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Abstract

Neutralizing antibodies suppress HIV infection by accelerating viral clearance from blood 

circulation, in addition to neutralization. The elimination mechanism is largely unknown. We 

determined that human liver sinusoidal endothelial cells (LSEC) express FcγRIIb as the lone Fc 

gamma receptor, and, using humanized FcγRIIb mouse, we found that antibody-opsonized HIV 

pseudoviruses (Ab-HIV) were cleared considerably faster from circulation than HIV by LSEC 

FcγRIIb. Compared to humanized FcγRIIb expressing mice, HIV clearance was significantly 

slower in FcγRIIb KO mice. Interestingly, pentamix of neutralizing antibodies cleared HIV faster 

compared to polyclonal HIVIG, though the HIV antibody-antigen ratio was higher in immune 

complexes made of HIVIG and HIV than pentamix and HIV. The effector mechanism of LSEC 

FcγRIIb was identified to be endocytosis. Once endocytosed, both Ab-HIV and HIV localized to 

lysosomes. This suggests that clearance of HIV, endocytosis and lysosomal trafficking within 

LSEC occur sequentially, and that the clearance rate may influence downstream events. Most 

importantly, we have identified LSEC FcγRIIb-mediated endocytosis to be the Fc effector 
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mechanism to eliminate cell free HIV by antibodies, which could inform development of HIV 

vaccine and antibody therapy.
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INTRODUCTION:

Increased HIV drug-resistance and increased mortality associated with HIV infections have 

prompted new approaches to HIV immunotherapy. The treatment of viral infections, 

including HIV, involve anti-viral antibodies (Abs) (1). For example, administration of 

cocktails of HIV-specific neutralizing antibodies (NAbs), as well as the single NAb PGT121 

or b12, cause a rapid and precipitous decline of viremia to undetectable levels in macaques 

(2, 3). Furthermore, improvements in HIV vaccine design benefit from a detailed 

understanding of in vivo actions of anti-HIV Abs. Given the potential for Abs in HIV 

immunotherapy, a better understanding of the mechanisms of Ab-mediated actions should 

help to optimize such therapies.

A currently accepted in vivo mechanism of action of anti-HIV Abs involves accelerating the 

clearance of cell-free HIV virions from systemic blood circulation (4). Here, anti-HIV Abs 

binds HIV to form immune complex, which in turn, binds to immune cell surface Fc 

receptors for IgG (FcγR) and becomes a target for complement binding. Binding to FcγR, 

but not to complement, appears to be helpful in some protection against HIV, in vivo by 

bnAbs (3) but was found to be dispensable for others(5). Given the existence of multiple 

FcγRs, a key unanswered question concerns the roles of the various FcγR involved in 

clearing the Ab-opsonized cell-free HIV. An additional open question concerns the effector 

mechanisms of Ab-opsonized HIV uptake and degradation.

FcγRs are integral cell membrane glycoproteins with receptor type-specific distinguishing 

features. In humans, the FcγR family consists of three major types, namely FcγRI/CD64, 

FcγRII/CD32, and FcγRIII/CD16(6). FcγRI and FcγRIII perform agonist/activation 

functions via their association with a γ-subunit (the FcRγ chain) containing an 

Immunoreceptor Tyrosine-based Activation Motif (ITAM) in its cytoplasmic domain. By 

contrast, FcγRIIa carries its own ITAM as an integral part of the cytoplasmic domain (7). 

FcγRIIa, which appears to be unique to primates, is a low-affinity activating receptor. The 

final known human family member, FcγRIIb, is a single polypeptide chain with a 

cytoplasmic tail containing an Immuno-Tyrosine based Inhibitory Motif (ITIM). In B-cells, 

dendritic cells, macrophages,and neutrophils. FcγRIIb ITIM offers negative feedback for the 

signaling generated by activating FcγR when co-expressed with ITAM in the same cell (8, 

9). It is therefore referred to as an (or the) “inhibitory receptor”.
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Recently our group discovered that, of the four types of mouse FcγR, one form, FcγRIIb, is 

expressed abundantly in mouse liver (10). In mice, we observed that 75% of the total body 

FcγRIIb is expressed in liver, specifically in liver sinusoidal endothelial cells (LSEC). 

Functionally, FcγRIIb is known to clear small immune complexes (SIC). Given that Ab-

opsonized HIV reportedly falls into the category of SIC, as measured by dynamic light 

scattering (HIV alone 150nm and HIV opsonized with IgG to a maximum 170nm), these 

complexes are the appropriate size for receptor-mediated endocytosis by LSEC (11, 12).

Liver is known to be the major organ for clearing viruses such as SIV (13) and HIV (14). 

The major cell type in liver responsible for clearance is LSEC, in the case of HIV-like and 

Ad5 particles at an astonishingly rapid rate (15, 16). LSEC are well equipped for vigorous 

endocytosis in that they express major endocytic receptors including scavenger receptors 

(17–19).

Although much is known about the Fc effector mechanisms such as phagocytosis and 

ADCC, which clear HIV-infected cells via macrophages and NK cells, the Fc effector 

function that eliminates Ab-opsonized cell free HIV from systemic circulation remain 

obscure. One hurdle to this understanding involves the assumption that the relevant Fc 

effector mechanism is phagocytosis. However, the HIV Envelope (Env) is, in fact, a poor 

target for phagocytosis, having only 8–10 surface Env trimmers capable of Ab binding to 

form immune complexes of more than few μm(20, 21). Instead, these smaller complexes are 

typically engulfed via endocytosis. Phagocytosis involves uptake of particles larger 0.5 μm 

by a process involving actin polymerization; endocytosis, by contrast, is defined as uptake of 

small, i.e. <0.5, particles into vesicles via a process that does not involve actin 

polymerization.

Anti-HIV Abs can be neutralizing (NAbs) or non-neutralizing (non-NAbs). NAbs bind and 

inactivate viruses though their Fab regions. Thus, NAbs block HIV attachment to target cells 

by interfering with the interaction between HIV and its cellular receptors, such as the CD4 

or CCR5/CXCR4 binding sites on gp120. NAbs also block HIV entry and thus prevent 

infection in vitro(22). However, the in vivo protective ability of NAbs are complex and 

involve clearance mediated by the innate immune system (23). Both NAbs and non-NAbs 

employ their Fc domains to activate immune cells and thus may interact equally with FcγR-

expressing cells (24).

Drawing on the evidence presented above, we propose and confirm our hypothesis that 

NAbs clear HIV from circulation via endocytosis by FcγRIIb on LSEC. To assess the 

function of human FcγRIIb for clearing human Ab-HIV, we generated a humanized 

FcγRIIb knock-in mouse strain (2B-KIX) wherein the extracellular domain of the mouse 

FcγRIIb gene sequence was replaced with the sequence for the human extracellular domain. 

To study HIV clearance, we used both pseudotyped single cycle HIV (HIV) and HIV virus-

like particles (HIV-LP) as they express the same HIV Env to which the Abs bind.
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MATERIALS AND METHODS:

Animals.

Wild-type BALB/c male mice ages 12–16 weeks were obtained from The Jackson 

Laboratory. Transgenic mice expressing human FcγRIIb, 2B-KIX, from Xencor were breed 

and maintained. FcγRIIb knock-out mice in C57BL/6 background (Dr. Jeffrey Ravetch) 

were purchased from The Jackson Laboratory. All studies were approved by The Ohio State 

University Institutional Animal Care and Use Committee and all procedures were in 

accordance with their guidelines. All surgery was performed under Isoflurane anesthesia, 

and all efforts were made to minimize suffering.

Antibodies.

The following anti-FcγR Abs were used: For immunofluorescence KB61 (IgG1; D. Mason, 

Radcliffe Hospital, Oxford, U.K) was used at a working concentration at 10μg/ml. For flow 

cytometry, the mouse anti-human FcγRIIb/c Ab, 4F5 (25) was used at 10μg/ml. For 

immunoblotting, protein G purified IgG of rabbit polyclonal Ab 260 was used to detect 

FcγRIIa while a rabbit anti-FcγRIIb antibody from Novus Biologicals was used to detect 

both b1 and b2.

