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Background. Persistent inflammation affects people with HIV (PWH) despite antiretroviral therapy (ART). Selective serotonin
and serotonin-norepinephrine reuptake inhibitors (SSRIs, SNRIs), HMG-CoA reductase-inhibitors (statins), and angiotensin-
converting enzyme inhibitors (ACEIs) have immunomodulant properties. We evaluated the potential impact of these drugs on
inflammation and neurodegeneration in PWH.

Methods. Cross-sectional single-center (United States) analysis in 184 PWH on ART with plasma HIV RNA < 200 copies/mL.
All participants had 10 biomarkers measured in blood and cerebrospinal fluid (CSF). To reduce dimensionality, hierarchical
clustering and principal components (PCs) analysis were employed. The analyses were adjusted for duration of the drugs and

clinical conditions.
Results.

Participants were mostly middle-aged men, with median CD4" T cells of 620/pL. In adjusted models, SSRI use was

associated with 3 PCs: higher CSF and plasma AP42 and CSF CCL2 (aP=.14, P =.040); lower CSF 8-oxo0-dG, total tau, and
sCD14 (aPp=-.12, P=.042); and higher plasma sCD14 with lower sCD40L (aB=.15, P=.042). SNRI use was associated with
higher values of CSF and plasma neopterin and CSF sTNFR-II (aB=.22, P=.004). Statins and ACEIs showed no association.

Conclusions.

SSRIs and SNRIs had distinct biomarker signatures. SSRIs were associated with reduced neurodegeneration,

immune activation, and oxidative stress in CSF, suggesting a role of SSRIs as adjunctive therapy in PWH.
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Polypharmacy in aging people with human immunodeficiency
virus (PWH) is common due to the increased risk of comorbid-
ities, such as diabetes, hypertension, and depression [1].
Despite viral suppression, PWH have an increased risk of seri-
ous non-AIDS-defining conditions such as these comorbidities
due to persistently heightened inflammation and immune acti-
vation [1]. This in turn leads to polypharmacy, and eventually
to further adverse consequences such as frailty, drug-drug in-
teractions, cognitive impairment, and impaired mental health.
However, while comedications are not specifically targeted
against inflammation and related neurodegeneration, some
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may have substantial “off-target” anti-inflammatory and neu-
roprotective effects.

For example, selective serotonin reuptake inhibitors (SSRIs)
and serotonin and norepinephrine reuptake inhibitors (SNRIs)
may reduce neuroinflammation by regulating several immune
signaling pathways that involve molecules such as peroxisome
proliferator-activated receptor gamma (PPAR-y), nuclear fac-
tor «-light-chain-enhancer of activated B cells (NF-«B),
Toll-like receptor 4 (TLR4), and inflammasomes [2, 3]. In ex
vivo studies involving PWH, SSRIs enhanced natural killer
and CD8" T cell functioning [4], downregulated human immu-
nodeficiency virus (HIV) receptor and coreceptors in peripher-
al blood mononuclear cells [5], and reduced HIV replication in
macrophages and T lymphocytes [4].

Beyond their lipid-lowering activity, 3-hydroxy-3-methyl-
glutaryl-CoA reductase inhibitors (statins) may downregulate
several pathways of inflammation and immune activation
[6, 7], and in vitro, they can induce resistance of CD4" T cells
to HIV-1 infection [8]. Statins may also reduce HIV-associated
neuropathology by counteracting the proinflammatory activity
of amyloid B and Tat in brain endothelial cells [9] and by

1266 « JID 2024:229 (15 May) « Trunfio et al


https://orcid.org/0000-0001-8663-719X
https://orcid.org/0000-0003-0123-9913
mailto:mtrunfio@health.ucsd.edu
https://doi.org/10.1093/infdis/jiad558

shaping the phenotype and activation of monocytes [10]. In
line with this, a lower likelihood of detectable cerebrospinal flu-
id (CSF) HIV RNA in participants on either statins or SSRIs has
been observed [11].
inflammatory properties of these drugs is growing, conflicting

However, as the interest in the anti-

findings have also been reported [12-14]. Similarly, evidence of
immunomodulatory properties of angiotensin-converting en-
zyme inhibitors (ACEIs) has been reported in the general pop-
ulation, but to date these effects have not been demonstrated in
PWH [15, 16]. Because inflammation contributes to the patho-
genesis of cardiovascular, mood, and cognitive disorders in
PWH, whether comedications have beneficial immunomodula-
tory effects might lead to intervention trials using these readily
available, regulatory agency-approved drugs. Such data could
also inform prescribing and deprescribing practices in HIV
clinic.

We evaluated the effects of concomitant nonantiretroviral
medications on biomarkers of inflammation and neurodegen-
eration in PWH on effective antiretroviral therapy (ART),
while taking into consideration the potential confounding ac-
tivity of the comorbidities for which these medications were
prescribed.

