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Motivation: People with HIV on successful antiretroviral therapy show signs of premature
aging and are reported to have higher rates of age-associated comorbidities. HIV-
associated immune dysfunction and inflammation have been suggested to contribute
to this age advancement and increased risk of comorbidities.

Method: Partial least squares regression (PLSR) was used to explore associations
between biological age advancement and immunological changes in the T cell and
monocyte compartment in people with HIV (n=40), comparable HIV-negative individuals
(n=40) participating in the Comorbidity in Relation to AIDS (COBRA) cohort, and blood
donors (n=35).

Results: We observed that age advancement in all three groups combined was
associated with a monocyte immune phenotypic profile related to inflammation and a T
cell immune phenotypic associated with immune senescence and chronic antigen
exposure. Interestingly, a unique monocyte and T cell immune phenotypic profile
predictive for age advancement was found within each group. An inflammatory
monocyte immune phenotypic profile associated with age advancement in HIV-negative
individuals, while the monocyte profile in blood donors and people with HIV was more
reflective of loss of function. The T cell immune phenotypic profile in blood donors was
related to loss of T cell function, whereas the same set of markers were related to chronic
antigen stimulation and immune senescence in HIV-negative individuals. In people with
HIV, age advancement was related to changes in the CD4+ T cell compartment and more
reflective of immune recovery after cART treatment.
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Impact: The identified monocyte and T cell immune phenotypic profiles that were
associated with age advancement, were strongly related to inflammation, chronic
antigen exposure and immune senescence. While the monocyte and T cell immune
phenotypic profile within the HIV-negative individuals reflected those observed in the
combined three groups, a distinct profile related to immune dysfunction, was observed
within blood donors and people with HIV. These data suggest that varying exposures to
lifestyle and infection-related factors may be associated with specific changes in the innate
and adaptive immune system, that all contribute to age advancement.
Keywords: HIV, aging, T cell, monocyte, immune activation, inflammation, immune dysfunction
INTRODUCTION

The introduction of antiretroviral therapy (ART) for the
treatment of human immunodeficiency virus type 1 (HIV-1)
infection has dramatically reduced AIDS-associated morbidity
and mortality, and greatly improved life expectancy of people
with HIV (1–3). However, successfully treated people with HIV
are now reported to have higher rates of age-associated
comorbidities than the general population (1, 4–7), suggesting
accentuated and possible even accelerated aging of people with
HIV. The cause of the accentuated and/or accelerated aging in
people with HIV remains to be fully elucidated, with factors like
HIV associated chronic immune activation and dysfunction,
ART toxicity and the higher prevalence of traditional risk
factors each having been implicated to contribute to age-
associated comorbidity development (8, 9).

In the general population aging is associated with
immunological changes resulting in low grade inflammation
and deterioration of the innate and adaptive immune system
in the elderly (10–13). These age-related immunological changes
resemble those seen during treated HIV-1 infection and include
high levels of soluble inflammatory proteins, high levels of
monocyte and T cell activation, T cell exhaustion and
senescence, and low levels of naïve T cells (14–25). Moreover,
HIV-1 associated changes in the immune system have also been
associated with age-associated comorbidity development in
people with HIV (26–28).

Previously, we demonstrated that both treated people with
HIV and lifestyle-comparable HIV-negative individuals show
signs of age advancement compared with blood donors (29).
People with HIV exhibited incomplete immune recovery and
increased immune activation/exhaustion compared to
comparable HIV-negative controls (16). However, the levels of
terminally differentiated T cells did not differ between people
with HIV and comparable HIV-negative individuals, but were
higher when compared to those of the age-matched blood donors
(16). Interestingly, increased levels of cellular monocyte
activation were observed in a subset of individuals, which was
the case for both the people with HIV and the otherwise
comparable HIV-negative individuals. Furthermore, this high
level of monocyte activation was associated with greater
inflammation, both systemically and in the CSF (17).
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We now aim to extend these earlier findings by exploring
associations between the previously observed biological age
advancement on the one hand, and immunological changes in
the T cell and monocyte compartments on the other hand in
blood donors, people with HIV and comparable HIV-negative
individuals participating in the Comorbidity in Relation to AIDS
study (COBRA) (30).
MATERIALS AND METHODS

Study Population
The COBRA study included 134 people with HIV on
combination ART and 79 demographically and lifestyle
comparable HIV-negative individuals from sites in the UK and
the Netherlands with the aim to allow a detailed, prospective
evaluation of the impact of HIV infection on the prevalence,
incidence, and age at onset of age-associated comorbidities (30).
Exclusion criteria were as follows: age under 45 years (50 years
for participants recruited in the UK); self-reported intravenous
drug use in the past 6 months; daily use of recreational drugs
(with the exception of cannabis); excess alcohol intake (>48 units
per week); (history of) confounding neurological diseases; severe
head injury (loss of consciousness for >30 min); infections or
tumors involving the central nervous system (CNS); current
major depression (Pat ient Heal th Quest ionnaire-9
questionnaire score ≥15); and a contraindication to magnetic
resonance imaging or lumbar puncture. All people with HIV
were required to have had undetectable plasma HIV RNA (<50
copies/mL) for ≥12 months before enrolment.

