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Abstract

Human immunodeficiency virus type 1 (HIV-1) studies suggest that antibody-dependent cellular 

cytotoxicity (ADCC) influences both virus acquisition and subsequent disease outcome. Technical 

issues with currently available assays, however, have limited the ability to comprehensively assess 

the impact of ADCC on transmission and disease progression. Commonly used ADCC assays use 

a target cell line, CEM.NKr-CCR5-Luc, that often does not support replication of relevant HIV-1 

variants. Thus, the extent of ADCC responses against a large panel of HIV-1 strains often cannot 

be assessed using the currently available methods. We developed two new reporter cell-lines 

(MT4-CCR5-Luc and PM1-CCR5-Luc) to overcome these issues. MT4-CCR5-Luc cells are 

resistant, whereas PM1-CCR5-Luc cells are susceptible, to killing by a natural killer cell line, 

CD16+KHYG-1, in the absence of antibody. Polyclonal HIVIG gave similar ADCC estimates 

against HIV-1 isolate, NL4–3, regardless of which of the three cell lines were used as the targets. 

In contrast to CEM.NKr-CCR5-Luc and PM1-CCR5-Luc, however, MT4-CCR5-Luc target cells 

produce significantly higher luciferase after exposure to various HIV-1 strains, including 

transmitted founder variants and viruses incorporating specific envelopes of interest. This higher 

luciferase expression does not yield spurious results because ADCC estimates are similar when 

killing is assessed by both reporter protein expression and flow cytometry. Furthermore, ADCC 

estimates derived from MT4-CCR5-Luc cells are not skewed by non-antibody contents present in 

human plasma. In aggregate, the MT4-CCR5-Luc cell line can be used to estimate monoclonal 

antibody or plasma-induced ADCC responses against a diverse range of HIV-1 envelopes relevant 

for transmission and disease progression studies.
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1. Introduction

The majority of human immunodeficiency virus type 1 (HIV-1) vaccine trials have failed to 

demonstrate any protection against viral acquisition. However, the RV144 trial showed 

modest efficacy, although some have argued that the statistically significant differences were 

potentially due to chance [1]. Secondary analyses implied that the observed protection 

correlated with antibody-dependent cellular cytotoxicity (ADCC) responses and not the 

presence of neutralizing antibodies (nAbs) [2]. Vaccine elicited antibodies may have induced 

killing of infected cells either present in the infectious source or at the initial site of invasion. 

In addition to this ability to prevent initial infection, ADCC function may also be important 

in eliminating infected cells that persist even after prolonged virus suppression. Thus, 

ADCC may be important for achieving viral remission in the absence of antiretroviral 

medications [3, 4]. There is a great interest in the field to thoroughly investigate ADCC 

capacity present in different plasma and various antibodies to fully understand its role in 

providing sterilizing protection and achieving viral remission.

While nAb responses have been thoroughly examined in various patient samples and among 

monoclonal antibodies (mAbs), ADCC assessments have been hindered due to assay 

limitations. Estimating nAb responses has been greatly facilitated by the development of the 

TZM-bl assay. In this assay, neutralization is estimated by the relative proportion of TZM-bl 

reporter cells that are infected in the presence as compared to the absence of either plasma or 

an antibody of interest [5]. Importantly, the TZM-bl assay is highly versatile because the 

target cell line is universally susceptible to diverse HIV variants. In addition, the level of 

infection can be easily monitored by measuring reporter gene expression, through either 

luciferase or beta-galactosidase readout. These reporters have large linear ranges, and this 

lends reliability to the TZM-bl assay. A similar method to measure ADCC would be of great 

utility for future studies to decipher the role of ADCC during initial infection and disease 

progression.

While nAb assays measure the ability of an antibody to prevent infection of a naïve 

susceptible cell, ADCC methods estimate killing of virus bearing cells. ADCC depends on 

both the antigen binding fragment (Fab) and the fragment crystallizable (Fc) portion of an 

antibody. The antibody Fab binds to an epitope present on infected cells, such as the HIV-1 

envelope glycoprotein (Env), and the Fc interacts with the Fc receptor (FcR) on immune 

cells, such as monocytes, macrophages, neutrophils, dendritic cells, and natural killer (NK) 

cells [6]. NK cells have been found to be the predominant mediators of ADCC, and as a 

result, they are commonly used as effector cells in ADCC assays [7]. ADCC can be 

estimated by co-culturing HIV-1 infected primary cells with autologous immune cells in the 

presence as compared to the absence of antibody. This methodology, however, is labor 

intensive and highly susceptible to primary cell variability. Numerous techniques have been 

used to overcome some of the hurdles inherent to primary cell-based assays. For instance, 

the challenge of having Env present on the surface of target cells is often accomplished by 

pulsing cells with HIV-1 Env monomer, gp120 [8–10]. These non-infection-based assays are 

problematic for a number of reasons. First, accessible Env epitopes and Env density are 

likely different among productively infected cells as compared to gp120 pulsed target cells. 

Second, these assays are not amenable to high throughput testing against a large variety of 
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HIV-1 isolates, such as the different transmitted-founder (T/F) strains, because it requires the 

generation of the gp120 protein. Finally, pulsing cells with gp120 often leads to killing of 

both cells with attached Env and bystander cells [11]. These potential shortcomings may 

account for observed differences in ADCC assessments from cell infection-based assays as 

compared to methods that use gp120 pulsed target cells [12].

