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Background: In human immunodeficiency virus (HIV)-infection, persistent T-cell acti-
vation leads to rapid turnover and increased cell death, leading to immune exhaustion
and increased susceptibility to opportunistic infections. Stimulation of the vagus nerve
increases acetylcholine (ACh) release and modulates inflammation in chronic inflamma-
tory conditions, a neural mechanism known as the cholinergic anti-inflammatory path-
way (CAP). Pyridostigmine (PDG), an ACh-esterase inhibitor, increases the half-life of
endogenous ACh, therefore mimicking the CAP. We have previously observed that PDG
reduces ex vivo activation and proliferation of T-cells obtained from people living with HIV.

Methods: \We conducted a 16-week proof-of-concept open trial using PDG as add-on
therapy in seven HIV-infected patients with discordant immune response receiving com-
bined antiretroviral therapy, to determine whether PDG would promote an increase in
total CD4+ T-cells. The trial was approved by the Institutional Research and Ethics Board
and registered in ClinicalTrials.gov (NCT00518154).

Results: Seven patients were enrolled after signing informed consent forms. We
observed that addition of PDG induced a significant increase in total CD4* T-cells (base-
line = 153.1 + 43.1 vs. week-12 = 211.9 + 61.1 cells/uL; p = 0.02). Post hoc analysis
showed that in response to PDG, four patients (57%) significantly increased CD4*
T-cell counts (responders = 257.8 + 26.6 vs. non-responders = 150.6 + 18.0 cells/L;
p = 0.002), and the effect persisted for at least 1 year after discontinuation of PDG.

Conclusion: Our data indicate that in patients with HIV, add-on PDG results in a signif-
icant and persistent increase in circulating CD4* T-cells.
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INTRODUCTION

Effective suppression of viral replication with the use of antiretro-
viral therapy (cART) leads to recovery of circulating CD4* T-cells
(1, 2). Around 20% of patients starting cART with advanced
disease show an insufficient increase of CD4" T-cells, even after
adequate suppression of viral replication, reflecting an incomplete
immune reconstitution (3, 4). Those patients, called immunological
non-responders (INRs), have increased long-term susceptibility to
opportunistic infections, as well as accelerated disease progres-
sion and mortality (5). Various mechanisms have been proposed
to underlie incomplete immune reconstitution, including older
age, higher baseline HIV-RNA, low baseline CD4" counts
(<50 cells/pL), poor adherence to therapy, and enhanced CD4*
cell activation, all leading to cell dysfunction and apoptosis (6).

The cholinergic anti-inflammatory pathway (CAP) is a neural
mechanism that modulates inflammation through the release of
acetylcholine (ACh), resulting in decreased synthesis of inflam-
matory cytokines such as TNF-a and IL-1 (7). Pyridostigmine
(PDQG), a peripherally acting ACh-esterase inhibitor used for
the treatment of patients with myasthenia gravis, increases ACh
bioavailability. We recently showed that in HIV-infected patients,
PDG reduces T-cell overactivation and proliferation, reduces
production of IFN-vy, and increases production of IL-10 (8).

We therefore hypothesized that in HIV-infected patients with
complete HIV-RNA suppression, but incomplete CD4* T-cell
reconstitution, adding PDG to cART would promote the recovery
of CD4* T-cell counts by reducing T-cell overactivation.

METHODS
Study Design

The study was investigator-generated and planned as a prospective,
interventional, open label, proof-of-concept trial, to determine

whether the addition of PDG to cART improved the immune
status of HIV-1-infected subjects with optimal virological control
but inadequate immune reconstitution. Eligible patients received
PDG bromide [Mestinon® 3-(dimethylaminocarbonyloxy)-
1-methylpyridinium bromide; CAS number: 101-26-8] 30 mg,
TID, PO as add-on to their usual cART for 16 weeks. At each visit,
participants were asked about compliance, tolerability, and adverse
effects. Then, patients received a refill of PDG to cover the follow-
ing 4-week period plus a 7-day supply. Delivery of PDG was done
at the outpatient Infectious Diseases Clinic.

