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Abstract

Disulfiram (DSF) was well tolerated and activated viral transcription (cell-associated unspliced 

[CA-US] and plasma HIV RNA) in a Phase 2 dose-escalation trial in HIV+ antiretroviral therapy 

(ART)-suppressed participants. Here, we investigated whether exposure to disulfiram and its 

metabolites predicted these changes in HIV transcription. Participants were administered 500 

(N=10), 1000 (N=10), or 2000 (N=10) mg of DSF for 3 consecutive days. Disulfiram and four 

metabolites were measured by ultra-performance liquid chromatography–tandem mass 

spectrometry (UPLC-MS/MS). Changes in CA-US and plasma HIV RNA were quantified by PCR 

and analyzed in NONMEM. A seven-compartment pharmacokinetic model demonstrated non-

linear elimination kinetics. The fitted median area under the curve values (AUC0–72) were 3816, 

8386, and 22331 mg*hr/L, respectively. Higher exposure predicted greater increases in CA-US 

(Emax=78%, AUC50=1600 mcg*hr/L, P=0.013) but not plasma HIV RNA. These results provide 

support for further development of disulfiram as an important drug for future HIV cure strategies.
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INTRODUCTION

During effective antiretroviral therapy (ART) suppression, HIV persists in latently-infected 

cells, “the HIV reservoir.” Strategies to eradicate HIV include “shock and kill” approaches 

that aim to reactivate latently-infected cells to reduce the size of the overall HIV reservoir 

(1). Reduction of the HIV reservoir may then lead to a “functional” cure, allowing HIV-

infected individuals to maintain host-mediated viral control in the absence of ART. 

Disulfiram (Antabuse®), a drug used to treat alcoholism, was identified from a large screen 

of a library of FDA-approved compounds that could induce in vitro HIV gene expression 

using a model for latent HIV infection (2, 3). These results provided an intriguing hypothesis 

as to whether disulfiram (DSF) could potentially be used in future HIV eradication strategies 

(4). In vitro experiments showed that disulfiram and its metabolite, diethyldithiocarbamate 

methyl ester (DDTC-Me), activates latent HIV in Bcl-2-transduced primary CD4+ T cells 

(5). In a subsequent Phase 1 trial, DSF 500 mg administered to HIV+ antiretroviral therapy 

(ART)-suppressed participants for 14 days led to transient but non-statistically significant 

increases in plasma HIV RNA, primarily among participants with higher plasma 

concentrations of disulfiram (6). DSF administration also resulted in considerable inter-

individual plasma DSF pharmacokinetic (PK) variability, consistent with prior reports in 

alcoholic participants receiving DSF (7).

Quantifying the “HIV reservoir” is challenging – current methods may either underestimate 

or overestimate the total number of HIV-infected cells harboring replication-competent virus 

(8). Therefore, a major challenge in performing clinical trials is how best to assess the 

efficacy of HIV latency reveral agents and determine a true drug exposure-response. The 

most sensitive assays to measure HIV-infected cells are polymerase chain reaction (PCR)-

based assays quantifying cell-associated [CA] HIV RNA or DNA. Measures of CA-RNA 

include unspliced (CA-US, translated into structural HIV proteins Pol and Gag) and multi-

spliced (CA-ms, reflective of the ability of the cell to produce virus) RNA (9, 10). In 

contrast, ultra-sensitive assays to measure plasma (i.e., “cell-free”) viremia can detect virion-

associated HIV RNA at the single copy level but do not necessarily represent the total 

replication-competent reservoir (11). Culture-based assays to quantify the outgrowth of 

replication-competent virus are expensive, laborious, and underestimate the size of the 

inducible reservoir (~300-fold less than CA DNA) (12), precluding its widespread utility in 

estimating potential small effects from these early HIV latency reversal agent trials.

Disulfiram was first described in 1937 as a potential therapeutic agent for alcoholism after 

rubber factory workers exposed to disulfiram demonstrated symptoms of nausea, vomiting, 

flushing, palpitations, headache, and circulatory changes, which were later discovered to be 

due to the accumulation of acetaldehyde (13). After oral administration, disulfiram is 80–

95% absorbed from the gastrointestinal tract and is distributed widely into tissues – with the 

highest concentrations reported in the kidney, pancreas, liver, and gastrointestinal tract and 
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lowest concentrations in the brain (14). DSF in the gut is rapidly reduced to 

diethyldithiocarbamate (DDTC) and then spontaneously converted to carbon disulfide (CS) 

and diethylamine (DEA) or methylated in the liver and kidneys to form DDTC-Me. DDTC-

Me is then bioactivated primarily via cytochrome P450 (CYP) 3A4/5 to S-methyl-N,N-

diethylthiolcarbamate sulfoxide (DETC-MeSO) (15) and eventually metabolized to 

carbamathione (16). The estimated half-life of disulfiram in humans is about 7 hours, with 

over 90% of DSF eliminated within 3 days and approximately 7% of disulfiram excreted in 

feces and 12% by breath as CS (17). However, the rate at which disulfiram is metabolized 

varies considerably between individuals (7, 18).

Therefore, in desiging the subsequent Phase 2 dose-escalation study evaluating 500, 1000, or 

2000 mg daily of disulfiram in HIV+ ART-suppressed participants, we included 

measurement of DSF and four metabolites to more accurately quantify the exposure to DSF 

and focused on three well-validated measures of the HIV reservoir: cell-associated unspliced 

(CA-US) HIV RNA from CD4+ T cells, cell-associated HIV DNA from CD4+ T cells, and 

plasma HIV RNA (using an ultra-sensitive assay with a lower limit of detection of 1 copy of 

HIV RNA per mL). In this study, three consecutive days of DSF at all doses led to 

statistically significant dose-dependent increases in CA-US RNA, but no significant 

differences were observed in CA-DNA (19). Plasma HIV RNA was also increased, but only 

at day 31 and only in participants receiving the highest dose (2000 mg) of disulfiram.

Here, in order to comprehensively study the effects of DSF on latent HIV transcription, we 

performed population pharmacokinetic/pharmacodynamic (PK/PD) modeling using plasma 

measurements of DSF and four of its metabolites in relation to CA-US and plasma HIV 

RNA from this Phase 2 study (19). DSF and its metabolites demonstrated non-linear 

elimination kinetics (greater-than-dose-proportional increases in plasma concentrations for 

participants in the 2000 mg group). We also observed a statistically significant exposure-

response association with CA-US HIV RNA. Exposure-response relationships were less 

clear for plasma HIV RNA; participants with the higher baseline plasma HIV RNA 

demonstrated greater increases post-DSF but several of these were in the lowest dosing 

group potentially obscuring a true exposure-response relationship.