For the present immunological sub-study, 40 people with
HIV and 40 HIV-negative participants were randomly selected
with equal numbers in each of the following age groups: 45–50
years, 51–55 years, 56–60 years, 61–65 years, 66–70 years, except
for the oldest age category >70 years in which only a few
individuals were available (16, 17). Materials from 35 blood
donors were obtained from the Dutch national blood bank in
Amsterdam, the Netherlands (https://www.sanquin.nl/en/) (16,
17). Blood donors were matched for age with the people with
HIV and HIV-negative COBRA participants and were selected in
such a way that the different COBRA age categories (other than
the >70 years category) were equally represented. Blood donors
October 2020 | Volume 11 | Article 581616
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had been screened for HIV, HBV, HCV, syphilis, and human T-
lymphotropic virus (HTLV) infection, as a requirement for blood
donation in the Netherlands. Moreover, potential blood donors
are excluded from blood donation if they were determined to be
at high-risk of blood-borne infections (based on a questionnaire
regarding general and sexual health, medication use, sexual risk
behavior, and travel (https://www.sanquin.nl/en/give-blood/).

Biomarkers of Aging
A 10-item panel of biomarkers of aging identified by the MARK-
AGE project (31, 32) were measured and described previously
(29). Briefly, these biomarkers have been selected as best
predictors of chronological age among nearly 400 candidate
biomarkers in a population of approximately 3300 individuals
aged between 30 and 74 years (mean age was 56 years) recruited
from eight European countries.

Lycopene, and alpha-tocopherol in plasma were determined by
high performance liquid chromatography with UV and
fluorescence detection (33). Alpha-2-macroglobulin in plasma
was measured using an autoanalyzer (DxC 800; Beckman-
Coulter, Woerden, The Netherlands) by an immunoturbimetric
method (Dialab, Wiener Neudorf, Austria) (34). Dehydro-
epiandrosterone sulfate, ferritin (women only), and prostate-
specific antigen (men only) in plasma were analyzed using an
immuno-analyzer (Access-2; Beckman–Coulter) (34). ELOVL2
and FHL2 DNA methylation in peripheral blood mononuclear
cells (PBMCs) was analyzed using the Agena Bioscience’s
EpiTYPER DNA methylation analysis technology (35). The N-
glycans present on the proteins in plasma were released, labeled,
and analyzed by DSA-FACE technology (36).

The biological age of each individual was derived separately
for men and women as a linear combination of these biomarkers
using the method and the weights described previously (29, 32).
Age advancement for each individual was then defined as the
difference between biological and chronological age (29). Positive
age advancement is, therefore, indicative of more age-related
changes than what would be expected in the average population,
given the observed chronological age; negative age advancement
would suggest less age-related changes.

Immune Phenotyping
Cryopreserved peripheral blood mononuclear cells (PBMCs)
from COBRA participants and blood donors were used for
immune phenotyping as described previously (16, 17). PBMC
were thawed and cell viability was analyzed by trypan blue staining
and for FACS analysis cell viability was required to be >75%. PBMC
were stained with conjugated monoclonal antibodies (mAbs) for
30 min at 4°C in the dark. Fluorescence was measured with the
FACS Canto II (BD Biosciences). The proportion of cells and the
mean fluorescence intensity (MFI) of the markers was determined
using FlowJo 7.6 (TreeStar, Ashland, OR).

Monocyte subsets were defined based on the CD14 and CD16
expression: classical (CD14+CD16−), intermediate (CD14+CD16+),
and non-classical (CD14+CD16++) monocytes. Within these
subsets, the expression levels of activation markers (CD163,
CD32, CD64, HLA-DR, CD38), T-cell costimulatory molecules
Frontiers in Immunology | www.frontiersin.org 3
(CD40 and CD86), and adhesion molecules (CD91, CD11c, and
CX3CR1) were determined.

