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Background. Food insecurity is associated with increased morbidity and mortality in people with human immunodeficiency virus 
(HIV) on antiretroviral therapy, but its relationship with immune dysregulation, a hallmark of HIV infection and comorbidity, is unknown.

Methods. In 241 women participating in the Women’s Interagency HIV Study, peripheral blood mononuclear cells were char-
acterized by flow cytometry to identify cell subsets, comprising surface markers of activation (%CD38+HLADR+), senescence 
(%CD57+CD28−), exhaustion (%PD-1+), and co-stimulation (%CD57− CD28+) on CD4+ and CD8+ T cells. Mixed-effects linear 
regression models were used to assess the relationships of food insecurity with immune outcomes, accounting for repeated measures 
at ≤3 study visits and adjusting for sociodemographic and clinical factors.

Results. At the baseline study visit, 71% of participants identified as non-Hispanic Black, 75% were virally suppressed, and 
43% experienced food insecurity. Food insecurity was associated with increased activation of CD4+ and CD8+ T cells, increased 
senescence of CD8+ T cells, and decreased co-stimulation of CD4+ and CD8+ T cells (all P < .05), adjusting for age, race/ethnicity, 
income, education, substance use, smoking, HIV viral load, and CD4 count. In stratified analyses, the association of food insecurity 
with CD4+ T-cell activation was more pronounced in women with uncontrolled HIV (viral load >40 copies/mL and CD4 <500 cells/
mm3) but remained statistically significant in those with controlled HIV.

Conclusions. Food insecurity may contribute to the persistent immune activation and senescence in women with HIV on an-
tiretroviral therapy, independently of HIV control. Reducing food insecurity may be important for decreasing non–AIDS-related 
disease risk in this population.

Keywords.  food insecurity; HIV; immune activation; senescence; exhaustion.

With the ongoing success of antiretroviral therapy (ART), life 
expectancy for people living with human immunodeficiency 
virus (HIV) approaches that of the general population [1]. Yet, 
despite suppression by ART, HIV infection leads to persistent 
immune dysregulation [2], characterized by elevated markers of 
T-cell activation, exhaustion, and senescence [3]. This immune 
dysregulation may contribute to the higher risk of non–HIV-
related conditions (eg, cardiovascular disease, neurocognitive 
decline, cancer) observed in people living with HIV compared 

with people without HIV [4]. Hypothesized causes of persis-
tent immune dysregulation in treated HIV infection include 
low-level viral replication, the latent HIV reservoir, microbial 
translocation, coinfection with other viruses, and lymphoid fi-
brosis [5].

While clinical research targeting these potential determin-
ants of persistent immune dysregulation is ongoing [5], less 
attention has been focused on social determinants of immune 
dysregulation in HIV. People living with HIV, particularly 
women, disproportionately experience food insecurity, defined 
as limited or uncertain availability of nutritionally adequate, 
safe foods and/or the inability to acquire food in socially accept-
able ways [6]. Food insecurity is associated with worse adher-
ence to ART [7], poor HIV control [8], and increased morbidity 
and mortality among people with HIV [9–11]. However, poor 
adherence to ART may not fully explain the increased mortality 
risk associated with food insecurity [10], and other mechanisms 
may play a role.
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We recently reported that food insecurity was related to 
increased levels of plasma inflammatory markers interleukin 
6 (IL-6) and tumor necrosis factor recepter 1 (TNFR1) in 
HIV-positive women on ART, even among those with well-
controlled HIV (ie, virally suppressed and high CD4 count) 
[12]. Persistent inflammation and immune activation are 
closely interconnected processes that are both highly prev-
alent in HIV infection, and both contribute to immune 
exhaustion and immunosenescence [3]. Persistent T-cell ac-
tivation, senescence, and exhaustion are each different states 
of T-cell dysfunction—activation is characterized by high 
effector function, proliferation, and cytotoxicity; senescence 
by low proliferative activity, high differentiation, and short-
ened telomeres [13]; and exhaustion by poor effector func-
tion and sustained expression of inhibitory receptors [14]. 
T-cell co-stimulatory molecules (eg, CD28) are necessary for 
T-cell activation, proliferation, and survival, and are lost with 
aging and immunosenescence [15]. In this same population 
of women with HIV on ART, we aimed here to examine the 
hypothesis that food insecurity is related to higher levels of 
immune activation (%CD38+HLADR+), exhaustion (%PD-
1+), and senescence (%CD57+CD28−), and lower levels of 
co-stimulation (%CD57−CD28+), of CD4+ and CD8+ T 
cells. We further explored whether pathways of HIV control, 
nutrition, and microbial translocation may explain observed 
relationships of food insecurity with immune outcomes.

METHODS

Study Population

The Women’s Interagency HIV Study (WIHS) is a multisite co-
hort study of women with HIV and demographically similar 
women without HIV in the United States that collected clin-
ical, demographic, and behavioral data semiannually through 
interviews, physical examinations, and laboratory tests [16]. 
Participants provided informed consent and were compensated 
for participation.

