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Background. A higher proportion of circulating memory CD4" T cells is associated with prevalent diabetes mellitus in the
general population. Given the broad changes in adaptive immunity, including memory T-cell expansion, and rising prevalence of
diabetes in the human immunodeficiency virus (HIV) population, we assessed whether similar relationships were present in persons

with HIV (PWH).
Methods.

Multiple CD4" and CD8" T-cell subsets were measured by flow cytometry, and prevalent diabetes cases were adjudi-

cated by 2 physicians for PWH and HIV-negative participants in the Veterans Aging Cohort Study. Multivariable logistic regression
models evaluated the association of T-cell subsets and diabetes stratified by HIV status, adjusted for cytomegalovirus serostatus and

traditional risk factors.
Results.

Among 2385 participants (65% PWH, 95% male, 68% African American), higher CD45RO" memory CD4" T cells and

lower CD38" CD4" T cells were associated with prevalent diabetes, and had a similar effect size, in both the PWH and HIV-negative
(P < .05 for all). Lower CD38"CD8" T cells were also associated with diabetes in both groups.

Conclusions.

The CD4" and CD8" T-cell subsets associated with diabetes are similar in PWH and HIV-negative individuals,

suggesting that diabetes in PWH may be related to chronic immune activation.
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Persons with human immunodeficiency virus (PWH) on long-
term antiretroviral therapy (ART) are at risk for developing di-
abetes, and an increasing proportion of older and overweight
individuals will likely contribute to a higher prevalence of met-
abolic disease in the future [1-5]. The prevalence of diabetes is
increasing in PWH [6], although assessing the independent ef-
fect of human immunodeficiency virus (HIV) on diabetes risk
is complicated by shifting age, overweight and obesity preva-
lence, and sociodemographic patterns in the HIV population
[7, 8]. Furthermore, prior analyses from the Veterans Aging
Cohort Study (VACS) demonstrated that the risk of incident di-
abetes attributable to a 5 pound weight gain was greater among
PWH than HIV-negative persons [9].
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Monocyte activation and systemic inflammation have been
associated with diabetes in both PWH and HIV-negative in-
dividuals [10-14]. Compared with HIV-negative individuals,
PWH have high circulating concentrations of inflammatory
markers including high-sensitivity C-reactive protein, inter-
leukin-6 (IL-6), soluble CD14 (sCD14), and D-dimer, even after
suppression of plasma viremia on ART [15, 16]. In the SMART
and ESPRIT HIV cohorts, enrollment plasma IL-6 levels were
associated with incident diabetes several years before clinical
disease [10]. Likewise, in HIV-negative persons, sCD14, which
binds circulating lipopolysaccharide, serves as a marker of mon-
ocyte activation and correlates with several cardiometabolic
disease risk factors and prevalent diabetes [17].

Several studies in the general population have identi-
fied higher proportions of circulating proinflammatory and
memory CD4" T cells in diabetics compared with nondiabetics.
In one study, the proportion of regulatory (T, CD4" T cells
was lower and the ratio of Treg to T-helper cell type 1 (T, 1)
and type 17 (T;17) was decreased in diabetics compared with
nondiabetics, suggesting a shift towards a proinflammatory
CD4" T-cell profile [18]. In a separate study, the proportion of
circulating T, cells inversely correlated with C-reactive protein
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and hemoglobin Alc (HbAlc) levels and identified metabol-
ically unhealthy obese subjects [19]. Likewise, a decreased
proportion of circulating naive CD4" T cells and increased per-
centage of memory cells was observed in diabetic patients, sug-
gesting that chronic antigen stimulation may be related to the
development of glucose intolerance [20].

Human immunodeficiency virus infection causes significant
changes to the adaptive immune system including naive CD4"
T-cell depletion, expansion of memory cells, CD4" and CD8"
T-cell activation, and accelerated T-cell immunosenescence,
which persist despite suppression of plasma viremia with
ART [21]. Furthermore, cytomegalovirus (CMV) infection is
common among PWH [22], and it can dramatically reshape the
T-cell compartment [23]. Previous studies have linked CMV
seropositivity to cardiovascular disease and diabetes in both
PWH and HIV-negative individuals [22, 24, 25]. Several of
these alterations in circulating T cells observed in PWH overlap
the subsets associated with diabetes in the general population,
raising the possibility that glucose intolerance in PWH may be
related to similar immune mechanisms.

