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Abstract

INTRODUCTION: Inflammasome activation is implicated in Alzheimer’s disease (AD).
We previously demonstrated that nucleoside reverse transcriptase inhibitors (NRTIs),
drugs approved to treat human immunodeficiency virus (HIV) and hepatitis B, also
inhibit inflammasome activation.

METHODS: We evaluated the association between NRTI exposure and subsequent
development of AD in the United States Veterans Health Administration over a 24-
year period and in the MarketScan database over a 14-year period using propensity
score-matched multivariate Cox hazards regression and Kaplan-Meier analyses.
RESULTS: We report that in humans, NRTI exposure was associated with a significantly
lower incidence of AD in two of the largest health insurance databases in the United
States. In contrast, exposure to non-NRTIs, protease inhibitors (Pls), and integrase
strand transfer inhibitors (INSTIs) was not associated with reducing AD incidence.
DISCUSSION: These findings support the concept that inflammasome inhibition could
benefit AD and provide a rationale for prospective clinical testing of inflammasome
inhibitors such as NRTIs in AD.

KEYWORDS
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Highlights

» Exposure to NRTIs, a class of anti-retroviral drugs that also block inflammasome
activation, was associated with a reduction in the risk of developing AD.

* The reduction in risk was observed in two large, diverse health insurance databases

after correcting for numerous comorbidities known to be associated with AD.
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developing AD.

inhibitors in AD.

1 | BACKGROUND

Alzheimer’s disease (AD) is the leading cause of dementia world-
wide, and as the global population ages, the prevalence of AD rises,
imposing significant burdens on families, societies, and global public
health.2 Though considerable progress has been made in discern-
ing the pathogenesis of AD, more effective therapies are needed.’?
Acetylcholinesterase and amyloid-beta (AB) inhibitors have been foci
of AD drug discovery and are mainstay therapies.>* However, emerg-
ing evidence suggests that targeting neuroinflammation may offer an
alternative or complementary approach to slowing disease progres-
sion.

A oligomers and hyperphosphorylated tau fibrils are thought to
promote AD by inducing neuroinflammation that leads to neurodegen-
eration and cognitive decline.>® A critical effector in the pathogenesis
of AD is the NLRP3 inflammasome, a multimeric protein complex
that responds to aberrant A and tau aggregation by launching a
potent inflammatory response characterized by caspase-1 activation,
interleukin-18 (IL-18) release, and neuronal cell death.”-!1 In turn,
NLRP3 activation facilitates further deposition of AS plaques and tau
fibrils, establishing a positive feedback loop that contributes to the
development of AD.12-16

NLRP3 inflammasome inhibition may protect against AD
progression.t317 Previously, we discovered that nucleoside reverse
transcriptase inhibitors (NRTIs), which are United States Food and
Drug Administration (FDA)-approved to treat human immunodefi-
ciency virus (HIV) and hepatitis B infections, also inhibit inflammasome
activation independent of their antiretroviral activity.'® Other groups
subsequently confirmed our observation.2? Prior studies by us and
others demonstrated that NRTIs block the NLRP3 inflammatory
cascade in a variety of disease states, including models of diabetes,
diabetic retinopathy, choroidal neovascularization, and atrophic age-
related macular degeneration (AMD).29-23 We have also shown that
NRTI exposure in humans is associated with a reduction in the risk of
incident AMD,24 which shares inflammasome activation as a common
pathogenic mechanism with AD.

Given the protective benefits of NLRP3 inflammasome inhibition,
we hypothesized that patients with a history of NRTI exposure would
be less likely to develop AD. To test this hypothesis, we analyzed health
insurance claims for 271,198 individuals across two national databases
spanning a maximum of 24 years.