METHODS

Study Design

This retrospective cross-sectional study investigated in PWH
on suppressive ART (plasma HIV RNA < 200 copies/mL) the
associations between specific concomitant comedication clas-
ses prescribed for mood disorders (SSRIs, SNRIs), hyperten-
sion (ACEIs), or dyslipidemia (statins) and a panel of soluble
biomarkers in blood and CSF. Comedications had been taken
continuously for at least 3 months prior the evaluation.

Participants were assessed between 2016 and 2020 in an ob-
servational research project at the HIV Neurobehavioral
Research Program at the University of California San Diego.
All research protocols were approved by the Institutional
Review Board, and all participants provided written informed
consent.

Participants were not assessed if they were unable to perform
the evaluations (eg, untreated systemic infection, acute intoxi-
cation), or if they had a severe, untreated neuropsychiatric dis-
order (eg, schizophrenia, untreated seizure disorder). People
who had localized mild infections (eg, herpes simplex reactiva-
tion, mucosal candidiasis) or who used immunomodulating
medications systemically administered (eg, corticosteroids)
were not excluded, so analyses were adjusted for use of antimi-

crobials and immunomodulators.

Medical and Cognitive Assessment
Demographics (eg, age, sex, race), HIV parameters, blood and
CSF biochemistry, clinical data, and data on comedications and

Table 1. Blood and CSF Biomarkers Levels in the Study Population
Median (Q1-Q3)
Biomarkers (n=184)

Plasma biomarkers

Oxidative stress
8-0x0-dG, ng/mL

Amyloid metabolism

134.2 (95.9-199.7)

ABA42, pg/mL 37.6 (15.3-74.4)
Inflammation and immune activation

IL-6, pg/mL 1.29 (0.87-1.82)

sTNFR-II, pg/mL 6126 (4506-8429)

CCL2, pg/mL 158.5 (131.4-193.4)

sCD14, ng/mL 1092359 (478158-1522954)
sCD40L, pg/mL 1113 (393-2343)
CSF biomarkers
Oxidative stress
8-oxo0-dG, ng/mL
Amyloid metabolism

(

(

(
Neopterin, nmol/mL 0(7.0-12.2)

(

(

12.8(10.1-22.5)

AB42, pg/mL 1270.4 (433.9-2027.0)
Inflammation and immune activation

IL-6, pg/mL 1.16 (0.91-1.56)

STNFR-II, pg/mL 515.5 (393.4-856.4)

CCL2, pg/mL 423.5 (338.8-528.3)

Neopterin, nmol/mL

sCD14, ng/mL

(

(

(

2 (6.8-10.9)
84892 (49317-121334)
(

NFL, pg/mL 1236.7 (881.1-1687.1)
Neuronal injury
Tau, pg/mL 193.2 (106.2-417.6)

The immunoassays used were Meso Scale Discovery (IL-6, sSTNFR-Il, CCL2, AB42, Tau);
R&D Systems (sCD14); ALPCO (neopterin); Millipore Sigma (sCD40L); Trevigen
(8-0x0-dG); and UmanDiagnostics (NFL).

Abbreviations: 8-oxo-dG, 8-oxo0-2’-deoxyguanosine; AB42, fragment 1-42 of B amyloid;
CCL2, chemokine C-C motif ligand 2; CSF, cerebrospinal fluid; IL-6, interleukin 6; NFL,
neurofilament light chain; Q, quartile; sCD14, soluble cluster of differentiation 14;
sCD40L, soluble ligand of cluster of differentiation 40; sTNFR-II, soluble tumor necrosis
factor receptor type Il; tau, total tau protein.

comorbidities were collected. All participants completed a
comprehensive neurocognitive test battery, from which the in-
dividual test scores were demographically corrected and com-
bined to calculate the global deficit score (GDS), as
previously detailed [17]. A GDS value of >0.5 indicated neuro-
cognitive impairment [17]. Depressive symptoms were assessed
by the Beck Depression Inventory II (BDI-II), and depressed
mood defined for scores >14 [18]. The presence and severity
of neuropathy was assessed by clinical examination (reflexes,
vibration, and sharp discrimination) and self-reported
dysesthesias.

Biomarkers were selected on the basis of their relevance to
inflammation and neurodegeneration in the context of HIV.
Table 1 summarizes the soluble biomarkers measured in blood
and CSF biomarkers and the commercial immunoassays used
to measure them. Blood-brain barrier function was assessed us-
ing the CSF-to-serum albumin ratio (CSAR), calculated by di-
viding CSF albumin mg/dL by serum albumin g/dL [19].
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Table 2. Demographic, HIV-Related, and Clinical Characteristics of the
Study Population

Study Population

Characteristic (n=184)
Age, y, mean (SD) 56.1 (8.5)
Male sex 147 (79.9)
Race

White 5 (46.2)

Black 1 (44.0)

Other 8(9.8)
Education, y, mean (SD) 13.0 (2.5)
HIV risk

MSM 120 (65.2)

