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Abstract.

Background: Evidence suggests patients prescribed calcineurin inhibitors (CNIs) have a reduced prevalence of dementia,
including Alzheimer’s disease (AD); however, this result has never been replicated in a large cohort and the involved
mechanism(s) and site of action (central versus periphery) remain unclear.

Objective: We aim to determine if prescription of CNIs is associated with reduced prevalence of dementia, including AD,
in a large, diverse patient population. Furthermore, we aim to gain insight into the mechanism(s) and site of action for CNIs
to reduce dementia prevalence.

Methods: Electronic health records (EHRs) from patients prescribed tacrolimus, cyclosporine, or sirolimus were ana-
lyzed to compare prevalence, odds, and hazard ratios related to dementia diagnoses among cohorts. EHRs from a random,
heterogeneous population from the same network were obtained to generate a general population-like control.

Results: All drugs examined reduced dementia prevalence compared to the general population-like control. There were no
differences in dementia diagnoses upon comparing tacrolimus and sirolimus; however, patients prescribed tacrolimus had a
reduced dementia prevalence relative to cyclosporine.

Conclusion: Converging mechanisms of action between tacrolimus and sirolimus likely explain the similar dementia preva-
lence between the cohorts. Calcineurin inhibition within the brain has a greater probability of reducing dementia relative
to peripherally-restricted calcineurin inhibition. Overall, immunosuppressants provide a promising therapeutic avenue for
dementia, with emphasis on the brain-penetrant CNI tacrolimus.

Keywords: Alzheimer’s disease, calcineurin, cyclosporine, dementia prevalence, drug repurposing, electronic health records,
sirolimus, tacrolimus, TriNetX

INTRODUCTION

Alzheimer’s disease (AD) is the most common
and severe form of neurodegenerative dementia,
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features of AD, such as abnormal synaptic activity
[1].

Calcineurin (CN) is a Ca% * /calmodulin- depen-
dent phosphatase that is highly expressed in the
central nervous system (CNS). Within the CNS,
CN modulates synaptic integrity, memory forma-
tion, and neural degeneration [2]. Hyperactive or
elevated CN, as reported in postmortem mild cogni-
tively impaired and AD brain tissue, leads to aberrant
synaptic activity and memory impairments [3-5].
Conversely, complete suppression of CN activity in
the brain negatively affects memory [6]. Therefore,
normalization of CN activity is critical for proper
synaptic function and memory formation. Robust
evidence suggests CN plays a central role in the devel-
opment and progression of AD-related pathology
and cognitive impairment through its modulation of
downstream transcription factors [2-5, 7-16]. Conse-
quently, inhibition of CN reduces A3 plaque burden,
glial reactivity, and neuronal hyperexcitability, and
restores expression of synaptic proteins and learning
and memory in preclinical models of AD pathology
[5, 7, 13—15]. Furthermore, a previous study from
our laboratory concluded that patients treated with
calcineurin inhibitors (CNIs) have reduced preva-
lence of dementia, including AD, compared to an
age-matched general population [12].

CN also contributes to the immune response
through dephosphorylation, thus activation, of
nuclear factor of activated T-cells (NFAT), promot-
ing its translocation to the nucleus and subsequent
transcription of immune response genes [17]. In addi-
tion to modulating the peripheral immune response,
NFAT is robustly stimulated in astrocytes by Af3
where it contributes to neuronal death [5]. Evidence
suggests that immunosuppression may represent a
valuable therapeutic avenue for prevention and treat-
ment of dementia [18]. United States Food and
Drug Administration (FDA)-approved immunosup-
pressants commonly prescribed to prevent graft
rejection in transplant patients and other condi-
tions requiring immunosuppression, include two
CNIs, cyclosporine (CySp) and tacrolimus (TAC;
FK506), and a non-CNI, sirolimus (SIR; rapamycin).
While TAC and CySp induce immunosuppression
by inhibiting CN, SIR inhibits mammalian target of
rapamycin (mTOR) to induce immunosuppression
[19]. Of the CNIs, TAC freely penetrates the CNS,
while CySp does not [20, 21]. Moreover, TAC, but
not SIR, reverses AR-induced neurotoxicity [7].

Given that both CN and neuroinflammation are
associated with neurodegeneration, it has been

unclear if the beneficial effects of CNIs on AD
pathology are due to general immunosuppression or
specifically to CN inhibition. Furthermore, the site
of action for CNIs to exert beneficial effects on AD
pathology has not been determined.

Drug repurposing, or identifying new indications
for approved drugs, represents an appealing approach
to drug discovery as FDA-approved drugs have
already passed rigorous safety testing and proven
tolerable in humans. Here, we use electronic health
records (EHRSs) to investigate whether three FDA-
approved immunosuppressants: TAC, SIR, and CySp,
are independently associated with reduced occur-
rence of dementia, including AD, compared to a
general population-like control (CTRL). Addition-
ally, we individually compare SIR and CySp to TAC
to gain insight into the potential mechanisms by
which these immunosuppressants reduce dementia
prevalence.

