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Abstract

Objective: People with HIV (PWH) have persistently elevated levels of inflammation and 

immune activation despite suppressive antiretroviral therapy (ART), with specific biomarkers 

showing associations with non-AIDS-defining morbidities and mortality. We investigated the 

potential role of the HIV-specific adaptive immune response, which also persists under ART, in 

driving levels of these clinically relevant biomarkers.

Design: Cohort-based study.
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Methods: HIV-specific IFN-γ-producing T-cell responses and antibody concentrations were 

measured in blood at study entry in the ACTG A5321 cohort, following a median of 7 years of 

suppressive ART. HIV persistence measures including cell-associated (CA)-DNA, CA-RNA, and 

plasma HIV RNA (single-copy assay) were also assessed at study entry. Plasma inflammatory 

biomarkers and T-cell activation and cycling were measured at a pre-ART time point and at study 

entry.

Results: Neither the magnitudes of HIV-specific T-cell responses nor HIV antibody levels 

were correlated with levels of the inflammatory or immune activation biomarkers, including 

hs-CRP, IL-6, neopterin, sCD14, sCD163, TNF-α, %CD38+HLA-DR+ CD8+ and CD4+ cells, and 

%Ki67+ CD8+ and CD4+ cells – including after adjustment for pre-ART biomarker level. Plasma 

HIV RNA levels were modestly correlated with CD8+ T-cell activation (r = 0.25, p = 0.027), 

but other HIV persistence parameters were not associated with these biomarkers. In mediation 

analysis, relationships between HIV persistence parameters and inflammatory biomarkers were 

not influenced by either HIV-specific T-cell responses or antibody levels.

Conclusions: Adaptive HIV-specific immune responses do not appear to contribute to the 

elevated inflammatory and immune activation profile in persons on long-term ART.
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Introduction

Antiretroviral therapy (ART) can durably suppress human immunodeficiency virus (HIV) 

viremia in people with HIV (PWH), yet despite effective ART and host antiviral immune 

responses HIV persists in a reservoir of infected cells necessitating lifelong treatment. ART 

abrogates viral replication, resulting in a tremendous decline in AIDS-related morbidity and 

mortality. Yet, even in the setting of long-term, well-controlled HIV infection, PWH on ART 

demonstrate elevated levels of inflammation and immune activation [1–4] – especially when 

ART was initiated in chronic infection – which predict a broad array of morbidities and 

increased mortality [5–8].

The etiology of persistent inflammation and immune activation under ART is 

incompletely understood, though multiple potential mechanisms likely contribute, including 

increased intestinal permeability and microbial translocation [9–11], co-infections such 

as cytomegalovirus (CMV) [12,13], and lymphoid tissue fibrosis [14]. A role has also 

been proposed for HIV reservoirs [15], and a recent study reported that measures of HIV 

persistence in gut tissue are associated with a marker of monocyte/macrophage activation 

[16], though we have previously shown that markers of HIV persistence in peripheral blood 

are not associated with inflammation or immune activation during long-term ART [4,17]. 

We have also previously shown that HIV-specific T-cell and antibody responses persist under 

long-term ART and are associated with HIV DNA levels in peripheral blood mononuclear 

cells (PBMCs) [18–20]. However, it is not known if these on-ART HIV-specific immune 

responses play a role in driving persistent inflammation and immune activation, despite 

multiple potential mechanisms by which this could occur. As one example, the release 
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of effector cytokines – in particular interferon-gamma (IFN-γ) – from activated T-cells 

responding to specific pathogens has been linked to macrophage activation and release of 

pro-inflammatory cytokines [21,22]. Further, interferon-gamma-induced protein 10 (IP-10), 

which is elevated in both untreated and treated HIV disease and correlates with other 

inflammatory markers [23], is induced by either IFN-γ or tumor necrosis factor alpha 

(TNF-α) [23] – both of which are produced by high proportions of HIV-specific T-cells 

[24]. Additionally, antibody immune complexes and Fc-mediated effector functions can 

promote immune cell maturation and activation, leading to production of some of the pro-

inflammatory mediators known to be elevated in antiretroviral (ARV)-treated HIV infection 

[25].

Here, we sought to determine whether ongoing HIV-specific immune responses contribute 

to levels of clinically relevant inflammatory and immune activation (T-cell activation and 

cycling) biomarkers – selected for analysis based on prior reports of associations with 

morbidities and/or mortality [1–5] – in PWH on long-term ART. We use mediation 

analysis, an advanced statistical procedure, to additionally test models of the three-way 

relationship between HIV persistence measures, HIV-specific immune responses, and levels 

of inflammation.