T cell subsets were determined by the expression of CD45RA,
CD27 and CCR7 and were defined as naïve (CD45RA+

CD27+CCR7+), central memory (CD45RA−CCR7+CD27+),
transitional memory (CD45RA−CCR7−CD27+), effector memory
(CD45RA−CCR7−CD27−), and terminally differentiated effector
memory (TEMRA; CD45RA+CCR7−CD27−) within the total
CD4+ or CD8+ T cell population. The proportion of naïve T
cells expressing CD31 and CD127 (IL-7Ra) was determined. T
cell activation and exhaustion was determined by the proportion
of cells that were positive for both CD38 and HLA-DR or PD1
within the total CD4+ or CD8+ T cell population. Terminally
differentiated T cells within the CD4+ or CD8+ population were
defined as proportion of CD57 positive cells, proportion of cells
negative for both CD27 and CD28, or the proportion of CD57
positive cells within the CD28−negative population.

The following directly conjugated mAbs were used for cell
surface marker staining: CD14 PE-Cy7, CD16 eFluor 450, CD32
PerCP-eFluor 710, CD11c APC, CD27 APCeFluor780, CD4
APC eFluor780, CD127 APC eFluor780, and PD-1 PE
(eBioscience, San Diego, CA); CD163 AlexaFluor 488 and
CD86 PerCP (R&D Systems, Minneapolis, MN); CX3CR1
PerCP-Cy5.5 (BioLegend, San Diego, CA); CD3 V500, CD4
PE-Cy7, HLA-DR Fitc, CD38 PE, CD28 PerCP Cy5.5,
CD45RA PE-Cy7, CD8 Pacific Blue, CD57 APC, CCR7 PE,
CD27 PerCP Cy5.5, and HLA-DR V500 (BD Biosiences, San
Jose, CA); CD38 PE and CD91 PE (BD); and CD31 APC, CD40
APC-H7, CD64 APC-H7, and CD8 Pacific Blue (BD
Pharmingen, San Diego, CA).

Statistical Analysis
Participant characteristics were summarized using median
(interquartile range: IQR) or frequency count (percentage) and
differences between people with HIV and both COBRA HIV-
negative individuals and blood donors were assessed using c2,
Fisher’s exact and Wilcoxon rank‐sum tests, as appropriate. Age
advancement within each group was reported as mean and 95%
confidence intervals (CI); pairwise differences between groups
were evaluated using the independent samples t-test.

Partial least squares regression (PLSR) was used to explore
associations of monocyte and T cell markers, separately, with age
advancement. PLSR identifies the linear combination of all
biomarkers within the set that best predicts (correlates with) age
advancement (37). Variable Importance in Projection (VIP)
values for each biomarker were calculated with the sign
depending on the direction of the association (38). VIP values
rank biomarkers on the basis of their importance inmaking up the
linear combination that best predicts age advancement; these were
used to identify biomarkers within each set (monocyte and T cell
population) with the strongest association with age advancement.

For each set of biomarkers, a first PLSR was run in the three
groups (people with HIV, HIV-negative and blood donors)
combined. The correlation between the score obtained by
PLSR (i.e. the combination of all biomarkers within the set
with weights estimated by PLSR) and age advancement was
October 2020 | Volume 11 | Article 581616
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evaluated using the Spearman’s correlation coefficient.
Subsequently, we ran a separate PLSR within each of the three
study groups. All statistical analyses were performed usingR v3.6.0.
RESULTS

Baseline Characteristics of COBRA
Participants and Blood Donors
Baseline characteristics of the 40 people with HIV, 40 COBRA
HIV-negative individuals and 35 blood donors have been
described previously (16, 17) and are summarized in Table 1.
Briefly, people with HIV and COBRA HIV-negative individuals
had a median (IQR) age of 59 (54–64) years, blood donors had a
median (IQR) age of 59 (52–65) years. People with HIV had been
diagnosed with HIV for a median (IQR) of 13.9 (9.1–18.6) years,
Frontiers in Immunology | www.frontiersin.org 4
had been on ART for a median (IQR) of 12.2 (7.9–16.9) years
and had spent a median (IQR) of 8.0 (5.3–10.9) years with an
undetectable plasma viral load. Despite long-term suppression of
HIV-replication by combination ART, people with HIV
exhibited lower CD4+ and higher CD8+ T-cell counts
compared to COBRAHIV-negative individuals (both p’s<0.001).

Age Advancement
Similar to our previous observations (29), biological age as
determined using the MARK-AGE algorithm (32) in the subset of
individuals selected for this immunological substudy was
significantly greater than chronological age by a mean (95% CI)
of 14.6 (12.2–16.9) years in people with HIV and by 6.9 (4.6–9.1)
years in COBRA HIV-negative participants, whereas in blood
donors biological age was lower than chronological age by a mean
of 7.0 (4.1–9.9) years (Figure 1). All pairwise differences between
the three groups were significant (all p’s <0.001).
TABLE 1 | Characteristics of study participants.

