specific FcgRII expression
(65) and FcgRIIa: FcgRIIIb haplotypes with neutrophil function
(66). viii) FCGR variation – gene copy number variation, single
nucleotide variants, and linkage disequilibrium – differ
significantly between population groups and genetic
association cannot necessarily be extrapolated between groups.
ix) Phenotypic and functional consequences of allelic variants
should be studied in the disease context and immune milieu of
the condition under study, since disease may alter allelic
function (67).

In summary, FCGR genetic variants have been associated with
protective or deleterious infection and disease outcomes. Much
insight can be gained into the potential functional significance of
these variants by testing samples from other efficacy trials. For
example, HVTN 702, which was non-efficacious in South
Africans immunized with subtype C envelope ALVAC-HIV
(vCP2438) prime and an MF59-adjuvanted subtype C bivalent
envelope protein boost (7). Similarly, individuals passively
immunized with broadly neutralizing antibody (VRC01) in the
Frontiers in Immunology | www.frontiersin.org 76667
Antibody Mediated Prevention (AMP) trials (68) provide
another informative study model. Harnessing host genetic
variation between populations, and studying the collective
contribution of FCGR variants in different infection/disease
contexts, will provide much needed insights into what
constitutes protective immunity to HIV-1. Importantly, the
considerations discussed here extend beyond the context of
HIV, bearing relevance to other infections and vaccination
strategies that encompass endemic [e.g. malaria (69)], epidemic
[e.g. influenza and respiratory syncytial virus (70–72)], pandemic
[e.g. severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) (73)], and emerging/re-emerging infectious diseases [e.g.
Ebola (74, 75)].
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Antibodies (Abs) are essential for the host immune response against SARS-CoV-2, and all
the vaccines developed so far have been designed to induce Abs targeting the SARS-
CoV-2 spike. Many studies have examined Ab responses in the blood from vaccinated
and infected individuals. However, since SARS-CoV-2 is a respiratory virus, it is also
critical to understand the mucosal Ab responses at the sites of initial virus exposure. Here,
we examined plasma versus saliva Ab responses in vaccinated and convalescent
patients. Although saliva levels were significantly lower, a strong correlation was
observed between plasma and saliva total Ig levels against all SARS-CoV-2 antigens
tested. Virus-specific IgG1 responses predominated in both saliva and plasma, while a
lower prevalence of IgM and IgA1 Abs was observed in saliva. Antiviral activities of plasma
Abs were also studied. Neutralization titers against the initial WA1 (D614G), B.1.1.7 (alpha)
and B.1.617.2 (delta) strains were similar but lower against the B.1.351 (beta) strain.
Spike-specific antibody-dependent cellular phagocytosis (ADCP) activities were also
detected and the levels correlated with spike-binding Ig titers. Interestingly, while
neutralization and ADCP potencies of vaccinated and convalescent groups were
comparable, enhanced complement deposition to spike-specific Abs was noted in
vaccinated versus convalescent groups and corresponded with higher levels of IgG1
plus IgG3 among the vaccinated individuals. Altogether, this study demonstrates the
detection of Ab responses after vaccination or infection in plasma and saliva that correlate
significantly, although Ig isotypic differences were noted. The induced plasma Abs
org December 2021 | Volume 12 | Article 75968816970
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displayed Fab-mediated and Fc-dependent functions with comparable neutralization and
ADCP potencies, but a greater capacity to activate complement was elicited
upon vaccination.
Keywords: SARS-CoV-2, COVID-19, vaccination, antibody isotypes, neutralization, ADCP, complement
fixation, saliva
INTRODUCTION

Antibodies (Abs) are an essential component of the immune
responses against coronavirus disease-2019 (COVID-19). In the
USA, three COVID-19 vaccines have received an authorization
for emergency use from the FDA: two messenger RNA (mRNA)
vaccines from Pfizer-BioNTech (BNT162b2) and Moderna
(mRNA-1273), and one adenovirus-vectored vaccine from
Johnson & Johnson/Janssen (Ad26.CoV2.S). All three vaccines
are designed to induce Abs targeting SARS-CoV-2 spike (1, 2), a
membrane-anchored protein on the viral surface that contains
the receptor-binding domain (RBD) necessary for binding and
entry into the host cells (3–5). Other vaccines utilized in other
countries also function to generate Abs against SARS-CoV-2
spike protein (6). In addition, several monoclonal Abs targeting
spike protein are under development (7), and three have been
authorized for emergency use by the FDA for the treatment of
mild to moderate non-hospitalized COVID-19 patients:
REGEN-COV (Casirivimab with Imdevimab), Eli Lilly
(Bamlanivimab and Etesevimab) and Vir Biotechnology/
GlaxoSmithKline (Sotrovimab).

Many studies have evaluatedAb responses against SARS-CoV-2
elicited by infection or vaccination, but most examined Abs in the
blood. Considering that SARS-CoV-2 is a respiratory virus, Abs in
the mucosal sites would serve as the frontline defense against this
virus; however, limited data are currently available. Similarities and
differences have been noted in the distribution of Ig isotypes in the
blood andmucosal tissues. The primary Abs found in the blood are
IgG, representing ~75% of serum Ig. Among the four IgG subtypes,
IgG1 and IgG2 comprise 66% and 23% of IgG, whereas IgG3 and
IgG4 are minor components (<10% each). IgM and IgA are also
abundant in blood and constitute 10% to 15%of serumIg. IgA is the
majorAb isotype of themucosal immune system and exists as IgA1
and IgA2 (8).Of these two subtypes, IgA1Abs predominate in both
serum and secretions, but IgA2 percentages are higher in secretions
than in serum.Consistentwith this information, our previous study
demonstrated that anti-spike Ab responses in convalescent plasma
collected 1-2 months post-infection, were dominated by IgG1,
although the levels varied tremendously among subjects (9).
Variable levels of IgM and IgA1 were also detected and
constituted the prominent Ig isotypes in some individuals. Other
studies have shown that SARS-CoV-2-specific IgG, IgM and IgA
responses could be detected in serum and saliva from COVID-19
patients, even though IgM and IgA declined more rapidly (10–12).
However, the isotypes of vaccine-elicited Ab responses in mucosa
have not been studied so far.

While the primary antiviral function of Abs is to neutralize
virions, Abs also have non-neutralizing effector functionsmediated
org 27071
via their Fc fragments. Virus-neutralizing activity was detected in
IgG, IgM, and IgA fractions from COVID-19 convalescent plasma
(9). COVID-19 vaccines also demonstrate the capacity to elicit
potent neutralizing Ab responses (13–17). However, the full
properties of Abs elicited by vaccination or infection are not yet
known. In particular, limited data exists for Fc-mediated activities
induced by vaccination which could play a role in vaccine efficacy
(18). The binding of anti-spike Abs to virions, infected cells, or
soluble spike proteins creates immune complexes capable of
engaging Fc receptors (FcRs) or complement via the Abs’ Fc
fragments (19, 20). These interactions are determined by the Ig
isotypes, as each isotype engages distinct FcRs and activates the
complement system with varying potency (19, 21). The FcR
engagement triggers a cascade of intracellular signals critical for
Fc-mediated activities, including Ab-dependent cellular
phagocytosis (ADCP) and Ab-dependent cellular cytotoxicity
(ADCC). Binding of C1q, the first component in the classical
complement pathway, to Fc fragments on immune complexes
activates the downstream complement cascade, resulting in the
depositionofC3andC4degradationproducts.Depositions initiates
the generationofC5convertase and the assembly of themembrane-
attack complex which is responsible for complement-mediated
lysis. Complement-opsonized immune complexes also interact
with complement receptors on leukocytes to trigger effector
functions, including complement-dependent cell-mediated
phagocytosis and cytotoxicity (22, 23).

In this study, we assessed Ab responses elicited against
different SARS-CoV-2 antigens from plasma and saliva
samples collected from both vaccinated and convalescent
donors using a multiplex bead assay that was developed in our
previous study (9, 24). Saliva was used as a model for oral and
upper respiratory mucosal secretions, and both saliva and blood
specimens from each donor were obtained simultaneously. We
further compared spike- and RBD-specific Ig isotypes in the
same pairs of plasma and saliva samples. Additionally, vaccine-
and infection-induced plasma Abs were examined for virus
neutralization and Fc-dependent functions that included
ADCP, C1q binding and C3d deposition. This study provides
evidence for distinct SARS-CoV-2-specific Ig isotypes in plasma
compared to saliva and differences in complement binding
activities associated with Ig isotype profiles.
METHODS

Recombinant Proteins
SARS-CoV-2 spike and RBD proteins were produced as
described (25, 26). S1, S2, and nucleoprotein antigens were
December 2021 | Volume 12 | Article 759688
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purchased from ProSci Inc, CA (#97-087, #97-079 and #97-
085, respectively).

Human Specimens
Plasma and saliva specimens were obtained from volunteers
enrolled in IRB-approved protocols at the Icahn School of
Medicine at Mount Sinai (IRB#17-00060, IRB#19-01243) and
the James J. Peter Veterans Affairs Medical Center (IRB#BAN-
1604): RN#1, RN#4 and RV#1-5 after immunization; RP#2-5, 7,
12, 13 after infection; and four contemporaneous non-vaccinated
COVID-19-negative subjects. Thirteen additional convalescent
plasma samples (CVAP samples) were obtained from 134-229
days after symptom onset under the JJPVAMC Quality
Improvement project “Evaluation of the clinical significance of
two COVID-19 serologic assays”. Post-immunization plasma
were also collected from 20 participants in the longitudinal
observational PARIS (Protection Associated with Rapid
Immunity to SARS-CoV-2, IRB#20-03374) study. The clinical
data are summarized in Supplemental Tables 1 and 2. All
participants signed written consent forms prior to sample and
data collection. All participants provided permission for sample
banking and sharing. All samples were heat-inactivated
before use.

Multiplex Bead Ab Binding Assay
Measurement of total Ig and Ig isotypes to SARS-CoV-2 antigen-
coupled beads was performed as described (9). The
quantification was based on MFI values at the designated
sample dilutions. For total Ig responses, specimens were
diluted 4-fold from 1:100 to 1:6,400 or 102,400 (plasma) or 2-
fold from 1:2 to 1:16 (saliva), reacted with antigen-coated beads,
and treated sequentially with biotinylated anti-human total Ig
antibodies and PE-streptavidin. Titration curves were plotted for
all antigens tested and the end-point titers were determined. The
isotyping assays were performed at one dilution (1:200 for
plasma, 1:4 for saliva) using human Ig isotype or subclass-
specific secondary antibodies and the MFI values were shown.
Complement deposition onto plasma Abs reactive with spike and
RBD were measured according to (27) with modifications. For
the C1q assay, beads with spike-Ab or RBD-Ab complexes were
incubated with C1q Component from Human Serum (10 µg/mL,
Sigma, #C1740) for 1 hour at room temperature, followed by an
anti-C1q-PE antibody (Santa Cruz, #sc-53544 PE). For the C3d
assay, Complement Sera Human (33.3%, Sigma, #S1764) was
added to the beads for 1 hour at 37°C, followed by a biotinylated
monoclonal anti-C3d antibody (Quidel, #A702). The relative
levels of C1q and C3d deposition were obtained as MFI, from
which titration curves were plotted and areas-under the curves
(AUC) were calculated.

Virus Neutralization
Recombinant SARS-CoV-2 viruses encoding GFP and bearing
SARS-CoV-2 spike proteins of the initial WA1 strain (D614G,
designated WT), B.1.1.7 (alpha), B.1.351 (beta) or B.1.617.2
(delta) variants were used in neutralization assays as described
(9, 28, 29). Virus infection in 293T-hACE2-TMPRSS2 cells
initially seeded on collagen-coated 96-well plates was detected
Frontiers in Immunology | www.frontiersin.org 37172
by GFP+ cells. At 18-22 hours post infection, GFP counts were
acquired by the Celigo imaging cytometer (Nexcelom
Biosciences, version 4.1.3.0). Each condition was tested
in duplicate.

ADCP
ADCP assays were performed using a reported protocol (30)
with some modifications. FluoSpheres carboxylate-modified
microspheres (Thermo Fisher, #F8823) were coupled with
SARS-CoV-2 spike protein using the xMAP Antibody
Coupling Kit (5 µg protein/~36.4x109 beads, Luminex #40-
50016). Spike-conjugated microspheres were incubated with
diluted plasma for 2 hours at 37°C in the dark. After washing
and centrifugation (2,000 g, 10 minutes), the beads (~3x108

beads, 10 µL/well) were incubated with THP-1 cells (0.25x105

cells, 200 µL/well) for 16 hours. The samples were analyzed on an
Attune NxT flow cytometer (Thermo Fisher, #A24858). Data
analysis was performed using FCS Express 7 Research Edition
(De Novo Software).

Statistical Analysis
Statistical analyses were performed as designated in the figure
legends using GraphPad Prism 8 (GraphPad Software, San
Diego, CA).
RESULTS

Detection of Plasma and Saliva Ab
Responses to SARS-CoV-2 Antigens After
Vaccination and Infection
Paired plasma and saliva specimens were collected from seven
healthy recipients of COVID-19 mRNA vaccines and seven
convalescent COVID-19 patients. Among vaccinees, two
individuals received the Pfizer-BioNTech vaccine and five
received the Moderna vaccine. Samples were collected 15-37
days after the second vaccine dose (Supplemental Table 1A).
Convalescent patients presented with varying disease severity
and donated samples 189-256 days post symptom onset
(Supplemental Table 1B). In addition, samples from four
COVID-19-negative non-vaccinated donors were tested in
parallel and used to establish cut-off values.

Plasma and saliva samples were titrated for total Ig against
SARS-CoV-2 spike, RBD, S1, S2, and nucleoprotein antigens.
Bovine serum albumin (BSA) served as a negative control.
Titration curves were plotted (Supplemental Figure 1), and
the end-point titers were calculated (Figure 1A). All plasma
specimens from vaccinated subjects exhibited titrating amounts
of Ig against spike, RBD, S1 and S2 above the cut-off levels,
although S2 reactivity was notably lower. As expected, reactivity
was not observed against nucleoprotein, apart from one sample
that showed weak reactivity slightly above the cut-off value. On
the other hand, convalescent plasma samples displayed titrating
Ig against spike, RBD, S1, S2 as well as nucleoprotein, and S2
reactivity was again the weakest. The presence of nucleoprotein-
specific Abs differentiated convalescent from vaccinated subjects;
December 2021 | Volume 12 | Article 759688
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these antibodies were present in plasma from convalescent but
not vaccinated subjects (Figure 1A and Supplemental Figure 1).
Correlation analyses further indicated that the levels of Abs
against spike and each of spike fragments (RBD, S1, S2)
correlated well in both groups but no correlation was found
between spike and nucleoprotein Ab levels (Supplemental
Figure 2). A similar pattern of reactivity and correlation was
seen with saliva samples (Supplemental Figures 1, 2), albeit
saliva titers were about 3 log lower compared to plasma
titers (Figure 1A).

We then calculated the number of responders (i.e. number of
individuals reaching levels above cut-offs) and found that 100% of
vaccinated and convalescent subjects showedplasma Ig reactivity to
spike, RBD, S1, and S2, and all convalescent subjects displayed
plasma reactivity to nucleoprotein (Figure 1B). By contrast, only
some vaccinated and convalescent subjects had positive saliva Ig
reactivity. Five of the 7 saliva specimens from the vaccinated group
exhibited Ig reactivity against RBD and 2 of the 7 against S2.
Frontiers in Immunology | www.frontiersin.org 47273
Depending on the antigens, saliva Ig reactivity was also detected
in one to six of the seven convalescent individuals. Nonetheless, the
levels of total Ig in plasma and saliva correlated significantly for
spike, S1, andother tested antigens (Figure1Canddatanot shown).
Similarities and Differences in Ig Isotypes
Against SARS-CoV-2 Spike and RBD
Present in Plasma Versus Saliva From
Vaccinated and Convalescent Subjects
The plasma and saliva specimens were subsequently evaluated for
total Ig, IgM, IgG1-4, IgA1 and IgA2 against spike (Figure 2A) and
RBD (Supplemental Figure 3A). Based on the titration data for
total Ig (Supplemental Figure 1), plasma was tested at 1:200
dilution, while saliva was tested at 1:4 dilution. The percentage of
responders for each isotype was determined using cut-off values,
which were calculated as mean+3 standard deviations (SD) of the
four negative specimens (Figure 2B).
A

B

C

FIGURE 1 | Levels of SARS-CoV-2-specific total Ig in plasma and saliva. (A) Titers of antigen-specific total Ig in plasma versus saliva specimens from vaccinated
donors and convalescent COVID-19 patients. End-point titers were calculated from reciprocal dilutions that reached the cut-off values (mean + 3SD of negative
controls at the lowest dilution). Data points below the cut-off are shown at the lowest reciprocal dilutions (100 for plasma, 2 for saliva) as gray circles (vaccinated) or
gray diamonds (convalescent). (B) The percentages of responders above cut-off for each antigen based on plasma versus saliva total Ig from seven vaccinated
subjects (left panel) and seven convalescent COVID-19 patients (right panel). (C) Spearman correlation of spike- and S1-specific total Ig levels in plasma versus saliva
from vaccinated and convalescent subjects. Areas under the curves (AUC) were calculated from the titration curves in Supplemental Figure 1. The dotted line
indicates the cut-off value.
December 2021 | Volume 12 | Article 759688
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A

B

C

FIGURE 2 | Ig isotypes against SARS-CoV-2 spike and RBD in plasma versus saliva after vaccination and infection. (A) Total Ig, IgM, IgG1, IgG2, IgG3, IgG4, IgA1
and IgA2 levels against spike were measured in plasma (left) and saliva (right) specimens from vaccinated (top panels) and convalescent COVID-19 patients (lower
panels). For controls, samples from four COVID-19-negative individuals (open symbols) were tested in parallel. The dotted line represents the cut-off calculated as
mean of the four control specimens + 3SD for each isotype. (B) The percentages of responders among vaccinated (top panels) and convalescent subjects (lower
panels) for each spike- or RBD-specific Ig isotype on the basis of plasma (left) and saliva (right) reactivity. (C) Spearman correlation between spike- and RBD-specific
IgG1, IgA1 and IgM levels in plasma versus saliva from vaccinated and convalescent subjects.
Frontiers in Immunology | www.frontiersin.org December 2021 | Volume 12 | Article 75968857374
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All vaccinated and convalescent plasma specimens had
detectable levels of total Ig, IgM, and IgG1 against spike
(Figures 2A, B). Similar results were observed for RBD-
specific total Ig and IgG1 (Figure 2B and Supplemental
Figure 3A), while RBD-specific plasma IgM was detected in
fewer samples due to high background (Figure 2B and
Supplemental Figure 3A), in agreement with our previous
findings (9). Saliva total Ig and IgG1 against spike and RBD
were also detected in most vaccinated and convalescent subjects.
Interestingly, although anti-spike IgM was present in plasma
from all vaccine recipients and convalescent patients, saliva IgM
was detected in only a few individuals and at low levels
approaching background (Figures 2A, B), providing evidence
for the discordance in IgM responses in saliva versus plasma.

A significant proportion (>86%) of plasma specimens from
vaccinated subjects displayed IgG2, IgG3, and IgG4 Abs against
spike andRBD (Figure 2B, top panels), albeit at relatively low levels
compared to IgG1 (Figure 2A, top panels and Supplemental
Figure 3). Low levels of these minor IgG subtypes were also
detected in saliva from some vaccinees (>43%). In the
convalescent group, the percentages of IgG2-4 responders were
much lower (Figure 2B, bottompanels) and the levelswere near the
cut-offs in plasma and saliva (Figure 2A, bottom panels).

Of IgA subtypes, IgA1 predominated over IgA2 in both
plasma and saliva samples. Among vaccinees, 100% had
plasma IgA1 Abs against spike and 86% exhibited spike-
specific IgA2, although IgA2 MFI values were near the cutoff
(Figures 2A, B). Similar results were seen for RBD-specific IgA1
and IgA2, albeit with lower percent responders and higher cut-off
values (Figures 2A, B and Supplemental Figure 3A). A
comparable pattern was observed in convalescent plasma
(Figures 2A, B bottom panels). The percentage of responders
with specific IgA1 and IgA2 in saliva were surprisingly low.
Saliva IgA1 against spike was detected in only 50% of vaccinees
and 25% of convalescent patients. RBD-specific IgA1 and IgA2
against spike- and RBD were barely detected in saliva from
vaccinated and convalescent subjects.

Correlation analysis of Ig isotypes in plasma versus saliva
further revealed that IgG1 levels against both spike and RBD
correlated strongly (Figure 2C). In contrast, no correlation was
seen with IgM and IgA1, congruent with the differences noted in
the percent IgM and IgA1 responders (Figure 2B). The
correlation was sporadically observed for the other isotypes,
but their MFI levels were near or below background
(Supplemental Figures 3B, C).

In summary, Ab responses against spike, RBD, S1, and S2
were detected in plasma and saliva from both vaccinated and
convalescent individuals, while Ab responses to nucleoprotein
were detected in plasma and saliva of the convalescent group
only. The dominant spike- and RBD-specific Ab isotype in saliva
and plasma of both vaccinated and convalescent groups was
IgG1, albeit the levels varied among individuals. IgM responses
were prevalent in plasma of both vaccinated and convalescent
groups but were not observed in most saliva samples. Induction
of IgA1 predominated over IgA2 following vaccination and
infection and was more prevalent in plasma than saliva.
Frontiers in Immunology | www.frontiersin.org 67475
Plasma Neutralizing Activities Against
Wild Type Versus B.1.351, B.1.1.7
and B.1.617.2 Variants
Neutralizing activities by vaccine- and infection-induced plasma
Abs were examined against WT and variant SARS-CoV-2 strains.
Serially titrated specimens from seven vaccinated individuals,
seven convalescent COVID-19, and three non-vaccinated
COVID-19-negative controls were tested. Neutralization assays
were performed using recombinant VSV (rVSV) expressing WT,
B.1.1.7 (alpha), B.1.351 (beta), or B.1.617.2 (delta) spike proteins
(29). The rVSV neutralization correlated strongly with live SARS-
CoV-2 virus neutralization, demonstrating Spearman’s r >0.9
across multiple studies (29). Control samples showed
background neutralization below or near 50% against all four
viruses. All samples from vaccinated and convalescent groups
attained >50% neutralization against WT (Figure 3A). In fact, all
achieved near or above 90% neutralization. Similar results were
observed for neutralization against B.1.1.7 and B.1.617.2. In
contrast, 2 vaccinee samples and 1 convalescent specimen did
not reach 50% neutralization against the B.1.351 variant. The IC50

titers against B.1.351 were also lower than the titers againstWT (6-
fold change in median) (Figure 3B), while the titers against
B.1.1.7, B.1.617.2 and WT were not similar (Figure 3C). Of
note, no difference was apparent in IC50 titers of vaccinated
versus convalescent subjects against all four strains.

Detection of Spike-Specific ADCP
Activities in Plasma of All Vaccinated
and Convalescent Donors
Because Ig isotypes are key determinants of Fc functions, we
examined the Fc-mediated Ab activities in plasma specimens for
both vaccinated and convalescent donors. Two Fc-dependent
functions were evaluated: 1) spike-specific ADCP using THP-1
phagocytes and spike-coated fluorescent beads and 2) complement
activationbasedonC1q andC3ddeposition on spike-Ab andRBD-
Ab complexes.

Spike-specific ADCP was detected above control in each of
the specimens from all vaccinated and convalescent subjects
(Figures 4A, B) and the levels corresponded with the spike-
specific total Ig levels (Figure 4C). To assess the ADCP capacity
and account for Ig level differences among samples, we calculated
the AUC ratios of spike-specific ADCP over spike-binding total
Ig. No difference between vaccinated and convalescent subjects
was observed (Figure 4D). Of note, ADCP assays were
performed with saliva samples, but no activity was detectable
above background. When saliva was concentrated, ADCP was
measurable in few specimens (data not shown), but the volumes
of most samples were inadequate, precluding their assessment in
this and other functional assays.

C1q and C3d Deposition on Spike- and
RBD-Specific Abs in Plasma From
Vaccinated and Convalescent Subjects
C1q and C3d deposition on antigen-Ab complexes was measured
utilizing antigen-coupled bead assays. The data show variability
December 2021 | Volume 12 | Article 759688
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in C1q and C3d binding to spike-bound plasma Abs from both
vaccinated and convalescent groups (Figures 5A, B). C1q and
C3d binding levels correlated strongly (Figure 5C). Interestingly,
C1q and C3d deposition was detected only in one convalescent
plasma sample and at low levels (Figures 5A, B). In the
vaccinated group, one sample did not show any C1q or C3d
binding to spike, and the remaining six exhibited a range of C1q
and C3d binding levels above the control. Similar results were
observed with C1q and C3d binding to RBD-specific plasma Abs
(Supplemental Figure 4). The calculated ratios of C1q or C3d
AUC to total Ig AUC further indicate higher capacity of vaccine-
induced Abs to bind and activate complement (Figure 5D).
These findings were supported by data from additional 20
vaccinated and 13 convalescent donors from separate cohorts,
in which the greater capacity of vaccine-induced Abs to bind C1q
and C3d was even more pronounced (Figure 5E and
Supplemental Figures 5 and 6).

The differential complement binding activity is likely related
to the relative levels of IgG subtypes generated by vaccination
compared to infection. The IgG1 and IgG3 subtypes in particular
have greater potency to activate the classical complement cascade
(9). Indeed, the relative levels of IgG1+IgG3 over IgG2+IgG4
were higher in plasma from the vaccine group than the
convalescent group (Figure 2). The low IgG3 levels were also
observed with the larger cohort of convalescent plasma
previously reported (9). To support this data, regression
analyses were performed and showed that among the spike-
and RBD-binding Ig isotypes tested, IgG1 and IgG3 Abs
contributed most significantly to the complement binding
activities (r2 = 0.74-0.95, p <0.0001).

The functional properties of plasma Abs induced after
vaccination versus natural infection are summarized in
Figure 6 . The heatmap clearly shows more potent
complement activation in plasma from vaccinated versus
convalescent groups, even though neutralization and ADCP
potencies were indistinguishable.
Frontiers in Immunology | www.frontiersin.org 77576
DISCUSSION

This study provides evidence that plasma and saliva levels of
Abs elicited after vaccination or infection correlate strongly. The
data bolster previous findings showing that Abs against spike
and nucleoprotein were similarly detected in plasma and saliva
following SARS-CoV-2 infection (31). The total levels of Abs in
saliva, however, were about 100-fold lower than in plasma.
Consequently, lower percentages of responders were observed
for saliva versus plasma Abs, with more notable differences for
S2 which induces the lowest Ab titers among the five antigens
tested. Nonetheless, saliva Abs against spike, RBD, and S1 were
readily detected in the majority of vaccinated and convalescent
groups, and saliva Abs against nucleoprotein were detectable in
all convalescent individuals tested. While these data indicate the
potential use of saliva for monitoring of anti-spike Ab responses
in vaccinated and convalescent individuals, lower positive
responses were detected, indicating the lower sensitivity of Ab
detection in saliva. Differential Ig isotypes were also seen in
saliva versus plasma, although the functional implications are
unclear as the antiviral activities of saliva Abs have not
been investigated.

Our isotyping analysis demonstrated that IgG1 is the
dominant isotype in both plasma and saliva from all
vaccinated individuals and convalescent patients. However, the
IgM and IgA levels were lower in saliva versus plasma. This
contrasts to recent findings in milk from convalescent mothers
where the dominant spike-specific Ab responses were IgA and
this response was not necessarily associated with induction of
IgG or IgM Abs (32). However, after vaccination milk Ab
responses were dominated by IgG (33). Our data further show
that compared to natural infection, vaccination induces a higher
prevalence for IgG2-4 Abs both in plasma and saliva, albeit at
relatively low levels. Of note, 100% of plasma from vaccinated
subjects had detectable spike and RBD-specific IgG3 Abs, while
only 57% and 29% responders were observed for convalescent
A B

FIGURE 3 | Plasma neutralization activities against WT versus variants. (A) Neutralization of recombinant VSV viruses bearing the spike proteins of SARS-CoV-2 WT,
B.1.531, B.1.1.7 or B.1.617.2 by plasma specimens from vaccinated and convalescent COVID-19 donors. Plasma samples from three COVID-19-negative individuals were
tested in parallel; these negative control data are shown as mean + SD of replicates from all three samples. The dotted line indicates 50% neutralization. (B) Comparison of
neutralization IC50 titers against WT versus B.1.351, B.1.1.7 and B.1.617.2. The specimens that did not reach 50% neutralization were shown as gray symbols at the lowest
reciprocal dilution. Statistical analysis was performed using a Kruskal-Wallis test. *p <0.05; ns, non-significant. Red line: median.
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plasma, respectively. The samples tested in this study were
obtained >189 days post symptom onset, but the pattern was
similar to that seen in convalescent plasma collected earlier (<8
weeks post symptom onset, 7-17% responders for spike- and
RBD-specific IgG3 Abs) (9), indicating that this IgG subtype
profile is maintained throughout the observation period.

We examined the potential plasma neutralization against the
initial Seattle WA1 strain (WT) and SARS-CoV-2 variants of
concern (B.1.1.7, B.1.351, B.1.617.2), and observed potent
neutralization activity against WT in each of the studied
samples. In agreement with published reports (34, 35), weaker
neutralization activities were seen against B.1.351 (beta), while
neutralization of B1.1.7 (alpha) and B.1.617.2 (delta) was
comparable to that of WT (36–39). No difference was seen in
the IC50 titers against eachof these four viruses between vaccine and
Frontiers in Immunology | www.frontiersin.org 87677
convalescent groups. The neutralization titers against WT after
vaccination were also similar to those of convalescent samples
collected at earlier time points (<8 weeks after symptom onset)
(9). The effects of these mutations on the non-neutralizing Fc-
dependent functions are yet to be determined. Similar to
neutralization, spike-specific ADCP activities were detected in
plasma from all vaccinated and convalescent individuals.
However, no correlation was observed between neutralization and
ADCP activities (data not shown).Moreover, complement binding
activities were distinct from neutralization and ADCP, suggesting
that these functions may be mediated by distinct Ig populations or
by Abs targeting different epitopes. The ability to thwart
neutralization may offer an advantage to the transmissibility of
these and other emerging variants, but the significance of Fc-
mediated antiviral activities remains unclear.
A B

DC

FIGURE 4 | ADCP activities in plasma of vaccinated and convalescent individuals. Spike-specific ADCP activities in plasma specimens from (A) vaccinated and
(B) convalescent donors were tested along with two control plasma samples from COVID-19-negative individuals. ADCP was measured by flow cytometry after
incubation of plasma-treated spike-coated fluorescent beads with THP-1 phagocytes. ADCP scores were calculated as % bead+ cells × MFI of bead+ cells. The
dotted line indicates the background. (C) Correlation between spike-specific ADCP AUC and spike-specific total Ig AUC from the seven vaccinated individuals,
seven convalescent patients and two negative controls. (D) Ratio of spike-specific ADCP AUC to spike-specific total Ig AUC from the seven vaccinated
individuals and seven convalescent patients. ns, not significant (p > 0.05).
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While neutralization and ADCP capacity induced by
vaccination and infection were indistinguishable, vaccine-
induced plasma Abs displayed a more robust ability to mediate
complement binding and activation as compared to infection-
induced counterparts. The differential potencies were apparent
when Ab levels were considered and when comparison was made
with infection-induced Abs from earlier or later time points (data
not shown). Evaluation of more plasma samples independently
Frontiers in Immunology | www.frontiersin.org 97778
collected from separate cohorts of vaccinated and convalescent
donors revealed a consistent pattern with significantly greater
capacities of vaccine-induced Abs to bind and activate
complement. The mRNA vaccine-induced Ab responses were
also reported in recent work with >8000 finger stick blood
specimens to have higher seroconversion rates and greater
cross-reactivity with SARS-CoV-1 and Middle Eastern
respiratory syndrome (MERS)-CoV RBDs (40), implying the
A

B

D E

C

FIGURE 5 | Complement-binding activities in the plasma of vaccinated and convalescent individuals. (A, B) The binding of C1q (A) and C3d (B) to spike-specific
Abs in plasma specimens from vaccinated (left) and convalescent (right) donors was assessed together with four COVID-19-negative controls in multiplex bead
assays. Specimens were diluted 2-fold from 1:100 to 1:6,400 or 12,800. The dotted line represents the 100x dilution cut-off values calculated as mean + 3SD of the
four control specimens. DC1q and DC3d MFI values were calculated by subtracting background MFI from each assay. (C) Spearman correlation between C1q AUC
and C3d AUC values for spike- or RBD-specific Abs in plasma specimens from vaccinated and convalescent donors. (D, E) Ratio of C1q and C3d binding AUC to
total Ig AUC of specimens from 7 vaccinated and 7 convalescent donors (D) and from additional 20 recipients of Pfizer or Moderna mRNA vaccines and 13
convalescent donors (E). Statistical significance was assessed using a Kruskal-Wallis test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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superior quality of vaccine-induced Ab responses. Greater
complement deposition activity was associated with higher levels
of IgG1 and IgG3, the two IgG subtypes with the highest potency
for complement fixation. Nonetheless, our study was limited by its
relatively small sample sizes that are also restricted to mRNA
vaccine recipients and sample collection at only one time point,
precluding us from evaluating Abs elicited by other types of
vaccines and from assessing changes of vaccine-induced
responses over time. Analysis of longitudinally collected
specimens with a larger sample size from recipients of different
COVID-19 vaccines are warranted to reach definitive conclusions.

In addition to Ig isotypes, a parameter known to influence
complement binding is Fc glycosylation, as the removal of terminal
galactose from IgG Fc glycans has been shown to decrease C1q
binding and downstream classical complement activation without
affecting FcgR-mediated functions (41, 42). Similarly, the sialylation
of IgG Fc domains has been demonstrated to impair complement-
dependent cytotoxicity (43). The Fc glycan compositions of vaccine-
and infection-induced Abs are yet unknown. The importance of
complement binding/activation for protection against SARS-CoV-2
also requires further investigation. It should be noted, however, that
human neutralizing monoclonal Abs against SARS-CoV-2 requires
a functional Fc region capable of binding complement and engaging
FcgR for ADCP and ADCC, for optimal protection therapy (44).

In conclusion, this study demonstrated that saliva and plasma
Ab responses against SARS-CoV-2 antigens were elicited
following vaccination or infection. Ab responses in plasma and
saliva correlated significantly, although Ig isotypic differences
were noted between the vaccinated and convalescent individuals.
Moreover, vaccination- and infection-induced plasma Abs
exhibited Fab-mediated and Fc-dependent functions that
Frontiers in Immunology | www.frontiersin.org 107879
included neutralization against WT and variants, phagocytosis,
and complement activation. This study provide initial evidence
for a superior potency of vaccine-induced Abs against spike to
activate complement via the classical pathway, although the
clinical significance of this function remains unclear and
requires further investigation.
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of Human Anti-HIV-1 IgG1s
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Passive transfer of monoclonal antibodies (mAbs) of human origin into Non-Human
Primates (NHPs), especially those which function predominantly by a Fc-effector
mechanism, requires an a priori preparation step, in which the human mAb is
reengineered to an equivalent NHP IgG subclass. This can be achieved by changing
both the Fc and Fab sequence while simultaneously maintaining the epitope specificity of
the parent antibody. This Ab reengineering process, referred to as rhesusization, can be
challenging because the simple grafting of the complementarity determining regions
(CDRs) into an NHP IgG subclass may impact the functionality of the mAb. Here we
describe the successful rhesusization of a set of human mAbs targeting HIV-1 envelope
(Env) epitopes involved in potent Fc-effector function against the virus. This set includes a
mAb targeting a linear gp120 V1V2 epitope isolated from a RV144 vaccinee, a gp120
conformational epitope within the Cluster A region isolated from a RV305 vaccinated
individual, and a linear gp41 epitope within the immunodominant Cys-loop region
commonly targeted by most HIV-1 infected individuals. Structural analyses confirm that
the rhesusized variants bind their respective Env antigens with almost identical specificity
preserving epitope footprints and most antigen-Fab atomic contacts with constant
regions folded as in control RM IgG1s. In addition, functional analyses confirm preservation
of the Fc effector function of the rhesusized mAbs including the ability to mediate Antibody
Dependent Cell-mediated Cytotoxicity (ADCC) and antibody dependent cellular phagocytosis
org January 2022 | Volume 12 | Article 78760318182
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bymonocytes (ADCP) and neutrophils (ADNP) with potencies comparable to native macaque
antibodies of similar specificity. While the antibodies chosen here are relevant for the
examination of the correlates of protection in HIV-1 vaccine trials, the methods used are
generally applicable to antibodies for other purposes.
Keywords: antibody engineering, rhesusization, Fc-effector function, non-human primates, HIV
INTRODUCTION

The only vaccine to show efficacy although limited against HIV-1
infection has been the RV144 vaccine trial in Thailand consisting
of a canarypox ALVAC-HIV DNA prime and AIDSVAX B/E
protein boost which showed an overall efficacy of 31.2% against
HIV-1 acquisition (1). Secondary analyses of correlates of
reduced risk of infection revealed the role played by antibody-
dependent cellular-cytotoxicity (ADCC) and Fc effector
functions against HIV-1 Env in the absence of high levels of
Env-specific serum IgA (2–5). Breakthrough infections showed
vaccine pressure on the V2 loop region of Env which could be
seen by sequence changes in V2 (6–9). Many attempts to
reproduce this protective effect with the same or similar
vaccine regimens have succeeded in non-human primates
(NHP) (10–18), but a study in humans did not show efficacy,
potentially due to differences in adjuvant (MF59 vs. alum), and
subtype and sequences of the immunogens (subtype C vs AE)
(19, 20). While still under investigation, additional reasons for
this discordance may include differences in the circulating strains
in human populations versus those in NHP challenge stocks and
most importantly, human-NHP interspecies differences in host
genetics that may contribute to the type, magnitude,
functionality and duration of the induced immune response.
However, the HVTN 505 HIV-1 clinical efficacy trial consisting
of a DNA and Adenovirus 5 vaccine regimen, despite lacking
overall efficacy, did show a correlation between anti-Env serum
IgG3, antibody dependent cellular phagocytosis (ADCP) and in
vitro FcgRIIa engagement and a reduced risk of HIV-1 infection
as well as a correlation between FcgRIIa engagement and a
decreased viral load setpoint in breakthrough vaccinees (21),
indicating that strategies to induce more potent antibody Fc
effector functions in a greater proportion of vaccinees are needed.