Alpert et al. [13] developed an infection-based ADCC assay that uses CEM.NKr-CCR5-Luc 

as targets and the NK cell line CD16+KHYG-1 as effectors to overcome issues associated 

with both primary cell-based and gp120-using methods [14, 15]. The CEM.NKr-CCR5-Luc 

cells endogenously express the CD4 and CXCR4 receptors, and they have been engineered 

to have high levels of CCR5 receptors [16]. HIV requires a combination of these receptors to 

enter cells and initiate infection [17–19]. Furthermore, the CEM.NKr-CCR5-Luc cells 

express luciferase after HIV-1 infection, which aids in estimating infected cell levels [20]. 

The NK cell line KHYG-1 was also engineered to express FcγRIIIa (CD16), termed 

CD16+KHYG-1 [13, 21]. CD16 interaction with an antibody’s Fc portion is necessary for 

NK cell-mediated ADCC, and this cell line was shown to express CD16 at levels similar to 

what has been demonstrated on primary NKs [13, 22, 23]. In this ADCC assay, infected 

target cells are incubated with an antibody or plasma and then co-cultured with 

CD16+KHYG-1. ADCC activity is estimated as the decrease in luciferase expression in the 

presence as compared to the absence of antibody.

Although the Alpert et al. assay has become a standard in the field, the CEM.NKr-CCR5-

Luc cells often do not support replication of diverse HIV-1 variants. Alpert et al. used 

spinoculation to “overcome the relative resistance of CEM.NKr-CCR5 cells to infection” 

[13]. A recent publication, and our studies, demonstrate relatively poor reporter gene 

expression in the CEM.NKr-CCR5-Luc cells after exposure to various HIV-1 variants [24]. 

This has limited the ability to assess ADCC responses against a broad range of primary 

strains, such as those isolated from acutely infected individuals (T/F) or the diverse variants 

present in chronically infected individuals.

We sought to overcome these issues with the CEM.NKr-CCR5-Luc cells by engineering 

novel lymphocyte cell lines that are both resistant to NK cell-mediated killing in the absence 

of antibody and more susceptible to a diverse range of HIV-1. The development of a new 

cell line to use as target cells in the Alpert et al. luciferase based ADCC assay will allow one 

to estimate ADCC breadth and potency in a high-throughput manner against diverse and 

clinically relevant variants, which will be useful for future prevention and virus remission 

efforts.

2. Materials and Methods

2.1 Cell Lines.

PM1 [25], 293T [26], and TZM-bl [27] cells were obtained from the NIH AIDS Reagent 

Program. CEM.NKr-CCR5-sLuc (subsequently referred to as CEM.NKr-CCR5-Luc) and 

the NK cell line, CD16+KHYG-1, were generously provided by Dr. David Evans [13]. MT4-

CCR5-GFP cells were generously provided by Dr. Paul Bieniasz [28].
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A Tat-inducible luciferase reporter gene was introduced into PM1 and MT4-CCR5-GFP 

cells using the following protocol. Briefly, 293T cells were co-transfected with: 1) 7.5μg of a 

plasmid LNSX-Luc-1 (generously provided by Dr. David Evans), which has a luciferase 

gene in 5’ position to a SIV long terminal repeat; 2) 6.75μg of plasmid pCL-10A1 

(generously provided by Dr. Suryarahm Gummuluru), which expresses packaging proteins 

for murine leukemia virus (MuLV); and 3) 0.75μg of a vesicular stomatitis virus protein G 

(VSV-G) expression vector (obtained from NIH AIDS Reagent Program), after incubating 

for 30 minutes in the presence of 45μL of Fugene. The virus was collected 48 hours later. 

Approximately 1×106 PM1 and MT4-CCR5-GFP cells were exposed to concentrated viral 

supernatant in the presence of 20μg/mL diethylaminoethyl cellulose (DEAE) for 4 hours at 

37°C. Cells were washed and plated in RPMI supplemented with 10% fetal bovine serum, 

2mM L-glutamine, 100U/mL of penicillin, and 100 μg/mL of streptomycin (RMPI 

complete) for 72 hours. Infected cells were selected by incubating cells in complete RPMI 

supplemented with 0.8μg/mL G418 (Sigma). The resulting cells were named PM1-Luc and 

MT4-CCR5-Luc.

PM1-Luc cells were further transduced with a CCR5 expression plasmid. Briefly, 293T cells 

were co-transfected with: 1) 7.5μg of a CCR5 expression plasmid pCX4pur-synCCR5 

(generously provided by Dr. Heinrich Gottlinger); 2) 6.75μg of pCL-10A1; and 3) 0.75μg of 

a VSV-G expression vector. Approximately 1×106 PM1-Luc cells were exposed to 

concentrated virus supernatant in the presence of 20 μg/mL diethylaminoethyl cellulose 

(DEAE) for 4h at 37°C. Cells were washed and plated in RPMI complete, and infected cells 

were selected by incubating cells in complete RPMI supplemented with 0.8μg/mL G418 and 

1 μg/ml puromycin. The subsequent cell line was named PM1-CCR5-Luc.

The NK cell line, CD16+KHYG-1, was maintained at a density of 5 × 105 cells per mL in 

RPMI medium (Invitrogen) consisting of 10% fetal bovine serum (Invitrogen), 25 mM 

HEPES (Invitrogen), 2 mM L-glutamine (Invitrogen), 0.1 mg/ml Primocin (InvivoGen), 1 

μg/ml cyclosporine (CsA)(Sigma), and 10U/mL interleukin-2 (IL-2)(NIH AIDS Reagent 

Program [29]).

2.2 Viruses.

Twelve global reference Envs were obtained from the NIH AIDS reagent program [30]. 

Replication competent viruses incorporating the envelopes were successfully generated 

using protocols detailed previously [31, 32]. Here we tested 6 of the viruses along with three 

T/F viruses. T/F IMCs were obtained from the NIH AIDS Reference Reagent program [33]. 