The VACS is a longitudinal, observational study of PWH and
HIV-negative persons of similar age, race, and geographic lo-
cation receiving care in the Veterans Affairs (VA) healthcare
system [26]. The VA is the largest single provider of HIV care
in the United States, and VACS has been previously used to as-
sess the burden of metabolic comorbidities, including diabetes,
in PWH and HIV-negative persons [5, 9, 27]. Using VACS-
archived samples and clinical records, we assessed the relation-
ship between T-cell subsets and prevalent diabetes according to
HIV status independent of CMV serostatus and other common
risk factors for metabolic disease.

METHODS

Cohort Description

This is a cross-sectional study using the VACS Biomarker
Cohort (VACS-BC), a prospective cohort of 2385 veterans (65%
PWH) that is part of the larger VACS. The VACS has been de-
scribed in detail in previous publications [26]. In brief, PWH
and age-, race-, ethnicity-, and site-matched HIV-negative
comparator individuals were enrolled starting in June 2002 at
8 VA facilities in the United States from the infectious diseases
(PWH) and general medicine (HIV-negative) clinics at each
site. All patients completed standardized semiannual surveys to
assess multiple domains of health including activity level, sub-
stance use, demographic data, comorbidities, and family his-
tory of diabetes mellitus and other diseases. Participants had
complete blood count, renal and liver panels, glucose, HbAlc,
lipid panel, and hepatitis serologies performed at enrollment,
and additional clinical data (eg, body mass index [BMI], lab-
oratory values) were extracted from the electronic medical
record. The VA Immunology Case Registry provides HIV-
specific data including longitudinal CD4" T-cell counts, serum

HIV-1 ribonucleic acid (RNA) quantification, and antiretro-
viral regimen.

Flow Cytometry

Peripheral blood mononuclear cells (PBMCs) were collected
and cryopreserved from VACS-BC participants in 2005-2007.
We performed flow cytometry on archived specimens to
measure T-cell subsets including the following: CD38" and se-
nescent (CD57") CD4" and CD8" T cells; CD4" T,,1 (INFy"),
T,2 (IL4"), T,17 (IL17%), and T, cells (CD25Foxp3”); and
CD8" and CD4" naive and memory T cells (including central,
effector, transitional, and effector RA" memory subsets; see
Supplementary Materials and Supplementary Tables 1 and 2 for
staining protocols, surface marker phenotypes, and reagents).
These T-cell subsets were selected because each has been shown
to be altered in HIV and/or associated with chronic diseases,
including diabetes, in the general population. Due to sample
quality and viability of cells, not all participants contributed to
cellular phenotyping. However, more than 90% of participants
contributed to surface marker phenotyping, with the majority
of subsets including more than 96% of participants.

A full description of methods is available in the
Supplementary Materials. In brief, PBMCs were thawed rap-
idly and diluted 10-fold, centrifuged, and washed, and the
final pellet was resuspended in supplemented media and fil-
tered through a 70-um filter.

For functional assays (T, 1, T,2, T,17), the sample was
stimulated with phorbol myristate acetate (PMA)/ionomycin in
the presence of brefeldin A for 3 hours as previously described
[28], and stained for viability, surface proteins, and intracellular
cytokines, as detailed in the Online Supplement. FoxP3" T,
cells were stained for viability, surface stained for CD4, and in-
tracellularly stained for FoxP3 as detailed Online.

For surface labeling, samples were centrifuged and resus-
pended in phosphate-buffered saline pH 7.4 and stained with
live/dead stain. Stain was removed by centrifugation, and anti-
bodies or isotype-matched control antibodies were added (see
Supplementary Table 1).

Flow cytometry was performed with an MQ10 (Miltenyi
Biotec) and analyzed utilizing the MACS Quantity software
package. The machine was calibrated daily with calibration
beads. Single color compensation controls prepared contem-
poraneously with the samples were used for each assay to
set compensation. Isotype controls were used to set negative
gates.

Plasma Biomarkers and Cytomegalovirus Status

Please see Supplementary Material for full methods. In brief,
IL-6 was measured using a chemiluminescent immunoassay
(QuantiGlo IL-6 immunoassay; R&D Systems, Minneapolis,
MN), D-dimer was measured using the STAR automated
coagulation analyzer (Diagnostica Stago) and using an
immunoturbidometric assay (Liatest D-DI; Diagnostica Stago,
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Parsippany, NJ), and sCD14 was measured with an enzyme-
linked immunosorbent assay (ELISA) (Quantikine sCD14
Immunoassay; R&D Systems). Cytomegalovirus immunoglob-
ulin G concentration was determined using an ELISA from
Diamedix (Miami Lakes, FL), and <8 EU/mL was considered
to be CMV negative.