Beginning in 2013, the Food Insecurity Substudy added meas-
ures of food security and dietary intake to WIHS interviews. 
The present study includes 241 participants with HIV on ART 
who were enrolled in the substudy from 5 sites (Bronx, New 
York; Brooklyn, New York; Washington, DC; San Francisco, 
California; Chicago, Illinois) and had available T-cell data for 
at least 1 visit, as well as food security and covariate data at the 
visit; participants with cancer, autoimmune disease, or hepatitis 
B or C virus infection were excluded from analyses. Data were 
collected annually from April 2013 through September 2015, 
and participants provided a total of 616 person-visits with com-
plete outcome, exposure, and covariate data.

This research was approved by the Institutional Review 
Boards of all the WIHS sites, and conducted in accordance with 
the Declaration of Helsinki.

Laboratory Methods

Immune phenotyping was performed from 2016 to 2018 by 
multiparameter flow cytometry on frozen/thawed peripheral 
blood mononuclear cells (PBMCs). PBMCs were removed from 
LN2 storage and thawed rapidly in a 37oC water bath, washed, 
and stained with fluorochrome-conjugated monoclonal anti-
bodies to CD3, CD4, CD8, CD57, CD28, PD-1, HLADR, and 
CD38 (BD Biosciences). To assess viability, PBMCs were stained 
with an Aqua Live/Dead cell stain kit (Invitrogen) prior to cell 
surface staining. After staining, cells were washed, fixed in 2% 
formaldehyde, and analyzed within 24 hours on an LSRII flow 
cytometer (BD) using FACS Diva software v6.11. Data analysis 
was performed using FlowJo 9.9.3 (Tree Star, Inc). Analyses of 
immune activation (CD38+HLADR+), exhaustion (PD-1+), se-
nescence (CD57+CD28−), and co-stimulation (CD57−CD28+) 
were performed after stringent gating on singlet live (Aqua-) 
CD3+CD4+ or CD3+CD8+ T cells.

The following biomarkers of microbial translocation were 
measured on frozen/thawed plasma by enzyme-linked immu-
nosorbent assay according to the manufacturers’ instructions: 
intestinal fatty acid binding protein (IFAB), soluble CD14 
(sCD14), and soluble CD163 (sCD163) (R&D Systems).

Study Measures

The outcome variables were cell surface markers of activa-
tion (%CD38+HLADR+), senescence (%CD57+CD28−), ex-
haustion (%PD-1+), and co-stimulation (%CD57− CD28+) 
on CD4+ and CD8+ T cells. To facilitate comparison between 
outcomes in statistical analyses, these variables were z-score 
standardized.

The exposure was household food insecurity over the past 
6 months, assessed using the validated 18-item US Department 
of Agriculture Household Food Security Survey Module 
(HFSSM) [17], which measures uncertainty about food sup-
plies, insufficient diet quality, and insufficient food quantity. 
For households with 1 or more child, raw scores for high, mar-
ginal, low, and very low food security are 0, 1–2, 3–7, and 8–18, 
respectively [17]. For households with no children, raw scores 
for high, marginal, low, and very low food security are 0, 1–2, 
3–5, and 6–10, respectively [17]. A binary variable was created 
to capture any food insecurity (marginal, low, or very low food 
security), hereafter referred to as “food insecurity,” compared 
with no food insecurity, hereafter referred to as “food security.” 
Cronbach’s α for the HFSSM in this sample was high (α = 0.88), 
indicating high internal consistency.

A priori control variables for model adjustment were selected 
based on factors consistently related to food insecurity in prior 
research [18]. These were age at visit (years), average annual 
household income (<$12 000, $12 001–$24 000, or ≥$24 001), 
race/ethnicity (non-Hispanic White, Hispanic, non-Hispanic 
Black/African American, or other), high school education, 
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illicit substance use since last visit (excluding marijuana), and 
current cigarette smoking.

We considered other variables potentially involved in the re-
lationship of food insecurity with immune markers for model 
adjustment. These were HIV-related clinical factors (viral load 
[< or ≥40 copies/mL] and CD4 count [< or ≥500 cells/mm3]), 
body mass index (BMI; kg/m2), nutritional variables (dietary 
intake of fat, sugar, red and processed meat, and fruits and 
vegetables; servings/day), and indirect markers of microbial 
translocation (IFAB [pg/mL], sCD14 [ng/mL], and sCD163 
[ng/mL]). Dietary intake was assessed using an adapted ver-
sion of the 2000 National Health Interview Survey multifactor 
screener [19]. The HIV clinical variables were included in fully 
adjusted models based on prior knowledge of their relation-
ship with food insecurity [9] and immune dysregulation [20]. 
Criteria for inclusion of other variables in multivariable regres-
sion were association with food insecurity (P < .10) and with 
any immune markers (P < .10).