Variable, n (%) or median (IQR) COBRA participants4 p1 Blood donors (n = 35) p2 p3

People with HIV (n = 40) HIV-negative (n = 40)

Age [years] 59 (54, 64) 59 (54, 64) 0.96 59 (52, 65) 0.83 0.80
Gender
Female 4 (10.0%) 3 (7.5%) 0.69 17 (48.6%) <0.001 <0.001
Male 36 (90.0%) 37 (92.5%) 18 (51.4%)
Ethnicity
Black-African 5 (12.5%) 1 (2.5%) 0.20 n/a
White 35 (87.5%) 39 (97.5%) n/a
Sexuality
MSM 27 (67.5%) 28 (70.0%) 0.75 n/a
Bisexual 5 (12.5%) 3 (7.5%) n/a
Heterosexual 8 (20.0%) 9 (22.5%) n/a
BMI [kg/m2] 24.8 (22.5, 27.2) 26.2 (23.7, 31.1) 0.07 n/a
Years of education 14 (12, 16) 16 (14, 18) 0.02 n/a
Smoking status
Current smoker 12 (30.0%) 10 (25.0%) 0.88 n/a
Ex-smoker 18 (45.0%) 19 (47.5%) n/a
Never smoked 10 (25.0%) 11 (27.5%) n/a
Alcohol consumption
Current consumption 28 (70.0%) 34 (87.2%) 0.18 n/a
Previous consumption only 7 (17.5%) 3 (7.7%) n/a
Never consumed alcohol 5 (12.5%) 2 (5.1%) n/a
Current recreational drug use 10 (25.0%) 9 (22.5%) 0.79 n/a
Current/past ID use 1 (2.5%) 0 (0.0%) 0.31 n/a
Chronic HBV infection 3 (7.7%) 0 (0.0%) 0.12 0 (0.0%) 0.24 n/a
Chronic HCV infection 1 (2.6%) 0 (0.0%) 0.31 0 (0.0%) 0.34 n/a
CMV infection 38 (95.0%) 31 (77.5%) 0.02 8 (22.9%) <0.001 <0.001
Total anti-CMV IgG [AU] 50.9 (23.5, 108.6) 23.9 (13.8, 87.8) 0.03 11.3 (10.2, 16.8) 0.003 0.09
High avidity anti-CMV IgG [AU] 30.7 (13.0, 57.0) 13.3 (8.2, 39.7) 0.05 10.7 (10.0, 13.2) 0.05 0.42
CD4+ T cell count [cells/µL] 589 (470, 800) 961 (759, 1233) <0.001 n/a
CD8+ T cell count [cells/µL] 762 (636, 1029) 488 (364, 621) <0.001 n/a
CD4+:CD8+ T cell count ratio 0.80 (0.61, 1.13) 1.95 (1.33, 2.83) <0.001 3.1 (2.3, 4.2) <0.001 <0.001
Years since HIV diagnosis 13.9 (9.1, 18.6) n/a n/a
Nadir CD4+ T cell count [cells/µL] 180 (60, 230) n/a n/a
Duration of cART therapy [years] 12.2 (7.9, 16.9) n/a n/a
Years with plasma HIV RNA <200 copies/mL 8.0 (5.3, 10.9) n/a n/a
Prior AIDS 15 (37.5%) n/a n/a
October 2020 | Volume
 11 | Article
p1, People with HIV vs. COBRA HIV-negative participants; p2, people with HIV vs. blood donors; p3, COBRA HIV-negative participants vs. blood donors; 4median (IQR) or frequency (%) of
the variable are reported for continuous and categorical variables, respectively; ID, injection drug; information regarding, alcohol consumption, hepatitis B status, CD4+, CD8+ and CD4+:
CD8+ T cell count was not available for 1 COBRA participant.
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Associations Between the Monocyte
Immune Phenotypic Profile and
Age Advancement
Monocytes from participants of the three study groups were
analyzed for the percentages of classical, intermediate and non-
classical monocyte subsets and the expression levels of activation
markers (CD163, CD32, CD64, HLA-DR, CD38), T-cell
Frontiers in Immunology | www.frontiersin.org 5
costimulatory molecules (CD40 and CD86), and adhesion
molecules (CD91, CD11c, and CX3CR1) (17).