The other primary Abs used for flow cytometry, immunofluorescence and immunoblotting 

are anti-CD68 Ab (IgG2b, κ; Biolegend), Rabbit anti-FcεRI γ subunit Ab (EMD Millipore), 

anti-mouse CD206 Ab (Santa Cruz), anti-mouse F4/80 Ab (Abd Serotec), anti-mouse CD16/

CD32 Ab (BD Pharmigen), mouse anti-human CD64 (Biolegend), mouse anti-human CD16 

(Biolegend) mouse anti-GAPDH mab (6C5) (Santa Cruz), 2.4G2 PE-Cy7 (BD Pharmigen), 

F4/80 PE (eBioscience), NK-1.1 FITC (Biolegend), Desmin Pac-blue (Thermoscientific), 

and Cd11c PerCP (Biolegend). The isotype controls used are ChromPure normal rat IgG, 

normal rabbit IgG, normal goat IgG (Jackson ImmunoResearch), normal mouse IgG (Santa 

Cruz), mouse IgG1κ (Biolegend) and mouse IgG2b, κ (Jackson ImmunoResearch), IgG2b.κ 
PE-Cy7 (BD Pharmingen), IgG2a.κ PE (eBioscience), IgG2a.κ FITC (Biolegend), anti-Rab 

405 (Jackson ImmunoResearch), and American Hamster IgG Percp (Biolegend).

The secondary Abs used for immunofluorescence were Goat F(ab)’2 anti-mouse IgG 488 

and AffiniPure Donkey Anti-Rabbit IgG DyLight 405 Ab from Jackson ImmunoResearch. 

The goat anti-mouse IgG 594, Goat anti-Rabbit IgG 488, Goat anti-Rabbit IgG 594 and Goat 

anti-Rat IgG 647 Abs were from Invitrogen.

Tissue procurement and preparation.

Healthy human liver samples, identified only by patient sex and age, were procured from the 

Cooperative Human Tissue Network, Midwestern Division at The Ohio State University. 

The Institutional review board (The Ohio State University) determined that this study did not 

qualify as human subject research.

The liver tissues were cut into 3–4 mm3 pieces, rinsed in cold PBS, and fixed in 4% 

paraformaldehyde in PBS (with 0.02% sodium azide) at room temperature for 2 hours. The 

fixed samples were washed with PBS for a total of 2 hours. Tissues were then incubated 
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with 20% sucrose in PBS for 8–16 hours. The samples were then placed in TBS freeze 

medium in molds and stored in −80°C until sectioning.

2B-KIX mouse generation.

The humanization of the mouse FcγRIIb extracellular domain was achieved by replacing the 

FcγRIIb mouse equivalent genomic sequence leading to the expression of a chimeric protein 

containing the murine signal peptide, the human extracellular domain and the murine 

transmembrane and cytoplasmic domains (designed and created by Genoway Lyon, France). 

This chimeric protein is expressed under the control of the FcγRIIb mouse endogenous 

promoter, keeping the endogenous mouse 5’ and 3’ untranslated regions intact. An FRT-

flanked neomycin cassette was inserted in intron 3. Briefly, the targeting vector was 

transfected into C57BL/6 ES cells and recombined ES cell clones were them microinjected 

into blastocysts to give rise to male chimeras with a significant ES cell contribution. 

Breeding was established with C57BL/6 mice expressing the Flp-recombinase to produce 

the FcγRIIb humanized heterozygous line devoid of the neomycin cassette. Heterozygous 

2K-KIX mice were interbred to produce the homozygous 2B-KIX; animal genotyping was 

performed by PCR, and a sample of each offspring was further confirmed by Southern blot.

HIV pseudovirus production:

pNLCH5.1 pseudotyped with HXB2 Env was produced by co-transfecting human 

embryonic kidney (HEK) 293T cells (NIH, AIDS Reagent Programme, Catalogue No: 103) 

with pNLCH5.1 (NL4–3-derived, Δenv, firefly luciferase inserted into nef open reading 

frame(26, 27) and the Env expression vector HXB2 (pHXB2 - NIH AIDS Reagent 

Programme, Catalogue No. 1069) in a 1:1 ratio using GENEFECT™ (Alkali Scientific Inc) 

according to the manufacturer’s instructions. Transfected cells were incubated at 37°C in 5% 

CO2, and after 48h, supernatant was collected and centrifuged at 400 × g for 5 minutes and 

stored at −80°C for further use. Pseudovirus concentration was determined with a HIV p24 

Antigen ELISA kit, according to the manufacturer’s instructions (ZeptoMetrix).

Plasmids:

The pGag-EGFP plasmid (NIHARP cat #11468) used to prepare HIV, which directs Rev-

independent expression of HIV Gag-EGFP fusion protein to form HIV, was obtained from 

Dr. Marilyn Resh through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH. 

The pGag-EGFP plasmid was constructed by cloning Gag from pCMV55M1–10(28) into 

the pEGFP-N1 plasmid (Clontech)(29). Plasmid DNA was amplified in Escherichia coli 

DH5α; DH5α-containing pGag plasmid was grown in LB medium supplemented with 25 

μg/mL kanamycin. The pHXB2 Env plasmid (NIHARP cat#1069), containing HXB2 gp160 

under an SV40 promoter, was obtained from Dr. Kathleen Page and Dr. Dan Littman 

through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH. Plasmid DNA 

was amplified in Escherichia coli DH5α; DH5α-containing pHXB2 Env plasmid was grown 

in LB medium supplemented with 50 μg/mL ampicillin. Plasmid purification used the 

BenchPro 2100 Plasmid Purification System (Invitrogen).
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Preparation of HIV virus-like particles (HIV-LP) expressing HXB2 Env:

HIVs were produced in human embryonic kidney, 293T, cells (ATCC) and prepared as we 

described before (16). Cells were maintained in Dulbecco’s Modified Eagle medium with 

10% Fetal Bovine Serum. HIV expressing HXB2 Env were produced by transient 

transfection of HEK 293T cells with pGag-EGFP and pHXB2 Env using Lipofectamine 

2000 transfection reagent (Life Technologies). 107 cells in T175 flasks were transfected with 

30 μg HXB2 Env, 60 μg pGag-EGFP, and 360 μL Lipofectamine 2000 transfection reagent 

in serum/antibiotic-free medium. After 3–4 hours of incubation at 37°C the culture medium 

was replaced with DMEM + 10% FBS. HIV-containing supernatant was collected 72 hours 

after transfection and clarified by centrifugation at 2000 x g for 10 minutes. Clarified 

supernatant was further purified of cellular debris by 0.45 μm filtration, followed by 

ultracentrifugation through a 20% sucrose pad at 122000 x g for 2 hours at 4°C. The pellet 

was resuspended in filtered PBS.

Immunofluorescence and Immunoblotting.

Liver pieces of ~5mm in length were fixed in 4% paraformaldehyde-PBS for 2 hours at 

room temperature, washed with PBS (with 0.02% sodium azide) and infused in 20% 

sucrose-PBS overnight at 4°C. For immunofluorescence, cryostat sections of 5μm thickness 

were blocked with 5% milk in PBS, followed by incubation with primary Abs overnight. 

After 3 washes with PBS for one hour, sections were then incubated with fluorescently 

tagged secondary Ab for another hour at room temperature, then nuclei were stained with 

DAPI (100ng/ml) for 10 min. Sections were then mounted with Prolong Gold (Invitrogen) 

under coverslips. Control Abs refer to the list of isotype Abs with their respective secondary 

Ab. The images were obtained using an Olympus FluoView 1000 Laser Scanning Confocal 

microscope equipped with a spectral detection system for a finer separation of 

fluorochromes (FV 1000 spectra) along with 60X oil immersion lens at room temperature. 