RESULTS

Baseline characteristics of the 30 HIV+ ART-suppressed participants enrolled in the Phase 2 

trial were overall balanced between the three dosing groups (Table 1). Participants were 

mostly male with a median age of 54 years and with median pre-ART nadir CD4+ T cell 

count=149 cells/mm3 and plasma HIV RNA by routine clinical assay=4.8 log10copies/mL 

(TaqMan version 2, Roche; NJ, USA; lower limit of detection [LLOD] of 20 copies/mL). 

Mean baseline values for the HIV reservoir measures, CA-US HIV RNA (LLOD=1 copy 

equivalent/reaction) and plasma HIV RNA (by ultra-sensitive hybrid real time/digital PCR 

assay; LLOD 0.19 copies/mL) were not statistically different between dosing cohorts, 

though there was a trend toward higher baseline plasma HIV RNA in the lowest dose 500 

mg cohort (Table 1). Of note, the final LLOD for CA-US RNA and plasma HIV RNA was 

dependent on the input cell number and volume, respectively. All participants had initiated 
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ART during chronic HIV infection and were ART-suppressed for a median of 8 years. 

Current ART drug class regimens were similarly distributed among the three dosing cohorts.

Disulfiram Pharmacokinetics

Plasma concentrations of disulfiram and four disulfiram metabolites were measured: N,N-

diethyldithiocarbamate (DDTC; referred to as M1), diethyldithiocarbamate-methyl ester 

(DDTC-Me; M2), S-methyl-N,N-diethylthiolcarbamate sulfoxide (DETC-MeSO; M3) and 

carbamathione (M4). DSF and metabolite concentrations were measured on dosing day 1 

(hours 0, 2, and 6), day 2 (hour 0), and day 3 (hours 0, 2, and 6), as well as on post-dosing 

days 4, 8, and 31 (Figure 1A). Higher concentrations of disulfiram and its metabolites were 

observed with increasing administered doses of disulfiram (Figure 1A). Linear PK models 

simultaneously incorporating all metabolites underpredicted plasma concentrations in the 

2000 mg group, which initially appeared to be due to supra-proportional concentrations of 

disulfiram in the highest dosing group (19). However, after fitting a PK model allowing for 

non-linear elimination kinetics, the supra-proportional concentrations appeared to be largely 

explained by reduced elimination rather than increased bioavailability at the 2000 mg dose 

(Figure 2). Final PK model parameter estimates for DSF include a clearance of 0.53 L/hr, 

(CV%=36%), volume of distribution was 1.3 L and an absorption constant of 0.08 hr−1 

(Table 2; Figure S1). Given the drug was completely eliminated by 72 hours, area under the 

curve (AUC0–72) estimates represented “cumulative” AUC estimates. The median AUC0-72 

estimates using this model were 3420, 8942, and 23834 mg-hr/L for the 500, 1000, and 2000 

mg DSF dosing groups, respectively (Table 3).

Disulfiram Pharmacokinetics/Pharmacodynamics

Cell-associated HIV RNA—CA-US RNA was quantified at three baseline visits (B1: 

screening visit ~14 days prior to treatment, B2: baseline ~7 days prior to treatment, and B3: 

baseline visit day 0 just prior to receiving the initial dose of DSF) as well as the same 

timepoints as above for the PK measures (days 0–4, 8, and 31) (Figure 1B, Figure S2A). 

Consistent with prior latency reversal data (20), mean baseline CA-US RNA was associated 

with subsequent CA-US RNA at day 7 (Spearman Rho=0.88, P<0.0001) and day 31 

(Spearman Rho=0.85, P<0.0001) (Figure S3). Several models were tested to estimate 

changes in CA-US RNA over time, including models with a parameter to account for shape 

(Gamma), models with Gamma but without random effects on AUC50 and Emax, and 

models with no covariance terms. Final PD models included Gamma (estimated to be 15.3) 

and three terms for covariance among the random effects for between-subject variability 

(Table 4, Figure S4). Models were fit for each metabolite to best predict changes in viral 

transcription from before to during/after disulfiram administration and account for 

metabolite concentrations that were below the limit of quantification (BLQ). For disulfiram, 

the Emax was 78%, and the AUC50 was 1600 mcg*hr/L (Table 4), and all models 

demonstrated a statistically significant exposure- response effect on subsequent CA-US HIV 

RNA levels (Table S1). In addition, there was a statistically significant exposure-response 

relationship on CA-US RNA; AUC0–72 DSF effect: P=6.0 × 10−17 compared a no drug 

effect model and P=0.013 compared to a drug effect model (Figure 3, Table S1). Statistically 

significant exposure-response relationships were also observed for DSF metabolites (Table 

S1). Models incorporating DSF exposure as measured by the AUC0–72 were statistically 
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significant (P<0.027 for all analytes) while models estimating DSF exposure by oral 

admininstered dose (500, 1000, 2000 mg of DSF) were not (Table S1). We previously 

reported an unexplained increase in CA-US RNA at the third baseline visit (B3), which we 

speculated might result from changes in HIV transcription due to circadian rhythm (B1-B2 

sampling occurred later in the day than B3) and/or anticipatory stress on the day of treatment 

(19). For these reasons, we performed post-hoc analyses including the last baseline value 

(B3) only rather than all three baseline values (Table S2). Models including B3 only 

attenuated the exposure-response effect, consistent with our previously reported results,(19).

Plasma HIV RNA—Plasma HIV RNA was quantified at the same three baseline visits and 

PK timepoints as for CA-US HIV RNA (Figure 1C, Figure S2B). Unlike for CA-US RNA, 

there was no variability between the three baseline timepoints (Figure S2B). Mean baseline 

plasma HIV RNA levels predicted subsequent plasma HIV RNA values at day 7 (Spearman 

Rho=0.77, P<0.0001) and at day 31 (Spearman Rho=0.63, P=0.0002, Figure S5A). 

