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Abstract

Purpose: Pre-clinical studies have demonstrated direct influences of the autonomic nervous
system (ANS) on the immune system. However, it remains unclear if ANS-immune connections
delineated in these preclinical studies underlie the relationship between autonomic dysregulation
and chronic inflammatory diseases in patients with human immunodeficiency virus (HIV). The
aims of this study were: (1) to examine the relationship between interleukin-6 (IL-6) and the
parasympathetic/vagal component of baroreflex sensitivity in people with HIV; (2) to determine
whether the subtype and severity of HIV-autonomic neuropathy (AN) would predict distinct
immunotypes; and (3) to compare the burden of non-acquired immunodeficiency syndrome
(AIDS)-related co-morbidities between immunotypes.

Methods: A total of 79 adults with well-controlled HIV underwent a standard battery of
autonomic function tests summarized as the Composite Autonomic Severity Score (CASS) and
vagal and adrenergic baroreflex sensitivity (BRS-V and BRS-A, respectively) (Low: Mayo Clin
Proc 68:748-752, 1993). Levels of immune biomarkers were measured in all participants using the
Target 96 Inflammation Panel on the Olink proteomics platform, and immunotypes were identified
using unbiased, non-negative matrix factorization. Mass cytometry (CyTOF) was completed on a
subset of participants with and without autonomic neuropathy (N = 10).

Results: Reduced BRS-V predicted higher levels of IL-6 (p=0.002). A pro-inflammatory
immunotype defined by elevations in type 1 cytokines (IL-6, IL-17) and increased numbers of
CD8+ T-cells was associated with autonomic neuropathy characterized by deficits in sympathetic
nervous system activity (adjusted odds ratio 4.7, p= 0.017). This pro-inflammatory immunotype
was older with a greater burden of co-morbidities.

Conclusion: Deficits in the parasympathetic/cardiovagal and the sympathetic nervous system are
associated with inflammation and disease burden in people living with HIV. Future longitudinal
research is needed to examine causality.
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Introduction

Preclinical studies have demonstrated the importance of the autonomic nervous system
(ANS) in the regulation of the innate and adaptive immune system. In humans,
cardiovascular autonomic dysfunction has been demonstrated in patients with chronic
inflammatory disorders, including long COVID (LC) syndrome [1, 2], myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS) [3, 4], autoimmune disorders
including multiple sclerosis [5-7], as well as rheumatoid arthritis [8, 9]. Decades of
research have established that autonomic neuropathy (AN) is prevalent among people
with human immunodeficiency virus (HIV) [10] and that HIV-AN is associated with
significant morbidity and mortality [11]. However, despite the significant prevalence of
AN in individuals with HIV, the etiology of the comorbidity is unknown. Thus, a greater
understanding of the ANS-immune network is needed in patients living with HIV.

In vitro and studies in animals have demonstrated that the extensive peripheral ANS,
comprised of sympathetic efferents, parasympathetic (i.e., vagal) efferents, and sensory
afferents, has the ability to exert targeted, integrated, and rapid modulation of immune
signaling through inflammatory reflexes [12]. Lymphoid organs are highly innervated by
sympathetic fibers, and the sympathetic neurotransmitter norepinephrine (NE) regulates the
production and release of cytokines from immune cells via a- and B-adrenergic receptors on
located on the immune cells. At high concentrations, NE released by sympathetic nervous
system efferents has an inhibitory effect on immune cells through p-adrenergic receptors
[13], while NE released by the sympathetic adrenal medullary (SAM) axis circulates at
lower concentrations, preferentially activating pro-inflammatory, high-affinity a-receptors
[14, 15].

The influence of parasympathetic/vagal activity is primarily anti-inflammatory and often
referred to as the cholinergic anti-inflammatory pathway (CAP) [16]. Preclinical studies
have established that activation of the CAP results in a reduction of inflammatory cytokine
release, including interleukin (IL)-6 (IL-6), from splenic macrophages [17, 18]. In vitro
studies have demonstrated that the principal neurotransmitter of the parasympathetic nervous
system, acetylcholine, which is released by vagal efferents, has anti-inflammatory effects

on immune signaling. In a lipopolysaccharide (LPS)-stimulated human macrophage culture,
the application of acetylcholine attenuated the release of pro-inflammatory tumor necrosis
factor alpha (TNFa), IL-6, and IL-18, but did not influence levels of the anti-inflammatory
cytokine IL-10 [19].

Our knowledge of ANS regulation of the immune system in humans stems mainly from
observational studies focused on parasympathetic/vagal function. Cardiac measurements
indicative of lower resting vagal activity are present in patients with inflammatory bowel
disease (IBD) as well as rheumatoid arthritis (RA) and neuropsychiatric conditions [20,
21]. In addition, vagal nerve stimulation has been associated with reduced levels of pro-
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inflammatory cytokines in patients with Sjogren’s syndrome and Crohn’s disease [19,

22]. Due to the complexity of the sympathetic nervous system and the methodological
challenges associated with its measurement, the influence of sympathetic activity on
immune signaling pathways in humans remain largely unexplored. This leaves a significant
gap in our understanding of the ANS-immune network, as branches of the ANS do not act
independently, but modulate immune signaling through an interconnected network [12, 17].

The study reported here had three goals. First, as preclinical studies have demonstrated

both the importance of IL-6 in the CAP [12] and an association between IL-6 and

increased morbidity and mortality in people with HIV [23, 24], we initially investigated the
relationship between IL-6 and the parasympathetic/vagal component of baroreflex sensitivity
(BRS-V) in people with HIV. We chose to measure BRS-V because this reflex relies on
caudal vagal circuitry common to the CAP [25]. Secondly, we set out to holistically examine
the ANS-immune network and determine whether the type (i.e., parasympathetic/vagal,
cardiovascular sympathetic, and non-cardiovascular sympathetic) and severity of autonomic
dysfunction was associated with distinct immune phenotypes identified by unsupervised
non-negative matrix factorization (NMF) clustering analyses performed on a panel of 96
biomarkers of inflammation. Finally, as AN is associated with medical morbidity in people
with HIV [11], we sought to compare the burden of non-AlIDS-related co-morbidities
between immunotypes. Given the availability of medications and devices that modulate

both the ANS and the immune system, our hope is that a greater understanding of the
ANS-immune network will rapidly translate into therapeutic studies.