* Other anti-HIV therapies such as non-NRTIs, protease inhibitors, and integrase

strand transferase inhibitors were not associated with a reduction in the risk of

e Our work provides a rationale for randomized clinical trials of inflammasome

2 | METHODS

2.1 | Data sources

Data were evaluated from two health insurance claims databases:
The United States Veterans Health Administration database (which
includes healthcare claims from the Veterans Health Administration
(VA) Informatics and Computing Infrastructure [VINCI] for approx-
imately 11 million individuals) for the years 2000-2024, and Mar-
ketScan (which includes employer-based health insurance claims of
approximately 158 million individuals) for the years 2006-2020.
Codes from the International Classification of Diseases, 9t and 10th
Revisions, Clinical Modification (ICD-9-CM and ICD-10-CM, respec-
tively) were used to identify individuals with diagnoses of interest.
This drug disease cohort study was conducted using data from the
U.S. Department of Veterans Affairs. VINCI was utilized to obtain
individual-level information on demographics, administrative claims,
and pharmacy dispensation. The study was conducted in compli-
ance with the Department of Veterans Affairs requirements and
received Institutional Review Board (IRB) and Research and Develop-
ment approval. All data within the MarketScan database are Health
Insurance Portability and Accountability Act-compliant and thus were
deemed exempt from IRB approval by the University of Virginia
IRB.

2.2 | Study population

Patients were included in analyses if they had a medical claim for
HIV/AIDS (ICD-9/10-CM codes 042,V08/B20-B24,Z21) or hepatitis B
(ICD9/10-CM codes V02.61, 070.20, 070.21, 070.22, 070.23, 070.30,
070.31, 070.32, 070.33/B16, B18.0, B18.1, B19.1) during the study
period and were at least 50 years old at the study index (the first date of
HIV/hepatitis B per database). Patients that had a prior diagnosis of AD
(ICD-9/10-CM codes 331.0/G30) were excluded. Eligible patients were
followed until death (VA), incident AD (VA and MarketScan), or end of
eligibility (MarketScan). The date of death was determined by the VA
vital status file, which was sourced from the Social Security Admin-
istration Death Master File and Veterans Benefits Administration
(VBA) Beneficiary Identification Records Locator Subsystem Death
File.
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2.3 | Exposure and outcome definitions

Individuals were classified as receiving NRTIs (i.e., lamivudine,
zidovudine, abacavir, didanosine, stavudine, tenofovir, emtricitabine,
entecavir, adefovir, telbivudine, entecavir), if at least one pharmacy
prescription for these medications was filled. Pharmacy records
were filtered by either text search (VA) or by national drug code
(MarketScan database). The primary outcome was incident AD. The
primary analysis tracked NRTI medication exposure over time by
measuring cumulative years of use as calculated from the days’ supply.
At the start of the study, patients who had never taken NRTIs were
coded as having 0 years of exposure, and this continued until their first
NRTI prescription. After the first prescription, each additional NRTI
prescription exposure was increased based on the additional days’

supply, which was annualized.

2.4 | Statistical analyses

The key predictor was NRTI exposure. To account for immortal time
bias, exposure was coded time-dependently and entered the model
as cumulative annualized NRTI exposure. Cox regression was used
to estimate the hazard of developing AD in relation to NRTI expo-
sure, with adjustment for baseline covariates including age, race
(available for the VA), sex, Charlson comorbidity score, pure hyper-
cholesterolemia, hypertriglyceridemia, hyperlipidemia, ischemic heart
disease, other heart disease, hypertension, type |l diabetes mellitus,
cerebralinfarction, atrial fibrillation, hypothyroidism, hyperthyroidism,
depression, traumatic brain injury, alcohol dependence, Parkinson’s
disease, generalized anxiety disorder, and chronic kidney disease. 95%
confidence intervals were constructed for hazard ratios based on stan-
dard errors derived from the model. All covariates were flagged during
the period between 1 year prior to the study index and the study
index date. t-tests and chi-square tests were used to compare con-
tinuous variables (age, Charlson comorbidity index) and categorical
variables (race, sex), respectively. Given that death would preclude
a diagnosis of AD, a Fine and Gray competing risk model was fit to
the VA sample, with corresponding sub-distribution hazard ratios and
95% confidence intervals. Given that NRTI treatment was not random-
ized, we also used propensity score (PS) matching using all available
covariates from the study (accounting for both the demographic and
clinical factors above) to minimize potential selection bias. We then
transformed the PS into its logit (log-odds) form, which was used
as the basis for creating matched cohorts. To create the matched
cohorts, we used greedy nearest neighbor 1:1 PS matching. Kaplan-
Meier survival curves are reported for both the original and matched