Images were analyzed using ImageJ software (30)

Preparation of mouse LSEC.

Mice were anaesthetized under Isoflurane anesthesia and euthanized by decapitation. By 

incision via midline, the portal vein was exposed; a catheter was inserted and then connected 

to the buffer systems at 37°C. A cut was made in the inferior vena cava for perfusion buffer 

outflow. The liver was perfused with perfusion buffer (3.55 M NaCl, 170 mM KCl, 240 mM 

Hepes pH 7.4) followed by perfusion buffer containing research grade Liberase™ at a 

concentration of 5 mg/ml (Sigma). The digested liver was excised and Glisson’s capsule was 

removed to release the cells into perfusion buffer containing 1% BSA. After filtering the 

cells, the cell suspension was centrifuged at 65g three times, to remove hepatocytes. The 

non-parenchymal cells (NPC) were pelleted from the supernatant and subjected to immuno-

magnetic separation.

Highly purified LSEC were prepared from NPC using a triple selection method based on our 

data (Figure S1A) and also data from the literature that suggests that LSEC are CD45−, 

F4/80−, and CD146+ cells, but KC are CD45+ and F4/80+ (15, 31, 32). Briefly, the F4/80_ ve 

NPC were subjected to a second negative selection using anti-CD45 conjugated 

immunomagnetic bead and a positive selection using CD146 conjugated beads. For every 
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selection procedure, the cells from the previous procedure were suspended in MACS buffer 

and incubated with appropriate Ab-conjugated beads from Miltenyi Biotec and passed 

through MiniMacs magnetic columns. The purity of the LSEC was further confirmed by 

flow cytometry using markers for various cells in the liver, using the flow cytometry 

protocol below.

Flow cytometric analysis.

Five-color/two color flow cytometry analyses were done using a BD FACS Aria III flow 

cytometer equipped with four spatially separated beam spots (The laser wavelengths are 488 

nm, 633 nm, 561 nm, 445 nm and 375 nm). Five Abs against various cells in the liver, each 

with distinctive and non-overlapping excitation wavelength were chosen and incubated with 

cells, i.e. 2.4G2 PE-Cy7 (LSEC marker), F4/80 PE (KC marker), NK-1.1 FITC(NK cell 

marker), Desmin Pac-blue (Stellate cell marker), Cd11c Percp (dendritic cell marker), and 

isotype controls IgG2b.κ PE-Cy7, IgG2a.κ PE, IgG2a.κ FITC, anti-Rab 405, American 

Hamster IgG Percp were used. Spectra of five Abs were assessed using Fluorescence 

SpectraViewer (Thermofisher) to confirm there was no spectra overlap. The data analysis 

was done using FlowJo software. To offset spectral overlap, compensations were done by 

subtracting unwanted signals using single and double stained control samples. The quadrant 

markers were set based on the isotype controls. For each analysis 10,000 events were 

analyzed.

Quantification of HIV p24.

The HIV p24 concentration was measured as pictograms per milliliter (pg/mL) using the 

commercially available Zeptometrix p24 ELISA kit. To determine HIV concentration as 

molecules of HIV/mL, a ratio of p24 concentration (pg/mL) to Nanoparticle Tracking 

Analysis (NTA; HIV/mL) was calculated for each HIV preparation. NTA was performed 

using Nanosight NS300 (Malvern) as elaborated earlier(16). HIVIG demonstrated 

concentration-dependent Anti-p24 blocking; a range of HIVIG concentration standards were 

used to correct all samples collected from mice injected with HIV-HIVIG.

Preparation of immune complexes.

All immune complexes (IC) were made prior to infusion into mice, and the size of IC 

particles were measured by NTA using Nanosight NS300 (Malvern) as elaborated earlier 

(16). Briefly, 5×1010 HIV was incubated with anti-HIV Abs at a concentration of either 

25mg or 50mg/kg per mice for 4 hours at 37C. Two different anti-HIV Abs were used. The 

first, Human Immunodeficiency Virus immune globulin (HIVIG; NIHARP cat# 3957) 

pooled from plasma of asymptomatic, HIV Ab-positive donors with CD4+ counts above 

400/μL. HIVIG was obtained from Dr Luiz Barbosa through NIH AIDS Reagent Program 

(33). Human IgG (Sigma-Aldrich) was used for control mice in all HIVIG studies. The 

second anti-HIV Ab preparation consisted of five monoclonal broadly neutralizing Abs 

(PGT 151, b12, PGT 121, PG 9 and 2F5). The control mice received Ab-free HIV infusions.
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Clearance of HIV from bloodstream.

2B-KIX mice that were age and sex matched (Male and 12 weeks old) were infused via 

retro-orbital plexus with Ab-HIV or control Ab opsonized HIV. Blood samples were 

collected from the left retro-orbital plexus at 30 seconds, 2, 3, 5, and 10 minutes using 

heparinized capillary tubes. The 10 minute interval reflected near-maximum clearance 

uncomplicated by subsequent processes. Blood obtained at each time point was diluted. The 

standards were diluted in blood, similar to samples and the HIV p24 concentration was 

determined as pg/mL using p24 ELISA (Zeptometrix). No signs of anaphylaxis were noted 

during the short duration of the experiments.

In vivo analysis of HIV clearance.

The amounts of HIV in the whole blood were calculated using the HIV p24 concentrations 

and the blood volume of the mouse (2.58 mL/25g mouse(15)), and clearance were plotted as 

the amounts of HIV p24 per mouse versus time.

HIV pseudovirus-antibody binding assay.

The 96-well plates were coated with 10μg of Galanthus nivalis lectin (GNA) (34, 35) 

(Sigma-Aldrich) at a concentration of 0.1mg/ml and incubated overnight at RT. After 

washing with PBS, 1010 HIV in 10% goat serum was added to each well and incubated in 

37°C for 30 minutes. To achieve maximum binding, the plates were centrifuged twice at 

4000x G for 15 minutes at 25°C followed by 1h incubation at 37°C. After washing with PBS 

containing 10% goat serum, the Alexa 594 fluor-labelled HIVIG/Pentamix were added to 

the wells and incubated for 4 hours at 37°C. Controls included HIV alone and Abs alone. 

After washing with PBS containing 10% goat serum the concentration of HIV-GFP and Abs 

−594 was measured using Enspire™ Multimode Plate Reader (Perkin Elmer).

Labeling of antibodies and HIV.

The HIV or Abs at a concentration of 2mg/ml in 1X borate buffer (Thermo fisher) was 

incubated with 500μg/mL Alexa Fluor 488/Alexa Fluor 594 NHS Ester (Succinimidyl Ester) 

(Invitrogen) or FITC (Life science) for 2 hours at room temperature. The free dyes were then 

removed by dialysis against PBS overnight in Slide-A-lyzer dialysis kit (Life Science). The 

efficiency of conjugation was assessed by comparing the protein concentration (μg/μL) of 

the dialyzed Abs or HIV with the concentration of fluor (pmol/μL). The fluor concentration 

was converted to μg/μl using the formula weight; the dye-to-protein ratio of fluor-conjugated 

HIV was 1:40, the dye to protein ratio of fluor-conjugated Abs was 1:100.

Organ distribution of immune complex.

The immune complexes containing HIV HIV plus HIVIG-594 were prepared and infused 

into 2B-KIX mice via retro-orbital plexus for 10 minutes. The major organs, namely liver, 

heart, lung, spleen and kidney, were harvested after euthanizing the mice. Approximately 

100mg of each organ was lysed in tissue cell lysis buffer (36) and fluorescence intensity was 

determined using an EnspireTM multimode plate reader (Perkin Elmer). The percentage 

distribution of HIVIG-594 was calculated by factoring the total weight of each organ.
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In vivo localization of immune complex.

The immune complex containing HIV-488 plus HIVIG-594 was prepared and infused into 

2B-KIX mice via retro-orbital plexus. After 3 min, the liver was harvested and fixed in 4% 

PFA. The liver samples were processed for immunofluorescence as we described earlier 

(15). The four-color immunofluorescence images were obtained via Olympus confocal 

microscope

Intracellular Localization of Immune Complex.

