

[image: image1]








	 
	ORIGINAL RESEARCH
published: 19 October 2017
doi: 10.3389/fimmu.2017.01343





[image: image1]

Differential Relationships among Circulating Inflammatory and Immune Activation Biomediators and Impact of Aging and Human Immunodeficiency Virus Infection in a Cohort of Injection Drug Users

Gregory D. Kirk1,2, Stewart Dandorf3, Huifen Li3, Yiyin Chen3, Shruti H. Mehta1, Damani A. Piggott2, Joseph B. Margolick4 and Sean X. Leng3*

1 Department of Epidemiology, Johns Hopkins Bloomberg School of Public Health, Baltimore, MD, United States

2 Division of Infectious Diseases, Department of Medicine, Johns Hopkins University School of Medicine, Baltimore, MD, United States

3 Division of Geriatric Medicine and Gerontology, Johns Hopkins University School of Medicine, Baltimore, MD, United States

4 Department of Molecular Microbiology and Immunology, Johns Hopkins Bloomberg School of Public Health, Baltimore, MD, United States

OPEN ACCESS

Edited by:

Graham Pawelec, Universität Tübingen, Germany

Reviewed by:

Dietmar Fuchs, Innsbruck Medical University, Austria
David Goldeck, Universitätsklinikum Tübingen, Germany

*Correspondence:

Sean X. Leng
sleng1@jhmi.edu

Specialty section:

This article was submitted to Inflammation, a section of the journal Frontiers in Immunology

Received: 29 May 2017
Accepted: 03 October 2017
Published: 19 October 2017

Citation:

Kirk GD, Dandorf S, Li H, Chen Y, Mehta SH, Piggott DA, Margolick JB and Leng SX (2017) Differential Relationships among Circulating Inflammatory and Immune Activation Biomediators and Impact of Aging and Human Immunodeficiency Virus Infection in a Cohort of Injection Drug Users. Front. Immunol. 8:1343. doi: 10.3389/fimmu.2017.01343

As individuals with human immunodeficiency virus (HIV) infection live longer, aging and age-related chronic conditions have become major health concerns for this vulnerable population. Substantial evidence suggests that chronic inflammation and immune activation contribute significantly to chronic conditions in people aging with or without HIV infection. As a result, increasing numbers of inflammation and immune activation biomediators have been measured. While very few studies describe their in vivo relationships, such studies can serve as an important and necessary initial step toward delineating the complex network of chronic inflammation and immune activation. In this study, we evaluated in vivo relationships between serum levels of neopterin, a biomediator of immune activation, and four commonly described inflammatory biomediators: soluble tumor necrosis factor (TNF)-α receptor (sTNFR)-1, sTNFR-2, interleukin (IL)-6, and C-reactive protein (CRP), as well as the impact of HIV infection and aging in the AIDS Linked to the Intravenous Experience (ALIVE) study, a community-recruited observational study of former and current injection drug users (IDUs) with or at high risk for HIV infection in Baltimore, MD, USA. The study included 1,178 participants in total with 316 HIV-infected (HV+) and 862 HIV-uninfected (HIV−) IDUs. Multivariate regression analyses were employed, adjusting for age, sex, body mass index, smoking, hepatitis C virus co-infection, injection drug use, comorbidities, and HIV status (for all participants), and HIV viral load, CD4+ T-cell counts, and antiretroviral therapy (for HIV+ participants). The results showed significant impact of aging on all five biomediators and that of HIV infection on all but sTNFR-1. In the adjusted model, neopterin had positive associations with sTNFR-1 and sTNFR-2 (partial correlation coefficients: 0.269 and 0.422, respectively, for all participants; 0.292 and 0.354 for HIV+; and 0.262 and 0.435 for HIV−, all p < 0.0001). No significant associations between neopterin and IL-6 or CRP were identified. Such differential relationships between circulating neopterin and sTNFR-1, sTNFR-2, IL-6, and CRP may help inform their selection in future studies. These findings may also facilitate elucidation of underlying inflammatory and immune activation pathways that contribute to age-related chronic conditions, potentially leading to identification of key biomediators, particularly those upstream of CRP, as novel targets for intervention.
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INTRODUCTION

Human immunodeficiency virus (HIV) infection remains a major health problem worldwide. At present, approximately 34 million people are infected worldwide and there are about 50,000 new cases each year in the US alone. As effective treatment is available through combination antiretroviral therapy (cART) and new infections have increased among older adults, the number of older individuals living with HIV has risen dramatically over the past decade also. In fact, more than half of all HIV-infected persons in the US are now over the age of 50. Aging of the HIV-infected population is also evident in Asia and even in sub-Sahara Africa (1, 2). As HIV-infected (HIV+) individuals live longer, age-related chronic conditions commonly encountered in the geriatric population, some of which are also termed HIV-associated non-AIDS conditions, have become major health concerns for this vulnerable aging population despite suppression of HIV viral load to clinically undetectable levels by cART (3–6). One important example is frailty, a syndrome characterized by diminished physiologic reserve, increased vulnerability to stressors, and adverse health outcomes (3, 4). While much remains to be learned, it is believed that age-related senescent remodeling of the immune system, or immunosenescence, contributes significantly to the development of such chronic conditions and adverse health outcomes, and that HIV infection appears to accelerate immunosenescence (6–9).

Age-related chronic inflammation and dysregulated immune activation are considered cardinal features and likely mechanisms of immunosenescence. Biomediators commonly described in the literature include neopterin for immune activation and C-reactive protein (CRP), interleukin (IL)-6, soluble tumor necrosis factor (TNF)-α receptor (sTNFR)-1, and sTNFR-2 for chronic inflammation. In the geriatric population, we and others have shown that elevated serum levels of neopterin, CRP, IL-6, sTNFR-1, and sTNFR-2 are associated with frailty, disability, and mortality (10–13). In HIV infection, neopterin is shown to be elevated and its elevation is predictive of HIV disease progression (14–16). CRP, IL-6, and sTNFR-2 are also elevated with HIV infection and their elevated levels are associated with HIV disease progression and mortality in patients treated with cART (17–23). More recent studies in virologically suppressed HIV patients have shown persistent inflammation and immune activation, and that this persistent state of inflammation and immune activation is associated with aging, functional impairment, and AIDS defining events (24–29). In HIV+ men in the Multicenter AIDS Cohort Study (MACS), those with frailty had circulating CRP concentrations that were up to 50% higher than those in similar non-frail HIV+ men (30). However, in vivo relationships among these biomediators of chronic inflammation and immune activation have yet to be adequately investigated.