However, participants in the lowest dose 500 mg group also had the highest baseline plasma 

RNA levels (median 5.7 copies/mL) compared to individuals in the 1000 mg and 2000 mg 

groups (median 2.6 and 0.87 copies/mL, respectively, both P>0.26) (Figure S5B). The 

median change in plasma HIV RNA during the treatment dosing period was similar in the 

500 mg group as for the 2000 mg group (-0.22 vs. −0.29 copies/mL, P=0.97), but by day 31, 

only the 2000 mg group demonstrated a non-statistically significant trend towards greater 

increases in plasma HIV RNA (1.17 vs. −0.22 copies/mL, P=0.17). Indeed, the correlation 

between DSF AUC0-72 and the change in plasma HIV RNA from baseline to day 31, was not 

statistically significant (Spearman Rho=0.31, P=0.11). Thus, the exposure-response 

relationship with plasma HIV RNA was less clear, and a statistically significant exposure-

response was not observed between AUC0–72 and plasma HIV RNA using negative binomial 

regression models (Table S3).

DISCUSSION

Recent data from a Phase 2 trial demonstrated that disulfiram given at doses as high as 2000 

mg daily for three days was safe and induced viral transcription in HIV+ ART-suppressed 

participants (19). Using population PK/PD modeling of plasma concentrations of disulfiram 

and four metabolites, we now find statistically significant evidence that higher cumulative 

exposure (AUC0-72; plasma metabolite concentrations were fully eliminated after 72 hours 

and thus, represent “cumulative” AUC estimates) to disulfiram and its metabolites was 

associated with greater increases in CA-US RNA. An exposure-response relationship was 

less clear for plasma HIV RNA and may have been influenced by higher mean baseline 

plasma HIV RNA levels in the lowest dose 500 mg group. This study is one of only a 

handful of HIV latency reversal trials (20–22). Though less potent than other 

immunomodulatory latency reversal agents, disulfiram induces HIV transcription, and this 

Phase 2 trial of disulfiram provides the first evidence of successful latency reversal in HIV+ 

individuals by a well-tolerated, well-established drug. The study also demonstrates that 

despite considerable inter-individual variability in the metabolism of DSF, an exposure-

response effect on viral transcription can be effectively studied in HIV latency reversal trials.
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Anectodotally, doses as high as 1–3 g daily of oral DSF have been given as loading doses 

(with prolonged administration of up to 800 mg – 1 g of DSF) in order to mitigate inter-

individual variability in DSF metabolism (7) to achieve desired clinical effects (23). 

Disulfiram metabolism does not appear to follow first-order kinetics; prior detailed PK 

sampling studies have shown evidence for a second peak in plasma concentration-time 

profiles reflective of enterohepatic recycling (7). Our limited PK sampling here did not 

demonstrate a second peak per se (Figure 1A), but we used an iterative approach to account 

for linear and nonlinear elimination in a comprehensive seven-compartment PK model 

simultaneously incorporating all analytes. For the PD modeling, which required fitting 

separate PK models to allow for more precise estimation of individual PK parameters for 

each analyte (see Methods), we observed a suggestive trend between disulfiram exposure 

and plasma HIV RNA levels by day 31 – consistent with findings from our main Phase 2 

trial publication where participants in the 2000 mg group, but not the lower doses, 

demonstrated a statistically significant increase in plasma HIV RNA by the end of study. 

Little is known about the precise molecular mechanisms by which DSF acts, but DSF has 

been shown to promote HIV transcription via intracellular depletion of phosphatase and 

tensin homolog (PTEN), upregulation of signaling through the transcription factor Akt, and 

the release of positive transcription elongation factor (P-TEFb), which plays an essential role 

in the regulation of transcription (24). It may be that disulfiram induces additional 

downstream pathways that continue to promote HIV transcription long after levels of 

disulfiram and its metabolites are no longer detectable in the blood. The discrepancy in the 

results for CA-US (i.e., intracellular) HIV RNA versus plasma (“cell-free”) HIV RNA could 

be due to differences in what each assay reflects. Specifically, that CA-US RNA represents 

early HIV transcription events while plasma HIV RNA reflects later steps in HIV 

transcription (25). Hence, since DSF acts to promote intracellular HIV transcription via 

increased release of P-TEFb, it may be that the exposure-response effect after short-term 

administration of DSF for 3 days is better captured with CA-US RNA. In contrast, plasma 

HIV RNA represents later steps in HIV transcription, and thus the trend seen at day 31 may 

reflect “late” effects of DSF on viral transcription. Finally, DSF may reverse early but not 

later blocks to HIV transcription in latently-infected cells (26); future cure strategies may 

need to include a combination of agents that act at distinct steps of HIV replication. 

Prospective studies of disulfiram are needed to further investigate the potential mechanisms 

by which disulifram acts, as well as whether the effect of disulfiram on HIV transcription is 

sustained. Prospective studies of disulfiram’s effects on the transcriptome, as we previously 

performed for the latency reversing agent vorinostat (20) are needed to define any sustained 

effects of disulfiram on either host or viral transcription.

We previously reported that participants receiving 2000 mg of disulfiram in the Phase 2 trial 

showed evidence for supra-proportional increases in disulfiram compared to participants 

receiving 500 mg or 1000 mg. This phenomenon was initially thought to be secondary to an 

increase in bioavailability at the higher dose. However, after modeling potential nonlinear 

elimination kinetics of downstream metabolites, these effects might be influenced by the 

saturation of cytochrome P450 (CYP) enzymes. Our final PK/PD models did not show a 

statistically significant contribution of ART regimen (e.g., protease inhibitor-, non-nuclease 

reverse transcriptase inhibitor-, or integrase inhibitor-based regimen) in the models, but one 
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cannot rule out the possibility that potential drug-drug interactions with HIV medications 

may influence disulfiram metabolism. Indeed, a prior study evaluating disulfiram in relation 

to various ART regimens showed evidence for non-linear elimination kinetics even at doses 

as low as 62.5 mg of disulfiram daily, reflected in the study’s presented PK parameters (27). 

Efavirenz-containing regimens, compared to protease inhibitors, also led to lower levels of 

DETC-Me (S-methyl-N-N-diethylthiocarbamate), a metabolite produced between M2 and 

M3 as measured in our study. Thus, protease inhibitors – known CYP inducers – increased 

disulfiram concentrations, whereas efavirenz – a known CYP inhibitor – decreased 

disulfiram exposure, lending support to the hypothesis that disulfiram may follow nonlinear 

elimination kinetics influenced by the cytochrome P450 system.