Ethical Considerations

The trial was approved by the Institutional Review Board and
by the Ethics Committee (registered as Ref-1663 and Ref-1873)
of the Instituto Nacional de Ciencias Médicas y Nutricion
Salvador Zubiran. The study was also registered in a public regis-
try (Clinical Trials.gov identifier: NCT00518154). All participants
signed a written informed consent, keeping a copy themselves.
Valeant Pharmaceuticals donated the PDG tablets but had no role
on study design, analysis, or publication of results.

Patients
We invited adult patients (>18 years), carriers of HIV-1 infection
being followed at the HIV/AIDS Clinic of our Institute. Patients
had to be taking effective cART, as evidenced by suppressed
viremia under a constant therapeutic regime for at least 2 years,
but with incomplete immunological response. We defined incom-
plete immunological response as failure to increase at least 50
CD4* cells/pL/year during the first 2 years of virological control;
failure to reach a CD4" cell count of 200/uL; or a combination of
both. A flowchart including participant selection, recruitment,
and analysis is presented as Figure 1.

A complete blood count (CBC) as well as CD4* and CD8*
T-cell quantification were carried at pre-established time

+ Assessed for eligibility (n=18)

+ Excluded (n=11)
* Not meeting inclusion criteria (n=11)

o Transient increases in viremia in
the previous two years

Allocation * Allocated to pyridostigmine (n=7)
* Received allocated intervention (n=7)

Lost to follow-up (n=0)
+ Discontinued intervention (n=1)

Analysis + Analyzed (n=7)

+ Excluded from analysis (n=7)

FIGURE 1 | CONSORT flowchart of patient enrollment, follow-up, and analysis.

Frontiers in Immunology | www.frontiersin.org

October 2017 | Volume 8 | Article 1301


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://ClinicalTrials.gov

Valdés-Ferrer et al.

Pyridostigmine Improves Immunehomeostasis in HIV

points: 8, 12, and 16 weeks of PDG; 4 weeks after the last dose
of PDG (washout period); and, 1 year after the last intake of
PDG. Patients were blinded to their response to PDG during the
study period. Exclusion criteria included the following: (a) con-
comitant active or neoplastic disease; (b) history of new AIDS-
defining illness during cART; (c) pregnancy or breast feeding;
(d) patients who had been subjects of an investigational agent,
chemotherapy, or radiotherapy within the previous 28 days;
(e) active tuberculosis or other opportunistic infections; (f)
that participants were unable to follow or comply with the
protocol interventions; and (g) that participants were receiving
immunosuppressive or immunomodulatory drugs, including
corticosteroids.

Measured Outcomes

The primary outcome was the number of circulating CD4*
T-cells at different time points in comparison with the baseline
level. Secondary readouts included (a) ratio of baseline-to-peak
CD4* cell counts and (b) changes in total T-cell numbers. CD4*
and CD8* T-cells were quantified by flow cytometry as described
previously (8). Analysis of samples was carried at a core facility,
where technicians were unaware of sample source.

Statistical Analysis

Being a proof-of-concept study, and aiming to include all eligible
subjects, we had no sample size or power estimation. Exploratory
data analysis was made using graphic methods. We describe
baseline demographic, clinical, and laboratory characteristics
of participants using means as measure of central tendency and
its corresponding SDs. We did an unplanned analysis to search
for factors associated with adequate immune response using the
same definition of adequate response used for inclusion criteria.
We carried out an intention-to-treat analysis to include the
single participant who stopped experimental medication early.
We present statistics of the whole group and of stratified patients
according to their immune response to PDG administration.
We compared the differences in CD4* T-cell concentrations at
baseline, and at weeks 8, 12, and 16 using paired t-tests and sum-
marize these changes using graphical methods. We compared
mean measured CD4* T-cells at each time point between patients
with ANOVA. Statistical analysis was done on Stata (release 12)
or GraphPad Prism (version 5).