Furthermore, we tested two virus stocks that incorporate isolated Envs from strains 

circulating in infected mothers from a previously described mother-to-child-transmission 

cohort [34]. Viral stocks were generated by transfecting 293T cells. Virus supernatants were 

passaged on peripheral blood mononuclear cells (PBMC) or isolated CD4 T cells for 7 days. 

Viral supernatant was collected and stored at −80°C, prior to TZM-bl titration and 

subsequent use in assays.
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2.3 Antibodies.

HIVIG was obtained from the NIH AIDS reagent program. HIVIG is prepared from pooled 

plasma of asymptomatic, HIV antibody positive donors with CD4+ counts above 400 cells/

μL. Plasma from HIV-1 seronegative individuals was obtained from Corning (Cat# 35060Cl, 

Lot# 121). Plasma was heat inactivated at 56°C for one hour prior to use in the ADCC 

assays. Melon IgG columns (ThermoFisher Scientific 45206) were used to isolate IgG from 

HIV infected plasma samples per manufacturer’s protocol. Comparisons were among 

volumes of isolated IgG as that estimated to be present in different plasma dilutions.

2.4 ADCC assays.

Approximately 5 × 105 target cells were re-suspended in 500 μL RPMI complete in each 

well of a 24-well plate. Plated cells, exposed to the virus of interest, were centrifuged for 1.5 

hours at 1200 × g at room temperature and then incubated for 30 minutes at 37°C. In some 

cases, target cells were exposed to virus in the presence of anions, 20 ug/ml DEAE or 30 

ug/ml polybrene for 2 hours. Cells were washed twice with phosphate buffered saline (PBS) 

and cultured in RPMI complete at 37°C. Infections were monitored for luciferase expression 

over the next 7 days. Infected cells were used in the ADCC assay after relative light units 

(RLU) were approximately 10-fold higher compared to uninfected controls. Approximately 

1 × 104 target cells were plated in 96-well plate (Corning #3610) and exposed to serially 

diluted or a fixed amount of antibody or plasma for 20 minutes at 37°C. Post incubation, the 

NK cell line CD16+KHYG-1, was added to each well at a target cell to effector cell ratio of 

1:5. Co-cultures were incubated for 4 hours when using PM1-CCR5-Luc cells or 24 hours 

when using MT4-CCR5-Luc cells and then examined for luciferase expression using Bright 

Glo Luciferase Assay System (Promega E2620) per manufacturer’s instructions. The percent 

ADCC when using MT4-CCR5-Luc cells can be estimated anywhere between 8 and 24 

hours, although the latter allows for a more convenient timeframe. When CEM.NKr-CCR5-

Luc cells were used as targets, a 1:10 target cell to effector cell ratio was used and luciferase 

expression was examined after 4 hours of incubation. Uninfected cells in the presence of NK 

cells served as the negative background control, and RLU values from these wells were 

subtracted from each sample well. The positive control reference wells lacked antibodies but 

contained infected cells with NK effector cells. ADCC activity was estimated as the percent 

luciferase expression difference observed in the sample of interest as compared to that 

observed in positive control wells. To be confident with our results, we test the capacity of 

500 μg/mL of HIVIG to induce ADCC against NL43-infected target cells for each assay. 

When CD16+KHYG-1 cells have sufficient killing performance, this control should yield 

high levels of ADCC. If CD16+KHYG-1 cells fail to demonstrate killing in this control we 

discard the data.

Flow cytometry was also used to analyze MT4-CCR5-Luc cells infected with NL4–3 virus. 

After 10-fold increase in RLU as compared to uninfected cells, target cells were stained with 

1 μM eFlour670 (eBioscience Cat# 65-0840-85, Lot# E15450–106) diluted in OPTI-MEM 

(Gibco Cat# 31985–062) to distinguish target from effector cells in a co-culture. 

Approximately 5 × 104 MT4-CCR5-Luc cells were added to 96-well plate along with or 

without 500 μg/mL HIVIG. After 20 minutes, 2.5 × 105 NK cells were added to the well. 

After incubating at 37°C for 24 hours, RLU was assessed in 20 μL of the culture diluted to a 
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total volume of 100 μL in RPMI complete. The remaining cells were stained using Zombie 

UV Live/Dead (BioLegend, Cat# 77474, Lot# B228494). Percentage of live-eFluor670+GFP

+ lymphocytes were assessed using BD LSRII flow cytometer. ADCC was calculated as the 

decrease in percentage of live GFP-positive target cells in the presence as compared to 

absence of antibody. In each case, the number of live GFP+ target cells in the absence of 

virus exposure served as background, and this was subtracted from each well.

Non-specific CD16+KHYG-1 mediated cytotoxicity was estimated using two different 

methods. First, MT4-CCR5-Luc cells were infected with a single round pseudovirus, NL4–

3-ΔEnv-Luc-vesicular stomatitis virus (VSV)-G, which does not express HIV Env upon 

infection. HIVIG induced cytotoxicity was assessed against these infected targets using 

CD16+KHYG-1 cells, and these estimates were deemed as being not specific for HIV-1 Env. 

Second, heat inactivated plasma from HIV-1 seronegative individuals (Corning Cat# 

35060Cl, Lot# 121) was used to estimate cytotoxicity against NL4–3 infected MT4-CCR5-

Luc. These ADCC estimates were deemed as mediated by antibodies not specific for HIV-1.

2.5 Flow Cytometry

Flow cytometry was performed using a BD FACSCanto II and analyzed with FlowJo 

software (Tree Star). CCR5 was probed with CCR5-PE Clone J418F1 (Coulter).

2.6 Statistical Analysis

Differences between cell lines were analyzed using the Wilcoxon matched-pair test. 