METHODS

Dataset and study population

Data from the TriNetX Diamond Network was
downloaded for this study on July 11, 2022. The
TriNetX Diamond Network is a longitudinal dataset
of linked primary care, medical, and pharmacy claims
data that provides access to EHRs from approxi-
mately 213 million patients. TriNetX is compliant
with the Health Insurance Portability and Account-
ability Act (HIPAA), and any data provided by the
TriNetX Platform contains only deidentified records,
therefore this study was exempt from Institutional
Review Board approval. EHRs of patients aged 60
and over who were prescribed TAC, SIR, or CySp
(but not prescribed more than one of these drugs)
were downloaded from TriNetX. Each drug of inter-
est comprised a separate cohort, and the index event
for each drug cohort was first recorded drug prescrip-
tion at age 60 or older. Cohorts were propensity-score
matched to one another before making comparisons,
as described below. A random heterogeneous sam-
ple of 80,000 patients aged 60 and over who had an
EHR (diagnosis, procedure, laboratory test, or med-
ication) but were not prescribed TAC, SIR, or CySp
was downloaded from the TriNetX Diamond Net-
work as a CTRL. The index event for the CTRL
cohort was any medical diagnosis, procedure, labora-
tory test, or medication at age 60 or older. Patients in
the CTRL were propensity-score matched to each of
the different drug cohorts before comparisons were
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made. Details for individual cohorts can be found in
Table 1.

ICD-reported diagnosed dementia

All forms of dementia, including AD, were consid-
ered together in this study. Dementia was identified
using the following ICD-9 and ICD-10 codes: 290.0,
290.10, 290.11, 290.12, 290.13, 290.20, 290.21,
290.3, 290.40, 290.41, 290.42, 290.43, 290.8, 290.9,
294.10, 294.11, 294.20, 294.21, 330.8, 330.9, 331.0,
331.11, 331.19, 331.2, 331.6, 331.7, 331.82, 331.83,
331.89, 331.9, 334.4, 336.2, 349.89, FO1, F02, F03,
G30-32.

Exclusion criteria

Patients who were under age 65, who died before
age 65, whose last record occurred before age 65,
or whose dementia diagnosis occurred before age
65 were excluded (Fig. 1). Patients missing year
of birth or sex information were excluded as these
patients likely do not have a complete medical
record. Injectable, topical, ophthalmic, and unknown
routes of drug administration were excluded; there-
fore, only the oral route of drug administration
was included. Patients who were prescribed the
drug of interest (TAC, SIR, or CySp) for less than
one year or whose dementia diagnosis occurred
before first recorded drug of interest prescription

were excluded from the TAC, SIR, and CySp
cohorts.

Propensity-score matching

Propensity-score matching was conducted in R
using the Matchlt package [22, 23]. Propensity scores
were estimated using a generalized linear model
and matched using the nearest neighbor matching
method. Cohorts were matched by index age (age
at first drug of interest prescription) where applica-
ble, sex, race, ethnicity, and the following dementia
risk factors (ICD-10 code): hypertension (I110-116),
depression (F32), diabetes (E11), heart disease (125),
overweight and obesity (E66), stroke (I63), and
traumatic brain injury (S06; TBI). Cohorts were
considered balanced when the standardized mean dif-
ference (SMD) between the cohorts for each matched
variable was less than 0.25 (Table 1).

Statistical analysis

All analyses were conducted using R Statistical
Software (v4.2.2; R Core Team 2022) [24]. Bivari-
ate analyses were employed to evaluate dementia
risk factors; for categorical variables, chi-squared
tests assessed for differences between cohorts, and
for continuous variables, logistic regression analyses
determined differences. Unconditional and condi-
tional logistic regression analyses were performed to
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Fig. 1. Patient flow diagram.




588 J.D. Silva et al. / Reduced Prevalence of Dementia in Patients Prescribed Tacrolimus

assess the impact of drug cohort on occurrence of
dementia. The conditional logistic regression anal-
ysis accounts for the propensity-score matching,
specifically accounting for the fact that after match-
ing subjects are paired. Competing risk regression
curves were generated and analyzed with competing
risk regression analyses using the tidycmprsk package
in R [25].

RESULTS

Study population

The study population comprised a total of 125,564
adults aged 65 and older, including 48,081 in the
CTRL cohort, 62,230 in the TAC cohort, 2,928 in
the SIR cohort, and 12,325 in the CySp cohort.
Within the entire population, the average age was
75.9 and 45.6% were females. Before propensity-
score matching the prevalence of dementia was 8.7%
in the CTRL cohort, 5.5% in the TAC cohort, 6.1% in
the SIR cohort, and 7.1% in the CySp cohort. After
matching, cohorts were mostly balanced, as indicated
by an SMD less than 0.25 for those variables on
which matching was based (Table 1). Bivariate anal-
yses (Table 2) were performed on propensity-score
matched cohorts to delineate dementia risk factors.
Current age, index age (where applicable), hyper-
tension, type 2 diabetes, heart disease, depression,
stroke, and TBI all increase the odds of dementia
diagnosis; however, obesity did not affect the odds
of dementia diagnosis. Logistic regression analyses
(Table 3) reveal the influence of drug prescription
on dementia diagnosis and prompted further inves-
tigation; these results are detailed in the following
sections.

