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M A J O R A R T I C L E

Gut Epithelial Barrier Dysfunction and Innate
Immune Activation Predict Mortality in Treated
HIV Infection

Peter W. Hunt,1 Elizabeth Sinclair,1 Benigno Rodriguez,2 Carey Shive,2 Brian Clagett,2 Nicholas Funderburg,3

Janet Robinson,2 Yong Huang,4 Lorrie Epling,1 Jeffrey N. Martin,1,5 Steven G. Deeks,1 Curtis L. Meinert,6 Mark L. Van Natta,6

Douglas A. Jabs,6,7 and Michael M. Lederman2

1Department of Medicine, University of California San Francisco; 2Department of Medicine, Case Western Reserve University, Cleveland, Ohio;
3School of Health and Rehabilitation Sciences, Medical Laboratory Science Division, Ohio State University, Columbus; 4Department of Bioengineering and
Therapeutic Sciences, 5Department of Epidemiology and Biostatistics, University of California San Francisco; 6Department of Epidemiology, The Johns
Hopkins University Bloomberg School of Public Health, Baltimore, Maryland; and 7Departments of Ophthalmology and Medicine, The Icahn School of
Medicine at Mount Sinai, New York, New York

Background. While inflammation predicts mortality in treated human immunodeficiency virus (HIV) infection,
the prognostic significance of gut barrier dysfunction and phenotypic T-cell markers remains unclear.

Methods. We assessed immunologic predictors of mortality in a case-control study within the Longitudinal
Study of the Ocular Complications of AIDS (LSOCA), using conditional logistic regression. Sixty-four case patients
who died within 12 months of treatment-mediated viral suppression were each matched to 2 control individuals
(total number of controls, 128) by duration of antiretroviral therapy–mediated viral suppression, nadir CD4+

T-cell count, age, sex, and prior cytomegalovirus (CMV) retinitis. A similar secondary analysis was conducted in
the SCOPE cohort, which had participants with less advanced immunodeficiency.

Results. Plasma gut epithelial barrier integrity markers (intestinal fatty acid binding protein and zonulin-1 levels),
soluble CD14 level, kynurenine/tryptophan ratio, soluble tumor necrosis factor receptor 1 level, high-sensitivity C-reactive
protein level, and D-dimer level all strongly predicted mortality, even after adjustment for proximal CD4+ T-cell count
(all P≤ .001). A higher percentage of CD38+HLA-DR+ cells in the CD8+ T-cell population was a predictor of mortality
before (P = .031) but not after (P = .10) adjustment for proximal CD4+ T-cell count. Frequencies of senescent (defined as
CD28−CD57+ cells), exhausted (defined as PD1+ cells), naive, and CMV-specific T cells did not predict mortality.

Conclusions. Gut epithelial barrier dysfunction, innate immune activation, inflammation, and coagulation—but not
T-cell activation, senescence, and exhaustion—independently predict mortality in individuals with treated HIV infection
with a history of AIDS and are viable targets for interventions.

Keywords. HIV; gut epithelial cell barrier; intestinal fatty acid binding protein (I-FABP); zonulin-1; sCD14; IL-
6; D-dimer; hsCRP; cytomegalovirus; CD57; CD28; CD38; HLA-DR; T-cell activation; mortality; antiretroviral ther-
apy; immune activation.

Despite antiretroviral therapy (ART), human immuno-
deficiency virus type 1 (HIV-1)–infected individuals

have a shorter life expectancy and greater morbidity
than the general population, particularly when ART is
delayed until disease is advanced [1–4]. Levels of in-
flammatory and coagulation markers remain abnormal-
ly high despite suppressive ART and predict this
increased morbidity and mortality [5–17]. It remains
unclear, however, whether these biomarkers are the
most appropriate direct targets for interventions or
whether they simply reflect the presence of persistent
inflammatory stimuli that drive morbidity and mortal-
ity through parallel pathways. A more complete under-
standing of the immunologic pathways that predict
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mortality in this setting might help prioritize interventions to
pursue in trials.

The role of gut mucosa in HIV pathogenesis has been inten-
sively studied. Soluble CD14 (sCD14), the receptor for lipopoly-
saccharide (LPS) and a microbial translocation and monocyte
activation marker, is predictive of mortality among patients
with treated HIV infection [18, 19]. Nevertheless, sCD14 may
be nonspecific for LPS-driven monocyte activation, so it has re-
mained unclear whether persistent gut epithelial barrier dys-
function and microbial translocation truly predict mortality
(and should remain targets for interventions). The induction
of the kynurenine pathway of tryptophan catabolism by indole-
amine 2,3-dioxygenase-1 (IDO) in activated myeloid cells (and
other enzymes elaborated by gut-resident microbes [20]) has
also been proposed as an important pathway contributing to
HIV pathogenesis. Several catabolites in the kynurenine path-
way suppress T-cell proliferation and T-helper cell 17 (Th17)
development, potentially driving persistent gut barrier dysfunc-
tion and microbial translocation and a vicious cycle of further
IDO induction and immune activation [21,22].While this path-
way predicted mortality in a cohort of HIV-infected Ugandans
starting ART [23], its prognostic significance in individuals with
treated HIV infection in resource-rich settings remains unclear.
It is also unclear whether T-cell activation, which predicts dis-
ease progression in untreated HIV infection [24, 25] and has
served as the most commonly used surrogate outcome for
pilot trials of immune-based therapeutics in treated HIV infec-
tion, also predicts mortality in treated disease. Finally, while
T-cell senescence and cytomegalovirus (CMV)–specific im-
mune responses predict increased mortality in elderly HIV-
uninfected populations [26], their prognostic significance in
treated HIV infection is unknown.