Spearman’s rank test was used to examine correlation between percent ADCC and percent 

neutralization. The area under the curve (AUC) was calculated by taking the average ADCC 

capacity within the range of dilutions tested [35].

3. Results

3.1 Generation of two new target cell lines for ADCC assessments.

We are specifically interested in examining ADCC responses against HIV-1 variants of 

clinical significance, such as T/F strains and the swarm encountered by infants that ingest 

breast milk from their infected mothers. We first proposed to employ the well-established 

Alpert et al. infection-based, luciferase ADCC assay that uses CEM.NKr-CCR5-Luc as 

targets [13]. We were unable to use this assay, as designed, because the infected target cells 

failed to generate significantly higher luciferase levels as compared to the uninfected target 

cells after exposure to a T/F or a swarm containing maternal envelopes (Fig. 1). A large 

luciferase increase was observed among cells exposed to a lab-adapted CXCR4-using strain, 

NL4–3, using various different protocols. Targets, exposed to T/F (REJO) or maternal 

envelope virus (1431), however, failed to generate significantly higher relative luminescence 

units as compared to uninfected cells regardless of the infection protocols, such as 

spinoculation and use of anions (Fig. 1A), the multiplicity of infection (MOI) (Fig. 1B), or 

the days post-infection (Fig. 1C). Others have also reported problems with reporter gene 

expression in the CEM.NKr-CCR5-Luc cell line [20, 24]. Thus, we needed to modify the 

existing infection-based ADCC assay to examine responses against strains of high interest.
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Two new cell lines were generated to overcome this issue. CD4+ T cell lines, MT4-CCR5-

GFP and PM1, were chosen because of documented ability to support replication of multiple 

R5 variants [24, 25, 28, 36]. We sought to develop an assay that could be used with viruses 

harboring diverse primary Envs and where infected cell killing could be estimated in an 

efficient manner. Thus, PM1 and MT4-CCR5-GFP were transduced with a plasmid 

harboring a SIV long terminal repeat (LTR) dependent firefly luciferase. Cell clones, 

subsequently named PM1-Luc and MT4-CCR5-Luc, were chosen that demonstrated low 

background and high luciferase expression after infection with a CCR5-tropic virus.

The PM1-Luc cells were further transduced with a CCR5 expression construct to enhance 

susceptibility to R5 strains, and then a single limiting dilution clone was selected to generate 

PM1-CCR5-Luc cells. CCR5 expression was assessed in all cell lines by flow cytometry 

after staining cells with an α-CCR5 antibody. Following transfection of the PM1 T-cell line 

with a CCR5 expression construct, the percentage of cells expressing CCR5 increased from 

62% to 100%. Additionally, 93.3% of MT4-CCR5-Luc cells were found to express CCR5. 

Furthermore, PM1-CCR5-Luc, and more so MT4-CCR5-Luc, cells had higher CCR5 mean 

fluorescence intensity (MFI) compared to CEM.NKr-CCR5-Luc (Table 1). Higher 

expression of CCR5 should potentially enhance the susceptibility of these cell lines to HIV-1 

strains that use the CCR5 receptor for cell entry.

3.2 MT4-CCR5-Luc cells are resistant to CD16+KHYG-1 cell killing in the absence of 
antibodies.

Previous ADCC assays specifically used the CEM.NKr cells because they are resistant to 

NK cell mediated lysis in the absence of antibody [37]. PM1 and MT4 cells have not been 

selected for NK cell resistance, and thus, NK cell resistance was also assessed in the new 

PM1-CCR5-Luc and MT4-CCR5-Luc cell lines. Infected PM1-CCR5-Luc and MT4-CCR5-

Luc were incubated with the NK cell line CD16+KHYG-1. CD16+KHYG-1 has been 

previously shown to induce CD16-dependent ADCC in the presence of appropriate 

antibodies [12, 13]. Percent ADCC was estimated by the decrease in luciferase levels in the 

presence relative to the absence of antibody. As opposed to the published resistance of 

CEM.NKr-CCR5-Luc to NK cells [13], the PM1-CCR5-Luc were more susceptible to 

background lysis in the absence of antibody (Fig. 2A). In contrast, MT4-CCR5-Luc were 

resistant to CD16+KHYG-1 cell killing in the absence of antibody (Fig. 2B). Importantly, all 

wells contained effector cells, thus any background lysis would be present in all wells. 

Percent ADCC can be estimated by both newly generated cell lines, although MT4-CCR5-

Luc cells may be more ideal due to their natural resistance to the CD16+KHYG-1 cell line 

used in this assay.

3.3 PM1-CCR5-Luc, MT4-CCR5-Luc, and CEM.NKr-CCR5-Luc cells yield similar ADCC 
estimates.

All cell lines were infected with the same virus and incubated with the same antibody 

preparation to assess if the three cell lines yielded similar percent ADCC estimates under 

identical conditions. After infection with an exclusive CXCR4-using variant (termed X4), 

percent ADCC was similar for the known NK cell resistant cell line, CEM.NKr-CCR5-Luc, 

as well as PM1-CCR5-Luc and MT4-CCR5-Luc over a range of antibody concentrations 
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(Fig. 3). The calculated AUC did not differ between CEM.NKr-CCR5-Luc (AUC = 0.579), 

MT4-CCR5-Luc cells (AUC = 0.614) and PM1-CCR5-Luc cells (AUC = 0.560) (p > 0.05 

for all pairwise comparisons using Wilcoxon matched-pair test at each HIVIG dilution). The 

MT4-CCR5-Luc (r2 = 0.977), PM1-CCR5-Luc (r2 = 0.911), and CEM.NKr-CCR5-Luc (r2 = 

0.903) also showed similar goodness of fit to a linear curve. The MT4-CCR5-Luc cell line, 

however, displayed a significantly lower coefficient of variation (%CV) across all six HIVIG 

concentrations as compared to the CEM.NKr-CCR5-Luc cell line (p = 0.031, Wilcoxon 

matched-pair test) but not PM1-CCR5-Luc (p = 0.156, Wilcoxon matched-pair test).