Methods

Study design and approval

Data for this manuscript were collected from a longitudinal cohort of participants who 

initiated ART during viremic chronic HIV infection in AIDS Clinical Trials Group (ACTG) 

trials for treatment-naive individuals and enrolled in the ACTG HIV Reservoirs Cohort 

Study (A5321) [17]. Participants had no reported ART interruptions, with plasma HIV 

RNA levels <50 copies/mL by commercial assays at or before week 48 of ART and at all 

subsequent time points (isolated measurements <200 copies/mL were allowed). Clinical data 

were available from pre-ART and on-ART study visits. Study procedures were performed 

in accordance with the Declaration of Helsinki. Informed consent was obtained from all 

participants, collected by the participating ACTG clinic. The institutional review boards at 

the authors’ institutions approved the study.

Virologic assays

HIV cell-associated (CA) DNA (CA-DNA) and RNA (CA-RNA) were measured by 

quantitative PCR (qPCR) assays in PBMCs using previously described methods [26]. Cell-

free HIV RNA was quantified by integrase single-copy assay (iSCA) in blood plasma (5 

mL) [27].

Immunologic assays

Levels of soluble biomarkers were evaluated from longitudinal frozen plasma samples, 

which were thawed and analyzed in batches that included all samples for a participant, 

as previously described [17]. In brief, plasma concentrations of high-sensitivity C-reactive 

protein (hs-CRP), interleukin 6 (IL-6), IP-10, neopterin, soluble CD14 (sCD14), soluble 

CD163 (sCD163), and TNF-α were quantified using enzyme-linked immunosorbent assay 
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(ELISA) kits per manufacturer’s instructions (R&D, Minneapolis, MN). Levels of T-cell 

activation and cell-cycling biomarkers in longitudinal cryopreserved PBMCs from each 

participant were determined in batch using multicolor flow cytometry.

IFN-γ ELISPOT assays

IFN-γ enzyme-linked immune absorbent spot (ELISPOT) assays against HIV-gene product 

peptide pools and a CMV-pp65 peptide pool were performed as previously described 

[18]. In brief, Multiscreen IP 96-well plates (Millipore) were coated with 0.5 μg/mL of 

anti-IFN-γ antibody (clone 1-D1K, Mabtech, Sweden) in phosphate-buffered saline and 

incubated overnight. Plates were washed, PBMCs were added at 2 × 105 cells per well, and 

HIV peptide pools or CMV-pp65 peptide pool (10 μg/mL/peptide) and phytohemagglutinin 

(2 μg/mL) were added. Plates were incubated overnight, washed and secondary antibody 

was added (clone 7-B6–1, Mabtech) and incubated for 1 hour. Plates were developed 

with Streptavidin-ALP (Mabtech) and Color Development Buffer (Bio-Rad, Hercules, CA). 

ELISPOT responses were background subtracted prior to data analysis.

HIV antibody assays

HIV antibodies were measured as previously described [19]. In brief, Less-sensitive (LS) 

and Avidity-modified VITROS® HIV 1 + 2 were used to measure antibodies against HIV 

envelope (Env) [28]. The signal-to-cutoff ratio value, reported by the VITROS ECi robot, 

was used as the measure of the HIV antibody level [29].

Statistics

Statistical analyses including univariate statistics and nonparametric Spearman correlations 

and partial correlations were performed in SAS v.9.4 (SAS Institute Inc., Cary, NC). For 

hs-CRP values above the limit of assay detection (10,000 ng/mL), values were analyzed as 

the highest rank. For CA-RNA and plasma HIV RNA via iSCA values below the limits of 

assay detection (13.6 copies/million CD4+ T-cells and 0.7 copies/mL, respectively), values 

were analyzed as the lowest rank.