Rhesus macaque (RM), Macaca mulatta, the most often used
primate in NHP studies, shares approximately 93% genome
identity with humans, but that high degree of similarity breaks
down in immune system genes. There are significant differences
in immunoglobulin (IgG) subclasses, Fc receptor diversity and
Fcg receptor (FcgR) expression patterns between human and RM
that complicate the translation of experimental results in RM to
humans (22–24). RM IgG subclasses are in general more similar
to each other than are their human counterparts; both macaques
and humans have four IgG subclasses, but macaques lack highly
divergent subclasses such as human IgG3 with its long repetitive
hinge region. Macaques also lack an FcgRIIIb gene which was the
result of a gene duplication event that occurred after the
divergence of macaques from other higher primates (25);
humans have a FcgRIIIa and a FcgRIIIb receptor while
org 28283
macaques only have a FcgRIIIa receptor. Both have FcgRIIa
(activating) and FcgRIIb (inhibitory) receptors. Although human
IgGs can bind macaque FcgRs, these and other differences
change the Fc/FcgR functional landscape between the
two species.

Given the difficulty in reproducing RV144 vaccine limited
efficacy results in other vaccine trials, it is important to be able to
define mechanistic aspects of the correlates of protection
conferred by the human vaccine in NHP. This is typically done
for antibodies cloned from HIV-1 infected or vaccinated
individuals by passive transfer of the monoclonal antibody
(mAb) or mAb mix into NHP followed by a viral challenge to
test its ability to protect against infection or to provide post-
infection control. Many NHP passive transfer trials have been
used to successfully test antibodies that function predominately
by neutralization, where an Fc effector mismatch is less of an
issue (26–28). In these studies, a mAb of human origin is directly
transferred into NHP without reengineering to the equivalent
RM IgG subclass. Although convenient, such approaches
potentially suffer from anti-drug antibody (ADA) responses
that can quickly remove species mismatched antibodies from
circulation, thereby abrogating any functional effect. The longer
the duration of the trial, the higher the probability of inducing
such responses becomes (29). Furthermore, passive transfer
testing of mAbs that function predominately by Fc-effector
mechanisms, such as those from the RV144 trial, require both
a minimization of the ADA response and a match of the Fc of the
infused antibody to that of the host to more accurately mirror
what is happening in macaque immunization trials. For human
mAbs to be tested in RM this means rhesusization of both the Fc
and Fab while simultaneously maintaining epitope specificity.

Here we describe a successful attempt to rhesusize a set of
human mAbs targeting HIV-1 Env epitopes involved in potent
Fc-effector mechanisms. This set includes a mAb targeting the
linear gp120 V1V2 epitope isolated from a RV144 vaccinee (30),
a gp120 conformational epitope within the Cluster A region
isolated from a RV305 vaccinated individual, a RV144 vaccinee
who had further boosts with RV144 immunogens in the RV305
vaccine trial that was designed to test if correlates of protection in
RV144 could be boosted in RV144 vaccinees (31), and a linear
gp41 epitope within the immunodominant Cys-loop region
commonly targeted by most HIV-1 infected individuals (32).
Antibodies binding to these three regions have been implicated
in protection from infection from HIV-1, but not in
neutralization of the virus. Structural analyses confirm that the
rhesusized variants bind their respective Env antigens with
almost identical specificity as their human counterparts—
preserving epitope footprints and most antigen-Fab atomic
January 2022 | Volume 12 | Article 787603
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contacts with constant regions folded as in control RM IgG1.
Functional analyses confirm their Fc effector functionality,
including the ability to mediate Antibody Dependent Cell-
mediated Cytotoxicity (ADCC), Antibody Dependent Cellular
Phagocytosis by monocytes (ADCP), and Antibody Dependent
Cellular Phagocytosis by neutrophils (ADNP) with potencies
comparable to native macaque antibodies of similar specificity.
This will facilitate the testing of their impact on the virus in the
future in an animal model. While the antibodies chosen here are
relevant for examining the correlates of protection in HIV-1
trials the methods used are generally applicable to antibodies for
other purposes.
MATERIAL AND METHODS

Rhesusization of Antibodies
Human variable regions were rhesusized as previously described
with minor modifications (33). For each human antibody sequence
of interest, we used the immunogenetics sequence analysis software
Cloanalyst (https://www.bu.edu/computationalimmunology/
research/software) to infer an unmutated common ancestor
(UCA) sequence using only rhesus germline immunoglobulin
gene segments. In this approach, Cloanalyst aligns the human
antibody sequence to the closest rhesus V, D, and J gene
segments using Cloanalyst’s rhesus Ig gene segment library which
is based on a draft version of genome sequencing of the rhesus Ig
loci (34). The resulting rhesus UCA is thus comprised of the rhesus
V, D, and J gene segments with the highest identity to the human
antibody sequence. Amino acids with high uncertainty in the
inference of the rhesus UCA were changed to match the human
amino acid at that position. The rhesus UCA amino acid sequence
and the human amino acid sequence were then aligned, and CDR1,
2, and 3 of the rhesus UCA were replaced with the corresponding
CDR1, 2, and 3 of the human amino acid sequence producing the
rhesusized antibody sequence. The rhesusized v-regions for the
heavy and light chain were attached to macaque constant regions
(AF045537, AF050635, FJ795843).

Antibody Expression and Purification
IgGs were prepared by co-transfection of heavy and light chain
plasmids into HEK expi293F cells (Thermo Fisher Scientific)
grown in expi293F expression medium in 8% CO2. Seven days
post-transfection cells were pelleted by centrifugation and the
medium filtered. IgGs were purified by passage of the medium
over a HiTrap protein A column (GE Healthcare) equilibrated in
PBS. IgGs were eluted with 0.1 M glycine pH 3.0 and the pH of
the eluted protein immediately raised to neutral pH by addition
of 1 M Tris-HCl pH 8.5. Fabs were generated by papain digest.
IgGs were first incubated with immobilized papain (Thermo
Fisher Scientific) at 37°C for 3-4 hours in 20 mM sodium
phosphate pH 7.2 supplemented with 3.5 mg/ml cysteine.
Immobilized papain agarose was removed by centrifugation
and the supernatant filtered. Fabs were separated from
undigested IgG and Fc by passage over a HiTrap protein A
column. Fabs were then further purified by size exclusion
Frontiers in Immunology | www.frontiersin.org 38384
chromatography over a Superdex 200 gel filtration column (GE
Healthcare) equilibrated in 20 mMTris-HCl pH 7.2 and 100 mM
ammonium acetate.

Preparation of Protein Complexes
Clade A/E 93TH057gp120 coree with a His375 to Ser mutation
was prepared by transfection of GnT1- HEK 293F Freestyle cells
(Thermo Fisher Scientific) with 0.5 mg of plasmid/liter of
culture. Cells were grown in Freestyle 293 medium (Thermo
Fisher Scientific) supplemented with 2.5% Ultra Low IgG Fetal
Bovine Serum (FBS) (Gibco) in 8% CO2 for 7 days. Cells were
pelleted, the medium filtered, and gp120 was purified from
medium by passage over a 17b affinity column which consisted
of the anti-gp120 antibody 17b covalently linked to protein A
agarose. gp120 was eluted from the column with 0.1 M glycine
pH 3.0 and the pH raised after elution by addition of 1 M Tris-
HCl pH 8.5. The protein was concentrated and the buffer
exchanged for 50 mM sodium acetate pH 6.0 and 300 mM
sodium chloride. Glycans were then truncated by addition of
Endo Hf (New England Biolabs) and incubation at 37°C
overnight. Endo Hf, endoglycosidase H linked to maltose
binding protein, was removed by passage over an amylose
column (New England Biolabs) equilibrated in 25 mM Tris-
HCl pH 7.2 and 200 mM sodium chloride. The flow through
fractions containing gp120 were further purified by size
exclusion chromatography over a Superdex 200 gel filtration
column (GE Healthcare) equilibrated in 20 mM Tris-HCl pH 7.2
and 100 mM ammonium acetate prior to use in complex
formation with RhDH677.3 Fab. A V2 peptide corresponding
to the clade A/E 92TH023 gp120 V2 loop sequence (Asp167-Lys-
Lys-Gln-Lys-Val-His-Ala-Leu-Phe-Tyr-Lys-Leu-Asp-Ile-Val-
Pro-Ile184) was synthesized by Genescript (www.genescript.com)
without modifications for use in complex formation with
RhDH827 Fab.

The C1C2 Cluster A region RhDH677.3 complex was made
by mixing RhDH677.3 Fab with purified clade A/E
93TH057gp120 coree and the CD4 mimetic M48U1 in a molar
ration of 1.2:1.2:1 of Fab:M48U1:gp120. The complex was
allowed to incubate on ice for 30 minutes before purification
by size exclusion chromatography over a Superdex 200 gel
filtration column equilibrated in 20 mM Tris-HCl pH 7.2 and
100 mM ammonium acetate. The V1V2 region RhDH827
complex was made by mixing RhDH827 Fab with V2 peptide
resuspended in water in a molar ratio of 1.2:1 peptide:Fab. The
complex was incubated on ice for 30 minutes and purified by size
exclusion chromatography over a Superdex 200 column
equilibrated in 20 mM Tris-HCl pH 7.2 and 100 mM
ammonium acetate. In both cases elution fractions
corresponding to the complex molecular weight were
combined and concentrated to approximately 10 mg/ml for
use in crystallization trials.

Surface Plasmon Resonance Affinity
Measurements of IgGs to Antigens
All surface plasma resonance (SPR) assays of IgGs to antigens
were performed on a Biacore 3000 (GE Healthcare) with a
January 2022 | Volume 12 | Article 787603
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running buffer of 10 mM HEPES pH 7.5 and 150 mM NaCl
supplemented with 0.05% Tween 20 at 25° C. Kinetic
measurements were done by immobilizing IgG on a protein A
chip (Cytiva) and passage of serial dilutions of antigen in
running buffer over the chip for 200 seconds. Complexes were
then allowed to dissociate for 400 seconds by passage of running
buffer at the same flow rate. IgG was removed from chip using
regeneration buffer, 100 mM glycine pH 2.5, and fresh IgG
reapplied between cycles. The antigen for C1C2 Cluster A
region RM JR4, DH677.3, and RhDH677.3 was monomeric full
length single chain (FLSC), a covalent dimer of gp120BaL and
CD4 that specifically exposes CD4i epitopes (35), in a
concentration range of 6.25 to 200 nM and IgGs were
immobilized on the protein A chip to a response unit (RU) of
~60-120. The antigen for gp41 region 7B2 and Rh7B2 was a
synthetic gp41 peptide (residues 596-606) with C-terminal
amidation (GenScript) in a concentration range of 6.4-25.6 mM
and IgGs were immobilized to a RU of ~400-500. The antigen for
V1V2 region DH827, RhDH827, and RM DH614.2 was a
synthetic V2 peptide (gp120 residues 167-184) in a
concentration range of 12.5-50 mM and IgGs were immobilized
to a RU of ~600. Sensorgrams were corrected by subtraction of
the corresponding blank channel and buffer background and
normalized to a Rmax of 100 RU for curve fitting purposes.
Kinetic constants were determined using a 1:1 Langmuir binding
model with the BIAevaluation software (GE Healthcare).
Goodness of fit of the curves were evaluated by the Chi2 of the
fit with a value below 3 considered as being acceptable (based
upon use of a Rmax = 100 RU).

Crystallization, Data Collection and
Structure Solution
Crystals were initially grown from commercial crystallization
screens (Molecular Dimensions Proplex Eco and Rigaku
precipitant synergy) and later optimized to produce crystals
suitable for data collection by the hanging drop vapor diffusion
method. C1C2 Cluster A region RhDH677.3 complex crystals
were grown from 20% PEG 4000 and 0.1 M sodium citrate pH
4.5 and V1V2 region RhDH827 complex crystals were grown
from 16.75% PEG 3350, 10.05% isopropanol, and 0.2 M
ammonium citrate/citric acid pH 4.5. Crystals were briefly
soaked in crystallization buffer supplemented with 20% MPD
(2-Methyl-2,4-pentanediol) and flash frozen in liquid nitrogen
prior to data collection.

Diffraction data for the RhDH677.3 complex were collected at
the Stanford Synchrotron Radiation Light Source (SSRL)
beamline 12-2 on a Dectris Pilatus 6M area detector and
diffraction data for the RhDH827 complex were collected at
the National Synchrotron Light Source II (NSLS-II) beamline 17-
ID-2 on a Dectris Eiger 16M area detector. All data were
processed and reduced with HKL2000 (36) or imosflm and
scala from the CCP4 suite (37). Structures were solved by
molecular replacement with PHASER from the CCP4 suite
(37) based on the coordinates of the human DH677.3 complex
for the RhDH677.3 complex (PDB ID 6MFP) and the macaque
Fab structure of RM JR4 for the RhDH827 complex (PDB ID
Frontiers in Immunology | www.frontiersin.org 48485
4RFE). Refinement was carried out with Refmac (37) and/or
Phenix (38) and model building was done with COOT (37). Data
collection and refinement statistics are shown in Table 1.

Structure Validation and Analysis
Ramachandran statistics were calculated with MolProbity and
illustrations were prepared with Pymol Molecular graphics
(http://pymol.org). The processed data and final model for the
RhDH677.3 complex are deposited in the PDB with accession
number 7N8Q and those for the RhDH827 complex are
deposited with accession number 7N0X.

Surface Plasmon Resonance Affinity
Measurements of FcgR Binding
The affinity of IgG variants for RM and human Fcg receptors
(FcgRs) were measured as previously described (23). Briefly, the
antibodies were immobilized on a medium density
carboxymethyldextran sensor (Xantec Bioanalytics, CMD200M)
using a Continuous Flow Microspotter (Carterra) and
carbodiimide chemistry. The soluble analyte consisted of dilutions
of receptor beginning at 20 mM and diluted by 1:3 over an 8-point
series. Association and dissociation were measured for 5 minutes
each on an imaging-based surface plasmon resonance (SPRi)
instrument (IBIS Technologies, MX96). The results were analyzed
in Scrubber 2 (BioLogic Software) using a first-order kinetic model
to determine the equilibrium dissociation constant.

HIV-1 IMC-Infection of
CEM.NKRCCR5 Cells
The infection of cells was performed as previously reported (43).
Briefly, R5 tropic HIV-1 IMC virus stocks (1086.C, CH505,
SF162) were titrated to determine the input required for
optimal viral gene expression within 72 h post-infection of
CEM.NKRCCR5 cells as measured by intra-cellular p24
expression. Stocks were used to infect 2 × 106 cells with each
IMC by incubation with the appropriate dose for 30 min at 37°C
and 5% CO2 in the presence of DEAE-Dextran (7.5 mg/mL). The
cells were subsequently resuspended at 0.5 × 106/mL and
cultured for 2 days in complete medium containing 7.5 mg/mL
DEAE-Dextran. On assay day, the infection was monitored by
measuring the frequency of cells expressing intracellular p24.
The assays performed using the IMC-infected target cells were
considered reliable if the percentage of viable p24+ target cells on
assay day was ≥20%. Assay data generated using infected cells
was normalized to the % of target cells positive for
intracellular p24.

SHIV-Infection of A66 Cells
The infection of A66 cells [SupT1 cells (non-BC7 variant variant
(44) that have been stably transfected to express both rhesus CD4
and rhesus CCR5 receptors after knockout of endogenous
human CXCR4 and CD4 (45), provided by James Hoxie,
University of Pennsylvania, Philadelphia, PA] was conducted
as described previously (46). Briefly, R5 tropic SHIV virus
stocks SF162.P3 (32) grown in human PBMCs, or
CH505.375H (47) and 1157(QNE)Y173H (48) grown in
January 2022 | Volume 12 | Article 787603
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Rhesus PBMCs were titrated to determine the input required for
optimal viral gene expression within 72 h post-infection of A66
cells as measured by intracellular p27 expression. A66 cells (1 ×
106 cells per infection) were incubated for 4 hours at 37°C and
5% CO2 in the presence of DEAE-Dextran (10 mg/mL, Sigma
Aldrich). The cells were subsequently resuspended at 0.33 × 106/
mL and cultured for 3 days in complete medium containing 10
mg/mL DEAE-Dextran. On assay day, infection was monitored
by measuring the frequency of cells expressing intracellular p27.
The assays performed using the SHIV-infected target cells were
Frontiers in Immunology | www.frontiersin.org 58586
considered reliable if the percentage of viable p27+ target cells on
assay day was ≥10%. Assay data generated using infected cells
was normalized to the frequency of live target cells positive for
intracellular p27.

Infected Cell Antibody Binding
Assay (ICABA)
ICABA was used to evaluate the ability of mAbs to bind Env on
the surface of HIV- or SHIV-infected cells. HIV-infected
CEM.NKR.CCR5 cells and SHIV-infected A66 cells were
obtained as described above. Cells incubated in the absence of
virus (mock infected) were used as a negative control. Infected
and mock infected cells were washed in PBS, dispensed into 96-
well V-bottom plates at 2 x 105 cells/well and incubated with
1 mg/mL of indicated mAbs for 2 hours at 37 °C. After two
washes with 250 mL/well WB, the cells were stained with vital dye
(Live/Dead Fixable Aqua Dead Cell Stain, Invitrogen) to exclude
nonviable cells from subsequent analysis. Cells were washed with
wash buffer (5%FBS in PBS) and stained with anti-CD4-PerCP-
Cy5.5 (clone OKT-4 for CEM.NKR.CCR5 cells or clone Leu-3
for A66 cells; BD Biosciences) to a final dilution of 1:20 in the
dark for 20 min at room temperature (RT). Cells were then
washed again, and permeabilized using Cytofix/Cytoperm (BD
Biosciences). Anti-p24 antibody (clone KC57-RD1; Beckman
Coulter, 1:100 dilution in 1x Cytoperm Solution, BD
Biosciences) and a secondary FITC-conjugated antibody (goat
anti-human IgG(H+L)-FITC, KPL, final dilution of 1:100 or
Goat Anti Rh IgG(H+L)-FITC, Southern Biotech, final dilution
of 1:200) for CEM.NKR.CCR5 cells; anti-p27 antibody (WNPRC
Immunology Services, 1:500 dilution in 1x Cytoperm Solution,
BD Biosciences) and a secondary PE-conjugated antibody (goat
anti-human Ig Fc-PE, eBioscience, San Diego, CA., final dilution
of 1:400 or Goat Anti-Rh IgG(H+L)-PE, Southern Biotech, final
dilution of 1:200) were added to each well and incubated in the
dark for 25 min at 4°C. Cells were washed three times with
Cytoperm wash solution and resuspended in PBS-1%
paraformaldehyde. The samples were acquired within 24 hours
using a BD Fortessa cytometer. A minimum of 50,000 total
events was acquired for each analysis. Gates were set to include
singlet and live events. Data analysis was performed using FlowJo
9.6.6 software (BD Biosciences). Final data represents the
frequency of infected cells (Ab+p24+ or Ab+p27+) and FITC
MFI or PE MFI of binding of IgG mAbs to HIV Env, after
normalization by subtraction of the frequency or MFI observed
for cells stained with the secondary antibody alone.

Renilla Luciferase-Based ADCC Assay
The LucR-based ADCC assay was conducted as described by
Pollara et al. (49). The day prior to the ADCC assay,
cryopreserved PBMCs to be used as effectors in the assay were
thawed in R10 [RPMI medium supplemented with 10% Fetal
Bovine Serum (FBS)], counted and assessed for viability and
resuspended in R10 overnight. On the day of the assay, infected
CEM.NKRCCR5 cells were counted, assessed for viability
(viability was ≥ 80% to be used in the assay) and the
concentration was adjusted to 2 x 105 viable cells/mL (5 x 103
TABLE 1 | Data collection and refinement statistics.

RhDH677.3 Fab-M48U1-
gp12093TH057 coree

RhDH827 Fab-V2
peptide

Data collection
Wavelength, Å 0.979 0.979
Space group P21 C2
Cell parameters
a, b, c, Å 99.2, 82.7, 111.9 81.6, 71.9, 87.7
a, b, g, ° 90, 112.0, 90 90, 111.5, 90
Complexes/a.u. 2 1
Resolution, (Å) 50-2.9 (2.95-2.9) 50-2.0 (2.1-2.0)
# of reflections
Total 77,728 126,613
Unique 31,091 (1,645) 31,034 (4,384)
Rmerge

a, % 10.6 (62.7) 9.5 (47.4)
Rpim

b, % 7.8 (46.7) 5.3 (26.5)
CC1/2

c 0.98 (0.71) 0.99 (0.81)
Wilson Bfactor (1/Å

2)d 64 27.6
I/s 9.6 (1.1) 5.3 (1.5)
Completeness, % 82.7 (86.0) 99.5 (98.2)
Redundancy 2.5 (2.5) 4.0 (4.0)

Refinement
Statistics
Resolution, Å 50.0 - 2.9 50.0 - 2.0
Re, % 25.5 18.1
Rfree

f, % 29.6 20.9
# of atoms
Protein 11,758 3,361
Water 15 273
Ligand/Ion 284 7
Overall B value (Å)2

Protein 71 37
Water 42 43
Ligand/Ion 69 61
Root mean square
deviation
Bond lengths, Å 0.007 0.007
Bond angles, ° 1.6 0.9
Ramachandrang

favored, % 80.2 96.1
allowed, % 13.9 3.0
outliers, % 5.9 0.9
PDB ID 7N8Q 7N0X
Values in parentheses are for highest-resolution shell.
aRmerge = ∑|I - <I>|/∑I, where I is the observed intensity and <I> is the average intensity
obtained from multiple observations of symmetry-related reflections after rejections.
bRpim = as defined in (39).
cCC1/2 = as defined by Karplus and Diederichs (40).
dWilson Bfactor as calculated in (41).
eR = ∑||Fo|- | Fc||/∑|Fo |, where Fo and Fc are the observed and calculated structure factors,
respectively.
fRfree = as defined by Brünger (42).
gCalculated with MolProbity.
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cells/well). PBMCs were then counted, assessed for viability,
pelleted and resuspended in the infected CEM.NKRCCR5 cells
at a concentration of 6 x 106 PBMCs/mL (1.5 x 105 PBMCs/well)
(effector: target cell ratio of 30:1). The mAbs starting at 50 μg/mL
were serially diluted 1:5. The effector/target cell mix and
antibody dilutions were plated in opaque 96-well half-area
plates, centrifuged at 300 x g for 1 min after 30 min incubation
at room temperature, and then incubated for 5.5 hrs at 37°C,
5.5% CO2 to allow ADCC-mediated cell lysis to proceed. After
5.5 hrs, ViviRen substrate (Promega) was diluted 1:500 in R10
and added 1:1 to the assay wells. The substrate generates
luminescence only in live, infected cells; not in dead or lysed
cells. The final readout was the luminescence intensity generated
by the presence of residual intact target cells that have not been
lysed by the effector population in the presence of ADCC-
mediating antibodies. The percentage of specific killing was
calculated using the formula

%  specific killing

=
RLU of target + effector well − RLU of test well 

RLU of target + effector well
� 100

In the analysis, the RLU of the target + effector wells represent
lysis by effector cells in the absence of any source of antibody.
Synagis, a human mAb specific for respiratory syncytial virus
(50), and DSP_Rh, a macaque mAb specific for desipramine
(DSPR1) from the nonhuman primate reagent resource (www.
nhpreagents.org), were used as negative controls.

ADCC-GranToxiLuc Assay
ADCC activity was detected according to the previously
described ADCC-GranToxiLux (GTL) procedure using
recombinant SHIV.1157QNE(Y173H) gp120 coated CEM.
NKRCCR5 as target cells and cryopreserved PBMC from a HIV-
seronegative donor as effector cells (51) with E:T ratio of 30:1
The mAbs starting at 50 μg/mL were serially diluted 1:5. The
results of the GTL assay were considered positive if % Granzyme
B activity after background subtraction was ≥8% for the infected
target cells.

ADCC AUC
The specific killing activities in the ADCC assay were
summarized for each subject and antigen by computing the
area under the dilution curve (AUC) which was calculated
from dilution curves using non-linear trapezoidal rule. Non-
specific killing activities mediated by negative control mAbs,
Synagis or DSP_Rh, were subtracted from the corresponding
human or rhesus mAbs prior to AUC calculation.

Antibody Dependent Cellular Phagocytosis (ADCP)
and Antibody Dependent Neutrophil Phagocytosis
(ADNP)
ADCP was performed as previously described (52, 53). Briefly,
ADCP was quantified by covalently binding biotinylated SHIV
1157(QNE)Y173H gp120 Env glycoprotein (1μg gp120/μL of
bead) to 9x105 neutravidin fluorescent beads (ThermoFisher,
F8776). Beads were then incubated with monoclonal antibodies
Frontiers in Immunology | www.frontiersin.org 68687
for 2 hours to form immune complexes. THP-1 cells (ATCC,
TIB-202) pre-treated with anti-CD4 (Biolegend, 344602) were
then added to the immune complexes (25,000 cells/well) and
spinoculated at 4°C. Following spinoculation, the cells were
incubated at 37°C for 1 hour and fixed with 2%
paraformaldehyde. The fluorescence of the cells was detected
using flow cytometry (BD LSRFortessa). To calculate
phagocytosis scores a cutoff was first assigned based on the
95th percentile of the no-antibody control (PBS only). The
magnitude of the ADCP immune response (ADCP score) was
calculated by multiplying the mean fluorescence intensity (MFI)
and frequency of phagocytosis-positive cells and dividing by the
MFI and frequency of the bead-positive cells in an antibody-
negative (PBS) control well. Control antibodies were selected
based positive binding to SHIV 1157(QNE) gp120 antigen.
CH31_IgG3 mAb (Catalent), and CH235_12_IgA (54) (kindly
provided by Huaxin Liao, Mattia Bonsignori, and Bart Haynes,
Duke University) HIV specific, CD4bs broadly neutralizing
antibodies (55), were included as positive controls and the
non–HIV-specific CH65 IgG1 mAb (Catalent) (56) was
included as a negative control. ADNP was performed as
described for ADCP with the following modification: HL-60
cells (ATCC, CCL-240) pre-treated with DMSO for 5 days (57)
were used as effector cells. The IgA antibody positive control was
utilized to confirm that differentiation of the HL-60 cells to be
neutrophil-like with expression of FcR alpha engagement.
Positivity cutoff was 2.2 calculated from the mean + 3 standard
deviations of the negative control.

Infectious Virion Capture Assay (IVCA) (Column)
Infectious virion capture assay (IVCA) was measured as
previously described (53, 58–60). Briefly, the IVCA method
utilizes a Protein G column based capture of Ig-virion immune
complexes allowing for the analysis of infectious virions (TZM-bl
infectivity assay). Briefly, antibodies were mixed with SHIV1157
(QNE)Y173H (kindly provided by Abraham Pinter, Rutgers New
Jersey Medical School) at final concentration of 25 mg/ml (200 ml
volume) to form Ab-virion immune complexes (IC), which were
passed through a protein G column. The infectivity of the flow-
through was measured by a TZM-bl infection assay. The
percentage of captured infectious virions (iVirion) were
calculated as follows: iVirion = [(100- flow-through
infectivity)/(virus no-Ab infectivity)] x 100. HIVIG polyclonal
human sera (NIH HIV Reagent Program) was included as a
positive controls and the non–HIV-specific CH65 IgG1 mAb
(Catalent) (61) was included as a negative control. Positivity
cutoff was 15.6% calculated from the mean + 3 standard
deviations of the negative control.
RESULTS

Engineering Rhesusized Variants of
Human mAbs
Three HIV-1 specific human antibodies, DH677.3, DH827, and
7B2, were converted to macaque versions, i.e. rhesusized, with
the aid of both the macaque genome and structural information
January 2022 | Volume 12 | Article 787603
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about each antibody’s epitope (30–33). For clarity rhesusized
versions of antibodies will begin with an Rh in the name and
native macaque antibodies will have an RM designation; human
antibodies will have no designation to be consistent with the
names assigned to them by the literature. Sequence changes were
kept to a minimum to maintain specificity and reduce
immunogenicity. The schematic of how theses rhesusized
variants were made is shown in Figure 1. First, the inferred
macaque germline gene closest in sequence to the human
antibody was identified. At positions where the equivalent
position in the macaque germline sequence could not be
determined the corresponding amino acid from the human
sequence was used. Complementary determining regions
(CDRs) were then changed to that of the human antibody.
When structural information about the epitope in human
showed that residues outside of the CDRs were involved in
binding antigen, those human contact residues were introduced
into the macaque germline sequence. The rhesusized antibody
therefore consists of macaque framework sequences modified to
be human only at positions that are part of the paratope and
human CDR sequences with fully macaque constant regions (the
resulting rhesusized sequences are shown in Figure S1).
Altogether, generation of Rh7B2 VH and VL required 18
changes in sequence for heavy chain framework residues and
17 changes in framework residues for the light chain relative to
Frontiers in Immunology | www.frontiersin.org 78788
the human 7B2; one additional heavy chain change relative to the
macaque sequence was required due to a framework epitope
contact and one light chain change due to a missing macaque
residue at position 65 in the germline sequence. Generation of
RhDH677.3 VH and VL required 9 heavy chain and 7 light chain
changes in sequence relative to the human DH677.3 as well as
one heavy chain change at position 6 due to a missing residue in
the macaque germline sequence. Generation of RhDH827 VH

and VL required 11 heavy and 7 light chain framework changes
in sequence. The heavy chain CH (CH1) and Fc (CH2 and CH3) of
all the antibodies were fully macaque with 27 changes and 3
inserted glycine residues relative to the human IgG1 (91% overall
identity). CL differences varied for each antibody depending on
whether the light chain was kappa, RhDH677.3 and Rh7B2, or
lambda, RhDH827. RhDH677.3 and Rh7B2 had 17 changes in
their CL kappa light chains relative to their human counterparts
(84.1% identity) and RhDH827 had 12 changes in its CL relative
to its lambda equivalent (88.6% identity). Therefore, excluding
CDRs, the Rh7B2 Fab was 78.4% identical in sequence to the 7B2
Fab and 98.8% identical in sequence to the inferred macaque
germline gene, the RhDH677.3 Fab was 90.4% identical in
sequence to the DH677.3 Fab and 99.4% identical to its
macaque germline sequence, and the RhDH827 Fab was 88%
identical to the DH827 Fab and 100% identical to its macaque
germline sequence.
FIGURE 1 | Composition scheme for rhesusized antibody engineering. We grafted the human complementary-determining regions (CDRs) and any framework (FW)
residues contributing to antigen binding when structural data was available of the parental human monoclonal antibody (bottom left panel) onto the macaque
germline framework and antibody backbone (top left panel) to generate the rhesusized antibody (right panel).
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Rhesusized mAb Variants Bind to RM and
Human Fcg Receptors With Similar Binding
Affinities to Those of RM Origin
Proper rhesusization should result in an antibody variant that
preserves its structural integrity and both the binding properties
mediated by the Fc of the equivalent RM IgG subclass and those
mediated by the Fab (i.e. epitope specificity and binding interface) of
the parent human mAb. Accordingly, rhesusized mAb variants
were generated in a RM IgG1 backbone tomatch the original parent
human IgG1 backbone (Figures 1 and S1). To validate this design
we tested the Fc binding properties of our rhesusized variants to
receptors expressed on effector cells involved in Fc-effector
functions to see if they were comparable to mAb IgG1s of RM
origin. We show in Figure 2, Table S1 and Figure S2 the SPR
binding kinetics of RhDH677.3, Rh7B2 and RhDH827 to both
rhesus and human low affinity FcgRs measured with IgG
immobilized on a sensor chip and FcgR in solution. Two
antibody specificities were used as controls of RM origin. The
antibody used as a control for an epitope from the C1C2 Cluster A
region was RM JR4, a mAb derived from the peripheral blood B
cells of a rhesus macaque infected with the simian-human
Frontiers in Immunology | www.frontiersin.org 88889
immunodeficiency virus (SHIV) KB9 mutant that contains gp41
glycosylation site deletions (62). Antibodies used as a control for an
epitope in the V1V2 region were clonal variants of RMDH614 (RM
DH614.1, RM DH614.2 and RM DH614.3), mAbs isolated from a
RM vaccinated with the vaccine regimen used in RV144 (63).
Among the receptors tested were polymorphic variants 1, 2 and 4 of
RM FcgRIIa (e.g. RM FcgRIIa-1,-2 and -4), RM FcgRIIb-1 and RM
FcgRIIIa-1 and 3 as described in (23). Human receptors tested
included high and low affinity variants of FcgRIIa and FcgRIIIa and
a low affinity inhibitory receptor FcgRIIb. Interestingly, binding
affinities of the rhesusized IgG variants to all low affinity RM
receptors tested were in the range of binding affinities detected for
IgG variants that were cloned directly from an RM host with no
statistical difference between the groups. The only statistical
difference between the rhesusized and RM antibody groups was
seen in an unpaired T-test for the low affinity allelic variant of
human FcgRIIa(R131) with P value = 0.0173. No significant
differences in affinities to the other human Fcg receptors were
detected This indicates that the engineered rhesus Fc backbone is
properly folded and the variants fully preserve the Fc-binding
properties of an IgG1 of RM origin to all RM Fcg receptors
A B

C

FIGURE 2 | Affinity of rhesusized variants for low affinity receptors. Binding affinities of (A) rhesus and (B) human FcgRs. Equilibrium binding constants (KD)
measured by SPR for common rhesus and human FcgR allotypes. Data show individual replicates, and error bars denote the standard deviation. Data are
representative of 2 independent experiments. RhDH677.3, RhDH827, and Rh7B2 are rhesusized mAbs. RM JR4 (62), RM DH614.1, RM DH614.2, and RM
DH614.3 (63) are mAbs originally isolated from a RM vaccinated with the vaccine regime used in RV144. The P-value for an unpaired T-test for rhesusized and RM
mAbs is shown above the compared pair. (C) SPR binding kinetics for rhesusized (RhDH677.3, RhDH827, and Rh7B2) and human [DH677.3 (30), DH827 (31) and
7B2 (32)] mAb pairs. RM JR4 (62) and RM DH614.2 (63), mAbs originally isolated from RM, were used as controls. FLSC, a covalent dimer of gp120BaL and domain
1 and 2 of CD4 (35) was used as antigen for C1C2 Cluster A specific mAbs RhDH677.3, DH677.3 and control JR4, gp12092TH023 V2 peptide (residues 167-184)
was used as antigen for V1V2 region mAbs RhDH827, DH827 and control RM DH614.2, and gp41BaL peptide (residues 596-606) was used as antigen for gp41
region specific mAbs Rh7B2 and 7B2.
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involved in Fc-effector mechanisms and all but one human low
affinity Fcg receptors. The rhesusized mAb variants therefore
preserve the RM IgG1 structure with variable regions (V) and
antigen-binding characteristics of the parent human mAb.
Rhesusized mAb variants bind to RM and human Fcg receptors
with similar binding affinities to those of RM origin.

Rhesusized mAb Variants Bind to Antigen
With Similar Binding Affinities to Those of
Human Origin
We also examined the integrity and binding properties of the Fab
to see if the recognition of HIV-1 Env was preserved in the
variants as compared to their human counterparts. First, we used
surface plasmon resonance analyses (SPR) to test the biding
properties of human and rhesusized antibody pairs to
appropriate antigens. For CD4 inducible (CD4i) antibodies
(e.g. RM JR4 and DH677.3) we used full length single chain
(FLSC), a covalent dimer of gp120BaL and CD4 that specifically
exposes CD4i epitopes (35). For antibodies specific for linear
epitopes within the V2 loop (e.g. DH827 and D614 lineage) or
gp41 (e.g. 7B2) we used the peptides that were used in co-
crystallization studies (30, 32). As shown in Figure 2B and
Figure S3 all pairs tested with the exception of DH677.3 had
identical or highly similar binding kinetics; RhDH677.3 had an
approximately 8-fold lower KD than human DH677.3 mainly
due to an increase in the off-rate. This difference in affinity could
be result of slight differences in the paratope, discussed in more
detail below, or the result of removal of a glycan attached to
Asn72 of the heavy chain sequence (Asp72 in RhDH677.3); this
glycan sits outside of the paratope but could affect the affinity by
interacting with the gp120 N-terminus.