Heterosexual 0(21.7)

p/DU 4 (13.0)
Estimated duration of HIV infection, y, median (Q1-Q3) 3(16-27)
Duration of current ART regimen, mo, median (Q1-Q3) 9 (9-66)
Duration of any ART, mo, median (Q1-Q3) 190 (135-240)
ART regimen

Pl including 0 (27.1)

NNRTI including 7 (31.0)

INSTI including 114 (62.0)
AIDS diagnosis 139 (75.5)
CD4* T-cell count, cells/uL, median (Q1-Q3) 620 (410-836)
CD4/CDS8 ratio, median (Q1-Q3) 0.82 (0.50-1.23)
Nadir CD4* T-cell count, cells/uL, median (Q1-Q3) 139 (22-210)
Plasma HIV RNA <20 cp/mL 134 (72.8)
Plasma HIV RNA, cp/mL, median (Q1-Q3)? 35-80)

CSF HIV RNA <20 cp/mL 172 (93.5)

CSF HIV RNA, cp/mL, median (Q1-Q3)° 35-41)
HCV seropositive 0 (38.0)
BMI, median (Q1-Q3) 25.7 (21.1-29.8)
Serum albumin, g/dL, median (Q1-Q3) 4.1-4.6)
Serum creatinine, mg/dL, median (Q1-Q3) 0.9-1.3)
WBC, cells x 10%L, median (Q1-Q3) 4.7-7.0)
CSF WBC, cells/mL, median (Q1-Q3) 1-5)

CSF total protein, mg/dL, median (Q1-Q3) 3-54)

CSAR, median (Q1-Q3) 4.8-5.8)
Comorbidities, No./patient, median (Q1-Q3) —4)
Diabetes 19.6)
Malignancy 10.3)
53.3)
40.2)
21.7)
6)
3)

Hypertension

Dyslipidemia

Chronic pulmonary disease
Chronic renal disease

1
(
1
0
(
3 |
1
8 (
2 (
1(3
CSF glucose, mg/dL, median (Q1-Q3) 4 (58-69)

3
3(1
6 (
9 (
8 (
4
0 (
4(7.
Chronic liver disease 8 (4.
(

Dysesthesia 67 (36.4)
Positive neuropathy signs
Reflexes 85 (46.2)
Vibration 69 (37.5)
Sharp discrimination 64 (34.8)
Positive urine screening 27 (14.7)
Active tobacco smoker 35 (19.0)
Drug of interest
On SSRIs 2(12.0)
Duration of SSRIs use, mo, median (Q1-Q3) 5 (8-115)
On SNRIs 4(7.6)
Duration of SNRIs use, mo, median (Q1-Q3) 4 (10-124)

Table 2. Continued

Study Population

Characteristic (n=184)
On statins 36 (19.6)
Duration of statins use, mo, median (Q1-Q3) 18 (8-46)
On ACEls 32 (17.4)
Duration of ACEls use, mo, median (Q1-Q3) 67 (20-94)
On antimicrobial therapy 39 (21.1)
On immunomodulator 23 (12.5)
Depressed mood 68 (36.9)
BDI-II score, median (Q1-Q3) 7 (3-15)
Neurocognitive impairment 79 (42.9)
GDS, median (Q1-Q3) 0.37 (0.12-0.79)

Data are No. (%) except where indicated.

Abbreviations: ACEls, angiotensin-converting enzyme inhibitors; ART, antiretroviral therapy;
BDI-Il, Beck Depression Inventory Il; BMI, body mass index; cp, copy; CSAR, CSF to serum
albumin ratio; CSF, cerebrospinal fluid; GDS, global deficit score; INSTI, integrase strand
transfer inhibitors; MSM, men who have sex with men; NNRTI, nonnucleoside reverse
transcriptase inhibitors; Pl, protease inhibitors; pIDUs, past intravenous drug users; Q,
quartile; SNRIs, serotonin and norepinephrine reuptake inhibitors; SSRIs, selective
serotonin reuptake inhibitors; WBC, white blood cell count.

?In participants with plasma HIV, RNA > 20 cp/mL.

®In participants with CSF HIV, RNA > 20 cp/mL.

Statistical Analysis

Data were reported as mean (standard deviation), median (first
and third quartile, IQR), or absolute number (proportion), ac-
cording to the type of variable and its distribution. Values of
some variables (eg, HIV RNA) were log;-transformed to re-
duce skewness. Biomarkers were standardized into Z-scores
to ease comparativeness and reduce batch bias.

Considering the number of biomarkers, dimensionality was
reducted in 2 steps. First, hierarchical clustering was performed
on biomarkers, after detecting evidence of significant correla-
tions among them (as shown in Supplementary Figure 1).
Clustering was based on between-groups linkage through
squared Euclidean distance. Next, principal component analy-
sis (PCA) was performed on the identified clusters to derive
biomarkers’ principal component (PC) and for each participant
the corresponding component score (regression method [20]).