cohorts.
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
on anti- human immunodeficiency virus (HIV) medica-
tions and inflammasome biology and their relevance to
Alzheimer’s disease (AD) using traditional (e.g., PubMed)
sources and meeting abstracts and presentations. These
relevant citations are appropriately cited.

2. Interpretation: Our findings suggest that nucleoside
reverse transcriptase inhibitors (NRTIs), a class of anti-
retroviral drugs, may reduce the risk of developing AD,
potentially through their additional ability to inhibit
inflammasome activation.

3. Future directions: Our manuscript provides a rationale
for testing the hypothesis that inflammasome inhibition
could be beneficial for AD. Examples of such testing could
include (a) prospective, randomized clinical trials of NRTIs
or less toxic derivatives; and (b) mechanistic studies of
such inflammasome inhibitors in animal models of AD.

3 | RESULTS

3.1 | NRTI exposure associated with reduced risk
of developing AD

We evaluated the association between NRTI exposure and subsequent
development of AD in the VA, one of the largest integrated healthcare
systems in the United States, over a 24-year period. In this database,
72,193 patients (Table S1) were identified that met the study criteria
(at least 50 years of age, diagnosis of HIV or hepatitis B, and no prior
diagnosis of AD). Kaplan-Meier survival estimates revealed better sur-
vival (higher probability of no AD diagnosis) across study follow-up for
individuals exposed to NRTIs (Figure 1A, log-rank p < 0.001). In the
MarketScan database, which encompasses individuals with employer-
based health insurance, a total of 199,005 patients over the years
2006-2020 met the study inclusion criteria (Table S2). Kaplan-Meier
survival estimates revealed better disease-free survival probability
throughout study follow-up in NRTI-exposed individuals compared to
those unexposed (Figure 1B, log-rank p < 0.001).

Multivariate models were adjusted for important sociodemographic
and clinical factors. Demographic data include age at index, race, sex,
and smoking status. The Charlson comorbidity score was included
as a composite measure of overall health burden. Importantly, we
also adjusted for comorbidities previously reported to be associated
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FIGURE 1 Improved disease-free survival of AD among NRTI users in the VA and MarketScan populations. (A—D) AD-free survival curves are
presented for the VA (A, C) and MarketScan (B, D) database populations, calculated for each level of NRTI exposure in the original (A, B) and
propensity-score matched (C, D) populations. Log-rank p values displayed. AD, Alzheimer’s disease; NRTI, nucleoside reverse transcriptase

inhibitors; VA Veterans Health Administration.

with AD (Table 1) including pure hypercholesterolemia, hypertriglyc-
eridemia, hyperlipidemia, ischemic heart disease, other heart disease,
hypertension, type 2 diabetes, cerebral infarction, atrial fibrillation,
hypothyroidism, hyperthyroidism, depression, traumatic brain injury,
alcohol dependence, Parkinson’s disease, generalized anxiety disorder,

and chronic kidney disease.

In both databases, each additional year of NRTI exposure was asso-
ciated with a reduced hazard of developing AD (Tables 1, S3, and S4).
In the VA sample, each additional year of NRTI exposure was associ-
ated with a 4% reduced hazard of AD (adjusted hazard ratio [aHR],
0.96; 95% confidence interval [Cl], 0.93-0.99; Table S3). In the Mar-
ketScan database, there was a 10.3% reduced hazard of AD with each
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TABLE 1

Parameter

VA Time-dependent exposure: NRTI use per year
MarketScan time-dependent exposure: NRTI use per year
VA Competing risk of mortality: NRTI use per year
Model covariates

Age

Charlson comorbidity index

Pure hypercholesterolemia

Ischemic heart disease

Type 2 diabetes mellitus

Hypothyroidism

Traumatic brain Injury

Generalized anxiety disorder

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Hazard of AD with NRTI time-dependent exposure, Cox models in original and PS-matched populations.