General population-like control

Propensity-score matching the CTRL cohort to
the TAC cohort resulted in 48,081 patients in each
cohort. The average current age was 77.9 in the
CTRL cohort and 74.3 in the TAC cohort. Index
age was not considered since patients in the CTRL
cohort had never been prescribed a drug of interest.
Within the combined cohorts, the bivariate analy-
ses (Table 2) reveal that current age and race, but
not ethnicity, affect the odds of dementia diagno-
sis. Males have reduced odds of dementia diagnosis
when comparing the CTRL cohort to the TAC cohort
(OR: 0.77, 95% CI: 0.73-0.81). The prevalence of
dementia in the propensity-score matched cohorts

is 8.7% in the CTRL cohort and 4.9% in the TAC
cohort.

Propensity-score matching the CTRL cohort to the
SIR cohort resulted in 2,928 patients in each cohort.
The average current age was 78.2 in the CTRL cohort
and 75.5 in the SIR cohort. Within the combined
cohorts, the bivariate analyses (Table 2) reveal that
current age affects the odds of dementia diagnosis,
while neither race nor ethnicity affect the odds of
dementia diagnosis. The prevalence of dementia in
the propensity-score matched cohorts is 11.6% in the
CTRL cohort and 6.1% in the SIR cohort.

Propensity-score matching the CTRL cohort to
the CySp cohort resulted in 12,325 patients in each
cohort. The average current age was 77.9 in the CTRL
cohort and 76.1 in the CySp cohort. Within the com-
bined cohorts, the bivariate analyses (Table 2) reveal
that current age and race affect the odds of demen-
tia diagnosis, while neither sex nor ethnicity affect
the odds of dementia diagnosis. The prevalence of
dementia in the propensity-score matched cohorts is
11.5% in the CTRL cohort and 7.1% in the CySp
cohort.

Logistic regression analyses (Table 3) reveal
patients in the CTRL cohorts have higher odds of
dementia diagnosis compared to patients in all other
cohorts, both in the unmatched and propensity-score
matched cohorts and with conditional logistic regres-
sion. These trends appeared similar when separating
males and females and conducting the same logistic
regression analyses in the CTRL and TAC cohorts
(Supplementary Table 1). To determine if the rate
of dementia occurrence differs between cohorts as a
function of age while accounting for death, compet-
ing risk curves were generated for each comparison
and analyzed with competing risk regression analyses
(Figs. 2—4). The competing risk regression anal-
yses reveal patients in the CTRL cohorts have a
greater risk of dementia relative to patients in all
other cohorts. Additionally, competing risk regres-
sion analyses reveal that patients in the CTRL cohorts
have a reduced risk of death precluding dementia
diagnosis, compared to patients in all other cohorts.

Sirolimus versus tacrolimus

Propensity-score matching resulted in 2,928
patients each in the SIR and TAC cohorts. In the
matched cohorts, the average current age was 75.5 in
the SIR cohort and 74.7 in the TAC cohort, while the
average index age was 67.3 in each cohort. Within
the combined SIR and TAC cohorts, the bivariate



Table 1
Matched cohort characteristics. Cohort characteristics after propensity-score matching
CTRL TAC SMD CTRL SIR SMD CTRL CySp SMD SIR TAC SMD CySp TAC SMD
Total Number 48,081 48,081 2,928 2,928 12,325 12,325 2,928 2,928 12,325 12,325
Sex (%) 0.115 <0.001 0.003 0.010 0.010
Male 45.2 50.9 65.1 65.1 56.2 56.1 65.1 64.7 56.1 56.0
Female 54.8 49.1 349 349 43.8 439 349 35.3 439 44.0
Race (%) 0.073 0.014 0.018 0.010 0.010
Asian 0.3 0.3 0.2 0.3 0.8 1.0 0.3 0.3 1.0 0.9
Black 2.2 2.9 3.1 32 2.7 2.8 32 3.1 2.8 3.0
Unknown 77.2 74.3 71.3 71.1 68.5 68.5 71.1 71.2 68.5 68.5
White 20.3 22.5 253 253 27.9 27.7 253 25.4 27.7 27.7
Ethnicity (%) 0.065 0.008 0.007 0.011 0.011
Hispanic or Latino 2.2 2.5 3.1 3.0 24 2.5 3.0 3.1 2.5 2.3
Not Hispanic or Latino 22.3 24.8 27.8 27.6 31.2 31.0 27.6 27.9 31.0 31.2
Unknown 75.5 72.7 69.1 69.4 66.4 66.5 69.4 69.0 66.5 66.5
Comorbidities (%) (ICD-10 code)
Hypertension (110-16) 63.5 79.2 0.354 81.9 82.0 0.002 82.5 82.4 <0.001 82.0 82.0 0.002 82.4 82.4 0.002
Type 2 Diabetes (E11) 29.8 47.5 0.369 52.8 53.0 0.005 44.9 45.0 0.002 53.0 53.0 0.001 45.0 44.7 0.001
Heart Disease (I125) 21.7 29.1 0.171 37.3 37.3 0.001 33.3 334 0.001 37.3 37.3 <0.001 334 33.2 <0.001
Overweight (E66) 18.2 22.5 0.107 15.3 15.5 0.008 21.4 21.7 0.007 15.5 15.7 0.004 21.7 21.5 0.004
Depression (F32) 13.6 16.2 0.072 16.4 16.5 0.002 18.3 18.2 0.004 16.5 16.3 0.005 18.2 17.6 0.005
Stroke (163) 5.7 7.1 0.059 6.6 6.9 0.012 8.0 8.3 0.014 6.9 6.0 0.037 8.3 8.0 0.037
Traumatic Brain Injury (S06) 1.8 2.3 0.035 33 33 <0.001 2.9 3.1 0.013 33 3.0 0.016 3.1 2.6 0.016