To address these issues, we performed a nested case-control
study of individuals with ART-suppressed HIV infection in the
Longitudinal Study of the Ocular Complications of AIDS
(LSOCA) to assess the relationship between these immunologic
factors and mortality. Since the LSOCA is restricted to individ-
uals with a history of AIDS, we performed a smaller secondary
case-control study within the San Francisco SCOPE cohort to
begin to address the generalizability of our findings to those
with less-advanced disease.

METHODS

Participants
For the primary nested case-control study, we sampled HIV-
infected participants in the LSOCA with a plasma HIV RNA
level of <400 copies/mL. The LSOCA a multicenter cohort of
>2200 HIV-infected participants who initiated ART with an
AIDS diagnosis (25% had an ocular opportunistic infection,
and 75% had a nonocular opportunistic disease or CD4+

T-cell count of <200 cells/mm3). We used a threshold of

<400 copies/mL to define viral suppression, as several deaths
occurred before assays with lower detection limits were avail-
able. All participants with available peripheral blood mononu-
clear cell (PBMC) and plasma specimens that had been
collected during a visit that occurred (1) while HIV was sup-
pressed by ART and (2) within 12 months of death (not
known to be accidental) were included as case patients. Two
control participants were matched to each case by age, sex, du-
ration of viral suppression, history of CMV retinitis, and nadir
CD4+ T-cell count. Identical inclusion and matching criteria
were used for the secondary case-control study performed in
the San Francisco SCOPE cohort, except the lag between sam-
pling and death was extended to 48 months to include cases
who lacked PBMC specimens collected within 12 months of
death (n = 8). All participants provided written informed con-
sent. This research was approved by the Institutional Review
Board of the University of California, San Francisco.

Laboratory Methods
Thawed PBMCs were assessed for the following surface mark-
ers: CD3, CD4, CD8, CD28, CD45RA, CD31, CCR7, CD57, and
CD27 [27]. T-cell expression of HLA-DR, CD38, CCR5, and
PD-1 was performed in a separate panel [28], with the addition
of CD45RA-PE and CCR7-Alexa Fluor 700 (BD Pharmingen)
to assess these markers on memory subsets. The frequency of
CMV-specific interferon γ–expressing T cells was assessed by
cytokine flow cytometry on rested thawed PBMCs by stimulat-
ing the cells for 18–22 hours at 37°C with overlapping CMV
pp65/IE peptide pools (cells in control wells were not stimulat-
ed) in the presence of 0.5 µg/mL brefeldin A and 0.5 µg/mL
monensin (Sigma-Aldrich) [29].

Cryopreserved plasma was assessed by immunoassay for the
gut barrier markers intestinal fatty acid binding protein (I-
FABP; Human FABP2 DuoSet, R&D Systems) and zonulin-1
(Immundiagnostik), sCD14 (R&D Systems), interleukin 6 (IL-
6; R&D Systems), soluble tumor necrosis factor receptor-1
(sTNF-R1; R&D Systems), high-sensitivity C reactive protein
(hsCRP; UBI Magiwel), D-dimer (Diagnostica Stago), and
anti-CMV immunoglobulin G (IgG) levels (GenWay Biotech).
Plasma tryptophan and kynurenine levels were assessed by
high-performance liquid chromatography-tandem mass spec-
trometry [30]. Kynurenine pathway activity was assessed as
the plasma kynurenine to tryptophan (KT) ratio. KT ratios,
zonulin-1 levels, and CMV IgG levels were unavailable in
SCOPE because of resource constraints.

Statistical Methods
Predictors of mortality were assessed using conditional logistic
regression; 1:1 matching was allowed if only 1 control per
matched set had available data. While potential confounding
by age, sex, nadir CD4+ T-cell count, prior history of CMV ret-
initis, and duration of ART-mediated viral suppression was
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controlled for by matching in the primary analysis, potential
confounding by proximal (ie, date of sampling) CD4+ T-cell
count was evaluated in secondary adjusted models. Proximal
CD4+ T-cell count was not considered a matching variable be-
cause some immunologic mediators could be a cause and not
simply a consequence of poor ART-mediated recovery in the
CD4+ T-cell count. Relationships between continuous variables
were assessed with Spearman correlation coefficients. When
modeled continuously (per interquartile range [IQR]), all levels
of biomarkers except proximal CD4+ T-cell count were log
transformed to satisfy model assumptions. Analyses were per-
formed using Stata, version 11 (StataCorp).