Definition of Prevalent Diabetes Mellitus

Potential diabetes cases among VACS-BC participants were
identified in the VA electronic medical record utilizing an al-
gorithm that identified candidate charts for review based on
glucose and HbAlc laboratory values, pharmacy data, and
International Classification of Diseases, Ninth Revision codes
(see Supplementary Materials). Potential diabetes cases identi-
fied by the algorithm were manually reviewed and adjudicated
by 2 physicians with expertise in endocrinology to reduce mis-
classification. If there was discrepancy between the 2 physician
adjudicators, a third physician adjudicator determined classifi-
cation of the case.

Statistical Methods

We compared patient characteristics by prevalent diabetes
status using Wilcoxon rank-sum for continuous variables and
X’ test for categorical variables separately for PWH and HIV-
negative individuals. CD4" and CD8" T-cell subsets are re-
ported as median percentages and interquartile ranges. We
performed multivariable logistic regression models with prev-
alent diabetes as the outcome and T-cell subsets as the main
predictors. Model 1 adjusted for age, sex, BMI, and viral sup-
pression (PWH models only). Model 2 also adjusted for race,
hepatitis C virus serostatus, smoking status, alcohol use, and
CMYV serostatus. Model 3 further adjusted for plasma levels of
IL-6, D-dimer, and sCD14 (measured at the time of PBMC col-
lection). We included only complete cases in the model. Missing
values affected 2% or less of non-T-cell variables included in the
model. We modeled T-cell subsets as continuous values using 2
steps. First, we fit a spline with 4 knots separately among PWH
and HIV-negative participants. If the spline showed a nonlinear
association (ie, the spline term was overall statistically signif-
icant), we presented the spline plot to graphically display the
association between the T-cell subset and odds of prevalent di-
abetes. If the spline did not show an association significantly
different from a straight line, we then modeled the T-cell subset
as linear and reported the odds ratio per standard deviation
increase in the T-cell percentage, in addition to presenting the
plot showing the association of the T-cell subset and risk of
prevalent diabetes. In addition, for those T-cell subsets asso-
ciated with prevalent diabetes in either PWH or HIV-negative
participants, we tested for an interaction between HIV status
and the T-cell subset. Analyses were conducted using STATA
(StataCorp, College Station, TX). Two-sided P < .05 was used to
determine significance. This study was reviewed and approved

by the Veterans Affairs Institutional Review Board. All study
participants provided written informed consent.

RESULTS

Cohort Characteristics

A total of 2385 Veterans (1545 PWH and 840 HIV-negative)
were included in the analysis. At the time of collection, PWH
were 97% male and 69% black with a median age and BMI
of 52 years and 25 kg/m’, respectively. Human immunode-
ficiency virus-negative participants were 90% male and 67%
black with a median age and BMI of 53 years and 30 kg/m’,
respectively. Diabetes was present in 281 (18%) PWH and 248
(30%) HIV-negative participants. Persons with HIV with di-
abetes had similar absolute CD4" T-cell counts, HIV-1 RNA
copies, and proportion on ART compared with those without
diabetes (Table 1). Persons with HIV and HIV-negative indi-
viduals who were diabetic were older and had a higher preva-
lence of comorbid conditions including cardiovascular disease,
renal insufficiency, hypertension, and obesity compared with
nondiabetics (Table 1).

Univariate Analysis of T-cell Subsets and Soluble Inmune Biomarkers
Associated With Prevalent Diabetes

Table 2 shows the T-cell subsets and soluble biomarkers that dif-
fered significantly between persons with and without diabetes,
stratified by HIV status. CD45RO*CD4" memory T-cell popu-
lations were expanded in diabetics compared with nondiabetics
among both PWH (46.8% vs 42.8% [P < .001], respectively) and
HIV-negative (54.3% vs 50.5% [P = .02], respectively). The pro-
portion of naive CD4" T cells was reduced in diabetics com-
pared with nondiabetics among both PWH (32.4% vs 37.3%
[P = .05], respectively) and HIV-negative negative (30.7% vs
36.6% [P < .001], respectively). The proportion of CD38"CD4"
T cells was reduced in diabetics compared with nondiabetics
among PWH only (39.0% vs 43.7% [P < .001], respectively),
whereas the proportion of CD57°CD4" T cells was reduced in
diabetes compared with nondiabetics among HIV-negative in-
dividuals only (15.1% vs 17.9% [P = .01], respectively).