Materials and methods

Study design and patient population

This is a cross-sectional observational study. Participants were recruited from a primary care
clinic network within the Mount Sinai Health System in New York City (NY, USA). Eligible
participants were identified by pre-screening clinic providers’ schedules and requesting
approval from providers prior to contacting potential participants. Electronic Supplementary
Material (ESM) Table 1 lists the full inclusion and exclusion criteria. Briefly, included
participants were at least 18 years of age with a history of well-controlled HIV infection
(plasma RNA load of < 100 copies/ml for 3 months prior to enroliment) who were on a
stable combination of antiretroviral therapy (CART) for at least 3 months. Patients with
another diagnosis known to cause autonomic dysfunction (e.g., diabetes), those not able to
complete required autonomic testing (e.g., participant must be able to stand), or those taking
substances that impact the autonomic nervous system (e.g., urine drug testing positive for
stimulants) were excluded. All procedures were performed in accordance with a protocol
approved by the Institutional Review Board of the Icahn School of Medicine at Mount Sinai
(ISMMS), and all participants provided written informed consent.

Autonomic testing procedures

Autonomic function tests (AFTSs) are a standard battery of non-invasive tests (WRMedical®:;
https://wrmed.com/) which include sudomotor testing (QSWEAT), heart rate response to
deep breathing, Valsalva maneuver (VM), and tilt table testing. The QSWEAT is performed
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by placing a capsule containing acetyl choline (ACh) on the skin in four standardized
locations (forearm, proximal leg, distal leg, and foot). The capsule is attached to an
automated system which delivers a small continuous electrical stimulus to the capsule
causing iontophoresis of ACh into the skin, which in turn triggers a reflexive sweat

response collected by the capsule. The evoked sweat volume is measured and compared to
standardized values. A non-invasive continuous beat-to-beat blood pressure (BP) monitoring
device is attached to the participant’s finger and a 3-lead surface electrocardiogram and
respiratory monitor are attached to the chest. BP, heart rate (HR), and respirations are
recorded during the VM (forced exhalation to a pressure of 40 mmHg for 15 s), standardized
paced deep breathing (heart rate variation with deep breathing [HRDB]), and a 10-min
head-up tilt test. It is important to note that while the QSWEAT s a direct measurement

of sympathetic efferent function, cardiovascular responses to deep breathing and tilt table
position changes are also influenced by other physiologic factors (e.g., arterial compliance
and activation of stress response systems) [9]. Therefore, cardiovascular changes during
autonomic testing are indirect measurements of parasympathetic or sympathetic activity.

Calculation of autonomic indices

The procedures described in section Autonomic testing procedures are used to calculate the
Composite Autonomic Severity Score (CASS), which is a validated age- and sex-adjusted
summary score reflecting overall autonomic function and is the sum of three sub-scores [26].
The sudomator (i.e., peripheral, non-cardiovascular sympathetic) sub-score uses data from
the QSWEAT, the parasympathetic/vagal sub-score is based on changes in HR during deep
breathing and VM, and the adrenergic (i.e., cardiovascular sympathetic) sub-score is based
on BP changes during VM and tilt table testing. Given the medical complexity of our patient
population, our laboratory uses the stringent threshold of a total CASS = 3 to define AN;

a sub-score of 1 defines mild dysfunction and a sub-score > 2 identifies moderate-to-severe
dysfunction [27].

BRS was calculated as previously described [28]. Briefly, VM data are visually inspected by
a trained, blinded technician. BRS-V is a measure of the compensatory cardiac response to a
decrease in BP evoked during the forced expiration against a closed glottis, and is calculated
by dividing the change in the RR interval during phase 2E of the VM by the change

in systolic BP. It is a continuous measurement expressed as milliseconds per millimeter
mercury (ms/mmHg). Adrenergic baroreflex sensitivity (BRS-A) is expressed in millimeters
mercury per second (mmHg/s), and it is calculated by dividing the change in systolic BP
during phase 3 by the time required for systolic BP to recover following the release of VM.

Medical history and patient-reported outcome measures

Information on medical history and concomitant medications was obtained through a
participant interview and review of the electronic health record (EHR). To control potentially
confounding influences of medications and comorbidities, we included several indices in
multivariable analyses. First, as acetylcholine is a main neurotransmitter of the ANS, an
anticholinergic burden (ACB) medication score was determined for all participants. Second,
a Charlson Comorbidity Index (CCI) score was calculated (modified to exclude HIVV/AIDS)
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[29-31]. Participants completed the Hospital Anxiety and Depression Scale (HADS) [32]
and the Perceived Stress Scale-14 (PSS-14) [33].

Biospecimen collection and proteomics analysis

Whole blood was collected in EDTA tubes followed by isolation of peripheral blood
mononuclear cells (PBMCs) and plasma, as described previously [34]. Serum was obtained
concomitantly from serum-separator tubes. At our institution’s Human Immune Monitoring
Center (HIMC), a shared core research facility, plasma IL-6 was measured as part of the
Target 96 Inflammation Panel on the Olink proteomics platform (Olink Proteomics AB,
Uppsala, Sweden) as previously published [34].