RESULTS

Participant Characteristics
Sixty-four cases with ART-suppressed HIV infection who died
within a median of 5 months (IQR, 3–8 months) after PBMC
and plasma samples were obtained and 128 controls matched
for age, sex, duration of ART-mediated viral suppression, nadir
CD4+ T-cell count, and prior CMV retinitis were included in
the primary LSOCA analysis. Most participants were 40–50-
year-old men; the median nadir CD4+ T-cell count was 30
cells/mm3, and an ART-mediated HIV RNA level of <400

copies/mL was maintained for a median duration of 21 months
(Table 1). The majority of LSOCA cases died of non–AIDS-
definingcauses (SupplementaryTable1).Caseshada lowermedian
proximal CD4+ T-cell count than controls (283 vs 374 cells/mm3;
P = .03), confirming that poor CD4+ T-cell recovery predicts
increased mortality (Figure 1A). There was no evidence for a dif-
ference in history of hypertension, diabetes, hepatitis C virus
(HCV) infection, or injection drug use (IDU) between cases
and controls, but cases tended to more commonly report chronic
renal insufficiency (13% vs 5%; P = .09), and controls more com-
monly reported hyperlipidemia (31% vs 17%; P = .04). Smoking
history was unavailable for the majority of case-control sets.

The 27 case and 54 control participants in the secondary
SCOPE analysis were similarly well matched in age, sex, dura-
tion of viral suppression, and nadir CD4+ T-cell count but tend-
ed to have started ART at higher median nadir CD4+ T-cell
counts than the LSOCA participants (88 vs 30 cells/mm3;
P < .001). Compared with LSOCA participants, SCOPE partic-
ipants tended to be slightly older, maintained ART-mediated
viral suppression for a somewhat shorter time, were more likely
to report IDU and have chronic active HCV infection. Most
SCOPE cases also died of non–AIDS-defining causes (Supple-
mentary Table 1). Compared with SCOPE controls, SCOPE
cases had lower median proximal CD4+ T-cell counts (286 vs

Table 1. Characteristics of Case Patients With Antiretroviral Therapy (ART)–Suppressed Human Immunodeficiency Virus (HIV) Infection
Who Died and Matched Control Patients

Characteristic

LSOCA Cohort SCOPE Cohort

Deaths (n = 64) Controls (n = 128) Deaths (n = 27) Controls (n = 54)

Age, y 47 (40–54) 44 (39–50) 54 (49–59) 53 (49–57)
Male sex 54 (84) 108 (84) 22 (81) 44 (81)

Pre-ART nadir CD4+ T-cell count, cells/mm3 25 (9–104) 31 (10–83) 81 (37–131) 89 (28–153)

Pre-ART HIV RNA level, log10 copies/mL 5.2 (4.6–5.7) 5.2 (4.4–5.7) 4.9 (4.5–5.5) 5.0 (4.6–5.5)
History of CMV retinitis 14 (22) 26 (20) . . . . . .

Proximal CD4+ T-cell count, cells/mm3 283 (123–515) 374 (247–541) 286 (214–344) 437 (286–606)

Proximal HIV RNA level, copies/mL <400 <400 <400 <400
Duration of viral suppression, mo 23 (7–37) 19 (6–35) 12 (4–65) 17 (6–51)

Months between sampling date and death 5 (3–8) . . . 5 (2–18) . . .

Hypertension 15 (23) 26 (20) . . . . . .
Type 2 diabetes 6 (9) 14 (11) . . . . . .

Hyperlipidemia 11 (17) 40 (31) . . . . . .

Chronic renal insufficiency 8 (13) 7 (5) . . . . . .
History of injection drug usea 10 (16) 13 (10) 11 (41) 11 (20)

HCV status
HCV IgG positive, HCV RNA positive 15 (25) 19 (15) 15 (58) 14 (26)

HCV IgG positive, HCV RNA negative 5 (8) 7 (6) 1 (4) 5 (9)

HCV IgG negative 40 (67) 97 (79) 10 (38) 34 (64)

Data are median (interquartile) or no. (%) of subjects.

Abbreviations: ART, antiretroviral therapy; CMV, cytomegalovirus; HCV, hepatitis C virus; IgG, immunoglobulin G; LSOCA, Longitudinal Study of the Ocular
Complications of AIDS.
a While data on history of injection drug use were collected at baseline for all participants, specific data on recreational drug use and smoking/tobacco use were not
collected until later in the study. Because these specific data were only available for 5 cases and 24 controls, they are not reported here.
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437 cells/mm3; P = .014), were more likely to have chronic HCV
infection (58% vs 26%; P = .026), and were more likely to report
a history of IDU (41% vs 20%; P = .07). Data on traditional car-
diovascular risk factors were unavailable.

Gut Epithelial Cell Barrier Markers Predict Mortality During
Treated HIV Infection
We first assessed gut epithelial integrity markers in LSOCA par-
ticipants. Plasma I-FABP is a systemic marker of gut epithelial
cell death, while zonulin-1 is expressed by viable gut epithelial
cells to disassemble tight junctions between cells, increasing

permeability and macromolecule absorption [31]. Plasma
I-FABP and zonulin-1 levels were negatively correlated (ρ =
−0.32; P < .001; Figure 2A). A higher plasma I-FABP level
was also associated with a higher sCD14 level, KT ratio, IL-6
level, and D-dimer level (all P ≤ .004) and a lower proxi-
mal CD4+ T-cell count (P = .05; Figure 1B–F ). I-FABP and
zonulin-1 levels also strongly predicted mortality in LSOCA
participants (Figure 2B and 2C). Each IQR increase in the
I-FABP level was associated with a 3.5-fold increased odds of
death, while each IQR increase in the zonulin-1 level was asso-
ciated with a 57% lower odds of death (both P < .001; Table 2).