Next, to more carefully examine the molecular details of the
antibody-antigen interface and to assess if mAb epitopes were
fully preserved in the rhesusized variants we solved crystal
structures of both the RhDH677.3 and RhDH827 Fabs in
complex with their respective cognate Env antigens (Table 1).
Shown in Figure 3 is the structure of RhDH677.3 Fab in complex
with gp12093TH057coree and the CD4 peptide mimetic M48U1.
The parent of RhDH677.3, DH677.3, is a Cluster A specific
antibody isolated from a RV305 vaccinee, a follow up study of a
subset of RV144 vaccinees with delayed boosting using RV144
immunogens (31, 64) with a similar epitope footprint to RV144
mAbs (65). The RhDH677.3 Fab-gp12093TH057 coree-M48U1
complex (Figure 3A) crystallized in space group P21 with two
complexes in the asymmetric unit and diffracted to 2.9 Å
resolution (Table 1). The CD4 mimetic M48U1 was only
found bound to one of the two complexes in the asymmetric
unit due to clashes with neighboring complexes in the crystal.
The gp120 in the second complex was therefore more disordered
and less like the typical CD4-bound gp120 conformation present
in the first complex of the asymmetric unit. However, within the
region corresponding to the antibody-gp120 interface both
copies of the complex were still highly similar with nearly
identical conformations (Figure S4). Since the RV305 mAb
DH677.3 also crystallized with two complexes in the
asymmetric unit but with M48U1 bound for both copies (31),
Frontiers in Immunology | www.frontiersin.org 98990
we only used the first complex (with M48U1 bound) from the
RhDH677.3 Fab-gp12093TH057 coree-M48U1 complex crystal
structure for comparison (Table S2). Values from the DH677.3
structure on the other hand, represent an average of those from
both copies.

RhDH677.3, similar to its progenitor DH677.3, binds at the
base of the 7-stranded b-sandwich of the gp120 inner domain
with contributions from the inner domain mobile layers 1 and 2
(Figure 3). The total buried surface area (BSA) for the
RhDH677.3-gp120 interface in the complex is 1800 Å2 which
is very similar to the BSA for the interface contributed by its
human counterpart, DH677.3, 1894 Å2 (Table S2). RhDH677.3
antibody-gp120 contacts involve residues in layer 1 (residues 53,
71-80 and 82), layer 2 (residues 219-222), and the 7-stranded b-
sandwich (residues 84, 223-224, 244-246, and 491-492)
(Figure 3C) almost entirely mimicking the antigen footprint of
DH677.3. The only noticeable difference with its human
counterpart is that the RhDH677.3 Fab-gp120 interface lacks
two additional gp120 residues buried in the DH677.3 Fab-gp120
interface, i.e. Ala60 and Glu87. Overall, the lower total BSA for the
macaque RhDH677.3 complex is mostly a result of slightly lower
BSA values in most gp120 regions (Figures 3B–D, Table S2).
The macaque complex buries 530 Å2 of the gp120 inner domain
layer 1, 120 Å2 of layer 2, and 226 Å2 of the 7-stranded b-
sandwich, while the human structure buries an average of 540 Å2

of layer 1, 133 Å2 of layer 2, and 261 Å2 of the 7-stranded b-
sandwich. The added surface area for the human complex comes
in part from additional contributions from light chain
framework contacts near the N-terminus, slightly higher BSA
values for CDRs H3 and L3, and framework residue differences
between the human and macaque antibodies (Figure 4 and
Figure S2). The framework residue changes include light chain
framework region 1 which contains an alanine, Ala1, in the
macaque germline sequence and an aspartic acid, Asp1, in the
human sequence. Ala1 in the macaque sequence does not contact
gp120 at all, while Asp1 via its side chain makes main chain
contacts to gp120 residues Thr71, Cys74, Val75, and Pro76 and side
chain contacts with Pro76 (Figure 3C),. This one residue
difference largely accounts for the 31 Å2 increase in BSA for
this region (Figure 4C, D). The second is in the heavy chain
framework region 3 which contains an aspartic acid, Asp72, in the
macaque germline sequence that is not glycosylated but an
asparagine, Asn72, in the human structure that is. This glycan
sits outside of the antibody paratope on the edge of the b-
sandwich and is not directly involved in binding in the 7-
stranded b-sandwich gp120 complex but could potentially
make contact to the eighth strand in an 8-stranded b-sandwich
complex. One additional framework residue difference seems to
have an indirect effect on the interface. In the macaque structure
Ser31 in CDR H1 does not contribute to the interface, but in
human structure Ala30 instead of Thr30 in framework region 1
allows Ser31 to contribute to the interface and the total BSA. In
total these sequence differences help explain the 58 Å2 greater
gp120 BSA and the 36 Å2 greater Fab BSA for the human
complex as compared to the macaque complex. Despite the
differences in the BSA values, the gp120 antigen complexes
January 2022 | Volume 12 | Article 787603
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formed by both antibodies are highly similar with root mean
square deviations (RMSD) between main chain atoms of the
variable domains of the Fab and the variable domains of the Fab-
gp120 core interface of 0.72 and 1.03 Å2, respectively (Figure 5).
Altogether the structural analysis confirms the close similarity
between RhDH677.3 and DH677.3 with regard to their
recognition of gp120, although sequence differences within
framework regions do modulate the binding interface even
when they only make minor contributions, either directly like
Ala1 in the macaque light chain or indirectly like Thr30 in the
macaque heavy chain.

The second rhesusized mAb included for structural
characterization was DH827, an antibody from the RV144
vaccine trial (30). In contrast to DH677.3 which is specific for
Frontiers in Immunology | www.frontiersin.org 109091
a discontinuous, conformational epitope, DH827 recognizes a
linear epitope within the V2 loop region. Interestingly, V2 loop
specific antibodies fall into four main categories depending upon
the V2 loop conformation and epitope region (66). V2qt and
V2q antibodies bind the V2 loop in the quaternary trimeric form
of the envelope structure (V2qt) such as PGT145 or (V2q) such
as PG9 and PG16. V2i antibodies, e.g. 830A, directly overlap the
a4b7 integrin binding site on the V2 loop, and V2p antibodies
bind the V2 loop in peptide-like conformation that only partially
overlaps the integrin binding site, e.g. RV144 mAbs CH58,
CH59, and DH827 (67–69). A sieve analysis of breakthrough
HIV-1 infections in RV144 identified Lys169 as a site of antibody
induced pressure on the virus (7). V2p antibodies from RV144
vaccinees (including DH827) often contain a Glu-Asp motif in
A B

D

C

FIGURE 3 | Crystal structure of RhDH677.3 Fab-gp12093TH057 coree-M48U1 complex. (A) The overall structure of the complex is shown as a ribbon diagram. The
light chain (LC) and heavy chain (HC) of the RhDH677.3 Fab are colored in wheat and orange, respectively. The complementary-determining regions (CDRs) of
RhDH677.3 Fab are colored as following: CDR H1 is purple blue, CDR H2 is dark green, CDR H3 is cyan, CDR L1 is dark brown, CDR L2 is purple, and CDR L3 is
blue. Outer domain of gp120 is light pink. Layers 1, 2 and the 7-stranded -sandwich of the inner domain are colored as green, yellow and magenta, respectively.
(B) Structural comparison of RhDH677.3 Fab-gp12093TH057 coree and DH677.3 Fab-gp12093TH057 coree complexes. The RhDH677.3 Fab-gp12093TH057 coree
complex is colored as indicated in panel A and the DH677.3 Fab-gp12093TH057 coree complex is colored in gray. The complexes are superimposed based upon
gp120 and the heavy and light chain variable (VH and VL) domains. The carbohydrate at position Asn72 of the DH677.3 Fab is shown as sticks. (C) The RhDH677.3
Fab-gp12093TH057 coree interface. gp120 is shown as a molecular surface and colored as described in A (top panel) and by electrostatic potential (bottom panel)
with red, blue and white representing negative, positive and neutral electrostatic potential, respectively. CDRs of RhDH677.3 Fab are shown as ribbons (top panel)
and side chains of binding residues are shown as sticks (bottom panel). Binding residues of RhDH677.3 Fab are colored as in panel A and binding residues of
DH677.3 Fab are colored in dark gray. (D) Contact residues of gp120 are mapped onto the gp12093TH057core sequence. Contact residues are defined by a 5 Å
cutoff and marked above the sequence with (+) for side chain and (-) for main chain to indicate the type of contact. Contact types are colored as following:
hydrophilic (green), hydrophobic (blue) and both (black). Buried surface residues are as determined by PISA and are shaded green.
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their CDR L2 and depend on Lys169 in binding the V2 loop (70).
DH827 differs from many other V2p Abs in that it is less
dependent upon Lys169.

In order to confirm that the rhesusized RhDH827 mAb
maintains the V2p specificity of its parent mAb, we crystallized
RhDH827 in complex with a clade A/E 93TH057gp120 V2
sequence peptide (Table 1, Figure 6). The crystals belonged to
space group C2, diffracted to 2.0 Å resolution, and contained one
RhDH827 Fab heavy and light chain bound to one V2 peptide in
the asymmetric unit. RhDH827 binds the V2 peptide in a more
helical conformation than many of the other RV144 Abs, e.g.
CH58 and CH59, which allows it to make hydrophobic contacts
with Val172, Leu175, Phe176, and Leu179. A discontinuation of the
helix at the C-terminus allows it to extend its contacts to Ile181,
Val182, and Pro183 (Figures 6B, C). Sixty-seven (67)% of the total
852 Å2 peptide BSA comes from these hydrophobic residues as
opposed to 21.4% from Lys168 and Lys169 (Figures 6D, E).
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Outward facing residues of the helix contribute little if
anything to the peptide BSA, i.e. Gln170, Lys171, Ala174, Tyr177,
and Lys179. Likewise, RhDH827 is also less dependent upon
Lys169. It focuses instead upon Lys168 and downstream
hydrophobic residues in the V2 sequence; Lys169 accounts for
8.7% of the total peptide BSA while Lys168 accounts for 12.7%
(Figures 6C–E). RhDH827 binds the V2 peptide mainly with
CDRs H2, H3, L1 and L3. Glu50 and Asp51 of the Glu-Asp motif
in CDR L2 make salt bridges with Lys169 and Lys168 of the
peptide respectively, but account for almost all of CDR L2’s
contribution to binding (Figure 6F). CDRs L1 and L3 provide
much of the remaining contact surface for the N-terminus of the
peptide, while CDRs H2 and H3 primarily interact with the C-
terminus. The total light chain BSA contribution to the interface
is 293 Å2, 124 Å2 from CDR L1, 37 Å2 from CDR L2, and 130 Å2

from CDR L3, and the total heavy chain BSA contribution 492
Å2, 51 Å2 from CDR H1, 184 Å2 from CDR H2, and 257 Å2 from
A

B

DC

FIGURE 4 | Structural comparison of RhDH677.3 and DH677.3 Fab antigen complexes. (A) The RhDH677.3 Fab and its CDRs are colored as indicated in Figure 3
and the DH677.3 Fab is colored in gray. The complexes are superimposed based on the variable domains of light and heavy chains. Residues that differ between
the two Fab are shown in stick and highlighted in red for RhDH677.3 Fab and in black for DH677.3 Fab (middle panel). A 180˚ view reveals the structural difference
of the constant domains in RhDh677.3 and DH677.3 Fabs (right panel) (B) Contact residues of RhDH677.3 and DH677.3 Fabs with gp120 are mapped onto the
Fab sequences and colored as described for panel (A) Contact residues are defined by a 5 Å cutoff and marked above the sequence with (+) for side chain and (-)
for main chain to indicate the type of contact. Contact types are colored as following: hydrophilic (green), hydrophobic (blue) and both (black). Residues that differ
between RhDH677.3 and DH677.3 are highlighted in red. Buried surface residues are determined by PISA and are shaded green. (C) Pie charts showing the buried
surface binding (BSA) contributions of gp120 to binding and are colored as in Figure 3 . The BSA contributions to binding of gp120 residues are shown as
calculated by PISA. BSA contributions for gp120 contact residues to RhDH677.3/DH677.3 binding are shown in orange and gray, respectively. (D) Pie charts
showing the buried surface binding (BSA) contributions to gp120 binding for RhDH677.3/DH677.3 Fabs and are colored as in panel (A) The BSA contributions to
binding for RhDH677.3 CDR residues are colored in orange and BSA contributions to binding for DH677.3 CDR residues are shown in gray.
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CDR H3 (Table S2). Aside from the two salt bridges from CDR
L2 (Glu50 and Asp51 to Lys169 and Lys168 respectively) and three
hydrogen bonds from the heavy chain (one from CDR H3 Ser100

to His173 and two from CDR H2 tyrosine residues to the main
chain carbonyls of Leu179 and Ile181) most of the interface is
hydrophobic in nature which may help it tolerate mutations that
disrupt the salt bridges to Lys168 or Lys169 and changes to Ile181,
the hydrophobic residue with the single largest contribution to
the BSA; changes in Lys169 and Ile181 were identified in RV144
breakthrough viruses implicating this region in the protective
effect of the vaccine (7).

RhDH827 was crystalized with the same V2 peptide as used
previously for its human counterpart DH827 (30) however, the
complex structure of RhDH827 was solved at higher resolution
(2.0 versus 2.9 Å for DH827). In addition, there is a one amino
acid insertion in the light chain CDR L3 at position 95A of
RhDH827 that is absent in DH827 due to a difference in
sequence between the clone of DH827 used to generate
RhDH827 (30). These differences slightly complicate the direct
comparison of the two structures. Although the RMSD value for
the comparison of the main chain atoms of the antibody variable
domains and the bound peptide is very low, 1 Å (Figure 5A),
there are some differences in specific contacts at the antibody-
peptide interface. For example, in the RhDH827-V2 complex,
Lys168 and Lys169 of peptide account for approximately 18% of
the total peptide BSA with 8.9 Å2 and 9.1 Å2 contributed for
Lys168 and Lys169, respectively. Furthermore, in the RhDH827
complex, the N-terminus of the peptide fold into an amphipathic
Frontiers in Immunology | www.frontiersin.org 129293
helical conformation with hydrophobic residues from that region
Val172, Leu175, Phe176, and Leu179 together with those from the
C-terminus after a break in the helix e.g. Ile181, Val182, and
Pro183, making up approximately 65% of the peptide BSA. This is
comparable to the 67% seen for the corresponding residues in the
DH827 complex, but the total peptide BSA is significantly lower
for the human antibody, 817 Å2 versus 852 Å2. The lower
resolution of the human complex could potentially explain this
difference; density for the peptide is weaker at both the N and C
termini in the human structure which makes the side chain
positions for these residues less certain.

Interestingly, contributions from the heavy and light chain
CDRs are roughly comparable between the two structures with
the exception of one major difference in CDR L3. RhDH827 has an
extra histidine, His95A, relative to the human DH827, due to a
difference in the DH827 clone used to make RhDH827 (Figure 6C
and Figure S2). This changes the conformation of the CDR L3
loop. As a consequence, CDR L3 Ile94 makes the same contacts to
the peptide in the human complex that CDR L3 Thr94 makes to the
peptide in the rhesusized complex. His95A itself adds little to the
interface. The slightly shorter CDR L3 in the human structure also
changes the conformation of the C-t2erminus of the peptide, mainly
in the area near the end of the peptide helix. This conformational
difference may explain the slightly higher BSAs for CDR H3 Pro99

and CDR L1 Tyr32 in the human structure. Outside of these regions
the structures are largely identical with similar BSA values for both
the heavy and light chain residues as can be seen in the bar chart of
BSA by residue (Figure 6F).
A

B

FIGURE 5 | Comparison of overall structures of Rhesusized mAb variants to human and RM counterparts. (A) RMSD values for main chain atoms for pairwise
comparisons of Fab V or C domains and Fab V or Fab-gp120 core complex between rhesusized and human variants. (B) RMSD values for main chain atoms for
pairwise comparisons of Fab C domains of RhDH677.3 and RhDH827 to RM mAb Fabs available in the PDB with kappa and lambda light chains, respectively.
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Constant (C) Regions of Rhesusized mAb
Variants Show Close Structural Similarity
to C Domains of RM IgG1
Analysis of the structures of Fab-antigen complexes of rhesusized
and human IgG pairs confirm close similarity of their V domain
structures and good preservation of the contacts at the antigen-
Fab interface. While in the rhesusized IgG1 variants the V
domains are of mixed sequence, assembled from the closest
Frontiers in Immunology | www.frontiersin.org 139394
RM germline framework mAb sequence and CDRs engrafted
from human counterpart, the C domains (CL+CH1) are
unchanged and formed from fully RM IgG1 sequences
(Figure 1). Of note RhDH677.3 and RhDH827 represent
kappa and lambda light chains, respectively. In order to check
if sequence changes in the V domains contribute to changes in
overall architecture of the rhesusized variant C domains we
compared the structures of the C domains of RhDH677.3 and
A B

D

E F

C

FIGURE 6 | Crystal structure ofRhDH827 Fab-V2 peptide complex. (A) The overall structure of the complex is shown as a ribbon diagram. The V2 peptide is green
and the light chain (LC) and heavy chain (HC) of RhDH827 Fab are colored in light pink and red, respectively. The CDRs of RhDH827 Fab are colored as following
colors: CDR L1 (brown), CDR L2 (pink), CDR L3 (blue), CDR H1 (purple), CDR H2 (dark green), and CDR H3 (cyan). (B) Structural comparison of RhDH827 Fab-V2
peptide and DH827 Fab-V2 peptide complexes. The RhDH827 Fab-V2 peptide complex is colored as indicated in panel A and the DH677.3 Fab-V2 peptide
complex is colored in gray with V2 peptide colored in orange. The complexes are superimposed based on the variable heavy (VH) domain. (C) RhDH827 andDH827
Fabs are shown as a molecular surface and the CDRs of both Fabs surface are colored as in panel (A) The light chain (LC) and heavy chain (HC) of DH827 Fab are
colored in light and dark gray, respectively. Binding footprints for V2 peptide on RhDH827 and DH827 Fabs are outlined in green and orange, respectively (top
panel). Residues contributing to the binding are shown as sticks (bottom panel). Extra binding residues on RhDH827 are colored in yellow. (D) Contact residues of
RhDH827 and DH827 Fabs with V2 peptide are mapped onto the Fab sequences and colored as described for panel (A) Contact residues are defined by a 5 Å
cutoff and marked above the sequence with (+) for side chain and (-) for main chain to indicate the type of contact. Contact types are colored as following:
hydrophilic (green), hydrophobic (blue) and both (black). Residues that differ between RhDH827 and DH827 are highlighted in blue dashed-line box. Buried surface
residues are determined by PISA and are shaded green. (E) The buried surface area (BSA) contributions of V2 peptide to binding of RhDH827/DH827 Fabs are
shown in red and gray, respectively. The BSA contributions to binding of V2 residues as calculated by PISA. (F) Pie charts showing the BSA of RhDH827/DH827
Fabs buried at the complex interface and are colored as in panel (A) The BSA contributions to binding for RhDH827 CDR residues are colored in red and BSA
contributions to binding for DH677.3 CDR residues are shown in gray.
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RhDH827 to C domain structures from RM IgG1 Fabs available
in Protein Data Bank (Figure 5B). We used entries from PDB of
antibodies of different specificities (including antibodies
unrelated to HIV-1) but matched RhDH677.3 with antibodies
with kappa light chains and RhDH827 with antibodies with
lambda light chains. Overall the RMSD values for the C domains
of RhDH677.3 as compared to the other kappa light chain
containing antibodies fell within a range of 1.8-2.91 Å which is
slightly higher than the highest RMSD value for kappa light
chain antibody comparisons in the absence of RhDH677.3
(RMSD range of 0.54-2.87 Å). In contrast, the RMSDs for the
C domains of RhDH827 as compared to the other lambda light
chain containing antibodies fell within a range of 0.62-0.98 Å
which is lower than the RMSD range for all other lambda
antibodies in the absence of RhDH827 (0.33-1.39 Å). This
indicates that there is a poorer agreement among the kappa
light chain C domain structures in general and with RhDH677.3
in particular although this could be in part due to the lower
resolution from the RhDH677.3 complex structure. The better
agreement among the C domain structures with lambda light
chains may be a reflection of the higher resolution of the
RhDH827 structure but it could also be in part due to the
fewer number of changes relative to the human sequence for
the lambda light chain, 12, versus the kappa light chain, 17, since
human lambda and kappa C domains were initially used as
models for the generation of both structures.

Rhesusized mAb Variants Mediate
Antibody Fc Effector Functions (i.e.
Recognition of SHIV-1 Infected Cells,
ADCC, ADCP, ADNP, and Virion Capture)
Comparable to Their Human Counterparts
Structural and SPR analyses indicate that the rhesusized mAb
variants preserve the antigen binding properties of their human
counterparts, and SPR binding confirms that their binding
affinities to the low affinity RM and human FcgRs are
comparable to mAbs of RM origin. To see if these features
translate into ‘proper’ functional activity, we assessed their
binding to HIV-infected CEM.NKR.CCR5 cells and SHIV-
infected A66 cells using the gating strategy demonstrated in
Figure 7A. We observed similar percentages of HIV-infected
cells bound by each pair of human and rhesusized mAb (%Ab
+p24/p27+) to each HIV-1 Infectious Molecular Clone (IMC)
and SHIV tested here (Figure 7B). The percentage of infected
cells bound by the combination of three mAbs, DH677.3 (C1C2),
DH827 (V2) and 7B2 (gp41) was also similar between human
and macaque. The human version of DH677.3 demonstrated a
d i ff e rence in b ind ing to SHIV.CH505 .375H- and
SHIV.1157QNE(Y173H)-infected cells as compared to its
rhesus counterpart. A similar increase in binding was observed
with the V2-targeting RhDH827 Ab as compared to its human
version to SHIV.SF162.P3-infected cells. Overall, there was
similar binding of rhesusized mAbs to HIV-infected cells as
compared to their human counterparts.

The ADCC activity of the rhesusized variants to their human
counterparts was also compared using HIV-infected
Frontiers in Immunology | www.frontiersin.org 149495
CEM.NKR.CCR5 cells as targets in a luciferase-based ADCC
assay (49). Peripheral blood mononuclear cells (PBMCs) isolated
from an HIV-1-seronegative individual were used as effector cells
and subtype B HIV-1 SF162-, subtype C HIV-1 CH505- or 1086-
infected cells were used as targets in the presence of serial
dilutions of mAbs. We observed similar area under the curve
(AUC) values for human and rhesus mAb pairs against the three
IMCs tested here (Figure 7C). The analysis of ADCC activity for
mAbs in the ADCC-GTL assay (51) also revealed similar
magnitudes in AUC values for each individual mAb pair and
for macaque and human mAb combinations (Figure S5).

The capacity of the C1-C2 and V2 specific rhesusized variants
to mediate phagocytosis by monocytes (ADCP) and neutrophils
(ADNP) was assessed using the THP-1 and HL-60 cell lines with
SHIV 1157(QNE)Y173H gp120 protein coated microspheres,
respectively (Figure 8A). Overall, the rhesusized Abs had similar
levels of phagocytosis to their human counterparts. The V2 Abs
had modestly higher phagocytosis scores compared to the C1C2
specific antibodies, likely due to improved epitope exposure on
Env protein. To assess recognition of virus particles as one of the
first steps in antibody effector function, we also assessed the
capacity of all 3 antibody specificities to bind infectious SHIV
1157(QNE)Y173H virions (Figure 8B). As expected, the C1C2
antibody specificities did not bind and capture virus. However,
the V1V2 and gp41 specific antibodies did capture
infectious virions.

Taken together these data indicate that rhesusized mAb
binding and ADCC to in vitro infected cells are comparable
antibody Fc effector functions for human mAb counterparts as
well as anti-HIV-1 antibodies of human or rhesus origin.
DISCUSSION

The number of antibodies and antibody-based therapeutics used
clinically continues to grow (71, 72). Since many of these products
are derived from antibodies from a nonhuman origin they need to
be adapted to the human immune system, or ‘humanized’, before
they can be used clinically. Simple grafting of an antibody’s
complementary determining regions (CDRs) to a human
antibody backbone sequence often leads to reduced antigen
affinity either by omission of paratope residues outside of the
CDRs or by subtle structural changes due to differences in the
sequence of framework residues. Conversely, grafting of the entire
heavy and light chain variable domain, VH and VL, onto constant
heavy and light chain backbones to make a chimera, while
maintaining paratope structure introduces a greater number
changes and potentially increases immunogenicity. This has
typically made humanization of antibodies a multistep process
in which the initial incarnation of a humanized antibody is
subsequently modified to increase its affinity for antigen in order
to match that of the parent mAb. The sequencing of the human
genome has aided this process by making it possible to identify the
closest germline sequence to minimize the number of needed
residue changes and potentially decrease immunogenicity.
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A

B
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FIGURE 7 | ADCC activities of rhesusized mAb variants. (A) The gating strategy for the binding of mAbs to HIV.IMC-infected CEM.NKR cells and SHIV-infected A66
cells. The binding of mAbs to mock-infected cells (top), SHIV-infected A66 cells (middle) and HIV-infected CEM.NKR cells and (bottom). Cells were first gated for singlets
(FSC-H vs. FSC-A) and T cells (SSC-A vs. FSC-A). The T cells were further analyzed for their uptake of the Live/Dead Aqua stain to determine live versus dead cells. Live
cells were analyzed for the intracellular expression of p24 or p27. Each well was stained either with anti-p24 (CEM.NKR cells that were infected with HIV) or anti-p27
antibody (A66 cells infected with SHIV). Infected cells, p24+ (infected with HIV.IMCs) or p27+ (infected with SHIVs), were analyzed for binding of the tested mAb by
staining with a secondary mAb (2ary). The far-right panel indicate 2ary Ab only (these are the well that lack primary Ab of interest) which shows that in presence of
secondary antibody alone we did not detect any binding to either mock or infected cells. Mock-infected cells were used to properly set the gate for the infected cell
population and the 2ary mAb. FSC, forward scatter; SSC, side scatter. (B) The percentage of infected cells bound by the tested mAb. The antibodies listed on the x-axis
are grouped by the epitope specificity: C1C2 (RM JR4, DH677.3), V2 (DH827, RM DH614.1, RM DH614.2, RM DH614.6), gp41 immunodominant (gp41), and the
combination (DH677.3, DH827, 7B2). Each color represents a different HIV-1 Infectious Molecular Clone (IMC) or SHIV. Each Ab/virus combination was tested once
using a single well. (C) ADCC activities are shown as area under the curve (AUC) for each mAb calculated from dilution curves (starting concentration 50 µg/mL with 1:5
serial dilutions) against HIV.IMC-infected cells determined by a Renilla Luciferase-based ADCC assay (Luc-ADCC) with PBMCs from an HIV-1-seronegative individual as
effectors at an E:T ratio of 30:1. Each symbol represents a different IMC. Each experiment in panel C was performed once with two biological replicates. Wilcoxon rank
sum test was used to assess statistical significance; p-values less than 0.05 were considered significant.
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The close phylogenetic relationship between humans and
nonhuman primates (NHPs), including Rhesus macaque (RM),
Macaca mulatta, makes them an important animal model in the
testing of new vaccines, antibodies or antibody based
therapeutics. For human antibodies to be tested in RM this
requires the reverse of humanization, i.e. rhesusization. The
latter is essential to enable proper interaction with host
immune system. Ideally this is done with the fewest number of
sequence changes both to preserve the paratope structure of the
parent mAb and to minimize immunogenicity. Here we have
applied the rhesusization process to three human anti-HIV-1
antibodies recognizing Env which impact the virus
predominantly by a Fc-effector mechanism (DH677.3, DH827,
and 7B2) to facilitate their use in future NHP challenge studies.

We were able to obtain crystal structures of antigen complexes
for two of our rhesusized variants in conditions similar to those
used to obtain the structures of their human counterparts. This
allowed us to perform a detailed analysis of the complex interface
and to detect any changes introduced in the rhresusization
process. Some slight differences were seen in the RhDH677.3
Frontiers in Immunology | www.frontiersin.org 169697
complex in contacts made by the Fab outside of the CDRs.
Framework residues from the human mAb contributed slightly
more to the interface than the corresponding residues from the
rhesusized version. Interestingly, these differences could largely be
attributed to positions that differed between the human and
macaque germline sequences and are reflected in the total
interface BSA, 1800 Å2 for RhDH677.3 and 1984 Å2 for
DH677.3, and in the approximately 8-fold reduction in affinity
for RhDH677.3 to antigen. Thus, for antibodies that involve
framework residues in antigen engagement, rhesusization within
framework areas should to be done carefully to avoid losses that
can potentially lead to a decrease of affinity to antigen. Similar
conclusions could be drawn from the comparison of the human
and macaque versions of DH827 although a one residue difference
in sequence in the light chain and different resolutions for the two
structures made the comparison more difficult.

Importantly, the Fc-functionality of the rhesusized mAbs
were fully preserved. SPR results confirmed that the rhesusized
mAbs had affinities to both macaque and human FcgRs similar to
mAbs originally isolated from RM. Rhesusized mAbs also bound
A

B

FIGURE 8 | Virion binding and phagocytic activities of Rhesusized mAb (A) Antibody-dependent phagocytosis of monocytes using monocytic THP1 cell line and
neutrophils using HL60 cell line with SHIV 1157(QNE)Y173H gp120-coated beads. (B) Binding of antibody variants to infectious SHIV1157(QNE)Y173H. Dotted lines
represent positivity cutoffs of 15.6% and 2.2 for virus capture and ADCP/ADNP, respectively. The data represent an average of two independent experiments with
two replicates for each experiment for ADCP/ADNP and one replicate for virion binding. Rhesus macaque antibody versions are marked with Rh. Positive controls
(CH31 IgG3, CH235.12 IgA) and negative controls (7B2, Rh7B2, Ch65, RhCH65 and PBS) are shown.
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to HIV-1 infected cells at levels comparable to those of their
human counterpart. They also displayed ADCC, ADCP and
ADNP activities in the same range as macaque mAbs of
similar specificity.

In conclusion, reducing immunogenicity potentially comes at
the cost of reduced affinity to antigen. Even highly somatically
mutated species matched antibodies can elicit immune reactions
that remove them from circulation. This has been the case in
macaques with the introduction of anti-SIV mAbs (73) and in
humans with the introduction of broadly neutralizing antibodies
against HIV-1, PG9 in clinicaltrials.gov NCT01937455 (74) and
VRC07 in VRC 603, clinicaltrials.gov NCT03374202 (75).
Rhesusization can potentially minimize the impact of such off-
target reactions and extend their half-life in sera when they are
evaluated in NHP models (33), but anti-idiotype immune
responses are still possible (76). Rhesusization also places the
antibody specificity within the context of the host immune
response affording a more direct comparison to vaccine elicited
antibodies of similar specificity. This may enable use of the RM
model to more accurately test antibody correlates of protection
from HIV-1 infection identified in human vaccine trials and
more generally antibodies and antibody based therapeutics that
utilize Fc mediated effector functions as part of their mechanism
of action.
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Fc-mediated immune functions have been correlated with protection in the RV144 HIV
vaccine trial and are important for immunity to a range of pathogens. IgG antibodies (Abs)
that form complexes with Fc receptors (FcRs) on innate immune cells can activate Fc-
mediated immune functions. Genetic variation in both IgGs and FcRs have the capacity to
alter IgG-FcR complex formation via changes in binding affinity and concentration. A
growing challenge lies in unraveling the importance of multiple variations, especially in the
context of vaccine trials that are conducted in homogenous genetic populations. Here we
use an ordinary differential equation model to quantitatively assess how IgG1 allotypes and
FcgR polymorphisms influence IgG-FcgRIIIa complex formation in vaccine-relevant
settings. Using data from the RV144 HIV vaccine trial, we map the landscape of IgG-
FcgRIIIa complex formation predicted post-vaccination for three different IgG1 allotypes
and two different FcgRIIIa polymorphisms. Overall, the model illustrates how specific
vaccine interventions could be applied to maximize IgG-FcgRIIIa complex formation in
different genetic backgrounds. Individuals with the G1m1,17 and G1m1,3 allotypes were
predicted to be more responsive to vaccine adjuvant strategies that increase antibody
FcgRIIIa affinity (e.g. glycosylation modifications), compared to the G1m-1,3 allotype
which was predicted to be more responsive to vaccine boosting regimens that increase
IgG1 antibody titers (concentration). Finally, simulations in mixed-allotype populations
suggest that the benefit of boosting IgG1 concentration versus IgG1 affinity may be
dependent upon the presence of the G1m-1,3 allotype. Overall this work provides a
org February 2022 | Volume 13 | Article 8201481101102
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quantitative tool for rationally improving Fc-mediated functions after vaccination that may
be important for assessing vaccine trial results in the context of under-represented
genetic populations.
Keywords: systems serology, Fc receptor, IgG1 allotype, Fc receptor polymorphism, HIV, RV144, ADCC,
vaccine boosting
INTRODUCTION

Antibodies (Abs) are a vital component of the protective immune
response elicited by vaccination. Immunoglobulin G (IgG) Abs that
activate Fc effector functions are important for protection against a
number of pathogens (1–5) and have been correlated with protection
in HIV vaccine trials (6, 7). Antigen bound IgG immune complexes
can trigger Fc effector functions by the crosslinking of IgG Fc portions
with Fc receptors on the surface of innate immune cells. Fc functional
capacity is directly correlated to the number of immune complexes
formed that activate Fc receptors (8), which is regulated by numerous
factors including IgG subclass concentrations, availability of FcRs and
their respective binding properties (9). These properties vary in
individuals and several studies have demonstrated that they are
influenced by genetic factors including IgG1 allotypes and FcR
polymorphisms (10–12).

Currently, four human IgG1allotypes (G1m1 [or G1m(a)],
G1m2 [or G1m(x)], G1m3 [or G1m(f)], G1m17 [or G1m(z)])
have been identified (13). These allotypic determinants are
inherited in a Mendelian pattern, i.e. sets of G1m haplotypes are
inherited. G1m3 and G1m17 allotypes are mutually exclusive and
refer to different amino acid changes at the same position (14).
G1m17 allotypes are almost always linked with G1m1 (written
together as G1m1,17 but hereafter referred to as G1m1 in this text),
whereas G1m3 can exist with or without G1m1 (e.g. G1m1,3 or
G1m-1,3 respectively). Interestingly, common allotypes are shared
within ethnic or genetic populations. PeoplewithAfrican ancestory
have an enriched prevalence of G1m1 allotypes, those with a
European ancestory have enriched G1m1 and G1m-1,3 allotypes
while those with Asian ancestory have enrichedG1m1 andG1m1,3
allotypes (15, 16). Recent research suggests that IgG1 allotypic
variation is linked with all four IgG subclass concentrations,
potentially due to allotype-linked variation in expression and
degradation (12). Importantly these allotype-linked differences in
IgG subclass concentrations are also observed in an antigen-specific
manner upon vaccination. For example a recent phase I HIV
vaccine trial (17) observed that G1m1 vaccinees (G1m1 &
G1m1,3) reported to have higher HIV-specific IgG1:IgG2 ratios
compared to the G1m-1,3 allotype,mainly driven by elevatedHIV-
specific IgG1 titers in G1m1 individuals (10).

In parallel, a range of FcgR polymorphisms have been
identified in humans, some of which have greater Fc binding
affinity and hence are associated with enhanced Fc functional
capacity (11, 18–20). Individuals carrying the high affinity
FcgRIIa H131 polymorphism, most commonly associated with
enhanced ADCP, have positive outcomes in both cancer (21) and
infectious diseases, including HIV (22, 23). The FcgRIIIa V158

polymorphism, with higher affinity than FcgRIIIa F158, has been
org 2102103
associated with enhanced ADCC functionality and linked to
better outcomes within the mAb cancer field (24, 25).
Conversely, this same polymorphism has been associated with
HIV disease progression (26) and the lack of protection in the
HIV VAX004 vaccine trial (27). The distribution of these
polymorphisms can also vary between different populations
(28). Though FcR polymorphisms clearly dictate affinity for
IgG subclasses, their overall role in FcgR activation is more
ambiguous, especially in the context of variability in IgG
subclass concentrations.

To date, few studies have explored the relative roles of IgG1
allotypes and FcR polymorphisms in FcR activation after
vaccination, as their distributions are not measured in vaccine
trials. In addition, it is difficult to unravel the parallel influences of
both subclass concentrations and binding affinities that arise from
differences in IgG1 allotype and FcgR polymorphism combinations.
Recently, we computationally assessed the mechanistic
underpinnings of IgG-FcgR complex formation after vaccination
and demonstrated that synergistic relationships can occur between
antibody parameters that regulate FcgR activation, that would not
be apparent from studying each in isolation (21). Therefore, it is
plausible that multiple immunogenetic changes may also have
synergistic influences upon FcgR activation, which are greater
than those that would be expected from simply summing changes
evaluated in isolation. These are often too complex to be captured
experimentally when parameters are examined individually.

Here we use data from the HIV RV144 vaccine trial and a
mechanistic computational model to assess the relative roles of
IgG1 allotypes and FcgR polymorphisms in IgG-FcgRIIIa
immune complex formation after HIV vaccination. We
demonstrate how genetic background may influence an
individual’s Fc functional response upon vaccination and
suggest specific interventions that would most effectively
improve IgG-FcgRIIIa immune complex formation in each
allotype/polymorphism combination.
MATERIALS AND METHODS

We applied an ordinary differential equation (ODE) model as
previously published and validated with RV144 plasma samples
(Figure 1) (29). The model predicts IgG-FcgR dimer complex
formation (Ag : IgG:IgG : FcgR:FcgR) at steady state as a function
of IgG subclass, antigen, and FcR dimer concentrations. In the
model, two IgG antibodies bind each antigen before forming a
complex with dimeric FcR. We obtained parameters for the
model from literature and with measurements made previously
(29) where median fluorescent intensity (MFI) of HIV env
February 2022 | Volume 13 | Article 820148
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glycoprotein 120 (gp120) strain A244 (env) specific IgG1, IgG2,
IgG3, and IgG4 was measured in the plasma of 105 RV144
vaccinees (8). We converted MFI measurements into a relative
concentration measurement based on a reference concentration
(17) of HIV-specific IgG in a similar vaccine trial. Though this
reference concentration does not directly represent our plasma
samples, we do not have the ability to directly measure
concentration through the use of a standard curve, so the
concentrations predicted throughout by the model are thus not
to be used as absolute measures, but as relative measures.