Statistical Analysis

The stability of immune markers and food security score over 
the visits was assessed using intraclass correlation coefficients 
(ICCs), with ICC values less than 0.5, 0.50–0.75, 0.75–0.90, 
and greater than 0.90 indicating poor, moderate, good, and 
excellent consistency, respectively [21]. Correlations between 
markers at each visit were assessed using the Pearson correla-
tion coefficient. Immune outcomes were modeled using mixed-
effects linear regression via the Stata “xtreg” command, which 
uses random effects with a general least-squared estimator to 
produce a matrix-weighted average of between- and within-
person results. We examined associations of each control var-
iable with the immune outcomes in bivariate (ie, unadjusted) 
mixed-effects linear regressions. Associations of food insecurity 
with the immune outcomes were also examined using mixed-
effects linear regression in unadjusted, minimally adjusted (for 
a priori control variables), and fully adjusted (for a priori con-
trol variables, HIV clinical variables, and other potential medi-
ators) models. As an additional sensitivity analysis, we stratified 
by HIV control, defined as undetectable viral load (viral load 
<40 copies/mL) and CD4 count of 500 cells/mm3 or greater; 
stratification was conducted at the level of the person-visit. A P 
value of less than .05 was considered nominally statistically sig-
nificant; a false discovery rate q-value less than 0.05 was con-
sidered statistically significant after adjustment for multiple 
comparisons. All analyses were conducted in Stata version 14 
(StataCorp, 2014; College Station, TX).

RESULTS

Participant Characteristics

The study population included 103 women (43%) with food 
insecurity (marginal, low, or very low food security) and 138 

women (57%) with food security at the baseline substudy visit. 
Women in this study tended to be middle-aged (median [in-
terquartile range] = 46 [40–50] years), and the majority identi-
fied as non-Hispanic Black (71%) and were virally suppressed 
(75%). The food security score was moderately consistent over 
the 3 visits (ICC, .56; 95% confidence interval, .48–.63). Women 
who experienced food insecurity had lower income, were more 
likely to currently smoke, and consumed diets higher in fat and 
sugar, compared with women with food security (Table 1).

Attributes of the T-cell Immune Outcomes

The immune markers showed variable consistency over the  
3 visits, with markers of senescence showing the highest con-
sistency, followed by markers of exhaustion, activation, and 
co-stimulation (Figure  1A, Supplementary Table 1). As ex-
pected, there were strong positive correlations between im-
mune markers of the same class on CD4+ and CD8+ T cells, 
as well as between markers of activation and exhaustion, and 
negative correlations between markers of senescence and 
co-stimulation (Figure  1B). Many participant characteris-
tics were related to immune marker levels in unadjusted bi-
variate analysis (Supplementary Table 2). For example, Black 
and Hispanic women had greater activation and senescence of 
CD8+ T cells, and greater exhaustion of CD4+ T cells, com-
pared with non-Hispanic White women. Additionally, women 
with detectable HIV viral load or low CD4 cell count had in-
creased activation and exhaustion of CD4+ and CD8+ T cells 
(Supplementary Table 2).

Associations of Food Insecurity With T-cell Immune Outcomes

Food insecurity was significantly associated with increased 
activation of CD4+ and CD8+ T cells, increased senescence 
of CD8+ T cells, increased exhaustion of CD4+ T cells, and 
decreased co-stimulation of CD4+ and CD8+ T cells, after 
adjusting for age, race/ethnicity, income, education, illicit sub-
stance use, and smoking (all P < .05) (Table 2, Figure 2). Food 
insecurity was also associated with increased senescence of 
CD4+ T cells and increased exhaustion of CD8+ T cells; how-
ever, these associations did not reach statistical significance. 
Upon further adjustment for HIV viral load and CD4 cell 
count, we observed some attenuation of the effect of food inse-
curity on activation of CD4+ and CD8+ T cells, primarily due 
to CD4 cell count adjustment, although associations remained 
statistically significant (Table 2, Figure 2). Further adjustment 
for HIV viral load and CD4 cell count also attenuated effects of 
food insecurity on CD4+ T-cell exhaustion, such that the asso-
ciation was no longer significant, again primarily due to CD4 
count adjustment. Further adjustment for nutritional variables 
did not change model estimates (Supplementary Table 3); we 
did not adjust for BMI and indicators of microbial translocation 
due to a lack of association with food insecurity and/or the im-
mune outcomes.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1771#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1771#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1771#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1771#supplementary-data
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In fully adjusted models, the association of food insecurity 
with immune outcomes (activation of CD4+ and CD8+ T cells, 
senescence of CD8+ T cells, and co-stimulation of CD4+ and 
CD8+ T cells) tended to be lower in magnitude than those of 
viral suppression and CD4 cell count, but higher in magnitude 

than risk behaviors such as illicit substance use and current 
smoking, with some exceptions (Supplementary Table 4). For 
example, the association of food insecurity with CD4+ T-cell 
activation was 75% and 30% of the magnitude of viral sup-
pression and low CD4 cell count, respectively, and 53% higher 

Figure 1.  Within- and between-subject correlations of T-cell immune outcomes. A, ICCs of the immune markers across 3 years, with up to 3 visits per subject. B, 
Pearson’s correlations between the immune markers at the baseline study visit. Correlations were similar at the other 2 visits. Abbreviations: Corr, correlation; ICC, intraclass 
correlation coefficient.