Cytometry by time of flight analysis

Cytometry by time of flight (CyTOF) analysis was performed on PBMC samples collected
from participants with AN (CASS = 3) and without AN (CASS < 1) who had been

selected purposively to maximize the difference in CASS between these groups while
controlling for sex and age (V=5 per group) and without knowledge of cytokine

profiles. Briefly, cell counts were performed on the Nexcelom Cellaca Automated Cell
Counter (Nexcelom Bioscience, Lawrence, MA, USA), and cell viability was measured
using Acridine Orange/Propidium lodide viability staining reagent (Nexcelom Bioscience).
After the cells were washed in Cell Staining Buffer (CSB) (Standard BioTools [Fluidigm],
South San Francisco, CA, USA), Fc receptor blocking (BioLegend, San Diego, CA,

USA) and Rhodium-103 viability staining (Standard BioTools [Fluidigm]) were performed
simultaneously with surface markers for 30 min at room temperature. Cells were
subsequently washed twice in CSB, and then palladium barcoding was performed on

each sample using the Cell-1D 20-Plex Pd Barcoding Kit (Standard BioTools [Fluidigm])
following manufacturer’s instructions and pooled together. The pooled sample was fixed
with 2.4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) followed
by labeling with 125 nM Iridium-193 (Standard BioTools [Fluidigm]) and 2 nM Osmium
tetroxide (Electron Microscopy Sciences) for 30 min at room temperature. Immediately
prior to data acquisition, samples were resuspended at a concentration of 1 million cells per
milliliter in Cell Acquisition Solution containing a 1:20 dilution of EQ Normalization beads
(Standard BioTools [Fluidigm]). The samples were acquired on a Helios Mass Cytometer
(Standard BioTools [Fluidigm]) equipped with a wide-bore sample injector at an event rate
of < 400 events per second. Prior to analysis, routine data normalization (Standard BioTools
[Fluidigm] software) and sample demultiplexing were performed.

Statistical analysis

All data were stored in REDCap. Descriptive statistics including frequencies, percentages,
and medians with interquartile range (IQR) were calculated as appropriate. Spearman rank
correlation was performed to investigate the relationship between IL-6 and BRS-V. While
CASS normative scoring is adjusted for age and sex, BRS is not. Therefore, multivariate
logistic regression adjusting for age and sex was performed for analyses involving BRS.
The Kruskal-Wallis test or Chi-square test was used to compare continuous and categorical
variables between the four immunotypes, respectively. Bonferroni correction was applied to
analyses involving multiple comparisons.
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Immunotypes were defined using the R package for nonnegative matrix factorization (NMF)
as previously described [35]. Normalized protein expression of Olink inflammatory markers
were compared between immunotypes. STRINGdb R package v2.16.4 was used for gene
ontology (GO) enrichment analysis to elucidate key biological processes associated with
immunotypes. The significance of GO terms was determined based on a p-value < 0.001 and
a false discovery rate (FDR) value < 0.05. To account for multiple testing and reduce the
likelihood of false positives, we applied the Benjamini—-Hochberg test for corrections. All
analyses were conducted using SPSS version 28 (SPSS IBM Corp., Armonk, NY, USA) and
R 4.3.0 ® Foundation for Statistical Computing, Vienna, Austria).

Study population demographics, clinical characteristics, and autonomic function

Participant demographics and medical characteristics are summarized in Table 1.
Participants (V= 79) had an average age of 51.6 (range 25-73) years, and approximately
three quarters were male. The majority had long-standing HIV with a self-reported mean
disease duration of 22 years. African American was the most common race/ethnicity (48%),
while 17% of participants were Hispanic/LatinX, 17% were non-Hispanic/LatinX white, and
17% identified as other. With regard to medication, the mean ACB score for participants was
0.3 (standard deviation [SD] 0.8) with a range of 0 to 4. Regarding medical comorbidities,
the median CCI score Charlson was 1.0 (IQR 0-1), which aligns with previously reported
values in people living with HIV [36]. Hypertension and hyperlipidemia were the most
common comorbidities in our population (38.0% and 31.7%, respectively; Table 1).

Of the 79 participants, 76 completed autonomic nervous system testing. The total CASS
ranged from O to 6 with a median score of 2.0. AN was common (44.7%) in the study
population. Examination of CASS sub-scores showed that 42% of all participants had
adrenergic (i.e., cardiovascular sympathetic) sub-score abnormalities, 57% had sudomotor
(i.e., non-cardiovascular sympathetic) abnormalities, and 49% had cardiovagal (i.e., vagal/
parasympathetic) dysfunction. In patients with AN, dysfunction across multiple domains
of ANS function was common, with dysfunction in two domains present in 58.9% of all
participants and 29.4% demonstrating dysfunction in all three domains.

Increased IL-6 in patients with parasympathetic/vagal dysfunction

We assessed the relationship between IL-6 and parasympathetic/vagal function. We chose
to measure IL-6 levels because elevated IL-6 has been shown to correlate with increased
morbidity and mortality in people with HIV [23, 24] and pre-clinical studies have
demonstrated IL-6 plays a key role in the CAP [12]. Spearman rank correlation revealed

a significant univariate correlation between IL-6 and BRS-V in the expected direction, with
reduced vagal function correlating to higher IL-6 (Spearman’s rho = —0.352; p = 0.002; Fig.
1). This correlation was confirmed with multivariate, stepwise, linear regression with IL-6
as the outcome variable and BRS-V, age, ACB score, CD4+, sex, CClI score, and diagnoses
of anxiety and depression as the predictors; the final model retained BRS-V (p=0.012) and
age (p=0.028).
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Unsupervised clustering identified a pro-inflammatory immunotype in older participants
and a high prevalence of AN and burden of co-morbid illness

Next, we assessed the profile of inflammatory proteins using unbiased NMF and found four
clusters or immunotypes, with distinct differentially expressed protein expression profiles,
as demonstrated in the resulting heatmap shown in Fig. 2a. These immunotypes differed
with respect to prevalence and severity of AN, age, as well as burden of co-morbid illnesses
(Tables 1, 2). Of note, sex, CD4+ count, HADS scores, ACB score, and PSS-14 scores did
not differ between the four immunotypes (Table 1).

Immunotype 1: Immunotype 1 was defined by an upregulation of pro-inflammatory
biomarkers that included interleukins (IL-6, IL-17), and members of the TNF families
(IL-18, TNF-B, TNFRSF9, osteoprotegerin [OPG]) which are regulated by the CAP. As
shown in Fig. 2, immunotype 1 was characterized by increased levels of interleukins
involved in the expansion and activation of CD8+ T-cells, including IL-12B, IL-17c, and
IL-10RB, and decreased levels of proteins that act to inhibit T-cell expansion, including
CASP-8 [37]. (See Electronic Supplementary Material [ESM] Table 1 for normalized
protein expression and pairwise comparisons across the four immunotypes). GO analyses
demonstrated an enrichment in proteins involved in T-helper 1 cell cytokine production, as
well as the migration and chemotaxis of several immune cell subtypes (Fig. 3a).