The monocyte PLSR score identified in the three groups
combined was strongly associated with age advancement [r
(95% CI): 0.67 (0.55–0.76)] and discriminated between
COBRA participants and blood donors (Figure 2A). A higher
expression of CX3CR1 and CD64 on classical monocytes, and
FIGURE 1 | Age advancement in people with HIV (n=40), COBRA HIV-negative individuals (n=40) and blood donors (n=35).
A
B

FIGURE 2 | Partial least squares regression (PLSR) to predict age advancement with monocyte markers in the three study groups combined. (A) Scatter plot of the
PLSR score obtained and age advancement. Green circle: People with HIV; Bleu square: COBRA HIV-negative individuals; Red diamond: Blood donors. (B) Variable
Importance in Projection (VIP) values for each monocyte marker. A negative VIP indicates that decreased levels of the specific marker is associated with increased
age advancement. A positive VIP indicates that increased levels of the specific markers is associated with increased age advancement.
October 2020 | Volume 11 | Article 581616
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CD86 and CD91 on classical and intermediate monocytes, and a
lower expression of CD38 and CD40 on non-classical monocytes
appeared to best predict age advancement (Figure 2B).

The Monocyte Immune Phenotypic Profile
Associated With Age Advancement
Differs Between People With HIV,
Comparable HIV-Negative Individuals
and Blood Donors
Figure 3 displays the VIP for each monocyte marker in the
analyses stratified by study group, and shows that age
advancement was associated with different sets of monocyte
markers within each group. Among people with HIV, markers
most strongly associated with age advancement were the
expression of HLA-DR, CD91, CD86, CD32 on non-classical
monocytes, CD38 on intermediate monocytes and CD64 on all
monocytes, with lower expressions being associated with greater
age advancement. In COBRA HIV-negative individuals,
increased expression of CD86, CD32, and CD40 on
intermediate monocytes and CD86, CD32 and CX3CR1 on
Frontiers in Immunology | www.frontiersin.org 6
classical monocytes showed the strongest associations with age
advancement. Finally, among blood donors, increased expression
of CD32 on non-classical monocytes and CD64 on intermediate
and non-classical monocytes, and decreased expression of HLA-
DR, CD86 and CD163 on classical and intermediate monocytes
and CD38 on classical monocytes appeared to be associated with
greater age advancement.

Associations Between the T Cell Immune
Phenotypic Profile and Age Advancement
CD4+ or CD8+ T cell populations of participants of the three
study groups were analyzed for the proportion of naïve
(CD45RA+CD27+CCR7+), central memory (CD45RA−

CCR7+CD27+), transitional memory (CD45RA−CCR7−CD27+),
effector memory (CD45RA−CCR7−CD27−), terminally
differentiated effector memory (TEMRA; CD45RA+

CCR7−CD27−), naïve cells expressing CD31 and CD127 (IL-
7Ra), activation and exhaustion (HLA-DR+/CD38+ and PD1+),
terminally differentiation (CD57+, CD27-/CD28-, and CD57+ of
CD28− population) and regulatory T cells (16).
FIGURE 3 | Variable Importance in Projection (VIP) values for the monocyte markers in the partial least squares regression (PLSR) run separately in people
with HIV (n=40), COBRA HIV-negative individuals (n=40) and blood donors (n=35). VIP scores are color-coded ranging from brown for a negative VIP to purple
for a positive VIP.
October 2020 | Volume 11 | Article 581616
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The PLSR score obtained from T cell phenotypic and
activation markers in the three groups combined correlated
well with age advancement [r (95% CI) = 0.62 (0.49, 0.72)],
and separated blood donors from the COBRA participants
(Figure 4A). The strongest predictors for age advancement
were lower percentage of naïve CD4+ and CD8+ cells,
increased proportion of IL-7Ra expressing CD4+ naïve cells,
exhausted CD4+ cells, effector memory CD8+ cells and
senescent (CD57+ and CD27-CD28-) CD8+ cells (Figure 4B).
The T Cell Immune Phenotypic Profile
Associated With Age Advancement
Differs Between People With HIV,
Comparable HIV-Negative Individuals
and Blood Donors
T cell phenotypic and activation markers associated with
biological age advancement differed significantly in the PLSR
analysis stratified by group (Figure 5): Among people with HIV,
a higher proportion of T regulatory and memory cells (central
memory CD4+ and CD8+, transitional memory CD8+) was
associated with age advancement, whereas decreased
proportions of CD31 expressing naïve CD4+ cells, exhausted
and senescent (CD57+ and CD27-CD28-) CD4+ cells were
associated with age advancement. Among COBRA HIV-
negative individuals, greater proportions of T regulatory,
activated CD8+, effector memory CD8+, senescent (CD57+ and
CD27-CD28-) CD8+ and CD57+ of CD28- CD4+ cells, and lower
proportions of naïve CD8+ and IL-7Ra expressing CD4+ and
CD8+ naïve cells were associated with greater age advancement.
Frontiers in Immunology | www.frontiersin.org 7
Finally, greater proportions of naïve CD8+ and CD31 expressing
naïve CD4+ cells, and lower proportions of T regulatory,
activated CD4+ and CD8+, CD8+ effector cells and senescent
(CD57+ and CD27-CD28-) CD8+ cells were associated with
greater age advancement among blood donors.
DISCUSSION