3.4 MT4-CCR5-Luc as compared to PM1-CCR5-Luc and CEM.NKr-CCR5-Luc 
demonstrates susceptibility to the widest range of HIV-1 variants.

The original description, a subsequent study, and our preliminary data showed that 

CEM.NKr-CCR5-Luc cells failed to yield high luciferase expression when exposed to a 

number of different exclusive CCR5-utilizing (termed R5) variants [20, 24] (Fig. 1). We 

compared the breadth of luciferase expression among CEM.NKr-CCR5-Luc, PM1-CCR5-

Luc, and MT4-CCR5-Luc cells to establish if one cell line would be better for estimating 

ADCC against a large panel of viruses. Luciferase expression was examined after target cells 

were exposed to T/F strains and recombinant viruses containing Envs from a global 

reference panel or those isolated from chronically infected mothers that were part of a 

breastfeeding transmission study [30, 33, 34, 38]. Envs in this global reference panel are 

representative of a larger set of 219 variants. Neutralization against Envs in this global 

reference panel has been effectively used to estimate the neutralization spectrum of infected 

and vaccinated individuals. We have previously examined the capacity of infected mothers’ 

and exposed infants’ plasma to neutralize strains incorporating maternal Envs as a correlate 

of protection during mother-to-child-transmission. ADCC against these and other primary 

Envs can be examined in future studies if target cells yield acceptable reporter gene 

expression after virus exposure. Equal amounts of the same virus stock were used to infect 

each cell line by spinoculation at 1200 × g for 1.5 hours in the absence of any anions. 

Comparisons were made between cell lines using matched pairwise comparisons across all 

the different HIV-1 variants. Fold luciferase induction was significantly greater in the MT4-

CCR5-Luc as compared to PM1-CCR5-Luc or CEM.NKr-CCR5-Luc cells (p < 0.001 for 

both comparisons, Wilcoxon matched-pair test). However, fold luciferase induction did not 

differ significantly between PM1-CCR5-Luc and CEM.NKr-CCR5-Luc cells (p = 0.850, 

Wilcoxon matched-pair test). MT4-CCR5-Luc cells were chosen as the ADCC target cell 

line for further validation because they may be amenable to estimating ADCC against a 

greater range of HIV-1 variants. The MT4-CCR5-Luc as compared to CEM.NKr-CCR5-Luc 

(p = 0.001) and PM1-CCR5-Luc cells (p = 0.007, Wilcoxon matched across each variant in 

both cases), however, did display significantly greater %CV in fold induction, suggesting 

that there is greater reporter gene expression variation in these cells after virus exposure. 

This is not necessarily surprising because CEM.NKr-CCR5-Luc and PM1-CCR5-Luc cells 

showed little to no fold induction with most variants.

3.5 HIV-1 Env and antibody ADCC specificity against infected MT4-CCR5-Luc cells.

We next determined the specificity of the observed ADCC activity in the MT4-CCR5-Luc 

cells using two independent methods. First, HIVIG mediated ADCC was assessed against 
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MT4-CCR5-Luc cells infected with a VSV-G pseudotyped virus that did not express the 

HIV-1 Env after infection. Average ADCC of 10.990% (standard deviation (STD) 4.053, n = 

3 independent experiments) was observed against these infected cells. Second, ADCC 

activity in HIV-1 seronegative plasma was assessed against NL4–3 infected MT4-CCR5-Luc 

cells. HIV-1 seronegative plasma showed a mean ADCC of 8.356 (STD 6.905, n = 6 

independent experiments) against the NL4–3 infected MT4-CCR5-Luc cells. A combined 

average plus approximately three standard deviations of the ADCC observed with HIV-1 

seronegative plasma and against infected cells that did not express HIV-1 Env (25%) was 

used as a threshold for ADCC specificity. Any ADCC estimate below 25% was deemed as 

HIV-1 antibody and HIV-1 Env independent cytotoxicity. This threshold was plotted on the 

subsequent ADCC graphs to clearly demonstrate positive ADCC activity.

3.6 ADCC estimates based on reduction in luciferase expression are similar to those 
obtained using flow cytometry.

The MT4-CCR5-Luc cells displayed exceptionally high luciferase after virus exposure as 

compared to the other two cell lines, and thus, flow cytometry was further used to validate 

the use of luciferase reduction in MT4-CCR5-Luc cells as an estimate for percent ADCC. 

ADCC was concurrently estimated by luciferase reduction and the loss of live HIV+ target 

cells after co-culture with CD16+KHYG-1 cells in the absence as compared to the presence 

of HIVIG. Zombie UV staining was used to distinguish live from dead target cells (Fig. 5A), 

and the tat-inducible GFP was used to differentiate infected from uninfected cells (Fig. 5A – 

5C). At a single HIVIG dilution, similar ADCC estimates were obtained with the two 

methods against NL4–3 infected MT4-CCR5-Luc cells (p = 0.25, Wilcoxon matched-pair 

test) (Fig. 5D). As a further test, HIVIG induced ADCC was also concurrently estimated 

using both flow cytometry and luciferase decrease against HIV-VSV-G pseudovirus infected 

MT4-CCR5-Luc cells that did not express HIV-1 Env (Fig. 5E and 5F). Flow cytometry as 

compared to luciferase reduction yielded a not statistically significant lower ADCC estimate 

against cells that do not express HIV-1 Env (p = 0.25, Wilcoxon matched-pair test) (Fig. 