Evaluating Combined IgG1 Concentration
and Affinity Parameter Changes
In order to evaluate the relative and combined roles of IgG1 allotype
(i.e. IgG subclass changes) and FcR affinity (i.e. FcR
polymorphisms), IgG1 affinity for FcgRIIIA-V158 or IgG1
concentration were held constant at its baseline value (listed in
the parameter table in Figure 1C), while the other parameter was
varied over 50 values spanning 1.7-256 nM or 2e-6-8e-4 nm-1s-1.
Model outputs from all simulations were subtracted by the baseline
complex formation to calculate the difference in complex formation
for each condition. We simulated 2,500 different combinations of
IgG1 concentration and IgG1 affinity for FcgRIIIA-V158 spanning
1.7-256 nM or 2e-6-8e-4 nm-1s-1 respectively while holding all other
model parameters at baseline. We then subtracted each of these
values by the model output with both IgG1 affinity and
concentration at baseline. To identify regions where synergy
between IgG1 concentration and IgG1 affinity for FcgR occurred,
we used element-wise subtraction of the additive simulations
(parameters were altered in isolation and added together) from
simulations where parameters altered together in the model. The
range of possible IgG1 concentration values was calculated by
Frontiers in Immunology | www.frontiersin.org 3103104
multiplying the maximum and minimum calculated IgG1
concentrations in the RV144 plasma samples (29) by each
allotype conversion factor and taking the minimum and
maximum results across all possible allotypes (23). Maximum
and minimum IgG1 affinity values were selected as the highest
and lowest affinity glycosylation forms of IgG1 across all FcgRIIIA
polymorphisms (30).

Evaluating Boosting of IgG1
Concentrations in Individuals With
Different FcgRIIIa Polymorphisms
In order to model how changes in IgG subclass concentrations (that
may occur upon vaccine boosting) can influence IgG-FcgR complex
formation in individuals with different FcgRIIIa polymorphisms, we
used the model to predict complex formation for each
polymorphism by altering initial IgG1 and IgG3 concentrations
from 0.004X to 20X baseline (post-vaccination measurements) in
2,500 different combinations. Affinity values for each FcgRIIIa
polymorphism to each IgG subclass were used from previously
published literature (11). We used IgG1 and IgG3 titers measured in
RV144 vaccinees post-vaccination and after a simulated 170% IgG1
boost. This boosting value was chosen by using the highest fold
change in HIV-specific Ab titers recorded in the RV306 follow up
trial from 26 weeks (our initial post-vaccination timepoint) and
after boosting in group 4b with AIDSVAX B/E and ALVAC-HIV at
18.5 months (31). A Wilcoxon matched pairs signed rank test was
used to evaluate the difference in predicted complex formation for
each individual across the two polymorphisms, both before and
after boosting. All parameters besides initial IgG1 and IgG3
remained at their baseline value listed in the parameter table
(Figure 1C) for all the above-described simulations. Specific IgG1
and IgG3 values were chosen using MATLAB’s log spacing
A B

D

C

FIGURE 1 | Model schematic. (A) An example set of reversible reactions describing the sequential binding of IgG1 to antigen (Ag) and dimeric FcgR with the
respective forward (kon) and reverse (koff) reaction rates. (B) Ordinary differential equations were used to predict total HIV Ag-IgG-FcgR complexes formed as a
function of concentration and binding affinity of Ag, IgG subclasses, and FcgR. The model assumes a single FcgR type. Reversible reactions are represented by
double ended arrows. Model output was the sum of all dimeric FcgR complexes formed (boxed in black) at steady state. (C) The baseline parameters for FcgRIIIA-
V158 complex formation with the following sources: aSPR measurement from pooled purified IgG from HIV infected individuals binding to monomeric gp120. All IgG
subtypes share one affinity value to the antigen of focus, gp120 env (unpublished data). bKeq measured in Bruhns et al. (11). gThe average estimated IgG
concentrations from individuals 1-30 in the RV144 data in this manuscript (see methods for notes on conversion from MFI to mM unit). dConcentrations used in
multiplex experimental protocol. (D) Equations describing the example reactions in panel (A) Reactions follow mass action kinetics and consist of a forward reaction
(on rate, kon, multiplied by the concentrations of substrates) and a reverse reaction (off rate, koff, multiplied by the concentration of the product of the forward
reaction). Differential equations for change in each complex over time were generated for each complex.
February 2022 | Volume 13 | Article 820148
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function, logspace(), to give 50 values between 0.004X and
20X baseline.

Simulating IgG1 Allotypes and Glycosylation
Baseline IgG subclass initial concentrations from all 105 RV144
vaccinees were assumed to be the G1m1,3 (15) IgG1 allotype.
These were then converted into G1m1 and G1m1,3 for
simulations based on conversion factors for initial IgG1, IgG2,
IgG3 and IgG4 concentration as previously published (21),
which were estimated using allotyped human plasma samples
from previous a Phase I HIV vaccine trial (17). To predict affinity
changes resulting from glycosylation, we estimated those that
would be expected from afucosylation of IgG1 by taking the
highest fold change for affinity of IgG1 to FcgRIIIa-V158 (31X;
62*10-3 nM-1s-1) reported in the literature (30). This high affinity
glycosylation (afuscosylation with hyper-galactosylation and
bisection) was compared to a baseline affinity (2*10-3 nM-1s-1).

In order to evaluate affinity changes resulting from
glycosylation, projected upon all vaccinees for each of the three
allotypes, the IgG-FcR immune complex formation was
simulated at baseline, and the difference between each
individual ’s complex formation at baseline and with
glycosylation for each allotyped population and compared
them with a Friedman test with Dunn’s multiple comparisons
in GraphPad Prism.

Allotype projections were performed as previously published
(29), by first calculating the conversion factor. Under the
assumption that the original RV144 data was G1m1,3 (15), the
conversion factor was calculated to generate the corresponding
IgG subclass concentrations for the G1m-1,3 and G1m1
allotypes. To calculate this value, we found the mean
concentration for each IgG within each allotype from human
plasma samples analyzed in Kratochvil et al. (17). Then, these
values were divided by the corresponding mean IgG
concentration for samples with the G1m1,3 allotype.

cf IgGiG1mj = conversion factor for IgGi to allotype G1mj

mIgGi
G1mj = mean concentration of  IgGi in allotype G1mj

cf IgGiG1mj = mIgGi
G1mj=m

IgGi
G1m1,3

Each vaccinee’s initial IgG concentrations and baseline initial
IgG concentrations were converted using the respective
conversion factors as follows:

IgGixG1mj = Initial IgGi concentration for vaccinee x in allotype G1mj

IgGixG1mj = cf IgGiG1mj ∗ IgGi
x
G1m1,3

Determining Preferred Boosting Method in
IgG1 Allotypes
Simulations as above, projecting all 105 RV144 vaccinees as the
three IgG1 allotypes and two FcRIIIA polymorphisms (FcgRIIIa-
V158 and FcgRIIIa-F158) were calculated, providing predictions
Frontiers in Immunology | www.frontiersin.org 4104105
for six different genetic combinations (Figure 5A). In each of
these six genotypes we then simulated a boost in either IgG1
initial concentration or kon IgG1-FcR (ie IgG1 affinity to FcR) by
10%, 25%, 50%, 75%, 100%, 250%, 500%, 750%, or 1000% above
their personal baseline. The six genotypes were compared at
baseline using a Friedman test with Dunn ’s multiple
comparisons in GraphPad Prism 9.

To modify the original parameter to include the boost, a new
concentration or affinity was calculated using the following
formula, where the original parameter is specific to the
individual and genotype:

New parameter = original parameter

+ (original parameter ∗ boost)

Evaluating Mixed Allotype Populations
To determine the importance of affinity and concentration-based
interventions within 10 mixed allotype populations, simulations
were run as described above projecting all 105 RV144 vaccinees
into different allotypes. Within this analysis, 10 mixed allotype
populations were simulated with varying proportions of
individuals assigned to each allotype. Each allotype is
represented in each population at 100%, 66%, 33%, 17%, or 0%
(see Figure 6 for specific breakdowns). Each vaccinee (n = 105)
was randomly assigned an allotype to fulfill the population
breakdown. In populations where vaccinees couldn’t be evenly
split into the population’s allotypes, remaining vaccinees were
again randomly assigned an allotype (i.e. 70 vaccinees assigned to
G1m1, 18 assigned to G1m1,3 and 17 to G1m-1,3 in Population
F). We performed this randomized vaccinee allotype assignment
25 times for each population to create a more robust and
representative population n = 2,625 for each population. All
simulations were run with FcgRIIIa-V158 affinity values.
RESULTS

Synergism Between IgG1 Concentration
and IgG1 Affinity
Genetic background has the potential to influence both IgG1
concentration (via IgG1 allotypes) and IgG1 binding affinity for
FcR (via FcR polymorphisms). In order to better understand the
relationship between these two parameters and how they
influence FcgRIIIa activation, we applied an ODE model to
predict Antigen-IgG-FcR immune complex formation as both
parameters were altered simultaneously over a physiological
range of 2500 unique parameter combinations (Figure 2A).
The resulting landscape illustrated the interdependence of
these two parameters, and how simultaneous changes have the
potential for a synergistic influence on complex formation.
Specifically, IgG1 affinity was only effective for increasing
complex formation, upon IgG1 titers surpassing specific
concentration thresholds (around ~10-230 nM depending on
the affinity value). Likewise, increasing IgG1 concentration had a
limited effect, which was determined by IgG1 affinity.
Furthermore, in situations where both IgG1 concentration and
February 2022 | Volume 13 | Article 820148
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IgG1 affinity were high (~200 nM and ~7e-4 nM-1s-1,
respectively), the model predicted non-linear increases in
complex formation, beyond what would be predicted from
adding the changes resulting from both parameters individually.

To illustrate the synergistic result of modulating multiple
parameters more clearly, we created a second surface that
predicted complex formation, if IgG1 concentration and IgG1
affinity were altered separately in the model and resulting
changes were added together (Figure 2B). The surface
represents what would be expected if changes in IgG1
concentration and affinity were considered separately in
isolation, and notable features include: 1) the ability of each
parameter to influence complex formation without the other;
and 2) absence of the potential for very high complex formation
when both parameters are high.

To identify specific parameter ranges where synergisms or
anergisms occur (combined changes are greater than or less than
what would be expected from separate parameter changes added
together), we next subtracted “additive” (parameters changed
separately; Figure 2B) surface from the “combined” surface
(parameters changed simultaneously; Figure 2A) to create
Frontiers in Immunology | www.frontiersin.org 5105106
Figure 2C. Positive regions of this surface (blue) indicate
regions where combined parameters changes are much greater
than what would be expected from adding separate changes,
whereas the negative regions (red) represent parameter
combinations where actual changes would be much less than
what would be expected from adding individual changes. This
landscape indicates the potential for synergistic complex
formation (blue) when both concentration and affinity are high
(102-230 nM, and 2.9e-5-7e-4 nM-1s-1). Interestingly it also
illustrates the potential to overestimate complex formation
when IgG1 affinity is high, but IgG1 concentration is low (1.7-
102 nM, and 2.9e-5-7e-4 nM-1s-1). Altogether these results have
important implications for how genetic background (which has
the capacity to alter both IgG1 concentration and IgG1 affinity
for FcgR) may influence FcgR activation after vaccination and
may allow for more rational design of vaccine interventions.

FcR Polymorphism Influences FcgR
Activation After Boosting
One interesting result of the previous simulations in Figure 2
was that there is a limit in the effects of increasing IgG1
A B

C

FIGURE 2 | Landscape illustrating the relationships between IgG1 concentration and IgG1- FcgR affinity across the physiological landscape of parameters (2500
unique parameter combinations). (A) Model predictions for the change in complex formation from baseline when IgG1 initial concentration (x axis) and kon IgG1- FcgR
(y axis) were altered individually and the resulting change in complex formation is added together (z axis). Color indicates predicted change in complex formation from
baseline. (B) Model predictions for the change in complex formation from baseline when both parameters are altered simultaneously in the model. Color indicates
predicted change in complex formation from baseline. (C) The difference between (A, B), illustrating parameter combinations where synergy occurs. Blue indicates
positive synergy, where the combined parameter changes (B) result in greater complex formation compared to was predicted by separate changes added together
(A), white indicates no synergy, and red indicates anergy; where the combined parameter changes (B) result in lower complex formation compared to was predicted
by separate changes added together (A).
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concentration alone, and at higher IgG1 concentrations, IgG1
affinity determines the limit. This result has implications for
vaccine boosting in individuals with different FcR
polymorphisms. We hypothesized that the effect of boosting
(large changes in IgG1 concentration) would be limited in
individuals with the low affinity FcgRIIIa-F158 polymorphism,
whereas it would be much higher in individuals with the higher
affinity FcgRIIIa-V158 polymorphism. Therefore we
hypothesized that the differences in immune complex
formation between the two polymorphisms would become
even greater after boosting (compared to first vaccination).

To test this idea, we ran simulations for the high and low affinity
FcgRIIIa polymorphisms by changing the affinity for all IgGs to
FcgRIIIa according to published values (11) (FcgRIIIa-V158 light
pink, and FcgRIIIa-F158 dark pink, respectively;Figure 3A) at 2,500
different initial IgG1 and IgG3 concentration combinations with all
other parameters maintained using baseline values (FcgRIIIa-V158

light pink, and FcgRIIIa-F158 dark pink; Figure 3B). IgG1 and IgG3
have previously been identified as the significant IgG subtypes of
importance (29) due to IgG1’s high initial concentration and IgG3’s
high affinity to FcR (Figures 1C, 3A). The resulting profile of both
polymorphism surfaces revealed that changes in IgG1
concentration were predicted to increase complex formation up
to a certain point, illustrated by a plateau around 300 nM, after
which no additional changes in complex formation would be
predicted regardless of IgG1 increases. Comparing results for the
two polymorphisms (light pink vs. dark pink surface) revealed that
the biggest differences between polymorphisms occur in the
plateaus regions, when IgG1 concentration is high; specifically,
the FcgRIIIa-V158 polymorphism plateau is 66% higher than the
FcgRIIIa-F158 plateau.

Based on individual IgG1 and IgG3 initial concentrations
measured in the RV144 plasma samples (n=105) we plotted each
individual on both surfaces at baseline (light orange), and after a
simulated boost (31) in IgG1 concentration (dark orange;
Frontiers in Immunology | www.frontiersin.org 6106107
Figure 3B). After first vaccination, many vaccinees were
predicted to be in an IgG1 sensitive region, regardless of FcR
polymorphism. However, an increase in antigen-specific IgG1
(similar to the boost applied in RV306) moves many vaccinees
from the IgG1 sensitive region (30-300 nM) onto or nearing the
plateau region, where complex formation is highly dependent on
FcR polymorphism. Indeed, the difference in complex formation
between the polymorphisms after boosting was significantly
greater than it was at baseline (after first vaccination)
(Wilcoxon matched-pair rank test, p < 0.0001; Figure 3C).

The G1m-1,3 IgG1 Allotype Is Not
Predicted to be Sensitive to IgG1 Fc
Glycosylation Modifications
Model results in Figure 2 revealed the potential for unexpected
interactions between IgG1 concentration and IgG1 affinity. In a
settingwith low IgG1 concentration, there is the potential that large
increases in IgG1 affinity to FcgRwill have little to no effect on IgG-
FcgR complex formation. Conversely, at high IgG1 concentrations,
results revealed the potential for non-linear increases in complex
formation. Basedon these observations, we used themodel to assess
howIgG1concentrationdifferences in IgG1allotypesmay influence
sensitivity to FcR affinity modifications (e.g. glycosylation).

Previous studies suggest that IgG1 allotype alters all four IgG
subclass concentrations, hence we used these measurements to
estimate the median IgG1, IgG2, IgG3 and IgG4 concentrations for
each allotype (Figure 4A) (17). As the G1m1,3 allotype is expected
to be prevalent in the original RV144 (Thai) population, we
assumed all original RV144 vaccinees (n=105) were of the
G1m1,3 (Figure 4A, white bar) allotype (25), which is expected to
have higher IgG1 and IgG3 concentrations, compared to G1m1
(gray bar) and G1m-1,3 (black bar) which have higher IgG4.

Using results in Figure 2, we plotted each IgG1 allotype on the
surface based on expectedmedian IgG1 concentration (Figures 4B,
C). Using this same principle, we also added lines showing where
A B C

FIGURE 3 | FcgR polymorphisms have a greater influence on complex formation after IgG1 boosting. (A) Baseline Keq of each IgG subtype to the high affinity
FcgRIIIa-V158 polymorphism (light pink) and the low affinity FcgRIIIa-F158 polymorphism (dark pink) as reported by Bruhns et al. (11). (B) Complex formation (z axis)
predicted by the model for 2500 combinations of initial IgG1 and IgG3 concentration (x and y axes) for FcgRIIIa-V158 (light pink) and FcgRIIIa-F158 (dark pink). Each
dot represents an RV144 plasma sample (n=105) with respective initial IgG1 and IgG3 concentrations plotted post-vaccination (baseline-light orange), and after a
simulated 170% (145 nm) boost of IgG1 (dark orange). The simulated boost magnitude was estimated based on the highest fold change seen in RV306 between 26
weeks and peak HIV specific IgG titer (2.64X in arm 4b) (31). (C) The difference in complex formation predicted between the FcgRIIIa-F158 and FcgRIIIa-V158

polymorphisms post-vaccination (light orange) and post-IgG1 boost (dark orange; Wilcoxon matched-pairs signed rank test; ****p-value < 0.0001).
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the baseline affinity measurement is for FcgRIIIa-V158 (light blue,
2e-5 nM-1s-1) as well as potential maximal increases in affinity
similar to what would be expected with an IgG1 Fc afucosylation
modification (purple, 62e-5 nM-1s-1) based on values in the
published literature (30). Results indicate that G1m1,3 and G1m1
allotypes are expected to follow similar trajectories, where increases
in affinity would considerably increase complex formation after
~3e-5 nM-1s-1 reaching complex formation levels of 6.5 nMand 5.2
nM respectively. Conversely for the G1m-1,3 allotype (lower IgG1
concentration) the model illustrates how similar glycosylation
modification would result in much lower complex formation
[only ~1.8 nM complex formation after a high affinity
glycosylation modification (Figure 4B)].

Plotting the same lines representing IgG1 allotypes and FcRs
onto a second surface illustrating the differences between combined
changes in concentration and affinity and the individually changed
analysis, we see that at baseline FcgRIIIa-V158 affinity values
(Figure 4C, light blue) the predicted combined effects of IgG
concentration changes are not much different between an
individual and additive method. In contrast, after afucosylation,
the additive method would overestimate complex formation in
Frontiers in Immunology | www.frontiersin.org 7107108
G1m-1,3 by 4.3 nM, while it is only slightly different in G1m1 (1.1
nM) and G1m1,3 (0.08 nM) (Figure 4C). Using the same
conversion factors as above, we projected every RV144 vaccinee
from G1m1,3 into G1m1 and G1m-1,3, and simulated each
individual’s complex formation after RV144 first vaccination and
with the afucosylationchange inaffinity.Unsurprisingly, thechange
in complex formation with afucosylation was significantly different
in each allotype following the trend of median IgG1 concentration
(Median change in complex formation: G1m1,3, 6.0 nM; G1m1 4.6
nM; G1m-1,3 1.9 nM; Friedman test with Dunn’s multiple
comparisons, all p<0.0001) (Figure 4D).
IgG1 Allotype Determines Whether
Vaccine Boosts That Increase IgG1
Concentration vs. Boosts That Increase
IgG1 Affinity Would Be More Effective for
Improving FcR Activation
Our model results suggest that the effect of changes in IgG1
concentration varies depending on a given IgG1 affinity to FcR.
One intriguing implication of this result is that individuals with
A B

D

C

FIGURE 4 | Glycosylation differentially impacts IgG1 allotypes. (A) Expected IgG1, IgG2, IgG3, and IgG4 concentrations for G1m1,3 (white), G1m1 (gray), and G1m-
1,3 (black) allotypes based on previously published work (17, 29). (B) Model predictions for complex formation as IgG1 concentration and kon IgG1- FcgR are altered
over physiological ranges (Figure 2B). Lines indicate IgG1 concentrations for three different IgG1 allotypes (G1m1,3 (white), G1m1 (gray), G1m-1,3 (black)), and the
affinity change expected from an afucosylation glycosylation modification (purple) compared to baseline (light blue). (C) The difference (Figure 2C) between the
combined parameter change surface (Figure 2A) and the additive surface (Figure 2B). Lines indicate IgG1 concentrations for three different IgG1 allotypes (G1m1,3
(white), G1m1 (gray), G1m-1,3 (black)), and the affinity change expected from an afucosylation glycosylation modification (dark blue) compared to baseline
FcgRIIIaV158 (light blue). (D) Change in complex formation from baseline affinity to an afucosylated affinity in each allotype, G1m1,3 (white), G1m1 (gray), and G1m-
1,3 (black) (Friedman test with Dunn’s multiple comparisons test; ****p-value < 0.001).
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different IgG1 allotypes (different baseline IgG1 concentration)
could be differentially sensitive to vaccines that increase antibody
titers (IgG1 concentration) vs. adjuvants that modify IgG1 affinity
via glycosylation. To explore this idea quantitatively, we simulated 6
different genotypes (FcgRIIIa-F158 and FcgRIIIa-V158

polymorphisms in the G1m1,3, G1m1 and G1m-1,3 allotypes). As
expected we found significant differences in complex formation
across all 6 genotypes (Figure 5A).

Wethensimulatedninedifferentboosts, 10%-1000%abovevalues
after first vaccination for either IgG1 concentration (Figure 5B) or
IgG1affinity (Figure5C) inall vaccinees.Weused themedianchange
in complex formation for eachgenetic backgroundandboosting level
to create heatmaps that illustrate the expected resulting change in
complex formation. Intriguingly, results illustrated how
concentration boosting (increasing antibody titers) has a larger
effect on the allotypes with lower initial IgG1 concentration
(Figure 5B) and that affinity boosts have a larger effect on the
allotypes with higher initial IgG1 concentration (Figure 5C).

In order to definitively show which type of boosting is optimal
for each boosting level and genetic background, we calculated the
ratio of change in complex formation with a boost in IgG1
concentration over change in complex formation with a boost in
IgG1 affinity to FcgRIIIa (Figure 5D). The resulting heat maps
illustrates how concentration boosting is predicted to be more
beneficial than affinity boosting for the G1m-1,3 allotype until
750% (purple). The lower starting concentration of IgG1 in G1m-
1,3 (median IgG1 25.62 nM) prevents affinity changes from
improving complex formation until it reaches at least 1e-4 nM-1s-1.
Conversely, model results indicated that the G1m1,3 and G1m1
allotypes (with higher starting IgG1 concentrations) would be most
responsive to changes in affinity (Figure 5D). Overall, these results
suggest specific vaccine interventions that may be differentially
effective for inducing improved Fc effector functions for individuals
with different IgG1 allotypes. A separate analysis of FcgRIIa resulted
in a similar outcome (Figure S1).

Amount of G1m-1,3 Allotype in a
Population Determines Whether Boosting
IgG1 Antibody Titers Will Be Effective
Given that themodel predicts that IgG1 allotype drives the preferred
boosting type and that many populations worldwide have different
allotype distributions, we next simulated boosting in mixed allotype
populations with FcgRIIIa-V158. These populations were simulated
by randomly assigning vaccinees to an allotype based on the given
ratio of allotypes for the indicated population (Populations A-J;
Figure 6). Each individual was then projected into their assigned
allotype. To be robust in these assignments, this was repeated 25
times for each population and the data was pooled (n = 2,625 for
each population).

We performed both IgG1 concentration and IgG1 affinity
boosting as described above (Figure 6). Overall, we found that
the populations with majority G1m-1,3 (populations A-D) benefit
more from concentration boosts, and populations higher in G1m1,3
benefit more from FcR affinity boosts (populations G, H, and J)
(Figures 6A, B). Interestingly, population C, which was 50%
G1m1,3, and 50% G1m-1,3, only gained minimal benefits from
Frontiers in Immunology | www.frontiersin.org 8108109
affinity boosts compared to populations G, H and J, (Figure 6B).
When we evaluated the ratio of change in complex formation from
a concentration boost over change with an affinity boost, we found
IgG1 concentration boosting to be beneficial for almost all
populations at the lowest boosting level (10-25%), but only
remained beneficial at higher boosting levels in populations with
a higher prevalence of G1m-1,3 allotypes (Figure 6C). Notably the
level at which affinity boosting becomes more beneficial than
concentration boosting seems to closely follow the level of G1m-
1,3 within the population and this holds true for FcgRIIIa-V158,
FcgRIIIa-H131, and FcgRIIIa-R131 (Figures S2–S4). Altogether this
suggests specific guidelines for rational vaccine design to improve
FcgRIIIa activation in future trials with mixed allotype populations.
DISCUSSION

Here we identify specific mechanisms by which heterogeneity in
FcgR activation after vaccination may be linked to IgG1 allotypes
and FcgR polymorphisms. Importantly, we found that vaccine
boosting regimens which increase IgG1 antibody titers may have
limited utility in some allotypes (G1m1,3 and G1m1) and may be
more effective in others (G1m-1,3). Instead, for G1m1,3 and
G1m1 allotypes, vaccine boosting strategies that modulate IgG1
affinity to FcgR (e.g. via adjuvants that modify glycosylation)
may be required to improve FcgR activation. The model also
illustrates how the influence of FcgRIIIa affinity from different
FcR polymorphisms is predicted to have limited influence upon
FcR activation until higher IgG1 antibody titers are reached, such
as those expected after vaccine boosting. These differences arise
from synergistic relationships between IgG1 concentration and
affinity for FcgR that could not have been predicted without a
computational model.

The computational model also demonstrates how concurrent
changes in antigen specific IgG1 antibody titers and IgG1 affinity for
FcgRmay have more (synergistic), or less (anergistic) of an effect on
FcgR activation than previously appreciated. These results suggest
that focusing vaccine design on either concentration or affinity alone
may not have the expected result. The model identified specific
values for IgG1 affinity to FcgR (~10-4 nM-1s-1 at baseline IgG1
concentration), that would need to be reached before changes IgG1
concentration will have a great effect (Figure 2). This can be
visualized in Figure 2C where predictions of the additive effects
of changes in affinity and concentration in isolation were often
overestimated than the actual effects when both were changed
in combination.

Perhaps one of the most important outcomes reported here is
the potential for differential sensitivity of IgG1 allotypes to boosting
regimens that increase antibody titers vs. vaccine adjuvants that may
influence glycosylation profiles (i.e. FcR affinity). The model
predicts that 2 of the 3 allotypes we evaluated would not be
sensitive to boosting regimens that increased IgG1 concentration.
This has implications for RV144 and associated follow-up trials,
where different allotype distributions would be expected depending
on geographic location. Though IgG1 allotype was not measured
directly in RV144, the Thai population would likely have a greater
February 2022 | Volume 13 | Article 820148
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A

B

D
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FIGURE 5 | IgG1 allotype determines whether boosting IgG1 concentration or boosting IgG1 affinity (kon IgG1- FcgR) would be most effective for increasing complex
formation. (A) Model predictions for complex formation of RV144 vaccinees (n=105) in two FcgRIIIa polymorphisms, FcgRIIIa-V158 (light pink) and FcgRIIIa-F158 (dark
pink), and three IgG1 allotypes, G1m1,3 (original RV144 data), G1m1 and G1m-1,3. Polymorphisms were simulated by altering the binding affinities of each IgG
subtype to FcgR as previously published (11) and indicated in Figure 3A. Allotypes are simulated by multiplying each vaccinee’s IgG1, IgG2, IgG3 and IgG4 initial
concentration by its respective conversion factor as previously published (29) and indicated in Figure 4A (Friedman test with Dunn’s multiple comparisons test
comparing the two polymorphisms within each allotype; ****p-value < 0.001). (B) Simulated IgG1 concentration boosting in each allotype (G1m1,3, white; G1m1,
gray; G1m-1,3 black) and polymorphism (FcgRIIIa-V158, light pink; FcgRIIIa-F158, dark pink) combination. Boosts were calculated by multiplying the individual’s
baseline initial IgG1 concentration value by the boost levels and then this was added on top of each individual’s baseline. (B) Color indicates median change in
complex formation for each genetic background. (C) Simulated boosting of kon IgG1- FcgR in each allotype (G1m1,3, white; G1m1, gray; G1m-1,3 black) and
polymorphism (FcgRIIIa-V158, light pink; FcgRIIIa-F158, dark pink) combination. Boosts were calculated by multiplying the individual’s baseline kon IgG1- FcgR value by
the boost levels and then this was added on top of each individual’s baseline. Color indicates median change in complex formation for each genetic background and
boost as indicated. (D) The ratio of median change in complex formation with a boost in IgG1 concentration over median change in complex formation with a boost
in kon IgG1-FcgR (affinity) at each boosting level. This ratio shows which type of boost is most effective for increasing complex formation (IgG1 concentration, purple;
kon IgG1-FcgR, green) and when both are equally beneficial (white).
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prevalence of the G1m1,3 allotype compared to other trials
conducted in South Africa, which have previously been reported
to have greater prevalence of G1m1 and G1m-1,3 (32). Model
results suggest that while an initial vaccination would be most
effective in G1m1,3 (due to high baseline IgG1 titers), boosting
regimens to increase IgG1 concentration may not improve Fc-
mediated functions. Indeed RV305 (33) and RV306 (34) conducted
in Thai populations did increase HIV-specific IgG titers, but to our
knowledge the resulting changes in FcgR activation have not yet
been evaluated. While the model suggests that FcgR polymorphism
Frontiers in Immunology | www.frontiersin.org 10110111
is not essential in determining which boosting type and boosting
level will be most beneficial (Figure 6), it would still make an impact
in individuals with relatively high HIV specific IgG1 titers (G1m1,3
and G1m1).

A key limitation is the study is the evaluation of only one FcgR
type (FcgRIIIa) and one binding site on one antigen, though we
would expect similar results for different FcgRs and antigen binding
sites (29). Future models could be expanded to examine multiple
FcRs simultaneously in the case of individuals heterozygous for FcR
polymorphism or to investigate FcR type competition.
A

B

C

FIGURE 6 | In mixed allotype populations, the benefit of boosting IgG1 concentration vs. IgG1 affinity is dependent on the presence of the G1m-1,3 allotype.
(A) Boosting of initial IgG1 concentration in mixed allotype populations (G1m1,3, white; G1m1, gray; G1m-1,3 black) for FcgRIIIa-V158. Color indicates predicted
change in complex formation (B) Boosting of kon IgG1- FcgR in mixed allotype populations (G1m1,3, white; G1m1, gray; G1m-1,3 black). Color indicates predicted
change in complex formation (C) The ratio of median change in complex formation with a boost in IgG1 over median change in complex formation with a boost in
kon IgG1-FcgR at each boosting level. This ratio indicates which type of boost is predicted to be most effective for increasing complex formation (IgG1 concentration,
purple; kon IgG1-FcgR, green).
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Furthermore, this study is based only upon assumed IgG1 allotypic
distributions. Though IgG1 allotype measurements would be ideal
for validating model findings, they were not available for the
samples used in this analysis. Future experimental vaccine studies
using samples with known allotype and FcR polymorphism
information will be needed to be conducted to confirm this study.

Overall, this study illustrates several different scenarios where
host genetics is predicted to influence Fc effector responses upon
vaccine boosting and that different vaccine boosting regimens are
likely to have varied benefits depending on host genotypes.
Specifically the model could use genetic background to guide
the focus of vaccine regimens towards concentration boosting or
adjuvant adjustments that affect affinity values. Given that Fc
effector functions have been demonstrated to be important for
the control and protection of numerous other infectious diseases
including COVID-19 and influenza where vaccine boosting
regimens are currently being implemented (1, 35–37), future
studies that explore the influence of antibody allotypes and FcR
polymorphism upon these vaccine boosting strategies could
provide valuable insight.
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Antonella Borgatti 2,3,4,5,6, Chae Lee1, Peter F. Moore7, Cong Zhu1, Chiara Fattori 3,4,
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Human natural killer (NK) cells can target tumor cells in an antigen-specific manner by the
recognition of cell bound antibodies. This process induces antibody-dependent cell-
mediated cytotoxicity (ADCC) and is exclusively mediated by the low affinity IgG Fc
receptor CD16A (FcgRIIIA). Exploiting ADCC by NK cells is a major area of emphasis for
advancing cancer immunotherapies. CD64 (FcgRI) is the only high affinity IgG FcR and it
binds to the same IgG isotypes as CD16A, but it is not expressed by human NK cells. We
have generated engineered human NK cells expressing recombinant CD64 with the goal
of increasing their ADCC potency. Preclinical testing of this approach is essential for
establishing efficacy and safety of the engineered NK cells. The dog provides particular
advantages as a model, which includes spontaneous development of cancer in the setting
of an intact and outbred immune system. To advance this immunotherapy model, we
cloned canine CD16A and CD64 and generated specific mAbs. We report here for the first
time the expression patterns of these FcgRs on dog peripheral blood leukocytes. CD64
was expressed by neutrophils and monocytes, but not lymphocytes, while canine CD16A
was expressed at high levels by a subset of monocytes and lymphocytes. These
expression patterns are similar to that of human leukocytes. Based on phenotypic
characteristics, the CD16A+ lymphocytes consisted of T cells (CD3+ CD8+ CD5dim a/b
TCR+) and NK cells (CD3− CD5− CD94+), but not B cells. Interestingly, the majority of
canine CD16A+ lymphocytes were from the T cell population. Like human CD16A, canine
CD16A was downregulated by a disintegrin and metalloproteinase 17 (ADAM17) upon
leukocyte activation, revealing a conserved means of regulation. We also directly
org February 2022 | Volume 13 | Article 8418591113114
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demonstrate that both canine CD16A and CD64 can induce ADCCwhen expressed in the
NK cell line NK-92. These findings pave the way to engineering canine NK cells or T cells
with high affinity recombinant canine CD64 to maximize ADCC and to test their safety and
efficacy to benefit both humans and dogs.
Keywords: natural killer cells (NK cells), Fc receptor, IgG, canine (dog), antibody-dependent cell-mediated
cytotoxicity (ADCC)
INTRODUCTION

NK cells are innate cytotoxic lymphocytes that interrogate cells in
the body to identify those that are stressed, infected, or neoplastic
(1).NKcells are rapidly activatedand release cytolytic factors aswell
as cytokines and chemokines that stimulate other components of
the immune system. NK cell activation is mediated by various
ligands and by antibodies attached to target cells (1). The latter
process induces an effector function referred to as antibody-
dependent cell-mediated cytotoxicity (ADCC) and it is
exclusively mediated by the IgG Fc receptor CD16A (FcgRIIIA)
on human NK cells (2, 3).

Anti-tumor mAbs provide a rapidly expanding repertoire of
antigen-specific targeting elements for NK cells (4). However,
their clinical performance is limited by certain attributes of
CD16A. It is well described that CD16A undergoes rapid
ectodomain shedding by a disintegrin and metalloproteinase
17 (ADAM17) upon NK cell activation with diverse stimuli
(3). Preventing this process in human NK cells by engineering a
noncleavable CD16A or blocking ADAM17 enhanced their
release of IFNg and target cell killing in the presence of mAb
therapies (5–7). CD16A is also a low affinity FcgR that stably
binds to cell-bound IgG, but not soluble monomeric IgG. In
humans, two CD16A allelic variants with either a phenylalanine
(F) or a valine (V) at amino acid position 158 have been
described (8). CD16A-158V has ≈ 2-fold higher affinity for
IgG1 as compared to CD16A-158F (9, 10). Studies have shown
that cancer patients homozygous for CD16A-158V responded
significantly better to tumor targeting mAbs (11–13), indicating
that increased binding affinity between CD16A and tumor-
targeting mAbs will enhance NK cell anti-tumor effector
functions. A strategy to increase both the binding affinity and
avidity between NK cells and antibody-opsonized tumor cells has
involved modifying the FcgR on NK cells (3, 14, 15). Human
CD64 (FcgRI), the only high affinity IgG Fc receptor, binds to the
same IgG isotypes as CD16A but with > 30-fold higher affinity
than CD16A-158V (10, 16). CD64, however, is expressed by
myeloid leukocyte populations but not lymphocytes, including
NK cells (10). Therefore, we have engineered human NK cells to
express recombinant versions of CD64 to increase their
attachment efficiency to antibody-coated tumor cells to kill
these cells (17, 18). Moreover, due to its high affinity state, NK
cells expressing recombinant CD64 can be “armed” with anti-
tumor mAbs, which can be switched for universal tumor antigen
targeting (14, 17, 18).