Among HIV-negative individuals, the proportion of naive
CD8" T cells was reduced and the proportion of CD45RO*CD8"
T cells was increased in diabetics compared with nondiabetics.
These changes were not observed in PWH (Table 2).
Supplementary Table 3 shows results for all T-cell subsets, and
Supplementary Table 4 compares median proportions of each
T-cell subset between PWH (stratified by plasma HIV-1 RNA
level < or >500 copies/mL at the time of PBMC collection) and
HIV-negative persons.

Multivariable Regression Analysis of T-cell Subsets and Soluble Immune
Biomarkers Associated With Prevalent Diabetes

CD4" T-cell subsets significantly associated with diabetes in
model 3 in PWH and/or HIV-negative individuals are shown
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Table 1. Cohort Characteristics by HIV and Diabetes Status®

Characteristics HIV Positive HIV Negative
Variable Diabetic Nondiabetic PValue Diabetic Nondiabetic PValue
N 281 1264 248 592
Demographics
Age, years 55.7 (60.1-59.5) 51.5 (46.2-57.0) <.001 54.3 (50.9-59.6) 52.3 (47.1-58.0) <.001
Body mass index, kg/m? 26.9 (23.9-30.9) 25.0 (22.4-277) <.001 32.3(28.336.4) 28.7 (25.3-32.8) <.001
Male 278 (98.9) 1225 (96.9) .06 228 (91.9) 531 (89.7) .32
Race
White 41 (14.6) 251 (19.9) .06 52 (21.0) 123 (20.8) .23
Black 196 (69.8) 872 (69.0) 161 (64.9) 404 (68.2)
Hispanic 30 (10.7) 97 (77) 20 (8.1) 47 (7.9)
Other 14 (5.0) 44 (3.5) 15 (6.0) 18 (3.0)
Comorbid diseases
Cardiovascular 89 (31.7) 191 (15.1) <.001 99 (39.9) 148 (25.0) <.001
Hypertension 203 (72.2) 515 (40.7) <.001 217 (875) 358 (60.5) <.001
COPD 46 (16.4) 178 (14.1) .33 53 (21.4) 89 (15.0) .03
Tobacco use
Nonsmoker 65 (23.1) 306 (24.3) .004 65 (26.3) 133 (22.5) .001
Current 122 (43.4) 653 (51.7) 92 (37.3) 303 (51.3)
Past 94 (33.5) 303 (24.0) 90 (36.4) 155 (26.2)
Obesity (BMI =30 kg/m?) 85 (30.3) 165 (13.1) <.001 156 (62.9) 235 (39.7) <.001
Current alcohol use, hazardous 92 (33.5) 496 (40.4) .03 83 (33.7) 261 (44.8) .003
HCV antibody positive 128 (45.6) 495 (39.2) .05 57 (23.0) 175 (29.6) .05
LDL cholesterol >160 mg/dL 17 (6.1) 57 (4.7) .30 10 (4.1) 46 (8.2) .03
HDL cholesterol <40 mg/dL 148 (53.2) 511 (41.7) <.001 106 (42.9) 174 (30.9) .001
Current statin use 149 (53.0) 313 (24.8) <.001 170 (68.6) 190 (32.1) <.001
eGFR <60 mL - min™ - 1.73 m™ 29 (10.3) 85 (6.7) .04 41 (16.5) 43 (73) <.001
CMV antibody positive 254 (91.0) 1151 (92.2) .51 171 (70.4) 419 (73.0) 44
HIV characteristics
CD4* at enrollment, cells/uL 409 (285-604) 397 (245-585) 19
HIV RNA at enrollment, copies/mL 75 (50-2076) 75 (60-4318) .10
ART at enrollment 234 (83.3) 1023 (80.9) .36

Abbreviations: ART, antiretroviral therapy; BMI, body mass index; CMV, cytomegalovirus; COPD, chronic obstructive pulmonary disease; eGRF, estimated glomerular filtration rate; HCV,
hepatitis C virus; HDL, high-density lipoprotein; HIV, human immunodeficiency virus; LDL, low-density lipoprotein; RNA, ribonucleic acid.