Table 1.  Characteristics of the Study Participants by Food Insecurity Status

Characteristic All (N = 241) Food Security (n = 138) Food Insecurity (n = 103)

Age, median (IQR), years 46.0 (40.0, 50.0) 47.0 (40.0, 52.0) 46.0 (41.0, 49.0)

Race/ethnicity, n (%)    

 White (non-Hispanic) 25 (10.4) 18 (13.0) 7 (6.8)

 Hispanic 33 (13.7) 14 (10.1) 19 (18.4)

 Black/African American (non-Hispanic) 172 (71.4) 99 (71.7) 73 (70.9)

 Other 11 (4.6) 7 (5.1) 4 (3.9)

Annual household income, n (%)    

 <$12 000 100 (42.2) 49 (36.6) 51 (49.5)

 $12 001–$24 000 51 (21.5) 24 (17.9) 27 (26.2)

 ≥$24 001 86 (36.3) 61 (45.5) 25 (24.3)

High school education or more, n (%) 161 (66.8) 99 (71.7) 62 (60.2)

Any illicit substance use since last visit, n (%) 10 (4.2) 4 (2.9) 6 (5.9)

Current smoker,a n (%) 71 (29.5) 31 (22.5) 40 (38.8)

Detectable viral load (≥40 copies/mL), n (%) 61 (25.4) 32 (23.2) 29 (28.4)

CD4 <500 cells/mm3, n (%) 76 (31.7) 38 (27.7) 38 (36.9)

BMI, median (IQR), kg/m2 29.9 (25.6, 35.4) 29.5 (25.4, 34.6) 30.9 (26.2, 37.5)

Intake of high-fat foods,b median (IQR), servings 1.6 (1.0, 2.7) 1.5 (0.9, 2.3) 2.2 (1.2, 3.6)

Intake of sugar,b median (IQR), servings 1.1 (0.4, 1.9) 0.9 (0.3, 1.6) 1.3 (0.7, 2.1)

Intake of red and processed meats, median (IQR), servings 3.1 (2.2, 4.3) 3.0 (2.0, 4.1) 3.5 (2.3, 4.7)

Intake of fruit and vegetables, median (IQR), servings 1.4 (1.0, 2.0) 1.4 (1.0, 2.0) 1.3 (0.8, 2.0)

sCD14, median (IQR), ng/mL 1485.3 (1132.5, 1911.3) 1481.4 (1132.5, 1994.3) 1486.5 (1113.9, 1887.1)

sCD163, median (IQR), ng/mL 488.9 (361.4, 666.7) 467.1 (361.3, 660.4) 506.8 (361.4, 722.2)

IFAB, median (IQR), pg/mL 1125.9 (705.1, 1717.9) 1081.1 (759.1, 1679.3) 1151.7 (656.0, 1745.9)

Data are presented for the first visit with food insecurity data. Abbreviations: BMI, body mass index; IFAB, intestinal fatty acid binding protein; IQR, interquartile range; sCD14, soluble CD14; 
sCD163, soluble CD163.
aP < .05 for difference between food security and food insecurity, Pearson’s chi-square test.
bP < .05 for difference between food security and food insecurity, Wilcoxon rank-sum test.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1771#supplementary-data
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than the association of current smoking. When evaluating 
dose-response using 4 categories of food security (high, mar-
ginal, low, and very low), we observed a significant trend for 
the outcomes of CD4+ and CD8+ T-cell activation, CD8+ 
T-cell senescence, and CD4+ and CD8+ T-cell co-stimulation 
(P-trend < .05) (Supplementary Table 5). However, the trend 
was nonmonotonic for immune activation, with the largest as-
sociation in the “low” food security category.

To explore whether associations of food insecurity with im-
mune outcomes persist even with well-controlled HIV, we next 
stratified analyses based on HIV control (Table 3). The asso-
ciation of food insecurity with activation of CD4+ T cells was 

significantly modified by HIV control (P-interaction = .02), 
while evidence for modification was also observed for the 
association of food insecurity with CD4+ T-cell exhaustion 
(P-interaction = .06). In the case of CD4+ T-cell activation, 
the association with food insecurity was stronger among those 
with uncontrolled HIV, although still statistically significant 
among those with well-controlled HIV. A similar pattern was 
observed for CD4+ T-cell exhaustion; however, the associa-
tion was not statistically significant among those with well-
controlled HIV. These patterns were also consistent across 
analyses stratified by HIV viral load alone or CD4 count alone 
(data not shown).

DISCUSSION

In this study of women living with HIV on ART, we ob-
served that women experiencing food insecurity had mark-
edly higher levels of immune activation on CD4+ and CD8+ 
T cells than women with food security, even among those with 
well-controlled HIV. This suggests that food insecurity may be 
a key, previously unexplored factor related to persistent im-
mune activation in people living with HIV [2]. We also found 
that food insecurity was associated with higher senescence of 
CD8+ T cells, higher exhaustion of CD4+ T cells, and lower 
co-stimulation of CD4+ and CD8+ T cells, further suggesting 
a role of food insecurity in immune dysregulation in HIV. Our 
observation of meaningful effect sizes in relation to other risk 
factors, and significant trends of worsening immune outcomes 
with higher food insecurity, lends support to the possibility of 
a causal relationship. Food insecurity disproportionately affects 
people with HIV, and women with HIV in particular; in this 
context, reducing food disparities may be an important means 
of reducing non–AIDS-related morbidity and mortality in this 
population.