Neopterin, a GTP metabolite, is a well-established biomediator for immune activation primarily produced by monocytes and macrophages in response to stimulation with Th1-type cytokine interferon (IFN)-γ (31); its level increases with age (32) and in frailty (11). Both IL-6 and CRP are classic inflammatory biomediators and their elevated levels are considered the hallmark of age-related chronic inflammation, or “InflammAgeing” (33). TNF-α is a central player triggering inflammatory pathway or cascade as demonstrated in rheumatoid arthritis (34). TNF-α triggers inflammation through its two distinct but structurally homologous TNF receptors, the 55-kD receptor 1 (TNF-R1) and 75-kD receptor 2 (TNF-R2) (35, 36), and sTNFR-1 and sTNFR-2 are derived from TNF-R1 and TNF-R2, respectively, by proteolytic processing and have been shown to be reliable measurements for the in vivo activities of TNF-α. As such, sTNFR-1 and sTNFR-2 can be considered as more proximal inflammatory mediators than IL-6 and CRP. We have observed significant association between elevated levels of IL-6 and CRP among the AIDS Linked to the Intra Venous Experience (ALIVE) study participants, a large cohort of injection drug users (IDUs) with or at high risk for HIV infection (37). In the ALIVE study, we have also shown significant associations of serum levels of IL-6 and sTNFR-1 as well as an aggregate inflammatory index including IL-6 and sTNFR-1 levels with frailty and mortality (38). In addition, we have demonstrated significant in vivo associations between IL-6 and sTNFR-1 and sTNFR-2 levels (39). However, these are primarily biomediators of chronic inflammation. The objective of this study, therefore, was to further investigate the in vivo relationships between neopterin, a well-known biomediator of immune activation, and the above four inflammatory biomediators. This is built upon earlier work from Zangerle and colleagues who observed elevated neopterin and its association with sTNFR-1 in HIV-infected IDUs (40–42). We hypothesized that neopterin would have complex relationships with these inflammatory biomediators in which neopterin would be directly associated with sTNFR-1 and sTNFR-2 rather than IL-6 or CRP. As increasing numbers of immune activation and inflammatory biomediators have been evaluated in various settings, addressing this hypothesis is important in order to inform more accurate interpretation of existing data as well as their selection for evaluation in future studies. Delineating the in vivo relationships of these biomediators will advance our understanding of immune activation and inflammatory pathways as well as their role and interaction in contributing to chronic conditions and adverse health outcomes in the vulnerable aging population with HIV infection. To test this hypothesis, we conducted a cross-sectional analysis to evaluate the relationships between serum neopterin levels and levels of sTNFR-1, sTNFR-2, IL-6 and CRP in the ALIVE study, adjusting for age, sex, race, body mass index (BMI), cigarette smoking, comorbidities, hepatitis C infection, injection drug use, HIV status (for all participants), and HIV viral load, CD4 counts and cART (for HIV+ subgroup).

MATERIALS AND METHODS

Study Population

The AIDS Linked to the Intra Venous Experience (ALIVE) study is a prospective cohort consisted of IDUs based in Baltimore, MD, USA. Methodology has been previously described (43). During semi-annual visits, ALIVE participants completed standardized questionnaires and submitted biospecimens for testing. Smoking and illicit injection drug use per participant were self-report of behaviors over the past 6 months. Frequency of injection drug use during the past 30 days prior to the visit was also recorded. Multimorbidity including diabetes mellitus, hypertension, obstructive lung disease, anemia, chronic kidney disease, and liver fibrosis were confirmed clinical diagnoses by medical history and records. HIV serology was determined using enzyme-linked immunosorbent assay (ELISA) with Western blot confirmation (Dupont, Wilmington, DE, USA). Hepatitis C infection was determined by a positive antibody titer using standard laboratory assay. For those who were HIV positive, CD4+ T cell counts and HIV viral load were measured routinely in a clinically certified laboratory. cART usage was self-reported by the participants and confirmed by medical or pharmacy record. Serum neopterin, sTNFR-1, sTNFR-2, IL-6, and CRP levels were measured as described below. A total of 1,190 participants had measurements of all 5 biomarkers at baseline. Residuals were examined and participants with high influence for one or more of the above biomediators were excluded (n = 10). Two participants were also removed due to incomplete data, leaving the sample size of 1,178 for this analysis. Johns Hopkins University Institutional Review Board approved the study and each participant provided written informed consent.

Measurements of Serum Neopterin, sTNFR-1, sTNFR-2, IL-6, and CRP

Serum samples were obtained from each participant according to the standard protocol, and stored in aliquots at −80°C until analysis. Serum neopterin was measured using a commercially available competitive ELISA (ALPCO Diagnostics; Salem, NH, USA). The immunoassay has a sensitivity of 0.8 nM and an inter-assay coefficient of variance of 5.29%. Serum sTNFR-1, sTNFR-2, IL-6, and CRP were measured using commercially available ELISA according to the procedures provided by manufacturers. Serum sTNFR-1 and sTNFR-2 were measured using DuoSet ELISA kits (R&D Systems, Minneapolis, MN, USA) with a sensitivity of 12.5 or 7.8 pg/ml and an inter-assay CV of 4.9 or 6.1%, respectively. Serum IL-6 and CRP were measured using High-Sensitivity Quantikine kits (R&D Systems) with detection ranges of 0.156–10.0 and 31.25–2,000 pg/mL and inter-assay coefficients of variance of 5.7 and 6.4%, respectively. Measurements were performed in duplicate and repeated if the measures differed by more than 15% or were out of the measureable range. The average of the two values in duplicate was used for analyses.