#Continuous variables shown as median values with interquartile range (parentheses). Categorical variables are shown as total “n” and column percentage. Some variables are missing 4%

of participants or less.

in Figure 1 and Table 3. A lower percentage of naive CD4" T
cells was associated with prevalent diabetes in the HIV-negative
individuals only (P =.003), whereas a lower percentage of se-
nescent CD4" T cells was associated with diabetes in PWH
only (P =.007). In both PWH and HIV-negative individuals,
reduced CD38"CD4" T cells was associated with prevalent di-
abetes (P = .01 and P = .05, respectively). A higher percentage
of memory CD4" T cells was associated with prevalent diabetes
in PWH and HIV-negative individuals (P =.02 and P = .05,
respectively). This was mainly driven by expansion of central
memory and transitional memory CD4" T cells in HIV-negative
individuals, compared with expansion of central memory with
a reduction in effector memory CD4" T cells in PWH. Finally,
a lower proportion of CD4'CD28™ T cells was associated with
diabetes in PWH (P = .02). We did not observe an association
between prevalent diabetes and CD4" T effector memory RA",
T, 1, T2, T, 17, Treg cells, or the T, 1/T 2, T 17/T 2, T ,1/T

reg’

or T,17/T  ratios, in either PWH or HIV-negative individuals.

Figure 2 and Table 3 show CD8" T-cell subsets significantly
associated with prevalent diabetes from model 3 in PWH and/
or HIV-negative individuals. As observed for CD4" T cells, a
lower proportion of CD38"CD8" T cells was associated with
diabetes in both PWH and HIV-negative individuals (P < .001
and P = .03, respectively). However, the results for naive CD8" T
cells were divergent: in PWH, a higher proportion of naive cells
was associated with diabetes (P = .05), whereas in HIV-negative
persons, a lower proportion was associated with diabetes
(P =.02). A lower proportion of senescent (P = .03) and higher
proportion of transitional memory (P = .006) CD8" T cells were
also associated with prevalent diabetes in HIV-negative only.
Reduced proportion of CD8'CD28 T cells were associated
with diabetes in PWH (P = .03). The interaction term assessing
the effect of HIV status on the relationship of each T-cell subset
with diabetes was not significant for any of the CD4" subsets
(P > .05) and only significant for naive CD8" T cells (P =.02)
and transitional memory CD8" T cells (P = .02).
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Table2. T-cell Subsets and Soluble Inmune Biomarkers and Diabetes Status Stratified by HIV Status®

HIV Positive HIV-Negative
T-cell Subset Diabetic Nondiabetic PValue Diabetic Nondiabetic PValue
CD4* T-cell Subsets
CD4* naive 32.4 (20.8-477) 373 (22.9-51.3) .05 30.7 (20.4-43.3) 36.6 (25.0-49.0) <.001
CD4*CD38* 39.0 (28.6-48.1) 43.7 (31.5-55.9) <.001 271 (17.1-35.4) 28.0 (19.0-38.7) i
CD4*CD57" (senescent) 25.7 (15.9-38.4) 26.9 (17.7-40.9) .06 15.1 (8.6-25.6) 179 (10.9-276) .01
CD4* CD45R0O* (memory) 46.8 (37.8-55.7) 42.8 (34.2-52.5) <.001 54.3 (43.5-63.2) 50.5 (40.1-60.2) .02
CD4* central memory 279 (19.0-34.6) 24.3 (174-31.7) <.001 32.1 (22.5-40.6) 29.4 (22.8-379) .07
CD4* transitional memory 13.9 (9.4-20.6) 13.3 (8.8-19.0) A7 14.5 (9.9-20.4) 12.9 (9.1-18.2) .004
CD4*TH2 4.2 (3.0-6.1) 3.8(2.5-5.7) .04 2.7 (1.8-3.8) 2.7 (1.8-4.0) .94
CD8* T-cell Subsets
CD8* naive 19.1 (9.2-33.5) 18.4 (9.4-30.6) .63 25.0 (13.1-36.5) 29.4 (16.3-46.4) <.001
CD8*CD38* 26.9 (13.5-53.5) 373 (18.0-58.4) <.001 23.9 (11.3-42.5) 23.2 (11.9-470) .26
CD8*CD45RO* (memory) 31.4 (21.3-42.8) 32.0 (21.5-44.7) 43 25.8 (17.1-37.2) 23.2 (15.3-33.3) .01
CD8* transitional memory 14.8 (9.3-21.2) 14.8 (9.3-22.6) 155 12.0 (77-19.8) 10.6 (6.8-15.7) .004
CD8*CD28~ 53.0 (39.2-66.6) 56.8 (43.0-70.1) .009 41,5 (29.4-56.1) 41.2 (28.0-57.1) .93
Soluble Biomarkers
Interleukin-6 (pg/mL) 2.5(1.7-4.1) 2.0 (1.4-3.3) <.001 2.1 (1.3-3.6) 1.7 (1.1-2.9) <.001
Soluble CD14 (ug/mL) 1852 (1514-2348) 1694 (1437-2044) <.001 1794 (1565-2063) 1692 (1438-2019) .002
D-dimer (pg/mL) 0.29 (0.19-0.50) 0.26 (0.15-0.48) .03 0.40 (0.24-0.67) 0.29 (0.20-0.48) <.001