The median age of participants with immunotype 1 was 6 years older than that of the

overall study population (60.5 vs. 53.5 years), and the former also had a higher median CCI
score compared to those with other immunotypes. The most prevalent medical comorbidities
were hypertension (47.6%) and hyperlipidemia (42.9%). Individuals with immunotype 1
also had the highest prevalence of AN (70%). Multivariate logistic regression revealed

that participants with AN were almost fivefold more likely to be immunotype 1 than
immunotypes 2—4 (adjusted odds ratio [aOR] 4.7; p= 0.017) after adjusting for age, sex,
ABC score, CCl score, and CD4+ count. All participants with moderate to severe AN
(CASS > 4) were immunotype 1, and no participants with a CASS of zero were immunotype
1. Cardiovascular sympathetic nervous system deficits defined this immunotype as they were
present in three-quarters of participants with immunotype 1, compared to just 20-30% with
other immunotypes. (Table 2; Fig. 4; p=0.001).

Immunotype 2: Immunotype 2 also demonstrated a pro-inflammatory profile; however,
the examination of normalized protein expression showed that many of the immunotype 1
defining proteins, including IL-18 and TNFp, were upregulated in immunotype 2 to a lesser
extent than in immunotype 1. The statistical significance of these differences was assessed
using pairwise comparisons as listed in ESM Table 1. Similarly, while NMF analyses
identified the pro-inflammatory vascular endothelial growth factor (VEGF), hepatocyte
growth factor (HGF), 1L-12, and FMS-related tyrosine kinase 3 ligand (FLT3LG) as proteins
defining immunotype 2, these proteins were also upregulated in immunotype 1, although to
a lesser extent. Compared to immunotype 1, immunotype 2 demonstrated an increased level
of anti-inflammatory cytokines and proteins indicative of cell apoptosis and the negative
regulation of cytokine production (e.g., IL-10; p=0.02 for pairwise comparison between
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immunotype 1 and 2 (Fig. 2; ESM Table 1). These results aligned with pathways identified
in the GO enrichment analyses (Fig. 3b).

Individuals with immunotype 2 were significantly younger than those with immunotype 1

(47.0 vs. 60.5 years) and had a significantly lower CCI score than those with immunotype

1 (0.5 vs. 2.0). Individuals with immunotype 2 also had the shortest HIV disease duration,
although this was not a statistically different result, and they had a lower prevalence of AN
(44.8%) than their immunotype 1 counterparts, which was due to a reduced prevalence of

adrenergic deficits (20% vs. 75%).

Immunotype 3: The immune signalling profile of immunotype 3 differed from those

of immunotypes 1 and 2. The pro-inflammatory proteins elevated in immunotypes 1 and

2 were not elevated in immunotype 3 (ESM Table 1) and similar to immunotype 2, GO
enrichment analysis demonstrated the upregulation of proteins involved in the negative
regulation of cytokine production and differentiation of immune cells (Fig. 3c). Defining
proteins identified by NMF included the glial derived protein family (GDNF and NTN),
neurotrophin 3 (NTF3), and IL-4, a cytokine involved in the differentiation of T helper cells
(Th) into Th2 cells [38].

Demographically, the age of individuals with immunotype 3 and the comorbidity burden
did not differ from the study population average. However, there were significantly more
African Americans with immunotype 3 that with the other immunotypes (87.5%).

Immunotype 4: Immunotype 4 also had a lower inflammatory profile compared

to immunotypes 1 and 2, although there was significant upregulation of several pro-
inflammatory proteins related to immune cell chemotaxis, including CXCL11 and monocyte
chemoattractant protein-1 (MCP-1), which distinguished it from immunotype 3 (ESM

Table 1). GO analysis identified enriched expression of pathways involved in intracellular
signaling and positive regulation of immunoglobulin secretion (Fig. 3d).

Individuals with immunotype 4 had the highest prevalence of solid tumors, herpes simplex
virus (HSV), and asthma compared to those with other immunotypes, although the
differences were not statistically significant. Approximately one-third of participants with
immunotype 4 had AN (36.4%) but, like those with immunotype 3, in the majority of
individuals, autonomic dysfunction was mild (Fig. 4).

Cytometry by time of flight

To gain a greater understanding of how AN alters the immune profile, we performed a
cellular profile analysis using high-parameter CyTOF, comparing the cellular composition
between patients diagnosed with and without AN. As described in the Materials and
methods section, participants were selected purposefully to maximize the difference in
CASS, and without knowledge of their cytokine profiles. Interestingly, we found that all
patients in the AN group belonged to immunotype 1. CyTOF results showed an increased
abundance of CD8+ T-cells in patients with AN compared to those without AN, which was
particularly pronounced for the terminally differentiated effector memory subtype of the
CD8+ T cells (Fig. 5).
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Discussion

We utilized comprehensive ANS testing and a broadscale proteomic approach to assess

the ANS-immune network in 79 people living with HIV. We found autonomic neuropathy
(AN) was prevalent (44.7%) and predicted a pro-inflammatory phenotype characterized by
elevations in type-1 cytokines, a predominance of CD8+ T-cells, and a higher burden of co-
morbid illness in people living with HIV. Thee findings of the present study provide novel
evidence for the clinical significance of parasympathetic/vagal and sympathetic pathways in
the regulation of immune signaling.