5G). Importantly, these negative control estimates were below the pre-defined threshold 

(25%) for positive ADCC. This suggests that our reduction in reporter gene expression is a 

valid way to estimate percent ADCC in a high throughput manner.

3.7. ADCC estimates using MT4-CCR5-Luc cells are not biased from plasma contents.

A large number of individual’s plasma samples have been screened for neutralization 

breadth and potency using the TZM-bl assay, and bnAbs were engineered from the “elite 

neutralizers” cells [39, 40]. Similarly, future studies may screen individual’s plasma for 

ADCC breadth and potency to identify those that harbor “elite ADCC” activity, however, it 

is unclear as to whether plasma contents other than IgG skew ADCC estimates obtained 

from MT4-CCR5-Luc cells. IgG was isolated from HIV-1 positive plasma using Melon G 

columns, and ADCC estimates were compared among the isolated IgG and the original 

plasma sample. The amounts of isolated IgG used was estimated as the same as that present 

in a dilution of the original plasma sample. There was no significant difference between 

isolated IgG and whole plasma (p = 0.563, Wilcoxon matched-pair test) (Fig. 6A). 

Additionally, 500 μg/mL HIVIG and 500 μg/mL HIVIG spiked into HIV-1 negative heat 

inactivated plasma yielded similar ADCC activity against NL4–3 infected MT4-CCR5-Luc 
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cells (mean 56.7% and 58.9%, respectively) (Fig. 6B). These observations suggest ADCC 

estimates from using MT4-CCR5-Luc cells as targets are not skewed by plasma contents 

aside from IgG, the variable of interest. Thus, future studies may be conducted with plasma 

as opposed to isolated IgG, which decreases both time and effort.

3.8 MT4-CCR5-Luc cells can be used to estimate ADCC against viruses with primary 
Envs of interest

We have previously examined the plasma neutralization capacity of maternal infant dyads 

against HIV-1 variant’s circulating in the infected mother [34]. Plasma ADCC capacity 

against exposure strains has not been examined in these mother infant dyads primarily 

because previous assays used CEM.NKr-CCR5-Luc cells, and these cells failed to express 

adequate reporter levels after infection (Fig. 1 and 4). We assessed ADCC present in the 

maternal and infant samples against these primary exposure strains using our new cell line 

(Fig. 7A). All maternal and only one infant plasma dilution yielded ADCC estimates above 

the non-specific threshold implying that maternal but not the infant plasma harbored ADCC 

activity.

We have also previously examined the ability of maternal and infant plasma to block viruses 

incorporating global reference Envs to estimate neutralization breadth and potency [34]. 

ADCC against viruses with global panel Envs has not been examined before because 

CEM.NKr-CCR5-Luc cells often fail to yield adequate luciferase levels after exposure to 

viruses incorporating global panel reference Envs (Fig. 4). We used our assay to examine 

ADCC responses from 63 maternal plasma samples against a virus with one of the reference 

global panel Env, BJOX2000 [30]. Interestingly, plasma ADCC activity did not correlate 

with neutralization capacity against BJOX2000 among these 63 maternal samples (p = 

0.872, r = 0.021, Spearman’s rank test) (Fig. 7B), suggesting neutralization and ADCC are 

not always correlated, similar to what has been suggested in previous publications [12, 41, 

42]. All but one maternal sample demonstrated ADCC activity against BJOX2000 above the 

non-specific threshold.

4. Discussion

We have developed a new cell line, MT4-CCR5-Luc to quantify HIV-1 ADCC using a high-

throughput assay, originally developed by Alpert et al. [13]. There is great interest in 

examining antibody dependent Fc-mediated effector cell lysis because presence of ADCC 

antibodies have been deemed a correlate of protection in human vaccine studies [43–46]. 

Despite having a high-throughput assay available to detect ADCC activity [13], the field is 

still unable to evaluate a large number of samples against relevant virus strains, such as those 

circulating in the transmission source [5], due to issues with reporter gene expression in 

CEM.NKr-CCR5-Luc cells [20, 24]. We have engineered and validated the use of a new cell 

line in an ADCC protocol that overcomes this hurdle. Use of this new cell line in our assay 

will allow investigators to estimate ADCC breadth and potency among antibodies and 

plasma samples by examining activity against diverse Envs, such as those in the global 

reference panel [30]. Thus, this new method satisfies an area of need within the HIV 

antibody field.
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The cornerstone of our assay is a target cell line capable of infection with a diverse range of 

CCR5-using viruses, which make up the majority of early stage infectious variants. The 

current standard target cell line, CEM.NKr-CCR5-Luc, did not yield adequate reporter 

expression over background for a large number of HIV-1 variants, limiting the ability to 

calculate ADCC capacity as a reduction in luciferase levels. Previous reports and 

communication with other investigators have reported similar difficulties, supporting the 

need to develop a new cell line for ADCC studies [20, 24]. To do this, we first chose to use 

human cells of lymphoid origin because these are most similar to primary CD4+ T-cells, 

which are responsible for >99% of HIV-1 replication in vivo [47]. Next, we chose and 

engineered cell lines that express CD4, CCR5, and CXCR4 receptors to permit replication of 

HIV-1 strains with diverse phenotypes. Finally, we introduced a tat-responsive luciferase 

reporter for rapid, convenient end-point assessment [16]. Similar considerations were made 

during the engineering of the CEM.NKr-CCR5-Luc cell line, yet in vitro analysis revealed 

sub-optimal CCR5 expression and low infection rates with a number of R5 strains [20] 

(Table 1, Figure 1 and 4). The new MT4-CCR5-Luc cell line showed significantly higher 

reporter gene expression after HIV-1 exposure as compared to CEM.NKr-CCR5-Luc and 

PM1-CCR5-Luc (Fig. 4). In addition, MT4-CCR5-Luc expressed a greater level of CCR5 

receptors, suggesting that increased luciferase may be related to enhanced infection. CCR5 

receptor levels, however, do not entirely explain the observed differences in reporter gene 

expression after virus exposure. For instance, MT4-CCR5-Luc showed significantly greater 

luciferase expression compared to PM1-CCR5-Luc even though percent of cells with CCR5 

was not vastly different (Table 1). Furthermore, PM1-CCR5-Luc and CEM.NKr-CCR5-Luc 

did not have significant luciferase expression differences after virus exposure even though 

cell surface CCR5 percentage and mean fluorescence intensity were markedly different. 