The clinical translation of engineered NK cell immunotherapies
into successful cancer therapies has been slow, due in part to the
org 2114115
use of animal models with critical species differences in their
immune cell effector functions. For instance, the study of ADCC
in mice is confounded by the considerable divergence in human
and mouse FcgR expression profiles and function. Mature human
NK cells uniformly express high levels of CD16A under steady state
conditions. Mouse leukocytes express two versions of CD16 (10).
Mouse CD16 (FcgRIII) is expressed at low levels by NK cells and is
actually more closely related to human CD32A (FcgRIIA), which is
not expressed by human NK cells (10, 19). CD16-2 (FcgRIV) is the
mouse orthologue of CD16A, but it is not expressed by resting NK
cells (20). In addition, CD16-2 has been reported to bind IgE and
promote IgE-mediated inflammation (21, 22). Both versions of
mouse CD16 are also not shed by ADAM17 (23), demonstrating
differences in their regulation compared to human CD16A. An
ideal animal model for understanding the mechanisms that
underlie success and failure of human immunotherapies should
incorporate heterogeneous spontaneous disease and an intact
immune system that is similar to humans. A comparable
incidence of human and certain canine malignancies, combined
with their shared biologic and pathologic characteristics, and
similar response to therapy indicate that dogs can provide a
clinically relevant disease model (24–26).

Based on morphology, canine NK cells are medium to large
lymphocytes with electron-dense intracytoplasmic granules that
contain granzyme B and perforin. These cells express at the
mRNA level several genes associated with NK cells, such as
NK1.1, NKG2D, CD94, CD96, NKp30, NKp44, NKp46,
NKG2D, CD16A, DNAM-1, perforin, and granzyme B (26,
27), and based on transcriptome analysis, canine NK cells are
globally more similar to human NK cells than to mouse NK cells
(26). Canine NK cells also mediate natural cytotoxicity and
ADCC (27–32). However, a lack of available species-specific
antibodies has hindered efforts to study FcgRs on canine
leukocytes. The focus of our study was to characterize canine
CD16A and CD64 leukocyte expression patterns and their
capacity to induce ADCC.
MATERIALS AND METHODS

Cells
Peripheral blood was collected from healthy pet dogs with
consent from owners. The dogs consisted of various breeds
and mixed breeds. All animals had received routine veterinary
care, vaccinations, parasite control, and were considered to be in
overall good health. Blood collection was carried out in strict
accordance with the recommendations in the Guide for the Care
February 2022 | Volume 13 | Article 841859
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and Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the Institutional Animal
Care and Use Committee of the University of Minnesota
(Protocol Numbers: 1304-30546A and 1903–36913A). Blood
was collected in K2-EDTA blood collection tubes (BD
Biosciences, Franklin Lakes, NJ). Total leukocytes and PBMCs
were isolated as we have previously described (33). Leukocytes
with ≥ 95% viability, as assessed by trypan blue staining, were
used in the described assays. Cell lines used were NK-92MI cells,
an IL-2 independent version of NK-92 cells (34), SKOV-3 cells,
and 293T, which were obtained from ATCC (Manassas, VA).
FreeStyle 293-F cells were obtained from Thermo Fisher
Scientific (Waltham, MA). All cells were cultured per the
manufacturer’s directions, as we have previously described (17,
18). For cell activation, leukocytes were stimulated with phorbol-
12-myristate-13-acetate (PMA) (MilliporeSigma, Burlington,
MA), as previously described (33). Some cells were pre-
incubated for 30 min on ice with the function-blocking ant-
ADAM17 mAb MEDI3622 (5 mg/ml) prior to activation.

Antibodies
To produce mAbs to canine CD16A and CD64, BALB/c mice
were immunized intraperitoneally with purified soluble protein
of each FcgR and hybridomas generated based on previous
methods (35, 36). The anti-ADAM17 mAb MEDI3622 has
been previously described (5, 33, 37). The anti-canine a/b TCR
and g/d TCR mAbs (CA15.8G7 and CA20.8H1, respectively)
have been previously described (30, 38, 39). Isotype-matched
negative control mAbs were purchased from BioLegend (San
Diego, CA) and BD Biosciences (Franklin Lakes, NJ). Affinity
purified canine serum IgG was purchased from Southern Biotech
(Birmingham, AL). Fluorophore or biotin-conjugated F(ab′)2
goat anti-mouse secondary antibodies and fluorophore-
conjugated streptavidin were purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA) and
BioLegend. Zombie Violet™ Fixable Viability Kit was
purchased from Biolegend. All commercially available mAbs
are listed in Table 1.

Flow Cytometry
For cell staining, nonspecific antibody binding sites were blocked
for 30 min using 25% canine serum and 25% FBS in PBS buffer
(without Ca+2 and Mg+2) (Lonza, Walkersville, MD) prior to
their staining with antibodies. All cell staining was analyzed on a
Frontiers in Immunology | www.frontiersin.org 3115116
FACSCelesta instruments (BD Biosciences), as previously
described (33). Briefly, for controls, fluorescence minus one
was used as well as appropriate isotype-matched antibodies.
An FSC-A/SSC-A plot was used to set an electronic gate on
leukocyte populations and an FSC-A/FSC-H plot was used to set
an electronic gate on single cells. Fixable viability dyes eFluor 506
(Thermo Fisher Scientific) or Zombie Violet (BioLegend, San
Diego, CA) were used to assess live vs. dead cells, as per the
manufacturer’s instructions. Canine leukocyte subsets were
identified based on their forward and side light-scattering
characteristics and various phenotypic markers, as described.
In some cases, we attempted to enhance the staining by
particular mAbs to better distinguish leukocyte subsets, as was
the case for the anti-CD94 mAb HP-3D9. This was done by
staining dog cells leukocytes with an unconjugated mAb, biotin-
conjugated F(ab′)2 goat anti-mouse secondary antibodies, then
fluorophore-conjugated streptavidin. Cell washes were
performed between all steps. If the cells were to be stained
with additional mouse-derived mAbs, the cells were first
treated for 15 min with 5% mouse serum in PBS buffer. This
served to occupy any free arms of cell-attached anti-mouse
secondary antibodies, preventing them from binding
subsequently added mouse-derived mAbs, which would result
in artifactual staining.

Canine IgG adsorption to NK-92 cells was performed as
previously described (17, 18), with some modifications. Briefly,
cells were incubated with the indicated concentrations of canine
IgG previously biotinylated using an EZ-Link™ Sulfo-NHS-LC-
Biotin Kit (Thermo Fisher Scientific) per the manufacturer’s
instructions, for 2 h at 37°C in MEM-a basal media
supplemented with HEPES (10 mM), and 2-mercaptoethanol
(0.1 mM). Binding levels of biotinylated canine IgG was
determined by staining the cells with allophycocyanin-
streptavidin (Jackson ImmunoResearch).

Western Blotting
Protein concentrations were quantified using a bicinchoninic
acid assay (BCA) (Pierce Biotechnology, Waltham, MA). Five
micrograms of protein [1X Laemmli sample buffer (Bio-Rad
Laboratories), 0.1M DTT] was resolved by SDS-PAGE and
transferred to a nitrocellulose membrane. Blots were blocked
in Intercept TBS blocking buffer (LI-COR Biosciences, Lincoln,
NE) for 1 h at room temperature and incubated with primary
antibodies and Quick Western IRDye 680RD detection reagent
TABLE 1 | Commercially available mAbs.

Antigen Clone Species Company

Influenza Hemagglutinin A-Tag 12CA5 Mouse Santa Cruz Biotechnology, Dallas, TX
canine CD4 YKIX302.9 Rat Bio-Rad Laboratories, Hercules, CA
canine CD3 CA17.2A12 Mouse Bio-Rad Laboratories
canine CD5 YKIX322.3 Rat Bio-Rad Laboratories
human CD14 TÜK4 Mouse Bio-Rad Laboratories
canine CD20 6C12 Caninized Invivogen, San Diego, CA
canine CD20 6C12 Mouse Invivogen
canine NKp46 48A Mouse MilliporeSigma, Burlington, MA
human CD94 HP-3D9 Mouse BD Biosciences, Franklin Lakes, NJ
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(LI-COR Biosciences) overnight at 4°C. Blots were visualized
using an Odyssey imager (LI-COR Biosciences). Primary
antibodies used were anti-canine CD64 clone 10 and anti-
canine-CD16A clone 4A5 at 5mg/ml each.

Cytotoxicity Assays
ADCC assays were conducted using a DELFIA EuTDA
cytotoxicity according to the manufacturer’s instructions
(PerkinElmer, Waltham, MA) and as we have previously
described (17, 18). Briefly, SKOV-3-canine CD20 target cells
were labeled with Bis(acetoxymethyl)-2-2:6,2 terpyridine 6,6
dicarboxylate (BATDA) for 30 min in their culture medium,
washed in culture medium, and pipetted into a 96-well non-
tissue culture-treated U-bottom plates at a density of 8 ×
103 cells/well. Caninized anti-canine CD20 mAb was either
adsorbed to NK-92 cells at 5 mg/ml in MEM-a basal media
supplemented with HEPES (10 mM) then washed with MEM-a
basal media or the mAb was added directly to the SKOV-3 cells
at 5 mg/ml and NK-92 cells were added at the indicated E:T
ratios. The plates were centrifuged at 400 × g for 1 min and then
incubated for 2 h in a humidified 5% CO2 atmosphere at 37°C. At
the end of the incubation, the plates were centrifuged at 500 × g
for 5 min and supernatants were transferred to a 96 well DELFIA
Yellow Plate (PerkinElmer) and combined with europium.
Fluorescence was measured by time-resolved fluorometry using
a BMG Labtech CLARIOstar plate reader (Cary, NC). BATDA-
labeled target cells alone with or without therapeutic antibodies
were cultured in parallel to assess spontaneous lysis and in the
presence of 1% Triton-X to measure maximum lysis. ADCC for
each sample is represented as % specific release and was
calculated using the following formula: Percent Specific Release
= (Experimental release – Spontaneous release)/(Maximal release
– Spontaneous release)*100. For each experiment, assays were
conducted in triplicate that were measured using two or three
replicate assay wells.

Cloning of Canine CD16A, CD64, and
CD20, Generation of Expression
Constructs, and Cell Line Transduction
Total RNA was isolated from canine peripheral blood leukocytes
using TRIzol total RNA isolation reagent (Thermo Fisher
Scientific). Peripheral blood cDNA was synthesized with the
SuperScript First-Strand Synthesis (Thermo Fisher Scientific)
and used in RT-PCR for expression construct generation. Full-
length canine CD16A cDNA corresponding to two extracellular
domains, transmembrane segment, and cytoplasmic region was
amplified using the forward primer 5’-CTC TAG ACT GCC
GGA TCC GCA GTG ACT TGC TGA CCC TAA TGT G-3’ and
the reverse primer 5’-TCG AAT TTA AAT GGA TCC AGA
GAG GTC CAG AGG GGT TGC TTT -3’. The underlined
nucleotides indicate Bam HI restriction sites. To generate N-
terminus hemagglutinin A (HA)-tagged canine CD16A, we
amplified a cDNA fragment using the forward primer (5’-GCC
CAG CCG GCC AGA TCT ACA CAA GCT GCA GAT GTC
CCA-3’) and the reverse primer (5’- GCG GAT CCC GGG AGA
TCT AGA GAG GTC CAG AGG GGT TGC TTT -3’).
Frontiers in Immunology | www.frontiersin.org 4116117
The underlined nucleotides indicate Bgl II restriction sites. An
In-Fusion HD Cloning Kit (Takara Bio USA, San Jose, CA) was
used to clone the canine CD16A cDNA fragment into a pDisplay
vector (Thermo Fisher Scientific) linearized with Bgl II (New
England Biolabs, Ipswich, MA). The expression cassette
consisting of Igk signal peptide, N-terminal HA tag, and
canine CD16A was amplified using the forward primer (5’-
TCT AGA CTG CCG GAT CCA CTA GTA ACG GCC GCC
AGT GT-3’) and the reverse primer (5’- TCG AAT TTA AAT
GGA TCC AGA GAG GTC CAG AGG GGT TGC TTT-3’). The
underlined nucleotides indicate Bam HI restriction sites. Canine
CD16A or HA-tagged CD16A were then cloned into the
retrovirus expression vector pBMN-I-GFP (Addgene,
Watertown, MA) linearized by Bam HI (New England Biolabs)
using the In-Fusion HD Cloning Kit.

Full-length canine CD64 cDNA corresponding to three
extracellular domains, transmembrane segment, and
cytoplasmic region was amplified using the forward primer (5’-
TCT AGA CTG CCG GAT CCG GAG ATA ACA TGT GGC
TCT TGA CAG TTC TA -3’) and the reverse primer (5’- TCG
AAT TTA AAT GGA TCC AAA AAG AAG TGG GAG GCA
CCA TC-3’). The underlined nucleotides indicate Bam HI
restriction sites. HA-tagged canine CD64 was amplified using
the forward primer (5’-GCC CAG CCG GCC AGA TCT CAA
ACA GAC CCC GTA AAG GCA -3’) and the reverse primer (5’-
GCG GAT CCC GGG AGA TCT AAA AAG AAG TGG GAG
GCA CCA TC -3’). The underlined nucleotides indicate Bgl II
restriction sites. Their cloning into pDisplay and/or pBMN-I-
GFP were carried out as described above.

Full-length canine CD20 cDNA was amplified using the
forward primer (5’-TCT AGA CTG CCG GAT CCA GAG
GGT GAG ATG ACA ACA CCC AGA-3’) and the reverse
primer (5’-TCG AAT TTA AAT GGA TCC TTA AGG GAT
GCT GTC GTT TTC TAT-3’). The underlined nucleotides
indicate Bam HI restriction sites. The cloning of canine CD20
into pBMN-I-GFP was carried out as described above. The
expression of all constructs in pBMN-I-GFP were confirmed
using the sequencing primers 5’-TAG CTG GAA GAA CAC
GCC CGT A-3’ and 5’-GCA GAA GTA GGA GCC ATT GTG
T-3’. Pseudo retrovirus particles were generated as previously
described (40), and were subsequently used for NK-92 or SKOV-
3 cell transduction. Cells were sorted through FACSAria II cell
sorting on GFP expression (BD Biosciences).

Cloning of Soluble Canine CD16A and
CD64, Generation of Expression
Constructs, and Cell Line Transduction
Canine CD16A cDNA corresponding to amino acids 1-205 with
a 6×histidine-tag at the carboxyl terminus was amplified using
the forward primer 5’-GAA GAC ACC GAC TCT AGA GCA
GTG ACT TGC TGA CCC TAA TGT GA -3’ (the underlined
nucleotides indicate an Xba I restriction site) and the reverse
primer 5’-GTA GTC AGC CCG GGA TCC TTA ATG ATG
ATG ATG ATG ATG GGG CCA GTG TGA AAG GAG TA-3’
(the underlined nucleotides indicate a Bam HI restriction site).
Canine CD64 cDNA corresponding to amino acids 1-280 with a
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6×histidine-tag at the carboxyl terminus was amplified using the
forward primer 5’-GAC TCT AGA GGA GAT AAC ATG TGG
CTC TTG ACA GTT CTA -3’ (the underlined nucleotides
indicate an Xba I restriction sites and the reverse primer 5’-
CCG GGA TCC TTA ATG ATG ATG ATG ATG ATG CAC
TTG AAG CTC CAA CTC AGG G-3’ (the underlined
nucleotides indicate a Bam HI restriction sites). Amplified
cDNA was digested by Xba I and Bam HI then and cloned
into a pLenti-3F vector (a gift from Dr. Fang Li’s lab, University
of Minnesota, St Paul, MN) digested with the same restriction
enzymes. The expression of all constructs in pLenti-3F were
confirmed using the sequencing primers 5’-CAT GGG AAA
GCA TCG CTA CGA A-3’ and 5’-TCA GAT TGA CCA CAT
GCC CCT C-3’. Pseudo-lentiviral particles containing soluble
canine CD16A or CD64 were generated using 293T cells and
packaging vectors pMD2.G and pCMV-dR8.74psPAX2
(Addgene). Pseudo-lentiviral particles were transduced into the
FreeStyle 293-F cells. The 293-F cell line was established under
puromycin selection. The 293-F cells stably expressing soluble
canine CD16A or CD64 were cultured in the FreeStyle™ 293
Expression Medium (Thermo Fisher Scientific) and cell culture
supernatants were harvested when cell density reached 2.5×106/
ml. Soluble canine CD16A or CD64 were purified from cell
culture supernatants using a two-step purification procedure.
First step, Ni‐affinity chromatography. His-tagged proteins in
cell culture supernatants were purified on a HisTrap HP His tag
protein purification column (Cytiva, Marlborough, MA)
according to the manufacture’s protocol. Second step, Fast
protein liquid chromatography. Soluble canine CD16A and
CD64 from the first step purification were injected into a
Superdex 200 Increase 10/300 GL column (Millipore-Sigma)
on an AKTA pure protein purification system (Cytiva). The
purity of proteins was >95% as determined by SDS-PAGE.

Statistical Analyses
Comparison between two groups was done using Student t test.
Comparison between three or more groups was done using one-
way ANOVA followed by Tukey honest significance post hoc test.
Results are depicted as mean ± SD. The symbols used to
represent the p values were as follows; **, P ≤ 0.01; ***, P ≤
0.001; ****, P ≤ 0.0001.
RESULTS

Generation of Anti-cCD16A and
cCD64 mAbs
In humans, CD16 consists of two isoforms, CD16A and CD16B,
encoded by two highly homologous genes (41). CD16A is a
transmembrane protein expressed by lymphocytes and some
monocytes, whereas CD16B is linked to the plasma membrane
via a GPI anchor and primarily expressed by neutrophils (42, 43).
Canine CD16 is a transmembrane protein and therefore we refer to
it here as CD16A (16). The CD16B isoform does not exist in the
canine genome or cDNA (16, 19). Currently, there are no
commercially available mAbs specific to canine CD16A or CD64
or any that are cross-reactive that we are aware of. For canine
Frontiers in Immunology | www.frontiersin.org 5117118
CD16A, this may be due to its relatively low levels of amino acid
sequence identity and similarity with human CD16A (57.1% and
71.7%, respectively) (Supplementary Figure 1A). The amino acid
sequence identity and similarity between canine CD64 and human
CD64 are higher, 71.3% and 80.7%, respectively (Supplementary
Figure 1B). Reactivity by the anti-human CD16 mAb clone LNK16
with dog peripheral blood monocytes has been reported (44),
though others demonstrated a lack of specific activity by the same
mAb with dog PBMCs (45). We also observed no specific reactivity
by LNK16 and several other anti-human CD16 or CD64mAbs with
dog leukocytes (data not shown). Therefore, we expressed soluble
forms of canine CD16A and CD64 to immunize mice and for initial
hybridoma screening by ELISA. The anti-CD16A mAb clone 4A5
and the anti-CD64mAb clone 10 were used in all analyses described
below. Due to the lack of commercially available canine NK cell
lines, we used the human NK cell line NK-92 for stable expression
of intact versions of canine CD16A or CD64. An advantage of these
cells is that they lack expression of endogenous FcgRs (46). The
canine CD16A and CD64 expression constructs were engineered
with an N-terminus HA-tag for detection, as illustrated in
Figure 1A. The retroviral vector used for transduction also
expressed eGFP as a separate protein for an additional marker
(Figure 1B). As shown in Figure 1C, the anti-CD16A mAb clone
4A5 (IgG1) demonstrated selective reactivity with NK-92 canine
CD16A cells and the anti-CD64 mAb clone 10 (IgG1)
demonstrated selective reactivity with NK-92 canine CD64 cells.
Neither mAb stained NK-92 control cells (Figure 1C). We also
observed similar reactivity by 4A5 and 10 with recombinant soluble
canine CD16A and CD64, respectively, by Western
blotting (Figure 1D).

Expression of CD16A and CD64 by
Canine Leukocytes
We used flow cytometry to examine the expression patterns of
CD16A and CD64 by dog peripheral blood leukocytes. The
general leukocyte populations of polymorphonuclear cells
(PMNs), monocytes, and lymphocytes were identified based on
their characteristic forward and side light-scattering and by their
expression of well characterized markers, including CD4
(neutrophils and lymphocyte), CD14 (monocytes), and CD5 (T
cells) (Figure 2A). The anti-canine CD16A clone 4A5 stained a
subset of monocytes and lymphocytes, and for some dogs it
marginally stained PMNs and/or a small subset of cells in this
population (Figure 2A). This staining pattern was consistent for
all the anti-canine CD16 mAbs generated, which had distinct
complementarity-determining region nucleotide sequences from
4A5 (data not shown). In contrast to the expression pattern of
CD16A, the anti-canine CD64 clone 10 stained essentially all
PMNs and monocytes (Figure 2A). With some dogs, we noted a
small subset of unstained cells in the PMN population
(Figure 2A). Taken together, the expression patterns of
CD16A and CD64 on dog peripheral blood leukocytes were
very similar to that of their human orthologues on peripheral
blood leukocytes (47).

We next examined dog peripheral blood lymphocytes to
determine which subsets expressed CD16A based on available
phenotypic markers. To assess its expression on T cells, we used
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mAbs to canine a/b TCR, g/d TCR, CD8, CD4, and CD3. We
found that canine CD16A was expressed on T cells, and that
CD3+ CD16A+ T cells (Figure 2B, panel 1) represented 3.08% (±
1.94% SD) of the peripheral blood lymphocytes in the group of
dogs that were examined (n = 12). Moreover, CD16A+

lymphocytes primarily expressed an a/b TCR versus g/d TCR
(Figure 2B, panels 2 and 3) and CD8 versus CD4 (Figure 2B,
panels 4 and 5). CD16A expression was also observed on CD3−

lymphocytes (Figure 2B, panel 1) as well as a/b TCR−

lymphocytes (Figure 2B, panel 2), which usually was a smaller
subset than CD3+ CD16A+ T cells and consisted of 1.23% ±
0.97% SD, n = 12) of the peripheral blood lymphocytes. B cells
were identified by their expression of CD20 and CD22 (data not
shown), and essentially none of these cells expressed CD16A
(Figure 2B, panel 6).

In dogs, CD5 is typically classified as a canine T cell marker and
is expressed at varying densities, referred to as CD5dim and CD5bright

(24). We detected CD16A expression on CD5− and CD5dim

lymphocytes, but not on CD5bright lymphocytes (Figure 2B, panel
7). In most dogs we observed that CD5dim CD16A+ lymphocytes
were the predominant population, but in some dogs CD5− CD16A+

lymphocytes were an equivalent or the predominant population
(Figure 2C). Within the CD16A+ lymphocyte population, CD5
expression corresponded with CD3 expression. That is, CD16A+

lymphocytes were either CD3+ CD5+ or CD3− CD5− (Figure 2C).
In humans, the non-B cell, CD3− CD5− CD16A+ lymphocyte
population represents NK cells (48). CD56 and CD94 are broad
markers of human NK cells (49, 50). CD56 is not an NK cell marker
in dogs (51, 52), whereas CD94 has been reported to be expressed by
Frontiers in Immunology | www.frontiersin.org 6118119
dog NK and NK T cells (53). Using a commercially available anti-
human CD94 mAb that cross-reacts with canine CD94 (53), we
found it stained a portion of CD3− CD16A+ and CD3+ CD16A+

lymphocytes, which varied between dogs (Figure 2D). The above
findings thus indicate that CD16+ lymphocytes in the dog consist of
NK cells and T cells (e.g., NK T cells), and that the latter is the
predominant population, which contrasts with humans (48, 54, 55).

Ectodomain Shedding of Canine CD16A
Human CD16A undergoes a rapid downregulation in expression
by a proteolytic process mediated by a disintegrin and
metalloproteinase-17 (ADAM17) upon cell activation with
various stimuli (23, 40, 56, 57). For instance, the treatment of
human leukocytes with the phorbol ester PMA induces efficient
CD16A downregulation by ADAM17 (40). We found that this
also occurred upon the activation of canine leukocytes with
PMA. For instance, in Figure 3, CD16A levels on CD5dim

lymphocytes are shown before and after PMA activation. We
have previously reported on ADAM17 activity in dog
neutrophils and that it can be blocked by an ADAM17 mAb
(33). This mAb also blocked the downregulation of CD16A on
activated canine lymphocytes (Figure 3). Taken together, our
findings reveal a similar regulation of human and canine CD16A
by ADAM17, a process that does not occur for mouse CD16 (23).

Induction of ADCC by Canine CD16A
and CD64
Human CD16A is a potent activating receptor that induces
ADCC upon engaging antibodies attached to target cells (1).
A B

DC

FIGURE 1 | Characterization of anti-canine CD16A and CD64 mAbs. (A) Schematic representation of recombinant intact canine CD16A and CD64 with an N-
terminus HA-tag. The signaling adaptors FcRg and/or CD3z (g and/or z chain) non-covalently associate with human CD16A and CD64 as a homo or heterodimer.
(B) Flow cytometric analyses of NK-92 cells transduced with an empty vector (control cells), NK-92 canine CD16A (cCD16A) cells, and NK-92 canine CD64 (cCD64)
cells stained with an anti-HA mAb. (C) Flow cytometric analyses of NK-92 cCD16A cells and NK-92 cCD64 cells stained with an isotype-matched negative control
mAb, the anti-canine CD16A mAb 4A5, or the anti-canine CD64 mAb 10. (D) Western blot analysis of recombinant soluble canine CD16A, recombinant soluble
canine CD64, or soluble human CD177 (negative control) using the mAbs 4A5 or 10. Equal protein loading was confirmed by BCA. All data are representative of
three independent experiments.
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We directly tested whether canine CD16A could induce ADCC.
For this experiment, NK-92 cells were transduced with intact
canine CD16A that lacked an HA-tag due to the potential it
might interfere with IgG binding. Canine CD16A expression was
verified using the anti-canine CD16A mAb 4A5 (data not
shown). To avoid a xenogeneic response between NK-92 cells
Frontiers in Immunology | www.frontiersin.org 7119120
and canine target cells, as has been reported by others (58), we
used the human ovarian cancer cell line SKOV-3 as target cells
that we transduced to express canine CD20 (Figure 4A). Like
human IgGs, canine IgGs consist of four subclasses (IgG 1, 2, 3,
and 4 also referred to as A, B, C, and D) (16, 59). Canine IgG2
(IgGB) is the functional analog of human IgG1 and it binds to
A

B

D

C

FIGURE 2 | CD16A and CD64 expression by canine leukocyte subsets. (A) Canine peripheral blood leukocytes were stained for the indicated markers and
examined by flow cytometry. The y-axis = light side scatter area (SSC-A) and the x-axis = Log 10 fluorescence. Data are representative of multiple independent
experiments using leukocytes from separate canine donors. (B) CD16A is expressed by T cells and non-B cell, non-T cell lymphocytes. The top panels show the
gating strategy on peripheral blood mononuclear cells to examine single cell, viable, lymphocytes. The gating strategy was used in B-C. The bottom panels show the
expression of CD16A on various lymphocyte populations using the indicated markers. All data are representative of multiple independent experiments using
leukocytes from separate canine donors. (C) CD16A expression on CD5− and CD5+ lymphocytes. For each dog examined, CD16A versus CD5 staining of
lymphocytes was determined (left panel). From this plot, CD16+ cells were gated and their expression of CD3 versus CD5 determined. (D) Expression of CD94 by
CD3− CD16+ and CD3+ CD16+ lymphocytes. These populations were gated on for each dog examined (left panel) and their staining levels of CD94 were determined
(right panel), as indicated by the corresponding numbers. The black filled histograms represent CD94 staining, and the grey filled histograms represent isotype-
matched negative control staining. For panels (C, D) different dogs were examined.
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canine CD16A and canine CD64 (16). To target canine CD20, we
used a commercially available “caninized” mAb containing a
canine IgG2 Fc region (Figure 4B). We observed that NK-92
cells expressing canine CD16A mediated significantly higher
levels of cytolysis in the presence of the anti-CD20 mAb when
compared to cells in the absence of the mAb at various effector:
target (E:T) ratios (Figure 4C).

Human and canineCD16Abinds to IgGwith low affinity aswell
as reduced avidity when downregulated in expression byADAM17
upon NK cell activation. These may serve as checkpoint processes
for maintaining immune homeostasis, but they also reduce the
efficacy of anti-tumor therapeutic mAbs (3). To address this, we
have engineered human NK cells with recombinant versions of
CD64 (14, 17, 18), theonlyhighaffinityFcgR(10, 60).HumanCD64
binds to the same IgG isotypes as CD16A (10), as is also the case for
canineCD64 (16), and it signals the same asCD16Abynoncovalent
association with FcRg and/or CD3z (18). Moreover, CD64 is not
cleaved by ADAM17 (17). Figure 5A shows that NK-92 cells
expressing canine CD64 also effectively mediated ADCC of
SKOV-3 canine CD20 cells in the presence of a caninized anti-
CD20 mAb. Due to the high affinity state of CD64, we found that
engineered NK-92 cells expressing human CD64 could be armed
with tumor-targeting mAbs and mediate ADCC (17, 18). NK-92
cells expressing canineCD64also bound solublemonomeric canine
IgG and at higher levels thanNK-92 cells expressing canineCD16A
(Figure 5B). Additionally, NK-92 cells expressing canine CD64
could be armed with a caninized anti-CD20 mAb and mediate
ADCC of SKOV-3-cCD20 cells (Figure 5C). Collectively, our data
demonstrate that canine CD16 and CD64 can induce ADCC by
NK-92 cells, similar to their human orthologues.
DISCUSSION

Human CD64 and CD16A play a critical role in the effector
activities of anti-tumor therapeutic mAbs (15). Both FcgRs have
Frontiers in Immunology | www.frontiersin.org 8120121
been cloned from dog leukocytes and their IgG binding
characteristics examined (16). However, their cell surface
expression patterns on dog leukocytes have not been previously
determined. We generated mAbs to canine CD64 and CD16A and
show their expression on myeloid and lymphoid leukocyte subsets
in the dog, which in general was similar to humans (47). A closer
look at canine lymphocytes revealed CD16A expression onCD3+ T
cells and CD3− lymphocytes, but not on B cells. Interesting is that
canine CD16A+ lymphocytes were predominantly in the CD3+

fraction, and expressed an a/b TCR and CD8, whereas in humans,
CD16A+ lymphocytes primarily occur in the CD3− fraction (48).
Though, ithasbeenreported that theproportionofa/bTCR+CD8+

CD16A+ T cells in humans can increase during certain viral
infections, and that these cells demonstrated NK cell properties
(55). Huang et al., reported that the CD5dim canine lymphocyte
population was primarily a/b TCR+ and CD8+ with NK cell-like
effector functions (38).We speculate that canineNKT cells include
CD3+ CD5dima/b TCR+ CD8+ CD94+ CD16A+ cells, and it will be
interesting to examine their effector functions in future studies.

Canine NK cells are phenotypically distinguished based on
their lack of B cell markers, CD3, CD4, and TCRs (24, 25).
CD5bright lymphocytes in the dog have been classified as T cell
(24); however, there are conflicting views on CD5 expression by
canine NK cells, which have been reported as CD5+/− and CD5dim

(27, 30, 38). Both populations have been shown to mediate natural
cytotoxicity and ADCC (27, 28, 30, 31, 38). We observed that CD5
expression levels on CD16A+ lymphocytes ranged from negative
to dim, and this directly corresponded with their CD3 expression.
Thus, canine CD16A+ lymphocytes appear to consist of CD3+

CD5dim T cells, as discussed above, and CD3− CD5− CD20− (or
CD22−) lymphocytes. The phenotypic characterization of canine
NK cells is at this point is a work in progress. NK cell markers
detected by antibodies consist of CD94 and NKp46 (24). We show
that CD94 expression varied on CD3− CD16A+ lymphocytes, as
well CD3+ CD16A+ lymphocytes. NKp46 expression has been
reported to also vary on dog peripheral blood NK cells, and its
FIGURE 3 | Canine CD16A is downregulated by ADAM17 upon lymphocyte activation. Canine peripheral blood mononuclear cells were treated with or without PMA
in the presence or absence of an ADAM17 function blocking mAb. Relative cell-staining levels of CD16A on CD5dim or CD5bright cells were determined by flow
cytometry. All density plots show representative data of three independent experiments using leukocytes from separate canine donors.
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expression appears to indicate recent activation and expansion
(27, 29, 31, 61, 62). Using the only commercially available anti-
canine NKp46 mAb, we observed inconsistent staining of dog
peripheral blood lymphocytes, which at times did not stain above
an isotype-matched negative control mAb (data not shown). As is
the case in humans (1), CD16A may represent a pan-marker of
mature NK cells in the peripheral blood of dogs.

Our study shows that the clone 4A5 mAb recognizes canine
CD16A and not CD64. CD32B is the only other expressed canine
Frontiers in Immunology | www.frontiersin.org 9121122
FcgR (16). We did not directly demonstrate that 4A5 does not
recognize canine CD32B; however, we feel this is unlikely
considering that full-length canine CD16A and CD32B have only
~30% amino acid identity (data not shown). In addition, CD32B is
expressed by human and mouse B cells and functions as an
inhibitory receptor that blocks antibody production (10). We did
not observe 4A5 staining of canine B cells.

Mouse leukocytes express in addition to classic CD16, CD16-2
(FcgRIV), an orthologue of human CD16A (10, 60). A review article
A

B

C

FIGURE 4 | NK-92 cells expressing canine CD16A mediate ADCC. (A) SKOV-3 parental cells and SKOV-3-canine CD20 (cCD20) cells were stained with an anti-
canine CD20 mAb or an isotype-matched negative control mAb (control) and examined by flow cytometry. (B) Schematic representation of ADCC. SKOV-3-canine
CD20 cells treated with a caninized anti-canine CD20 mAb in the presence of NK-92 canine CD16A (cCD16A) cells. (C) NK-92 canine CD16A cells were incubated
with SKOV-3 canine CD20 cells at the indicated E:T ratios in the presence or absence of a caninized anti-canine CD20 mAb for 2 h at 37 °C. Data are represented
as % specific release and the mean ± SD of 3 independent experiments is shown. Statistical significance is indicated as ****p < 0.0001.
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by Nimmerjahn et al. in 2006 reported on the presence of an FCGR4
gene on chromosome 38 in the dog (19). This was based on an early
rough draft of the dog genome sequence from 16 years ago.
According to the most updated Canis lupus familiaris assembly
ROS_Cfam_1.0 (RefSeq: GCF_014441545.1), chromosome 38 of C.
lupus (updated on December 23, 2021, Chr 38_21,137,358.21,
146,800, Length: 9,443 nucleotides) contains the FCGR3A gene
(also known as LOC478984), which encodes for the low affinity
IgGFcreceptorCD16A,and lacks theFCGR4gene.Humansalso lack
this gene (10, 60).

We directly show that canine CD16A when expressed in the
human NK cell line NK-92 can induce ADCC. Others have
reported that NK-92 cells expressing a canine CD16A fusion
protein consisting of the extracellular region of canine CD16A
Frontiers in Immunology | www.frontiersin.org 10122123
and the transmembrane and intracellular regions of canine FcRg
also mediated ADCC (58). Human CD16A signaling is normally
mediated by a non-covalent association with the signaling adapters
FcRg and/or CD3z (1, 63, 64). NK-92 cells express FcRg and CD3z
(65), and therefore canine CD16A likely associated with these
signaling adaptors to induce ADCC. Indeed, seven amino acids in
the transmembrane region of human CD16A have been shown to
be critical for FcRg and CD3z association (65), and all seven amino
acids are conserved in the transmembrane region of canine CD16A
(Supplementary Figure 1A).

A critical effector function of several clinically successful mAbs
targeting tumors is ADCC (66); however, CD16A undergoes rapid
shedding from the cell surface ofNKcells byADAM17 following its
signaling or by various other stimuli (23, 40, 56, 57). This appears to
A

B

C

FIGURE 5 | NK-92 cells expressing canine CD64 mediate ADCC when armed with a tumor-targeting mAb. (A) NK-92 canine CD64 (cCD64) cells were incubated
with SKOV-3 canine CD20 cells at the indicated E:T ratios in the presence or absence of a caninized anti-canine CD20 mAb for 2 h at 37°C. Data are represented as
% specific release and the mean ± SD of 3 independent experiments is shown. Statistical significance is indicated as ****p < 0.0001. (B) NK-92-cCD16A and NK-
92-cCD64 cells were incubated with or without biotinylated canine IgG at various concentrations for 1 h at 37°C, washed, stained with fluorophore-conjugated
streptavidin, and analyzed by flow cytometry. Data are representative of at least 3 independent experiments. (C) NK-92 canine CD64 cells were incubated in the
presence or absence of caninized anti-canine CD20 mAb (5mg/ml), washed, and exposed to SKOV-3 canine CD20 cells at the indicated E:T ratios for 2 h at 37°C.
Data are represented as % specific release and the mean ± SD of 3 independent experiments is shown. Statistical significance is indicated as **p < 0.01,
***p < 0.001, ****p < 0.0001.
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reduce the efficacy of tumormAb therapies, and perhaps especially
so in the tumor microenvironment (3). Indeed, CD16A
downregulation has been reported to occur by NK cells in the
tumormicroenvironment of ovarian cancer (67). ADAM17activity
has been demonstrated in canine leukocytes (33), and we show in
this study that blocking the metalloprotease prevented CD16A
downregulation upon canine lymphocyte activation. Further
studies will be required to determine if canine CD16A is cleaved
at the same location as human CD16A and the functional effects of
blocking this process. Human NK cells expressing a non-cleavable
version of CD16A or upon blocking ADAM17 activity
demonstrated increased killing of tumor cells by ADCC and
production of IFNg (5–7), and thus this may be an approach to
enhance ADCC by CD16A+ canine lymphocytes.