This is the first study to demonstrate that diminished vagal baroreflex sensitivity predicted
elevated IL-6 in people with HIV. IL-6 plays a pivotal role in vascular inflammation,
endothelial dysfunction, and adverse cardiovascular events [39, 40]. Yet, despite preclinical
studies demonstrating the regulation of IL-6 by the CAP, current understanding of this
pathway in humans is limited. The majority of studies that have examined the relationship
between parasympathetic/vagal activity and systemic inflammation have used resting heart
rate variability (HRV) measurements [20, 21, 40, 41]. However, resting HRV is associated
with the activity of prefrontal-amygdala pathways [42] and is decreased in stress-related
mood disorders [43]. Our own laboratory found reduced resting HRV in patients with
normal peripheral vagal pathways [44]. We found only one study that used a reflexive
measure of vagal activity to assess the relationship between plasma IL-6 level and caudal
parasympathetic/vagal circuitry [45]. In that study, in young patients with type | diabetes
without AN, lower HRDB correlated to higher levels of plasma IL-6 [45]. Although
cardiovagal baroreflex is influenced by arterial compliance [9], and, thus, is an indirect
measurement of vagal efferent activity, our results support the relevance of the CAP

in patients with chronic inflammatory AN. Future studies will examine the relationship
between IL-6 and measures of sympathetic/adrenergic function in patients living with HIV.

Unsupervised NMF clustering analysis revealed distinct immunotypes in people with HIV,
supporting previous work that has demonstrated low and high inflammatory subgroups in
people with HIV [46]. Individuals with immunotype 1 were significantly older and had

a higher burden of comorbid illness compared to those with immunotype 2. While both
immunotypes 1 and 2 demonstrated upregulation of pro-inflammatory proteins associated
with type 1 T-cell expansion, immunotype 2 also had an enrichment of proteins involved

in the negative regulation of inflammation and apoptosis, which was supported by the GO
analysis. The upregulation of these inhibitory proteins distinguished immunotype 2 from
immunotype 1. The enrichment of CD8+ T-cells in patients with AN supports the results of
the proteomics analyses showing an upregulation of plasma immune biomarkers associated
with proliferation of type 1 T-cells in immunotype 1. The association of HIV-AN with a
greater abundance of CD8+ T-cells is particularly relevant given that a low CD4/CD8 ratio
has been implicated in multiple poor outcomes in people with HIV, including neurocognitive
disorders, malignancy, and cardiovascular disease. [47]

Surprisingly, the pro-inflammatory immunotype 1 was not associated with a greater
prevalence or severity of parasympathetic/vagal dysfunction. Instead, pathology in the
sympathetic nervous system distinguished those with immunotype 1 from the younger
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and healthier individuals with immunotype 2. The increased prevalence of cardiovascular
sympathetic deficits was particularly striking (75% in immunotype 1 vs. 20% in
immunotype 2). Non-cardiovascular sympathetic deficits, as measured by the sudomotor
sub-score, were also more common in immunotype 1, indicating widespread sympathetic
dysfunction. Preclinical studies have provided an anatomic and physiologic basis of the
anti-inflammatory impact of the sympathetic nervous system [13]. In vitro studies have
demonstrated that local release of NE from sympathetic efferents inhibits the production
and release of pro-inflammatory cytokines through actions at p-adrenergic receptors located
on the surface of immune cells [13]. While we could not directly assess the sympathetic
efferents innervating organs of the immune system, in patients with more advanced HIV-
AN with evidence of both cardiovascular and non-cardiovascular sympathetic impairment
(as individuals with immunotype 1 displayed), it would be unlikely that they would be
selectively spared [48]. Moreover, loss of sympathetic innervation of lymph nodes has been
demonstrated in Simian immunodeficiency virus (SIV) models [49]. Future studies should
examine if organ-specific deficits in post-ganglionic sympathetic efferent activity are present
in people living with HIV.

The significant age difference between individuals with immunotype 1 (median 60.5 years)
and those with immunotype 2 (median 47.5 years) warrants discussion. Determining the
influence of aging on HIV-AN progression may be confounded by the common correlation
between age and duration of HIV disease and by the fact that younger people with HIV

did not experience the early HIV epidemic (i.e., lack of treatment followed by neurotoxic
treatments). Interestingly, disease duration did not significantly differ between immunotypes
1 and 2, suggesting that aging may contribute to deficits in cardiovascular sympathetic
activity that characterize immunotype 1. We hypothesize that with time, the autonomic,
immune, and clinical characteristics of immunotype 2 may evolve to resemble those of
immunotype 1. Results from clinical and preclinical studies indicate that aging comprises
peripheral nerve structure and function through mechanisms that involve inflammation, and
thus may be accelerated in the context of the pathologic inflammation of chronic HIV [50,
51]. Unmyelinated, type C fibers of the sympathetic nervous system may be more vulnerable
to aging than type A and B vagal efferent projections [52]. We hypothesize that dysfunction
of sympathetic fibers leads to an increase in pro-inflammatory activity in patients living with
HIV. However, longitudinal research examining the progression of HIV-AN and its influence
on the immune network is needed to explore this hypothesis and establish causality.

The diminished prevalence of AN in immunotype 3 may have contributed to its lower
inflammatory profile. However, it is important to note that a significantly greater proportion
of individuals with immunotype 3 identified as African American (87.5%) and that while
isolating the biological influence of race on the immune system is complicated by cultural
and psychosocial influences, there is evidence for race-based differences in immune
signaling which may confound conclusions regarding the influence of ANS on immune
signaling [53]. Similarly, individuals with immunotype 4 had a higher prevalence of solid
tumors, HSV, and asthma; thus, AN is unlikely to be the primary influence on immune
signaling.
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There are certain limitations to our study. First, the single-center, cross-sectional design and
a small sample size prohibit us from establishing mechanistic causation; in this context,
larger, longitudinal studies are needed. However, this work does provide important support
for a preclinical literature that demonstrates direct modulation of the immune system by the
ANS. Second, while female representation in our study aligns with HIV disease prevalence,
the lower enrollment makes it difficult to examine the likely influence of sex differences

on ANS-immune function. Finally, as mentioned in the Materials and methods section,
cardiovascular responses to deep breathing or changes in body position provide indirect
information on parasympathetic and sympathetic responsivity, as they are also influenced
by other physiological factors, including vascular compliance. Although our study used the
sudomotor test to measure sympathetic efferent activity, we did not employ additional direct
tests of autonomic activity, such as catecholamine plasma levels in response to standing or
intraepidermal nerve fiber density on skin biopsy. Therefore, to acknowledge this limitation,
we chose a higher CASS threshold to identify autonomic neuropathy.