Other factors, such as the density of the CD4 receptor and presence of attachment factors, 

may influence the observed differences. Our studies did not formally evaluate if CEM.NKr-

CCR5-Luc cells fail to become infected after virus exposure, or if these cells induce less 

reporter gene expression after infection.

Natural killer (NK) cells expressing the low-affinity IgG receptor FcγRIIIa (CD16) are the 

primary effectors of ADCC in vivo [7]. We use cells derived from the immortalized cell line 

KHYG-1, as effector cells in this assay [21]. The KHYG-1 parent line was transduced with 

CD16, yielding CD16+KHYG-1 cells, and the new cell line was shown to express similar 

levels of CD16 as primary NK cells [13]. Furthermore, the use of cell lines for both targets 

and effectors reduces the time and resources needed for primary cell isolation and removes 

donor to donor variability.

CEM.NKr-CCR5 cells were engineered to be resistant to NK cells. NK cells can often kill T 

lymphocytes in the absence of antibody, which may skew ADCC estimates [37]. We found 

MT4-CCR5-Luc to be naturally resistant to the CD16+KHYG-1 NK cell line (Fig. 2B), 

whereas PM1-CCR5-Luc cells showed susceptibility to NK cell killing in the absence of 

antibodies (Fig. 2A). Although these new cell lines had differing NK susceptibility, ADCC 

estimates were similar, suggesting that ADCC estimates can still be assessed using targets 

lacking inherent NK-resistance (Fig. 3). ADCC estimations, however, will require relatively 

high reporter gene expression when using cells that are sensitive as opposed to resistant to 

NK cell killing in the absence of antibody. In our assay, we also estimated a threshold level 
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that represents HIV-1 specific ADCC activity. Estimates below this threshold were deemed 

as non-specific cytotoxicity against HIV-1 infected cells that was not due to HIV-1 Env 

specific antibodies.

It is possible that excessively high reporter gene expression in the MT4-CCR5-Luc cells 

after virus exposure may yield skewed ADCC estimates that are based on decreases in 

luciferase. We confirmed that decreased luciferase reporter expression accurately represents 

cell killing using flow cytometry to estimate ADCC (Fig. 5). Our results indicate that ADCC 

calculated using our luciferase assay is analogous to calculating ADCC by the more tedious 

flow cytometric technique. To overcome the poor susceptibility of cell lines, ADCC assays 

will often pulse target cells with gp120. The Env monomer, however, can have both receptor 

dependent and non-specific binding, resulting in overestimation of ADCC responses due to 

bystander killing [15]. Congruity between the luciferase and flow cytometry-based results 

suggest that our cell-infection based assay is specifically measuring the elimination of 

infected virus producing cells.

Our primary motivation in developing a new ADCC assay was to assess whether ADCC is a 

correlate of protection in mother-to-child-transmission (MTCT) of HIV-1. We have 

previously shown that nAbs are not a correlate of protection in a cohort of 63 mother-infant 

pairs where transmission either did or did not occur during breastfeeding in the absence of 

antiretroviral therapy [34]. Although previous studies have implied that ADCC-inducing 

antibodies protect against HIV transmission [2, 9, 48], studies have not specifically 

examined ADCC activity against exposure strains, like those present in the infected mother. 

We first wanted to confirm that any ADCC activity we saw from plasma samples could be 

attributed to only the antibodies and not additional factors present in plasma. Our results 

suggest that only IgG is contributing to ADCC responses observed in plasma (Fig. 6), 

allowing us to confidently use plasma for high throughput analysis rather than having to first 

isolate IgG from subject samples.

We detected plasma-induced ADCC against viruses incorporating Envs isolated from a 

chronically infected mother (Fig. 7A). Importantly, uninfected infants are exposed to these 

Envs, and thus future studies using our assay will allow us to address if ADCC is a correlate 

of protection in MTCT of HIV-1. Furthermore, we have shown that ADCC does not always 

correlate with neutralization, against BJOX2000 (Fig. 7B), supporting the need to test 

ADCC activity in cohorts which may not have shown protective neutralizing responses [12, 

41, 42].

Widespread assessment of ADCC activity in large cohorts against panels of HIV-1 variants 

has been limited due to the lack of a reliable, high throughput assay. Examining ADCC 

activity against a broad range of Envs may identify plasma samples that have “elite ADCC” 

capacity. Antibodies with the ability to mediate broad and potent cellular cytotoxicity may 

be isolated from these samples in the future. The use of our assay will facilitate these types 

of studies, which will aid vaccine development and antibody-based treatment efforts.
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Glossary

ADCC Antibody-dependent cellular cytotoxicity

Env HIV-1 Envelope
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Highlights

• New cell line, MT4-CCR5-Luc, is resistant to natural killer cells in the 

absence of antibody.

• MT4-CCR5-Luc yield much higher luciferase levels after exposure to viruses 

with a diverse range of envelopes as compared to other cell lines that could be 

used to estimate HIV antibody dependent cellular cytotoxicity (ADCC).