*SMD, standardized mean difference; NA, not applicable.
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Table 2
Bivariate Analysis. Statistical analysis of each variable within the propensity-score matched cohorts
CTRL versus TAC CTRL versus SIR CTRL versus CySp SIR versus TAC CySp versus TAC
Category Variable OR 95% CI P n OR 95% CI P n  OR 95%CI P n OR 95% CI P n  OR 95%CI J2 n
Age Current 1.14 1.14-1.15 <0.001 96162 1.07 1.06-1.08 <0.001 5856 1.04 1.04-1.05 <0.001 24650 1.11 1.09-1.13 <0.001 5856 1.12 1.11-1.13 <0.001 24650
Index NA NA NA NA NA NA NA NA NA NA NA NA 1.09 1.07-1.11 <0.001 5856 1.10 1.09-1.11 <0.001 24650
Sex Male 0.77 0.73-0.81 <0.001 96162 1.00 0.90-1.11 1.000 5856 1.01 0.96-1.06 0.827 24650 0.90 0.72-1.12 0.339 5856 0.90 0.82-1.00 0.050 24650
Race Black 1.31 1.13-1.51 <0.001 96162 1.54 0.96-2.37 0.060 5856 1.69 1.35-2.10 <0.001 24650 1.63 0.93-2.69 0.070 5856 1.82 1.41-2.31 <0.001 24650
Asian 0.91 0.55-1.40 0.670 96162 0.00 0.00-6.33 0.960 5856 0.75 0.42-1.22 0.280 24650 0.00 0.00-9587 0.971 5856 0.64 0.30-1.17 0.188 24650
White 1.21 1.14-1.28 <0.001 96162 1.18 0.96-1.45 0.100 5856 1.12 1.02-1.24 0.020 24650 1.21 0.94-1.54 0.130 5856 1.19 1.06-1.33 0.003 24650
Ethnicity Not Hispanic 1.08 0.92-1.28 0.345 96162 0.99 0.72-1.35 0.936 5856 1.05 0.88-1.24 0.609 24650 0.69 0.41-1.23 0.182 5856 0.80 0.60-1.09 0.143 24650
or Latino
Unknown 0.88 0.75-1.04 0.120 96162 0.97 0.72-1.31 0.858 5856 1.04 0.88-1.22 0.672 24650 0.61 0.37-1.07 0.064 5856 0.66 0.50-0.89 0.005 24650
Dementia Hypertension 2.88 2.68-3.10 <0.001 96162 1.00 0.87-1.14 0.946 5856 1.00 0.94-1.07 0.973 24650 5.48 3.33-9.86 <0.001 5856 4.17 3.36-5.25 <0.001 24650
(I110-16)
Risk Diabetes (E11) 1.50 1.42-1.57 <0.001 96162 0.99 0.89-1.10 0.855 5856 1.00 0.95-1.05 0.858 24650 1.99 1.58-2.51 <0.001 5856 1.84 1.66-2.04 <0.001 24650
Factors  Heart Disease  2.17 2.06-2.28 <0.001 96162 1.00 0.90-1.11 0.957 5856 1.00 0.95-1.05 0.946 24650 2.04 1.64-2.54 <0.001 5856 2.27 2.05-2.51 <0.001 24650
125)
(ICD-10  Obesity (E66) 1.00 0.94-1.06 0.950 96162 0.98 0.85-1.13 0.772 5856 0.98 0.95-1.05 0.588 24650 1.03 0.76-1.38 0.841 5856 1.09 0.96-1.22 0.186 24650
code) Depression 3.51 3.32-3.71 <0.001 96162 1.00 0.87-1.14 0.944 5856 1.01 0.95-1.08 0.767 24650 2.89 2.28-3.65 <0.001 5856 3.49 3.14-3.88 <0.001 24650
(F32)
Stroke (163) 4.30 4.02-4.60 <0.001 96162 0.95 0.78-1.17 0.640 5856 0.95 0.87-1.04 0.274 24650 3.94 2.93-5.25 <0.001 5856 5.01 4.44-5.65 <0.001 24650
TBI (S06) 343 3.06-3.85 <0.001 96162 1.00 0.75-1.33 1.000 5856 0.93 0.80-1.07 0.313 24650 3.42 2.25-5.05 <0.001 5856 2.97 2.41-3.63 <0.001 24650

Chi-squared tests were used for categorical variables and logistic regression was used for categorical variables (age). OR, odds ratio; CI, confidence interval; NA, not applicable.