LSEC from 2B-KIX mice were plated on collagen-coated coverslips by incubating the cells 

for 2 hours in RMPI media containing 10% FBS in 24-well plates and washed twice with the 

same media to remove debris. The HIVIG-594 plus HIV-488 IC was then incubated with 

LSEC cells for 30 minutes at 37°C and 4°C respectively. Cells were washed to remove 

excess immune complex and fixed with 4% PFA. Nuclei were stained with DAPI. Cover 

slips containing LSEC were observed using Olympus Spectral FV1000 confocal microscopy

Endocytosis assay using live cell confocal microscopy.

LSEC isolated form 2B-KIX liver were seeded to collagen-coated dishes for 2h in RMPI 

media containing 10% FBS and then washed twice to remove debris. The HIV plus HIVIG-

FITC immune complex was then incubated with LSEC cells for 3, 7, 10, 15 and 30 minutes 

at 37°C/ 4°C and washed twice with 4°C RPMI media without FBS. Cells were analyzed 

using Nikon A1R live cell confocal microscopy for imaging with plan Apo optics of 60x in 

oil, laser wavelength at 487.8nm, laser power 1.0, pinhole radius at 28.1μm, calibration of 

0.21μm/px. The membrane-associated HIVIG-FITC was then quenched with 4mg/ml trypan 

blue (sigma) in PBS. Fluorescence images after quenching of trypan blue were obtained at 

the same spot. The images were quantified by ImageJ.

Penta-HIV immune complex colocalization to lysosomes of LSEC.

HIV-Penta mix in pH 8.5 borate buffer were labeled with Alexa 488 and Alexa 647, 

respectively. The free fluor was removed by dialysis against PBS. Immune complexes (ICs) 

were prepared by pre incubating 488-HIV and 647-Penta mix at 37°C for 4 hours. LSEC 

from 2B-KIX liver were plated on gelatin coated coverslip for 2 hours in DMEM/F12 media. 

488-HIV-647-Penta immune complex were pulse chased by incubating with LSEC for 1.5 

hours at 37°C then wash to remove unbound and incubated from 4 hours to 12 hours and 

fixed in 4% paraformaldehyde (PFA). LSEC were permeablized using ice cold methanol, 

blocked with human-IgG in PBS-FACS buffer at a concentration of 2mg/ml. LSEC were 

immuno-labelled with rat anti-mouse LAMP-1 Ab and followed by secondary 594-anti rat 

IgG. Nucleus was stained with DAPI. The over slips containing LSEC were analyzed and 

imaged in Olympus Spectral FV1000 Confocal microscopy. Lysosomal uptake percentage of 

ICs was calculated using ImageJ.

For colocalization of HIV-Penta immune complex with Texas Red dextran, LSEC from 2B-

KIX mice were plated on gelatin coated coverslip for 2 hours. 488-HIV-647-Penta ICs and 

Texas Red-dextran were pulse chased by incubating with LSEC for 1.5 hours at 37°C and 

cells were washed to remove excessive IC, and incubated for overnight, and then fixed with 
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4% PFA. Nucleus was stained with DAPI. LSEC were then analyzed and imaged in 

Olympus Spectral FV1000 Confocal microscopy.

Scanning Electron Microscopy LSEC.

LSECs isolated from 2B-KIX mice were seeded to collagen coated dishes for 2 hours in 

RPMI media containing 10% FBS and then washed thrice with RPMI (10% FBS) to remove 

debris. The LSECs were then fixed with 2.5% glutaraldehyde in 0.1M phosphate buffer for 1 

hours in RT, followed by 2 hours at 4°C. LSECs were post-fixed in 1% osmium in 0.1M Na 

cacodylate for 1hour. While rocking, cells were dehydrated 10min at a time in graded 

ethanol series (50%, 70%, 80%, 90%, 100%, 100%, 100% EtOH). All samples were then 

infiltrated with HMDS (hexamethyldisilazane) 15min at a time in a graded series (3:1 EtOH: 

HMDS, 1:1 EtOH: HMDS, 1:3 EtOH: HMDS, 100% HMDS, 100% HMDS, 100% HMDS). 

HMDS was removed from samples; samples were air dried and then mounted for imaging.

HIV pseudovirus Neutralization Assay.

Neutralization assay was performed using TZM-bl cells and HIV pseudotyped with HXB2 

Env. Serial dilutions of HIVIG and pentamix of MAbs with a starting concentration of 5.9 

and 6.6 mg/ml, respectively were made in DMEM medium in 96 well microtiter plate and 

isolated HXB2 virus at an approximate concentration of 1E8 was added to desired wells. 

The mixture was co-incubated for 2 h at 37°C including no Ab virus control and cells alone 

control in defined wells. After 2 h, immune complexes were added to target cells (1× 104 

TZM-bl) and incubated for 48h. HIV replication was assessed using quantitative Promega 

luciferase reporter assay kit. The average relative light units (RLU) were measured using 

Molecular Devices spectramax i3X injector. The relationship between HIV input and RLU 

was used to calculate the percentage of neutralization and also the median tissue culture 

infective dose that produces pathological changes in 50% of cell cultures infected (TCID50).

Statistical Analysis.

For statistical analysis a two-tailed Student’s t-test was used for two-group comparison, and 

p value less than 0.05 was considered significant (*p<0.05, **p<0.01, ***p<0.001). All 

analyses were run using GraphPad Prism version 6 or SigmaPlot version 12.3.

Data availability.

All data in this article are available upon request. Information regarding human samples, 

experimental design, and materials can be found in the Materials and Methods section.

RESULTS:

Human LSEC express only FcγRIIb.

To determine the expression pattern in human liver for various FcγRs, we analyzed human 

liver by immunofluorescence microscopy (IF), using pan-anti-human FcγRII mAb KB61, 

which was demonstrated to have similar binding affinity to FcγRIIa and FcγRIIb (37). We 

confirmed the published finding that human liver sinusoidal endothelium is highly positive 

for FcγRII a/b expression (38). We further found that the IF signal from KB61 colocalizes 
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with an LSEC marker anti-mannose receptor (MR) (Figure 1 top row) showing a similar 

staining pattern. The MR expression in KC was confirmed to be weak or nil in human liver 

(data not shown) similar to murine liver (15). Importantly, we found that FcγRIIa/b 

expression colocalizes perfectly with the signal from anti-human FcγRIIb-specific pAb 163 

(Figure 1, 2nd row) suggesting that LSEC specifically expresses FcγRIIb. In contrast, the 

anti-FcRγ-chain Ab does not stain FcγRIIa/b-positive endothelial cells (Figure 1, 3rd row); 

instead, the staining pattern of anti-FcRγ matches the KC-specific endosomal/lysosomal 

marker anti-CD68 (Figure 1, 4th row). Further colocalization analysis using antibodies 

against anti-human FcγRI and FcγRIII shows that FcγRI and FcγRIII, are not expressed in 

LSEC whereas they are in KC (Figure 1, bottom 2 rows). Using polyclonal antibodies 

(pAbs) specific for FcγRIIa and FcγRIIb, namely 260 and rabbit-anti FcγRIIb (Novus 

Biologicals) respectively, in an immunoblot protocol, we found that the human liver weakly 

expresses FcγRIIa (Figure 2B) compared to the positive control cell line U937. In contrast, 

human liver strongly expresses FcγRIIb (Figure 2A) similar to the positive Raji cell control. 

Reprobing the FcγR blots with anti-β-actin confirmed equal loading of samples (Figure 2 A 

and B, bottom panels). Together, these findings show that in human, LSEC express only 

FcγRIIb.

Construction of human FcγRIIb-expressing 2B-KIX mice and evaluation of transgene 
expression.