Mediation analysis was performed using structural equation modeling (SEM) in the 

SAS CALIS procedure. In brief, variables used in SEM models were rank-transformed 

[30] using the SAS RANK procedure in order to match the nonparametric Spearman 

correlation approach. Next, standardized path coefficients for hypothesized mediation 

models (analogous to regression coefficients) were estimated by maximum likelihood using 

the PATH statement in the CALIS procedure. Standardization of coefficients allows for 

comparisons of effects among different sets of paths in the same model, when variables are 

often measured on different scales. Model fit was assessed by the root mean square error of 

approximation (RMSEA) and the Bentler-Bonnet Normed Fit Index (NFI). Significance tests 

for indirect effects were produced using the EFFPART statement. For more on mediation 

analysis using SEM, we refer readers to [31,32].
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Results

Study population

We previously assessed HIV-specific T-cell responses, along with CMV-pp65-specific T-

cell responses, by IFN-γ ELISPOT in 99 participants from the ACTG A5321 cohort 

[18]. Participants initiated ART during chronic HIV infection and had subsequent well-

documented, sustained virologic suppression prior to study entry (Figure S1) and throughout 

the study period [17,20]. Responses were measured at A5321 study entry, a median of 7 

(range 4 to 15) years after ART initiation, by IFN-γ ELISPOT assays with peptide pools 

spanning: i) HIV-Gag, ii) HIV-Env, iii) HIV-Pol, iv) HIV-Nef/Tat/Rev (combined peptide 

pool), and v) CMV-pp65. In this previous study as well as in a follow-up longitudinal 

study [18,20], ELISPOT responses were background subtracted (thus, nonzero responses 

were >1x background), but no other ad hoc empirical positivity cutoff was applied and all 

responses were included objectively. We also previously measured antibody levels against 

HIV-Env in 101 participants from the A5321 cohort at study entry [19], with an overlap of 

80 participants between those with T-cell response measurements and HIV antibody level 

measurements. Participant characteristics relevant to the current study are provided in Tables 

1 and S1.

Magnitudes of HIV-specific T-cell responses are not cross-sectionally associated with 
levels of inflammation or immune activation

To determine whether IFN-γ-producing HIV-specific T-cell responses could be contributing 

to levels of inflammation and immune activation on-ART, we examined associations 

between magnitudes of these responses (measured at A5321 study entry) with levels of 

plasma inflammatory biomarkers (also measured at A5321 study entry), including hs-CRP, 

IL-6, IP-10, neopterin, sCD14, sCD163, and TNF-α, as well as with levels of immune 

activation, including %CD38+HLA-DR+ CD4+ cells, %CD38+HLA-DR+ CD8+ cells, 

%Ki67+ CD4+ cells, and %Ki67+ CD8+ cells. A major strength of this longitudinal cohort 

study is the measurement of pre-therapy levels of inflammatory and immune activation 

biomarkers, allowing us to adjust for pre-ART biomarker level in the above associations. 

By adjusting for the pre-ART biomarker level, we were able to determine if on-ART 

HIV-specific T-cell responses influence inflammation and immune activation regardless of a 

participant’s baseline level of the respective biomarker prior to ART initiation.

For on-ART inflammatory biomarkers, TNF-α levels were negatively associated with 

magnitudes of responses to HIV-Pol (r = −0.21, p = 0.040), however this association was 

weak and did not remain significant after controlling for joint confounding by pre-ART 

plasma viral load, CD4+ T-cell count, and CD4+/CD8+ T-cell ratio, years on ART at 

A5321 entry, and age at A5321 entry - suggesting that host/viral interactions prior to ART 

initiation led to the observed on-ART association. TNF-α levels were not associated with 

magnitudes of T-cell responses to any other HIV gene product or to CMV-pp65 (Table 

2). No other inflammatory biomarker was associated with magnitudes of HIV-specific, or 

CMV-pp65-specific, T-cell responses, even after adjusting for pre-ART biomarker level 

(Table 2), nor were any of the measured immune activation biomarkers (Table 2). These 
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results indicate that HIV-specific T-cell responses, as assessed by ex vivo IFN-γ production, 

do not appreciably contribute to on-ART inflammation and immune activation.

HIV antibody levels are not associated with levels of inflammation or immune activation

We next asked if HIV antibody levels, another component of the ongoing adaptive immune 

response to HIV in treated infection [19], were associated with levels of inflammatory or 

immune activation biomarkers at A5321 study entry. No inflammatory biomarker was found 

to be associated with HIV antibody levels, nor were any immune activation biomarkers, 

even when adjusting for pre-ART biomarker level (Table 3), comprising a lack of evidence 

for HIV antibodies contributing to on-ART inflammation and immune activation under 

long-term viral suppression.