The data presented here are based on small numbers of observations and could not clearly 

differentiate which metabolites were more responsible for the observed effects on HIV 

transcription. Though prior in vitro data demonstrated that disulfiram and M1 (DDTC), but 

not M2 (DDTC-Me), reactivated latent HIV (5), our PK/PD modeling of in vivo human data 

showed that concentrations of disulfiram and its metabolites were highly correlated, with all 

metabolites predicting subsequent viral transcription. Based on these data, future studies of 

disulfiram could potentially measure and optimize exposure to disulfiram alone (rather than 

all five compounds assessed here) in evaluating exposure-response to HIV transcription.

An additional limitation is that the practical importance of the exposure-response 

relationship we found for disulfiram and CA-US RNA is modest, because the estimated 

AUC50 (1600 mg*h/L) is substantially lower than the lowest AUC0–72 in our study (2108 

mg*h/L). Nevertheless, because of between subject variability in AUC50, our model 

provides evidence that responses with a dose of 500 mg are likely to be meaningfully lower 

than with a dose of 1000 mg or more. Although our model estimates that over 70% of 

potential participants would achieve >90% of Emax at the median estimated AUC0–72 of 

2270 mg*h/L in the 500 mg dose group, it also estimates that 15% of them would achieve 

less than a third of Emax. In contrast, at the lowest observed AUC0–72 in the 1000 mg dose 

group (3883 mg*h/L), 95% of potential participants would achieve >98% of Emax.

We observed a slight trend between baseline plasma HIV RNA levels and levels at day 31. 

These findings are consistent with our main Phase 2 trial results (19), as well as prior work 

from our group demonstrating that participants with higher levels of cellular HIV RNA 

transcription at baseline may have higher subsequent levels of HIV RNA after the 

administration of a histone deacetalyase (HDAC) inhibitor (20). In the study, despite 

significant increases in CA-US HIV RNA following the administration of an HDAC 

inhibitor, vorinostat, a significant change in plasma HIV RNA was not observed. This may 

be due to the relatively smaller dynamic range of this assay, which in chronic-treated HIV+ 

ART-suppressed participants can range between 0.2 – 2.6 copies/mL (28). In our study, the 

lowest dose (500 mg) group also had the highest median baseline plasma HIV RNA, 

potentially affecting the ability to demonstrate an exposure-response relationship using the 

negative binomial regression models. Thus, further data evaluating the effect of baseline 

viral transcription levels on subsequent viral transcription from future HIV latency reversal 

trials are needed to determine whether stratification of participants by baseline reservoir 

measures should be considered to balance treatment arms.
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These findings provide additional support for further development of disulfiram as an 

important drug for future HIV cure strategies. Despite the complex nature of disulfiram 

metabolism, we were able to demonstrate that disulfiram produced an exposure-response 

effect on HIV transcription. Future HIV cure treatment will likely entail a combination 

therapy approach (29). The current data provide support the further investigation of 

disulfiram as a potential HIV cure agent to be used in combination with other more potent 

but toxic agents, as demonstrated in vitro (30) and is currently being explored in a follow-up 

trial of combination disulfiram plus vorinostat (20) (a histone deacetylase inhibitor) 

treatment (NCT03198559). Given its relative safety compared to other more toxic HIV 

latent reactivating agents and immunomodulatory agents currently being tested in clinical 

trials (31), and the possibility of potentially being able to administer disulfiram in 

conjunction with other agents to induce latent HIV transcription, may be a useful approach 

in future HIV eradication strategies.

METHODS

Study Participants

HIV-infected adult participants were enrolled from the SCOPE cohort at the University of 

California San Francisco (UCSF) and from the Department of Infectious Diseases outpatient 

clinic at the Alfred Hospital in Melbourne, Australia (19). Participants were enrolled in each 

of three sequential dosing cohorts (500, 1000, and 2000 mg) and administered oral DSF 

daily for three consecutive days and followed for 31 days. Inclusion criteria were confirmed 

HIV-1 infection, ART suppression for ≥3 years, plasma HIV-1 RNA <20 copies/mL 

(TaqMan version 2, Roche; NJ, USA), and CD4+T cell count >350 cells/mm3. Participants 

with ongoing alcohol use, significant acute illness, or concomitant use of medications 

containing alcohol were excluded from the study. All participants provided written informed 

consent, and the research was approved by the institutional review boards of the UCSF and 

the Alfred Human Research Ethics Committee. This study was registered with 

ClinicalTrials.gov (NCT01944371).

Laboratory Methods

Plasma disulfiram and metabolite concentrations were measured using ultra-performance 

liquid chromatography–tandem mass spectrometry (UPLC-MS/MS) (6). The four disulfiram 

metabolites measured were N,N-diethyldithiocarbamate (DDTC; referred to as M1), 

diethyldithiocarbamate-methyl ester (DDTC-Me; M2), S-methyl-N,N-diethylthiolcarbamate 

sulfoxide (DETC-MeSO; M3) and carbamathione (M4). The lower limit of detection was 15 

ng/mL for all measured compounds. Metabolite concentrations were measured on dosing 

day 1 (hours 0, 2, and 6), day 2 (hour 0), and day 3 (hours 0, 2, and 6), as well as on post-

dosing days 4, 8, and 31.

Cell-associated unspliced HIV RNA was measured in quadruplicate from CD4+ T cells 

enriched by negative selection, and HIV RNA copy numbers were standardized to cellular 

equivalents using an 18s RNA real time LUX polymerase chain reaction (PCR) primer set 

(Invitrogen) with a lower limit of detection of 1 copy equivalent per reaction, as previously 

described (19, 20). When there was no detectable signal, this was considered as zero copies 
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and when there was a signal but it was <1, we assigned this a value of 0.5 copies as 

explained previously (19). Plasma HIV RNA was quantified using an ultrasensitive hybrid 

real time/digital PCR assay performed in 12 replicates from a typical plasma volume of 7 

mL; this assay had a threshold sensitivity of 1 of 12 positive determinations = 0.19 copies 

per mL that was dependent on the actual plasma volume (32). Baseline samples were 

collected at the initial screening visit (B1), approximately one week prior to treatment 

initiation (B2), and two hours prior to the first dose of disulfiram (B3). Additional post-

dosing measures were collected as above for metabolite concentrations.