Statistical Analysis

Frequency distributions were determined for baseline population characteristics. Fisher’s exact test and Student’s t-test were used to determine differences between categorical and continuous data by HIV status, respectively. Medians and Interquartile Range (IQR) were calculated for all five biomediators and the non-parametric Wilcoxon–Mann–Whitney test was used to compare distributions between groups stratified by HIV status. Bivariate associations between neopterin and each of the inflammatory biomediators (sTNFR-1, sTNFR-2, IL-6, and CRP) were evaluated using cross-tabulations of means and SDs of sTNFR-1, sTNFR-2, IL-6, and CRP levels by quartiles of neopterin; analysis of variance was used to compare group differences. Multiple linear regression was used to examine the relationships between neopterin and each of the inflammatory biomediators (sTNFR-1, sTNFR-2, IL-6, and CRP). Separate analyses were performed for each pairs of biomediators adjusting for age, sex, race, BMI, cigarette smoking, number of comorbidities (0 or 1, 2, ≥3), hepatitis C infection, number of injection drug use within the past 30 days, HIV status (for all participants), and HIV viral load, CD4 counts and cART (for HIV+ group). To account for non-normal distributions, levels of neopterin, sTNFR-1, sTNFR-2, IL-6, and CRP were log transformed to approximate normality for linear regression analyses. Regression effects can be interpreted as a one percent change in the median covariate value for each unit change in the median outcome value. Multi-collinearity was examined using variance inflation factors with 2.5 as a cutoff. Assumptions were checked for all models by examining error properties and residual plots. All analyses were performed using SAS statistical software (Version 9.2, Cary, NC, USA).

RESULTS

Out of 1,178 participants (all participants) included in this analysis, 316 were HIV+ and 862 were HIV− participants, giving a 26.8% prevalence of HIV infection. The majority of the study participants were African-American (87.5%) and male (64.9%) with a mean age of 46.8 (range 21.2–78.1) years. Daily injection drug use was reported in 21.1% of the population. Table 1 summarizes baseline demographic and clinical characteristics as well as medians (IQR) of neopterin, sTNFR-1, sTNFR-2, IL-6, and CRP levels of all participants as well as HIV+ and HIV− study groups. Compared to HIV− participants, those who were HIV+ were more likely to be African-American, never married, unemployed, use injection drugs less often, inject fewer times within the past 30 days, consume fewer alcoholic drinks/day, and have two or more comorbidities. The prevalence of hepatitis C infection was 86% among all participants included in this analysis with hepatitis C co-infection present in all (100%) HIV+ participants and 80.7% in HIV− participants (p = 0.0001). There was no statistical difference with regard to age, sex, smoking, or BMI between HIV+ and HIV− groups. For HIV+ participants, median (IQR) CD4+ T-cell count and HIV viral load were 304 cells/mm3 (180–437) and 961 copies/ml (400–28,000), respectively. Among them, 163 were treated with cART with majority being treated with protease inhibitors (57.7%) or non-nucleotide reverse transcriptase inhibitors (18.5) alone and the remaining 148 (46.8%) had no cART. Median (IQR) levels of immune activation and inflammatory biomediator for all participants were 16.52 nmol/ml (10.85–26.78) for neopterin, 1,491 pg/ml (1,260–1,834) for sTNFR-1, 4,976 pg/ml (3,833–6,900) for sTNFR-2, 1.61 pg/ml (1.01–2.75) for IL-6, and 1,566 pg/ml (546–4,632) for CRP (Table 1). HIV+ participants had significantly higher neopterin, IL-6, and sTNFR-2 levels than HIV− participants (median 25.98 vs 14.36, p < 0.0001, 1.81 vs 1.50 pg/mL, p = 0.0001 and 9,682 vs 4,487 pg/mL, p < 0.0001, respectively), while there was no significant difference in sTNFR-1 or CRP levels between the two study groups (1,484 vs 1,492 pg/mL, p = 0.416 and 1,307 vs 1,723, p = 0.069, respectively). The median neopterin levels in HIV− IDUs were higher than that typically seen in other HIV− populations, likely due to drug use or other infections.

TABLE 1 | Characteristics of ALIVE study participants: all participants and stratified by human immunodeficiency virus (HIV) status.
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Potential associations of age, sex, race, and HIV status in all participants were assessed by bivariate regression analyses (Table 2). Among all participants, neopterin and IL-6 levels were significantly associated with age, sex, and HIV status, but not race. Levels of sTNFR-1 were significantly associated with age and race but not sex or HIV status. Levels of sTNFR-2 were significantly associated with age and HIV status but not sex or race. CRP levels were significantly associated with age, sex, race, and HIV status. Median neopterin levels were increased by 68.2%, IL-6 levels were increased by 19.8%, and sTNFR-2 levels by 51.5% in HIV+ participants compared to HIV− participants (all p < 0.05). Females had median IL-6 and CRP levels that were higher compared to males by 17.7 and 33.0%, respectively, both p < 0.05. African-Americans had median sTNFR-1 and CRP levels that were lower compared to all other races by 10 and 34.4%, respectively, both p < 0.05.

TABLE 2 | Effects of age, sex, race, and human immunodeficiency virus (HIV) status on circulating levels of neopterin, sTNFR-1, Factor (TNF)-α receptor (sTNFR)-2, IL-6, and C-reactive protein (CRP) in ALIVE study participants as shown by regression coefficients (95% CI).a
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The relationships between levels of neopterin and those of sTNFR-1, sTNFR-2, IL-6, CRP in all participants were evaluated next. First, the means and SDs of sTNFR-1, sTNFR-2, IL-6, and CRP levels were cross-tabulated across quartiles of neopterin levels. We found a stepwise increase in sTNFR-1 and sTNFR-2 levels across neopterin quartiles (Table 3). There were no significant differences across neopterin quartiles for IL-6 and CRP.