06S

SNURJOLIN], PIQLIDS2L SJUIYDY Ul DHUIWI(] JO 2OUIIDA2LG PIONPIY / [V 12 DAJIS ([



Table 3
Logistic regression analysis. Logistic regression analyses between cohorts

J.D.

CySp versus TAC

CTRL versus CySp SIR versus TAC

CTRL versus SIR

CTRL versus TAC

P
<0.001
<0.001
<0.001

95% C1

OR

P
0.13
0.37
0.37

P OR 95% CI
<0.001 0.96-1.31

<0.001
<0.001

95% CI1
1.16-1.35

1.55-1.85

OR

OR 95% CI

P
<0.001
<0.001
<0.001

95% C1

OR

Type
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1.22-1.42

1.32

1.2

1.13

1.10
1.11

1.25
1.69
1.74

<0.001
<0.001
<0.001

1.26-1.71

1.46
2.0

1.57-1.73
1.78-1.97

1.65
1.87

1.90
Unmatched: analysis performed in unmatched cohorts; matched: analysis performed in matched cohorts; conditional — matched: analysis performed in matched cohorts, with conditional logistic

regression. OR, odds ratio; CI, confidence interval.

Unmatched
Matched

1.09-1.34

1

0.89-1.37

1.67-2.43
1.70-2.51

1

1.10-1.36

1.23

0.89-1.38

1.59-1.91

2.07

1.80-2.00

Conditional- Matched

1.0 - Compating Risk Regression
Death Dementia
HR 054 1.08
95% CI 052056  1.03-1.13
081 ¢ <0.001 0.002
=4
— = CTRL-Death )
0.6 | —— TAC-Death =
—— CTRL- Dementia =)}
—— TAC- Dementia -
|

Probabili

Fig. 2. The general population has an increased risk of dementia
relative to patients prescribed tacrolimus. Competing risk regres-
sion analysis of dementia and death between patients prescribed
tacrolimus or in the general population-like control. Patients in the
general population-like control have an increased risk of demen-
tia but a decreased risk of death. n =48,081 patients/cohort. CRR,
competing risk regression; HR, hazard ratio; CI, confidence inter-
val.

1.0 - Compating Risk Regression
Death Dementia
HR 0.43 138
95% CI 0.38-0.48 1.16-1.65
08 - »p <0.001 <0.001
-
I
~ = CTRL-Death |
0.6 | ~— — SIR-Death 1 '
— CTRL- Dementia | -

— SIR- Dementia s

Probabili

Age

Fig. 3. The general population has an increased risk of dementia
relative to patients prescribed sirolimus. Competing risk regres-
sion analysis of dementia and death between patients prescribed
sirolimus or in the general population-like control. Patients in the
general population-like control have an increased risk of dementia
but a decreased risk of death. n =2,928 patients/cohort. CRR, com-
peting risk regression; HR, hazard ratio; CI, confidence interval.

analyses (Table 2) reveal current (OR: 1.11, 95%
CI: 1.09-1.13) and index (OR: 1.09, 95% CI: 1.07-
1.11) ages affect the odds of dementia diagnosis,
but no other demographic variables (sex, race, eth-
nicity) affect the odds of dementia diagnosis. As
noted previously, all selected dementia risk factors
besides obesity increase the odds of dementia diag-
nosis within these cohorts. Full details are in Table 2.

The prevalence of dementia in the propensity-
score matched cohorts is 6.1% in the SIR cohort
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1.0 - Competing Risk Regression
Death Dementia
HR 0.47 1.36
95% CI 0.44-0.50 1.25-1.48
08 »r <0.001 <0.001
= = CTRL- Death
0.6 - ~ = CySp-Death e
= CTRL- Dementia I
—— CySp- Dementia n |

Probability

Age

Fig. 4. The general population has an increased risk of dementia
relative to patients prescribed cyclosporine. Competing risk regres-
sion analysis of dementia and death between patients prescribed
cyclosporine or in the general population-like control. Patients
in the general population-like control have an increased risk of
dementia but a decreased risk of death. n = 12,325 patients/cohort.
CRR, competing risk regression; HR, hazard ratio; CI, confidence
interval.

and 5.6% in the TAC cohort. Unconditional logis-
tic regression analyses (Table 3) reveal no difference
in the odds of dementia diagnosis between the
SIR and TAC cohorts, both in the unmatched and
the propensity-score matched cohorts. Furthermore,
conditional logistic regression analysis (Table 3),
which accounts for the propensity-score matching,
reveals no difference in the odds of dementia diag-
nosis. These trends appeared similar upon separating
males and females and conducting the same logis-
tic regression analyses in the SIR and TAC cohorts
(Supplementary Table 1).