Statistical Methods

Nonlinear population pharmacokinetic models incorporating plasma DSF and DSF 

metabolite concentrations were fit using the first-order conditional estimation with 

interaction (FOCEI) method using NONMEM (version 7.3; Icon Development Solutions, 

Dublin, Ireland). Individual parameters were assumed to be log-normally distributed, and 

residual variability was estimated using proportional error. Graphical diagnostics Model 

were used to evaluate model fit (Xpose, version 4.5.3, http://xpose.sourceforge.net) (Figures 

S4-S6). PK models included all metabolites simultaneously to estimate the kinetics and 

compartmental distribution of disulfiram metabolism. A stepwise approach was taken to 

model fitting. First, a structural PK model was fit to the parent compound, where DSF PK 

was described using one compartment disposition model with first order absorption. Linear 

and nonlinear elimlination mechanisms were tested, and the choice of the elimination model 

was supported by statistical criteria (a decrease in OFV of at least 5.99 which corresponds to 

a p-value of 0.01). Then each additional metabolite was incorporated into the model, one at a 

time, modeling elimination of the parent compound as the formation rate of the subsequent 

metabolite. Finally, a full model describing the plasma PK model for all five analytes for all 

participants was fit. Additive and proportional error models of residual variability were 

explored. Different residual errors were estimated for each analyte separately. The likelihood 

test (LRT) was used to evaluate statistical significance for inclusion of additional parameters 

in the nested models, assuming the objective function value (OFV) is X2 distributed. Finally, 

individual and population predictions of exposures at steady state were estimated in terms of 

the area under the concentration-time curve over 72 hours at steady state (AUC0–72) and 

peak concentration (Cmax) in plasma. The model was parameterized in terms of nonlinear 

clearance defined by Km and,Vmax, and oral volume of distribution (V). Inter-

compartmental clearance (Q) and peripheral volume of distribution (V2) were tested and 

fitted for M2 only. Inter-individual variability (IIV) was tested on all plasma PK parameters 

and allowed based on the magnitude of estimates and the LRT. Given the complexity of the 

model, only one IIV term was added (to the parent compound). Inclusion of additional IIV 

terms on other structural parameters led to model instability.

Mixed effects negative binomial regression models were fit to link PK estimates with PD 

endpoints and account for overdispersion of low quantification values of HIV cell-associated 

or plasma HIV RNA levels as previously described (19). Given the above described model 

instability with including additional IIV terms, which would have allowed for more precise 

estimation of individual PK parameters for each analyte, we also fit separate PK models for 

each analyte alone to use in the subsequent PK/PD analyses. In order to attain additional 
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accuracy, we included the actual BLQ values (i.e., detectable but less precise quantification 

for values <15 ng/mL). We did exclude however, values that were below the limit of 

detection (no analyte detected). Several models were evaluated; final models included 

cumulative drug exposure measured as the AUC over the dosing period (i.e., AUC0–72, 24 

hours after the last DSF dose and when metabolite concentrations were no longer 

detectable). The effects of exposure were modeled as applying equally to all time points 

during and after disulfiram administration since fitting the dynamic concentrations as well as 

fitting several delay models (such as an indirect response model and an effect compartment 

model) to explore the time aspects of drug response did not improve the overall model fit. 

Maximum likelihood estimation was performed to compare minimum objective function 

values (OFVs) for various models. The predicted multiplicative change in CA-US RNA 

from baseline to during and after DSF administration for a given individual i with an 

AUC0–72 = Ai was calculated as:

λtrt = λbase × 1 + Emax × exp η4i
Ai

Gamma

AUC50 × η3i
Gamma + Ai

Gamma

where η3i and η4i are the random effects (individual perturbations) for AUC50 and Emax, and 

λtrt = the calculated mean count of HIV RNA during treatment and λbase = the calculated 

mean baseline count of HIV RNA. The variance of the counts was calculated using Equation 

4 (Supplemental Methods), which utilizes λ and the overdispersion parameter describing the 

negative binomial function (OVDP). Given that in the Phase 2 trial, we observed 

unexplained increases in CA-US RNA at the third baseline visit (B3, morning of initial DSF 

dose) compared to the first two baseline vists (B1-B2, initial screening visits ~2 weeks prior 

to DSF), which we speculated might result from changes in HIV transcription with circadian 

rhythm (B1-B2 sampling occurred later in the day than B3) or caused by anticipatory stress 

on the day of treatment (19), we also performed post-hoc analyses using PK/PD models that 

included only the last baseline value.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

DSFGUT amount of disulfiram in gut (mg)

DSFPLASMA amount of disulfiram in plasma (mg)

M1PLASMA amount of N,N-diethyldithiocarbamate (DDTC) in plasma 

(mg)

M2PLASMA amount of diethyldithiocarbamate-methyl ester (DDTC-

Me) in plasma (mg)

M3PLASMA amount of S-methyl-N,N-diethylthiolcarbamate sulfoxide 

(DETC-MeSO) in plasma (mg)

M3PERIPHERY amount of DETC-MeSO in plasma (mg)

M4PLASMA amount of carbamathione in plasma (mg)

ka absorption constant

CL clearance (L/hr)

V volume of distribution (L)

Q blood flow (L/hr)

knon-lin nonlinear elimination calculated using Km and Vmax terms
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STUDY HIGHLIGHTS

What is the current knowledge on the topic?

Despite effective antiretroviral therapy (ART), latently infected cells persist during 

treated HIV disease, preventing HIV eradication. Disulfiram has been shown to reactivate 

latently HIV-infected cells, and is being studied as a potential agent for use in HIV 

eradication strategies.

What question did this study address?

In this study, we investigated whether exposure to disulfiram and its metabolites 

predicted latent HIV reactivation in a recent Phase 2 dose-escalation study of disulfiram 

in HIV+ ART-suppressed participants.

What does this study add to our knowledge?

This is the first comprehensive exposure-response analysis of a clinical trial testing an 

agent to reactivate latent HIV for the purposes of cure. The study demonstrates the 

importance of careful PK monitoring to assess the effect of drug on subtle changes in 

viral reactivation.

How might this change clinical pharmacology or translational science?