Another property of CD16A that appears to decrease the efficacy
of mAb therapies is that it is a low affinity member of the FcgR
family. Indeed, clinical studies in humans have shown that
increasing the affinity by which NK cells engage anti-tumor mAbs
significantly improved patient outcome (11, 12, 68, 69). This is an
active area of research that includes approaches such as modifying
the Fc region of anti-tumor antibodies or the FcgR on NK cells (14,
15, 66). For the latter, we have engineered human NK cells to
express recombinant versions of human CD64 (17, 18), the only
high affinity IgG Fc receptor in humans and dogs (10, 16). Human
CD64 is normally expressed by myeloid cells and not NK cells (10).
We observed the same CD64 expression pattern in dogs. Similar to
canine CD16A, canine CD64 expression in NK-92 cells induced
ADCC, and due to its high affinity state, monomeric canine IgG
could be adsorbed to these cells. Additionally, NK-92 canine CD64
cells armed with a caninized anti-canine CD20 mAb effectively
killed target cells expressing canine CD20. NK-92 canine CD64 cells
appeared to have higher ADCC activity when anti-canine CD20
mAb was added to the assay compared to NK-92 canine CD64 cells
armed with anti-canine CD20 mAb; however, we did not perform a
direct comparison. Nevertheless, it is possible that some of the
adsorbed mAb internalized (especially if antibody aggregates were
present) or dissociated from CD64, leading to lower ADCC activity
by the armed NK-92 canine CD64 cells. It will be interesting to
determine in future studies if primary dog NK cells or T cells can be
engineered to express canine CD64 and if this enhances their
ADCC potency. NK cells, due to their lack of graft-vs-host
response, expressing canine CD64 could provide an off-the-shelf
adoptive cell therapy option used in combination with assorted anti-
tumor targeting mAbs. This would provide broad tumor antigen
targeting to reduce tumor antigen escape and for treating various
malignancies. The development of mAbs that target tumor antigens
in dogs and induce ADCC has been minimal at this time (70).
However, as tools and our understanding about canine immune
cells rapidly increase, it is likely a surge in immunotherapies for dogs
will follow.

Dogs also offer a key animal model for the translation of
immunotherapies. The study of ADCC in rodent syngeneic
tumor models is limited by species differences in immune cell
effector functions, including significant differences in human and
mouse CD16 expression and function (see Introduction). The
dog spontaneous cancer model incorporates heterogeneous
disease and an intact immune system with many similarities to
Frontiers in Immunology | www.frontiersin.org 11123124
humans to help determine the mechanisms that underlie success
and failure of immunotherapies (24–26). We have extended the
current understanding of the dog immune system by
demonstrating phenotypic and functional characteristics of
canine CD16A and CD64 to advance utilizing these FcgRs for
therapeutic approaches.
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are from the NCBI reference sequences (human CD16: X52645.1; canine CD16A:
XM_022415348; human CD64: X14356.1; canine CD64: NM_001002976). The
amino acid sequence of the human CD16A and CD64 transmembrane regions
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(underlined) is based on a previous study (71). (A) Alignment of human and canine
CD16A. The red boxed letters represent amino acids critical for association with the
signaling adaptors FcRg and CD3z (65). (B) Alignment of human and canine CD64.
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Despite over a century of research, Mycobacterium tuberculosis (Mtb), the causative
agent of tuberculosis (TB), continues to kill 1.5 million people annually. Though less than
10% of infected individuals develop active disease, the specific host immune responses
that lead to Mtb transmission and death, as well as those that are protective, are not yet
fully defined. Recent immune correlative studies demonstrate that the spectrum of
infection and disease is more heterogenous than has been classically defined.
Moreover, emerging translational and animal model data attribute a diverse immune
repertoire to TB outcomes. Thus, protective and detrimental immune responses to Mtb
likely encompass a framework that is broader than T helper type 1 (Th1) immunity.
Antibodies, Fc receptor interactions and B cells are underexplored host responses toMtb.
Poised at the interface of initial bacterial host interactions and in granulomatous lesions,
antibodies and Fc receptors expressed on macrophages, neutrophils, dendritic cells,
natural killer cells, T and B cells have the potential to influence local and systemic adaptive
immune responses. Broadening the paradigm of protective immunity will offer new paths
to improve diagnostics and vaccines to reduce the morbidity and mortality of TB.

Keywords: antibody, Fc receptor, B cell, tuberculosis, Fc effector function, iBALT, antigen presentation, T cell
THE CHALLENGE OF HETEROGENEITY IN
CLINICAL TUBERCULOSIS

Every six seconds, an individual is diagnosed with tuberculosis (TB); every twenty seconds an
individual dies from active disease (1). This level of morbidity and mortality persists today despite
shorter antimicrobial treatment regimens and more sensitive, specific and widely distributed
diagnostics. Strategies that prevent active disease are necessary to complement advances in
detection and cure. However, defining the targets of prevention is challenged by the
heterogeneity of manifestations and outcomes in clinical TB.

Improvements in microbiologic, immunologic and radiographic tools to identify and
characterize humans infected with Mycobacterium tuberculosis (Mtb) have expanded the
org March 2022 | Volume 13 | Article 8304821127128
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phenotypic spectrum appreciated within and beyond the classical
states of latent infection and active disease (Figure 1). Over 90%
of human TB is thought to exist as latent infection. This state is
defined by the presence of IFNg secreting T cell response to Mtb
antigens after exposure to the bacteria and the absence of signs
and symptoms of active disease. The host response is historically
captured by the tuberculin skin test (TST), a cell mediated
response to intradermal injection of a mixture of Mtb proteins
prepared from culture called purified protein derivative (PPD).
To overcome false positive responses to non-tuberculous
mycobacteria (NTM), including the vaccine strain,
Mycobacterium bovis Bacille Calmette-Guérin (BCG), IFNg
release assays (IGRA) were developed as blood tests that
measure responses to the Mtb proteins ESAT6, CFP10 and
TB7.7. Yet despite enhanced specificity, the rates of false
negatives have limited the use of these T cell-based tests in the
diagnosis of the remaining 5-10% of TB which is active disease.
Instead, active TB disease is defined by the presence of clinical
signs and symptoms, radiographic evidence of disease and
microbiological evidence of bacteria (detectable by culture, cell
wall stain or nucleic acid amplification). Thus, only latent but not
active TB is routinely diagnosed using markers of the host
immune response. Specific patterns of human immune
reactivity that are sterilizing have not yet been discovered but
has significant implications for understanding protection from
Mtb infection and disease (2).

Beyond latent and active TB, immunological and imaging
modalities point towards states of infection after Mtb exposure
that do not fall into the latent versus active TB dichotomy
(Figure 1). Waxing and waning T cell and antibody responses
to Mtb antigens in a subset of individuals with “latent TB”
suggest the existence of states after Mtb exposure outside of the
traditional definition but are also not active disease (3). Detection
ofMtb RNA and DNA from individuals who meet the definitions
of clinical and microbiological cure show bacterial persistence,
Frontiers in Immunology | www.frontiersin.org 2128129
highlighting the difficulty of conventional immune and
microbiological assays to identify the presence of bacteria (4,
5). Finally, highly sensitive computed tomography (CT) and
positron emission tomography (PET) imaging has demonstrated
different lesions concomitantly regressing and progressing
within the same individual, indicating immune response
heterogeneity between granulomatous lesions that may
underlie clinical outcomes (6–9). These findings advance our
understanding of the spectrum of clinical TB, demanding similar
innovation in models of disease to expand beyond the current T
helper type 1 (Th1)-centric immunological paradigm to capture
the diverse spectrum of Mtb infection and disease (10–12).
THE POTENTIAL OF ANTIBODIES AND B
CELLS TO INFLUENCE TUBERCULOSIS

As a major arm of adaptive immunity, B cells and antibodies
have the potential to modulate immune responses to Mtb. In
contrast to the dominant roles uncovered in responses to viral
and other bacterial infections, antibodies and B cells fill a minor
part of the literature on the host response toMtb. Yet even in this
limited evaluation, there is data to suggest that humoral
immunity is a complex and promising path towards
understanding TB immunology.

Divergent interpretations of antibody and B cell data reflect
limitations in contemporary experimental systems. Ablation of B
cell (13) and antibody Fc effector functions (14) in mice and non-
human primate models (15) impact local bacterial burden and
pathology, and antibody Fc features correlate with different
human disease states (16–18). Yet, passive transfer of
antibodies into mice do not consistently confer protection (19),
human deficiencies in immunoglobulins or B cells do not incur
increased risk of TB (20, 21) and antibody titers alone are unable
to define infection and disease (22). For animal studies, one of
FIGURE 1 | The spectrum of outcomes in human tuberculosis (TB) is heterogenous. Classical clinical states are defines by the presence of detectable bacteria and
host response to Mycobacterium tuberculosis antigens by interferon g release assay (IGRA), with uninfected having neither, latent TB infection having a positive IGRA
but no detectable bacteria and active TB disease diagnosed by the capture of Mtb by growth in culture, nucleic acid amplification or cell wall stain. The transition
between these states is fluid and poorly captured by these criteria: a. Individuals who have received antibiotic therapy for latent TB infection cannot be differentiated
from those who are treatment naïve. b. Individuals who progress subclinically from latent infection to active disease (5-10%) and those who regress or remain asymptomatic
(>90%) are indistinguishable. c. After successful treatment with antibiotics for active TB disease, individuals no longer have detectable bacteria as captured by standard
assays but may have residual positive IGRA. Moreover, emerging epidemiological and immune correlates data suggest that beyond these classical states, there are
groups who are highly exposed to Mtb who potentially represent an alternative state to latent TB infection not yet clearly defined.
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the inherent caveats is that models imprecisely phenocopy
human Mtb infection and disease. For example, the wildly used
inbred C57BL6 mouse model does not form the same granuloma
pathology (23) and have different antibody and Fc receptor (FcR)
repertoires compared to humans (24). For human studies, power
is limited by access to relevant tissues containing Mtb and
heterogenous clinical manifestations requiring years in
duration for evaluation. For studies of humoral immunity,
these difficulties are compounded by the persistence of residual
antibodies and B cells despite pharmacologic depletion of plasma
and B cells in humans (25, 26). As such, the potential of
antibodies and B cells to influence the course of TB is
inescapably stitched from studies that identify correlates of
protection and disease in humans and evaluate mechanisms in
model systems. Here, we extrapolate from the literature to
understand the capacity of antibodies and B cells to: (1)
modulate initial interactions between Mtb and host cells, (2)
guide the development of adaptive immunity, and (3) contribute
to protection and disease across the spectrum of clinical TB.
FUNCTIONAL DIVERSITY IN ANTIBODIES
AND B CELLS

Antigen Binding Fraction (Fab) Domain
Computational analyses of high throughput sequencing data
estimate that the human antibody repertoire has the capacity
to bind to 1013 unique molecules via the antigen binding
fragment Fab domain (27). Targeted molecules span proteins,
glycans, lipids and nucleic acids from self and non-self,
contributing to specific and broad recognition patterns. For
Frontiers in Immunology | www.frontiersin.org 3129130
Mtb, potential antigens recognized by antibodies emanate from
the over 4000 open reading frames (28) as well as carbohydrates
and lipids that comprise ~60% of the bacterial cell envelope (29).
Because of molecular mimicry between microbial and human
glyco- and lipo- conjugates, broadly reactive antibodies even at
low affinity and avidity have the potential to influence Mtb-host
interactions. As such, somatic recombination of V(D)J gene
segments and hypermutation in the naïve variable gene region
following antigen recognition generate diverse Fab domains with
the potential to induce different antibody mediated immune
responses and clinical outcomes. Yet efforts to develop antibody-
based diagnostics demonstrate that titers poorly capture the
spectrum of TB (22). Thus, the search continues for Mtb
antigens that induce relevant immune correlates via new
combinations of protein, carbohydrate and lipid targets such as
lipoarabinomannan (LAM). Moreover, the inability of indirect
measures of mycobacterial antigenic burden, such as that by the
antibody Fab domain to capture the complexity ofMtb infection
and disease, compel the pursuit of immune responses beyond
direct target detection.

Crystallizable Fraction (Fc) Domain
Antibody function is determined by the combination of the Fab
and crystallizable (Fc) domains. The Fc domain can alter the
structure of the Fab domain, impacting antigen recognition.
Equally as important as antigen binding, the Fc domain is
essential to recruiting innate and adaptive humoral and cellular
immune responses. Diversity in the Fc domain is generated
through different isotypes (IgM, IgG, IgA, IgE, IgD) and
subclasses (IgG1, IgG2, IgG3, IgG4, IgA1, IgA2) (Figure 2A).
Studies of polyclonal responses show that all are produced in
A

B

C

D

FIGURE 2 | Differential antibody engagement with Fc receptors mediate diverse innate and adaptive immune cell effector functions. Antibody diversity (A) in antigen
specificity (theoretical n=1013), isotype (n=5), subclass (n=6) and post-translational glycosylation (theoretical n=36 possible different moieties) influence engagement of
Fc receptors. Subsequent differential activation of high (red) and low (white) affinity Fc receptors (B) expressed on innate and adaptive immune cells (C) have the
potential to mediate effector functions such as antibody dependent cellular phagocytosis and cytotoxicity (D) that in concert determine the heterogenous outcomes
in human TB.
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response to Mtb infection with no one dominating correlate of
disease or protection, although there are hints in some cohorts
that decreased IgG3 is associated with recurrence (30) and
increased IgG4 with active disease (18). Some monoclonal
studies have suggested potential differential capacities between
IgA, IgG and IgM to induce extra and intracellular host
environments that restrict or enhance Mtb (31, 32). If these
findings are confirmed by studies in polyclonal responses that
influence clinical outcomes, the mechanisms likely involve
differential immune complexing. With monomeric and
multimeric antibodies, the affinity and avidity for microbial
antigens in the Fab domain and host receptors and
complement in the Fc domain can vary widely.

Antibody Post Translational Glycosylation
All antibodies are glycoproteins. These post translational
modifications are made by glycosyltransferases and glycosidases
during trafficking through the endoplasmic reticulum and Golgi
apparatus of B cells. Some data suggest that further modification is
possible in a B cell independent manner through glycosyltransferases
secreted into the circulatory system (33–36). While all polyclonal IgG
have a conserved asparagine residue 297 on the Fc domain that is
glycosylated, only 15-20% are modified on the Fab domain (37).
These N-linked glycan structures have a complex bi-antennary core
composed of N acetylglucosamine and mannose residues
(Figure 2A). The further addition and subtraction of N-
acetylglucosamine, galactose, sialic acid and fucose extend the
structural and functional heterogeneity of the Fc and Fab domains
by altering affinity for FcRs and target antigens. O-linked
glycosylation of proteins occurs on functional hydroxyl groups of
serine and threonine, but site-specific analyses of O-glycans is
challenged by the paucity of efficient proteolytic tools. Nevertheless
the plethora of data on N-glycans within IgG show distinct and
sometimes plastic glycosylation patterns in many physiological states:
male versus female, age, pregnancy, infections such as those withHIV
and SARS-CoV2, chronic non-infectious diseases such as diabetes
and renal disease, autoimmune diseases and exacerbations (38). In
some cases such as diabetes, passive transfer of antibodies intomice of
differentially glycosylated IgG and the in vivo modification of
glycosylation show that altered sialic acid is not merely associative
but also contributes to non-immune processes such as glucose
intolerance through FcR mediated insulin transport (39, 40).

For latent and active TB, the N-glycan profiles on IgG diverge
and vary with antigen specificity (16–18, 41). However, some
themes that emerge are that glycans associated with an anti-
inflammatory state (galactose and sialic acid) are increased in
individuals with latent compared to active TB (16). This is
consistent with an overall decreased immune mediated
inflammation in latent compared to active TB. In contrast,
fucose is decreased in latent compared to active TB. The lack of
fucose is generally associated with increased inflammation (42,
43). That afucosylated IgG is enhanced in latent TB indicates that
this change is not a biomarker of inflammation but rather
potentially reflective of an antibody function. Because studies
using polyclonal and monoclonal antibodies show that changes
in glycosylation influence FcR affinity and cellular effector
functions such as antibody dependent cellular phagocytosis
Frontiers in Immunology | www.frontiersin.org 4130131
(ADCP) and cytotoxicity, differential modulation of immune
responses are implicated for latent and active TB. Afucosylated
IgG have increased affinity for FcgRIII/CD16 which mediates
antibody dependent cellular cytotoxicity (ADCC). Both are
enhanced with IgG purified from latent compared to active TB
patients, implicating roles in potential protection for TB (16). If
and how antibody glycosylation contributes to immune mediated
outcomes in the context of HIV, diabetes and renal disease, the
most significant risk factors for TB, remain uncharacterized (44).
As biomarkers, direct comparison between Mtb reactive-IgG
glycans and titers in a small cohort of individuals show that the
former has enhanced ability to distinguish between latent and
active TB (17). This is likely due to the ability of IgG glycans to
capture the complexity of host immune responses that connect to
pathology as compared to microbial burden alone by using
antibody titers. As mediators of protection, one study showed
that passive transfer of non-Mtb specific polyclonal human IgG
into mice after enzymatic removal of glycans increases bacterial
burden (45). Whether this applies to Mtb specific IgG and what
species of glycans specifically are responsible are not known but
could shed light into how differential IgG glycosylation is linked to
pathology and protection.

IgA and IgM are also glycosylated, but because far more
residues are involved, the deconvolution of these complex post
translational modifications lags behind IgG. However, emerging
data from the mouse model shows changes in IgM glycans with
Mtb infection (46). With further definition, these post
translational mechanisms of antibody diversification that
contribute to the extent of the B cell antibody repertoire can be
clarified across the clinical spectrum within and beyond the
latent and active TB spectrum.
Neutralizing and Non-Neutralizing
Antibody Functions
For infectious diseases, directly neutralizing and non-neutralizing
antibody functions potentially impact microbial infection,
replication and immune mediated pathology. Through the Fab
domain, antibodies recognize and bind to microbial antigens. This
could lead to direct neutralizing activity in which the organism is
immediately sequestered after binding. In comparison, non-
neutralizing antibody functions involve the Fc domain function
to a greater extent. In conjunction with targeting an antigen via the
Fab domain, the Fc domain engages complement and FcRs on
immune cells that induce host responses to the microbe. Non-
neutralizing antibody functions include cellular phagocytosis,
cytotoxicity, activation (including NETosis and antigen
presentation) and cytokine production, each of which could be
protective or pathogenic based on the specific context of the
microbe and host. Demonstration of consistent antibody-
mediated direct neutralization of Mtb leading to prevention of
infection has been elusive to date with monoclonal antibodies.
While in vitro studies showdifferent non-neutralizing cellmediated
functions with polyclonal IgG isolated from individuals with latent
TB, active TB (16), after antibiotic treatment (18), after BCG
vaccination (32, 47, 48) and/or high exposure toMtb (41, 49), it is
less clear whether they are protective, inert or pathogenic in vivo.
March 2022 | Volume 13 | Article 830482
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Fc Receptors (FcR)
Beyond the antibody glycoprotein, FcR variations in copy
number and single nucleotide polymorphisms (SNPs) generate
diversity. These exist for receptors that have high (FcgRI/CD64,
FcRN encoded by FCGRT, FceRI), intermediate (polymeric
immunoglobulin receptor pIGR and Fa/m receptor) and low
affinity (FcgRII/CD32, FcgRIII/CD16, FcaRI/CD89, FceRII/
CD23) for monomeric immunoglobulins (Figure 2B). High
variation in copy number has been observed particularly in the
FCGR loci. For FcgRII/CD32a, the polymorphism R131H (also
described as 167) affects the membrane proximal Ig-like domain
of the extracellular region and ablates the ability to bind and
phagocytose IgG2 coated particles (50, 51). The R/R131 allotype
is associated with more severe outcomes in disseminated
meningococcal infection (52) and recurrent bacterial infections
(53) in some human populations suggest that these FcR changes
could have implications across multiple infectious diseases as
well as vaccines. For FcgRIII/CD16a, valine at amino acid 158
(also described as 176) increases the affinity for IgG1 and IgG3
via interactions with the lower hinge region whereas
phenylalanine in this same position enhances IgG4 binding
(54, 55). The functional implications of this variation are most
well-described with ADCC, where individuals with 158V/V
compared to 158F/F have higher levels of this classic natural
killer cell mediated function. Some human studies link these
allelic variants to autoimmune diseases (56) and responses to
monoclonal antibody therapies in cancer (57), though the
extrapolated mechanisms and impacts may be obscured by the
complexity of these conditions. For the only inhibitory FcR, a
loss of function variant FcgRIIBT232 is associated with
protection against severe malaria in an East African population
and susceptibility to the autoimmune disease systemic lupus
erythematosus in the Caucasian population (58). These
functional impacts are conceptualized in the context of non-
neutralizing antibody activity. However, studies in mice show
that Fc-FcR binding is critical in enhancing monoclonal antibody
mediated direct neutralization of pathogens including HIV (59,
60), influenza (61, 62) and SARS-CoV2 (63–66). Thus, FcR
variations have the potential to influence directly neutralizing
and non-neutralizing antibody functions.

ForTB, studies focused onFCGR genetic variations showamixed
association with outcomes. Increased FCGR1A/CD64 copy number
in individuals with active disease indicates an associationwith poorer
outcomes (67).Because thehighaffinityFcgRI/CD64 is also identified
in the non-human primatemodel as a correlate of disease it could be
simply a marker of general inflammation, or induce pathology (68).
Beyond FcgRI/CD64, higher FCGR3B copy number in a
subpopulation of Ethiopians is associated with the development of
TB inpeople livingwithHIV,compared to thosewithHIValone (69).
The data from these two studies suggest that FCGR sequence
heterogeneity is involved with inflammation in TB. Studies
incorporating a larger clinical spectrum from highMtb exposure to
outcomes of antimicrobial treatment and recurrence could further
clarify howFCRgenetic variability impactsMtb infectionanddisease.

In addition to pathology, data from both mouse models and
human studies show that FcRs have the capacity to impart effects
Frontiers in Immunology | www.frontiersin.org 5131132
that protect the host against bacteria. Knockout of the
immunoreceptor tyrosine-based activation motif (ITAM)
responsible for activating signaling across FcRs in a low dose
aerosol C57BL6 mouse model of Mtb infection leads to increased
pulmonary Mtb burden and pathology along with decreased
survival (14). Consistent with these findings, mouse knockout of
the only the inhibitory FcgRIIb/CD32b leads to decreased
pulmonary Mtb burden and pathology (14). Because FcgRIIb/
CD32b is the only FcR functionally conserved between mice and
humans, these findings could have relevance for translating
findings. While in vitro blocking antibody studies show that Mtb-
reactive IgGmediated opsonophagocytosis into humanmonocytes
is FcgRII/CD32 dependent, the blocking antibody clone itself does
not distinguish between the activating CD32a or inhibitory CD32b
in these cells (47). Overcoming this limitationwith FcgRIIb/CD32b
specific tools could help clarify each respective role (70, 71). Apart
from FcgRII/CD32, levels of the activating FcgRIII/CD16 correlate
with latent compared to active TB across multiple cohorts (72). In
addition, IgG purified from individuals with latent compared to
active TB have higher affinity for FcgRIII/CD16 (16). However, the
benefit of the activating FcgRIII/CD16 is likely cell type specific as
CD16+ monocytes as opposed to macrophages and natural killer
cells may be associated with disease severity (73). Finally, data from
in vitro whole blood assays with blocking antibodies suggest that
decreased bacterial replication mediated by polyclonal IgG from
health care workers highly exposed toMtb is in part due to FcgRIII/
CD16 together with FcgRII/CD32 (49). Thus, the combinatorial
engagement of low affinity inhibitory and activating FcRs (74) by
differential immune complexes containing distinct antibody Fc
determines signaling (75) contributes to immune response
variability that could influence host outcomes.

Antibody Mediated Cellular
Effector Functions
Antigen bound antibodies induce cell surface FcR aggregation
and downstream signaling to induce effector functions (76)
(Figure 2C). Antibody dependent cellular cytotoxicity (ADCC)
is classically mediated by natural killer cells and macrophages
that express FcgRIII/CD16 (Figure 2D). Granules containing
perforin and granzyme from activated natural killer effector cells
as measured by CD107a and IFNg are released to mediate
cytolysis of target cells with antigens present on the surface
and recognized by the antibody. Following binding of IgG
immune complexes to platelets, the release of serotonin stored
in the granules is thought to contribute to systemic shock (77,
78). For FceR, aggregation can lead to activation of mast cells,
eosinophils and basophils with secretion of vasoactive amines
and enzymes to generate allergic responses. Thus, the effect of
granule release is dependent on the contents.

In addition to FcR aggregation, internalization of the antigen via
antibody dependent cellular phagocytosis (ADCP) is an Fc effector
function that can occur in neutrophils, monocytes, macrophages
and dendritic cells (Figure 2D). Neutrophils express FcRs that
engage IgG and IgA with phagocytosis (79), production of reactive
oxygen species (80) and neutrophil extracellular traps (NETs) (81,
82) as potential consequences. Monocytes and macrophages can
March 2022 | Volume 13 | Article 830482
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respond to IgG, IgA and, sometimes, IgE mediated antigen uptake
(62)with autophagy (83) andvesicular trafficking into the lysosome
(84) aswell as inflammasomeactivation (85, 86). In contrast,ADCP
indendritic cells induces antigenpresentation, cytokine production
andmaturation (70, 87–89).Thus, FcRcrosslinking inducemultiple
effector immune functions that are cell type specific.

In TB, antibody cellular effector functions have been described to
potentially impact bacteria during initial acquisition of infection and
in latent and active TB. In vitro Mtb infection studies show that
opsonophagocytosis is influenced by antibodies from BCG
vaccination (32, 48, 90). Because extracellular Mtb is thought to
exist primarily during initial acquisition of infection and active TB,
divergent cellular effector functions resulting from ADCP could be
more relevant in these states. Differential macrophage
phagolysosomal co-localization and inflammasome activation with
intracellular bacteria are reported with polyclonal IgG from latent
and active TB (16). Because intracellularMtb is associatedwith latent
infection, cellular effector functions that target an infected host cell as
opposed to bacteria alone could be relevant. This could beADCCbut
morebroadly speaking, anyeffector cell function that could impact an
infected target cell (for example granule or cytokine release, vesicular
trafficking, the production of reactive oxygen species) in cis or trans is
plausible. To this point, the discovery of new receptors that bind to
antibodies such as the cytoplasmic TRIM21 brings opportunities to
Frontiers in Immunology | www.frontiersin.org 6132133
expand the repertoire of linked cellular effector functions such as
ubiquitination and degradation of intracellular organisms (91). How
cytoplasmic receptors, asopposed tocell surface expressing receptors,
mediate responses to intracellularMtb is not knownbut broadens the
potential mechanisms by which antibodies modulate the immune
response in TB.

B Cell Functions
T cell-B cell interactions in lymphoid follicles lead to the
development of long-lived, antigen-specific humoral responses
from plasma cells and plasmablasts (92) (Figure 3A). Expression
of the CXCR5 chemokine receptor helps define the structure of B
cell follicles by facilitatingCD4Tcell trafficking to germinal centers.
In secondary lymphoid organs such as lymph nodes and tertiary
lymphoid structures in the Mtb-infected lung, CD4+ CXCR5+ T
cells are thought to mediate host protective responses (93, 94).
CCR7 regulates the trafficking of B cells toward the T cell zone,
where they present endocytosed antigen in the form of peptide
fragments loaded onto major histocompatibility complex type II
(MHC-II) molecules to CD4 T cells (95). In addition, naïve and
central memory CD4 T cells express CCR7, enabling circulation
through lymphoid organs and interactions with antigen presenting
cells (APCs). CCR7 knockout mice have a decreased ability to
control Mtb growth after high but not low dose aerosol infection
A B

D C

FIGURE 3 | Direct and indirect B cell responses occur in Mtb infection. Direct responses include cytokine production and differentiation of B cells specific into plasma
cells that secrete Mtb-specific antibodies (A). In response to Mtb infection in the lung, B cell effectors such as memory B cells, plasmablasts and plasma cells secrete
pro-inflammatory cytokines (TNFa, IFNg, IL2, IL6, GM-CSF and CCL3), while a subset of B cells can secrete inhibitory cytokines, such as IL10, which limits Th17 cell
and neutrophil infiltration. In secondary and tertiary lymphoid organs such as lymph nodes and inducible bronchus-associated lymphoid tissue (iBALT), B cells facilitate
antigen presentation to T cells (B, C). B cells receive T cell help from Tfh cells to initiate germinal center responses (B) and might also participate in priming T cells through
the transfer of Mtb antigens (purple) to dendritic cells via exosomes and extracellular microvesicles (C). Finally, Fc-FcR interactions can enhance Mtb phagocytosis,
macrophage and dendritic cell effecror functions, and antigen presentation to T cells in the lung granuloma (D).
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(51, 96). The T cell response is delayed in these knockout mice but
whether this is due to a decreased CCR7mediated B cell trafficking
andmaturation is less clear. Thus, the co-localization of T cells and
B cells in secondary and tertiary lymphoid structures are
opportunities for reciprocal interaction and synergy that could
influence outcomes in TB (Figures 3B, C).

The presence of B cells and follicular structures in granulomas
and inducible broncho-alveolar associated lymphoid tissue
(iBALT) is described in humans, mouse and non-human
primate models of TB. These pulmonary lesions are associated
with protection against active disease in the non-human primate
model (15, 93, 97–99). Furthermore, the identification of Mtb-
specific antibody responses and their association with protection
in latent infection and in other heavily exposed individuals
indicate a protective role for B cells in TB (16, 41, 49),
potentially through the activation of Mtb-specific T cell
responses and regulation of inflammation (13).

While dendritic cells classically act as APCs to activate T cells
in lymphoid organs, early experiments identified a role for B cells
in the priming of antigen-specific CD4 T cell responses to
vaccine antigens in mice (100). B cell depletion prior to
vaccination ablates subsequent T cell proliferation upon ex vivo
exposure to APCs and antigen. Interestingly, subcutaneous B cell
supplementation proximal to draining lymph nodes at the time
of vaccination rescues this muted T cell expansion. Moreover, B
cells produce cytokines that regulate T cell responses during
infection and persist as antigen-specific memory cells after the
resolution of inflammation (101). While patients with active TB
have dysfunctional circulating B cells (102–104), the implications
for effector functions beyond antibody production and how they
impact local (13, 15, 97) and systemic responses remains to be
clarified. Because B cell depletion by anti-CD20 antibodies alters
T cell activation, cytokine production and Mtb burden in
pulmonary lesions (15), evaluation at the lesional level may
afford the best appreciation of the diverse spectrum of B
cell functions.

B cells were only recently observed to act as natural APCs for
T cells, promoting their activation and proliferation when B cells
were exposed to T follicular helper (Tfh) cell CD40L and IL4
signaling in contrast to IL21 signaling (105, 106). Colocalization
at the T cell-B cell border of lymph nodes or within B cell follicles
represent opportunities for B cell antigen presentation to T cells,
facilitating T helper functions, B cell activation and clonal
expansion. Furthermore, the distinct presence of B cell follicles
and germinal centers in the lung as a feature of both granulomas
and the adjacent iBALT raises the possibility of roles for B cells in
local antigen presentation to T cells, either directly or via
exosomes and microvesicles (107) (Figures 3C, D). CD40-
activated B cells have been shown to prime at least transient
effector CD8 T cell responses to intracellular bacteria such as
Listeria monocytogenes (108). Dissecting the impact of B cell
mediated antigen presentation for the intracellular Mtb could
provide a path towards recognizing alternative mechanisms of T
cell activation.

B cells and plasma cells produce pro-inflammatory cytokines
(IFNg, TNFa, IL2, IL6, CCL3, GM-CSF) that are balanced by the
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ability of certain subsets to produce anti-inflammatory IL10 and
IL17 to regulate T cell responses (109). Exploitation of IL10
associated inhibitory properties by intracellular pathogens have
been described with Salmonella typhimurium (110) and Listeria
(111). In mouse models of these infections, stimulation of TLR2
and TLR4 induces IL10 production from B cells which, when
inhibited, improves host control of bacterial burden. In non-
human primate models of TB, IL10 is thought to regulate local
immune responses toMtb in lung granulomas where both T and
B cells traffick (112). Thus, it is plausible that like Salmonella and
Listeria, TLR2 signaling induced by Mtb (113) could modulate
IL10 levels through B cells as well as macrophages to locally
influence outcomes in TB lesions (114). Similarly, Th17
responses not only modulate B cell function by inducing class
switching but B cells, particularly the regulatory subset, can in
turn suppress Th17 responses (115, 116). In patients with more
severe cavitary TB disease, CD19+ CD1d+ CD5+ B regulatory
cells are increased, dampening IL17 (117, 118). Thus, IL10 and
IL17 are additional conduits through which B cells can regulate T
cell responses and subsequent protection as well as pathology.
AT THE INTERFACE OF INNATE HOST
Mtb INTERACTIONS

Antibodies in the Respiratory Tract
Because antibodies are detected at the alveolar epithelia, the site
of initial Mtb exposure in aerosol transmission, they are well-
positioned to mediate the initial interactions with bacteria. In
healthy humans, bronchial sampling by lavage demonstrates that
IgG is present in the respiratory tract at levels equivalent to
peripheral serum (119). During infection by the SARS-CoV2
virus, IgG levels increase even beyond those of IgA (120). In the
widely used C57BL6 mouse model, IgG, IgA, and IgM are
detected in the uninfected lung parenchyma with IgG2b levels
in bronchoalveolar lavage (BAL) fluid higher than those of IgA
(121). Thus, multiple isotypes and subclasses are likely present in
the respiratory tract for these early events.

Cross Reactive and Specific Antibodies
That Recognize Mtb
The repertoire of Mtb antigens recognized by antibodies in the
respiratory tract, as well as systemically, remains a critical gap in
knowledge. However, BCG vaccination (32, 47, 48, 122) and
exposure to environmentally prevalent non-tuberculous
mycobacteria likely introduce at minimum cell wall antigens
that elicit antibodies cross-reactive to Mtb (32, 123, 124). As in
the gut, symbiotic microbiota from the pulmonary compartment
could induce systemic IgG responses that induce protection
against pathogens (125). These antibodies arising from non-
self antigens complement those from self. Natural IgM and IgG
have the ability to engage with carbohydrate and lipid Mtb
targets to influence initial host-microbial interactions and
subsequent infectious challenge (126). As the products of B-1
cells (127) that arise during immune development independent
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of exogenous antigens and T cells, natural IgM targeting self-
antigens such as phosphorylcholine modulate autoimmunity and
responses to virus via antibody mediated induction of
complement (128) and efferocytosis of apoptotic cells (129,
130). In murine influenza studies, passive transfer of IgM from
uninfected mice into those deficient in B-1 B cells or are unable
to secrete IgM enhance survival and microbial specific IgG levels,
suggestive of a role in modulating the development of the
adaptive immune response in secondary lymphoid organs (131,
132). Beyond IgM, data from mouse studies suggest that natural
IgG can aid in FcR mediated phagocytosis of ficolin coated gram
negative and positive bacteria to impact susceptibility to
infection (133, 134). Whether by specific and or cross-reactive
antigen recognition, these studies suggest that localized and
systemic antibodies are poised to recognize Mtb and mediate
initial interactions within even an uninfected, naïve host.

In individuals who have developed an adaptive immune
response to Mtb infection, the over 4000 open reading frames
and the plethora of cell membrane and wall lipids and glycolipids
provide a spectrum ofMtb targets to which antibodies can direct
immune responses (28, 29). Because replicative and non-
replicative Mtb states vary in relative abundance of these
microbial antigens (135, 136), different specificities may be
relevant for antibody functions in latent TB, active TB and
with prior antimicrobial treatment. T cell responses to genes
encoded by the dormancy regulon ofMtb are enhanced in latent
infection (137) but the impact from the antibody standpoint is
not known. Moreover, different clinical strains could mean that
the Fab domain repertoire vary by geographical region (138). It is
presumed that the majority of Mtb targets are expressed by live
bacteria and infected host cells including epithelial cells (139) as
well as macrophages (140). However, exosomes in the blood and
granuloma also contain Mtb antigens that can activate immune
cells in vitro and in vivo (141, 142). Thus, antigen specific
antibody effector functions can be induced even in the absence
of live Mtb.

FcRs in the Respiratory Epithelia
With aerosol transmission, the first encounter between Mtb and
host likely occur with non-immune cells in the respiratory tract.
At this earliest stage, the conditions that determine if the bacteria
infect and cause disease are not known. Antibody Fc domain
engagement of receptors aid in translocation across the lumen
and induce non-immune cells to secrete local cytokines,
activating resident immune cells such as alveolar macrophages.
Thus, FcR on epithelial airway cells could be the first to
encounter antibody-complexed Mtb to enable bacterial
movement and initiate host responses. The two most abundant
FcR in the respiratory tract are the neonatal FcR (FcRN) and
polymeric immunoglobulin receptor (pIGR) though other FcRs
that bind IgG, IgA and IgE are also expressed.

In the respiratory tract, FcRN facilitates transport of IgG
across the mucosal surface (143). Its high affinity nature permits
binding to monomeric IgG to guide through the endocytic
excretion pathway and extend serum half-life by preventing
lysosomal degradation. After low dose aerosol Mtb challenge,
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pulmonary bacterial burden is lower in FcRN knockout
compared to wildtype mice at early but not late timepoints.
However, there is an absence of differences in initial inoculum
(121) and dissemination into the spleen and liver. These findings
indicate that though uptake may be similar via non-Mtb specific
antibodies, subsequent host responses and bacterial outcomes
are transiently affected (121). Monoclonal Mtb specific IgG but
not IgA increases opsinophagocytosis in FcRN expressing A549
human lung epithelial cell line (31). Thus, in vivo and in vitro
data suggest that Mtb reactive IgG from prior mycobacterial
exposure enhances early infection transiently via FcRN at the
epithelium. The implications for outcomes in chronic disease
and in the presence of Mtb reactive antibodies induced by BCG
vaccination, prior Mtb or NTM infection are less clear but likely
involve immune as well as epithelial cells.