Conclusion

In conclusion, our results provide important evidence that the cholinergic anti-inflammatory
pathway (CAP), established by preclinical studies, exists in humans and is relevant to the
pathology of chronic inflammatory disorders. In addition, the data from the present study
demonstrate the importance of the sympathetic nervous system in the development of a
pro-inflammatory immune signature associated with a higher burden of co-morbid disease
and suggest that longitudinal examination of the time course of HIV-AN progression may
provide important insights regarding the influence of aging on this process. Finally, our
findings illustrate that a comprehensive evaluation of the ANS-immune network advances
our understanding of core mechanisms that lead to immune system dysregulation associated
with increased morbidity and mortality in people with HIV and provide a rationale for future
research to develop therapeutic strategies focused on modulation of the sympathetic and
parasympathetic/vagal nervous system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

Funding

This work was supported by a grant from the National Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK; R01DK122853) and the National Institute of Health (NIH) Helping to End Addition Long Term (HEAL:
K12 NS130673). This work was also supported in part through the computational and data resources and staff
expertise provided by Scientific Computing and Data at the Icahn School of Medicine at Mount Sinai and supported
by the Clinical and Translational Science Awards (CTSA) grant UL1 TR004419 from the National Center for
Advancing Translational Sciences.

This work was supported by grants from the Foundation for the National Institutes of Health to Bridget R Mueller
(K12 NS130673) and to Jessican Robinson-Papp (R01DK122853).

Clin Auton Res. Author manuscript; available in PMC 2026 April 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mueller et al.

Page 12

Data availability

The data that support the findings of this study are available on request from the
corresponding author.

References

1.

Varma-Doyle A, Villemarette-Pittman NR, Lelorier P, England J (2023) Demonstrating new-onset
or worsened sudomotor function post-COVID-19 on comparative analysis of autonomic function
pre-and post-SARS-CoV-2 infection. eNeurologicalSci 30:100445. 10.1016/j.ensci.2023.100445
[PubMed: 36718227]

. McAlpine L, Zubair AS, Joseph P, Spudich S (2024) Case-control study of individuals with small

fiber neuropathy after COVID-19. Neurol Neuroimmunol Neuroinflamm 11(3):e200244. 10.1212/
NX1.0000000000200244 [PubMed: 38630952]

. Tabacco G, Naciu AM, Cesareo R et al. (2020) Cardiovascular autonomic neuropathy as a cause

of fatigue in chronic hypoparathyroidism. Endocrine 67(1):198-203. 10.1007/s12020-019-02101-w
[PubMed: 31583574]

. Freeman R, Komaroff AL (1997) Does the chronic fatigue syndrome involve the autonomic nervous

system? Am J Med 102(4):357-364. 10.1016/s0002-9343(97)00087-9 [PubMed: 9217617]

. Chaaban N, Shaver T, Kshatriya S (2022) Sjogren syndrome-associated autonomic neuropathy.

Cureus 14(6):e25563. 10.7759/cureus.25563 [PubMed: 35784971]

. Zinglersen AH, lversen KK, Leffers HCB, Laugesen E, Fleischer J, Jacobsen S (2021)

Characteristics of cardiovascular autonomic dysfunction and association with quality of life in
patients with systemic lupus erythematosus. Lupus Sci Med. 10.1136/lupus-2021-000507

. Sanya EO, Tutaj M, Brown CM, Goel N, Neundorfer B, Hilz MJ (2005) Abnormal heart rate and

blood pressure responses to baroreflex stimulation in multiple sclerosis patients. Clin Auton Res
15(3):213-218. 10.1007/s10286-005-0274-7 [PubMed: 15944871]

. Pecanha T, Meireles K, Pinto AJ et al. (2021) Increased sympathetic and haemodynamic responses

to exercise and muscle metaboreflex activation in post-menopausal women with rheumatoid
arthritis. J Physiol 599(3):927-941. 10.1113/JP280892 [PubMed: 33180998]

. Adlan AM, Paton JF, Lip GY, Kitas GD, Fisher JP (2017) Increased sympathetic nerve activity and

reduced cardiac baroreflex sensitivity in rheumatoid arthritis. J Physiol 595(3):967-981. 10.1113/
JP272944 [PubMed: 27561790]

10. Robinson-Papp J, Sharma S, Simpson DM, Morgello S (2013) Autonomic dysfunction is common

in HIV and associated with distal symmetric polyneuropathy. J Neurovirol 19(2):172-180.
10.1007/s13365-013-0160-3 [PubMed: 23580249]

11. Kwon PM, Lawrence S, Figueroa A, Robinson-Papp J (2023) Autonomic neuropathy as a predictor

of morbidity and mortality in people living with HIV: a retrospective, longitudinal cohort study.
Neurol Clin Pract 13(3):200141. 10.1212/CPJ.0000000000200141 [PubMed: 37066108]

12. Tracey KJ (2009) Reflex control of immunity. Nat Rev Immunol 9(6):418-428. 10.1038/nri2566

[PubMed: 19461672]

13. Nance DM, Sanders VM (2007) Autonomic innervation and regulation of the immune

system (1987-2007). Brain Behav Immun 21(6):736-745. 10.1016/j.bbi.2007.03.008 [PubMed:
17467231]

14. Slota C, Shi A, Chen G, Bevans M, Weng NP (2015) Norepinephrine preferentially

modulates memory CD8 T cell function inducing inflammatory cytokine production and
reducing proliferation in response to activation. Brain Behav Immun 46:168-179. 10.1016/
J.bbi.2015.01.015 [PubMed: 25653192]

15. Sharma D, Farrar JD (2020) Adrenergic regulation of immune cell function and inflammation.

Semin Immunopathol 42(6):709-717. 10.1007/s00281-020-00829-6 [PubMed: 33219396]