RESULTS

Patients

Eighteen patients fulfilling the inclusion criteria were screened
and invited to participate. Eleven patients had had transient
elevations in viremia during the 2 years before recruitment and
were excluded. The remaining seven patients were enrolled after
signing informed consent. All were male and infected through
unprotected sex with males (MSM). All were free of co-infections,
including hepatotropic viruses, tuberculosis, or opportunistic
pathogens. Baseline characteristics of the patients can be found
in Table 1. In brief, patients had been diagnosed as HIV-positive
for a mean of 76.6 months (6.3 years) and, on average had delayed
the start of antiretroviral therapy for almost 3 years. Except for

TABLE 1 | Baseline characteristics of participants according to response status.

Patients

All (n =7) Responders Non-responders

n=4 n=3
N (SD) N (SD) N (SD)

Baseline demographic data

Age at inclusion and start of PDG ~ 48.1 (11.1)  42.6 (9.20) 55.6 (10.1)

(years)

Age at diagnosis (years) 41.7 (12.3) 37.3(11.4) 47.6 (12.8)
Diagnosis to cART span (months)  35.0 (63.2) 26.6 (41.4) 46.2 (74.8)
HAART to PDG span (months) 41.6(20.3) 35.9(10.9) 49.1 (30.1)
Diagnosis to start of PDG (months)  76.6 (68.0) 62.5 (41.4) 95.4 (101.8)
Circulating CD4* T cells at 73.0 (66.2) 64.3(40.3) 84.7 (101.8)
diagnosis (cells/pL)

Circulating CD4* T cells at start 77.4(43.5) 74.3(17.6) 81.7 (71.8)
of cART (cells/uL)

CBC at initiation of pyridostigmine

Hemoglobin (g/dL) 15.0(0.7) 15.5(0.9) 14.7 (0.4)
Hematocrit (%) 426(1.9) 4442 41.7 (1.3)
WBC (x10%/uL) 5.6(1.8) 4.4 (0.3 6.4 (2.0
Granulocytes (x10%/uL) 3.8(1.8) 4.5(2.2) 2.9 (0.9
Monocytes (x10%/uL) 0.4 (0.1) 0.4 (0.1) 0.4 (0.1)
Lymphocytes (x10%/uL) 1.2(0.6) 1.4(0.8) 1.1(0.2)
Circulating CD4* T cells (cells/uL) 153.2 (43.1) 170.3 (43.3) 130.3 (37.0)

Data expressed as follows: mean (+SD) or median (p25-p75).
CcART, combined antiretroviral therapy; PDG, pyridostigmine.

persistently low CD4* cells (153.2 & 43.1 cells/uL), participants
had CBCs within the normal range (Table 1).

Antiretroviral Therapy and Virological
Control

Four subjects were taking boosted protease inhibitor (PI)-based
regimens (three lopinavir and one atazanavir), and three were
receiving non-nucleoside transcriptase inhibitor (NNRTI)-
based regimens (efavirenz). Five subjects were receiving their
first cART regimen (three NNRTI-based and one PI-based).
Throughout the study, all HIV load determinations were below
detection level (Roche 1.5 ultra-sensitive).

Add-on PDG

Six patients reported full adherence to PDG. One patient (on
the Responder group, as described below) took PDG for the first
12 weeks, and then withdrew consent for reasons unrelated to the
study, but accepted to have CBC and CD4" determinations taken
from the charts up to the predetermined 1-year posttrial time
points. Adverse reactions to PDG were monitored daily during the
first week, then weekly during the first month and every 4 weeks
thereafter. No cardiovascular, respiratory, gastrointestinal, geni-
tourinary, or other reactions were identified. Monitoring of the
central nervous system functions did not reveal any symptom of
cholinergic side effects. Compliance relied on self-report.

CD4+ Response to PDG

We observed a significant increase in CD4" T-cell counts in
response to the addition of PDG (baseline = 153.2 + 43.1 vs.
week-12 = 211.9 + 61.1 cells/pL; p = 0.02), that persisted for as
long as PDG was taken. After discontinuing PDG, circulating

Frontiers in Immunology | www.frontiersin.org

October 2017 | Volume 8 | Article 1301


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Valdés-Ferrer et al.