The observed relationships between food insecurity and im-
mune outcomes may contribute to the high prevalence of adverse 

Table 2.  Associations of Food Insecurity With T-cell Activation (%CD38+HLADR+), Senescence (%CD57+CD28−), Exhaustion (%PD-1+), and 
Co-stimulation (%CD57−CD28+)

Unadjusted Minimally Adjusteda Fully adjustedb

Outcome β (95% CI) P q-Value β (95% CI) P q-Value β (95% CI) P q-Value

%CD38+HLADR+ of CD4+ .33 (.17, .49) <.01 <0.01 .32 (.16, .48) <.01 <0.01 .26 (.10, .42) <.01 <0.01

%CD38+HLADR+ of CD8+ .28 (.10, .46) <.01 <0.01 .25 (.07, .43) <.01 <0.01 .19 (.03, .35) .02 0.03

%CD57+CD28− of CD4+ .09 (−.01, .19) .08 0.09 .09 (−.01, .19) .07 0.08 .09 (−.01, .19) .08 0.11

%CD57+CD28− of CD8+ .17 (.07, .27) <.01 <0.01 .17 (.07, .27) <.01 <0.01 .15 (.05, .25) <.01 <0.01

%PD-1+ of CD4+ .13 (.01, .25) .03 0.04 .13 (.01, .25) .04 0.05 .10 (−.02, .22) .10 0.12

%PD-1+ of CD8+ .09 (−.05, .23) .23 0.23 .08 (−.06, .22) .31 0.31 .04 (−.1, .18) .56 0.56

%CD57−CD28+ of CD4+ −.27 (−.45, −.09) <.01 <0.01 −.34 (−.54, −.14) <.01 <0.01 −.32 (−.52, −.12) <.01 <0.01

%CD57−CD28+ of CD8+ −.21 (−.39, −.03) .01 0.02 −.33 (−.51, −.15) <.01 <0.01 −.29 (−.47, −.11) <.01 <0.01

N = 241; person-visits = 616. Results are from mixed-effects linear regression with food insecurity (food insecurity vs food security as reference) as the predictor and z-score–standardized 
immune marker outcomes. Units of the B-coefficient are the difference in standard deviations of the outcome for food insecurity vs food security. Abbreviation: CI, confidence interval. 
aModels are adjusted for age at visit (years), average annual household income (<$12 000, $12 001–$24 000, or ≥$24 001), race/ethnicity (non-Hispanic White, Hispanic, Black/African 
American, or other), high school education, illicit substance use since last visit, and current smoking.
bModels are adjusted for all variables in the minimally adjusted models, as well as viral load (< or ≥40 copies/mL) and CD4 count (< or ≥500 cells/mm3).

Figure 2.  Food insecurity and T-cell immune outcomes. Results of mixed-
effects linear regression with food insecurity (food insecurity vs food security) 
as a predictor of z-score–standardized immune marker outcomes. Units of the 
B-coefficient is the difference in standard deviations of the outcome for food in-
security versus food security. The minimally adjusted model is adjusted for age 
at visit (years), average annual household income (<$12 000, $12 001–$24 000, or 
≥$24 001), race/ethnicity (non-Hispanic White, Hispanic, Black/African American, 
or other), high school education, illicit substance use since last visit, and current 
smoking. The fully adjusted model is further adjusted for viral load (< or ≥40 copies/
mL) and CD4 count (< or ≥500 cells/mm3).

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1771#supplementary-data
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clinical outcomes among people with HIV, despite use of ART. 
T-cell activation is a predictor of mortality in ART-treated HIV 
[22], is associated with increased cardiovascular disease risk 
[23], and may increase the risk of other diseases such as cancer 
[24] and cognitive impairment [25]. The relationship of T-cell 
senescence, exhaustion, and co-stimulation with non-AIDS 
morbidity and mortality is less clear, although research suggests 
that senescence is associated with increased cardiovascular risk 
[23], exhaustion with failure of immune reconstitution in ART-
treated HIV [26], and co-stimulation with resistance of T cells to 
HIV infection [27]. Taken together, the observed associations of 
food insecurity with immune parameters may have serious im-
plications for the health of ART-treated women with HIV.

Food insecurity may influence T-cell immune outcomes 
among people with HIV via several hypothesized mechanisms, 
including ART adherence and nutritional pathways. Food in-
security is often associated with suboptimal ART adherence in 
people with HIV [7], resulting in incomplete viral suppression 
[8] and low CD4 count [28]. Effects of food insecurity on HIV 
control may, in part, explain the relationship of food insecu-
rity with immune dysregulation, as poor HIV control (and 
low CD4 count in particular) is a known predictor of immune 
dysregulation [20]. In line with this, we found that adjusting for 
CD4 cell count attenuated associations of food insecurity with 
activation of CD4+ and CD8+ T cells, and exhaustion of CD4+ 
T cells, suggesting these associations may be explained in part 
by ART adherence. Yet, associations of food insecurity on T-cell 
activation are significant upon adjustment for HIV control, 
and among those with well-controlled HIV in stratified anal-
ysis, indicating that pathways independent of ART adherence 
also contribute to the link between food insecurity and immune 
activation.