HIV-specific immune responses do not mediate an association between reservoir 
parameters and levels of inflammation or immune activation

A previous study reported a lack of correlations between measures of HIV persistence, 

including CA-DNA, CA-RNA, and plasma HIV RNA by iSCA, with levels of inflammatory 

and immune activation biomarkers at year 4 on therapy in the A5321 cohort [17]. We 

extended these results to analyses at the last longitudinal time point currently available on 

the cohort, a median of 7 (range 4 to 15) years on ART. CA-DNA levels were not associated 

with any inflammatory or immune activation biomarker, including when associations were 

adjusted for pre-ART biomarker level (Table S2). Likewise, CA-RNA levels were not 

associated with any inflammatory or immune activation biomarker (Table S3), nor was the 

CA-RNA:CA-DNA ratio (a surrogate of active replication) (Table S4). Interestingly, plasma 

HIV RNA levels by iSCA were weakly correlated with CD8+ T-cell activation as measured 

by %CD38+HLA-DR+ CD8+ cells (r = 0.25, p = 0.027), which remained significant after 

controlling for potential confounding by pre-ART plasma viral load, CD4+ T-cell count, and 

CD4+/CD8+ T-cell ratio, years on ART at A5321 entry, and age at A5321 entry (adjusted r 

= 0.24, p = 0.037) (Figure S2 and Table S5). This association also remained significant, and 

similar in magnitude, when adjusting for pre-ART %CD38+HLA-DR+ CD8+ cells (adjusted 

r = 0.26, p = 0.024) (Table S5), suggesting that on-ART low-level viremia – undetectable 

by commercial assays but detectable by single-copy assay – is biologically associated with 

increased CD8+ T-cell activation, regardless of a participant’s baseline level of CD8+ T-cell 

activation prior to ART initiation.

We next sought to determine if the association between plasma HIV RNA by iSCA with 

CD8+ T-cell activation was mediated by ongoing HIV-specific immune responses. In order 

to test this, we performed statistical mediation analysis using structural equation modeling. 

In mediation analysis, the objective is to determine if a third variable, Z, represents the 

causal mechanism (at least in part) through which the independent variable, X, influences 

the dependent variable, Y – indicated by a significant indirect effect of X through Z on 

Y [31,33]. SEM is a multivariate regression-like technique which allows for assessing the 

fit of mediation models – an important indicator of the consistency of the hypothesized 

mediation model with the actual data – and for comparison of different mediation models 

using goodness-of-fit statistics [31,32]. SEM also allows for analysis of mediation models 

with multiple independent variables, mediators, or outcomes. We used two goodness-of-fit 
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criteria to evaluate models: the RMSEA, with a value ≤0.06 supporting the hypothesized 

model [34], and the NFI, with a value ≥0.95 supporting the hypothesized model [34]; 

additionally, we used the Bayesian information criterion (BIC) to compare and select 

models, with a ΔBIC >10 taken to indicate a meaningful difference between models (a 

lower BIC is better) [35]. We generated models with plasma HIV RNA via iSCA as 

the independent variable (X), all measured immune activation biomarkers as the outcome 

variables (Y1-Y4), and either magnitudes of HIV-specific T-cell responses (against each 

gene product, separately, as well as summed HIV responses) or HIV antibody levels as 

the mediating variable (M). We present here results of summed HIV T-cell responses and 

HIV antibody levels as the mediating variables based on BIC statistics. Both SEM models 

suggested an inconsistency of the hypothesized mediation models with the actual data, with 

an RMSEA of 0.50 for both SEM models, and NFI values of 0.10 (summed HIV responses) 

and 0.08 (HIV antibody levels) (Figure 1), meaning that the variables are likely not related 

in the ways we hypothesized. While there was a significant direct effect of plasma HIV RNA 

via iSCA on CD8+ T-cell activation (but not on any other immune activation biomarker, 

consistent with the correlation results), there was no significant indirect effect through the 

mediating variable for either summed HIV T-cell responses or HIV antibody levels (Figure 

1 and Table 4). Taken together, these results indicate that on-ART HIV-specific adaptive 

immune responses do not mediate or influence the relationship between plasma HIV RNA 

via iSCA with CD8+ T-cell activation.