To evaluate human anti-HIV Abs in mice, we engineered a mouse strain expressing human 

rather than mouse FcγRIIb (2B-KIX: FcγRIIb-Knock-In; Xencor). Briefly, the gene 

sequence for the extracellular domain of mouse FcγRIIb (exon 4-exon7) was replaced with 

the gene sequence for the extracellular domain of human FcγRIIb; the sequence for the 

mouse intracellular domain was retained (Manuscript in review).

LSEC of 2B-KIX mice express human, but not mouse FcγRIIb.

To obtain purified LSEC preparations we avoided controversies regarding the LSEC 

phenotype shown differently by various laboratories (18). Instead, we developed our own 

method employing two additional negative selection steps, using mAb F4/80 and anti-CD45 

mAb, to remove Kupffer cells (KC) and other leukocytes, respectively from liver cell 

suspensions. The histogram analysis of purified and enriched LSEC (F4/80−CD45−CD146+) 

from BALB/c mice using two-color flow cytometry confirmed the presence of LSEC marker 

in purified cells that were seen earlier in vivo, namely 2.4G2+ and F4/80−(15) (Figure 3A). 

The purity of immuno-magnetically triple-selected LSEC was reproducibly >97% and the 

yield was 2 million LSEC per mouse (n=9). The gating strategy before and after enrichment 

of LSEC and the positive and negative selection methods are validated based on enrichment 

of LSEC achieved from 3% of non-parenchymal cells to 88% (Figure S1 B). The five-color 

flow cytometric analysis using markers for various liver cells, namely F4/80 (KC), CD11c 

(dendritic cells), NK 1.1(NK cells), desmin (stellate cells), and 2.4G2 (LSEC), substantiated 

the purity of the LSEC preparation, in that we found <1% contamination with other liver 

cells (Figure 3B). The presence of fenestrae are considered the gold standard morphologic 

feature distinguishing LSEC from other cells of the liver (39). LSEC purified by triple 

immune-magnetic separation showed by SEM the typical fenestrae in the membrane (Figure 

3C).
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In order to test the phenotype of purified LSEC from humanized mice, we first confirmed 

the specificity of anti-human FcγRIIb mAb 4F5 (25) labeled with fluor Alexa 594, for 

specificity for human, but not mouse, FcγRIIb, using mouse B cell line (A20), a human B 

cell line (Raji), and a cell line that lacks FcγR (HEK) (Figure S1 C–E). The two-color flow 

cytometry and confocal imaging of 2B-KIX LSEC showing positivity for 4F5 and negativity 

for 2.4G2 confirms that the extracellular domain of LSEC from 2B-KIX expresses human 

FcγRIIb (4F5) and lacks the extracellular domain of mouse FcγRIIb (2.4G2) (Figure 3D) 

(Figure 3E). On the other hand, LSEC from BALB/c mice did not bind to anti-human 

FcγRIIb mAb 4F5, but bound to 2.4G2 (Figure S2). LSEC from 2B-KIX mice consistently 

expressed the characteristic fenestrae of the LSEC phenotype. EM images of purified LSEC 

mounted from cell suspensions showed spheres with redundant folded plasma membrane, 

consistent with their appearance in vivo as extended thin cells (Figure 3F).

NAbs enhance clearance of HIV from circulation better than HIVIG.

Having earlier noted that intravenously infused HIV-LP are cleared from circulation largely 

by LSEC (16), we asked whether such clearance could be enhanced with anti-HIV 

polyclonal Abs (pAbs) and monoclonal NAbs. In order to study Ab-mediated enhancement 

of clearance, we first prepared Ab-HIV-LP and measured the particle size by nanosight. The 

diameters of the particles, measured as mode ± SE by high-resolution image analysis of 

particle Brownian motion were, for HIV-LP alone, ~120 ± 7 nm; for HIV-LP opsonized with 

anti-HIV pAbs (HIVIG-HIV-LP), ~143± 10 nm; and for HIV-LP opsonized with a mixture 

of 5 NAbs (penta-HIV-LP), ~134 ± 8 nm. Larger size of the HIVIG-HIV-LP could be 

because HIVIG contain both NAbs and non-NAbs that can recognize a wide variety of Env 

epitopes, including non-functional spike proteins. In contrast, NAbs recognize only 5 

epitopes on native Env trimers, each with a maximal occupancy of 3 antibodies per 

specificity. Our data are in accordance with in vitro virion capture assays where bNAbs 

usually perform less well compared to non-NAbs contained in HIVIG (40–43). We then 

infused 2B-KIX mice intravenously with either HIVIG-HIV-LP or penta-HIV-LP along with 

their respective controls, and measured the disappearance of HIV-LP from circulation over 

time. The HIV-LP concentrations in blood were measured using a p24 ELISA. The standards 

were also diluted with blood. Blood HIV-LP concentrations were not significantly different 

at early times between HIVIG and human IgG, but became significantly lower in HIVIG 

compared to human IgG at later time points, i.e., 5 and 10 min (Figure 4A). In contrast, 

Blood HIV-LP concentrations were significantly lower at all-time points when treated with 

pentamix of 5 NAbs compared to irrelevant isotype control anti-dengue antibody (Figure 

4B). Interestingly, though the shape of clearance curves of HIV-LP appears very similar 

between anti-dengue-HIV-LP and penta-HIV-LP, the major drop of blood HIV levels occurs 

in 30 seconds after infusion, suggesting a very rapid and huge clearance by penta-HIV-LP 

within 30 seconds. With one-pass circulation time of blood in a mouse being approximately 

15 seconds in circulation (44), the HIV-LP was exposed to LSEC with 2 passes, during 

which NAbs have facilitated clearance of HIV-LP. In order to quantitatively compare the 

difference in clearance between HIVIG and Penta, we subtracted the amount of HIV-LP 

remaining in blood of antibody-treated groups from that of their respective controls at the 

end of the clearance (10 min) and plotted in Figure 4C. The data suggests that NAbs clears 

HIV-LP significantly more than HIVIG.
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We next asked whether the enhanced clearance by NAbs was due to more amount of Abs 

bound to HIV-LP. We plated fixed amounts of HIV-LP, added varying concentrations of Abs, 

quantified Ab binding, and plotted the ratio of Ab to HIV-LP vs the concentration of Ab. 

The binding curve suggested that the saturating concentration at which maximum binding 

occurs was not different between HIVIG and pentamix (Figure 4D), both saturating at about 

0.5mg/ml after which no further binding occurred. However, at every input concentration 

about twice as much HIVIG was bound to HIV-LP than with pentamix.

Relating binding and clearance, we observed lower binding in vitro and enhanced clearance 

of HIV-LP in vivo by pentamix compared to HIVIG. Our results suggests that HIVIG may 

dissociate from HIV-LP in vivo where as pentamix did not. We further confirmed that 

pentamix has higher neutralization potential than does HIVIG using pseudotyped HIV 

(Figure 4E).

Liver is the major organ that clears antibody-opsonized HIV-LP.

To identify the organ responsible for the enhanced clearance of Ab-HIV-LP, we quantified 

the organ distribution of intravenously infused mixtures of HIVIG and Alexa 594 

conjugated-HIV-LP (594-HIV-LP) following our published protocols (10, 15). Ten minutes 

after infusions, we recovered 86±9% in liver, 2.2±1.1% in lung, 0.1±0.3% in spleen, 

1.8±1.3% in kidney and 9.0±9% in blood circulation suggesting strongly that liver is the 

major organ responsible for clearing circulating Ab-opsonized HIV-LP (Figure 5A).

In the liver, HIVIG-HIV immune complex is distributed primarily to LSEC.