Food insecurity may also influence immune outcomes via 
nutritional pathways. Individuals with food insecurity often ex-
perience malnutrition in the form of inadequate intake of spe-
cific foods and nutrients [18]—resulting from the tendency to 
consume inexpensive energy-dense, nutritionally poor foods 
[29]—and are at higher risk of obesity [11, 30]. Nutrients [31] 
and adipose tissue [32] have a wide range of effects on immunity, 
and nutrition and diet are determinants of the gut microbiome 
[33] and gut barrier function [34], which also play immune-
modulating roles [35–37]. In our study, food insecurity was 
related to higher intakes of high-fat foods and sugar; however, 
dietary adjustment did not alter associations of food insecurity 
with immune outcomes. Additionally, BMI and markers of mi-
crobial translocation were not associated with food insecurity 
in this study population. Yet, we cannot preclude these poten-
tial causal pathways, as there are limitations in our measures of 
nutrition and microbial translocation. The dietary assessment 
used here does not capture energy intake or micronutrients. 
BMI does not capture body composition or micronutrient de-
ficiencies. IFAB may be a poor indicator of microbial translo-
cation in high-fat-diet–induced obesity [38], while sCD14 and 
sCD163 are nonspecific markers of monocyte and macrophage 
activation. Future research should explore nutritional pathways 
for food insecurity using more direct measures of nutrition (eg, 
24-hour dietary recalls, serum micronutrients, metabolomics), 
bacterial dysbiosis (eg, stool DNA sequencing), and microbial 
translocation (eg, serum lipopolysaccharide).

This study was strengthened by the large sample size, avail-
ability of multiple T-cell immune outcomes, and longitu-
dinal design, which increased power. The well-characterized 
WIHS cohort and comprehensive assessment of food insecu-
rity provided an idealized setting to examine associations of 

Table 3.  Associations of Food Insecurity With T-cell Activation (%CD38+HLADR+), Senescence (%CD57+CD28−), Exhaustion (%PD-1+), and 
Co-stimulation (%CD57−CD28+), Stratified by HIV Control

Controlled HIV (n = 178; Person-Visits = 365)
Uncontrolled HIV (n = 142; Person-

Visits = 251)

Outcome β (95% CI) P β (95% CI) P

%CD38+HLADR+ of CD4+ a .14 (.04, .24) .01 .56 (.21, .91) <.01

%CD38+HLADR+ of CD8+ .21 (.03, .39) .01 .22 (−.09, .53) .16

%CD57+CD28− of CD4+ .06 (−.06, .18) .38 .13 (−.07, .33) .17

%CD57+CD28− of CD8+ .19 (.05, .33) .01 .20 (.00, .40) .04

%PD-1+ of CD4+ b .03 (−.09, .15) .60 .28 (.04, .52) .02

%PD-1+ of CD8+ .10 (−.06, .26) .26 −.05 (−.32, .22) .74

%CD57−CD28+ of CD4+ −.33 (−.58, −.08) .01 −.35 (−.62, −.08) .02

%CD57−CD28+ of CD8+ −.37 (−.62, −.12) <.01 −.28 (−.53, −.03) .03

Results are from mixed-effects linear regression with food insecurity (food insecurity vs food security as reference) as the predictor and z-score–standardized immune marker outcomes; HIV 
control was defined as virally suppressed (<40 copies/mL) and CD4 ≥500 cells/mm3; all models are adjusted for age at visit (years), average annual household income (<$12 000, $12 001–
$24 000, or ≥$24 001), race/ethnicity (non-Hispanic White, Hispanic, Black/African American, or other), high school education, illicit substance use since last visit, and current smoking. Units 
of the B-coefficient are the difference in standard deviations of the outcome for food insecurity vs food security. Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus.
aP-interaction of food insecurity and HIV control = .02.
bP-interaction = .06.
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food insecurity with immune outcomes while controlling for 
confounders and exploring mediational pathways. 

Our study also had several limitations. As noted above, di-
rect measurement of nutrition indices and microbial transloca-
tion warrants further investigation. Additionally, findings in US 
women with HIV may not be generalizable to other populations.

In conclusion, we have reported, for the first time, associations 
between food insecurity and detrimental T-cell immune out-
comes in women living with HIV on ART. Effects of food insecu-
rity on immune activation may contribute to previously observed 
associations of food insecurity with mortality in HIV [10]. While 
there is an obvious need for effective policy and program interven-
tions to address the widespread food insecurity in women living 
with HIV, further research to delineate mechanisms by which 
food insecurity leads to immune dysregulation, independently of 
ART adherence, may help tailor future solutions to this complex 
problem. For example, interventions may involve specific dietary, 
nutrient, or microbial targets (eg, with probiotics) based on iden-
tified mechanisms. Improvements in food security in women with 
HIV may improve T-cell immune phenotypes, and ultimately re-
duce the risk of non–AIDS-related morbidity and mortality.

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online. 
Consisting of data provided by the authors to benefit the reader, the posted 
materials are not copyedited and are the sole responsibility of the authors, so 
questions or comments should be addressed to the corresponding author.

Notes
Acknowledgments. Data in this manuscript were collected by the 

Women’s Interagency HIV Study (WIHS), now the Multicenter AIDS 
Cohort Study (MACS)/WIHS Combined Cohort Study (MWCCS). 