Abbreviations: HIV, human immunodeficiency virus.

Values represent the median percentage of parent T-cell population or biomarker concentration and the interquartile range (parentheses). Comparisons with P < .05 are shown in bold. More

than 90% of participants contributed samples to each T-cell subset and soluble biomarker.

Finally, we assessed the relationship of plasma biomarkers
with diabetes status. Higher concentrations of sCD14 were
associated with diabetes in both PWH (P <.001) and HIV-
negative persons (P =.01). Elevated concentrations of IL-6
were associated with diabetes in PWH (P = .02), whereas ele-
vated D-dimer was associated with diabetes in HIV-negative
persons (P = .006) only. Supplementary Table 5 provides results
for models 1, 2, and 3.

DISCUSSION

The association of systemic inflammation and insulin resist-
ance in both PWH and HIV-negative individuals has been
extensively reported in the literature [10, 11, 29, 30], but the
adaptive immune system has recently emerged as a potential
contributor to metabolic dysregulation [31-33]. In the largest
and most comprehensive assessment of T-cell subsets and dia-
betes to date, we show that expansion of memory CD4" T cells
is associated with prevalent diabetes in both PWH and HIV-
negative persons. The striking similarity in the T-cell subsets
associated with diabetes after adjusting for systemic inflamma-
tion, CMV serostatus, and a range of common risk factors for
metabolic disease suggests that chronic antigen stimulation and
memory cell expansion may have a role in the development of
diabetes in PWH.

A link between expanded CD4" memory T cells and dia-
betes is consistent with prior studies of general population
cohorts [20, 34]. In the Multi-Ethnic Study of Atherosclerosis
(MESA), decreased naive and increased memory CD4"

T cells were associated with prevalent diabetes, although
adjusting for CMV seropositivity attenuated this relation-
ship in memory T cells [20]. A similar relationship has been
shown in other metabolic diseases including atherosclerosis
[35, 36]. Memory T-cell populations reflect a small pool of T
effector cells that survive after initial pathogen elimination.
The source of expanded memory subsets in diabetes is un-
clear, but it could reflect antigen stimulation in the peripheral
tissues, including adipose tissue, which undergoes marked
changes in T-cell populations after HIV infection [37, 38].
Alternatively, expansion of memory T-cell subsets may occur
as a consequence of increased infection rate that accompanies
diabetes [39].

Human immunodeficiency virus infection alters the adaptive
immune system with progressive loss of naive CD4" T cells and
activation of CD4" and CD8" T cells [21, 40]. Depletion of naive
T cells and chronic antigen stimulation can lead to increased
terminally differentiated T-cell subsets with reduced prolifer-
ative ability, shortened telomeres, and decreased responsive-
ness to stimuli [41]. These changes parallel complex changes
observed in the aging immune system, wherein naive T cells
decrease with expansion of memory T-cell pools that, in the
setting of chronic antigen stimulation and innate immune ac-
tivation, promote T-cell senescence and decreased ability to re-
spond to new pathogens [42]. Persons with HIV are at risk for
many of the same diseases observed in the aging population,
and HIV-induced immune system changes have been impli-
cated [43].
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Figure 1. CD4* T-cell subsets associated with prevalent diabetes in persons with human immunodeficiency virus (HIV) and HIV-negative individuals using multivariable
logistic regression modeling adjusted for age, sex, body mass index, race, hepatitis C virus, and cytomegalovirus serostatus, smoking status, alcohol use, interleukin-6,
D-dimer, and soluble CD14. Models for HIV* also adjusted for plasma HIV-1 ribonucleic acid suppression (<500 copies/mL). T-cell percentage is plotted on the x-axis, and risk
of prevalent diabetes is plotted on the y-axis. Error bars represent 95% confidence intervals.