Having confirmed that the liver is the major organ clearing HIVIG-HIV-LP, we elucidated 

the cell types responsible for the rapid uptake. We examined paraformaldehyde (PFA)-fixed 

liver sections by 4 color fluorescence confocal microscopy at three minutes post infusion. To 

visualize the immune complex we tagged HIV-LP with Alexa 488 fluor (green) and HIVIG 

with Alexa 594 fluor (red). Abundant green puncta colocalizing with red puncta lined the 

sinusoids of liver images, indicating close proximity and distribution of complexes of 

HIVIG 594 - HIV-LP 488 (Figure 5B). No HIV-LP or Ab was associated with hepatocytes 

or with the endothelial cells of larger veins. Quantification from more than 30 similar liver 

images from three different mice revealed that a remarkably large amount of immune 

complex (about ~70% of HIV-LP 488 and 78% of HIVIG 594) localized to LSEC, 

confirming that LSEC are the major cells responsible for the clearance of HIVIG-HIV-LP 

circulating immune complexes (Figure 5C).

Human FcγRIIb mediates clearance of HIVIG-opsonized HIV-LP.

Having learned that LSEC are the major cell involved in clearing HIVIG-HIV-LP (Figure 5) 

and that LSEC from 2B-KIX mice exclusively express human FcγRIIb (Figure 3), we 

investigated whether human FcγRIIb mediates the enhanced clearance of HIVIG-HIV-LP. 

To address this question, HIVIG-HIV-LP was infused into both 2B-KIX mice and FcγRIIb 

KO mice, and decay curves were plotted. As predicted, blood HIV-LP concentrations 

decreased significantly more slowly in FcγRIIb KO mice than in 2B-KIX mice (Figure 6).
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LSEC bind and endocytose HIVIG-HIV-LP immune complexes.

After demonstrating that HIVIG-HIV-LP complexes are eliminated from blood by liver 

LSEC FcγRIIb (Figure 5B & 5C), we identified the effector mechanism by which HIVIG-

HIV-LP was taken up by LSEC. LSEC from 2B-KIX mice were used to study the immune 

complex in vitro uptake process in a time dependent manner at 37°C and 4°C. In confocal 

images of LSEC from 2B-KIX mice, we found HIV-LP 488 (green puncta) colocalized with 

HIVIG 594 (red puncta), confirming the association of the HIV-LP with HIVIG (Figure 7A). 

When incubated with LSEC at 37°C, HIVIG 594 -HIV-LP 488 appeared to move into LSEC 

during 30 min incubation (Figure 7B). In contrast, at 4°C, HIVIG 594 -HIV-LP 488 

associated only with the LSEC outer membrane.

Quantifying the endocytosis (Figure 7B, C&D) using trypan blue as a quenching reagent of 

membrane associated FITC fluorescence confirmed that at 37°C, HIVIG plus FITC-HIV-LP 

bound increasingly to LSEC in vitro during the first 15 minutes and then plateaued from 15 

to 30 minutes (45, 46), whereas mouse macrophage cell line RAW 264.7 starts to endocytose 

only at 10 minutes (Data not shown). The percentage of internalized immune complex 

increased from ~50% to ~75% during the 30 minutes incubation, extending our in vivo 
results (Figure 7C). At 4°C, the quantification showed no increase in uptake or 

internalization of HIVIG FITC-HIV to LSEC within 30 minutes (Figure 7D). These findings 

strongly suggest that the uptake and clearance of HIVIG FITC-HIV-LP by LSEC occurs via 

an endocytic mechanism.

Pentamix-HIV-LP immune complex localizes within lysosomes of LSEC.

Next, we investigated the fate of endocytosed Ab-HIV-LP. Since lysosomes function to 

degrade endocytosed biological proteins and particle, we asked whether Ab-HIV-LP could 

traffic to the lysosomes of LSEC. Anti-LAMP1 immunofluorescence staining for lysosome 

associated membrane protein (LAMP1) in LSEC shows that LSEC are in the process of 

endocytosing penta-HIV-LP within small vesicles in close proximity to the nucleus (Figure 

8). In addition, all vesicles containing the penta-HIV-LP were LAMP1 positive.

We used a second strategy to confirm that penta-HIV-LP were endocytosed into endosomes 

that fuse with lysosomes. In this case, LSEC were incubated with Texas Red-dextran for 1.5 

h followed by a chase for either 4.5 h or 10.5 h, leading to dextran localization to lysosomes 

(47). As expected, penta-HIV-LP co-localized with Texas Red-dextran within lysosomes at 6 

and 12 h (Figure S3). Together, these results indicate that penta-HIV-LP are taken up into 

vesicles that fuse with lysosomes.

To establish the capacity of LSEC to clear circulating Ab-HIV-LP, we next used high 

magnification image analysis to measure the average volume and number of LAMP1-

positive vesicles containing HIV-LP particles at the 12 h time point. Each LSEC contained 

50 to 100 LAMP1-positive vesicles and ~70% of them were filled with Ab-HIV-LP. The 

average diameter of the vesicles was 1.1 μm, corresponding to an average volume of 0.69 

μm3. Given the average size of Ab-HIV-LP (0.14 μm in diameter and volume of 0.0014 

μm3), we calculated that each LAMP1-positive vesicle could accommodate up to ~492 Ab-
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HIV-LP and one cell could ingest up to 25,000 Penta-HIV-LP. With a minimum of at least 

four million LSEC per mouse, LSEC could clear up to 1011 Penta-HIV-LP IC per mouse.

DISCUSSION:

Our findings presented here reveal several novel features on the mechanism of how anti-HIV 

Ab hastens the clearance of HIV-LP particles from the systemic blood circulation in mice. 

We demonstrate that intravenously infused HIV-LP opsonized with Ab is cleared from blood 

by FcγRIIb expressed on the surface of LSEC. Once cleared by LSEC, cell-bound HIV-LP 

is endocytosed. Previous reports have suggested that clearance of cell-associated HIV occurs 

by activation of FcγR (48, 49), mediated by effector functions such as ADCC and 

phagocytosis. Our results suggest that elimination of cell-free HIV by Abs occurs mainly via 

inhibitory receptor FcγRIIb. Previous reports of Ab-mediated acceleration of virus (50) and 

HIV (4) provided the initial stimulus for our studies. In this report, we extended these 

studies and identified the effector cell, effector function and Fcγ receptor as important 

components of the cell-free HIV clearance. Specifically, we show that un-opsonized HIV-LP 

are cleared from blood by a non-Fcγ receptor-mediated mechanism that has yet to be fully 

explored (16). Further, we show that both HIV-LP and Ab-HIV-LP, once cleared, eventually 

reach lysosomes inside LSEC, presumably for degradation. The Ab impact on HIV 

clearance is apparent from our composite experimental results.

The major difference between the control Ab opsonized HIV and Ab-HIV at the first 

measurement time point (Figure 4B) is typical of LSEC clearance mechanism that we have 

repeatedly observed for various ligands including small immune complexes and LPS (10) 

(Manuscript in review). We interpret these kinetics as first minute after infusion, the LSEC 

FcγRIIb become rapidly and maximally occupied by Ab-HIV, making majority of Ab-HIV 

to disappear from the circulation so quickly, after which only very slow decay happens. The 

control Ab opsonized HIV clearance may indicate the clearance of naïve HIV that we have 

reported earlier (16), which is further enhanced by the presence of anti-HIV antibodies 

(Figure 4). Our data suggest that the rapid clearance of Ab-HIV from blood circulation 

depicted in Figure 4, is followed by endocytosis uptake of immune complex (Figure 7), and 

further followed by trafficking to the lysosomes (Figure 8). Previous literature suggests that 

possible routes for HIV-1 infection include fusion at the cell surface and fusion early in the 

endocytic pathway prior to lysosomal acidification. In lysosomes the HIV are degraded by 

lysosomal acidification (51). Thus, although HIV-LP that enters the host cell can also cause 

productive infection, the majority of HIV-LP internalized by endocytosis and localized in a 

LAMP1 organelle are not productively infective and are eventually degraded. The fast 

kinetics of clearance followed by faster endocytosis and trafficking to lysosomes represent 

significant cellular host defense to HIV-LP by LSEC. Indeed, previous studies demonstrated 

that treatment of cells with pharmacological agents that elevate the pH of lysosomes allows 

HIV-LPSF2 to efficiently infect host cells, suggesting that lysosomal uptake of HIV moves 

virions into a degradation pathway (52). The degradation pathway has been shown to extend 

to all HIV isolates tested regardless of co-receptor used for infection (51). We demonstrate 

in that no other organ or cell type exerted substantial endocytosis of HIV. Although we have 

used non-infectious HIV-LP to identify the effector cell involved in clearance, others have 

also shown that Ab-opsonized infectious HIVDH12 particles are rapidly degraded in the liver 
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of macaques, when they were unable to demonstrate the presence of HIVDH12 RNA (4). 