Disclaimer. The contents of this publication are solely the responsi-
bility of the authors and do not represent the official views of the National 
Institutes of Health.

Financial support. This work was supported by a Women’s Interagency 
HIV Study (WIHS) substudy grant from the National Institute of Mental 
Health (NIMH; grant number R01MH095683; principal investigator [PI]: 
S.  D. W.) and the National Institute of Allergy and Infectious Diseases 
(NIAID; grant number K24AI134326; PI: S. D. W.). D. B. H. was supported 
by the National Heart, Lung, and Blood Institute (NHLBI; grant number 
K01HL137557). The MWCCS is funded primarily by the NHLBI, with ad-
ditional co-funding from the Eunice Kennedy Shriver National Institute 
of Child Health and Human Development, National Institute on Aging, 
National Institute of Dental and Craniofacial Research, NIAID, National 
Institute of Neurological Disorders and Stroke, NIMH, National Institute 
on Drug Abuse, National Institute of Nursing Research, National Cancer 
Institute, National Institute on Alcohol Abuse and Alcoholism, National 
Institute on Deafness and Other Communication Disorders, National 
Institute of Diabetes and Digestive and Kidney Diseases, National Institute 
on Minority Health and Health Disparities, and in coordination and align-
ment with the research priorities of the National Institutes of Health, 
Office of AIDS Research. MWCCS data collection is also supported 
by UL1-TR000004 University of California San Francisco Clinical and 
Translational Science Award (UCSF CTSA).

Potential conflicts of interest. P. C. T. received grant support from Merck 
outside the submitted work. All other authors report no potential conflicts. 
All authors have submitted the ICMJE Form for Disclosure of Potential 
Conflicts of Interest. Conflicts that the editors consider relevant to the con-
tent of the manuscript have been disclosed.

MWCCS (Principal Investigators). Bronx clinical research site (CRS) 
(Kathryn Anastos and Anjali Sharma), U01-HL146204; Brooklyn CRS 
(Deborah Gustafson and Tracey Wilson), U01-HL146202; Data Analysis 
and Coordination Center (Gypsyamber D’Souza, Stephen Gange, and 
Elizabeth Golub), U01-HL146193; Chicago–Cook County CRS (Mardge 
Cohen and Audrey French), U01-HL146245; Northern California CRS 
(Bradley Aouizerat, Jennifer Price, and Phyllis Tien), U01-HL146242; 
Metropolitan Washington CRS (Seble Kassaye and Daniel Merenstein), 
U01-HL146205. 

References
1. Trickey  A, May  MT, Vehreschild  J-J, et  al. Survival of HIV-positive patients 

starting antiretroviral therapy between 1996 and 2013: a collaborative analysis of 
cohort studies. Lancet HIV 2017; 4:e349–56.

2. Hunt PW, Martin JN, Sinclair E, et al. T cell activation is associated with lower 
CD4+ T cell gains in human immunodeficiency virus-infected patients with 
sustained viral suppression during antiretroviral therapy. J Infect Dis 2003; 
187:1534–43.

3. Appay  V, Sauce  D. Immune activation and inflammation in HIV-1 infection: 
causes and consequences. J Pathol 2008; 214:231–41.

4. Plaeger SF, Collins BS, Musib R, Deeks SG, Read S, Embry A. Immune activation 
in the pathogenesis of treated chronic HIV disease: a workshop summary. AIDS 
Res Hum Retroviruses 2012; 28:469–77.

5. Hatano  H. Immune activation and HIV persistence: considerations for novel 
therapeutic interventions. Curr Opin HIV AIDS 2013; 8:211–6.

6. Boneya DJ, Ahmed AA, Yalew AW. The effect of gender on food insecurity among 
HIV-infected people receiving anti-retroviral therapy: a systematic review and 
meta-analysis. PLoS One 2019; 14:e0209903.

7. Young S, Wheeler AC, McCoy SI, Weiser SD. A review of the role of food inse-
curity in adherence to care and treatment among adult and pediatric populations 
living with HIV and AIDS. AIDS Behav 2014; 18(Suppl 5):S505–15.

8. Aibibula W, Cox J, Hamelin AM, McLinden T, Klein MB, Brassard P. Association 
between food insecurity and HIV viral suppression: a systematic review and 
meta-analysis. AIDS Behav 2017; 21:754–65.

9. Spinelli  MA, Frongillo  EA, Sheira  LA, et  al. Food insecurity is associated with 
poor HIV outcomes among women in the United States. AIDS Behav 2017; 
21:3473–7.

10. Weiser  SD, Fernandes  KA, Brandson  EK, et  al. The association between food 
insecurity and mortality among HIV-infected individuals on HAART. J Acquir 
Immune Defic Syndr 2009; 52:342–9.

11. Sirotin N, Hoover DR, Shi Q, Anastos K, Weiser SD. Food insecurity with hunger 
is associated with obesity among HIV-infected and at risk women in Bronx, NY. 
PLoS One 2014; 9:e105957.

12. Leddy AM, Roque A, Sheira LA, et al. Food insecurity is associated with inflam-
mation among women living with HIV. J Infect Dis 2019; 219:429–36.