Univariable analysis (linear regression) assessed the associa-
tions between PC coefficients and the following variables: the
comedications, demographics (age, sex, race, past use of illicit
drugs), HIV-related variables (CSF HIV RNA, CD4" T-cell
count and nadir, CD4/CD8 ratio, AIDS diagnosis, duration
of HIV infection, duration of ART, and ART classes currently
used), clinical parameters as listed in Table 2 (HCV serostatus,
immunomodulators or antimicrobial therapy, active tobacco
smoking, medical comorbidities, urine drug screening, body
mass index, blood and CSF leukocytes, CSF total protein and
glucose, CSAR), depressive symptoms (BDI-II), and cognitive
performance (GDS).

Variables with P values <.10 in univariable analysis were
included as covariates in multivariable analysis and the best-
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fitting final models were identified by backward selection. In
case of significant association of a medication class in univari-
able analysis, the corresponding multivariable model was ad-
justed for the clinical condition commonly associated with
the medication (BDI-II score for SSRIs and SNRIs, neuropathy
for SNRIs, dyslipidemia for statins, and hypertension for ACEI)
and for the duration of use of the medication. The adjustment
was performed to take into account the potential effects on bio-
markers played by the underlying clinical conditions rather
than the drugs, and possible time-dependent effects of the
drugs on the biomarker outcomes (eg, acute vs chronic expo-
sure, adaptation, or lead and lag times in developing any effect).
All the multivariable models were also adjusted for age, regard-
less of univariable significance. Standardized unadjusted and
adjusted B coefficients (a) were reported.

As internal validation and to address potential bias due to
outliers without reducing the sample size, we ran the same final
multivariable linear models using bootstrapping (2000 samples
with bias-corrected and accelerated 95% confidence interval).
Analyses were performed with SPSS version 29 (IBM).

RESULTS

Participant Characteristics

Table 2 presents a summary of the demographics, disease, and
laboratory data. Most participants were middle-aged (mean,
56.1 years) men (79.9%), of whom 46.2% were white and
44.0% were black. The median estimated duration of HIV dis-
ease was 23 (IQR 16-27) years, and 75.5% had been previously
diagnosed with AIDS. Median CD4" T cells were 620/uL. One
hundred and thirty-four (72.8%) participants had undetectable
HIV RNA in plasma and 172 (93.5%) in CSF. On average, par-
ticipants had been on SSRIs (n=22; 12.0%), SNRIs (n=14;
7.6%), statins (n = 36; 19.6%), or ACEIs (n = 32; 17.4%) for ap-
proximately 3 (IQR 1-7) years. Supplementary Table 1 shows
the specific drugs within the 4 categories.

Neurocognitive impairment and depressed mood were ob-
served in 42.9% and 36.9% of the participants, respectively.
Additionally, 21.1% of the participants were taking at least 1 an-
timicrobial agent (primarily trimethoprim/sulfamethoxazole,
acyclovir/valacyclovir, or fluconazole), and 12.5% were on a
systemic immunomodulator (primarily corticosteroids).

Biomarker Clusters and Associations With Drugs

Hierarchical clustering identified 4 clusters (Figure 1A), and
then PCA identified 1 unique PC in both cluster 1 (C1) and
C3, and 2 PCs in both C2 and C4 (Figure 1B). Univariable anal-
ysis was run for each PC and significant associations are shown
in Table 3. None of the comedications of interest were associ-
ated with PC2 of C4 (CSF neurofilament light chain [NFL],
soluble tumor necrosis factor receptor type II [sTNFR-II],
and plasma 8-oxo0-2'-deoxyguanosine [8-oxo-dG]) nor with

PC of C3 (CSF and plasma interleukin 6 [IL-6] and plasma che-
mokine C-C motif ligand 2 [CCL2]; data not shown); therefore,
we did not proceed with further analyses for these.

In a multivariable model adjusted for age, clinical indication
for the comedication, duration of the comedication use, and
univariable-significant covariates (Table 3), SSRI use was inde-
pendently associated with higher levels of CSF and plasma frag-
ment 1-42 of B amyloid (AP42) along with higher CSF CCL2
(PC of C1, aB, .14; P=.040), with lower CSF levels of
8-0x0-dG, total tau, and soluble cluster of differentiation 14
(sCD14; PC1 of C2, aP, —.12; P = .042), and with higher plasma
sCD14 along with lower plasma sCD40L (PC2 of C2, a, .15;
P =.042). In contrast, SNRI use was associated with higher lev-
els of CSF and plasma neopterin and CSF sTNFR-II (PC1 of C4,
aP, .22; P =.004; Table 3). Of note, higher values of PC1 of C2
were also associated with higher BDI-II scores, while worse
GDS was associated with higher PC1 of C4. Neither SSRI nor
SNRI use was associated with neurocognitive impairment
(data not shown). Figure 2 summarizes the significant associa-
tions between SSRIs, SNRIs, and biomarkers.

Sensitivity Analysis

After excluding participants with outlier level of biomarkers
(n=22) identified by z-score method (z-score value >3.0 or
< —3.0), hierarchical clustering identified the same 4 clusters
(composed by the same biomarkers) with partial differences
in the distance/relationship between the biomarkers within
clusters, suggesting that outliers did not affect significantly
the validity of clustering procedure.