We found no association between circulating T 1, T,2, in HIV-negative individuals [44, 45]. Obese individuals were
T,17,0r T CD4" cells and diabetes among PWH and HIV- observed to have (1) a polarization towards a proinflammatory
negative individuals. This was also in contrast to prior studies ~ CD4" helper T-cell phenotype in one study and (2) a higher
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Table 3. Fully Adjusted Multivariable Model Assessing the Relationship of T-cell Subsets With Diabetes by HIV Status

HIV Positive HIV Negative
T-cell Subset Odds Ratio (95% CI)? PValue Odds Ratio (95% CI)? PValue
CD4* T-cell Subsets
CD4* naive 0.99 (0.86-1.14) .88 NL .003
CD4*'CD38* NL .01 0.80 (0.64-1.00) .05
CD4*CD57" (senescent) NL .007 0.83 (0.66-1.02) .08
CD4*CD45RO* (memory) 1.19 (1.03-1.38) .02 1.19 (1.00-1.41) .05
CD4* central memory NL .02 1.18 (1.00-1.39) .05
CD4* transitional memory 0.98 (0.85-1.13) 79 NL .01
CD4* effector memory 0.81 (0.69-0.95) .01 1.00 (0.80-1.25) .98
CD4* TEMRA 0.87 (0.75-1.00) .06 1.07 (0.83-1.37) .62
CD4*TH1 1.03 (0.90-1.19) .64 1.10 (0.91-1.32) .34
CD4*TH2 1.05 (0.92-1.19) 47 0.82 (0.63-1.07) 14
CD4*TH17 0.97 (0.84-1.12) 7 0.76 (0.52-1.10) 14
CD4*'CD28~ 0.83 (0.71-0.97) .02 1.06 (0.82-1.36) .66
CD4*CD25"FoxP3* 1.01 (0.86-1.18) .89 1.04 (0.91-1.20) .53
CD8* T-cell Subsets
CD8* naive 1.18 (1.00-1.38) .05 NL .02
CD8*CD38* NL <.001 NL .03
CD8*CD57" (senescent) 1.00 (0.86-1.17) .97 0.84 (0.71-0.98) .03
CD8*CD45RO* (memory) 0.94 (0.81-1.10) .46 1.21 (0.99-1.47) .06
CD8* central memory 1.03 (0.89-1.19) .67 1.12 (0.95-1.32) 19
CD8" transitional memory 0.97 (0.83-1.12) .67 1.34 (1.09-1.65) .006
CD8* effector memory 0.93 (0.80-1.08) .33 0.96 (0.77-1.20) 73
CD8* TEMRA 0.92 (0.79-1.08) .33 0.91 (0.78-1.08) .28
CD8* CD28 0.83 (0.71-0.98) .03 0.89 (0.74-1.07) 22
Soluble Biomarkers®
Interleukin-6 NL .02 1.03 (0.91-1.16) .66
Soluble CD14 NL <.001 NL .01
D-dimer 1.02 (0.89-1.18) .75 NL .006

Abbreviations: Cl, confidence interval; HIV, human immunodeficiency virus; NL, nonlinear models; TEMRA, T effector memory RA*.

#0dds ratio only provided for linear models.

Model 3 excluded the soluble biomarker as a covariate that was also the outcome for the model.

NOTE: P < .05 are bolded. Model 3: adjusted for age, sex, body mass index, viral suppression (HIV + only), race, hepatitis C serostatus, smoking status, alcohol use, cytomegalovirus

serostatus, interleukin-6, D-dimer, and soluble CD14.