Age advancement was associated with a monocyte immune
phenotypic profile of which higher expression of CX3CR1,
CD64, CD86, and CD91, and a lower expression of CD38 and
CD40 on different monocyte subsets were the best predictors of
age advancement in our combined study population consisting
of people with HIV, HIV-negative and blood donors. Monocytes
are both important regulators and effectors in inflammation, and
an increased proportion of inflammatory or nonclassical
(CD14+CD16++) monocytes producing high levels of cytokines
has been associated with aging in the general population (39, 40).
Moreover, monocyte functions like phagocytosis, antigen
presentation and TLR signaling, decrease with age (39, 41–43).
The identified monocyte profile strongly reflects differences in
the expression of monocyte markers between the groups as we
previously reported (17). Although, no functional analysis has
been performed, the monocyte markers have previously been
linked to inflammation and control of inflammation. CX3CR1 is
the chemoattractant cytokine CX3CL1 receptor, and has been
shown to play an important role in the modulation of
inflammatory responses (44) and its expression is increased in
A B

FIGURE 4 | Partial least squares regression (PLSR) to predict age advancement with T cell markers in the three study groups combined. (A) Scatter plot of the
PLSR score obtained and age advancement. Green circle: People with HIV; Bleu square: COBRA HIV-negative individuals; Red diamond: Blood donors. (B) VIP
values for each T cell marker. A negative VIP indicates that decreased levels of the specific marker is associated with increased age advancement. A positive Variable
Importance in Projection (VIP) indicates that increased levels of the specific markers is associated with increased age advancement.
October 2020 | Volume 11 | Article 581616
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HIV infection (45, 46). CD64 is the high-affinity IgG receptor
FcgR, upregulated during inflammation (47, 48). CD86 provides
costimulatory signals necessary for T-cell activation and survival,
and has an anti-inflammatory role in vivo (49). CD91 is the low-
density lipoprotein receptor-related protein 1, and is a major
regulator of inflammation (50–52). CD91 does not change with
age, but has been shown to be upregulated during HIV-1
infection to control inflammation and maintain overall
immune function. The increased expression of these molecules
on monocyte subsets of COBRA participants may be a response
to overall higher ongoing inflammation.

CD38 expression on monocytes can be induced by pro-
inflammatory cytokines (53). During viral infection down
regulation of CD38 has been observed, possibly to reduce virus‐
induced hyperinflammation (54). CD40, a member of the tumor
necrosis factor (TNF) receptor family of cell surface proteins,
provides strong costimulatory signal to prime T cells. On
monocytes, CD40 stimulation induces the production of
inflammatory cytokines and chemokines, and matrix
Frontiers in Immunology | www.frontiersin.org 8
metalloproteinases and induces more potent antigen
presentation (55). Low CD40 expression has been observed in
HIV infection (25). Therefore, CD38 and CD40 expression on
monocytes of COBRA participants may be down regulated in
response to viral infections and a high inflammatory environment.
Changes in the monocyte profile were not associated with CMV
infection, however it cannot be excluded that CMV infection
contributes to the observed monocyte profile.

In agreement with earlier studies in the general population
(11, 15, 56, 57), increased proportions of terminal differentiated
and senescent of CD8+ T cells were strongly related to age
advancement in our overall study population. These terminally
differentiated CD8+ T cells have lost the expression of
costimulatory molecules like CD27 and CD28, and are
defective in T cell receptor signaling and proliferative capacity.
However these cells do release cytokines and thereby contribute
to age associated inflammation (11, 15, 56–58). Previously we
reported that CMV infection was more prevalent in COBRA
participants as compared to blood donors and that terminal
FIGURE 5 | Variable Importance in Projection (VIP) values for the T cell markers in the partial least squares regression (PLSR) run separately in people with HIV
(n=40), COBRA HIV-negative individuals (n=40) and blood donors (n=35). VIP scores are color-coded ranging from brown for a negative VIP to purple for a
positive VIP.
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differentiation and senescence in the CD8+ T cell compartment
was strongly associated with CMV infection (16, 18). The
identified T cell immune phenotypic profile was indeed
associated with CMV infection (r 2.1; 95%CI 1.5-2.6; p<0.001),
confirming that CMV infection is a strong driver of age related
immune senescence and terminal differentiation of CD8+ T cells
(11, 15, 56, 57). This also indicates that the CMV status may be a
strong predictor of age advancement.