To determine if the rate of dementia occurrence dif-
fers between these cohorts as a function of age while
accounting for death, a competing risk curve was gen-
erated and competing risk regression analysis was
conducted (Fig. 5). There is no observed difference
in the risk of dementia diagnosis between the two
cohorts; however, competing risk regression analysis
reveals that patients in the SIR cohort have a higher
risk of death occurring sooner compared to patients
in the TAC cohort (HR: 1.34, 95% CI: 1.19-1.51).

Cyclosporine versus tacrolimus

Propensity-score matching resulted in 12,325
patients each in the CySp and TAC cohorts. In the
matched cohorts, the average current age was 76.1 in
the CySp cohort and 75.6 in the TAC cohort, while
the average index age was 68.2 in each cohort. Within
the combined CySp and TAC cohorts, the bivariate
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Fig. 5. Patients prescribed sirolimus or tacrolimus show no dif-
ference in risk of dementia. Competing risk regression analysis
of patients prescribed sirolimus or tacrolimus. There is no dif-
ference in dementia risk, but patients prescribed sirolimus have a
higher risk of death. n=2,928 patients/cohort. CRR, competing
risk regression; HR, hazard ratio; CI, confidence interval.

analyses (Table 2) reveal current (OR: 1.12, 95% CI:
1.11-1.13) and index (OR: 1.10, 95% CI: 1.09-1.11)
ages affect the odds of dementia diagnosis. Race and
ethnicity, but not sex, affect the odds of dementia
diagnosis when comparing the CySp cohort to the
TAC cohort.

The prevalence of dementia in the propensity-score
matched cohorts is 7.1% in the CySp cohort and 6.0%
in the TAC cohort. Unconditional logistic regression
analyses (Table 3) reveal patients who had been pre-
scribed CySp have higher odds of dementia diagnosis
compared to patients who had been prescribed TAC,
both in the unmatched (OR: 1.32,95% CI: 1.22-1.42)
and the propensity-score matched (OR: 1.21, 95%
CI: 1.09-1.34) cohorts. Moreover, conditional logis-
tic regression analysis (Table 3) reveals patients in the
CySp cohort have higher odds of dementia diagnosis
relative to patients in the TAC cohort (OR: 1.23,95%
CI: 1.10-1.36).

To determine if the rate of dementia occurrence dif-
fers between these cohorts as a function of age while
accounting for death, a competing risk curve was
generated and analyzed with competing risk regres-
sion analysis (Fig. 6). The competing risk regression
analysis reveals patients in the CySp cohort have a
greater risk of dementia relative to patients in the
TAC cohort (HR: 1.10, 95% CI: 1.00-1.22). Compet-
ing risk regression analysis also reveals that patients
in the CySp cohort have a higher risk of death occur-
ring sooner compared to patients in the TAC cohort
(HR: 1.11, 95% CI: 1.05-1.18).
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Fig. 6. Patients prescribed cyclosporine have a reduced risk
of dementia relative to patients prescribed tacrolimus. Com-
peting risk regression analysis of dementia and death between
patients prescribed cyclosporine or tacrolimus. Patients prescribed
cyclosporine have an increased risk of dementia and death.
n=12,325 patients/cohort. CRR, competing risk regression; HR,
hazard ratio; CI, confidence interval.

DISCUSSION

In this national study representing patients aged 65
years and older, the prevalence of dementia ranges
from 4.9 to 11.6% in propensity-score matched
cohorts. As expected, age influences dementia odds
in all cohorts. Hypertension, type 2 diabetes, heart
disease, depression, stroke, and TBI also increase
odds of dementia diagnosis except in the combined
CTRL and SIR cohorts and CTRL and CySp cohorts
(Table 2) [26-28]. Unexpectedly, obesity did not
increase dementia odds, consistent with several stud-
ies suggesting elevated body mass index late in life
reduces dementia risk [29, 30].

General population-like control

To evaluate efficacy of each of the drugs of interest
toreduce the risk of a later dementia diagnosis relative
to the general population, each drug was propensity-
score matched and compared to the respective CTRL
cohort. Consistent with previous results, our study
suggests that patients prescribed TAC or CySp have
reduced prevalence of dementia relative to the general
population [12]. Additionally, our study suggests that
patients prescribed SIR have reduced prevalence of
dementia relative to the general population.