• ADCC is similar when estimated from either luciferase reduction or decrease 

in live infected cells as assessed by flow cytometry.

• This luciferase-based assay using this new cell line can be used to estimate 

ADCC against viruses with primary envelopes of interest in an efficient 

manner
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Figure 1. CEM.NKr-CCR5-Luc fail to produce adequate luciferase levels after exposure to 
strains of interest.
Representative examples of relative luminescence units (y-axis) after CEM.NKr-CCR5-Luc 

cells were exposed to virus using different protocols (A), varying multiplicity of infection 

(MOI) (B), and sampled at different days post infection (PI) (C). Each bar represents the 

mean and standard error mean from three replicates for NL4–3 (black bar), REJO (blue bar), 

swarm with maternal envelopes 1431 (red bar), and uninfected cells (white bar).
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Figure 2. MT4-CCR5-Luc, but not PM1-CCR5-Luc, cells are resistant to CD16+KHYG-1 cell 
killing in the absence of antibodies.
Relative light units (y-axis) over time (x-axis) in NL43-infected PM1-CCR5-Luc (A) and 

MT4-CCR5-Luc (B) cells without antibody or NK cells (red circle), with NK cells but no 

antibody (blue triangle), and with NK cells and 500 μg/mL of HIVIG (black square). ADCC 

is determined as the percent difference as graphed. Uninfected cells (green diamond) 

represents background RLU reading. Data from 2 independent experiments with 3 replicates 

each. Bars shows standard error mean (SEM).
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Figure 3. PM1-CCR5-Luc, MT4-CCR5-Luc, and CEM.NKr-CCR5-Luc cells yield similar 
ADCC estimates.
Percent ADCC (y-axis) observed against exclusively CXCR4-using virus NL4–3 infected 

MT4-CCR5-Luc (red), PM1-CCR5-Luc (blue), and CEM.NKr-CCR5-Luc (green) cells with 

serially diluted HIVIG (x-axis). Bars show SEM from 5 independent experiments with each 

condition tested in triplicate.
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Figure 4. PM1-CCR5-Luc and MT4-CCR5-Luc as compared to CEM.NKr-CCR5-Luc support 
replication of diverse HIV-1 variants.
Relative light unit (RLU) fold induction 4 days post infection in MT4-CCR5-Luc (red), 

PM1-CCR5-Luc (blue), and CEM.NKr-CCR5-Luc cells (green) infected with various 

viruses compared to uninfected cells. Viruses and co-receptor usage are indicated at the 

bottom. Bars represent standard error of the mean (SEM) from minimum of 2 independent 

experiments.

Thomas et al. Page 20

J Immunol Methods. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Proposed ADCC assay has been validated via flow cytometry.
MT4-CCR5-Luc cells were stained with eFluor670 prior to use in assay. (A) Gating strategy 

is shown for the condition with uninfected MT4-CCR5-Luc cells and NK cells, which 

represents background signal. The final panel shows live GFP+ target cells (Q1). (B) NL43-

infected MT4-CCR5-Luc cells and NK cells (no antibody added). (C) NL43-infected MT4-

CCR5-Luc cells, NK cells, and HIVIG. (D) Percent ADCC calculated using luciferase 

readout and percent ADCC calculated as the change in percentage of live GFP+ target cells 

(Q1) in the flow cytometry analysis (p = 0.25, Wilcoxon matched-pair test). (E) NL43-

ΔEnv-Luc-VSVG-infected MT4-CCR5-Luc cells and NK cells (no antibody added). (F) 
NL43-ΔEnv-Luc-VSVG-infected MT4-CCR5-Luc cells, NK cells, and HIV Ig. (G) 
Nonspecific cytotoxicity of NL43-ΔEnv-Luc-VSVG-infected MT4-CCR5-Luc cells 

observed using luciferase and flow cytometry readout.
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Figure 6. Plasma contents, besides IgG, do not impact ADCC estimates.
Percent ADCC (y-axis) observed against NL4–3 infected MT4-CCR5-Luc cells with plasma 

from an antiretroviral naïve individual versus IgG isolated from that plasma (top dilution 

1:50) (A) and 500 μg/mL HIVIG versus 500 μg/mL HIVIG spiked into heat inactivated 

HIV-1 seronegative plasma (B). The bars show SEM and values are from 2–3 independent 

experiments with each condition done in triplicate. Dashed line at y = 25 denotes threshold 

for nonspecific cytotoxicity.
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Figure 7. MT4-CCR5-Luc cells can be used to estimate ADCC against viruses with primary Envs 
of interest.
(A) MT4-CCR5-Luc cells were infected with viruses representing the circulating strains 

present in an infected mother. Percent ADCC (y-axis) was determined after incubating 

infected cells with NK cells and a serial dilution (x-axis) of either maternal plasma (MpL) or 

infant plasma (IpL). Top dilution was 1:50 of plasma. Bars show SEM from three 

independent experiments with each condition tested in triplicate. (B) Heterologous ADCC 

responses of maternal plasma against BJOX2000-infected cells (y-axis) were plotted against 

neutralization responses (x-axis) from the same samples against the same virus. Dashed line 

at y = 25 denotes threshold for nonspecific cytotoxicity.
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Table 1.

Cell lines and CCR5 Expression.

CCR5 Expression
◊

Cell Lines Percentage* MFI

CEM.NKr-CCR5-Luc 59.1 72.5

PM1 62.0 38.3

PM1-CCR5-Luc 100.0 3908.7

MT4-CCR5-Luc 93.3 1.49E4

*
Percentage of cells that are CCR5+

◊
Mean fluorescent intensity (MFI) of CCR5 expression on individual cells
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