Within the CD4+ T cell compartment, increasing numbers of
regulatory T cells are associated with aging, resulting in the
suppression of immune responses in the elderly (59, 60). In
contrast, in our study population the proportion of regulatory T
cells was not a strong predictor of age advancement. We
observed that increased PD1 expression, a marker of T cell
exhaustion and activation (61) in the CD4+ T cell population
was associated with age advancement. This may be indicative of a
higher lifetime infection burden and antigen exposure in
COBRA participants both with and without HIV as compared
to blood donors (62). Similarly, this may also explain the
association between age advancement and the increased
proportion of CD4+ naïve T cells expressing the IL-7 receptor,
which is indicative of homeostatic proliferation to maintain the
CD4+ T cell pool especially during HIV infection (63). Moreover,
increased proportions of CD4+ and CD8+ naïve T cells seem to
be negatively associated with age advancement, probably
reflecting maintenance of this population in the blood donors.

Both the monocyte and the T cell profile related to age
advancement was able to separate blood donors from COBRA
participants which is in line with the generally negative age
advancement observed for this group, as opposed to the generally
positive age advancement seen in both COBRA participants with
and without HIV. By virtue of the study’s design (30), COBRA
HIV-positive and HIV-negative participants were comparable
with regard to many lifestyle-related factors, and thereby
generally at higher risk for blood borne infections than blood
donors (62). Indeed, blood donors in the Netherlands are
specifically selected for their low risk of blood borne infections
regarding their general and sexual health based on medication
use, sexual risk behavior, and global travel. We also observed a
lower CMV prevalence (22.9%) in blood donors as compared to
the general population (64), which may explain the negative age
advancement of this group using the MARK-AGE algorithm
which is based on the general population [described in (32)].

Of note, within each of our three study groups, we identified a
different monocyte and T cell immune phenotypic profile to be
associated with age advancement.

Overall, blood donors showed no age advancement and even
lower biological than chronological age, but when present age
advancement within this group was related to decreased
expression of HLA-DR and the scavenger receptor CD163 on
classical monocytes which may be reflective of a decrease in
monocyte function. In contrast to earlier reports (39, 40), no
association between age advancement and increased proportion
of inflammatory or nonclassical (CD14+CD16++) monocytes was
observed in our blood donors. The association between age
advancement and increased expression of HLA-DR, CD91,
Frontiers in Immunology | www.frontiersin.org 9
CD64, CD40 and CD32 on nonclassical monocytes in this
group may nonetheless be reflective of a more inflammatory
phenotypic of these cells.

COBRA participants generally showed a significantly higher
age advancement as compared to blood donors, and additionally
the monocyte immune phenotypic profile associated with age
advancement seemed to be strongly affected by HIV. In COBRA
HIV-negative participants, the increased expression of the low-
affinity IgG receptor FcgR CD32 on intermediate and classical
monocytes may be indicative of age associated monocyte
activation and inflammation, while the overall decreased
expression of markers like HLA-DR, CD91, CD86, CD32 on
non-classical monocytes in people with HIV may be more
reflective of a loss of monocyte functions such as antigen
presentation, costimulation, phagocytosis and control of
inflammation (39, 42, 49–52). HIV infection has a strong effect
on the age associated monocyte immune phenotypic profile,
resulting in the down regulation of several membrane markers
affecting monocyte functionality.

The monocyte immune phenotypic profile associated with
age advancement differed between the two HIV-negative groups.
While the overall increased expression of CD32, CD40, CD86
and CX3CR1 on classical and intermediate monocytes of HIV-
negative COBRA may be indicative of age-associated monocyte
activation and inflammation, the decreased expression of CD163,
CD86 and HLA-DR on these monocyte populations of blood
donors are more reflective of age-associated loss of monocyte
function. These data suggest that group specific lifestyle-related
factors like smoking and recreational drug use, sexual behavior,
and prevalence of infections (syphilis, CMV, HBV, HHV-8,
human herpesvirus type 8 (HHV-8), herpes simplex virus
(HSV)) strongly contribute to the monocyte immune
phenotypic profile associated with the advancement of
biological aging.

In the general population aging in the T cell compartment is
characterized by accumulation of terminally differentiated and
senescent CD8+ T cells and increasing numbers of regulatory T
cells (11, 15, 56, 57, 59, 60).