Given its relative safety compared to other more toxic HIV latent reactivating agents and 

immunomodulatory agents currently being tested in clinical trials, and the possibility of 

potentially being able to administer disulfiram in combination with other agents to induce 

latent HIV transcription, our study provides support for further development of disulfiram 

as an important drug for future HIV cure strategies.
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Figure 1. 
Raw pharmacokinetic and pharmacodynamic data by disulfiram dosing group. Plasma 

concentrations of disulfiram (DSF) and its metabolites: M1 (N,N-diethyldithiocarbamate, or 

DDTC), M2 (diethyldithiocarbamate-methyl ester, or DDTC-Me), M3 (S-methyl-N,N-

diethylthiolcarbamate sulfoxide, or DETC-MeSO), and M4 (carbamathione) had a lower 

limit of detection (LLOD) of 15 ng/mL for all measured compounds (A). HIV RNA was 

quantified using two different assays and count-based methods (Supplemental Methods): 

cell-associated unspliced (CA-US) HIV RNA (copies/106 CD4+ T cells; LLOD of 1 copy/

well) (B) and plasma HIV RNA (copies/mL; typical LLOD of 0.19 copies/mL) (C).
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Figure 2. 
Seven compartment pharmacokinetic model of disulfiram metabolism. Abbreviations: 

DSFGUT = amount of disulfiram in gut (mg); DSFPLASMA = amount of disulfiram in plasma 

(mg); M1PLASMA = amount of N,N-diethyldithiocarbamate (DDTC) in plasma (mg); 

M2PLASMA = amount of diethyldithiocarbamate-methyl ester (DDTC-Me) in plasma (mg); 

M3PLASMA = amount of S-methyl-N,N-diethylthiolcarbamate sulfoxide (DETC-MeSO) in 

plasma (mg); M3PERIPHERY = amount of DETC-MeSO in plasma (mg); M4PLASMA = 

amount of carbamathione in plasma (mg); ka = absorption constant; CL = clearance (L/hr); 

V = volume of distribution (L); Q = blood flow (L/hr); knon-lin = nonlinear elimination 

calculated using Km and Vmax terms.
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Equations:

dA
dt DSFGUT = − ka ×   DSFGUT 1)

dA
dt DSFPLASMA = ka × DSFGUT −

VmaxDSF
CDSF + Km DSF

× CDSF andCDSF =
DSFPLASMA

VDSF

2)

dA
dt M1PLASMA   =

VmaxDSF
CDSF + Km DSF

× CDSF −
VmaxM1

CM1 + Km M1
× CM1 andCM1

=
M1PLASMA

VM1

3)

dA
dt M2PLASMA   =

VmaxM1
CM1 + Km M1

× CM1 −
CLM2
VM1

  ×   M2PLASMA

−
QM2
VM2

× M2PLASMA +
QM2

VPERIPH
× M2PERIPHERY

4)

dA
dt M2PERIPHERY   =

QM2
VM2

  ×   M2PLASMA −
QM2

VM2 PERIPH
  ×   M2PERIPHERY 5)

dA
dt M3PLASMA   =

CLM2
VM2

  ×   M2PLASMA −
CLM3
VM4

  ×   M3PLASMA 6)

dA
dt M4PLASMA   =

CLM3
VM3

  ×   M3PLASMA −
VmaxM4

CM4 + Km M4
× CM4 andCM4

=
M4PLASMA

VM4

7)
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Figure 3. 
Median fold-change exposure-response curve for cell-associated unspliced HIV-1 RNA 

(copies/106 CD4+ T cells) versus AUC of disulfiram concentrations (mg*h/L) over 72 hours 

in a model including all three baseline values. For concreteness, we plot the model’s 

predicted multiplicative effects as the resulting copies/106 CD4+ T cells after disulfiram 

administration. At each AUC value, the model estimates that 95% of the population will 

have a response within the shaded region, based on the estimated random effect parameters 

for AUC50 and Emax.

Lee et al. Page 20

Clin Pharmacol Ther. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lee et al. Page 21

Ta
b

le
 1

.

B
as

el
in

e 
ch

ar
ac

te
ri

st
ic

s 
of

 H
IV

-i
nf

ec
te

d 
an

ti
re

tr
ov

ir
al

 t
he

ra
py

 (
A

R
T

)-
su

pp
re

ss
ed

 s
tu

dy
 p

ar
ti

ci
pa

nt
s.

D
is

ul
fi

ra
m

 D
os

e
C

oh
or

t 
C

ha
ra

ct
er

is
ti

cs
50

0 
m

g
N

 =
 1

0
10

00
 m

g
N

 =
 1

0
20

00
 m

g
N

 =
 1

0
To

ta
l

N
 =

 3
0

G
en

de
r 

(m
al

e 
vs

. M
T

F 
tr

an
sg

en
de

r)
 a

9 
(9

0%
)

9 
(9

0%
)

10
 (

10
0%

)
28

 (
98

%
)

A
ge

 (
ye

ar
s)

 b
54

 (
34

 –
 6

3)
54

 (
40

 –
 6

5)
54

 (
26

 –
 6

7)
54

 (
26

 –
 6

7)

Pr
e-

A
R

T
 H

IV
 R

N
A

 (
lo

g 1
0 

co
pi

es
/m

L
) 

b
4.

2 
(3

.0
 –

 5
.4

)
4.

9 
(4

.7
 –

 5
.9

)
4.

8 
(4

.2
 –

 5
.6

)
4.

8 
(3

.0
 –

 5
.9

)

N
ad

ir
 C

D
4+

 T
 c

el
l c

ou
nt

 (
ce

lls
/m

m
3 )

 b
18

2 
(2

 –
 3

80
)

96
 (

7 
– 

68
0)

13
2 

(1
 –

 6
66

)
14

9 
(1

 –
 6

80
)

D
ur

at
io

n 
of

 A
R

T
 (

ye
ar

s)
 b

5 
(3

 –
 1

5)
13

 (
3 

– 
29

)
10

 (
2 

– 
19

)
8 

(2
 –

 2
9)

Pr
ox

im
al

 C
D

4+
 T

 c
el

l c
ou

nt
 (

ce
lls

/m
m

3 )
 b

,  c
56

0 
(4

01
 –

 1
18

0)
61

0 
(3

90
 –

 1
13

7)
52

7 
(4

14
 –

 1
02

2)
58

2 
(3

90
 –

 1
18

0)

A
nt

ir
et

ro
vi

ra
l r

eg
im

en
 (

no
n-

N
R

T
I 

dr
ug

) 
a

 
PI

5 
(5

0%
)

4 
(4

0%
)

3 
(3

0%
)

12
 (

40
%

)

 
N

N
R

T
I

5 
(5

0%
)

4 
(4

0%
)

6 
(6

0%
)

15
 (

50
%

)

 
IN

I
0

2 
(2

0%
)

1 
(1

0%
)

3 
(1

0%
)

C
A

-U
S 

H
IV

 R
N

A
 (

co
pi

es
/1

06  
C

D
4+

 T
 c

el
ls

) 
b,

 d
99

 (
2.