13. Akbar AN, Henson SM, Lanna A. Senescence of T lymphocytes: implications for 
enhancing human immunity. Trends Immunol 2016; 37:866–76.

14. Wherry EJ. T cell exhaustion. Nat Immunol 2011; 12:492–9.
15. Weng NP, Akbar AN, Goronzy J. CD28(–) T cells: their role in the age-associated 

decline of immune function. Trends Immunol 2009; 30:306–12.
16. Adimora  AA, Ramirez  C, Benning  L, et  al. Cohort profile: the Women’s 

Interagency HIV Study (WIHS). Int J Epidemiol 2018; 47:393–4.
17. National Research Council. Food insecurity and hunger in the United States: 

an assessment of the measure. Washington, DC: The National Academies Press, 
2006.

18. Holben  DH, Marshall  MB. Position of the academy of nutrition and dietetics: 
food insecurity in the United States. J Acad Nutr Diet 2017; 117:1991–2002.

19. National Cancer Institute. Multifactor screener in the 2000 National Health 
Interview Survey Cancer Control Supplement: overview. Available at: https://epi.
grants.cancer.gov/nhis/multifactor/. Accessed 12 September 2020.

20. Lederman  MM, Funderburg  NT, Sekaly  RP, Klatt  NR, Hunt  PW. Residual im-
mune dysregulation syndrome in treated HIV infection. Adv Immunol 2013; 
119:51–83.

21. Koo TK, Li MY. A guideline of selecting and reporting intraclass correlation coef-
ficients for reliability research. J Chiropr Med 2016; 15:155–63.

22. Hunt PW, Lee SA, Siedner MJ. Immunologic biomarkers, morbidity, and mor-
tality in treated HIV infection. J Infect Dis 2016; 214(Suppl 2):S44–50.

23. Kaplan  RC, Sinclair  E, Landay  AL, et  al. T cell activation and senescence pre-
dict subclinical carotid artery disease in HIV-infected women. J Infect Dis 2011; 
203:452–63.

24. Dubrow R, Silverberg MJ, Park LS, Crothers K, Justice AC. HIV infection, aging, 
and immune function: implications for cancer risk and prevention. Curr Opin 
Oncol 2012; 24:506–16.

https://epi.grants.cancer.gov/nhis/multifactor/
https://epi.grants.cancer.gov/nhis/multifactor/


Food Insecurity and T-cell Dysregulation • cid 2021:72 (1 March) • e119

25. Bandera A, Taramasso L, Bozzi G, et al. HIV-associated neurocognitive impair-
ment in the modern ART era: are we close to discovering reliable biomarkers in 
the setting of virological suppression? Front Aging Neurosci 2019; 11:187.

26. Porichis F, Kaufmann DE. Role of PD-1 in HIV pathogenesis and as target for 
therapy. Curr HIV/AIDS Rep 2012; 9:81–90.

27. Riley JL, Carroll RG, Levine BL, et al. Intrinsic resistance to T cell infection with 
HIV type 1 induced by CD28 costimulation. J Immunol 1997; 158:5545–53.

28. Aibibula W, Cox J, Hamelin AM, Mamiya H, Klein MB, Brassard P. Food inse-
curity and low CD4 count among HIV-infected people: a systematic review and 
meta-analysis. AIDS Care 2016; 28:1577–85.

29. Drewnowski A, Darmon N. Food choices and diet costs: an economic analysis. J 
Nutr 2005; 135:900–4.

30. Morales  ME, Berkowitz  SA. The relationship between food insecurity, dietary 
patterns, and obesity. Curr Nutr Rep 2016; 5:54–60.

31. Wu D, Lewis ED, Pae M, Meydani SN. Nutritional modulation of immune func-
tion: analysis of evidence, mechanisms, and clinical relevance. Front Immunol 
2018; 9:3160.

32. Alwarawrah Y, Kiernan K, MacIver NJ. Changes in nutritional status impact im-
mune cell metabolism and function. Front Immunol 2018; 9:1055.

33. David LA, Maurice CF, Carmody RN, et al. Diet rapidly and reproducibly alters 
the human gut microbiome. Nature 2014; 505:559–63.

34. Teixeira TF, Collado MC, Ferreira CL, Bressan J, Peluzio MC. Potential mechan-
isms for the emerging link between obesity and increased intestinal permeability. 
Nutr Res 2012; 32:637–47.

35. Belkaid Y, Hand TW. Role of the microbiota in immunity and inflammation. Cell 
2014; 157:121–41.

36. Brenchley JM, Price DA, Schacker TW, et al. Microbial translocation is a cause of 
systemic immune activation in chronic HIV infection. Nat Med 2006; 12:1365–71.

37. Mutlu EA, Keshavarzian A, Losurdo J, et al. A compositional look at the human 
gastrointestinal microbiome and immune activation parameters in HIV infected 
subjects. PLoS Pathog 2014; 10:e1003829.

38. Lau E, Marques C, Pestana D, et al. The role of I-FABP as a biomarker of intes-
tinal barrier dysfunction driven by gut microbiota changes in obesity. Nutr Metab 
(Lond) 2016; 13:31.