Similar to FcRN, the polymeric immunoglobulin receptor
(pIGR) is widely expressed in the respiratory tract. Unlike FcRN
which focuses on IgG, pIGR supports the transport of dimeric
IgA and, to a lesser extent, IgM from the interior basolateral
surface of the epithelium to the exterior apical side. Interestingly,
IgA levels are decreased in saliva but not bronchoalveolar lavage
in a total mouse pIGR knockout (144). In these mice, there is an
early and unsustained increase in pulmonary bacterial burden
and decrease in IFNg and TNFa after low dose aerosol infection
with virulent Mtb strain H37Rv. These data suggest that the
effects of non-specific IgA transported to upper respiratory tract
by pIGR can be transiently protective in early infection.

Direct neutralization byMtb specific compared to non-specific
IgA in the mucosa that blocks bacterial uptake could mediate a
more significant and durable effect. Monoclonal antibodies
targeting the mycobacterial glycosylated lipoprotein phosphate
transporter subunit PstS1 demonstrate this potential in human
lung epithelial cells in vitro (31). Polyclonal antibodies induced
after intranasal vaccination with PstS1 shows that in vivo
protection in a high dose intranasal BCG challenge model can
be generated in a pIGR dependent manner (31). That FcaR/CD89,
the primary human IgA FcR, is not detected on human epithelial
cells or expressed in mice points towards direct neutralization as
one likely mechanism. However, other receptors for IgA including
Fca/m receptors (145), asialoglycoprotein receptors (146),
transferrin receptors (147) and M cell receptors (145, 148) have
been reported to be able to bind to the IgA Fc domain. These
receptors provide unexplored FcaR/CD89 independent
mechanisms of non-neutralization by which Mtb specific IgA
that could inhibit bacteria in the respiratory tract.

While the type I FcgRs are commonly described in cells of
hematopoietic lineage, which consequently have been the focus
of most functional studies, some data suggest that these FcRs can
be found in non-immune cells, permitting IgG to induce non-
neutralizing functions. The low affinity FcgRIII/CD16 is
expressed in primary nasal epithelial cells and in vitro blocking
antibody studies demonstrate a role in mediating IgG opsonized
bacterial cytokine induction (149). The low affinity inhibitory
FcgRIIb/CD32b but not the IgE receptor FceRIII/CD23 is
present in primary human airway smooth muscle cells (150).
Understanding non-neutralizing Fc effector functions mediated
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by non-immune cells in the airway lumen to Mtb could provide
insight into the factors that determine whether colonization or
deeper infection occurs.

FcRs Mediating Macrophage
Environments That Permit and
Restrict Mtb Growth
Macrophages represent a quintessential niche for Mtb where
bacteria grow and die. In the high dose aerosol murine infection
model, tissue resident, long-lived alveolarmacrophages act as initial
host cell targets forMtb (151) and contribute to the development of
immune conditions that permitMtb replication and dissemination
(151, 152). Bone marrow derived monocytes and macrophages are
subsequently recruited to join their embryonic tissue resident
counterparts. Further infection of these populations show
heterogeneity between and within the groups. Initial studies
suggested an M1 and M2 paradigm to describe macrophage
restrictiveness and permissiveness to Mtb (153). However, more
recent data from single cell mouse and human macrophage
transcriptomics suggest that the determinants of bacterial
outcomes are far more complex (154, 155). Whether or not FcR
mediated signaling contribute to the heterogeneity of macrophage
responses toMtb is not known,but the combinatorial diversity from
engagement of the multiple low and high affinity receptors
expressed in this immune cell provides this potential.

Macrophages express a plethora of FcRs that enable
responsiveness to antibodies found in the blood and tissue,
including Mtb lesions such as granulomas (156). High affinity
FcgRI/CD64 and FcRN allow monomeric IgG to influence
macrophage phenotypes. The low affinity activating FcgRIIIa/
CD16a and FcgRIIa/CD32a permit further tuning with IgG
immune complexes, counterbalanced by the only inhibitory
receptor FcgRIIb/CD32b. In being the only immune cell other
than natural killer cells that expresses a significant level of
FcgRIIIa/CD16a which classically mediates ADCC, macrophages
have the potential to be both effector and target cells. In being like
all other immune cells where the cytosolic FcR TRIM21 is
expressed, antibodies may also enable the macrophage to target
intracellular Mtb. For tissue macrophages including alveolar
macrophages the activating low affinity FcgRIIIa/CD16 and high
affinity FcgRI/CD64 are particularly highly expressed when
compared to blood monocyte derived macrophages (157, 158).
Examining the link between FcRs and cell population specific
responses to Mtb could clarify how macrophages permit and
restrict bacterial replication.

Classic experiments show that extracellular Mtb uptake
mediated by live BCG immunized rabbit serum into mouse
peritoneal macrophages direct bacteria into phagosomes, though
the outcomes for the bacteria and host vary (159). Trafficking of
Mtb into the phagolysomal and autophagosomal compartments,
induction of pro- and anti- inflammatory cytokines and likely
multiple other cellular effector functions collaboratively determine
intracellular bacterial fate. Much of the literature has focused on
opsonophagocytosis. Thus, classical FcRs at the cell surface
involved in ADCP including FcgRI/CD64, FcgRII/CD32 and, to
a significantly lesser extent, FcgRIII/CD16a (47) play roles in
uptake of extracellular Mtb into monocytes and likely
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macrophages. For the intracellular bacteria Legionella (160), the
initial steps of FcR mediated entry into the macrophage govern
intracellular fate, but for Mtb this remains unknown.

As important as extracellular Mtb, in vitro data suggest that
antibodies can also impact intracellular bacteria, the predominant
state in infection. Addition of polyclonal IgG from latent compared
to active TB patients to macrophages already infected with Mtb
induce lower intracellular burden (16). That these antibodies have
higher affinity for FcgRIIIa/CD16a and induce higher ADCC in
vitro with natural killer cells that express FcgRIIIa/CD16a suggests
that a similar mechanism could be occurring with Mtb infected
macrophages as target and effector cells. An alternative and
complementary mechanism could be via the cytosolic E3
ubiquitin ligase TRIM21. This FcR is able to ubiquitinate
antibody bound intracellular viruses and bacteria such as
Salmonella for degradation (91), though for Mtb this is not yet
known. Thus, antibodies through surface and cytoplasmic FcRs can
impact intracellularMtb directly or indirectly to restrict growth.

Whether antibodies induce macrophages to restrict or permit
Mtb infection and replication likely results from the sum of
engaging multiple high and low affinity activating and inhibitory
FcRs, which could differ for extracellular and intracellular
bacteria. Additional immune cell signaling pathways could also
contribute. For example,Mtb components interact with Toll like
receptors (TLR) (161) to induce innate macrophage responses.
Cross talk between TLR and FcR signals on macrophages have
been described (162). Understanding the interactions of these
pathways for Mtb could highlight macrophage diversity in the
context of bacteria, antibodies and pathogen associated
molecular patterns (PAMPs) that exist in concert throughout
infection and disease.

FcR Mediated Neutrophil Inflammation
in TB
Like in macrophages, much of the literature on neutrophils in TB
have focused on inflammation in active TB (3, 163). Correlations
between blood transcriptional signatures with disease suggest that
neutrophils mediate or reflect pathogenic inflammation. While
expression levels of the high affinity FcgRI/CD64 is consistent
with this, additional low affinity receptors capable of binding to
IgG and IgA provide the potential for antibodymediated protective
effector functions via the peripheral blood and granuloma where
neutrophils surroundMtb infected macrophages.

Neutrophils have a partially overlapping FcR repertoire with
macrophages. Like macrophages, the low affinity activating
FcgRIIa/CD32a, and inhibitory FcgRIIIb/CD32b, as well as
high affinity FcRN and TRIM21 are constitutively expressed.
Unlike macrophages, high FcaR/CD89 expression characterizes
these granulocytes, permitting responses to IgA. The monomeric
isoform FcgRIIIb/CD16b is constitutively expressed instead of
the heterooligomeric FcgRIIIa/CD16a. FcgRI/CD64 expression is
not constitutive but rather induced by IFNg (164). Thus,
baseline and induced FcR permit a spectrum of neutrophil
phenotypes in Mtb infection.

Transcriptomics data show that FcgRI/CD64 expression and
neutrophil activation are correlates of TB disease progression
across multiple human cohorts (3, 165) and mouse and non-
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human primate models (68). However, despite bearing the same
names, murine and human CD64 differ in their binding abilities
and expression patterns such that they are not functional
homologues. Knockout in mice leads to a transient decrease in
pulmonary Mtb at 60 days along with decreased neutrophil but
not macrophage recruitment to the lungs, suggesting that FcgRI/
CD64 enhances disease (68). Though there are limitations to
extrapolating these mouse data to humans, increased FCGR1/
CD64 copy number in individuals with active disease shows
association with poorer outcomes (67). Neutrophil FcgRI/CD64
expression is a biomarker for sepsis in children and adults with
bacterial infections (166). As such, FcgRI/CD64 is likely similarly
a correlate of inflammation for TB.

In contrast, the expression of FcgRIIa/CD32a and FcgRIIIb/
CD16b on neutrophils suggests the potential existence of an IgG
mediated protective function. While ADCC is typically described
as a natural killer cell FcgRIIIa/CD16a function, neutrophils can
also be effector cells with FcgRIIa/CD32a being the activating
receptor, negatively regulated by FcgRIIIb/CD16b as shown in
tumor models (167). In TB, higher FCGR3B copy number in a
subpopulation of Ethiopians is associated with HIV-TB
compared to HIV alone (69), suggesting that decreased
neutrophil ADCC could be associated with more severe disease
in dually infected individuals.

Beyond IgG, studies using human FcaR CD89 transgenic mice
point towards the potential for IgA mediated FcR functions to
impactMtb. Opsonization of H37Rv with human monoclonal IgA
targeting the alpha crystallinMtb protein HspX prior to high dose
intranasal challenge of these mice leads to decreased pulmonary
bacterial burden early after infection compared to non-transgenic
littermates. Thus, beyond direct binding, IgA Fc mediated non-
neutralizing functions through FcaR/CD89 can impact events that
affect the development of adaptive immunity (168). Whether
protection occurs via neutrophils, monocytes/macrophages or
other immune cells, the durability of such protection and how
much can be translated into humans remain to be clarified (169).
Intriguingly, IgA monoclonals can also induce neutrophil-
mediated ADCC (170), providing a plausible mechanism by
which antibodies can inhibit Mtb. In contrast, there is evidence
that both IgA and IgG can induce neutrophil and monocyte
mediated trogocytosis (171, 172), a phagocyte nibbling process
which can contribute to the spread of intracellular organisms such
as Francisella tularensis and Salmonella from infected to uninfected
cells (173). Thus, some antibody induced neutrophil functions
could contribute to Mtb pathogenesis. Indeed, NETosis is
initiated by many receptors, amongst which FcgR (174, 175) and
FcaR (81) are members. As NET formation is detected in necrotic
lung lesions of TB patients which promote bacterial growth (163),
antibody mediated neutrophil activation can be as locally
pathologic as it is systemically.

FcRs Influencing Dendritic Cell
Antigen Presentation
Dendritic cells are the most efficient professional APCs that
prime T cells. As such, enhancement of dendritic cell functions in
the context of vaccination can in animal models produce
sterilizing protection for Mtb (176). Studies in other infectious
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disease and cancer models show that antibodies through FcR on
dendritic cells bridge the gap between innate and adaptive
responses, but how this can confer long lasting immune
memory for TB in a physiologically relevant setting continues
to be re-evaluated.

Similar to macrophages, dendritic cells express a plethora of
receptors that permit responsiveness to antibodies in the lung
upon recruitment in Mtb infection. Monocyte derived dendritic
cells and macrophages express baseline high levels of activating
FcgRs, and conventional and plasmacytoid dendritic cells can
also express the only inhibitory FcgR FcgRIIb/CD32b (177). By
engaging both activating FcgRIIa/CD32a and inhibitory FcgRIIb/
CD32b low affinity signaling, IgG can influence antigen uptake
and presentation, maturation and cytokine production. These
activities likely direct priming either at the primary pulmonary
site of Mtb infection or in the draining lymph nodes as adaptive
immunity develops (70, 87–89, 178). Moreover, in addition to its
recycling function, the high affinity FcRN in concert with
FcgRIIa/CD32a can regulate cross presentation of IgG immune
complexes (179). Exactly how this occurs in TB is unclear. FcRN
knockout mice have enhanced Mtb infected CD103+ dendritic
cells and CD4 T cell priming early at day 14 of infection, with
decreased Mtb burden on days 14 and 28. However, it appears
that this effect is transient, leading to similar pulmonary burdens
on day 56 (121).

An anti-tumor T cell “vaccinal effect” through engagement of
FcgRIIa/CD32a on dendritic cells can be induced in a human
FCGR transgenic mouse model with monoclonal antibodies. This
is in addition to the transient clearance of tumor cell targets by
macrophage FcgRIIIa/CD16a mediated ADCC (180). This
FcgRIIa/CD32a dendritic cell mediated effect is even more
pronounced in the context of influenza infection. Fc
engineered antibodies show that binding to FcgRIIa/CD32a on
dendritic cells increases CD40, CD80 and CD86 expression that
induces protective CD8 T cell activation while FcgRIIIa/CD16a
on macrophages had a limited role (181). A direct link between
antibody mediated effects on dendritic cell antigen presentation
and B and T cell maturation have yet to be shown for Mtb.
However, any protective in vitro effect of polyclonal IgG on
dendritic cells from humans highly exposed toMtb is dependent
on the presence of MHC-II and CD4 T cells in whole blood (49).
This suggests that the interaction is plausible in natural exposure
and could be leveraged by vaccines.

Regulation by the Inhibitory FcgRIIb/CD32b
Activating FcR mediated immune responses in the absence of
checks and balances lead to autoimmune induced pathology.
Though there are multiple regulatory points, FcgRIIb/CD32b is
the only inhibitory FcgR and is the only FcgR well conserved
between humans and mice (182). The high sequence similarity
between the extracellular domains of FCGRIIB/CD32B, FCGRIIA/
CD32A and FCGRIIC/CD32C and the paucity of specific
monoclonal antibody probes limit experimental designs.
However, the knockout mouse model has provided some hints
as to the importance of inhibitory FcgR regulation in TB.

In response to low dose Mtb aerosol infection, mice
genetically deficient in FcgRIIb/CD32b have increased CD4 T
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cell IFNg production, decreased bacterial burden in the lungs and
spleen, and decreased neutrophilic inflammation at day 30 (13).
Thus, in early infection, activating FcR signaling that enhance
CD4 T cells are protective. However, the implications for chronic
disease, which is more characteristic of human TB, are unclear as
the autoimmune phenotype of these knockout mice confound
the interpretation of Mtb survival experiments that last over
one year.

Because FcgRIIb/CD32b is detectable on dendritic cells and
subpopulations of monocytes, macrophages and neutrophils, it is
likely that the cumulative impact of the only inhibitory FcgR for
TB reflects functions from all of these immune cells. In human
(70) and mouse dendritic cells (88), FcgRIIb/CD32b counter
balances FcgRIIa/CD32a activation of maturation, secretion of
inflammatory cytokines and MHC-I and MHC-II antigen
presentation (87). Thus, loss of FcgRIIb/CD32b in dendritic cells
likely promotes the development of a Th1 response able to inhibit
Mtb. However, FcgRIIb/CD32b in follicular dendritic cells
counterintuitively enhances B cell activation by multimerizing
antigens to crosslink multiple B cell receptors (BCRs) (183). The
existence of this T cell independent mechanism of antibody
induction suggests stark differences within dendritic cell subsets
that could have implications for long lasting immunity. For
monocytes, macrophages and other granulocytes, the presence
of activating FcRs determine the impact of FcgRIIb/CD32b (74, 75,
156). This further argues that FcgRIIb/CD32b functions are likely
highlighted primarily in the context of stimulatory factors as
opposed to acting in isolation.

In B cells, FcgRIIb/CD32b negatively regulates BCR signaling,
expansion and plasma cell differentiation (184), suggesting that
antibody production is also inhibited. Thus, Mtb specific
antibodies generated in knockout mice could be higher when
compared to wildtype. Higher levels of IgG, IgM and IgA could
enhance immune cell effector functions, further contributing to
anti-Mtb activities in the absence of an inhibitory checkpoint.

Finally, there is emerging evidence from adoptive transfer
experiments that FcgRIIb/CD32b can act as a CD8 T cell
checkpoint inhibitor involved in anti-tumor immunity (185).
Extrapolation for Mtb would implicate an involvement of the
inhibitory FcR more directly in the regulation of cytotoxic T cell
functions that could be protective.
INFLUENCING ADAPTIVE IMMUNITY

Fc Receptors on T Cells
WhileMHC-I andMHC-II antigen presentation and expression of
co-stimulatory ligands by APCs and B cells represent the primary
paths through which CD4 and CD8 T cells are activated, there is
somedata to suggest that activating FcR canmore directly influence
T cells. T cell activation and differentiation has been associatedwith
expression of the low affinity FcR, FcgRII/CD32, including both
CD4 (186–188) and CD8 T cells (181, 189). On a small subset of
CD4 T cells from blood and lymphoid tissues of humans and
Rhesus macaques with and without HIV/SIV infection,
proliferation, differentiation and cytokine production could be
Frontiers in Immunology | www.frontiersin.org 11137138
enhanced by immune complex activation of FcgRIIa/CD32a (186,
187). Interestingly, IgM binding to the Fcm receptor on peripheral
humanT cells increasesT cell receptor (TCR) andCD28coreceptor
expression, thereby lowering the threshold for T cell activation
(190). Thus, high levels of IgM such as that induced by intravenous
BCG could provide co-stimulation through FcR binding and
enhance early T cell responses to lead to protection against Mtb
(32). Evaluation of these T cell subsets in TB would provide greater
clarity as to whether FcR binding could serve a co-stimulatory
function in vivo when T cells are activated naturally through TCR-
dependent mechanisms.
B Cells in Antigen Presentation to T Cells
The interactions between naïve T cells and APCs within the T
cell zones of secondary lymphoid organs determine the
repertoire of TCRs, which is governed by antigen availability
and TCR binding characteristics (191). B cells recognize and
respond to the structure of 3-dimensional antigens, including the
simultaneous binding of non-sequential, distant residues which
become juxtaposed upon protein folding. However, T cells
recognize sequential amino acids within short peptides only
when they are presented in the context of the MHC molecule.
Since antigens are bound to the BCR, endocytosed, processed
and presented as peptides, antibodies produced by differentiated
plasma cells might affect the activation of peptide-specific T cells
targeting the same Mtb protein. Thus, B cells could present
antigens for the purpose of activating conventional T cells in a
manner similar to their presentation of antigens to T follicular
helper (Tfh) cells (Figure 3B) (111).

The most well-characterized interactions between B cells and
T cells occurs in the context of B cell antigen presentation to Tfh
cells in secondary lymphoid organs. This facilitates B cell
activation and differentiation into antibody-producing plasma
cells. However, the professional antigen-presenting capacity of B
cells together with their strategic localization in and around sites
of T cell priming in secondary lymphoid organs, granulomas and
iBALT after Mtb infection suggests a broader role, including
participation in Mtb-specific T cell activation.

Classically, CD4 T cell priming in response to Mtb has been
shown to occur when T cells are activated by conventional
dendritic cells in lymph nodes after CCR2+ monocyte-derived
APCs transport live Mtb from the lung to the draining lymph
nodes (178, 192, 193). After priming, effector T cells traffick to
the lungs and secrete IFNg and cytokines in response to Mtb.
However, depletion studies in animal models identified a role for
B cell antigen presentation in supporting optimal T cell
responses in infectious disease and autoimmune models,
suggesting that this too could occur in the context of TB. In a
mouse model of adjuvanted peptide vaccination, B cell
presentation of peptides on MHC-II was found to be necessary
to enhance CD4 T cell expansion and IL2 production (106). B
cell depletion using an anti-CD20 monoclonal antibody in mice
significantly reduces total baseline numbers of naïve, effector,
and regulatory CD4 and CD8 T cells. In the context of
lymphocytic choriomeningitis virus (LCMV) Armstrong
infection, this leads to increased viral load, an effect which is
March 2022 | Volume 13 | Article 830482

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Carpenter and Lu Antibodies and B Cells in Tuberculosis
rescued by infusion of LCMV-specific TCR transgenic CD8 T
cells (194). Similarly, B cell depletion prior to infection with
Trypanosoma cruzi reduces subsequent induction of total and
parasite-specific CD8 T cells (195), and B cells are critical in the
development of antigen-specific effector and memory CD4 T cell
responses to Listeria (196, 197) and Salmonella (198). Finally, at
least two studies have shown a supporting role for B cells in
priming autoreactive T cell responses in mouse models of
autoimmune diabetes, arthritis and lupus independent of
plasma cell differentiation and antibody production (197, 199).
These data indicate that B cells assist antimicrobial and
autoimmune T cell responses either directly or indirectly.

An indirect mechanism of antigen presentation to T cells by B
cells is secretion of MHC-II containing exosomes or extracellular
vesicles. In this scenario B cells activate T cells in an HLA-DR
dependent manner (200–202). T cell stimulation by extracellular
vesicles is dependent on expression of the costimulatory receptor
CD28 (203). This mechanism of antigen presentation is of
particular interest in TB as both extracellular microvesicles and
exosomes fromMtb infected macrophages and dendritic cells are
sources of antigen that can directly or indirectly activate antigen-
specific CD4 and CD8 T cells (204–208). Though not yet studied
in TB, B cell exosomes may serve a similar function to provide
alternative ways to activate T cells to compensate for Mtb
immune evasion in macrophages (209–211). It is also possible
that B cell exosomes provide a means of transferring units of
MHC class II-peptide complexes between different cells (212)
(Figure 3C). Thus, MHC-II provides multiple lines of B cell-T
cell communications.

In addition to T and B cells, tingible bodymacrophages (TBMs)
are found in thegerminal centers in lymphnodes, spleenand iBALT
from the non-human primate model of TB (213). TBMs are
specialized macrophages that engulf apoptotic B cells during
affinity maturation (214, 215). In this manner, TBMs prevent the
loading of self-antigens from cell debris immune complexes onto
follicular dendritic cells that present to B cells (216, 217).Moreover,
studies using ovalbumin-specific T cell hybridomas show that
antigen-laden TBMs suppress the ability of B cells to activate T
cells (215), thereby preventing autoimmune responses. In the
mouse model of TB, dendritic cells uptake extracellular vesicles
from apoptotic macrophages infected withMtb and stimulate CD8
T cell responses in an MHC-I or CD1-dependent manner (218).
These data imply a role for scavenger APCs in presenting Mtb
antigens to regulate T cell responses. Cross-priming of CD8 T cells
from APCs is likely important for the recognition and killing of
many pathogen infected cells. In TB, acquisition of antigens via
efferocytosis and uptake of extracellular vesicles enhances the
number of antigen specific CD8 T cells that recognize Mtb
infected macrophages (130, 219, 220). TBM mediated
efferocytosis and T cell cross-priming could explain the
association of B cell follicles with protection against active disease
in the non-human primate model of TB (213).

B Cell Follicle-Like Structures
Like a granuloma, the iBALT is a tertiary lymphoid structures that
enrich and facilitate interaction between myeloid cells, B cells, T
Frontiers in Immunology | www.frontiersin.org 12138139
cells and non-hematopoietic cells (107, 221). Adjacent to
granulomas, the iBALT is a pulmonary structure consisting of B
cell follicles and components of the lymph node including high
endothelial venules and connection the lymphatic drainage (93, 99,
107, 222–225). Induced early after infection, the follicles contain
IgD+ B cells clustered around a network of follicular dendritic cells.
These stromal cells produce IL1a, express the lymphotoxina (LTa)
receptor and secrete CXCL13 (225) to help recruit immune cells to
form the iBALT (226). The iBALT is associated with protection in
the setting of Mtb, serving as both a lymphoid organ and a lung-
resident source of locally-activated, antigen-specific T and B cells
primed for rapid responses (107, 213).

The iBALT is a feature of type 1 immune responses and is
reported to regulate type2 and type17 responses.A recent study ina
mouse model of asthma found that pre-existing iBALT delayed the
onset of Th2 trafficking and related inflammation (227). In amouse
model of influenza infection, the iBALT offers protection through
supporting antigen specific CD8T cells, humoral responses and the
formation of immunological memory even in the absence of spleen
and lymph nodes (228, 229). The iBALT has also been shown to
recruit dendritic cells harboring antigens and naïve T cells, leading
to co-localization and T cell priming (230). For TB, the association
of iBALT formation with protective phenotypes in human lung
tissue aswell as in themouse andnon-humanprimatemodels point
towards a protective feature against active disease (93, 213,
231, 232).

In TB, the extent of T and B cell priming in the iBALT versus
lung-draining lymph nodes has been incompletely explored. The
priming of naïve antigen specific CD8 T cells after non-
replicating viral vector infection has been demonstrated in
adoptive cell transfer models in mice (230). However, in the
mouse model of TB, priming of naïve T cells in the lung is
undetectable (178, 192, 233). Memory T cell priming in the lungs
has only been shown after the intratracheal transfer of antigen-
laden dendritic cells (234). Yet previously activated T and B cells
do traffick through the iBALT in other infectious models (229).
Tfh cells which are critical to germinal center formation and B
cell differentiation into antibody-producing plasma cells are
normally found in secondary lymphoid organs lymph node
and spleen and may have the same role in iBALT (107, 235). T
cells that express properties of both Th1 and Th17 cells, along
with Tfh cells are found in the lung, express CXCR5, produce
IFNg and/or IL17 and are associated with iBALT formation and
control ofMtb infection (93, 107). For protection against TB, Tfh
cells in the lung support germinal center responses involved in
(1) the development of memory B cells and differentiation into
antibody producing plasma cells, (2) the regulation of pathologic
immune responses such as neutrophilia and cavity formation, (3)
the classical priming of T cells locally, and (4) the non-classical
activation of CD8 and CD1-restricted T cells by cross-priming
and efferocytosis (130, 218, 219).

The formation of iBALT near bronchi or in the lung
interstitium is influenced by the infecting microbe and host
response (236, 237). The recruitment of dendritic cells,
macrophages, and innate lymphoid cells leads to cytokine and
chemokine production that enlists B and T cells (223, 230). More
March 2022 | Volume 13 | Article 830482

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Carpenter and Lu Antibodies and B Cells in Tuberculosis
specifically, in early Mtb infection, type 3 innate lymphoid cells
(ILC3s) (223) and production of IL23, IL17, IL22 and CXCL13
direct B and T cells into the lung of the mouse model (238).
Within the iBALT, conventional dendritic cells and T cells
localize around B cell follicles into germinal center-like
structure. Over time distinct T cell and B cell zones are formed
(228, 230). Thus, lymphocytes expressing CCR7 and CXCR5
traffick to and organize the iBALT (93, 239). In addition, CCL19,
CCL21 and CXCL13 from follicular dendritic cells are critical to
establishing structure (228). These same axes (CCR7-CCL19/
CCL21 and CXCL13-CXCR5) are required for T and B cell
homing, antigen presentation, T cell activation, IFNg production
and control of Mtb growth (93, 222, 240). Finally, a recent
transposon mutagenesis screen in the non-human primate
model of TB identified gene associated with production of Mtb
cell wall lipids with the formation of iBALT (98). Together, these
studies show that the extent of protection offered by the iBALT
(241) is likely dependent on both the infecting organism and
the host.
COMPLEXITY OF IMMUNITY IN TB

Protection and Sterilizing Immunity
One goal of an effective TB vaccine is to prevent infection or
provide sterilizing immunity to the host. However, generating a
sufficiently robust and durable immune response that neutralizes
and eradicates Mtb could come at a survival cost to the host. To
this point, enhancement of CD4 T cell responses at the level of
immune checkpoints such as PD-1 counterintuitively enhances
disease and decreases survival in mouse studies (242). In some
patients, anti-PD-1 monoclonal antibodies used to treat cancer
precipitated reactivation TB from latently infected individuals
(242). Indeed, post-hoc analyses of the MVA85A clinical trials
demonstrate that higher frequency of HLA-DR+ activated CD4
T cells can be associated with increased risk of TB while higher
Ag85A IgG titers correlate with protection (243). Thus, strategies
that release the break on T cells unilaterally could provide more
harm than benefit. Nevertheless, a cytomegalovirus vectored
vaccine generating antigen-specific T cell but no antibody
responses prevented TB in nearly half of the Mtb-challenged
non-human primates (244). Elucidating how immune responses
can provide benefit with minimal cost will likely have broad
applicability to vaccines across many infectious diseases.

Most TB vaccines in clinical development now incorporate both
antibody and T cell responses, though which are correlates of
protection and which of disease remain to be fully clarified. These
vaccines include but are not limited to the M72-AS01e subunit
vaccine containing a recombinant fusion protein of Mtb32a and
Mtb39a (245) and BCG in multiple forms (246). While much has
been evaluated involving the classic intradermal delivery,
revaccination (247, 248) and the use of the recombinant VPM1002
expressing listerolysin-O to enhance CD8T cell responses (249, 250)
are variations currently in clinical trials. Inpre-clinicalmodels there is
attention paid to delivery route- intravenous (32, 251), intranasal,
aerosol, intratracheal and endobronchial (252). For both BCG and
MTBVAC, an attenuated Mtb strain lacking the phoP and fadD26
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virulence factors, antigen specific IgG are detected in pulmonary but
not intradermal vaccinated animals and facilitate Mtb
opsonophagocytosis in vitro (253). Thus, independent of what is
induced during natural infection and disease, vaccine strategies that
incorporate a greater breadth and depth of responses including B
cells, antibodies and trained innate immunity (254, 255) could
complement T cell responses to more effectively eradicate Mtb (32,
251, 256, 257).

Pathology and Disease
A second goal of an effective vaccine is to prevent TB disease and
lung pathology. This, notably, does not necessarily imply
eradication of the bacteria. In humans, there is increasing
recognition that latent TB may represent a protective state (2,
258). Indeed only 5-10% of individuals progress to active disease.
Yet the immune mechanisms by which the transition between
latent and active disease occurs in humans and the corollary of
how the remaining 90-95% of individuals maintain the
asymptomatic latent state – whether this be with dormant or
eradicated bacteria (2) – are not known. This phenotype has been
difficult to study in animal models. The classic murine model
recapitulates active TB but not latent infection. Furthermore,
there is a disconnect between Mtb burden, dissemination and
survival observed in passive antibody transfer studies of mice
(259, 260). Thus, mechanisms by which asymptomatic Mtb
latent infection is sustainably induced could be leveraged for
vaccine design. To this point, antibodies have the potential to
enhance disease whether directly through increased replication
such as in Dengue hemorrhagic fever and Leishmania or
indirectly through inducing a dysregulated immune response
such as in COVID-19 (261). Understanding whether and how
antibodies can enhance TB disease by mediating pathological
inflammation in immune reconstitution inflammatory syndrome
or simply supporting dissemination (262, 263) could provide
novel host directed therapeutic targets.

Several candidate subunit TB vaccines aim to prevent not
only initial infection but also pathology once infection has
occurred. These include, but are not limited, to H56:IC31 that
encompasses Ag85B, ESAT6 and Rv2660c (264), and the ID93 +
GLA-SE vaccine which contains a TLR4 agonist formulated with
a recombinant fusion protein of theMtb virulence factors (esxV/
Rv3619, esxW/Rv3620, PPE42/Rv2608) and Mtb latency
associated protein Rv1813 (256, 265, 266). Administration of
these vaccines in animal models induces robust antigen specific
immune responses that, when combined with antibiotics, is
linked to decreased bacterial burden and lung pathology in
comparison to antibiotics alone. The highly effective mRNA
vaccines BNT162b2 and mRNA-1273 successfully prevents
both infection and serious disease with spike specific T cell and
antibody responses against SARS-CoV2 (267, 268). As such,
mRNA platforms provide promising avenues for TB vaccines in
generating immune responses that both protect against Mtb
infection and prevent disease pathology.

Challenges in Modeling Tuberculosis
Inherent differences between the widely used inbredmousemodels
and humans are critical to acknowledge when extrapolating data
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(269). Antibody translocation and recycling functions of FcRN and
pIGR in humans are recapitulated in the murine model. Similarly,
the non-classical IgG binding TRIM21, the single IgM receptor
(FcmR), the two receptors for IgM and IgA (pIGR and Fca/mR/
CD351) and the two receptors that bind to IgE (FceRI and FceRII)
in humans are also found in mice. Unique to humans is FcaRI/
CD89which binds only IgA. For the classical IgG receptors (24), the
expression of the activating FcgRI/CD64 in mice is limited to
monocytes, macrophages and dendritic cells whereas in humans
the spectrumalso includes neutrophils.Conversely, FcgRIIIa/CD16
in humans is restricted to natural killer cells, monocytes and
macrophages while in mice the spectrum also includes
neutrophils, dendritic cells, basophils, eosinophils and mast cells.
The only inhibitory Fc receptor, FcgRIIb/CD32b, is detected
primarily on B cells and other myeloid lineage cells in mice but in
a more limited capacity in humans. The activating FcgRIIa/CD32a,
FcgRIIc/CD32c and FcgRIIIb/CD16b exist exclusively in humans
while FcgRIV/CD16.2 is unique to mice. In addition, there is no
clear equivalence between the FcR binding capacity of the human
subclasses IgG1, 2, 3 and 4 andmouse IgG1, 2a/c, 2b and 3. Finally,
themouse IgG glycome partially overlapswith that of humans, with
the functional implications of the differences not yet defined (36,
270). Mice with human FcR and signaling adaptors (271) as well as
immunoglobulin genes (272) provide paths towards bridging the
species gap.However, ensuring similarities in expressionpatterns to
recapitulate immune effector functions at baseline and during
infection remains to be fully flushed out as levels of each receptor
influence each other.

For TB, the widely used low dose aerosol inbred mouse model
does not recapitulate latent infection and poorly captures the
phenotypic heterogeneity observed in humans (9, 273). The
absence of some mechanisms of protection involved in latency
may be one reason why results from vaccines studies in mice do
not always directly translate to humans. For example, the
promising 1-2 fold log reduction in colony forming units in
the mouse model with BCG is reflected by reduction of
disseminated TB in the pediatric population and variable
impact on adult pulmonary TB, the most common form (274).
Whether the aforementioned differences in antibody responses
between mice and humans could be a factor in this gap is not
known. Questions to this point could be addressed with diverse
outbred mice and or new models of TB such as ultra-low dose
aerosol infection that have the potential to reflect latent infection
more closely than the current most widely used approach (275–
277). Nevertheless, the canonical (and tractable) inbred mouse
model has generated data that has formed the foundations of our
understanding of antibody Fc effector functions in autoimmunity
and monoclonal antibody fields. Building on this knowledge to
address specific questions in the context of Mtb that could be
orthogonally tested in non-human primates and or ex vivo work
with patient samples provide paths to dissect physiologically
relevant mechanisms of disease.

Challenges in Defining Human TB
The development and exploitation of robust imaging,
microbiology and immune correlates techniques to characterize
the spectrum of TB observed clinically has transformed the
Frontiers in Immunology | www.frontiersin.org 14140141
classic framework of uninfected, latent infection and active
disease. Now it is possible to begin to better identify
individuals with high exposure, initial infection, the quiescent
bacterial state, subclinical infection, chronic smoldering disease
that progresses and regresses, overt active disease, bacterial
persistence after treatment and bacterial cure (41, 278–283).

Beyond pulmonary TB, extrapulmonary disease involving
hematogenous dissemination to the central nervous system, bone
marrow and other organs characterize a subset of cases. The risk of
multiorgan involvement increases with immunosuppression.
However, the precise mechanisms by which these additional TB
states develop are largely unknown but likely involve both bacterial
and host protective and pathologic immune factors (284).