2–
55

7)
69

 (
6.

7–
41

11
)

11
3 

(9
.7

–1
59

8)
99

 (
2.

2–
41

11
)

Pl
as

m
a 

H
IV

 R
N

A
 (

co
pi

es
/m

L
) 

b,
 d

5.
7 

(0
–2

5)
2.

6 
(0

–1
0)

0.
87

 (
0–

12
)

2.
3 

(0
–2

5)

A
bb

re
vi

at
io

ns
: M

T
F 

=
 m

al
e-

to
-f

em
al

e;
 N

R
T

I 
=

 n
uc

le
os

id
e 

re
ve

rs
e 

tr
an

sc
ri

pt
as

e 
in

hi
bi

to
r;

 P
I 

=
 p

ro
te

as
e 

in
hi

bi
to

r;
 N

N
R

T
I 

=
 n

on
-n

uc
le

os
id

e 
re

ve
rs

e 
tr

an
sc

ri
pt

as
e 

in
hi

bi
to

r;
 I

N
I 

=
 in

te
gr

as
e 

in
hi

bi
to

r;
 C

A
-U

S 
H

IV
 R

N
A

 =
 c

el
l-

as
so

ci
at

ed
 H

IV
 R

N
A

.

a Fr
eq

ue
nc

y 
an

d 
pe

rc
en

t.

b M
ed

ia
n 

w
ith

 m
in

im
um

 a
nd

 m
ax

im
um

 r
an

ge
.

c “P
ro

xi
m

al
” 

re
fe

rs
 to

 m
os

t r
ec

en
t C

D
4+

 T
 c

el
l c

ou
nt

.

d Su
m

m
ar

y 
st

at
is

tic
s 

ar
e 

sh
ow

n 
fo

r 
th

e 
m

ea
n 

of
 3

 b
as

el
in

e 
va

lu
es

 a
s 

de
sc

ri
be

d 
in

 E
lli

ot
t e

t. 
al

., 
L

an
ce

t H
IV

, 2
01

5 
(1

9)
.

Clin Pharmacol Ther. Author manuscript; available in PMC 2020 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lee et al. Page 22

Ta
b

le
 2

.

Ph
ar

m
ac

ok
in

et
ic

 p
ar

am
et

er
s 

m
ea

su
re

d 
ov

er
 7

2 
ho

ur
s 

(i
.e

., 
up

 to
 2

4 
ho

ur
s 

af
te

r 
th

e 
la

st
 d

os
e 

of
 a

dm
in

is
te

re
d 

di
su

lf
ir

am
) 

in
 a

 m
od

el
 s

im
ul

at
an

eo
us

ly
 

in
cl

ud
in

g 
al

l m
et

ab
ol

ite
s. D

SF
(D

is
ul

fi
ra

m
)

R
SE

 (
%

)a

M
1

(D
D

T
C

)
R

SE
 (

%
)a

M
2

(D
D

T
C

-M
e)

R
SE

 (
%

)a

M
3

(D
E

T
C

-M
eS

O
)

R
SE

 (
%

)a

M
4

(C
ar

ba
m

at
hi

on
e)

R
SE

 (
%

)a

F
in

al
 P

K
 m

od
el

 p
ar

am
et

er
s

 
C

L
/F

 (
L

/h
r)

b
−

−
0.

58
0 

(5
.5

)
0.

59
5 

(6
.3

)
−

 
C

L
in

tr
in

si
c 

(L
/h

r)
b

0.
53

1 
(7

.7
)

0.
38

8 
(6

.7
)

−
−

0.
29

1 
(4

.1
)

 
V

 (
L

)c
1.

29
 (

9.
1)

0.
09

06
 (

16
.6

)
0.

00
40

4 
(8

.0
)

0.
06

47
 (

15
.6

)
0.

58
1 

(1
0.

3)

 
K

m
 (

ng
/m

L
)d

21
7 

(9
.3

)
48

0 
(6

.2
)

−
−

54
3 

(4
.3

)

 
K

a 
(h

r−
1 )

e
0.

07
52

 (
4.

3)
−

−
−

−

 
Q

f
−

−
0.

07
76

 (
14

.0
)

−
−

 
V

pe
ri

ph
 (

L
)g

−
−

28
.9

 (
17

.3
)

−
−

 
A

dd
iti

ve
 R

E
 (

ng
/m

L
)

35
.4

 (
7.

1)
41

.8
 (

12
.4

)
−

15
.2

 (
5.

3)
82

.5
 (

8.
5)

 
Pr

op
or

tio
na

l R
E

 (
%

)
31

.5
 (

9.
7)

49
.5

 (
5.

0)
20

.3
 (

10
.1

)
40

.8
 (

7.
1)

23
.3

 (
19

.6
)

 
B

V
 (

%
) 

in
 C

L
/F

36
 (

14
)

−
−

−
−

A
bb

re
vi

at
io

ns
: D

SF
 =

 p
ar

en
t d

ru
g,

 d
is

ul
fi

ra
m

; M
1 

=
 m

et
ab

ol
ite

 1
; M

2 
=

 m
et

ab
ol

ite
 2

; M
3 

=
 m

et
ab

ol
ite

 3
; M

4 
=

 m
et

ab
ol

ite
 4

; D
SF

 =
 d

is
ul

fi
ra

m
; D

D
T

C
 =

 N
,N

-d
ie

th
yl

di
th

io
ca

rb
am

at
e;

 D
D

T
C

 =
 

di
et

hy
ld

ith
io

ca
rb

am
at

e-
m

et
hy

l e
st

er
; D

D
T

C
-M

eS
O

 =
 S

-m
et

hy
l-

N
,N

-d
ie

th
yl

th
io

lc
ar

ba
m

at
e 

su
lf

ox
id

e;
 P

K
 =

 p
ha

rm
ac

ok
in

et
ic

; C
L

 =
 c

le
ar

an
ce

; F
 =

 b
io

av
ai

la
bi

lit
y;