TABLE 3 | Mean (SD) of sTNFR-1, factor (TNF)-α receptor (sTNFR)-2, IL-6, and C-reactive protein (CRP) levels across neopterin quartiles.
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We then assessed the associations between log-transformed levels of neopterin and those of sTNFR-1, sTNFR-2, IL-6, and CRP in all participants as well as HIV+ and HIV− participants, adjusting for age, sex, race, BMI, cigarette smoking, number of comorbidities, hepatitis C infection, number of injections in the past 30 days, HIV status (for all participants), as well as CD4+ T-cell counts, HIV viral load, and cART (for HIV+ group only). log(neopterin) and log(sTNFR-1) were associated with each other in all participants as well as in HIV+ and HIV− groups (partial correlation coefficient r = 0.269, 0.292, and r = 0.262, respectively, all p < 0.0001, Figures 1A–C). Similarly, log(neopterin) and log(sTNFR-2) were associated with each other for all participants, HIV+, and HIV− groups (r = 0.422, 0.354, and r = 0.435, respectively, all p < 0.0001, Figures 1D–F). log(neopterin) had minimal or insignificant associations with log(CRP) or log(IL-6) in all population, HIV+, and HIV groups (data not shown).
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FIGURE 1 | Scatterplots of total (all participants), human immunodeficiency virus (HIV)-positive, and HIV-negative populations with regression line shows, respectively, the fitted relationships of log(neopterin) with log(sTNFR-1)(A–C) and with log(sTNFR-2) (D–F), adjusting for age, sex, race, number of comorbidities (0 or 1, 2, 3 or more), cigarette smoking, hepatitis C infection, body mass index, and number of injections in the past 30 days. CD4+ T-cell counts, HIV viral load, and combination antiretroviral therapy (cART) use in past 6 months were also adjusted for HIV-positive subgroup.



Multiple linear regression analyses were performed using log(neopterin) as predictor and log(sTNFR-1), log(sTNFR-2), log(IL-6), and log(CRP) as outcome measures for all participants, HIV+, and HIV− groups, adjusting for age, sex, race, BMI, cigarette smoking, number of comorbidities, hepatitis C infection, and number of injection drug use in the past 30 days. Analyses for all participants were also adjusted for HIV status and those for the HIV+ group were also adjusted for HIV viral load, CD4+ T-cell counts and cART (Table 4). The results indicate that log(neopterin) had significantly positive associations with log(sTNFR-1) and log(sTNFR-2) for all participants [regression coefficients 0.467 (SE, 0.054) and 0.569 (0.039), respectively, both p < 0.0001] as well as for both HIV+ participants [0.542 (0.104) and 0.476 (0.073), both p < 0.0001, respectively] and HIV− participants [0.487 (0.061) and 0.622 (0.044), both p < 0.0001, respectively]. On the other hand, log(neopterin) had no significant associations or negligible regression coefficients (likely spuriously negative) with log(CRP) or log(IL-6) in all participants, HIV+ or HIV− participants.

TABLE 4 | Adjusted regression coefficients sTNFR-1, factor (TNF)-α receptor (sTNFR)-2, IL-6, or C-reactive protein (CRP) (SE).
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DISCUSSION

In this study, we have observed, for the first time, differential in vivo associations between circulating neopterin and four commonly tested inflammatory biomediators (sTNFR-1, sTNFR-2, IL-6, and CRP) with significant impact of HIV infection and aging in a cohort of IDUs with and at risk for HIV infection.

As the role of chronic inflammation and immune activation in HIV disease progression as well as in the manifestations of aging and age-related chronic conditions has become widely recognized, increasing number of biomediators (or biomarkers by some) of chronic inflammation and immune activation have been evaluated. The challenge is then to appropriately interpret the results and gain biologically informed insights from their evaluation. This study serves as an important initial step toward addressing this challenge through evaluating in vivo relationships between neopterin and four commonly tested inflammatory mediators in the ALIVE study. Theoretically, since immune activation leads to inflammation, neopterin would have significant associations with all four inflammatory biomediators. Our findings, however, demonstrate significant and positive associations of neopterin with sTNFR-1 and sTNFR-2 only, not with IL-6 or CRP, suggesting more complex in vivo relationships. One possible explanation for such preferential associations is that monocytes and macrophages are a main source of neopterin, sTNFR-1 and sTNFR-2 production. However, IL-6 is also considered as a monokine and no consistent association was observed between neopterin and IL-6 levels. Another biological plausible explanation is that neopterin, being a biomediator of immune activation is associated with more proximal inflammatory biomediators (sTNFR-1 and sTNFR-2) rather than distal biomediators (IL-6 and CRP). It is conceivable that the levels of IL-6 and CRP, the two classic and yet more distal inflammatory biomediators, are regulated by various factors and local milieu in addition to the underlying immune activation. This is illustrated by the result that CRP levels were lower in HIV+ participants compared to HIV− individuals with the difference reaching borderline statistical significance (p = 0.069, Table 1). This is because CRP is mainly produced by the liver (44) and hepatitis C infection, which was positive in all HIV+ study participants, could lead to significant liver damage. In fact, our previous study observed lower CRP levels in the ALIVE participants with HIV and hepatitis C virus co-infections (37). Alternatively, the observed associations of neopterin with sTNFR-1 and sTNFR-2 may be secondary to a Th1-type response as elevated neopterin and soluble TNF-α receptors are, at least under certain conditions, downstream products of IFN-γ activation (45), while IL-6 and CRP are typically considered as markers for Th2-type response.

The stronger association of neopterin with sTNFR-2 than with sTNFR-1 is not surprising but worthwhile emphasizing. sTNFR-2 is primarily produced by immune cells, particularly CD8+ T cells which could be activated by residual HIV infection and significantly impacted by immunosenescence (46, 47). In addition, sTNFR-2 rather than sTNFR-1 has shown consistent association with HIV infection and disease progression (48–50). Our findings confirmed the earlier work from from Zangerle et al. cited above (42) in a much larger sample and further expanded to include other inflammatory mediators. Stein and colleagues evaluated levels of sTNFR-2, neopterin, HIV RNA, and β2-microglobulin levels in the MACS and reported that high baseline sTNFR-2 levels were predictive for HIV disease progression or death (23). However, that study was conducted only in men with early-stage of HIV infection and did not include sTNFR-1, IL-6, or CRP levels. Whether sTNFR-2 has important regulatory function to activate or accelerate inflammatory pathways in response to neopterin beyond TNF-α cascade in the setting of HIV infection and aging and, therefore, represents a potential interventional target upstream of CRP and IL-6, deserve further investigation. This therapeutic implication has been demonstrated in the field of cardiovascular disease as serum CRP measurement is now incorporated in routine clinical assessment of chronic inflammation and atherosclerosis and studies have started to move upstream to identify novel target for vascular protection (51).