Pyridostigmine Improves Immunehomeostasis in HIV

A ---- Predicted
'B' Measured * *k ok *

24m-12m  BL 8w 12w 16w WO  12m
Pre Study Post
c 1> Responders
% Non-responders
2500+
o
g
2000- S
D N
- <
= 15004 /%
+
™
0O 10004 §_
o —u
500+ -—
d2m BL 12w WO 12m
Pre Study Post

FIGURE 2 | CD4+ cell increase before, during, and after pyridostigmine (PDG). Total CD4+ cell counts were determined by flow cytometry as CD3*, CD4*, and
CD8™s cells. (A) The solid line shows the dynamic increase of total CD4+ T-cells [median (p25-p75)] during PDG administration; for comparison, the broken lines
depict predicted increase in circulating CD4+ cells of 35 cells/mL/year (4). (B) A subgroup of patients showed a significant, rapid, and persistent elevation in CD4*
cells, and this increase persisted after washout, and 1-year after PDG (each symbol represents and individual value). (C) Total T-cells were determined by flow
cytometry as CD3* cells (mean + SD). (D) The ratio of CD4+ and CD8* cells was determined by gating from total (CD3*) T-cells (each symbol represents and
individual value). n = 7 for panel (A); n = 3-4 subjects/group for panels (B-D). *p < 0.05; **p < 0.01 vs. baseline.
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CD4* T-cell counts decreased to similar levels to those observed
before inclusion. One year after the discontinuation of PDG,
CD4" T-cell counts were significantly elevated in comparison with
baseline (baseline = 153.2 + 43.1 vs. 1-year = 213.9 + 45.9 cells/
uL; p = 0.02) (Figure 2A).

We then performed a post hoc analysis, separating participants
dichotomically according to CD4* T-cell response: for that, we
defined patients whose CD4" T-cells reached 200 cells/pL as
responders, and those who failed to achieve 200 cells/pL as non-
responders. Responders separated from the non-responders early
after they started taking PDG (Figure 2B). Moreover, among
responders, the CD4* T-cell counts remained significantly
increased for the duration of intervention, returned to baseline
levels after discontinuation of PDG. We observed a trend for
higher baseline levels of total T-cells (CD3*) among responders
than non-responders (895.5 + 345.0 vs. 581.0 + 186.8 cells/pL,
respectively; p = 0.11); by week-12, responders had significantly
higher total T-cell counts than non-responders (1,217.0 + 396.7
vs. 681.0 +297.2 cells/uL, respectively; p = 0.05) (Figure 2C). The
CD4%/CD8* index remained stable during the study period for all
subjects, suggesting that the increase in CD4" cells was due to a
global increase in T-cells rather than to an effect on CD4* cells
(Figure 2D).

While no individual characteristic predicted response, non-
responders were older, had been diagnosed at an older age, had

been untreated for HIV infection for twice as long after being
diagnosed, and had lower mean CD4* T-cells at baseline, sug-
gesting that the lack of response might be due to age-related
decreased thymic output (Table 1).

DISCUSSION

In this proof-of-concept paper, we present data suggesting that
add-on therapy with the ACh-esterase inhibitor PDG improves
the number of circulating CD4" T-cells in HIV-infected, immu-
nological non-responder patients (INRs).

In HIV infection, initiation of cART leads to reduced viremia,
increased CD4* T-cell counts, normalization of the CD4*/
CD8* ratio, and reduction in morbidity and mortality (3). Most
patients using cART respond by effectively shutting down viremia
and increasing CD4* T-cell counts. Around 20% of patients
starting cART with advanced disease show an insufficient
increase of CD4* cells even after adequate suppression of viral
replication (9).

A CD4* count below 200 cells/pL implies severe immunosup-
pression and precludes the discontinuation of primary prophylaxis
against opportunistic infections (e.g., Pneumocystis pneumonia
or Toxoplasma gondii encephalitis). The clinical consequences
of being an INR are dire, because the severe CD4* lymphope-
nia increases dramatically the risk of developing opportunistic
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infections and malignant disease (10, 11). Further, low CD4*
T-cell counts are associated with faster disease progression and
mortality (5, 12, 13).