Figure 1. Relationships between soluble immunologic markers and mortality in Longitudinal Study of the Ocular Complications of AIDS (LSOCA) and
SCOPE participants. The distribution of proximal CD4+ T-cell counts (A ) and plasma intestinal fatty acid binding protein (I-FABP) levels (B ), zonulin-1 levels
(C), soluble CD14 (sCD14) levels (D ), interleukin 6 (IL-6) levels (E ), kynurenine/tryptophan (KT) ratio (F ), soluble tumor necrosis factor receptor-1 (sTNF-R1)
levels (G), high-sensitivity C-reactive protein (hsCRP) levels (H), and cytomegalovirus (CMV) immunoglobulin G (IgG) indexes are plotted for case patients
who died after confirmed antiretroviral therapy–mediated viral suppression and matched controls in the LSOCA and SCOPE cohorts. P values represent the
statistical significance for each marker modeled continuously in conditional regression models (Tables 2 and 3).
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These relationships were unaffected by adjustment for proximal
CD4+ T-cell count (Table 2) and/or by adjustment for self-
reported history of chronic renal insufficiency, hyperlipidemia,
or HCV status (data not shown).

The plasma I-FABP level appeared to be less predictive of
mortality in SCOPE participants in unadjusted analysis (odds
ratio [OR], 1.4 per IQR increase; P = .23), but after adjustment
for CD4+ T-cell count, HCV status, and IDU history, the plas-
ma I-FABP level tended to predict increased mortality in
SCOPE participants (OR, 2.4 per IQR increase; 95% confidence
interval, .99–5.8; P = .052).

Innate Immune Activation, Inflammation, and Coagulation
Strongly Predict Mortality During Treated HIV Infection
We next asked whether soluble markers of monocyte activation
(sCD14), IDO activity (KT ratio), inflammation (IL-6, sTNF-
R1, and hsCRP), and coagulation (D-dimer) predicted mortal-
ity in LSOCA participants. Each biomarker strongly predicted
mortality both in the primary analysis and after adjustment
for proximal CD4+ T-cell count (OR range, 2.3–7.7 per IQR in-
crease; all P < .001; Table 2). Adjustment for proximal CD4+

T-cell count had no effect on the relationship between each
biomarker and mortality, nor did adjustment for self-reported
chronic renal insufficiency, hyperlipidemia, or HCV (not
shown). The associations between several biomarkers (particu-
larly IL-6 and D-dimer) and mortality also appeared to be

stronger than observed in several other recently reported cohort
studies and trials [5, 9, 19]. For example, participants whose IL-6
levels were in the highest quartile had a 70-fold greater odds of
mortality than those in the lowest quartile (P < .001).

We hypothesized that advanced disease stage at ART initia-
tion might have contributed to the strength of these associations
in LSOCA participants. We therefore contrasted these relation-
ships to those observed in the SCOPE cohort, where immuno-
deficiency among participants was comparatively less advanced.
The strength of associations between these biomarkers and
mortality did appear to be weaker in SCOPE participants (OR
range, 1.33–3.8 per IQR increase; Supplementary Table 2), com-
pared with LSOCA participants, although the SCOPE analysis
had less power and a longer lag between biomarker measure-
ment and death than the LSOCA analysis. While CIs of most
of these associations overlap those for the LSOCA cohort, plas-
ma sCD14 level was not significantly associated with mortality
in the SCOPE cohort either in the primary analysis or analyses
adjusted for proximal CD4+ T-cell count, HCV status, and/or
IDU history (not shown).

T-Cell Activation, Senescence, and CMV-Specific Responses
Are Less Predictive of Mortality During Treated HIV Infection
We next assessed the association between phenotypic and func-
tional T-cell markers that predict morbidity and mortality in ei-
ther untreated HIV-infected patients or elderly HIV-uninfected

Figure 2. Relationship between plasma markers of gut epithelial barrier integrity and innate immune activation. The relationships between plasma
intestinal fatty acid binding protein (I-FABP) and the plasma zonulin-1 level (A ), soluble CD14 (sCD14) level (B ), kynurenine/tryptophan (KT) ratio (C ), in-
terleukin 6 (IL-6) level (D ), and D-dimer level (E ) and the proximal CD4+ T-cell count (F ) were assessed using Spearman rank order correlations.
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individuals. As observed in Ugandans with ART-suppressed
HIV infection [32], the frequency of activated (CD38+HLA-
DR+) CD8+ T cells predicted increased mortality in the primary
LSOCA analysis (OR, 4.2 per IQR increase; P = .031), but this
association lost significance after adjustment for proximal
CD4+ T-cell count (OR, 3.3 per IQR increase; P = .10; Table 3).
Similar inferences were observed with the frequencies of activat-
ed CD4+ T cells and activated central memory CD8+ and CD4+

T-cell subsets. Greater naive CD4+ T-cell frequency predicted
decreased mortality, although this association lost significance
after adjustment for CD4+ T-cell count. Similar trends were ob-
served for the frequency of recent thymic emigrant (CD31+)

CD4+ T cells. While power was considerably lower, there was
no evidence for an association between any of these markers
and mortality in SCOPE participants.