Next, we tested whether on-ART HIV-specific immune responses mediate an association 

between HIV reservoir size (by CA-DNA) with levels of inflammation and immune 

activation. Although CA-DNA levels were not associated with any biomarker in correlation 

analyses, it is possible for mediating variables to be causally between X and Y, even if 

X and Y are not directly associated – and X can affect Y indirectly in the absence of 

a detectable total effect [36]. For example, if the recognition of an HIV-infected cell by 

an HIV-specific T-cell resulted in the production of IFN-γ, which drove production of 

IFN-γ-induced protein 10, then the association between infected cells (CA-DNA) and IP-10 

would be mediated by HIV-specific T-cells. Such a relationship between CA-DNA and 

IP-10 might only be revealed if HIV-specific T-cells are considered. We present here results 

of HIV-Nef/Tat/Rev-specific T-cell responses and HIV antibody levels as the mediating 

variables based on BIC statistics. When levels of inflammation were considered as outcome 

variables, both SEM models suggested an inconsistency of the hypothesized mediation 

models with the actual data, with an RMSEA of 0.17 for both SEM models, and NFI values 

of 0.15 (Nef/Tat/Rev T-cell responses) and 0.19 (HIV antibody levels) (Figure S3). There 

was a significant effect of CA-DNA levels on both Nef/Tat/Rev responses and HIV antibody 

levels (Figure S3), consistent with the correlations reported in our prior publications [18,19]. 

There were no significant indirect effects of CA-DNA on inflammatory biomarkers through 

either Nef/Tat/Rev responses or HIV antibody levels as the mediators (Figure S3 and Table 

S6). Similarly, there were no significant indirect effects of CA-DNA on immune activation 

biomarkers through either of the mediators tested (Figure S4 and Table S7). Taken together, 

these results indicate that the on-ART HIV-specific immune responses measured here do not 

mediate or influence an association between reservoir size with levels of inflammation and 

immune activation.
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Discussion

This is the first study to our knowledge assessing the relationships between HIV-specific 

immune responses with clinically relevant inflammation and immune activation indices – 

including plasma IL-6 (associated with risk for non-AIDS-defining cancers, cardiovascular 

disease, renal disease, frailty, and all-cause mortality [37–43]), hsCRP (associated with 

risk for cardiovascular disease, incident diabetes, and mortality [37,39,44,45]), IP-10 

(associated with a metric of multimorbidity and mortality [46]), sCD14 (associated with 

risk for chronic obstructive pulmonary disease, neurocognitive impairment, frailty, and 

mortality [43,47–50]), sCD163 (associated with risk for neurocognitive impairment [51]), 

and TNF-α (associated with risk for renal disease and frailty [41,43]) – in a cohort of 

chronic progressors on long-term ART. Our findings indicate that neither peripheral blood 

HIV-specific T-cell responses, assessed by ex vivo IFN-γ production, nor HIV antibody 

levels influence on-ART levels of inflammation and immune activation. Additionally, we 

report here that magnitudes of IFN-γ-producing CMV-pp65-specific T-cell responses are not 

associated with inflammation and immune activation in PWH on long-term ART, consistent 

with another report assessing CMV-specific T-cell responses by intracellular cytokine 

staining in n=56 PWH [52]. These latter results add to the literature on CMV, as elevated 

circulating CD8+ T-cell numbers and markers of inflammation and coagulation have been 

linked to CMV coinfection in PWH [13], but mechanisms are not fully understood. The 

findings presented here suggest this is not driven by CMV-specific T-cell responses – at least 

to the pp65 antigen as measured by IFN-γ ELISPOT in the peripheral blood. The modest 

association between on-ART plasma HIV levels by iSCA with CD8+ T-cell activation differs 

from the lack of association that we reported previously at an earlier on-ART time point 

[12,43]. It is possible that this association could become increasingly prevalent with longer 

durations of ART, during which very low-level viremia and/or viral blips (undetectable by 

commercial assays) may become increasingly influential drivers of CD8+ T-cell activation. 

It will, however, be important to confirm this observation in future studies on cohorts with 

similar or longer durations of ART. While our study examined adaptive immune responses 

to HIV, it is important to also note that persistent HIV can drive innate immune activation 

directly, i.e. through toll-like receptor signaling of products of reverse transcription [53], as 

can products of ongoing microbial translocation [11].

Major strengths of our study include that participants had many years of sustained 

viral suppression prior to entry into the cohort, allowing us to assess the relationships 

between immune responses with inflammation and immune activation without the potential 

confounding of appreciable residual viremia or virologic failure. Additionally, longitudinal 

measures of inflammation and immune activation provided for stronger inference by 

allowing us to adjust for pre-ART values to address the confounding that can occur in 

cross-sectional studies. The mediation modeling approach also provides a strong inference 

framework, as it does not rely on a significant total effect between the independent variable 

and outcome variable to detect meaningful relationships between multiple variables (which 

may be missed in regression or correlation analyses that only examine total effects). 