16. Martelli D, McKinley MJ, McAllen RM (2014) The cholinergic anti-inflammatory pathway: a

critical review. Auton Neurosci 182:65-69. 10.1016/j.autneu.2013.12.007 [PubMed: 24411268]

Clin Auton Res. Author manuscript; available in PMC 2026 April 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mueller et al.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Page 13

Tracey KJ (2007) Physiology and immunology of the cholinergic antiinflammatory pathway. J Clin
Invest 117(2):289-296. 10.1172/JC130555 [PubMed: 17273548]

Tracey KJ (2009) Reflex control of immunity. Nat Rev Immunol 9(6):418-428. 10.1038/nri2566
[PubMed: 19461672]

Bonaz B, Sinniger V, Pellissier S (2016) Anti-inflammatory properties of the vagus nerve:
potential therapeutic implications of vagus nerve stimulation. J Physiol 594(20):5781-5790.
10.1113/JP271539 [PubMed: 27059884]

Williams DP, Koenig J, Carnevali L et al. (2019) Heart rate variability and inflammation: a meta-
analysis of human studies. Brain Behav Immun 80:219-226. 10.1016/j.bbi.2019.03.009 [PubMed:
30872091]

Mueller B, Figueroa A, Robinson-Papp J (2022) Structural and functional connections between
the autonomic nervous system, hypothalamic-pituitary-adrenal axis, and the immune system:

a context and time dependent stress response network. Neurol Sci 43(2):951-960. 10.1007/
510072-021-05810-1 [PubMed: 35034231]

Tarn J, Legg S, Mitchell S, Simon B, Ng WF (2019) The effects of noninvasive vagus nerve
stimulation on fatigue and immune responses in patients with primary Sjogren’s syndrome.
Neuromodulation 22(5):580-585. 10.1111/ner.12879 [PubMed: 30328647]

Kuller LH, Tracy R, Belloso W et al. (2008) Inflammatory and coagulation biomarkers and
mortality in patients with HIV infection. PLoS Med 5(10):e203. 10.1371/journal.pmed.0050203
[PubMed: 18942885]

Boulware DR, Hullsiek KH, Puronen CE et al. (2011) Higher levels of CRP, D-dimer, IL-6, and
hyaluronic acid before initiation of antiretroviral therapy (ART) are associated with increased risk
of AIDS or death. J Infect Dis 203(11):1637-1646. 10.1093/infdis/jir134 [PubMed: 21592994]

Kaufmann H, Norcliffe-Kaufmann L, Palma JA (2020) Baroreflex dysfunction. N Engl J Med
382(2):163-178. 10.1056/NEJMral1509723 [PubMed: 31914243]

Low PA (1993) Composite autonomic scoring scale for laboratory quantification of generalized
autonomic failure. Mayo Clin Proc 68(8):748-752. 10.1016/s0025-6196(12)60631-4 [PubMed:
8392653]

Low PA, Vernino S, Suarez G (2003) Autonomic dysfunction in peripheral nerve disease. Muscle
Nerve 27(6):646-661. 10.1002/mus.10333 [PubMed: 12766975]

Palamarchuk I, Ives CT, Hachinski V, Kimpinski K (2014) Baroreflex sensitivity: reliability
of baroreflex components of the Valsalva maneuver. Auton Neurosci 185:138-140. 10.1016/
j.autneu.2014.05.002 [PubMed: 24862158]

McGinnis KA, Justice AC, Moore RD et al. (2021) Discrimination and calibration of the veterans
aging cohort study index 2.0 for predicting mortality among people with human immunodeficiency
virus in North America. Clin Infect Dis 75(2):297-304. 10.1093/cid/ciab883

Paudel M, Prajapati G, Buysman EK et al. (2022) Comorbidity and comedication burden

among people living with HIV in the United States. Curr Med Res Opin 38(8):1443-1450.
10.1080/03007995.2022.2088714 [PubMed: 35757905]

Ramirez HC, Monroe AK, Byrne M, O’Connor LF (2023) Examining the association between a
modified Quan-Charlson comorbidity index and HIV viral suppression: a cross-sectional analysis
of DC cohort participants. AIDS Res Hum Retroviruses 39(12):662—670. 10.1089/aid.2022.0186
[PubMed: 37392022]

Herrmann C (1997) International experiences with the Hospital Anxiety and Depression Scale
—a review of validation data and clinical results. J Psychosom Res 42(1):17-41. 10.1016/
50022-3999(96)00216-4 [PubMed: 9055211]

Yilmaz Kogar E, Kogar H (2024) A systematic review and meta-analytic confirmatory factor
analysis of the Perceived Stress Scale (PSS-10 and PSS-14). Stress Health 40(1):e3285. 10.1002/
smi.3285 [PubMed: 37341705]

Assarsson E, Lundberg M, Holmquist G et al. (2014) Homogenous 96-plex PEA immunoassay
exhibiting high sensitivity, specificity, and excellent scalability. PLoS ONE 9(4):€95192. 10.1371/
journal.pone.0095192 [PubMed: 24755770]

Gaujoux R, Seoighe C (2010) A flexible R package for nonnegative matrix factorization. BMC
Bioinformatics 11:367. 10.1186/1471-2105-11-367 [PubMed: 20598126]

Clin Auton Res. Author manuscript; available in PMC 2026 April 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mueller et al.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 14

Ramirez HC, Monroe AK, Byrne M, O’Connor LF (2023) Examining the association between a
modified quan-charlson comorbidity index and HIV viral suppression: a cross-sectional analysis
of DC cohort participants. AIDS Res Hum Retroviruses 39(12):662—-670. 10.1089/A1D.2022.0186
[PubMed: 37392022]

Emmerich J, Mumm JB, Chan IH et al. (2012) IL-10 directly activates and expands tumor-resident
CD8(+) T cells without de novo infiltration from secondary lymphoid organs. Cancer Res
72(14):3570-3581. 10.1158/0008-5472.CAN-12-0721 [PubMed: 22581824]

Li-Weber M, Krammer PH (2003) Regulation of L4 gene expression by T cells and therapeutic
perspectives. Nat Rev Immunol 3(7):534-543. 10.1038/nri1128 [PubMed: 12876556]