A major strength of this study is the availability of data for all five biomediators measured in the same blood sample collected at the same visit from the same individual in a large cohort study. It makes this analysis feasible and the observed in vivo associations biologically meaningful. Additional strengths include that standard or high sensitive ELISA assays were employed as appropriate for measuring these mediators, avoiding pitfalls associated with multiplex assays [reviewed in Ref. (52)]. This study also has several limitations. First, this is a cross-sectional analysis. We could not determine causal directionality of the identified associations. We have adjusted for a number of potential covariates commonly known for IDUs (such as IV drug use, injection frequency, and hepatitis C infection) and HIV infection (viral load, CD4 counts, and cART therapy) as well as comorbidities. We have also vigorously excluded participants with outlier values. However, other potential confounding factors that were not in the dataset or unknown to the participants could not be completely eliminated. In addition, we only included neopterin, sTNFR-1, sTNFR-2, IL-6, and CRP in this study. Other immune and inflammatory mediators are also likely important in the setting of HIV infection and aging. Finally, the ALIVE study cohort is a rather unique population identified by the IDU behavior. Results from this study will need to be confirmed in other HIV+ and HIV− populations. Despite these limitations, findings from this study do support our original hypothesis and suggest significant and positive in vivo associations of immune activation biomediator neotperin with proximal inflammation biomediator, sTNFR-1 and sTNFR-2 rather than more distal ones, IL-6 and CRP. These findings, if confirmed and further expanded, may facilitate elucidation of underlying inflammatory and immune activation pathways that contribute to the development of age-related chronic conditions as well as the impact of HIV infection, aging, and immunosenescence. They may also help not only inform their selection of for evaluation in the future studies, but also promote further investigations into their role and regulation, particularly those upstream of CRP as novel interventional targets for frailty and other chronic conditions in older adults with or without HIV infection.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of human research subjects, the Johns Hopkins Institution Review Board (IRB)’s with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Johns Hopkins IRB.

AUTHOR CONTRIBUTIONS

GK, SM, DP, JM, and SL contributed to overall design and data interpretation of this study. SD contributed to data analyses. HL and YC contributed to biomediator measurements. GK and SM are lead investigators for the ALIVE study. All authors contributed to manuscript writing and editing.

ACKNOWLEDGMENTS

The authors would like to thank the ALIVE study participants and staff for their contributions to this research.

FUNDING

This work is supported in part by NIH grant R01-DA-004334, U01-DA-036297 and RC1-AI-086053 (PI: GK), R01-DA-12568 (PI: SM), R21-AG-043874 (PI: SL), R01-AI-108907 (PI: SL), and funding from the Irma and Paul Milstein Program for Senior Health of the Milstein Medical Asian and American Partnership (MMAAP) Foundation (www.mmaapf.org) (to SL). SL has overseen the study described in this manuscript.

REFERENCES

1. Liu H, Lin X, Xu Y, Chen S, Shi J, Morisky D. Emerging HIV epidemic among older adults in Nanning, China. AIDS Patient Care STDS (2012) 26:565–7. doi:10.1089/apc.2012.0227

2. Hontelez JA, Lurie MN, Newell ML, Bakker R, Tanser F, Barnighausen T, et al. Ageing with HIV in South Africa. AIDS (2011) 25:1665–7. doi:10.1097/QAD.0b013e32834982ea

3. Centers for Disease Control and Prevention. HIV/AIDS Surveillance Report. Department of Health and Human Services. Atlanta, GA: Centers for Disease Control and Prevention (2007).

4. High KP, Brennan-Ing M, Clifford DB, Cohen MH, Currier J, Deeks SG, et al. HIV and aging: state of knowledge and areas of critical need for research. A report to the NIH Office of AIDS Research by the HIV and Aging Working Group. J Acquir Immune Defic Syndr (2012) 60(Suppl 1):S1–18. doi:10.1097/QAI.0b013e31825a3668

5. Guaraldi G, Orlando G, Zona S, Menozzi M, Carli F, Garlassi E, et al. Premature age-related comorbidities among HIV-infected persons compared with the general population. Clin Infect Dis (2011) 53:1120–6. doi:10.1093/cid/cir627

6. Deeks SG. HIV infection, inflammation, immunosenescence, and aging. Annu Rev Med (2011) 62:141–55. doi:10.1146/annurev-med-042909-093756

7. Leng SX, Margolick JB. Understanding frailty, aging, and inflammation in HIV infection. Curr HIV/AIDS Rep (2015) 12:25–32. doi:10.1007/s11904-014-0247-3

8. Deeks SG, Verdin E, McCune JM. Immunosenescence and HIV. Curr Opin Immunol (2012) 24:501–6. doi:10.1016/j.coi.2012.05.004

9. Pathai S, Bajillan H, Landay AL, High KP. Is HIV a model of accelerated or accentuated aging? J Gerontol A Biol Sci Med Sci (2014) 69:833–42. doi:10.1093/gerona/glt168

10. Leng SX, Xue QL, Tian J, Walston JD, Fried LP. Inflammation and frailty in older women. J Am Geriatr Soc (2007) 55:864–71. doi:10.1111/j.1532-5415.2007.01186.x

11. Leng SX, Tian X, Matteini A, Li H, Hughes J, Jain A, et al. IL-6-independent association of elevated serum neopterin levels with prevalent frailty in community-dwelling older adults. Age Ageing (2011) 40:475–81. doi:10.1093/ageing/afr047

12. Cohen HJ, Harris T, Pieper CF. Coagulation and activation of inflammatory pathways in the development of functional decline and mortality in the elderly. Am J Med (2003) 114:180–7. doi:10.1016/S0002-9343(02)01484-5