Limitations to our study include that we only assessed magnitudes of IFN-γ production 

but not other qualities of T-cell responses (such as cytotoxicity or production of other 
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cytokines and chemokines), which could be important factors related to inflammation and 

immune activation. Similarly, we assessed HIV Env antibody levels but not other functional 

qualities of antibodies, and we did not assess antibodies against other HIV proteins. Immune 

responses and virologic parameters were only measured in peripheral blood, which may not 

fully reflect antigen-specific responses in tissues. Indeed, it is notable that residual plasma 

virus levels (iSCA) were associated with CD8+ T-cell activation – where plasma virions 

may come from both circulating and tissue sources [54] – but measures of circulating HIV 

reservoirs were not, and further study is needed to understand the role of tissue reservoirs 

and immune responses in tissues. Additionally, we did not assess immune responses 

pre-ART, and thus were not able to evaluate the contribution of pre-ART HIV-specific 

responses to pre-ART and on-ART inflammation and immune activation. Differing measures 

of the HIV reservoir, such as viral outgrowth or intact vs. defective HIV DNA levels, 

may yield additional insights into relationships with both anti-HIV immune responses and 

inflammation. Finally, several inflammatory markers measured in this study are mainly 

produced by activated myeloid cells, but we did not directly evaluate myeloid cell activation. 

Since our rationale here is based on these cells acting as intermediaries, it may be valuable 

for future studies to assess myeloid cell activation, which would also enable additional 

mediation analyses.

Delineating the root drivers of persistent inflammation and immune activation despite 

suppressive ART is critical towards the goal of reducing associated non-AIDS-defining 

morbidities and increased mortality [5]. Although there are multiple potential mechanisms 

by which HIV-specific adaptive immune responses could have contributed to elevation of the 

clinically-relevant biomarkers we examined, our study did not uncover any evidence for this. 

These results should be interpreted in relation to both the strengths and limitations outlined 

above, and we emphasize that studies of tissues and/or other functional characteristics of T-

cells may yet reveal a role for residual antigen expression and adaptive immune recognition 

in on-ART inflammation. This being said, the lack of associations observed here adds 

further support to the “die is cast” or “legacy effect” theory proposed by members of the 

ACTG A5321 study team and others [17,55], which suggests that pathogenic mechanisms 

that occur before therapy is initiated are the predominate drivers of long-lasting immune 

dysregulation (i.e. an “immune dysregulation legacy effect”). This theory was initially 

proposed in response to the observation of strong correlations between pre- and on-ART 

inflammation, alongside a lack of associations between virologic measures of persistence 

and inflammatory markers on-ART – and this model holds up to the inclusion of the 

adaptive immune responses studied here. Mechanisms consistent with this theory – such 

as intestinal damage and increased microbial translocation, coinfections, and lymphoid 

tissue fibrosis – represent important areas for ongoing research into interventional targets to 

improve the health of PWH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
HIV-specific T-cell responses and HIV antibody levels do not mediate the association 

between plasma HIV RNA levels by iSCA with CD8+ T-cell activation. Structural 

equation modeling was used to test for mediation between plasma HIV RNA via iSCA 

with markers of T-cell activation (%CD38+HLA-DR+ CD4+ and CD8+ cells) and T-cell 

cycling (%Ki67+ CD4+ and CD8+ cells), mediated by either summed HIV-specific T-cell 

responses (measured by IFN-γ ELISPOT assay) (A) or HIV-Env-specific antibody levels 

(measured by LS-VITROS signal:cutoff ratio) (B). Path model diagrams are depicted, with 

path coefficients representing standardized effect estimates using rank-transformed data; 

statistically significant path coefficients are bolded. Circled numbers represent unexplained 

(error) variances. X indicates the independent variable, M the mediating variable, and Y 

the outcome variable. Values for goodness-of-fit statistics including RMSEA (with 95% 

confidence interval), NFI, and BIC are shown. iSCA, integrase single-copy assay; ELISPOT, 

enzyme-linked immune absorbent spot; RMSEA, root mean square error of approximation; 

NFI, Bentler-Bonnet Normed Fit Index; BIC, Bayesian information criterion. * p<0.05, ** 

p<0.01, *** p<0.001.
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