Notably, not all immunosuppression leads to TB. Over 90% of
TST+ individuals do not develop active TB after receiving anti-
TNFa therapy, solid organ or hematopoietic stem cell
transplantation (2). Clinical observations in heavily
immunosuppressed adults such as these, particularly in the
absence of routine antibiotic prophylaxis for TB, indicate that a
proportion had elicited sterilizing immunity and cleared the
infection. In neonates, accidental delivery of live virulent Mtb
contaminating the BCG vaccine in the pre-antibiotic era led to
death inonly 29%of the cases and the surviving 70%had significant
variation in clinical phenotypes (285). These observations
demonstrate that there are likely multiple paths to protection that
leverage a diverse array of innate and adaptive immune responses.
Thus, in addition to CD4 T cell production of IFNg, the distinct
presence of B cells in granulomas in theMtb infected lung as well as
B cell follicles and germinal centers in the adjacent iBALT raise the
possibility that their functions influence outcomes. Similarly, the
presence of antibodies amidst the FcR bearing monocytes,
macrophages, neutrophils, dendritic cells and T cells recruited to
anMtb lesion points towards Fab and Fc domainmediated effector
functions that locally coordinate host responses to bacteria. In
revisiting the paradigm of protection and disease, linking diverse
immune responses that include antibodies, B and T cells will enable
the re-examination of the heterogenous spectrum of human TB.
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Influenza virus hemagglutinin (HA) stalk-specific antibodies have been shown to potently
induce Fc-mediated effector functions which are important in protection from disease. In
placebo-controlled maternal influenza (MatFlu) vaccination trials of pregnant women living
with or without HIV, reduced risk of influenza illness was associated with high HA stalk
antibody titers following trivalent inactivated vaccination (TIV). However, the mechanisms
of immunity conferred by the HA stalk antibodies were not well understood. Here, we
investigated HA stalk-specific Fc effector functions including antibody-dependent cellular
phagocytosis (ADCP), antibody-dependent cellular cytotoxicity (ADCC), antibody-
dependent complement deposition (ADCD), and FcgRIIa and FcgRIIIa binding in
response to seasonal influenza vaccination. These were measured pre- and 1-month
post-vaccination in 141 HIV-uninfected women (67 TIV and 74 placebo recipients) and
119 women living with HIV (WLWH; 66 TIV and 53 placebo recipients). In contrast to HIV-
uninfected women, where HA stalk-specific ADCP and FcgRIIa binding were significantly
boosted, WLWH showed no increase in response to vaccination. HA stalk-specific ADCC
potential and FcgRIIIa binding were not boosted regardless of HIV status but were higher
in WLWH compared with HIV-uninfected women prior to vaccination. HA stalk-specific
ADCD was significantly increased by vaccination in all women, but was significantly lower
in the WLWH both pre- and post- vaccination. Co-ordination between HA stalk-specific
ADCP and ADCD in WLWH was improved by vaccination. Fc polyfunctionality was
enhanced by vaccination in HIV-uninfected women and driven by the HA stalk antibody
titers. However, in the WLWH, higher pre-vaccination Fc polyfunctionality was maintained
org April 2022 | Volume 13 | Article 8731911149150
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post-vaccination but was decoupled from titer. Overall, we showed differential regulation
of Fc effector HA stalk responses, suggesting that HIV infection results in unique humoral
immunity in response to influenza vaccination, with relevance for future strategies that aim
to target the HA stalk in this population.
Keywords: influenza vaccination, Fc effector functions, HIV co-infection, hemagglutinin stalk antibodies, antibody-
dependent cellular phagocytosis (ADCP), antibody-dependent complement deposition (ADCD), antibody-
dependent cellular cytotoxicity (ADCC)
INTRODUCTION

Seasonal influenza epidemics cause over 56,000 hospitalizations
and 11 ,000 deaths annual ly in South Afr ica (1) .
Immunocompromised individuals such as pregnant women and
people living with HIV (PLWH) are especially burdened with
severe respiratory disease. Therefore seasonal trivalent inactivated
influenza vaccines (TIV) are recommended for these high-risk
individuals and have been shown to have a significant impact on
public health (2). Whilst TIV efficacy has been confirmed in
PLWH, vaccine immunogenicity was suboptimal in these
individuals (3–8). Therefore, there is a need to further
understand the mechanisms of immunity in PLWH, following
seasonal influenza vaccination.

Humoral immune responses elicited by TIVs primarily target
the viral hemagglutinin (HA), which is composed of a head and
stalk domain. The ability of HA head-specific antibodies to
neutralize influenza virus, detected using hemagglutination
inhibition (HAI) assays, is considered a relative correlate of
protection (9). However, the HA head domain continuously
undergoes antigenic drift, allowing escape fromHA head-specific
antibodies induced from previous viral exposures and
vaccinations (10). The immuno-subdominant, but conserved
HA stalk domain is a target for the development of broadly
protective influenza vaccines (11). In addition to having
neutralizing activity, HA stalk antibodies confer protection
through Fc-FcgR interactions (12).

Fc effector functions have been associated with protection
against influenza virus infection, in experimental challenge
models and after vaccination (13–17). Through the interaction
of the antibody Fc region with cell surface Fc receptors or
complement proteins, cytotoxic functions such as antibody-
dependent cellular phagocytosis (ADCP), cellular cytotoxicity
(ADCC) and complement deposition (ADCD) occur. In animal
models, ADCP, ADCC and ADCD have been associated with
protection against infection (18–21). In humans, seasonal
influenza vaccination enhances cross-reactive ADCC and
ADCP antibodies directed to the HA in healthy individuals
and high-risk groups, such as older adults and PLWH (22–24).
In these studies, TIV boosted Fc effector functions when head-
specific HAI responses were low, highlighting the potential of
HA stalk antibodies and their cytotoxic functions for protection
in immunocompromised individuals.

In general, PLWH are at a higher risk of deaths associated with
severe influenza disease (25). B-cell impairments and reduced HAI
antibody levels in response to seasonal TIV have been observed in
org 2150151
this group, with pregnancy further increasing susceptibility to severe
influenza virus infections (26–30). PLWH on antiretroviral
treatment (ART) have lower HAI responses in comparison to
HIV-uninfected individuals even when TIV doses were increased
or a second dose was administered (5, 6, 8, 31). However, studies
focusing on the HA stalk are limited and detailed antibody
responses and mechanisms of immunogenicity in this high-risk
group are not well understood.

In two randomized, double-blind, placebo-controlled maternal
influenza (MatFlu) vaccination trials, lower HAI titers were
observed in pregnant women living with HIV (WLWH)
compared with pregnant women living without HIV (6).
However, the vaccine efficacy against confirmed influenza illness
inWLWH trended to being higher (70.6%) than in HIV-uninfected
women (54.4%) (6). This indicated that antibody responses to
epitopes that lie beyond the HA head may be important in
protection in this high-risk group. A follow up study showed that
HA stalk antibody titers were associated with reduced risk of
influenza virus infection (32). Given that HA stalk-specific
antibodies mediate potent Fc effector functions and are known to
be protective, we explored the Fc-mediated functions of HA stalk-
specific antibodies in this cohort of WLWH.

In this study we observed higher HA stalk-specific in vitro ADCP
and ADCC as measured by a reporter assay in WLWH prior to
vaccination in comparison with HIV-uninfected women. ADCC
potential directed at the HA stalk was not boosted regardless of
HIV status, whereas ADCP was enhanced only in HIV-uninfected
women. In both groups HA stalk-specific ADCD was increased
although this function is compromised inWLWH.We also observed
differences in the coordination of Fc effector functions post-
vaccination. In WLWH the association between HA stalk-specific
ADCP and ADCD was enhanced but in the HIV-uninfected women
these functions were associated with HA stalk-specific ADCC
potential. We also show that Fc polyfunctionality was higher in
WLWH prior to vaccination and was not further enhanced, whereas
in HIV-uninfected women it was improved. This study suggests that
seasonal influenza vaccination may confer protection through
different HA stalk targeted mechanisms which may include Fc
effector functions for WLWH and HIV-uninfected women.
MATERIALS AND METHODS

Ethics Statement
The 2011 maternal influenza (MatFlu) vaccination trials
(approval numbers: 101106 and 101107) and this sub-study
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(approval number: M200444) were approved by the Human
Research Ethics Committee of the University of the
Witwatersrand. All study participants provided written
informed consent to have their stored samples used for future
studies. All healthy donors in this study provided written
informed consent to obtain plasma, isolate IgG and have their
samples stored for future use.

Influenza Vaccination Cohort
The two randomized, double-blind, placebo-controlled MatFlu
vaccination trials conducted in Soweto, South Africa have been
previously described (6). Briefly, women, all of whom were
pregnant, between the ages of 18-38 years were stratified
according to their HIV status and randomly assigned (1:1) to
the placebo or vaccine groups. The trivalent inactivated vaccine
(TIV) used in the trials was Vaxigrip, which contained 15 µg each
of A/California/7/2009 (A/H1N1/pdm09), A/Victoria/210/2009
(A/H3N2), and a B/Brisbane/60/2008-like virus (B/Victoria) as
recommended by the World Health Organization for the
Southern Hemisphere in 2011. Active surveillance for
respiratory illness and PCR-confirmed influenza-illness was
performed. In this study, plasma samples from a sub-set of
HIV-uninfected women (74 placebo-recipients and 67
vaccinees) and WLWH (53 placebo-recipients and 66
vaccinees), collected prior to vaccination and one-month post-
vaccination, were tested. Data from participants with PCR-
confirmed influenza-illness were excluded from this study.

Protein Expression and Pooled Plasma/
IgG Preparation
A chimeric recombinant hemagglutinin (cHA) protein,
composed of an H6 head and an H1 stalk (cH6/1) was
produced as previously described (33). For use as a positive
control in all the Fc assays, plasma was pooled from 5 healthy
donors with high HA stalk IgG titers. From this pooled plasma
IgG was isolated using Protein G (Pierce Biotechnology),
according to the manufacturer’s instructions and confirmed by
IgG enzyme linked immunosorbent assay (ELISA). A cross-
reactive HA stalk antibody CR9114 that mediates potent Fc
effector function was expressed as a positive control (34). For
antibody expression, plasmids encoding heavy or light chain
genes were co-transfected into HEK293F cells with PEI-MAX
40,000 (Polysciences) head-to-head. Cells were cultured for six
days in 293F Freestyle media at 37°C, 10% CO2, then harvested
supernatants were filtered and purified using Protein G (Thermo
Scientific). Antibody concentration was quantified by nanodrop
using sequence-specific extinction coefficients as determined by
ProtParam (ExPASy) and confirmed by ELISA.

Hemagglutinin Inhibition (HAI) Assay
Modified HAI assays were previously performed (6, 35). Briefly,
plasma samples instead of serum were treated with receptor-
destroying enzyme (RDE) from Vibrio cholera (Denka-Seiken).
Then these were diluted 1:10 in saline and subsequent serial 2-
fold dilutions of the plasma were used in a standard HAI assay
Frontiers in Immunology | www.frontiersin.org 3151152
using 4 hemagglutinating units of the antigen and 0.75% turkey
red blood cells. Plasma samples with titers ≥10 were considered
indicative of immune responses. The antigen used in the assays
was A/H1N1/pdm09.

Hemagglutinin Stalk (H1/stalk) IgG ELISA
H1/stalk IgG ELISAs were performed as previously described (32).
The cH6/1 recombinant protein described above was utilized and
binding against this protein measures antibodies against the H1
stalk domain. Plates were coated with cH6/1 diluted to 2 µg/ml
overnight at 4°C. Plates were washed and subsequently blocked
with 3% fetal bovine serum (Biowest), 0.5% non-fat dry milk
powder (Bio-Rad) for 2 hours at room temperature (RT). After
washing, plasma samples were added to the plate diluted to a
starting concentration of 1:40, followed by two-fold serial dilution
and incubated for 2 hours at RT. Following a wash, anti-human
IgG (Fab specific)-peroxidase antibody (Sigma, USA) diluted to
1:3000 in blocking solution was added to the plate. After 1-hour
incubation at RT, plates were washed and developed using
SigmaFast o-phenylenediamine dichloride (OPD) (Sigma, USA)
for 10 min at RT. The reaction was stopped by adding 3MHCl and
the optical density (OD) was measured at 490 nm. The antibody
concentration was quantified against the standard curve included
on each plate that consisted of polyvalent human normal
immunoglobulin (Polygam) (National Bioproducts Institute,
South Africa) with an assigned arbitrary value of 1000 arbitrary
units (AU)/ml.

Antibody-Dependent Cellular
Phagocytosis (ADCP)
The ADCP assay was performed as previously described (36).
Briefly The EZ-Link Sulfo-NHS-LC-Biotin kit (Thermo
Scientific) was used to biotinylate cH6/1, which was coated
onto fluorescent neutravidin beads (Invitrogen). The coated
beads were incubated for 2 hours with mAbs at a final
concentration of 50 µg/ml or a 1:100 dilution of plasma
sample, prior to overnight incubation with a monocytic cell
line, THP-1 cells. The THP-1 cells were obtained from the NIH
AIDS Reagent Program and cultured at 37°C, 5% CO2 in Roswell
Park Memorial Institute (RPMI) 1640 media supplemented with
10% fetal bovine serum (FBS), 100 units/ml Penicillin and 100
ug/ml Streptomycin (Gibco), referred to as R10, and not allowed
to exceed 4 x 105 cells/ml. This assay was completed on a FACS
Aria II (BD Biosciences). Phagocytic scores were calculated as the
geometric mean fluorescent intensity (MFI) of the beads
multiplied by the percentage bead uptake minus the no
antibody control as background. For this and all functional Fc
assays, pooled plasma from 5 healthy donors with previous
exposures to influenza, screened for H1 stalk antibodies and
CR9114 were used as positive controls and Palivizumab (RSV
mAb; MedImmune, LLC) and VRC01 (In house HIV mAb) were
used as negative controls. In order to normalize across plates and
runs, the pooled plasma positive scores were averaged, divided by
the pooled plasma score per plate and this normalizing factor
multiplied across the scores.
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Antibody-Dependent Cellular Cytotoxicity
(ADCC) Reporter Assay
The ability of plasma antibodies to cross-link cH6/1 HA stalk
antigen and activate FcgRIIIa on Jurkat-Lucia™ NFAT-CD16
cells (In vivogen) was measured as a proxy for ADCC or cell lysis.
These cells In vivo were cultured according to the manufacturer’s
instructions. Adapted from elsewhere (37), high-binding 96 well
plates were coated with 1 mg/mL cH6/1 and incubated at 4°C
overnight. Plates were then washed with phosphate buffered
saline (PBS) and blocked at room temperature for 1 hour with
2.5% bovine serum albumin (BSA)/PBS. After washing, mAbs at
a starting concentration of 1 mg/ml or a 1:10 dilution of plasma
sample was added and incubated for 1 hour at 37°C.
Subsequently, 2x 105 cells/well in R10 were added and
incubated for 24 hours at 37°C, 5% CO2. Then 25 µl of
supernatant was transferred to a white 96-well plate with 75 µl
of reconstituted QUANTI-Luc secreted luciferase and read
immediately on a Victor 3 luminometer (PerkinElmer) with 1s
integration time. Relative light units (RLU) of a no antibody
control were subtracted as background. The pooled plasma and
CR9114 were used as positive controls and Palivizumab and
VRC01 were used as negative controls. The reported values are
the mean of three kinetic reads taken at 0, 2.5, and 5 min. To
induce the transgene 1x cell stimulation cocktail (Thermo
Scientific) and 2 mg/ml ionomycin in R10 was added as a
positive control to confirm sufficient expression of the CD16
Fc receptor. ADCC RLUs were normalised across plates and
runs, by averaging the pooled plasma RLUs and multiplying the
RLUs across the samples with the normalizing factor.

Antibody-Dependent Complement
Deposition (ADCD)
ADCD was measured using a previously described high-
throughput bead-based assay (38). Biotinylated cH6/1 was
coated 1:1 onto fluorescent neutravidin beads (Invitrogen) for
2 hours at 37°C. The antigen-coated beads were incubated with a
1:10 plasma sample dilution or mAbs at a starting concentration
of 100 mg/ml for 2 hours and incubated with guinea pig
complement diluted 1 in 50 with gelatin/veronal buffer for 15
minutes at 37°C. Beads were washed in PBS and stained with
anti-guinea pig C3b-FITC, fixed and interrogated on a FACS
Aria II (BD Biosciences). Complement deposition scores were
calculated as the percentage of C3b-FITC positive beads
multiplied by the geometric MFI of FITC in this population
minus the no antibody or heat inactivated controls. The pooled
plasma and CR9114 were used as positive controls and
Palivizumab and VRC01 were used as negative controls.
ADCD scores were normalised between plates and runs, by
dividing the ADCD score of the pooled plasma by the average
across the plates and multiplying the scores with this
normalizing factor.

Dimeric Fc Gamma Receptor
Binding ELISAs
High-binding 96 well ELISA plates were coated with 1 ug/ml
cH6/1 in PBS overnight at 4°C. Three wells on each plate were
Frontiers in Immunology | www.frontiersin.org 4152153
directly coated with 5 ug/ml IgG, isolated from healthy donors,
signals from these wells were used to normalize the FcR activity
of the plasma samples and pooled plasma was used as a positive
control. Plates were washed with PBS and blocked with PBS/1
mM ethylenediaminetetraacetic acid (EDTA)/1% BSA for 1 hour
at 37°C. Plates were then washed and incubated with 1:10 diluted
plasma for 1 hour at 37°C and then with 0.2 ug/ml of biotinylated
FcgRIIa dimer or 0.1 ug/ml of biotinylated FcgRIIIa dimer for 1
hour at 37°C. The dimeric FcgRs were provided by Prof. Mark
Hogarth from the Burnet Institute, Melbourne, Australia (39).
Subsequently, a 1:10000 dilution of Pierce high-sensitivity
streptavidin-horseradish peroxidase (Thermo Scientific) was
added for a final incubation of 1 hour at 37°C. Lastly, TMB
(3,3,5,5-tetramethylbenzidine) substrate (Sigma-Aldrich) was
added, colour development was stopped with 1 M sulfuric acid
and absorbance read at 450 nm.

Statistical Analysis
Data were analyzed in Prism (v9; GraphPad Software Inc., San
Diego, CA, USA). Non-parametric tests were used for all
comparisons. The Mann-Whitney and Wilcoxon tests were used
for unmatched and paired samples, respectively. Fc
polyfunctionality Z-scores were calculated by subtracting the
mean of the Fc function from the individual value and divided by
the standard deviation of the mean and then adding all the Z-scores
for each function per individual. The proportions of responders and
non-responders in each group and the proportions of participants
with high or low Fc polyfunctionality Z-scores were compared by
Fisher’s exact tests. All correlations reported are non-parametric
Spearman’s correlations. P values less than 0.05 were considered
statistically significant.
RESULTS

Women Living With HIV (WLWH) Have
Lower HAI and H1 Stalk Antibody Titers in
Response to Seasonal Influenza
Vaccination
In our previous study, HAI titers were significantly boosted by
vaccination regardless of HIV status, but WLWH showed
significantly lower HAI titers post-vaccination compared to
HIV-uninfected women (6). We confirmed this finding in a
subset of plasma samples from pregnant vaccinated participants
from the MatFlu cohort, including 67 HIV-uninfected women
and 66 WLWH, matched in age with a median of 25 years (range
18-39) and 27 years (range 18-38) respectively, and excluded all
PCR-confirmed influenza virus infection cases. Plasma samples
were collected pre-vaccination and post-vaccination at a median
of 31 days (range 28-33) for HIV-uninfected and 30 days (range
28-31) for WLWH (Supplementary Table 1). Post-vaccination
HAI titers were significantly lower in WLWH compared with
HIV-uninfected women (medians 80 vs. 320 A/H1N1 HAI titer)
(Figure 1A), coupled with decreased boosting levels following
vaccination (median fold change 1.5 vs. 4) (Supplementary
Figure 1A). In these samples, we also confirmed that post-
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vaccination H1 stalk antibody titers were significantly lower in
WLWH compared with HIV-uninfected women (medians 259.3
vs. 433.5 AU/ml) (Figure 1B). This was despite vaccine boosting
H1 stalk antibody titers in both groups, which was consistent
with the parent study (32). Furthermore, we also confirmed that
in contrast to HAI titers, the HIV-uninfected women and
WLWH had more comparable fold increases in the H1 stalk
antibody titer boosting (median fold change 1.9 vs. 1.7)
(Supplementary Figure 1B). As expected, no changes in HAI
and H1 stalk antibody titers amongst placebo recipients living
with or without HIV were observed (Supplementary Figure 2).

Women Living With HIV Have Higher Pre-
Vaccination ADCP and ADCC Reporter
Activity, but These Are Not Boosted by
Seasonal TIV
We first assessed whether WLWH differ in terms of pre- and post-
vaccination HA stalk antibody Fc-mediated effector functions. To
do this, we measured HA stalk-specific ADCP, ADCC reporter
activity and ADCD using a chimeric recombinant HA protein with
an H6 head, to which humans are generally naïve, and an H1 stalk.
TIV administration resulted in significant boosting of HA stalk-
specific ADCP in HIV-uninfected women but not in WLWH
(Figure 2A). Despite this, post-vaccination ADCP activity
between the two groups was similar, a consequence of pre-
vaccination HA stalk-specific ADCP being significantly higher in
WLWH (medians 348.6 vs. 189.7). No ADCP boosting was
observed in the placebo groups indicating that these responses
were TIV specific (Supplementary Figure 2). For ADCC, which
was measured using a high throughput FcgRIIIa activation assay,
previously shown to correlate with NK degranulation assays (40),
there was no significant boosting in either HIV-uninfected women
or WLWH (Figure 2B). However, like ADCP, pre-vaccination
ADCC was significantly higher in the WLWH (medians 154.5 vs.
Frontiers in Immunology | www.frontiersin.org 5153154
73.5), and therefore also post-vaccination (medians 170 vs. 83.2).
The ADCC activity amongst the vaccinated and placebo groups
were similar and remained unchanged since there was no vaccine-
mediated boosting of this function (Supplementary Figure 2).

To assess Fc-FcgR engagement required for ADCP and
ADCC activity, plasma samples were tested for the capacity to
bind cH6/1 antigen and cross-link recombinant soluble dimeric
FcgRIIa or FcgRIIIa, respectively (39). No boosting in FcgRIIa
and FcgRIIIa binding was observed in placebo recipients
(Supplementary Figure 2). However, as observed in the cell-
based functional and reporter assays, FcgRIIa binding was
boosted by TIV in HIV-uninfected women but not WLWH,
whereas for FcgRIIIa binding, no boosting was observed in either
group (Supplementary Figures 3A, B). Furthermore, strong
positive Spearman’s correlations were noted between FcgRIIa
binding and ADCP scores (r=0.44; p<0.0001), and between
FcgRIIIa binding and ADCC RLUs (r=0.55; p<0.0001)
(Supplementary Figures 3C, D).

Seasonal TIV Substantially Boosts ADCD
but Women Living With HIV Have Lower
Responses Both Pre- and Post-
Vaccination
Since ADCD has been shown to confer protection from influenza
virus infection (16, 21), we examined this function in WLWH
and HIV-uninfected women, before and after TIV vaccination.
ADCD, measured using a bead-based flow cytometry assay, was
significantly boosted by TIV in all participants irrespective of
HIV status (Figure 2C). However, ADCD was substantially
impaired in WLWH prior to vaccination and post-vaccination
remained significantly lower in comparison to the HIV-
uninfected women after TIV boosting (medians 16.2 vs. 225).
Placebo recipients showed no increase in ADCD activity
(Supplementary Figure 2).
A B

FIGURE 1 | A/H1N1 HAI and H1 stalk antibody responses amongst vaccinated women. (A) Pre-vaccination and 1-month post-vaccination hemagglutination
inhibition (HAI) titers against A/H1N1 and (B) H1 stalk titers by ELISA, with HIV-uninfected participants (n=67), shown in blue and participants living with HIV (n=66),
shown in red. The lines represent the median. Wilcoxon matched-pairs signed rank test used to compare pre- and post-vaccination titers. Mann Whitney U test used
to compare responses between vaccine groups. Significant associations shown as ****p < 0.0001; ***p < 0.001; ns,not significant.
April 2022 | Volume 13 | Article 873191

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Motsoeneng et al. Differential Hemagglutinin Stalk–Specific Fc-Mediated Functions
The Magnitude of Vaccine-Mediated
Boosting of ADCP and ADCD Is Lower in
Women Living With HIV
When we compared Fc-mediated functions, we observed
differential boosting across the HIV-uninfected women and
WLWH for ADCP and ADCD following vaccination
(Figure 2D). For ADCP the WLWH were not boosted, and
the proportion of high responders (individuals that exceeded a 2-
fold increase in Fc activity) was significantly lower than in the
HIV-uninfected group (17% vs. 54%). Since there was no
boosting of ADCC potential, the proportion of high
responders was similar between HIV-uninfected women and
WLWH (31% vs. 27%). However, for ADCD, in the WLWH the
TIV boosting and the proportion of high responders was
significantly lower (median fold change 1.8 and high
responders 48%) than in the HIV-uninfected women (median
Frontiers in Immunology | www.frontiersin.org 6154155
fold change 2.7 and high responders 75%). Thus, while ADCD
activity was boosted in both groups in response to TIV
vaccination, this function was substantially impaired in
WLWH prior to vaccination.

Seasonal TIV Does Not Improve Overall
Co-Ordination of the Fc-Mediated
Responses, Irrespective of HIV Status
Co-ordinated antibody responses elicited by vaccines against
other diseases have been associated with increased efficacy (41).
We therefore assessed the correlations between HAI titers, stalk-
specific responses and Fc-mediated effector functions at baseline
and after TIV vaccination and compared these in HIV-
uninfected women and WLWH. Prior to vaccination, there
was a significant correlation between HAI and HA stalk titers
in HIV-uninfected women, but the significant boosting of HAI
A

D

B C

FIGURE 2 | Differential boosting of HA stalk-specific Fc-mediated antibody functions amongst vaccinated women. Pre-vaccination and 1-month post-vaccination H1
stalk-specific (A) antibody-dependent cellular phagocytosis (ADCP), (B) antibody-dependent cellular cytotoxicity (ADCC) or FcgRIIIa activation and (C) antibody-
dependent complement deposition (ADCD) are shown where HIV-uninfected participants (n=67), shown in blue and participants living with HIV (n=66), shown in
red.(D) The fold increases for each of the functions and the proportion (%) of high responders that exceed a 2-fold increase in Fc activity are shown in orange. Low
responders, who show reduced enhancement that does not reach a 2-fold increase are shown in black, whilst those not boosted (non-responders) are shown in
grey. The lines represent the median. Wilcoxon matched-pairs signed rank tests were used to compare pre-vaccination and post-vaccination functional scores within
groups. Mann Whitney U test was used to compare functional scores between the vaccine groups. Fischer’s exact tests were used to compare the proportions of
high responders. Significant associations are shown as ****p < 0.0001; ***p < 0.001; **p < 0.01; ns,not significant.
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antibodies resulted in loss of this correlation post-vaccination
(Figures 3A, B). In contrast in WLWH, while there was a strong
correlation between HA stalk and HAI pre-vaccination
(Figure 3C), HA stalk titers were boosted simultaneously with
HAI titers, as previously reported (32) and remained
significantly correlated (Figure 3D). In the HIV-uninfected
women, ADCP, ADCC, ADCD and FcgRIIa and FcgRIIIa
binding were significantly associated with the HA stalk titers
before vaccination, and these associations improved slightly
following vaccination (Figures 3A, B). In WLWH, ADCP,
ADCD and FcgRIIa and FcgRIIIa binding were associated with
HA stalk titers pre-vaccination, with the FcgRIIIa binding been
the only association to not improve, after TIV vaccination
(Figures 3C, D). We also observed varying relationships
amongst the Fc-mediated effector functions. In the HIV-
Frontiers in Immunology | www.frontiersin.org 7155156
uninfected women, we observed a significant correlation
between ADCP and ADCD pre-vaccination, but not post-
vaccination. Instead, after vaccination we observed a
correlation between ADCC potential and both ADCP and
ADCD. The FcgRIIa and FcgRIIIa binding correlated with all
the Fc functions both pre- and post-vaccination in the HIV-
uninfected women. In contrast, in WLWH the existing association
between ADCD and ADCP prior to vaccination was strengthened
post-vaccination. There was also an in increase in the FcgRIIa and
FcgRIIIa binding associations with all the Fc functions, following
vaccination in this group. Therefore, vaccination resulted in
nuanced improvements of particular functional relationships that
differed between WLWH and HIV-uninfected women, but overall
co-ordination of antibody responses and Fc-mediated functions was
not significantly improved.
A B

C D

FIGURE 3 | Co-ordination between HAI titers, HA stalk antibodies and HA stalk-specific Fc-mediated functions in response to vaccination. Spearman correlations of
Fc effector function and titers in (A) HIV-uninfected pre-vaccination, (B) HIV-uninfected post-vaccination, (C) WLWH pre-vaccination and (D) WLWH post-vaccination
groups. The asterisks indicate the following statistical significance, ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns,not significant. Significant correlations are
displayed in red. Non-significant correlations are in grey. The size of the circle is proportional to the Spearman correlation coefficients -0.3 been the smallest and 1
been the largest, indicated inside of circles for correlations that were significant.
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Stalk-Specific Fc Polyfunctionality of
Women Living With HIV Is Not Improved
by Vaccination and Is Not Driven by H1
Stalk Antibody Titer
Fc polyfunctionality has been shown to be associated with
protective immunity and broader responses in other diseases
(41–44). We calculated HA stalk-specific Fc polyfunctionality
scores by summing the z-scores of ADCP, ADCC and ADCD for
each of the participants. Prior to vaccination, WLWH showed
significantly higher Fc polyfunctionality directed at the HA stalk
than HIV-uninfected women, as a result of their baseline higher
ADCC and ADCP responses (medians 0.89 vs. -0.26)
(Figure 4A). The proportion of participants with high HA
stalk-specific Fc polyfunctionality (the sum of z-scores greater
than 0) was also higher for WLWH (76%) than for HIV-
uninfected group (45%). Following vaccination, HA stalk-
specific Fc polyfunctionality in the HIV-uninfected women
significantly increased, reaching the same levels observed in
WLWH at baseline. In contrast, WLWH did not show
improvement of overall HA stalk-specific Fc-mediated
functionality following vaccination.

We next assessed the influence of H1 stalk titer on stalk-
specific Fc polyfunctionality after vaccination. In the HIV-
uninfected group there was a strong correlation between the
HA stalk antibody titers and HA stalk- specific Fc
polyfunctionality (r=0,71; p<0.0001) (Figure 4B). However, in
WLWH we observed no correlation between H1 stalk titers and
HA stalk-specific Fc polyfunctionality (r=0,19; p=0.26)
(Figure 4C). The lack of association in WLWH suggests that
in this group, the potency of the Fc–mediated functions is
mediated through qualitatively different HA stalk-specific
antibodies to those occurring in HIV-uninfected women.
Frontiers in Immunology | www.frontiersin.org 8156157
Overall, these data indicate a fundamentally different humoral
response in WLWH in response to vaccination.
DISCUSSION

HA stalk-specific Fc effector functions have an important
complementary role to neutralization in protection against
influenza virus infection (45, 46). Therefore, understanding their
role in vaccination of high-risk groups, such as PLWH, is crucial but
have not been previously studied. In the cohort described here, we
observed lower HAI titers and lower HA stalk-specific titers in
WLWH than in HIV-uninfected women in response to seasonal
influenza vaccination, as reported in our previous studies (6, 32).
Despite these lower antibody titers, the vaccine efficacy was higher
in WLWH (6). Here, we examined differences in HA stalk-specific
Fc-mediated functions between pregnant women living with or
without HIV in response to seasonal influenza vaccination in a
cohort where the HA stalk antibody titers were previously shown to
be protective (32). We observed significant differences in responses;
WLWH showed only HA stalk-specific ADCD boosting, whereas in
HIV-uninfected women both ADCP and ADCD were significantly
enhanced. We also assessed the association between Fc effector
functions post-vaccination and found that ADCC or FcgRIIIa
activation was coordinated with ADCP and ADCD in HIV-
uninfected women but in WLWH only ADCP and ADCD
showed improved correlation following vaccination. Furthermore,
in HIV-uninfected women overall Fc polyfunctionality was
improved following vaccination and was driven by HA stalk
antibody titers. In contrast, in WLWH the higher Fc
polyfunctionality was not associated with the titers of the HA
stalk-specific antibodies. Overall, HA stalk-specific Fc functions
were differentially mediated in WLWH in response to seasonal
A B C

FIGURE 4 | HA stalk-specific Fc polyfunctionality scores of Fc-mediated functions amongst vaccinated women. (A) Fc polyfunctionality (determined by the addition
of individual standardized Fc function scores), prior to and following vaccination. Dots above 0 indicate Fc polyfunctional individuals, while those below indicate poor
Fc polyfunctionality below the mean. The proportion (%) of individuals with Fc polyfunctionality is indicated on the plot. Spearman´s correlation between the Fc
polyfunctionality score and HA stalk response in (B) HIV-uninfected women and (C) WLWH. Wilcoxon matched-pairs signed rank test was used to compare pre-
vaccination and post-vaccination polyfunctionality scores within groups. Mann Whitney U test was used to compare polyfunctionality scores between the vaccine
groups. Significant associations are shown as ****p < 0.0001; ***p < 0.001; ns,not significant.
April 2022 | Volume 13 | Article 873191

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Motsoeneng et al. Differential Hemagglutinin Stalk–Specific Fc-Mediated Functions
influenza vaccination, despite similar boosting of HA
stalk antibodies.

Although the WLWH and HIV-uninfected groups were
matched for age, there were substantial differences in their
baseline responses, prior to vaccination. Both ADCP and
ADCC potential were higher in WLWH pre-vaccination. This
may be due to increased previous exposures to influenza virus
infections in WLWH prior to vaccination, which may have
broadened the HA stalk-specific Fc-mediated functions (6, 45).
Multiple exposures to divergent influenza virus strains has been
shown to prime HA-specific antibodies with the ability to
mediate ADCP and ADCC (47). Several studies have provided
evidence of this concept, with H7N9 infection and vaccination of
healthy people, inducing cross-reactive, ADCC mediating HA
stalk antibodies (13, 18, 48). In addition, the WLWH were on
ART and this may have allowed for the partial restoration of past
HA stalk-specific Fc functionality and together with the vaccine,
provided sufficient immunity against influenza virus
infections (22).

In this trial, irrespective of HIV status, HA stalk-specific ADCC
(measured either through a reporter assay or binding to dimeric
FcgRIIIa) was not boosted following vaccination. TIV has elicited
variable ADCC responses in humans, with similar findings to ours
reported in healthy individuals (49–51), but moderate ADCC
boosting has been reported in older adults and PLWH (22, 24,
52). The lack of boosting of ADCC potential in our study, compared
to others, may be a consequence of high pre-existing levels of ADCC
responses from prior infections in both groups. These responses
may be at a “ceiling” and cannot be further significantly boosted
following vaccination. The reporter assay that we use in this study
has been shown to correlate with traditionally used CD107a NK
degranulation assays (40) and is therefore unlikely the reason for the
observed lack of boosting.

We observed differences in functions that were boosted in
response to vaccination by HIV status. Specifically, ADCP and
binding to dimeric FcgRIIa were only boosted in HIV-uninfected
women, similar to previous studies (22). However, WLWH had
ADCP levels prior to vaccination that exceeded that of HIV-
uninfected women. Similarly, a weaker ADCP vaccine response
directed at HA has been previously associated with higher baseline
levels, similar to those observed here in HIV-uninfected women
(23). Post-vaccination ADCP levels in HIV-uninfected women did
not exceed the levels in the WLWH, indicating a maximum
threshold in HA stalk ADCP activity. In contrast, ADCD was
boosted regardless of HIV status, but was significantly lower in the
WLWH both pre and post-vaccination suggesting that the ability of
antibodies to perform this function was impaired in this group.
Despite similar increasing of HA stalk antibody boosting in
response to vaccination there were distinct differences in the
ability to boost stalk-specific Fc responses associated with HIV
co-infection. Overall, these differences show distinct Fc function
between WLWH and HIV-uninfected women in response
to vaccination.

Vaccination that induces coordinated Fc effector responses has
been associated with efficacy in other infectious diseases (41). We
observed a loss in the association between HA stalk titers and HAI
Frontiers in Immunology | www.frontiersin.org 9157158
activity post-vaccination in the HIV-uninfected group but it was
strengthened in theWLWH group, as shown previously (32).While
the simultaneous elicitation of both head and stalk directed
antibodies in WLWH post-vaccination may indicate that the
antibody functions behave in a synergistic manner in this group,
how HA stalk-specific Fc effector function is affected by broad HAI
antibodies was not investigated in this study. This was also observed
through the Fc-mediated functions correlating with both HAI and
HA stalk titers in WLWH, whilst the Fc effector functions and FcgR
binding did not correlate at all with HAI post-vaccination in HIV-
uninfected women (previously shown for ADCD pre-vaccination).
This, coupled with the observation that HA stalk antibody titer
alone did not correlate with overall Fc polyfunctionality in WLWH,
suggests that the quality of the Fc responses may have been
impacted by both HAI and HA stalk responses in this group
which requires further investigation. In addition, it is possible that
modulators of Fc effector function such as isotype or glycosylation
may differ as a result of HIV infection (53–55). These differences
may drive polyfunctionality more robustly than titer in WLWH.
This further highlights the differences between WLWH and HIV-
uninfected women HA stalk mediated Fc effector functions, of
which the differences in response to seasonal influenza vaccination
may explain the elevated protection observed for WLWH.

Chimeric hemagglutinin-based vaccines aimed at eliciting cross-
reactive HA stalk antibodies have the potential to be developed as
universal vaccines. Correlates of protection for this approach should
include HA stalk-specific Fc-mediated functions (56). In this cohort,
levels of HA stalk antibodies were protective however only ADCP
and ADCD were boosted in response to the vaccine in HIV-
uninfected women and only ADCD in WLWH, suggesting that
these antibody functions may be more important than ADCC in
protection. Future studies should determine whether the higher
levels of HA stalk-specific ADCP and ADCC potential in the
WLWH were enough to confer protection against influenza virus
infection or disease severity. In summary, we showed that although
HIV-uninfected women exhibited significantly improved Fc
polyfunctionality post-vaccination that was driven by HA stalk
titer, WLWH mounted fundamentally different HAI and HA
stalk coordinated responses, likely impacted by high baseline HA
stalk-specific Fc effector function. Our study highlights the need to
include, in future clinical trials, high-risk groups who may have
different responses.
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