Atbootstrapping, SSRI use and male sex remained associated
with higher values of the PC of C1 (P =.044 and .031, respec-
tively). The values of PC1 of C2 were associated with SSRI
use (lower, P=.047), together with CSF HIV RNA, BDI-II
score, CSAR, and CSF total protein (positive af} for all; model
P=.017). Higher values of PC2 of C2 remained associated
with SSRI use (P = .040), together with higher BMI and no an-
timicrobial use (model P=.022). Lastly, bootstrapping con-
firmed the independent association of higher values of PCl
of C4 with the use of SNRIs (P=.012) and worse GDS
(P =.034; data not shown).

DISCUSSION

Our study is unique in focusing on distinct associations of
SSRIs and SNRIs with several blood and CSF biomarkers of im-
mune activation, inflammation, oxidative stress, and neurode-
generation in virally suppressed PWH. Contrary to our
hypotheses, SSRIs and SNRIs exhibited divergent biomarker
signatures despite sharing similar clinical indications and
having some pharmacological overlap. Specifically, the
results suggest that SSRIs may have anti-inflammatory and

Immune-Modulation of SSRIs/SNRIs in PWH « JID 2024:229 (15 May) « 1269


http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiad558#supplementary-data

Rescaled Distance Cluster Combine

° 5

10 15 20 25
o

Plasma Neopterin :

CSF Neopterin —I

Plasma sTNFR-Il

Plasma 8-oxo-dG
CSF NFL

CSF sTNFR-1I
Plasma IL-6

]

Plasma CCL2
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CSF sCD14 —
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PC1 PC1 l PC2 PC1 PC1 l PC2
CV 51.9% CV 59.2% CV 43.9% CV 56.6%
c AB42 0.85 c B-oxo0-dG 0.84 pIL-6 0.74 c Neopterin 0.84 c NFL 0.78
p sCD14 0.77
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p Ap42 0.62 c sCD14 0.66 clL-6 0.57 p Neopterin 0.63 | p 8-ox0-dG 0.58

Figure 1.

Results of hierarchical clustering and subsequent PC analysis of blood and CSF biomarkers. A, The 4 clusters identified at hierarchical clustering at a threshold of

distance of 15-20: cluster 1 was composed of CSF and plasma BA42 and CSF CCLZ; cluster 2 was composed of CSF and plasma sCD14, CSF tau, CSF 8-oxo-dG, and plasma
sCD40L; cluster 3 was composed of plasma CCL2 and plasma and CSF IL-6; cluster 4 was composed of the remaining biomarkers. B, The component identified in each cluster,
the cumulative proportion of variance explained within cluster, and the biomarkers factored into each PC with the respective loading factors. The sign of all loading factors
goes in the same direction (positive), but for PC2 of cluster 2, where plasma sCD14 increases while plasma sCD40L decreases. Abbreviations: 8-0xo-dG, 8-0x0-2'-
deoxyguanosine; Ap42, fragment 1-42 of B amyloid; c, CSF, cerebrospinal fluid; CCL2, chemokine C-C motif ligand 2; CV, cumulative % variance; IL-6, interleukin 6; NF-
L, neurofilament light chain; p, plasma; PC, principal component; sCD14, soluble cluster of differentiation 14; sCD40L, soluble ligand of cluster of differentiation 40; sT-

NFR-II, soluble tumor necrosis factor receptor type II; tau, total tau protein.

neuroprotective effects, while SNRIs may not. Statins and
ACEIs were not associated any with biomarker pattern.

The association of SSRIs with higher levels of CSF and plas-
ma AP42 and lower total tau and 8-oxo0-dG in CSF suggests re-
duced neurodegeneration and oxidative stress within the
central nervous system (CNS). This is consistent with previous
evidence. In vitro, fluoxetine blocks the degeneration of nigral
dopaminergic neurons after lipopolysaccharide-induced mi-
croglial activation, and this was accompanied by reduced reac-
tive oxygen species generation [21]. Vortioxetine reduced
neurodegeneration and improved motor and cognitive dys-
function in the rotenone-induced murine Parkinson disease
model [22]. In line with this, SSRIs, mainly fluoxetine, could
benefit the cognitive performance of patients with Alzheimer
and vascular dementia according to a large meta-analysis that
included 14 randomized controlled trials [23].