PS matched

HR (95% Cl)
0.94(0.89,0.999)
0.87(0.78,0.97)
0.63(0.46,0.85)

Original group
HR (95% Cl)
0.96(0.93,0.99)
0.90(0.84,0.96)
0.68(0.55,0.85)

Race Sex
Body mass index Smoker
Hypertriglyceridemia Hyperlipidemia
Other heart disease Hypertension
Cerebral infarction Atrial fibrillation
Hyperthyroidism Depression
Alcohol dependence Parkinson’s disease

Chronic kidney disease

Note: Hazard ratios (HR) based on a Cox proportional hazards model for the original and PS-matched populations in the VA and MarketScan databases,
adjusted for the confounding variables listed under Model covariates. Hazard ratios for covariates are presented in Tables S3 and S4.
Abbreviations: AD, Alzheimer’s disease; Cl, confidence interval; HR, hazard ratio; NRTI, nucleoside reverse transcriptase inhibitor; PS, propensity score; VA,

Veterans Health Administration.

additional year of NRTI exposure (aHR, 0.897; 95% Cl, 0.84-0.959;
Table S4).

3.2 | PS-matched analysis

Given that NRTI treatment was not randomized, we used PS matching
to minimize potential selection bias and differences in baseline char-
acteristics. This process yielded patient cohorts with similar baseline
demographic and clinical characteristics. The standardized difference
was used to quantify similarities between cohorts. In the VA sam-
ple, each cohort contained 7591 patients all standardized differences
were 0.1 or below, indicating excellent balance between cohorts (Table
S5). In the MarketScan data, each cohort contained 21,797 patients,
with all standardized differences less than 0.1 (Table Sé). As with the
original unmatched group results, Kaplan-Meier plots of PS-matched
populations revealed protective estimates for those exposed to NRTIs
compared to those unexposed in both the VA (log-rank p = 0.004,
Figure 1c) and MarketScan (log-rank p < 0.001, Figure 1d) databases.
We also adjusted for all of the sociodemographic factors, overall
health, and comorbidities known to alter the risk of AD development
that were employed for the original unmatched group analyses in order
to control for any residual covariate imbalance. After PS matching and
adjustment for potential confounders, time-dependent Cox models in
each database revealed that each additional year of NRTI exposure was
associated with reduced hazard of developing AD (Table 1) (VA: 6%
reduced hazard per year of NRTI use; aHR, 0.94; 95% Cl, 0.89-0.999;
Table S3; MarketScan: 13% reduced hazard per year of NRTI expo-
sure; aHR, 0.87; 95% Cl, 0.779-0.972; Table S4). The small differences
in hazard ratio estimates between unmatched and PS-matched anal-

yses suggest that residual bias in the unmatched analyses was likely
minimal.

3.3 | Competing risk of mortality analysis

In chronic diseases such as AD, mortality can preclude the diagnosis of
AD. Thus, we performed a competing risk regression analysis, which
was possible in the VA cohort as the VA contains mortality records.
We estimated a Fine and Gray model to account for the competing
risk of death. In this analysis, data were organized cross-sectionally,
and NRTI exposure was indicated if there was any NRTI use over the
study period. After adjusting for potential confounding variables and
the competing risk of death, NRTI exposure was associated with 32%
reduced hazard of developing AD (sub-distribution aHR, 0.68; 95% Cl,
0.55-0.85; Tables 1 and S7). We also performed the competing risk
of mortality analysis in the PS-matched population. After adjusting for
potential confounding variables and the competing risk of death, NRTI
exposure was associated with a 37% reduced hazard of developing AD
(sub-distribution aHR, 0.63; 95% Cl, 0.46-0.85; Tables 1 and S7). These
protective findings, similar to risk reduction observed in the primary
analysis, suggest that the differential mortality rates are not responsi-
ble for the observed risk reduction of incident AD among NRTI users in
the VA cohort.