The propensity-score matching results between the
TAC and CTRL cohorts resulted in SMDs above
0.25 for hypertension and diabetes, suggesting these
two variables were not balanced between the cohorts

(Table 1). Because these variables contribute to the
odds associated with developing dementia in these
cohorts (Table 2), consideration should be given when
interpreting the results. However, because all other
variables were balanced between these cohorts, and
all variables were balanced between the other cohorts
using this method, we decided to remain consistent
in our matching methods. Furthermore, it is rational
that patients in the CTRL cohort are healthier in these
regards considering TAC is prescribed primarily to
patients who have undergone a kidney transplant (the
most common solid organ transplant), which is highly
associated with both diabetes and hypertension.

The CTRL used in this study reflects a diverse
patient population. Because the TriNetX Diamond
Network includes data from primary care visits, it is
reasonable to consider this population as represent-
ing the general population. However, it can be argued
that this population does not represent the best pos-
sible healthy control group. Patients within CTRL
cohorts may have a variety of underlying health issues
or may be healthy with only routine primary care
visits in their records. Nonetheless, we believe the
heterogeneity of this population makes it well-suited
to reflect the actual population in the US.

Competing risk regression analyses reveal that
patients in the TAC, SIR, or CySp cohorts have a
reduced probability of dementia and a higher like-
lihood of earlier death compared to patients in the
CTRL cohorts (Figs. 2—4). The latter phenomenon
may impede our interpretation as there is a 6% dif-
ference in the number of patients who died between
the SIR and CTRL cohorts and a 3% difference in the
number of patients who died between the CySp and
CTRL cohorts; however, there is only a 0.4% differ-
ence in the number of patients who died between the
TAC and CTRL cohorts, strengthening confidence in
these results. Moreover, the finding that patients in the
CTRL cohort die later compared to the drug cohorts
is not surprising considering they likely have better
overall health. Of note, the results of these analyses
should not be compared across cohorts due to dif-
ferences in the individual patients comprising each
CTRL cohort. Specifically, for example, the patients
in the CTRL cohort in the TAC versus CTRL com-
parison are not exactly the same as the patients in
the CTRL cohort in the SIR versus CTRL compar-
ison due to limitations in patient counts across the
different drug cohorts. To compare and interpret dif-
ferences between drugs, the analyses that directly
make those comparisons, as discussed below, should
be referenced.
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Our results indicating these three immunosup-
pressants independently reduce the risk of dementia
relative to the general population highlight the
potential for immunosuppressive therapy to pre-
vent dementia, including AD. Since inflammation
often leads to the production of neurotoxic species
that exacerbate neurodegeneration, the conclusion
that immunosuppressants reduce the prevalence of
dementia is not surprising [31]. For example, within
the CNS, inflammatory mediators can potentiate
accumulation of AR and induce neuronal apopto-
sis, and immunosuppressants may directly reduce
neuroinflammation by acting on brain resident glial
cells [32]. Within the periphery, immunosuppression
may still reduce neuroinflammation since peripheral
immunomodulators that can cross the blood-brain
barrier (BBB) are inhibited. After determining all
three immunosuppressants reduce the probability of
dementia diagnosis, we compared them to each other
to determine if the multiple mechanisms of each drug
could work synergistically to reduce dementia preva-
lence to a greater extent.

Sirolimus versus tacrolimus

While we found no difference in likelihood of
dementia diagnosis between patients prescribed SIR
and patients prescribed TAC, the TAC cohort con-
sistently has a non-significantly reduced prevalence
of dementia compared to the SIR cohort. Moreover,
power analysis indicates a significant effect would be
observed if the number of patients was increased to
34,583 in each cohort [33]. While this is feasible for
the TAC cohort, the limited number of patients pre-
scribed SIR results in an underpowered study. The
results of the competing risk analysis suggest that
patients prescribed SIR die sooner as compared to
TAC, likely precluding dementia diagnosis (Fig. 5).
This phenomenon likely impedes our interpretation
of results, especially considering the 6.5% difference
between the two cohorts in the total percentage of
patients who died. Given that we are unsure of the
precise indications for which these drugs were pre-
scribed, we cannot rule out that patients prescribed
SIR have conditions that result in earlier death com-
pared to patients prescribed TAC. However, future
studies should consider the mortality rates associ-
ated with prolonged SIR treatment, especially when
treating an elderly population.

Consistent with our results, SIR effectively pre-
vents or slows the progression of AD; however, SIR
is incapable of reversing established AD pathology

in preclinical models [34-36]. In contrast, TAC both
effectively prevents development of symptomatic AD
in humans and clears established AD pathology in
preclinical models [7, 12, 15]. As previously dis-
cussed, the shared efficacy of SIR and TAC to prevent
symptomatic dementia may be, at least in part, due
to their immunosuppressive properties. TAC inhibits
CN, preventing dephosphorylation and transloca-
tion of NFAT, which in turn prevents transcription
of immune response genes [17]. In contrast, SIR
inhibits mTOR, preventing cell cycle progression and
proliferation, which usually occurs to generate an
immune response [17]. So, while SIR only inhibits
cytokine-mediated signaling, TAC inhibits cytokine
production [37].