Thus, we speculate that, in human LSEC, FcγRIIb-mediated endocytosis of Ab-opsonized 

HIV leads to viral degradation into lysosomes faster than HIV alone, minimizing the 

likelihood of productive HIV infection.

We can effectively exclude the participation of other FcγR in the clearance process we 

describe, given that FcγRIIb is the only Fc family member expressed on LSEC of both 

mouse and human. Therefore, while FcγRIIb is commonly known for its capacity to inhibit 

agonist activity driven by other members of the FcγR family, and is thus dubbed the 

‘inhibitory’ FcγR, it can also mediate endocytosis of IgG immune complexes, ordinarily 

considered an ‘activating’ or ‘agonist’ function, as shown in transfected cell lines (53–55). 

While the former inhibitory function requires a specific sequence in the cytoplasmic tail of 

the FcγRIIb protein centered about a phosphotyrosine, this unique tail sequence appears not 

to be required for the endocytic function (53, 54, 56).

Attempting to clarify the relationship of receptor affinity for IgG and the avidity of receptor-

expressing cells for IgG-opsonized virus, we note that the avidity of an opsonized particle 

for an FcγR-expressing cell is a complex phenomenon. Two variables must be considered. 

One is the affinity of the Ab for the receptor, which varies among IgG subclasses up to ~50 

fold, for the low affinity receptors (57, 58). The other is the number of Abs linking the 

particle with the FcγR-expressing cell that constitutes the avidity. The magnitude of the 

avidity depends on the sum of binding energies of the several Ab molecules mediating the 

virus-cell interaction. Previous studies showed that avidity (of a particle for a cell) increased 

about 300 fold when four Abs, rather than a single Ab molecule, bound to a particle (59–61). 

All the NAbs that we have used are IgG1 subclass. The binding affinities of human FcγRIIb 

for human IgG1, IgG3 and IgG4 are similar, the outlier being IgG2, which has very low 

affinity. Considering avidity, we anticipate that virtually all subclasses of IgG Ab, regardless 

of their individual affinities for FcγRIIb, would likely mediate an effective endocytic 

response.

Our results show that a mixture of NAbs clear HIV more efficiently from circulation than 

polyclonal HIVIG. Why do NAbs clear more vigorously than the HIVIG even though 

HIVIG offered a higher antigen to antibody ratio than NAbs? Possibly, HIVIG from non-

symptomatic HIV patients consist of Abs against multiple epitopes in HIV in addition to 

irrelevant antibodies, leading to crosslinking in vitro, but the antibodies may be due to 

weaker affinity detach in vivo resulting in weaker clearance. Identifying a combination of 

NAb with very high binding affinity for HIV has the potential to form immune complexes of 

higher Ab to HIV ratios. This might enhance the clearance function of NAb, even at lower 

therapeutic concentrations. Moreover, our data suggest that NAb opsonized HIV or 

neutralized HIV do not remain in the circulation, but rather are actually eliminated from 

circulation. Our data also propose that polyclonal anti-HIV Abs, whether elicited by 

infection or by a vaccine, could accelerate viral clearance from circulation.

While we have not tested purified non-NAbs for their capacity to mediate HIV clearance in 

our assays by comparing neutralizing and non-neutralizing mAbs, we think it highly likely 

that clearance by HIVIG indicates mediation by both Ab classes as long as they maintain 
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affinity in vivo. Thus, our studies showing clearance of cell-free HIV complement the 

observations of others that these antibodies clear HIV-infected cells (49, 62, 63).

Our results show that a little-studied innate immune function, mediated by an Fcγ receptor 

in the liver, may contribute to the control of HIV infection. Such a control mechanism, 

whether elicited during HIV infection or by HIV vaccines, might not offer complete 

protection, given that the host ultimately succumbs, for a variety of reasons, including a 

higher production rate of HIV(14). However, we note that the clearance capacity of FcγRIIb 

can be enhanced by genetic manipulation of the NAb to have enhanced binding for FcγRIIb 

(en-FcγRIIb NAb). Such a strategy, currently exploited for treatment of systemic lupus 

erythematosus and other autoimmune diseases, involves modification of the Fc region of 

human IgG1 to enhance its affinity for FcγRIIb by 300–400 fold without increasing its 

affinity for FcγRI, FcγRIIa, or FcγRIIIa (64, 65). Thus, our project may provide a potential 

approach to enhance the efficacy of HIV Ab immunotherapy.

Furthermore, the en-FcγRIIb NAb therapy can be part of “shock and kill” approach to 

eliminate latest HIV reservoirs (66) that induces HIV production from reservoirs using 

latency reversing agents (LRA) and then eliminate HIV. But the elimination process has to 

be rapid, before HIV establish another reservoir elsewhere via systemic viremia (66). Our 

findings suggests that using LSEC FcγRIIb mediated endocytosis ability, the rapid clearance 

from blood stream can be achieved within few minutes. Accordingly, pairing LRA with en-

FcγRIIb NAb might help to completely eradicate HIV from infected individuals.
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Key points:

1. Neutralizing Ab opsonized HIV were cleared faster from blood circulation 

than HIV

2. FcγRIIb, the lone FcγR expressed in human LSEC clear Ab-HIV via 

endocytosis

3. Endocytosed Ab-HIV localize to lysosomes of LSEC
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Figure 1. Human LSEC express only FcγRIIb.
Representative three-color immunofluorescence image from three biologically independent 

human liver samples. The 4 panel top row portrays the expression pattern of FcγRIIa/b in 

human liver using pan FcγRII mAb KB61 (green) along with LSEC marker anti-mannose 

receptor (MR) (red). The 2nd row shows the expression of FcγRIIb using pAb 163.96 

(green) that colocalizes with mAb KB61 (red). The 3rd row shows the expression of 

FcγRIIa/b using mAb KB61 (green) along with anti- FcRγ (red). The 4th row illustrates the 

expression of FcRγ (green) along with KC marker CD68 (red). The 5th row illustrates the 

expression of FcγRI (green) along with FcγRIIb using pAb 163.96 (red). The 6th row 
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demonstrates the expression of FcγRIII (green) along with FcγRIIb using pAb 163.96 (red). 

The column 3 shows the merged image of first two columns. Column 4 shows the merged 

images of the first two columns along with DIC and DAPI staining of nuclei (blue). The 

scale bar in 1st column indicates 20μm.
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Figure 2. Human liver express more of FcγRIIb than FcγRIIa.
A. An ECL-developed Immunoblot (IB) using rabbit pAb showing FcγRIIb expression in 

human liver lysates and cell line lysates prepared as described in M&M. Numbers are MW 

markers in kDa. The IB are representative of data from 3 different human liver samples/

biological replicates. B. An ECL-developed IB using rabbit pAb 260 showing FcγRIIa 

expression in human liver lysates and cell line lysates prepared as described in M&M. 

Numbers are MW markers in kDa. Numbers are molecular mass markers in kDa. The lower 

panels of A and B show loading control anti-β-actin. Arrows in top panels point the bands 

for FcγRIIb isoforms b1 and b2 (Panel A) and FcγRIIa (Panel B).
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Figure 3. A-C: Flow cytometry analysis confirms purity of isolated mouse LSEC. D-F: LSEC 
from 2B-KIX mice express human FcγRIIb and not murine FcγRIIb.
A. Representative flow cytometric acquisition plot showing gated LSEC preparation from 

BALB/c mouse showing two color flow cytometric analysis of 2.4G2 FITC plus F4/80 PE, 

and histogram representation of single Fluor expression. The results are representative of 4 

different experiments and mice/biological replicates. B. Five color flow cytometric analysis 

of gated LSEC from BALB/c mouse for 2.4G2 PE-Cy7, F4/80 PE, NK-1.1 FITC, Desmin 

Pac-blue, and Cd11c Percp. Two colors analyzed at one given time are shown in one Figure. 