Patterson CC, Smith AE, Yarnell JW, Rumley A, Ben-Shlomo Y, Lowe GD (2010)

The associations of interleukin-6 (IL-6) and downstream inflammatory markers with risk

of cardiovascular disease: the Caerphilly Study. Atherosclerosis 209(2):551-557. 10.1016/
j.atherosclerosis.2009.09.030 [PubMed: 19836021]

Berger M, Marz W, Niessner A et al. (2024) IL-6 and hsCRP predict cardiovascular mortality in
patients with heart failure with preserved ejection fraction. ESC Heart Fail. 10.1002/ehf2.14959
Aronson D, Mittleman MA, Burger AJ (2001) Interleukin-6 levels are inversely correlated with
heart rate variability in patients with decompensated heart failure. J Cardiovasc Electrophysiol
12(3):294-300. 10.1046/j.1540-8167.2001.00294.x [PubMed: 11291801]

Wei L, Chen H, Wu G-R (2018) Structural covariance of the prefrontal-amygdala pathways
associated with heart rate variability. Front Hum Neurosci. 10.3389/fnhum.2018.00002

Thayer JF, Lane RD (2009) Claude Bernard and the heart-brain connection: further elaboration

of a model of neurovisceral integration. Neurosci Biobehav Rev 33(2):81-88. 10.1016/
j.neubiorev.2008.08.004 [PubMed: 18771686]

Kwon PM, Lawrence S, Mueller BR, Thayer JF, Benn EKT, Robinson-Papp J (2022) Interpreting
resting heart rate variability in complex populations: the role of autonomic reflexes and
comorbidities. Clin Auton Res 32(3):175-184. 10.1007/s10286-022-00865-2 [PubMed: 35562548]
Gonzalez-Clemente JM, Vilardell C, Broch M et al. (2007) Lower heart rate variability is
associated with higher plasma concentrations of IL-6 in type 1 diabetes. Eur J Endocrinol
157(1):31-38. 10.1530/EJE-07-0090 [PubMed: 17609399]

Vadag N, van de Wijer L, van Eekeren LE et al. (2022) Targeted plasma proteomics

reveals upregulation of distinct inflammatory pathways in people living with HIV. iScience
25(10):105089. 10.1016/j.isci.2022.105089 [PubMed: 36157576]

Wolday D, Kebede Y, Legesse D et al. (2020) Role of CD4/CD8 ratio on the incidence of
tuberculosis in HIV-infected patients on antiretroviral therapy followed up for more than a decade.
PLoS ONE 15(5):e0233049. 10.1371/journal.pone.0233049 [PubMed: 32442166]

Low PA (2004) Evaluation of sudomotor function. Clin Neurophysiol 115(7):1506-1513. 10.1016/
j.clinph.2004.01.023 [PubMed: 15203051]

Sloan EK, Nguyen CT, Cox BF, Tarara RP, Capitanio JP, Cole SW (2008) SIV infection decreases
sympathetic innervation of primate lymph nodes: the role of neurotrophins. Brain Behav Immun
22(2):185-194. 10.1016/j.bbi.2007.07.008 [PubMed: 17870298]

Shibuta Y, Nodera H, Mori A, Okita T, Kaji R (2010) Peripheral nerve excitability measures

at different target levels: the effects of aging and diabetic neuropathy. J Clin Neurophysiol
27(5):350-357. 10.1097/WNP.0b013e3181f387ab [PubMed: 20844439]

Happe M, Samuvel DJ, Ohtola JA, Korte JE, Westerink MAJ (2019) Race-related differences in
functional antibody response to pneumococcal vaccination in HIV-infected individuals. Vaccine
37(12):1622-1629. 10.1016/j.vaccine.2019.01.084 [PubMed: 30797636]

Yuan H, Silberstein SD (2016) Vagus nerve and vagus nerve stimulation, a comprehensive review:
part |. Headache 56(1):71-78. 10.1111/head.12647 [PubMed: 26364692]

Schindler SE, Cruchaga C, Joseph A et al. (2021) African Americans have differences

in CSF soluble TREM2 and associated genetic variants. Neurol Genet 7(2):e571. 10.1212/
NXG.0000000000000571 [PubMed: 33884297]

Clin Auton Res. Author manuscript; available in PMC 2026 April 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mueller et al.

Interleukin-6 (IL-6) normalized protein expression (NPX)

6.00 |

$.00|

400

300

200 |

Page 15

10.00 20.00 30.00
BRS-V (milliseconds/mmHg)

Fig. 1.
Lower vagal baroreflex sensitivity (BRS-V) is associated with higher plasma interleukin-6
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revealed by non-negative matrix factorization (NMF) clustering analysis
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nge ontology (GO) analysis demonstrates increased expression of type 1 pro-inflammatory
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(c). Immunotype 4 (d) showed an increased expression of proteins involved in intracellular
signaling and immunoglobulin secretion
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Fig. 4.

Agtonomic nervous system testing revealed distinct patterns of parasympathetic/vagal,
non-cardiovascular sympathetic (i.e., sudomotor) and cardiovascular sympathetic (i.e.,
adrenergic) deficits, as defined by a Composite Autonomic Severity Score (CASS) sub-score
> 1, in participants with immunotypes 1-4. Diagonal lines indicate prevalence of moderate-
severe deficits (CASS sub-score = 2). Asterisk indicates a significantly higher prevalence
(*p < 0.001) of cardiovascular sympathetic (i.e., adrenergic) deficits in immunotype 1
compared to immunotypes 2, 3, and 4
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Fig. 5.

Comparison of immune cell type between participants with normal autonomic function
and patients with autonomic neuropathy. Asterisk indicates significant increase (*p <
0.01) in the proportion of CD3+ CD8+, and CD8 EMRA sub-populations of T cells.
Autonomic neuropathy is defined as Composite Autonomic Severity Score (CASS) = 3.
Normal autonomic nervous system function is defined as CASS < 1. EMRA Terminally
differentiated effector memory cells re-expressing CD45RA
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