In addition to modulating immunosuppression,
both SIR and TAC are known autophagy inducers
[38, 39]. The autophagy-inducing effects of SIR and
TAC likely contribute to their ability to prevent the
development of AD pathology. While SIR forms a
complex with FK506 binding protein-12 (FKBP12)
to inhibit mTOR and facilitate autophagy initiation,
it fails to enhance lysosomal proteolysis, suggesting
that autophagosomes are formed but not effectively
degraded [34, 40]. Studies have shown that SIR leads
to over-induction of autophagy which can result in
autophagic stress [41]. In AD, lysosomal degradative
potential is low, therefore, increased autophagic stress
can exacerbate AD pathology [35]. In fact, production
of autophagosomes absent lysosomal degradation is
a mechanism of AP plaque formation, potentially
intensifying AD symptoms [42]. Indeed, treatment
with SIR increases A plaque deposition and exac-
erbates Af-associated pathology in a pre-clinical
model of AD pathology [36]. Several mechanisms
of autophagy induction by TAC have been proposed.
Like SIR, TAC forms a complex with FKBP12 to
inhibit mTOR and initiate autophagy [43]. Addition-
ally, TAC induces autophagy upstream of mTOR
and enhances autolysosome formation and lysoso-
mal degradation [39, 44]. The converging, yet unique,
mechanisms of SIR and TAC likely confer their
shared ability to prevent development of AD pathol-
ogy but their divergent effects on clearing established
AD pathology.

Cyclosporine versus tacrolimus

Our study reveals that patients in the TAC cohort
have reduced prevalence of dementia relative to
patients in the CySp cohort. Interestingly, compet-
ing risk regression analysis reveals that in addition to
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patients in the CySp cohort having a higher prob-
ability of dementia diagnosis, they have a higher
probability of dying sooner relative to patients in the
TAC cohort (Fig. 6). As previously mentioned, death
may preclude dementia diagnosis, therefore, it is pos-
sible that dementia prevalence would be even greater
in the CySp cohort if they remained alive.

TAC and CySp have similar mechanisms of action:
binding immunophilins and inhibiting CN, effec-
tively inducing immunosuppression [37]. Nonethe-
less, there are distinct differences between these
drugs’ abilities to enter and remain in the brain. It
has been reported that TAC effectively penetrates the
BBB, but CySp becomes trapped in cerebral endothe-
lial cells and therefore cannot exert therapeutic action
in the brain [20, 21].

Furthermore, both CySp and TAC are known sub-
strates of the p-glycoprotein efflux pump (P-gp),
which restricts uptake of drugs into the brain [45,
46]. However, TAC has a lower affinity for P-gp
compared to CySp, and therapeutic concentrations
of TAC likely do not engage P-gp [46]. Additionally,
FKBP12 is required for the proper function of P-gp.
Since TAC directly inhibits FKBP12, P-gp function
may become impaired following TAC administration,
resulting in TAC accumulation in the brain [47]. Con-
trastingly, CySp is pumped out of cells by P-gp further
preventing its action in the brain [48].

Consequences of hyperactive neuronal CN include
a reduction of synaptic activity and synaptic
loss through activation of protein phosphatase 1
(PP1) [2]. For example, PP1 dephosphorylates
cAMP-responsive element binding protein (CREB)
preventing transcription of synaptic genes. Further-
more, within the brain CN activates the Bcl-2
antagonist of cell death (BAD)- mediated apoptotic
pathway leading to neuronal cell death [2]. Because
CySp does not effectively penetrate the CNS, neu-
ronal effects of CN are not inhibited; however, TAC
does inhibit these neuronal disruptions within the
brain. Together, these results provide strong evidence
supporting the necessity of CNIs crossing the BBB
to more efficiently prevent dementia.

Conclusion

Our results improve upon the previous study that
evaluated the incidence of dementia in patients pre-
scribed CNIs relative to the general population [12].
The previous study was conducted in a small number
of patients from a single healthcare organization; the
study presented here was conducted in a larger and

more diverse patient population that better reflects the
entire population of the United States. The previous
study considered both TAC and CySp together, while
our study evaluates prescription of these drugs on
dementia outcomes independently. Furthermore, our
study included propensity-score matching to ensure
we were comparing patients with similar demograph-
ics and comorbidities. Lastly, we evaluated the rates
of dementia as a function of age and considered how
death may preclude dementia diagnosis.

Overall, our results indicate that CNIs reduce
dementia prevalence in large, nationwide cohorts and
bolster the results of numerous preclinical studies.
Furthermore, our results provide a promising drug
repurposing strategy and highlight the potential use
of immunosuppressants as dementia preventatives,
albeit suggesting immunosuppressive CNIs that pen-
etrate the CNS (i.e., TAC) are more efficacious.
Moreover, we believe the multiple mechanisms of
TAC discussed here work synergistically to prevent
and perhaps treat AD. These data support our hypoth-
esis that TAC has preventative effects on dementia
development and should be further investigated as a
treatment for AD and related dementias.
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