While T-cell activation and naive CD4+ T-cell frequencies
predicted mortality, albeit inconsistently and not entirely inde-
pendent of CD4+ T-cell count, classical markers of immunose-
nescence failed to predict mortality. The percentages of CD8+

and CD4+ T cells that were CD28− cells, the percentage of
CD8+ T cells that were CD28−CD57+ cells, and the percentage
of CD8+ T cells that were CMV-specific cells all failed to predict
mortality in each cohort (Table 3 and Supplementary Table 2).
CMV-specific antibody levels also failed to predict mortality in

Table 2. Soluble Biomarker Predictors of Mortality Among 192 Participants in the Longitudinal Study of the Ocular Complications of
AIDS Who Had Antiretroviral Therapy–Suppressed Human Immunodeficiency Virus Infection

Characteristic, Analysisa

OR (95% CI) for Death, by Quartileb
OR per IQR

Increase (95% CI) P ValueSecond P Value Third P Value Fourth P Value

Proximal CD4+ T-cell count, cells/mm3

Primary 0.50 (.22–1.1) .099 0.41 (.17–.98) .045 0.44 (.18–1.1) .076 0.62 (.40–.95) .030

I-FABP level, pg/mL

Primary 1.76 (.61–5.1) .30 4.5 (1.5–13.3) .007 8.3 (2.8–25.1) <.001 3.5 (2.0–6.1) <.001
Adjusted 1.69 (.56–5.1) .35 4.2 (1.4–12.8) .011 8.6 (2.7–27.8) <.001 3.5 (1.9–6.1) <.001

Zonulin-1 level, ng/mL

Primary 0.29 (.12–.69) 0.005 0.21 (.08–.53) .001 0.24 (.09–.60) .002 0.43 (.28–.64) <.001
Adjusted 0.28 (.12–.69) .005 0.20 (.08–.53) .001 0.25 (.09–.64) .004 0.43 (.28–.66) <.001

sCD14 level, μg/mL

Primary 2.7 (.82–9.1) .10 7.7 (2.3–25.7) .001 17.6 (4.4–55.1) <.001 5.4 (2.8–10.4) <.001
Adjusted 4.5 (1.09–18.6) .038 11.4 (2.9–46) .001 30.1 (6.2–145) <.001 7.5 (3.4–16.5) <.001

KT ratio, nM/μM

Primary 1.48 (.51–4.3) .47 2.3 (.82–6.5) .11 4.6 (1.72–12.3) .002 2.3 (1.45–3.5) <.001
Adjusted 1.50 (.50–4.4) .47 2.4 (.82–6.9) .11 4.3 (1.51–12.4) .006 2.3 (1.40–3.7) .001

IL-6 level, pg/mL

Primary 6.4 (1.33–30.6) .020 9.8 (1.89–50.5) .007 69.7 (12.4–392) <.001 6.1 (2.9–12.9) <.001
Adjusted 12.0 (1.42–102) .023 17.8 (2.1–154) .009 139 (14–1362) <.001 6.6 (2.9–15.0) <.001

sTNF-RI level, pg/mL

Primary 1.42 (.44–4.5) .55 3.8 (1.3–11.0) .012 9.0 (3.1–26) <.001 4.6 (2.5–8.5) <.001
Adjusted 1.25 (.38–4.2) .71 3.6 (1.23–10.8) .02 10.2 (3.2–32) <.001 5.2 (2.6–10.4) <.001

hsCRP level, ng/mL

Primary 1.61 (.57–4.6) .37 2.1 (.78–5.6) .14 10.9 (3.7–33) <.001 3.7 (2.1–6.7) <.001
Adjusted 1.58 (.53–4.7) .42 2.3 (.81–6.6) .12 10.9 (3.4–35) <.001 3.8 (2.0–7.0) <.001

D-dimer level, ng/mL

Primary 1.33 (.35–5.1) .68 5.9 (1.80–19.1) .003 30.3 (7.2–128) <.001 7.7 (3.6–16.7) <.001
Adjusted 1.23 (.31–4.9) .77 6.2 (1.8–21.3) .003 29.4 (6.6–131) <.001 7.7 (3.5–17.3) <.001

CMV IgG index

Primary 0.42 (.17–1.05) .064 0.54 (.22–1.30) .17 1.37 (.58–3.2) 0.47 0.91 (.80–1.05) .19
Adjusted 0.38 (.15–.98) .045 0.43 (.17–1.12) .085 1.07 (.42–2.7) .89 0.89 (.77–1.03) .11

Abbreviations: CI, confidence interval; CMV, cytomegalovirus; hsCRP, high-sensitivity C-reactive protein; I-FABP, intestinal fatty acid binding protein; IgG,
immunoglobulin G; IL-6, interleukin 6; IQR, interquartile range; KT ratio, kynurenine-to-tryptophan ratio; OR, odds ratio; sTNF-RI, soluble tumor necrosis factor
receptor I.
a Primary matched case-control analyses controlling for age, sex, duration of viral suppression, presence of CMV retinitis, and nadir CD4+ T-cell count. Adjusted
analyses controlled for these factors plus proximal CD4+ T-cell count
b For each characteristic, the odds for first quartile data were reference values.
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Table 3. Phenotypic and Functional T-Cell Predictors of Mortality Among 166 Participants in the Longitudinal Study of the Ocular
Complications of AIDS Who Had Antiretroviral Therapy–Suppressed Human Immunodeficiency Virus Infection