3.4 | Subanalysis

After observing an overall association between NRTI exposure and a
reduced risk of AD, we conducted two post hoc analyses to examine



sors | Alzheimer’s &PDementia

MAGAGNOLI ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

this effect separately in patients with HIV but without hepatitis
B infection and those with hepatitis B infection but without HIV.
Kaplan-Meier survival plots from both databases demonstrate that
NRTI exposure was associated with a lower risk of incident AD in both
HIV-positive patients (Figure S1A, B) and hepatitis B-positive patients
(Figure S1C, D) (all p values < 0.05).

4 | DISCUSSION

Innate immune signaling through the NLRP3 inflammasome has been
implicated in the pathogenesis of AD.871¢ A therapy that inhibits
inflammasome activation could thus be neuroprotective and improve
clinical outcomes in AD. In the present study, we demonstrate that
exposure to inflammasome-inhibiting NRTIs1820-23 js associated with
a significantly lower incidence of AD in two of the largest health
insurance databases in the United States.

Throughout our health insurance database analyses, steps were
taken to mitigate potential biases and promote internal validity. At
baseline, we adjusted for an extensive number of demographic and clin-
ical variables by including them as fixed risk factor covariates. Given
that NRTI treatment was not randomized, we also used PS matching to
minimize potential selection bias and differences in baseline character-
istics. To account for immortal time bias, we studied NRTI exposure as
a cumulative, time-dependent variable. We also estimated a Fine and
Gray model inthe VA sample to account for the competing risk of death.
In addition, we also corrected nearly 20 other comorbidities that have
been previously reported to alter AD risk. Altogether, these measures
support the validity and conclusions of database analyses.

The VA and MarketScan populations differ in key demographic
and clinical characteristics. The VA cohort primarily consists of older,
predominantly male individuals with a higher burden of comorbid con-
ditions, whereas the MarketScan cohort includes a broader, commer-
cially insured population with a more balanced age and sex distribution.
Given these differences, we analyzed the two datasets separately to
account for potential heterogeneity and assess the consistency of
findings across diverse populations. While differences in baseline char-
acteristics could impact generalizability, the concordance of results
between these distinct cohorts strengthens the robustness of our
findings.

The use of these two distinct databases also provides a broader
perspective on the relationship between NRTI exposure and AD risk.
These databases also represent vastly different patient populations.
The VA population tends to be older and includes veterans, who may
have distinct socioeconomic profiles. In contrast, MarketScan, com-
prises commercially insured individuals through employer-sponsored
coverage, likely reflecting a different socioeconomic spectrum. The
consistent effects we observed across these two disparate popula-
tions suggest that socioeconomic status, while potentially influential,
is unlikely to be a dominant confounder in the observed association.

Post hoc analyses also revealed protective associations of NRTI use
in both HIV patients and hepatitis B patients, further suggesting that

our conclusion is generalizable. Future research specifically designed

to investigate additional potential subgroup effects (e.g., by age, sex, or
underlying condition) could be informative.

Importantly, we found that exposure to other classes of anti-HIV
drugs, that is, non-NRTIs, protease inhibitors (Pls), or integrase strand
transfer inhibitors (INSTIs), was not associated with a reduced inci-
dence of AD (Tables S3 and S4). These findings further buttress the
concept that inflammasome inhibition by NRTIs in particular is pro-
tective against the development of AD rather than a generic result of
anti-HIV therapy effect.

Despite our efforts to mitigate bias by accounting for important AD
risk factors and using PS analysis, residual or unmeasured confound-
ing may still result. Additionally, the administrative claims nature of the
data lacked information such as genetic variants that may increase AD
risk. AD outcome was coded using diagnosis codes; however, we were
unable to assess progression of AD with clinical measures such as cog-
nitive or neurologic assessments or assess functioning in day-to-day
living because such details are unavailable in the databases. Differ-
ences in healthcare access and diagnostic practices between the VA
and MarketScan cohorts also are potential sources of bias. Prospec-
tive randomized clinical trials can overcome these limitations and help
ascertain causality.