In our blood donors age advancement was however not
associated with the accumulation of senescent and terminally
differentiated (effector and effector memory) CD8+ T cells, which
could at least in part be explained by the low seroprevalence of
CMV infection in this group as compared to the general Dutch
population (64). The age associated increased proportion of
CD8+ naïve cells, IL-7R expression within the naïve T cell and
CD31 expression within naïve CD4+ T cells in blood donors
indicate that increased homeostatic proliferation and egress of
naïve cells from the thymus are required to maintain the
peripheral naïve T cell pool (63, 65). Moreover, the age
associated decreased proportion of regulatory T cells, activated
CD4+ and CD8+ T cells in blood donors are suggestive of only
low level immune activation and antigen exposure. This indicates
that the T cell immune phenotypic profile associated with age
advancement in blood donors is likely reflective of loss of T cells
and T cell function during aging. Interestingly, a similar T cell
profile was inversely associated with age advancement in
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COBRA HIV-negative participants, and is likely a manifestation
of high CMV prevalence and immune activation due to lifestyle
related factors and higher risk for blood borne infections than
blood donors (62).

In people with HIV, age advancement was mainly correlated
to changes in the CD4+ T cell population, the major target cell for
HIV infection. Increased age advancement was associated with
decreased proportions of senescent, exhausted, and effector
memory CD4+ T cells, and increased proportions of central
memory and transitional CD4+ T memory cells. This suggests
that aging of people with HIV is associated with an accelerated
loss of differentiated and exhausted CD4 cells that can quickly
respond to antigen, produce effector cytokines and have a high
turn-over rate (66, 67). Moreover, the association between age
advancement and an increased proportion of regulatory T cells
in people with HIV is indicative of suppression of immune
activation, similar to observations in the elderly (59, 60)
Therefore, the correlation between changes within the CD4+ T
cell population and age advancement in people with HIV are
likely representing higher CD4+ T cell turn-over and elevated
levels of immune activation.

Monocyte and T cell immune phenotypic analysis as
described here is laborious and therefore the sample size was
limited to 35 blood donors and 40 participants for each of the
COBRA study groups. This restricted our ability to detect small
differences between the groups as well as within each group. This
also limited our ability to differentiate the independent effects of
viral co-infections (CMV, HCV, HBV), lifestyle-related factors
(e.g. smoking, substance use), and exposure to antiretroviral drug
regimens on the immune phenotypic profile in relation to age
advancement. Moreover, we cannot rule out the possibility of
other unmeasured differences between the groups which may
impact on the immune phenotypic profiles observed. Another
limitation is the cross-sectional nature of our study, and
longitudinal studies will be necessary to evaluate whether the
identified immune phenotypic profiles are persistent and may be
predictive of accelerated or accentuated aging. Due to the cross
cross-sectional nature of the study and the lack of functional
assays, this study is mainly descriptive.

In conclusion, we identified an immunological profile in
monocytes and T cells that is associated with age advancement
as determined by the MARK-AGE algorithm, in the combined
study population of people with HIV, HIV-negative people with
similar lifestyles and blood donors. The identified monocyte and
T cell immune phenotypic profile was strongly related to
inflammation and chronic antigen exposure respectively,
confirming a role of both the innate and adaptive immune
system in the aging process. The identified immune phenotypic
profile in monocytes and T cells was mainly based on differences
between blood donors and COBRA participants as previously
reported (16, 17) and likely related to differences in lifestyle
related factors.

However, a different monocyte and T cell immune
phenotypic profile was related to age advancement within each
of the three groups, with an inflammatory monocyte immune
phenotypic profile being associated with age advancement in
Frontiers in Immunology | www.frontiersin.org 10
HIV-negative COBRA participants, but a monocyte profile more
reflective of loss of function being seen in blood donors and
people with HIV. The identified T cell immune phenotypic
profile associated with age advancement had opposite effects in
blood donors and HIV-negative COBRA participants. While the
T cell immune phenotypic profile in blood donors was related to
loss of T cell function, the same set of markers were related to
immune senescence and chronic antigen stimulation in HIV-
negative COBRA participants. In people with HIV age
advancement was mainly correlated with changes in the CD4+

T cell population and reflective of higher levels of immune
activation and CD4+ T cell turn-over. We observed that
biological aging was associated with changes in the innate and
adaptive immune system related to inflammation, immune
activation and dysfunction. The observed immunological
changes were group specific indicating that the profile may
change depending on differences in life-style, HIV infection,
and exposures to other (viral) infections and underlying chronic
conditions across the lifespan.
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