C. The picture shows the SEM image of LSEC from a BALB/c mouse. Arrows point 

fenestrae. The insert projected represents zoomed view. D. Representative two color flow 

cytometric analysis of gated LSEC from 2B-KIX mouse for 2.4G2 FITC plus 4F5 594 along 

with histograms showing single colors from 3 different experiments and mice. In A-D, 

events from isotype controls are represented as blue dots/blue peaks and from primary 

antibodies as red dots/red peaks. The average percentage of events showing single or double 

positive expression from three different LSEC preparations is indicated in respective 

quadrants. E. Confocal microscopic image of LSEC from 2BKIX showing labeling of 4F5 
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(top row) and 2.4G2 (bottom row) along with DIC and DAPI (nucleus). F. The picture shows 

the SEM image of LSEC from a 2B-KIX mouse. Arrows point fenestrae. Note folded and 

layered cell membranes of LSEC. The scale bar in C, E and F indicates 5μm.

Turman et al. Page 27

J Immunol. Author manuscript; available in PMC 2022 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. NAbs enhance clearance of HIV from circulation better than HIVIG and Antibody-to-
HIV ratio in the immune complexes does not correlate positively with clearance efficiency.
The clearance kinetic curve shows disappearance of Ab-HIV from blood circulation of 2B-

KIX mice. Mice were infused by retro-orbital plexus of Ab-HIV prepared using 5×1010 HIV 

and 25mg/kg of either HIVIG or pentamix of Nbs along with their isotype controls namely 

human IgG or Anti-Dengue IgG, respectively as described in M&M. The clearance curve 

data are representative of two different experiments with each 4 mice per group/biological 

replicates. Panel A shows clearance of HIVIG-HIV (red open circles) and control human 

IgG (black closed circles). Panel B shows the clearance of pentamix-HIV (blue open circles) 

and irrelevant isotype control anti-dengue IgG opsonized HIV (black closed circles). The 

curve describes the HIV particle numbers in blood per mouse cleared over ten min time ± 

SD using data averaged from 4 different mice. The data in percentage with assumed blood 

concentration at time zero as 100%. This was based on the injected dose divided by blood 

volume of a mouse. C. Plotted curves describe the difference of HIV blood concentrations ± 

SD between Ab-HIV and the respective control group at 10 min using data averaged from 4 

different mice. D. Dose-dependent Ab-HIV binding curves expressing the antibody to HIV 

ratio for HIVIG (red line) and pentamix (blue line). Representative curves from two different 

expts (n=2) showing the binding of various concentrations of Alexa-594 labelled Ab to GFP-

expressing HIV, which was immobilized on GNA coated plates. The binding ratios were 

measured and calculated based on the fluorescence units obtained from fluorimeter.
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E. Dose-dependent neutralization curves expressing the neutralizing efficiency to HIV for 

HIVIG (red line) and pentamix of MAbs (blue line). Representative curves from 3 different 

experiments showing the neutralizing efficiency of various concentrations of antibodies plus 

108 infectious HIV particles to the TZM-bl cells. The neutralizing efficiency was measured 

and calculated based on the luminescence units generated by luciferase reaction from 

infected cells.

Values of all significant correlations (p<0.05) are given with degree of significance indicated 

(* p<0.05, ** p<0.01, *** p<0.001) by students t-test.
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Figure 5. A. Liver is the major organ that clears antibody opsonized HIV. B-C. In liver, HIVIG-
HIV immune complex is distributed primarily to LSEC.
A. The bar graph shows the distribution percentage of HIVIG-HIV to various organs 

including blood after factoring total organ weight ± SD from 3 different mice. The * 

represents a p value of 0.05 by students t-test. B. Four-color confocal fluorescence 

microscopic image of 5μm liver section from 2B-KIX mice after 3 min infusion of immune 

complex made of HIV-488 and HIVIG-594. a. Green puncta identify HIV particles. b. Red 

puncta identifies HIVIG. c. Mannose receptor (MR) labelled in blue color outlines LSEC. d. 
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F4/80 in magenta color delineates KC. e. Merged a and b. f. Merged a-d plus DIC. Scale bar 

in a panel indicates 10μm. C. Bar graph showing quantitative colocalization analysis of 30 

images from 3 mice/biological replicates similar to the image represented in A. The graph 

shows the percentage of HIV (green puncta) and HIVIG (red puncta) colocalizing with 

signal from LSEC marker MR (blue) and KC marker (magenta).
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Figure 6: Human FcγRIIb mediates clearance of HIVIG-opsonized HIV.
Clearance kinetics showing disappearance of HIVIG-HIV from blood circulation of 2B-KIX 

mouse (red open circle) and FcγRIIb KO (black closed circle). Mice were infused by retro-

orbital plexus of HIVIG-HIV prepared using 5×1010 HIV and 50mg/kg of HIVIG. The 

curve describes the HIV particle numbers in blood per mouse cleared over ten min time ± 

SD using data averaged from 4 different mice/biological replicates. The data was drawn 

using a 1/Y prediction weighting decay model to smooth the connection of data points. 

Values of all significant correlations (p<0.05) are given with degree of significance indicated 

(* p<0.05, ** p<0.01, *** p<0.001) by students t-test.
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Figure 7. LSEC bind and endocytose HIVIG-HIV Immune complex.
A. Three-color fluorescence microscopic image of PFA fixed LSEC from 2BKIX mice, 

which where incubated with HIV-488 plus HIVIG-594 immune complex (IC) at 37°C/4°C 

for 30 min. (a, f) Green puncta identify HIV particles. (b, g) Red puncta identifies HIVIG. 

(c, h) DAPI (blue) identifies nucleus. (d, i) DIC (e, j) Merged (a)–(d)/(f)–(i). (a-e) Confocal 

microscopy images showing endocytosis of LSEC at 37°C, (f-j) confocal microscope images 

showing binding of HIV-488 plus HIVIG-594 IC by LSEC at 4°C. Scale bar indicates 5μm. 

B. Live cell confocal microscopic image of LSEC from 2B-KIX mice incubated with HIV 

plus HIVIG-FITC IC for various time points from 3 to 30 min at 37°C (top panel) and 4°C 

(bottom panel). Green puncta identify HIVIG FITC. C. Bar graph showing quantification of 

green puncta of HIV plus HIVIG-FITC IC from 25 live cell confocal microscopic images 

with and without trypan blue is shown here. The mean fluorescence intensity and the total 

pixel area of green puncta were measured and plotted. A total of 400 LSEC from three 

different mice/biological replicate were analyzed. Bar graphs show average fluorescence 

intensity and mean± SD per cell. Values of all significant correlations (p<0.05) are given 

with degree of significance indicated (* p<0.05, ** p<0.01, *** p<0.001) by students t-test.
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Figure 8. HIV-Pentamix immune complex localizes within lysosomes of LSEC.
A. Four-color fluorescence microscopic image of LSEC from 2B-KIX mice incubated with 

488-HIV–647-Penta complex at 37°C and immunolabelled with anti-LAMP-1 antibody at 

4hrs (Top Panel) and 12h (bottom panel). The data are representative of 15 images from two 

different mice/biological replicates. (a,e) Green puncta identify 488-HIV particles. (b,f) 

Pseudo colored Red puncta identifies 647-Penta mix. (c,g) Pseudo colored cyan identifies 

lysosome membrane structure marked by anti-LAMP-1 Ab. (d) Merged (a)–(c) plus DAPI 

stained nuclei and DIC. The scale bar represents 5 μm.
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