13. Ferrucci L, Penninx BW, Volpato S, Harris TB, Bandeen-Roche K, Balfour J, et al. Change in muscle strength explains accelerated decline of physical function in older women with high interleukin-6 serum levels. J Am Geriatr Soc (2002) 50:1947–54. doi:10.1046/j.1532-5415.2002.50605.x

14. Fahey JL, Taylor JM, Detels R, Hofmann B, Melmed R, Nishanian P, et al. The prognostic value of cellular and serologic markers in infection with human immunodeficiency virus type 1. N Engl J Med (1990) 322:166–72. doi:10.1056/NEJM199001183220305

15. Wirleitner B, Schroecksnadel K, Winkler C, Fuchs D. Neopterin in HIV-1 infection. Mol Immunol (2005) 42:183–94. doi:10.1016/j.molimm.2004.06.017

16. Mildvan D, Spritzler J, Grossberg SE, Fahey JL, Johnston DM, Schock BR, et al. Serum neopterin, an immune activation marker, independently predicts disease progression in advanced HIV-1 infection. Clin Infect Dis (2005) 40:853–8. doi:10.1086/427877

17. Regidor DL, Detels R, Breen EC, Widney DP, Jacobson LP, Palella F, et al. Effect of highly active antiretroviral therapy on biomarkers of B-lymphocyte activation and inflammation. AIDS (2011) 25:303–14. doi:10.1097/QAD.0b013e32834273ad

18. Neuhaus J, Jacobs DR Jr, Baker JV, Calmy A, Duprez D, La RA, et al. Markers of inflammation, coagulation, and renal function are elevated in adults with HIV infection. J Infect Dis (2010) 201:1788–95. doi:10.1086/652749

19. Boulware DR, Hullsiek KH, Puronen CE, Rupert A, Baker JV, French MA, et al. Higher levels of CRP, D-dimer, IL-6, and hyaluronic acid before initiation of antiretroviral therapy (ART) are associated with increased risk of AIDS or death. J Infect Dis (2011) 203:1637–46. doi:10.1093/infdis/jir134

20. Armah KA, McGinnis K, Baker J, Gibert C, Butt AA, Bryant KJ, et al. HIV status, burden of comorbid disease, and biomarkers of inflammation, altered coagulation, and monocyte activation. Clin Infect Dis (2012) 55:126–36. doi:10.1093/cid/cis406

21. Kalayjian RC, Machekano RN, Rizk N, Robbins GK, Gandhi RT, Rodriguez BA, et al. Pretreatment levels of soluble cellular receptors and interleukin-6 are associated with HIV disease progression in subjects treated with highly active antiretroviral therapy. J Infect Dis (2010) 201:1796–805. doi:10.1086/652750

22. Saves M, Morlat P, Chene G, Peuchant E, Pellegrin I, Bonnet F, et al. Prognostic value of plasma markers of immune activation in patients with advanced HIV disease treated by combination antiretroviral therapy. Clin Immunol (2001) 99:347–52. doi:10.1006/clim.2001.5033

23. Stein DS, Lyles RH, Graham NM, Tassoni CJ, Margolick JB, Phair JP, et al. Predicting clinical progression or death in subjects with early-stage human immunodeficiency virus (HIV) infection: a comparative analysis of quantification of HIV RNA, soluble tumor necrosis factor type II receptors, neopterin, and beta2-microglobulin. Multicenter AIDS Cohort Study. J Infect Dis (1997) 176:1161–7. doi:10.1086/514108

24. Lichtfuss GF, Cheng WJ, Farsakoglu Y, Paukovics G, Rajasuriar R, Velayudham P, et al. Virologically suppressed HIV patients show activation of NK cells and persistent innate immune activation. J Immunol (2012) 189:1491–9. doi:10.4049/jimmunol.1200458

25. Wada NI, Jacobson LP, Margolick JB, Breen EC, Macatangay B, Penugonda S, et al. The effect of HAART-induced HIV suppression on circulating markers of inflammation and immune activation. AIDS (2015) 29:463–71. doi:10.1097/QAD.0000000000000545

26. Angelovich TA, Hearps AC, Maisa A, Martin GE, Lichtfuss GF, Cheng WJ, et al. Viremic and virologically suppressed HIV infection increases age-related changes to monocyte activation equivalent to 12 and 4 years of ageing respectively. J Acquir Immune Defic Syndr (2015) 69(1):11–7. doi:10.1097/QAI.0000000000000559

27. McComsey GA, Kitch D, Sax PE, Tierney C, Jahed NC, Melbourne K, et al. Associations of inflammatory markers with AIDS and non-AIDS clinical events after initiation of antiretroviral therapy: AIDS clinical trials group A5224s, a substudy of ACTG A5202. J Acquir Immune Defic Syndr (2014) 65:167–74. doi:10.1097/01.qai.0000437171.00504.41

28. Erlandson KM, Allshouse AA, Jankowski CM, Lee EJ, Rufner KM, Palmer BE, et al. Association of functional impairment with inflammation and immune activation in HIV type 1-infected adults receiving effective antiretroviral therapy. J Infect Dis (2013) 208:249–59. doi:10.1093/infdis/jit147

29. Tenorio AR, Zheng Y, Bosch RJ, Krishnan S, Rodriguez B, Hunt PW, et al. Soluble markers of inflammation and coagulation but not T-cell activation predict non-AIDS-defining morbid events during suppressive antiretroviral treatment. J Infect Dis (2014) 210(8):1248–59. doi:10.1093/infdis/jiu254

30. Margolick JB, Bream JH, Martinez-Maza O, Lopez J, Li X, Phair JP, et al. Frailty and circulating markers of inflammation in HIV+ and HIV- men in the multicenter AIDS Cohort Study. J Acquir Immune Defic Syndr (2017) 74:407–17. doi:10.1097/QAI.0000000000001261

31. Murr C, Widner B, Wirleitner B, Fuchs D. Neopterin as a marker for immune system activation. Curr Drug Metab (2002) 3:175–87. doi:10.2174/1389200024605082

32. Spencer ME, Jain A, Matteini A, Beamer B, Wang NY, Leng S, et al. Serum levels of the immune activation marker neopterin change with age and gender and are modified by race, BMI and percentage body fat. J Gerontol A Biol Sci Med Sci (2010)65:858–65. doi:10.1093/gerona/glq066

33. Franceschi C, Bonafe M, Valensin S, Olivieri F, De LM, Ottaviani E, et al. Inflamm-aging. An evolutionary perspective on immunosenescence. Ann N Y Acad Sci (2000) 908:244–54. doi:10.1111/j.1749-6632.2000.tb06651.x

34. Feldmann M. The cytokine network in rheumatoid arthritis: definition of TNF alpha as a therapeutic target. J R Coll Physicians Lond (1996) 30:560–70.