Characteristic,
Analysisa

OR (95% CI) for Death, by Quartileb
OR per IQR

Increase (95% CI) P ValueSecond P Value Third P Value Fourth P Value

D38+HLA-DR+ cells among CD8+ T cells, %
Primary 2.3 (.67–8.0) .18 3.8 (1.17–12.3) .027 3.1 (1.04–9.1) .043 4.2 (1.14–15.6) .031

Adjusted 2.4 (.66–8.6) .19 3.4 (.98–11.6) .053 2.7 (.86–8.6) .090 3.3 (.79–13.6) .10

CD38+HLA-DR+ cells among CM CD8+ T cells, %c

Primary 2.1 (.70–6.4) .19 3.5 (1.09–11.1) .035 3.4 (1.18–10.0) .024 4.1 (1.13–14.8) .032

Adjusted 2.1 (.67–6.3) .21 3.1 (.88–10.9) .078 3.0 (.92–10.6) .069 3.2 (.78–13.2) .11

CD38+HLA-DR+ cells among CD4+ T cells, %
Primary 0.57 (.18–1.79) .34 1.23 (.41–3.7) .71 1.97 (.72–5.4) .18 3.4 (1.04–10.9) .043

Adjusted 0.51 (.15–1.67) .27 1.04 (.33–3.29) .95 1.51 (.47–4.9) .49 2.8 (.70–11.1) .15

CD38+HLA-DR+ cells among CM CD4+ T cells, %c

Primary 0.70 (.23–2.1) .52 1.61 (.62–4.2) .33 2.0 (.71–5.8) .18 3.8 (1.11–13.3) .034

Adjusted 0.66 (.21–2.1) .48 1.41 (.50–4.0) .52 1.68 (.48–5.8) .42 3.4 (.74–12.2) .12

Naive cells among CD4+ T cells, %d

Primary 0.54 (.20–1.46) .22 0.52 (.18–1.49) .22 0.64 (.23–1.82) .40 0.66 (.44–.97) .033

Adjusted 0.67 (.24–1.93) .46 0.61 (.21–1.79) .37 0.83 (.27–2.52) .74 0.71 (.47–1.06) .091

CD31+ naive cells among CD4+ T cells, %d,e

Primary 0.33 (.11–.99) .050 0.78 (.29–2.1) .62 0.52 (.16–1.6) .27 0.41 (.16–1.06) .065

Adjusted 0.33 (.11–.98) .047 0.75 (.28–2.1) .58 0.59 (.17–2.1) .41 0.41 (.15–1.11) .079

Naive cells among CD8+ T cells, %d

Primary 0.59 (.21–1.61) .30 0.42 (.14–1.25) .12 0.55 (.18–1.67) .29 0.49 (.22–1.13) .095

Adjusted 0.66 (.24–1.85) .43 0.50 (.16–1.53) .22 0.65 (.21–2.1) .47 0.55 (.24–1.27) .16

CD28− cells among CD8+ T cells, %
Primary 0.90 (.33–2.5) .84 0.76 (.28–2.0) .58 1.48 (.57–3.9) .42 1.01 (.71–1.45) .94

Adjusted 0.75 (.26–2.2) .60 0.61 (.21–1.81) .38 1.15 (.42–3.15) .78 0.93 (.64–1.36) .71

CD28−CD57+ cells among CD8+ T cells, %
Primary 0.75 (.26–2.2) .61 0.86 (.32–2.4) .78 0.44 (.16–1.22) .11 0.74 (.50–1.10) .14

Adjusted 0.58 (.18–1.84) .35 0.77 (.27–2.22) .63 0.33 (.11–1.00) .050 0.65 (.42–1.00) .051

CD28− cells among CD4+ T cells, %
Primary 0.43 (.15–1.25) .12 0.90 (.31–2.7) .86 0.57 (.21–1.56) .27 0.89 (.49–1.61) .69

Adjusted 0.36 (.12–1.15) .084 0.87 (.28–2.8) .82 0.51 (.18–1.45) .21 0.87 (.47–1.63) .67

PD1+ cells among CD8+ T cells, %
Primary 0.73 (.22–2.4) .60 0.89 (.36–2.2) .79 1.31 (.45–3.8) .62 1.20 (.70–2.1) .51

Adjusted 0.70 (.21–2.3) .56 0.93 (.37–2.3) .87 1.19 (.40–3.5) .76 1.16 (.67–2.0) .59

PD1+ cells among CD4+ T cells, %
Primary 0.88 (.34–2.3) .80 0.49 (.15–1.64) .25 1.04 (.34–3.01) .95 1.16 (.69–1.94) .58

Adjusted 0.74 (.26–2.09) .56 0.38 (.10–1.38) .14 0.61 (.17–2.2) .45 0.95 (.53–1.69) .86

CMV-specific cells among CD8+ T cells, %f

Primary 2.4 (.53–11.2) .25 1.33 (.29–6.1) .71 0.54 (.08–3.7) .53 1.12 (.64–1.97) .69

Adjusted 2.7 (.51–14.0) .25 1.64 (.27–9.9) .59 0.66 (.08–5.1) .69 1.25 (.67–2.3) .48