The interpretation of the association of SSRIs with higher lev-
els of sCD14 (marker of myeloid activation) in blood but lower
in CSF is not straightforward. One possibility is that, despite ad-
justment for current depressive symptoms, alterations in gut
microbiome linked with the mood disorders for which SSRIs
were prescribed may drive the association. A second possibility
is that, by reducing the expression and responsiveness of TLR4
(sCD14 receptor) [24], but not acting on sCD14 production,
SSRIs could inhibit the pathway of response to circulating lipo-
polysaccharide downstream from the intervention of sCD14,
which in turn may increase in the attempt to overcome such a
block. The opposite direction of the association in blood and
CSF may depend on the difference in the sensitivity to medications
of the cell sources that produce sCD14 in the 2 compartments
(mainly monocytes in blood and microglia in the CNS) [25].
Future tailored studies should assess these interpretations.
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Table 3. Univariable and Multivariable Linear Regression Analysis for the Regression Coefficients of the Principal Components

Standardized B (95% Cl) P Standardized ap (95% ClI) P PC Direction
CSF and plasma Ap42 + CSF CCL2 (PC1 of C1 model P<.001, 39.2% explained variance)
Age, y 111 (-.035 to .256) 134 .048 (-.101 t0 .197) 527
CSF HIV RNA, cp/mL .203 (.039 to .420) .018 162 (-.017 to .340) .075
Male sex —.193 (-.337 to —.050) .009 —-.168 (-.314 to —.022) .023 Lower
NNRTI use .143 (-.001 to .288) .052 .097 (-.050 to .244) .093
Current ART, mo .093 (—.053 t0 .238) 211 .042 (—.105 to .188) 574
Positive urine screening —.129 (-.274 t0 .016) .081 Excluded?®
SSRI use 172 (.028 to .316) .020 144 (.001 to .287) .040 Higher
Duration of SSRIs, mo .180 (.036 to .324) .014 .050 (—.385 to .485) 227
SNRI use —.033 (-.672 to .427) .661
BDI-II, score —.066 (—.212 to .080) 460 —.047 (-.190 to .096) .507
Statin use .030 (-.292 to .443) .684
ACEI use .040 (-.280 to .489) 594
Tobacco smoking .1563 (.009 to .298) .038 Excluded?
CSAR 132 (-.013 to .277) .074 Excluded?®
CSF 8-0x0-dG + CSF total Tau + CSF sCD14 (PC1 of C2 model P<.001, 61.8% explained variance)
Age, y .163 (.018 to .307) .027 .097 (-.148 to .342) 264
CSF HIV RNA, cp/mL .307 (.143 to .471) <.001 .202 (.033 to .371) .001 Higher
HIV infection, mo .182 (.038 to .326) .013 Excluded?®
SSRI use —.171(-.270 to —-.072) .021 —.123 (-.231 to —-.015) .042 Lower
Duration of SSRIs, mo —.123 (-.268 t0 .022) .096 —.086 (—.298 to .126) 579
SNRI use .072 (-.279 t0 .818) .334
BDI-II, score 213 (.069 to .357) .004 .205 (.122 to .288) .002 Higher
Statin use —.024 (-.427 to .308) 751
ACEIl use —.023 (-.445 to .324) .758
Tobacco smoking —.162 (-.306 to —.017) .028 Excluded?
CSF total protein, mg/dL .540 (.360 to .720) <.001 547 (377 to .717) .001 Higher
CSAR .183 (.040 to .327) .013 149 (.043 to .252) .016 Higher
Plasma sCD14 + plasma sCD40L (PC2 of C2 model P=.006, 37.9% explained variance)
Age, y —.071 (-.216 to .075) 341 —.028 (-.173 t0 .116) .698
CD4* T cell nadir, cells/uL .151 (.006 to .295) .041 Excluded?®
CD4™* T cell count, cells/uL .130 (-.016 to .276) .080 Excluded?
Current ART, mo —.127 (-.272 t0 .018) .086 Excluded?®
BMI 174 (.030 to .318) .018 .203 (.056 to .350) .007 Higher
SSRl use .146 (.001 to .290) .048 .149 (.006 to .292) .042 Higher
Duration of SSRls, mo 101 (-.044 to .247) 172 —.009 (-.429 to .411) .966
SNRI use —.073 (-.825 to .273) 322
BDI-II, score .048 (-.100 to .195) 524 .075 (-.070 to .220) .309
Statin use .023 (-.310 to .425) .757
ACEl use —.056 (-.562 to .295) .639
Antimicrobial use —.181 (-.325 to —.037) .014 —.216 (-.360 to —.072) .004 Lower
Immunomodulator use —.132 (-.277 t0 .013) .075 Excluded?
CSF and plasma neopterin + CSF sTNFR-II (PC1 of C4 model P< .001, 46.5% explained variance)
Age, y .071 (-.047 to .189) .235 .091 (-.015 t0 .198) .092
Pl use .113 (-.004 to .230) .058 Excluded?®
NNRTI use —.124 (-.241 to -.007) .038 —.109 (-.221 to .004) .058
Current ART, mo .045 (-.073 to .163) 457 .041 (-.067 to .0150) 455
BMI 112 (-.006 to .229) .063 Excluded?
GDS .126 (.017 to .235) .024 137 (.030 to .243) .012 Higher
SSRI use .033 (-.282 to .444) .659 .
SNRI use .237 (124 to .350) <.001 .223(.072 to .374) .004 Higher
Duration of SNRIs, mo 172 (.056 to .287) .004 .005 (-.145 to .156) .943
BDI-II, score 111 (.001 to .221) .049 .025 (-.083 to .133) .650
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Table 3. Continued