T, 1/T,2 ratio correlated with insulin resistance [44]. In our
study, it is important to note that we stimulated cells in a T-cell
receptor (TCR)-independent manner using PMA/ionomycin,
whereas the cited study used plate-bound antihuman CD3
antibodies. This might account for differences in measured T-
helper immune responses, which might require antigen-specific
stimulation via TCRs. Similar studies have also reported a
proinflammatory T-helper cell polarization in diabetic persons
[45, 46]. Furthermore, circulating regulatory T cells, which have
an anti-inflammatory immunomodulating role, were reduced in
diabetic individuals in some studies [18, 19, 46], although not in
others [34]. Notably, we found that a lower level of CD4'CD28~
T cells was associated with diabetes in PWH, which was unex-
pected given the age-inappropriate expansion of CD4"CD28" T
cells in patients with a variety of chronic inflammatory diseases
[47-49]. These cells can produce large amounts of interferon-y
and tumor necrosis factor-a, have cytotoxic potential, and are
thought to contribute to the pathogenesis of several autoimmune

diseases and solid organ transplant rejection. Our findings sug-
gest that CD4"CD28" T-cell expansion is not a contributor to
the development of type 2 diabetes, although the basis for the
observed inverse association is not clear.

Finally, we found that IL-6 and sCD14, markers of innate
immune activation, were associated with prevalent diabetes in
PWH, consistent with prior studies [10]. More important, even
after adjusting for IL-6, sCD14, and D-dimer, changes in CD4"
T-cell subsets were still significantly associated with prevalent
diabetes, which confirms that heightened innate immune acti-
vation alone does not fully account for the development of di-
abetes in PWH.

This study has several strengths. First, VACS-BC is the largest
cohort of PWH and HIV-negative individuals, recruited from
a single medical system, with broad immune phenotyping of
T-cell subsets and comprehensive medical records. Although
prior studies have examined immune cells associated with dia-
betes in the general population (MESA eg) [20], no studies have
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Figure 2. CD8' T-cell subsets associated with prevalent diabetes in persons with human immunodeficiency virus (HIV) and HIV-negative individuals using multivariable
logistic regression modeling adjusted for age, sex, body mass index, race, hepatitis C virus, and cytomegalovirus serostatus, smoking status, alcohol use, interleukin-6,
D-dimer, and soluble CD14. Models for HIV* also adjusted for plasma HIV-1 ribonucleic acid suppression (<500 copies/mL). T-cell percentage is plotted on the x-axis and risk
of prevalent diabetes is plotted on the y-axis. Error bars represent 95% confidence intervals.

investigated these associations in PWH. Second, we were able to
utilize multiple data points from surveys and the VA electronic
medical record to provide accurate categorization of cases of di-
abetes, which were adjudicated by physician review. Third, we
measured T-cell phenotypes, plasma inflammatory markers,
and determined CMYV serostatus at the same time point, and
we used a model to assess the relationship of each factor with
diabetes and investigate whether the adaptive immune system
was independently associated with diabetes.

Our study also had several limitations. First, this was a
cross-sectional study so we are only able to show association
of T-cell subsets with prevalent diabetes, and future analyses
will explore the association with incident diabetes. Second,
CD38" is commonly used as a marker for T-cell activation, but
it can also be found in naive T cells. Due to our methodology,

we do not have other markers of activation (eg, HLA-DR) and
we are unable to confirm that CD38" represents only T-cell ac-
tivation. Therefore, we reported and analyzed CD38" T cells
without classifying them as activated. Third, HIV-negative in-
dividuals had higher prevalence of diabetes than PWH, which
may reflect differences in comorbidities and other risk factors.
However, this does not affect the validity of our primary results
because we compared the association of T-cell subsets with di-
abetes among PWH and HIV-negative individuals separately.
Fourth, this study may not be generalizable because individuals
were overwhelmingly male and included a higher proportion
of black participants. Fifth, we cannot exclude potential effects
related to use of cryopreserved cells rather than fresh whole
blood for flow cytometry, although data in healthy individ-
uals indicate little, if any, differences [50]. Finally, this analysis

Adaptive Immunity and Diabetes « JID 2020:222 (15 July) « 259



was conducted to discover novel adaptive immune changes
associated with diabetes. Therefore, we did not adjust for mul-
tiple comparisons and may have found significant associations
by chance. However, most of the associations between T-cell
subsets and diabetes were observed in both PWH and HIV-
negative participants, which argues against spurious findings.

CONCLUSIONS

In summary, we show that T-cell alterations including expan-
sion of memory phenotype CD4" cells are associated with di-
abetes in both PWH and HIV-negative individuals, even after
adjusting for circulating markers of the innate immune system
and CMV serostatus. These changes were broadly similar re-
gardless of HIV status and suggest that diabetes in PWH may be
related to, or possibly mediated by, changes in the T-cell com-
partment. Further work will be necessary to examine potential
mechanisms linking chronic immune stimulation and memory

cell expansion with metabolic dysfunction.
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