CMV-specific cells among CD4+ T cells, %f

Primary 3.6 (.57–23) .17 2.0 (.44–9.2) .37 0.92 (.17–4.9) .92 1.61 (.77–3.4) .21

Adjusted 4.4 (.63–31.5) .14 1.92 (.40–9.3) .42 0.72 (.12–4.4) .72 1.56 (.73–3.3) .25

Abbreviations: CI, confidence interval; CM, central memory (CD28+CD27+CCR7+CD45RA−); IQR, interquartile range; OR, odds ratio; PD1, programmed cell death
protein 1.
a Primary matched case-control analyses controlling for age, sex, duration of viral suppression, presence of CMV retinitis, and nadir CD4+ T-cell count. Adjusted
analyses controlled for these factors plus proximal CD4+ T-cell count
b For each characteristic, the odds for first quartile data were reference values.
c Central memory (CM) cells are defined as CD28+CD27+CCR7+CD45RA−.
d Naive cells are defined as CD28+CCR7+CD27+CD4RA+.
e Recent thymic emigrants.
f Cells with cytomegalovirus (CMV)–specific interferon γ expression in response to pp65/IE1 pooled peptide stimulation. Fifty specimens were evaluated.
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LSOCA participants (Table 2). Notably, the percentage of CD8+

T cells that were CD28−CD57+ cells, a senescence marker that
predicts increased mortality in elderly HIV-uninfected individ-
uals, actually appeared to predict decreased mortality in LSOCA
participants, after adjustment for proximal CD4+ T-cell count
(OR, 0.65 per IQR increase; P = .051). The percentages of
CD4+ and CD8+ T cells that were PD1+ cells also failed to pre-
dict mortality in both cohorts.

DISCUSSION

While innate immune activation, inflammation, and coagula-
tion markers predict mortality in treated HIV infection, it has
remained unclear whether gut epithelial barrier integrity, T-cell
activation, exhaustion, and senescence markers also predict
mortality in this setting. In our study, gut epithelial barrier
function markers (I-FABP and zonulin-1) strongly predicted
mortality in individuals with ART-suppressed HIV infection
and a history of AIDS, supporting microbial translocation as
an interventional target. We also demonstrated that soluble in-
nate immune activation, inflammation, and coagulation mark-
ers tended to predict mortality more strongly in cohorts with
greater immunodeficiency, consistent with the hypothesis that
the inflammatory state may be a more important mediator of
mortality in this setting. While T-cell activation also predicted
mortality, this effect was inconsistent between cohorts and may
have been confounded (or mediated) by proximal CD4+ T-cell
count. Last, T-cell senescence phenotypes that predict mortality
in elderly individuals failed to predict mortality in treated HIV
infection, suggesting distinct immunologic mechanisms medi-
ating disease in these settings.

This is the first study to demonstrate that gut epithelial bar-
rier integrity markers predict mortality in treated HIV infec-
tion. Sandler et al previously reported that while plasma
sCD14 levels predicted mortality in the SMART trial, I-FABP
levels did not [18]. Since sCD14 may be released from mono-
cytes in response to stimuli other than LPS, question remained
as to whether microbial translocation predicted mortality.
Our study demonstrated that among individuals with ART-
suppressed HIV infection and a history of AIDS, the gut epithe-
lial barrier function markers I-FABP and zonulin-1 correlated
with soluble markers of monocyte activation, inflammation,
and coagulation and strongly predicted increased mortality.
Zonulin-1 is made by gut epithelial cells; disassembles tight
junctions, thereby increasing intestinal permeability; and is
present in increased levels in celiac and other inflammatory dis-
eases [31]. It is unclear why lower zonulin-1 levels predicted
mortality in LSOCA participants, but greater gut epithelial
cell death or dysfunction during AIDS [33] might decrease its ex-
pression. While I-FABP levels also appeared to predict mortality
in an adjusted analysis of data from SCOPE participants, the as-
sociation between I-FABP levels (and sCD14 levels) and mortality

appeared weaker in SCOPE participants than in LSOCA partici-
pants.While these results couldbeexplainedbydifferential power
or demographic characteristics between cohorts, they are also
consistent with the hypothesis that gut mucosal damage and
microbial translocation is a less important driver of mortality
in individuals with less advanced pre-ART immunodeficiency.
If confirmed in other studies, this might suggest that interven-
tions to decrease microbial translocation might be best targeted
to individuals with lower nadir CD4+ T-cell counts.

Our finding that the plasma KT ratio, a marker of IDO activ-
ity (and/or gut microbe–induced tryptophan catabolism [20])
predicted mortality in HIV-infected individuals maintaining
ART-mediated viral suppression for nearly 2 years in the
LSOCA extends earlier observations from a cohort of HIV-in-
fected Ugandans initiating ART [23] to a resource-rich setting
and to individuals with a longer duration of suppressive ART
receipt. We also showed that the plasma KT ratio was strongly
associated with gut epithelial barrier dysfunction markers, con-
sistent with the hypothesis that IDO induction may be both a
cause (via Th17 depletion) and/or a consequence of microbial
translocation [22]. These results support kynurenine pathway
enzymes as targets for future interventional studies.