Despite these limitations, this analysis using large-scale human data
show that NRTI exposure is associated with significant and substan-
tial reductions in the risk of developing AD among two diverse cohorts
of patients increases confidence in the successful outcome of clinical
trials of such drugs in this neurodegenerative disease, given the concor-
dance between well-designed insurance claims database studies and
the results of randomized clinical trials.2>

Work from others also supports the notion that NRTIs could pro-
tect against AD development. Chow et al.2¢ conducted a retrospective
claims analysis using the IQVIA Inc. database. Over a 2.75-year follow-
up period, and after adjusting for age and sex, Chow et al. found that
patients exposed to NRTIs had a lower incidence of AD. Our analy-
sis and our previous version, published on medRxiv2” prior to Chow
et al., present a more robust analysis. We adjusted for a wider range
of demographic and clinical variables, used PS matching to reduce
selection bias, and accounted for immortal time bias by examining
NRTI exposure as both a binary and time-dependent variable. Addition-
ally, we employed a Fine and Gray model to consider competing risks
and corrected for numerous comorbidities affecting AD risk. These
measures collectively strengthen the validity and reliability of our
findings.

Mechanistically, Chow et al. suggest that the reverse transcrip-
tase activity of NRTIs could prevent somatic brain gene recombination
implicated in AD pathogenesis. In contrast, and perhaps in addition,
we propose that the inflammasome-inhibitory activity of NRTIs that is
independent of their reverse transcriptase activity,'® might be respon-
sible for their association with reduced AD risk. Future research with
K-9, an NRTI derivative that lacks reverse transcriptase inhibition but
retains the ability to inhibit inflammasome activation?®2? and is now
in clinical trials (NCT06467435,NCT06781255), could help clarify the
relative importance of these mechanisms of action. Indeed, our prelim-

inary study of K-9 in an animal model of AD published on medRxivZ”
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identified a complete reversal of the functional impairment in spatial
memory formation and learning.

As the prevalence of AD rises, so does the demand for quality,
disease-modifying therapies.»? The repurposing of existing, approved
therapies could accelerate drug development. Prospective random-
ized controlled trials in humans are warranted to gain better insight
into the effects of NRTIs or suitable derivatives on clinical outcomes
in AD. Indeed, two NRTIs have been recently tested in AD clinical
trials: lamivudine (NCT04552795; recently completed) and emtric-
itabine (NCT04500847; ongoing). The 24-week pilot clinical study of
lamivudine in AD reported a reduction in some neurodegeneration-
and neuroinflammation-related biomarkers, supporting the concept
that NRTIs could be beneficial in AD.3° Although lamivudine was
well tolerated in this small 12-patient 6-month trial, NRTIs can
induce mitochondrial toxicity via off-target inhibition of mammalian
DNA polymerases.®! As a result, they can induce serious adverse
effects including lactic acidosis, which can be fatal.32 However, lamivu-
dine is considered a new-generation nucleoside reverse transcriptase
inhibitor and is associated with a substantial reduction in the incidence
of lactic acidosis when compared with other medications in the same
class.32 Serious adverse events such as lactic acidosis are rare and man-
aged with biannual laboratory tests in patients who take lamivudine
for hepatitis B or HIV. Apart from such toxicity, isolated administra-
tion of NRTIs can potentially induce retroviral resistance.®* Thus, NRTI
derivatives such as K-9, which inhibits inflammasome activation with-

out inducing the aforementioned toxicity of NRTIs,18:20.28.29

might be
more suitable for chronic administration, where patient tolerance is
critical.

The key considerations for translating the results of our study into
clinical trials, particularly for prevention, include identifying patients
who would have a sufficiently high risk of developing during the course
of the trial and identifying a dosage regimen that exhibits target

knockdown yet minimizes adverse events.
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