 V
 =

 v
ol

um
e;

 R
SE

 =
 r

es
id

ua
l s

ta
nd

ar
d 

er
ro

r;
 B

V
 =

 b
et

w
ee

n-
su

bj
ec

t v
ar

ia
bi

lit
y.

a O
bt

ai
ne

d 
by

 n
on

pa
ra

m
et

ri
c 

bo
ot

st
ra

p 
w

ith
 3

0 
sa

m
pl

es
.

b O
ra

l c
le

ar
an

ce
: li

ne
ar

 el
im

in
ati

on
=

C
L F

; n
on

‐li
ne

ar
 el

im
in

ati
on

=
V

m
ax

C
+

K
m

×
C

 w
he

re
 V

m
ax

 =
 C

L
in

tr
in

si
c 

×
K

m
, C

 =
 c

on
ce

nt
ra

tio
n 

of
 a

na
ly

te
, K

m
 =

 is
 th

e 
M

ic
ha

el
is

-M
en

te
n 

co
ns

ta
nt

 

as
 d

ef
in

ed
 b

el
ow

.

c V
ol

um
e 

of
 d

is
tr

ib
ut

io
n.

d M
ic

ha
el

is
–M

en
te

n 
co

ns
ta

nt
 (

co
nc

en
tr

at
io

n 
of

 d
ru

g 
at

 w
hi

ch
 e

lim
in

at
io

n 
is

 h
al

f 
m

ax
im

al
).

e A
bs

or
pt

io
n 

co
ns

ta
nt

.

f Fl
ow

 f
ro

m
 c

en
tr

al
 c

om
pa

rt
m

en
t t

o 
pe

ri
ph

er
y.

g C
al

cu
la

te
d 

pe
ri

ph
er

al
 v

ol
um

e.

Clin Pharmacol Ther. Author manuscript; available in PMC 2020 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lee et al. Page 23

Ta
b

le
 3

.

Fi
na

l P
K

 m
od

el
 e

st
im

at
es

 f
or

 m
ed

ia
n 

A
U

C
0–

72
 e

xp
os

ur
e 

to
 m

et
ab

ol
ite

s 
by

 d
os

in
g 

co
ho

rt
.

D
SF

(D
is

ul
fi

ra
m

)
R

SE
 (

%
)g

M
1

(D
D

T
C

)
R

SE
 (

%
)g

M
2

(D
D

T
C

-M
e)

R
SE

 (
%

)g

M
3

(D
E

T
C

-M
eS

O
)

R
SE

 (
%

)g

M
4

(C
ar

ba
m

at
hi

on
e)

R
SE

 (
%

)g

F
in

al
 P

K
 m

ed
ia

n 
A

U
C

0–
72

 e
st

im
at

es
 (

m
ed

ia
n 

an
d 

2.
5 

to
 9

7.
5 

pe
rc

en
ti

le
 r

an
ge

)

 
50

0 
m

g 
gr

ou
p

3,
18

6
(3

,1
40

 –
 3

,2
81

)
2,

82
6

(2
,6

51
 –

 3
,6

02
)

2,
30

9
(1

,5
63

 –
 3

,3
97

)
1,

56
3

(1
,3

24
 –

 2
,5

44
)

4,
29

5
(4

,0
41

 –
 4

,9
23

)

 
10

00
 m

g 
gr

ou
p

8,
38

6
(7

,4
19

 –
 1

2,
86

1)
7,

51
1

(4
,9

74
 –

 1
4,

88
6)

4,
15

4
(3

,4
16

 –
 6

,0
00

)
3,

22
5

(2
,1

02
 –

 5
,3

83
)

8,
64

0
(7

,2
32

–1
9,

37
9)

 
20

00
 m

g 
gr

ou
p

22
,3

31
(1

8,
48

2 
– 

35
,1

02
)

20
,3

62
(1

5,
11

4 
– 

31
,4

21
)

7,
04

8
(6

,2
48

 –
 9

,7
01

)
8,

64
3

(6
,2

79
 –

 9
,9

76
)

25
,1

67
(1

6,
05

8–
32

,0
86

)

A
bb

re
vi

at
io

ns
: D

SF
 =

 p
ar

en
t d

ru
g,

 d
is

ul
fi

ra
m

; M
1 

=
 m

et
ab

ol
ite

 1
; M

2 
=

 m
et

ab
ol

ite
 2

; M
3 

=
 m

et
ab

ol
ite

 3
; M

4 
=

 m
et

ab
ol

ite
 4

; D
SF

 =
 d

is
ul

fi
ra

m
; D

D
T

C
 =

 N
,N

-d
ie

th
yl

di
th

io
ca

rb
am

at
e;

 D
D

T
C

 =
 

di
et

hy
ld

ith
io

ca
rb

am
at

e-
m

et
hy

l e
st

er
; D

D
T

C
-M

eS
O

 =
 S

-m
et

hy
l-

N
,N

-d
ie

th
yl

th
io

lc
ar

ba
m

at
e 

su
lf

ox
id

e.

Clin Pharmacol Ther. Author manuscript; available in PMC 2020 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lee et al. Page 24

Table 4.

Final model parametersa for the exposure-response of disulfiram on cell-associated unspliced (CA-US) HIV-1 

RNA.

Pharmacodynamic Parameters Estimate (RSE, %a)

λbase (copies/106 CD4+ T cells) 103 (13.6)

OVDP 0.282 (6.1)

AUC50 (mg*h/L) 1600 (8.9)

Emax (fraction increase) 78 (13.6)

Gamma 15.3 (11.5)

BSV (Baseline) (CV %) 154 (16.2)

BSV (Overdispersion) (CV %) 54 (24.0)

BSV (AUC50) (CV %) 38 (87.7)

BSV (Emax) (CV %) 47 (49.4)

Abbreviations: λBase = mean baseline count of HIV-1 RNA, OVDP= overdispersion parameter describing the negative binomial function, AUC = 

area under the curve; DSF = disulfiram; Emax = concentration at which maximum efficacy observed; Gamma = parameter to account for shape; 

BSV = between-subject variability); CV = coefficient of variation.

a
Obtained by nonparametric bootstrap with 100 samples.
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