Innate immune activation, inflammation, and coagulation
markers also appeared to predict mortality more strongly in
LSOCA participants than in SCOPE participants, raising the
possibility that these immunologic defects may be even more
important drivers of disease among those who initiated ART
at a more advanced disease stage. While differential power, lag
between biomarker measurement and death, and demographic
factors may have also contributed to differential inferences be-
tween cohorts, several prior studies in populations with less ad-
vanced immunodeficiency have observed weaker associations
between these biomarkers and mortality than in the LSOCA
population [5, 7–11]. This is consistent with a possible immu-
nologic cost to delaying ART even if viral suppression is even-
tually achieved and CD4+ T-cell counts restored, a hypothesis
supported by recent observational studies [34–36] but yet to
be proven in a clinical trial.

While our LSOCA analysis confirmed recent observations
from our Ugandan cohort that CD8+ T-cell activation predicts
mortality during ART-mediated viral suppression [32], this ef-
fect was no longer significant after adjustment for proximal
CD4+ T-cell count. It is possible that the association between
CD8+ T-cell activation and mortality is partially mediated by
blunted recovery in the CD4+ T-cell count, as has been suggest-
ed in several prior studies [32, 37–40]. Nevertheless, T-cell acti-
vation failed to predict mortality in the SCOPE cohort, which
had participants with less advanced immunodeficiency. Other
recently reported studies have also failed to find an association
between T-cell activation and mortality in treated HIV infection
[10, 41]. Thus, T-cell activation may predict mortality in un-
treated HIV infection and to a lesser degree in patients with
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advanced immunodeficiency who are undergoing treatment,
settings in which persistent T-cell immunodeficiency may
play an important role in susceptibility to opportunistic infec-
tions and malignancies, but not necessarily in treated patients
with less advanced immunodeficiency. Conversely, innate im-
mune activation and coagulation markers may be more robust
predictors of typical non–AIDS-defining morbidities, such as
cardiovascular conditions and other end points, that now
explain the majority of deaths in the modern treatment era.
Thus, for most treated HIV-infected individuals, innate immune
activation and its determinants are probably more appropriate
targets for interventions than T-cell activation. Furthermore,
T-cell activation may no longer be the most appropriate surro-
gate marker to use as a primary outcome measure in pilot trials
of immune-based interventions in treated HIV infection,
despite its smaller within-subject variability and established re-
sponsiveness to interventions [42–44].

Last, our study demonstrated that T-cell senescence and
CMV-specific immune responses, which predict morbidity
and mortality in elderly HIV-uninfected individuals [26, 45–
47], fail to predict mortality in treated HIV infection. This
may suggest that the immunologic defects that drive disease
in treated HIV infection may be distinct from those that drive
disease in elderly populations. The lack of an association be-
tween CMV-specific antibody titers or T-cell frequencies and
mortality in our study also suggests that the adaptive immune
responses directed against CMV is unlikely to be a direct medi-
ator of morbidity and mortality in this setting. Nevertheless,
asymptomatic CMV replication may contribute in some other
way to immune activation and morbidity and mortality in
this setting, a hypothesis supported by a recent clinical trial of
valganciclovir [44] and by several observational studies [48, 49].

Our study has important limitations. First, participants in
both cohorts had relatively advanced AIDS before ART initia-
tion. Thus, it is unclear whether the mortality associations re-
ported here will be generalizable to populations with less
advanced immunodeficiency. Few cohorts of individuals with
ART-suppressed, less advanced immunodeficiency from
whom viable PBMC specimen are regularly obtained and stored
have sufficient numbers of deaths to address this question. Sec-
ond, the relatively short period between biomarker measure-
ment and death in our study raises the possibility that
biomarker abnormalities are simply a consequence of a soon-
to-be-fatal illness rather than a cause. This seems less likely,
however, since the most common cause of death among
known causes in our study was cardiovascular disease. Third,
since no direct microbial translocation measures were per-
formed, we cannot confirm whether the gut barrier integrity
associations with mortality are mediated by microbial transloca-
tion. Fourth, since smoking history and other potentially im-
portant lifestyle factors were not measured in the cohorts, we
cannot definitively exclude confounding by these factors, but

this seems unlikely to explain the dramatic biomarker associa-
tions we observed here, as these same factors are prevalent in
HIV-uninfected populations in which inflammatory markers
predict mortality much less robustly. Fifth, since this study
was observational, we cannot provide assurance that the immu-
nologic processes represented by the biomarkers reported here
are causally associated with mortality. Such evidence can only
come from large clinical end point trials of targeted interven-
tions. Nevertheless, our study may help narrow and prioritize
the list of interventional targets to pursue. Finally, many of
the biomarkers reported here are interrelated and represent
not just discrete linear pathways, but complex biological systems
with multiple intermediary steps and feedback loops. Thus, the
biomarker most strongly associated with mortality may not nec-
essarily be the most appropriate direct target for interventions.
More-sophisticated mediation modeling approaches may prove
useful in further prioritizing targets.

In summary, our study demonstrated that gut epithelial barrier
integrity markers predict mortality in patients with ART-sup-
pressed HIV infection and a history of AIDS, supporting gut bar-
rier dysfunction and microbial translocation as important targets
for interventions in this setting. We also demonstrated strong and
consistent associations between mortality and innate immune ac-
tivation, inflammation, and coagulation markers—but not neces-
sarily between mortality and T-cell activation, senescence, and
exhaustion—which should narrow the list of potential interven-
tional targets and surrogate outcomes to consider in future clin-
ical trials of immune-based therapies.
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