Standardized B (95% Cl) P Standardized ap (95% ClI) P PC Direction
Statin use .045 (-.204 to .389) 540
ACEI use —.069 (—.456 to .164) .354
Antimicrobial use 114 (-.003 to .231) .057 Excluded?®

Linear regression models for PC regression coefficients. The table shows the results for the 4 medication classes, for significant (Pvalue < .10) variables in univariable analysis, and for variables
that were used to adjust the multivariable models regardless of univariable significance (univariable nonsignificant variables are not reported). Variables with P values <.10 on univariable
analysis were included as candidate covariates in multivariable analysis and the best-fitting final models were identified through Akaike Information Criterion. Age, the clinical indication,
and the duration of every drug that resulted associated on univariable analysis were retained to adjust the final model, regardless of univariable significance. P values <0.05 are
highlighted in bold.

Abbreviations: 8-oxo-dG, 8-oxo0-2’-deoxyguanosine; ACEI, angiotensin-converting enzyme inhibitors; ART, antiretroviral therapy; ap, adjusted B; AB42, fragment 1-42 of g amyloid; BDI-II, Beck
Depression Inventory Il; BMI, body mass index; CCL2, chemokine C-C motif ligand 2; cp, copies; CSAR, CSF to serum albumin ratio; CSF, cerebrospinal fluid; GDS, global deficit score; NNRTI,
nonnucleoside reverse transcriptase inhibitors; PC, principal component; P, protease inhibitors; sCD14, soluble cluster of differentiation 14; sCD40L, soluble ligand of cluster of differentiation
40; SNRI, serotonin and norepinephrine reuptake inhibitors; SSRI, selective serotonin reuptake inhibitors; sSTNFR-II, soluble tumor necrosis factor receptor type II.

@Excluded variables by backward selection are still shown in each model.
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Figure 2.  Blood and CSF biomarker signatures associated with SSRIs and SNRIs use. Green boxes highlight favorable mechanisms that are associated with the increased
or decreased levels of the respective biomarkers and the respective effects. The orange boxes summarize the associations between SSRI and SNRI use and biomarkers, for
which the interpretation of the consequences of the observed association is uncertain (being either positive or negative). Abbreviations: 8-oxo-dG, 8-0x0-2’-deoxyguanosine;
BBB; blood-brain barrier; CCL2, chemokine C-C motif ligand 2; CNS, central nervous system; CSF, cerebrospinal fluid; LPS, lipopolysaccharide; MM, monocytes/macrophages;
sCD14, soluble cluster of differentiation 14; sCD40L, soluble ligand of cluster of differentiation 40; SNRIs, serotonin and norepinephrine reuptake inhibitors; SSRIs, selective
serotonin reuptake inhibitors; STNFR2, soluble tumor necrosis factor receptor type 2.
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Multiple reports have supported a role of CCL2 in neuropa-
thology, including in PWH [26]. However, the median CSF lev-
el of CCL2 in participants on SSRIs (444 pg/mL; IQR 361-594
pg/mL) was from 1- to 2-fold lower than the concentrations
measured in untreated CNS HIV infection, HIV-associated de-
mentia, or HIV CNS chronic infection with evidence of neuro-
nal injury, while similar to those reported in people without
HIV [26-28]. Of note, CCL2 has a physiological role in the
maintenance of brain homeostasis, and regulates interactions,
migration, differentiation, and proliferation of glial cells, astro-
cytes, and neurons [29]. Therefore, the higher levels of CSF
CCL2 (within the normal range) along with higher Ap42
among participants on SSRIs may fit the overall favorable im-
munological profile associated with these medications, as de-
scribed by the other biomarkers, and may suggest a
physiologic interplay between this chemokine and amyloid
metabolism.

The inflammatory landscape found in association with
SNRIs did not overlap with the one featuring SSRIs. Prior stud-
ies have shown pleiotropic anti-inflammatory effects of SNRIs
[2, 3]. A potential explanation of the differences between our
findings and prior reports is the nature of the samples: we stud-
ied PWH, whereas prior investigations were in different patient
groups, or in vitro studies and animal models [2, 3].
Specifically, we found that SNRI use correlated with higher lev-
els of neopterin in CSF and plasma and higher CSF sTNFR-IIL.
Neopterin is a marker of myeloid activation with prognostic
and predictive value for HIV progression and comorbidities,
including mood disorders and cognitive impairment [30, 31].
Also in our study, higher CSF and plasma neopterin was asso-
ciated with worse GDS. Neopterin increases during CNS in-
flammation but also in disorders characterized by peripheral
neuropathies (eg, diabetic polyneuropathy, HIV-related neu-
ropathy) [32, 33]; only 2 of the 36 participants with diabetes
were on SNRIs and none had diabetes-related complications;
furthermore, adjusting for either dysesthesias or objective signs
of neuropathy did not modified the association between SNRIs
and PC1 of C4 (shown in Supplementary Table 2). On the con-
trary, prescription practices may have preferred SSRIs as first-
line antidepressants, and participants on SNRIs may represent
a subgroup of patients suffering from treatment-resistant de-
pression. While neopterin is less reliably associated with de-
pressive symptoms, for which we adjusted our analysis, it
consistently increases in individuals with 2 or more episodes
of major depression compared to milder forms [34].
Therefore, rather than being a consequence of SNRI use, the
higher levels of neopterin in participants on SNRIs may be
due to the
treatment-resistant depression.