35. Smith RA, Baglioni C. Multimeric structure of the tumor necrosis factor receptor of HeLa cells. J Biol Chem (1989) 264:14646–52.

36. Hohmann HP, Remy R, Brockhaus M, van Loon AP. Two different cell types have different major receptors for human tumor necrosis factor (TNF alpha). J Biol Chem (1989) 264:14927–34.

37. Salter ML, Lau B, Mehta SH, Go VF, Leng S, Kirk GD. Correlates of elevated interleukin-6 and C-reactive protein in persons with or at high risk for HCV and HIV infections. J Acquir Immune Defic Syndr (2013) 64:488–95. doi:10.1097/QAI.0b013e3182a7ee2e

38. Piggott DA, Varadhan R, Mehta SH, Brown TT, Li H, Walston JD, et al. Frailty, inflammation, and mortality among persons aging with HIV infection and injection drug use. J Gerontol A Biol Sci Med Sci (2015) 70:1542–7. doi:10.1093/gerona/glv107

39. Leng SX, Dandorf S, Li H, Carlson J, Hui J, Mehta SH, et al. Associations of circulating soluble tumor necrosis factor-alpha receptors 1 and 2 with interleukin-6 levels in an aging cohort of injection drug users with or at high risk for HIV infection. AIDS Res Hum Retroviruses (2015) 31:1257–64. doi:10.1089/aid.2015.0134

40. Zangerle R, Wachter H, Fuchs D. Immune activation markers and CD4+ T-cell counts in HIV-infected intravenous drug users. J Acquir Immune Defic Syndr (1992) 5:1273–4. doi:10.1097/00126334-199212000-00012

41. Zangerle R, Fuchs D, Reibnegger G, Fritsch P, Wachter H. Markers for disease progression in intravenous drug users infected with HIV-1. AIDS (1991) 5:985–91. doi:10.1097/00002030-199108000-00010

42. Zangerle R, Gallati H, Sarcletti M, Weiss G, Denz H, Wachter H, et al. Increased serum concentrations of soluble tumor necrosis factor receptors in HIV-infected individuals are associated with immune activation. J Acquir Immune Defic Syndr (1994) 7:79–85.

43. Vlahov D, Anthony JC, Munoz A, Margolick J, Nelson KE, Celentano DD, et al. The ALIVE study, a longitudinal study of HIV-1 infection in intravenous drug users: description of methods and characteristics of participants. NIDA Res Monogr (1991) 109:75–100.

44. Ridker PM. C-reactive protein: eighty years from discovery to emergence as a major risk marker for cardiovascular disease. Clin Chem (2009) 55:209–15. doi:10.1373/clinchem.2008.119214

45. Diez-Ruiz A, Tilz GP, Zangerle R, Baier-Bitterlich G, Wachter H, Fuchs D. Soluble receptors for tumour necrosis factor in clinical laboratory diagnosis. Eur J Haematol (1995) 54:1–8. doi:10.1111/j.1600-0609.1995.tb01618.x

46. Brockhaus M, Schoenfeld HJ, Schlaeger EJ, Hunziker W, Lesslauer W, Loetscher H. Identification of two types of tumor necrosis factor receptors on human cell lines by monoclonal antibodies. Proc Natl Acad Sci U S A (1990) 87:3127–31. doi:10.1073/pnas.87.8.3127

47. Barbara JA, Smith WB, Gamble JR, Van Ostade X, Vandenabeele P, Tavernier J, et al. Dissociation of TNF-alpha cytotoxic and proinflammatory activities by p55 receptor- and p75 receptor-selective TNF-alpha mutants. EMBO J (1994) 13:843–50.

48. Morlat P, Pereira E, Clayette P, Derreudre-Bosquet N, Ecobichon JL, Benveniste O, et al. Early evolution of plasma soluble TNF-alpha p75 receptor as a marker of progression in treated HIV-infected patients. AIDS Res Hum Retroviruses (2008) 24:1383–9. doi:10.1089/aid.2007.0293

49. Lederman MM, Kalish LA, Asmuth D, Fiebig E, Mileno M, Busch MP. ‘Modeling’ relationships among HIV-1 replication, immune activation and CD4+ T-cell losses using adjusted correlative analyses. AIDS (2000) 14:951–8. doi:10.1097/00002030-200005260-00006

50. Godfried MH, van der Poll T, Weverling GJ, Mulder JW, Jansen J, van Deventer SJ, et al. Soluble receptors for tumor necrosis factor as predictors of progression to AIDS in asymptomatic human immunodeficiency virus type 1 infection. J Infect Dis (1994) 169:739–45. doi:10.1093/infdis/169.4.739

51. Ridker PM. From C-reactive protein to interleukin-6 to interleukin-1: moving upstream to identify novel targets for atheroprotection. Circ Res (2016) 118:145–56. doi:10.1161/CIRCRESAHA.115.306656

52. Leng SX, McElhaney JE, Walston JD, Xie D, Fedarko NS, Kuchel GA. ELISA and multiplex technologies for cytokine measurement in inflammation and aging research. J Gerontol A Biol Sci Med Sci (2008) 63:879–84. doi:10.1093/gerona/63.8.879

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer DG and handling editor declared their shared affiliation.