The mechanisms underlying CD4* T-cell lymphopenia
in patients infected with HIV are incompletely understood.
Nonetheless, persistent immune activation, observed even in
patients with suppressed viral replication, is considered a critical
factor for CD4* T-cell depletion (14). A number of pharma-
cological strategies, including hydroxychloroquine, statins,
cyclosporine A, mycophenolic acid, and rapamycin, have unsuc-
cessfully tried to improve the cellular response in HIV-infected
patients (14-16). In a previous report, we showed that PDG is
able to modulate T-cell activation—as reflected by cytokine
production and cell proliferation—in patients with HIV infec-
tion (8). Based on those findings, we hypothesized that T-cell
modulation through enhanced Ach availability could improve
CD4" T-cell counts in patients with HIV infection that had failed
to accomplish adequate immune reconstitution.

In this study, more than half of the patients treated with PDG
experienced an increase in CD4* T-cell numbers of sufficient
magnitude to allow them to cross the clinically relevant threshold
0f 200 cells/pL. Moreover, although the effect was greatest during
exposure to the drug, it showed to be long lasting and a year after
the discontinuation of the experimental therapy, the responders
maintained CD4* T-cell counts higher than 200 cells/uL.

The nervous system senses cytokines and other inflammatory
signals and responds, through an anti-inflammatory reflex, via
the vagus nerve. The efferent branch of this system is known as
the CAP. Accordingly, electrical stimulation of the vagus nerve, or
administration of cholinergic agonists, inhibit the inflammatory
response and lower the mortality of experimental endotoxemia
and other cytokine-mediated inflammation by inducing or
facilitating the CAP (17). Likewise, activation of the CAP during
systemic inflammation downregulates the production and release
of inflammatory cytokines (18).

T-cells are affected by the CAP and accordingly, they express all
the critical components for ACh signaling, including nicotinic and
muscarinic receptors, as well as the enzymatic machinery needed
for ACh synthesis (19-21). ACh can activate or suppress T-cells,
depending on the kinetics of its stimulation. Brief stimulation of
nicotinic receptors on T-cells results in Ca** signaling and cell
activation, while sustained stimulation results in downregulation
of T-cell activation (19, 22).

Pyridostigmine, a reversible ACh-esterase inhibitor, has been
in use since the mid-1950s for symptomatic treatment of myas-
thenia gravis (23, 24) and as prophylactic agent against biologi-
cal warfare involving neurotoxic agents (25, 26). By inhibiting
ACh esterase, PDG increases the half-life of endogenous ACh.
Because of its hydrophilic nature, its penetrance to the central
nervous system is limited and thus it is considered the standard
of care for myasthenia gravis and for civilians and soldiers at
risk of exposure to nerve agents (e.g., sarin) (27, 28). The data
presented here demonstrate that in principle, enhancement of
ACh availability may have a clinically relevant effect in increas-
ing CD4* T-cell counts in a subset of INR patients with HIV
infection.

As a pilot study, our work has many limitations, including the
lack of a control group, a small sample size consisting only of male
participants, and the use of only one dose of PDG. The choice of
the PDG dose (90 mg/day) was based on previous reports find-
ing less than 0.1% of serious side effects among 41,650 healthy
soldiers taking PDG as prophylaxis against biological warfare
(25). It is important to note, however, that as a proof-of-concept
study, the present work was not designed to evaluate different
doses. The optimal dose of PDG will have to be determined
in future studies. Regarding gender imbalance, we invited all
participants fulfilling our inclusion criteria, but only seven male
patients signed informed consent. Interestingly, about 85% of
HIV-infected individuals in Mexico are male; for reasons that are
unrelated to HIV status (e.g., child rearing), about 95% of HIV-
positive participants in clinical trials are male (29). Due to our
limited sample size, we were not able to identify factors associated
with response to PDG. Finally, we did not assess mechanism of
response. All those questions will be addressed in an ongoing
placebo-controlled trial.

In conclusion, our data suggest that add-on therapy with the
ACh inhibitor PDG may improve the number of circulating CD4*
T-cells in HIV-infected, immunological non-responder patients.
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