Whether the association of SNRIs and higher CSF sTNFR-II
has negative implications is also uncertain. TNFR-I antagonists

biological correlates of more severe or

and TNFR-II agonists blocked neuroinflammation and

promoted neuronal survival in a mouse model of neurodegen-
eration related to Alzheimer disease, and the simultaneous
blockade of TNFR-II activation nullified the neuroprotective
effects of TNFR-I antagonists [35]. The activation of trans-
membrane TNFR-II represents an important mechanism of
neuronal survival following different noxious stimuli and pro-
vides additional benefits, such as regulatory T-cell function and
oligodendrocyte-precursor cell proliferation, maturation, and
remyelination [36]. On the other hand, increased CSF levels
of sSTNFR-II have been proposed as a marker of mild cognitive
impairment and Alzheimer disease in people without HIV [37].
Because sTNFR-II competes with the transmembrane TNF re-
ceptor by binding circulating TNF-a and thereby inhibiting its
action [38], the elevated sSTNFR-II in our population may also
be a compensatory protective response to ongoing inflamma-
tion as reflected in the concomitant elevated neopterin that
clustered together in the same PC.

Statins and ACEIs were not consistently associated with any
of the biomarkers measured in this study. The potential immu-
nomodulating properties of ACEIs are less well understood.
Most of the immune effects are dependent on angiotensin-II
signal transduction, although ACE has also been involved
and both pro- and anti-inflammatory responses of
angiotensin-II receptor type 1 and 2 activation have been re-
ported [39]. This complexity may explain ours and previous
negative findings in PWH [15, 16], in whom heterogeneity in
the renin-angiotensin-aldosterone system may also affect the
effects on inflammation, among others.

Several studies have described the immunoproperties of stat-
ins, which act mainly by the inhibition of isoprenoid synthesis
and of protein geranylgeranylation/farnesylation [7]. However,
proinflammatory effects have also been described in vitro [6, 7],
and consistent with our findings, a previous single-arm pilot
study in PWH found that atorvastatin did not influence CNS
inflammation as indexed by CSF white blood cell count and
neopterin [40]. Due to differences in dosing, pharmacokinetics,
and pharmacodynamics, some authors have suggested that
each statin possesses distinct pleiotropic immune effects [6].
In line with this, variable immunological outcomes of statin
use have been reported in PWH that differed by baseline car-
diovascular and inflammatory characteristics [13, 14, 41].
Our sample does not have sufficient power to compare the dis-
tinct statins used (atorvastatin, pravastatin, or rosuvastatin),
and we are unable to account for differences in cardiovascular
risk prior to starting the drugs. Further studies are required to
evaluate possible immunoproperties of statins in PWH.

In addition to the limitations discussed above, our study was
cross-sectional and unable to prove causality, the dimension re-
duction approach may have attenuated associations with indi-
vidual biomarkers, and the sample size was also limited, with
few participants on SSRIs or SNRIs, limiting generalizability
and the strength of our hypotheses. Lastly, clustering
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procedures are particularly sensitive to outliers, and the identi-
fication of the best number of clusters in hierarchical approach-
es is not straightforward. Further studies on different and larger
population are required to assess the replicability of our clusters
and PCs, as well as of their eventual associations. However, this
is also one of the few studies reporting real-life data on the as-
sociations of inflammation, immune activation, and neurode-
generation with commonly prescribed comedications in a
modern cohort of PWH on suppressive ART. Furthermore,
bootstrapping retained significance for every medication and
biomarker component, supporting the reliability and strength
of our findings.

In conclusion, the 2 most commonly used classes of antide-
pressants, SSRIs and SNRIs, showed divergent associations
with the blood and CSF immune milieu of PWH on suppressive
ART. SSRI use was favorably characterized by reduced CSF in-
flammation, neuronal injury, and activation of myeloid and
lymphoid cells, despite higher plasma activation of mono-
cytes/macrophages. In line with previous evidence, these asso-
ciations support an effect of SSRIs in reducing inflammation in
PWH. On the contrary, SNRI use was associated with increased
blood and CSF lymphoid and myeloid activation, although this
relationship may reflect prescribing practices rather than med-
ication effects. Future longitudinal studies able to stratify by
single drugs and distinct subcategories of comorbidities (eg,
mild vs severe depression) are warranted to further clarify cau-
sality and the long-term consequences of antidepressants upon
the immune system of PWH.
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