Copyright © 2017 Kirk, Dandorf, Li, Chen, Mehta, Piggott, Margolick and Leng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-08-01343-t004.jpg
All participants

log log 0.467 (0.054)"
(Neopterin) (STNFR-1)
log 0569 (0.039)"
(STNFR-2)
log (L-6)  -0.042 (0.018)"
10g(CRP)  -0.014 (0.011)

Human
immunodeficiency
virus (HIV) positive

0542 (0.104)"
0.476 (0.073)"

~0.034 (0.042)
~0.030 (0.021)

HIV negative

0487 0.061)"
0622 (0.044)"

~0.040 (0.020)
~0.003 (0.013)

“p < 0.0001, *p < 0.05.

All models adjusted for age, sex, race, number of comorbidities (0 or 1, 2, >3),
cigarette smoking, Hepatiis C infection, body mass index, and number

of injections in the past 30 days.
HIV status was adjusted for all participants.

CD4* T-cell counts, HIV viral load, and CART use in past 6 months were adjusted

for HIV-positive subgroup.





OPS/images/fimmu-08-01343-t002.jpg
Age (years) Female vs male African-American vs HIV positive vs
White/other HIV negative
Coefficient 95% CI Coefficient 95% CI Coefficient 95% CI Coefficient 95% CI
Neopterin (nmov/mi) 1.006" (1.001-1.01) 0893" (0.828-0.969) 1.025 (0919-1.144) 1.682" (1.559-1815)
STNFR-1 (pg/mi) 1.006" (1.004, 1.008) 1.006 (0.969, 1.045) 0902 (0.854, 0.953) 1.017 (0.977,1.060
STNFR-2 (pg/mi) 1.005" (1.002, 1.008) 1.018 (0.964, 1.076) 0945 (0.872,1.023) 1515° (1.485, 1.600
IL-6 (pg/mi) 1.008" (1.001-1.015) 1477 (1.053-1315) 1071 (0.912-1.257) 1.198" (1.063-1.350)
CRP (pg/mi) 0983 (0.972-0.994) 1.330° (1.104-1.601) 0656" (0501-0.858) 0804* (0.658-0.989)

P < 0.05.

ince log-transformed scores were used in the regression analyses, values presented are exponentiated regression coefficients.





OPS/images/fimmu-08-01343-t003.jpg
Neopterin quartiles (range in nmol/ml)  0-25% (0-10.88)  26-50% (10.92-16.49)  51-75% (16.51-27.10)  76-100% (27.13-174.04)  p-Value*

STNFR-1 (pg/mi) 1,500 (584) 1,522 (479) 1,641 (566) 1,899 (875) <0.0001
STNFR-2 (pg/mi) 4,406 (1,658) 4,867 (2,102) 6,067 (2,921) 8,522 (4,754) <0.0001
IL-6 (pg/mi) 3.84(8.92) 3.31(6.40) 3.58(9.17) 3.07 (5.89) 0.776
CRP (pg/mi) 3,491 (4,521) 3,539 (4,647) 3,999 (7,879) 3,246 (5,766) 0.444

-Value is from the trend test of the differences in STNFR-1, STNFR-2, IL-6, and CRP Levels across Neopterin quartiles.





OPS/images/cover.jpg
* frontiers

in Immunology

Differential Relationships among
Circulating Inflammatory and
Immune Activation Biomediators
and Impact of Aging and Human
Immunodeficiency Virus
Infection in a Cohort of Injection
Drug Users





OPS/images/fimmu-08-01343-g001.jpg
A Partial Correlation Cocfficient = 0.269 (p<.0001) D Partial Correlation Coefficient = 0.422 (p=.0001)
pwacpres .

B Partial Comrelation Cocflicient = 0.292 (p=.0001) E Partial Correlation Coefficient = 0.354 (p=0001)
H
C Parial Correlation Coeffiient = 0.262 (p<.0001) F Partial Comrelation Coefficient = 0.435 (p=0001)






OPS/images/fimmu-08-01343-t001.jpg
Al participants (1=1,178)  HIVpositive (1=316)  HIV negative (n=862) p-Value
AgGe, mean n years (95% C) 468063472 489062476 46706.147.9 o762
Sex
vaie 765 649) 20642) 562652 o8
= 41305 1358 8
Race
147(128) 2063 1270147 00001
1,061 @75 206037 735853)
760659 20039 546,634 o002
039 Er) 315066
870739 25360 17711 oo
06260, 30199 23083
181 (15.4) 560178 1250145) o168
904844 28622) 736855)
V drug use in past 6 months.
None &7 an) 1826760 w528 0007
<Daty 2849 7275 206039
2Daly 28011 470149 201039
Nuembes o fectons n past 30 days, median (QR) 25460 12(6-36) 0 -60 0038
Number of alcohalic drinks/day
) 549466 173648 ar6u38) 0009
2 3988 7847 261003
54 166(14.1) 380120 128(149)
5 124(105) 2765 7013
Comorbidites
3 20649 30136 250090) <00001
' 06045 87275 3197.0)
2 224250 106632 189219)
28 185(157) 81256 104012:)
Body mass index
<0 91790 29620 672780 0135
20 2710 570180 19020
Hepatits C infection
No 1661401 000 166199 <00001
Yes 11012 860) 316(1000) 606607
CD4" Tcols, cals/my, medan (OF) 04 (180-437)
HIV vial oad, copies/mi, medan (GR) 961 (400-28.000)
GART use in past § months
No 148.68)
Yes 163616
Neopter, i, median (GF) 1652 (1085-26.76) 2596 (16.49-39.08) 14.36(0.83-21.68) <00001
Foctor (TNF) eceptor (STNFR)-1, pg/mi, medan (OF) 1,491 (1,260-1,804) 1484 (12671956 1,492 (1.261-1,808) 0416
STNFR-2, o/, median (GF) 4976(3633-6900) 9652 5.113-9213) 44870505960 <0001
L6 po/m, median (0R) 161 (101275 181121812 150(085-267) 00001
G-reacive proten. pgmi, mecian (F) 1,566 (546-4.62) 1307 (498-3815) 1,723 (652-4.878) 0080

Vs aro rumer () uios ctberwise noted.

CART. Combination anirebosind therma: 0%, interauiie /708





OPS/images/logo.jpg
Ghesk for

i@





