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Abstract

Objective: To examine whether the functionally advantageous KL-VS variant of the KLOTHO
gene attenuates age-related alteration in CSF biomarkers or cognitive function in a cohort of
middle-aged and older adults enriched for Alzheimer’s disease (AD) risk.
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Methods: Sample included non-demented adults (N=225, mean age = 63+8, 68% women;
excluding MCI and any dementia diagnosis) from the Wisconsin Registry for Alzheimer’s
Prevention (WRAP) and the Wisconsin Alzheimer’s Disease Research Center (W-ADRC) who
were genotyped for KL-VS, underwent CSF sampling and had neuropsychological testing

data available proximal to CSF draw. Covariate-adjusted multivariate regression examined
relationships between age group (Younger vs. Older; mean split at 63 years), AD biomarkers,
and neuropsychological performance tapping memory and executive function, and whether these
relationships differed by KL-VS status (non-carrier (KL-VSNC) vs. heterozygote (KL-VSHET)),

Results: In the pooled analyses, older age was associated with higher levels of total tau (tTau),
phosphorylated tau (pTau), and their respective ratios to amyloid-B(Ap)42 (#'s < 0.002), and with
poorer performance on all cognitive tests (P ‘s < 0.001). In the stratified analyses, KL-VSNC
exhibited this age-related pattern of associations with CSF biomarkers (all £ s <.001), which
were abated in KL-VSHET (P ‘> 0.14). Similarly, KL-VSNC exhibited age-related deficits in
memory and executive function (p’s <0.003), which again were attenuated in KL-VSHET (P § >
0.18).

Conclusion: Worse memory and executive function, and higher tau burden with age were
attenuated in carriers of a functionally advantageous KL OTHO variant. KL-VS heterozygosity
seems to be protective against age-related cognitive and biomolecular alterations that confer risk
for AD.
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INTRODUCTION

Age is the single biggest risk factor for developing Alzheimer’s disease (AD) [1]. Currently
the sixth leading cause of death in the developed world [2], AD is a progressive, irreversible
and debilitating neurological disorder of old age, marked clinically by memory loss and
neuropathologically by accumulation of plaques and tangles in the brain [3]. No effective
treatments are currently available. With the mean population age steadily rising and the
personal and socioeconomic costs of AD mounting, it is imperative to identify approaches
that prevent, delay or treat the disease.

The long-standing belief that dementia, and the accumulation of its pathognomonic brain
lesions, is an inevitable consequence of aging has been challenged on multiple fronts. We
now know that it is possible to age successfully [4], that not all individuals at genetic

risk develop AD [5], and that even many individuals with AD neuropathology are able to
maintain high levels of cognitive function well into old age [6,7]. This has shifted the focus
from risk factors onto potentially protective or compensatory mechanisms, and thereby on
prevention of disability and disease [8].

Klotho is a transmembrane protein and longevity factor [9,10]. Two KLOTHOsingle
nucleotide polymorphisms (rs9536314 and rs9527025) segregate to form a functional
haplotype, KL-VS, that modulates klotho secretion in humans [11-13]. Several recent meta-
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analyses indicated a significant association of KL-VS heterozygosity (KL-VSHET), which
is the functionally advantageous KL OTHO genotype, with various favorable outcomes
including longevity, and better cardiovascular health and cognitive function [12-18]. It
remains unknown whether favorable outcomes related to KLOTHO heterozygosity within
the context of normal aging extend to those at risk for developing neurogenerative disease,
and specifically AD. The literature related to AD and its biomarkers has only began

to address B-amyloid (AB) accumulation, whereby KL-VS heterozygosity seems to be
associated with lesser Ap burden [11,19] and lower AD risk [19] in APOE4 carriers. In light
of the current gaps in the literature, we extend the investigations of the protective role of
KL-VS to measures of tau in cerebrospinal fluid (CSF), as well as episodic memory and
executive function, given their sensitivity to incipient AD [20].

Here we leveraged data from risk-enriched, late-middle-aged adults from the Wisconsin
Registry for Alzheimer’s Prevention (WRAP) and the Wisconsin Alzheimer’s Disease
Research Center (W-ADRC) to examine whether KLOTHO confers resilience against age-
related changes in (1) cerebrospinal fluid (CSF) biomarkers of AD and (2) cognition. We
predicted that the expected adverse effect of age on both cognitive performance and AD
CSF biomarkers will be attenuated in carriers of the functionally advantageous genotype of
KLOTHO, i.e., KL-VSHET,

METHODS

Participants

Genotyping

The current sample is comprised of 225 cognitively normal adults (age range 45-65 at study
entry; 68% female) who are enrolled in either WRAP [19] or the W-ADRC’s IMPACT
(Investigating Memory in Preclinical AD—Causes and Treatments) cohorts, both enriched
for AD risk based on parental history [11]. Participants in this report were chosen based

on availability of genetic, CSF, and neuropsychological data and all were characterized

as cognitively normal based on standardized, multidisciplinary, consensus conferences
diagnosis [11,21]. All study procedures were approved by the University of Wisconsin
Institutional Review Board and signed written consent was obtained from all participants.

DNA was extracted from blood using the PUREGENE DNA lIsolation Kit (Gentra
Systems, Inc, Minneapolis, MN). DNA concentrations were quantified using ultraviolet
spectrophotometry (DU 530 Spectrophotometer, Beckman Coulter, Fullerton, CA). LGC
Genomics (Beverly, MA) performed genotyping for APOE (rs429358 and rs7412) and
KLOTHO (rs9536314 and rs9527025) using competitive allele-specific PCR-based KASP
genotyping assays. Quality control procedures have been previously published [11,22] and
are deemed satisfactory. As expected based on HapMap and the literature [12,23,24],
rs9536314 and rs9527025 were in perfect linkage disequilibrium in our study population
as well.
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CSF assessment

Lumbar puncture was performed in the morning after a 12-hour fast with a Sprotte 24- or
25-gauge spinal needle at L3-4 or L4-5 with extraction into polypropylene syringes. Each
sample consisted of 22 mL CSF, which was then combined, gently mixed, and centrifuged

at 2,000g for 10 minutes. Supernatants were frozen in 0.5mL aliquots in polypropylene
tubes and stored at —80°C. The samples were immunoassayed for Ap42, total tau (tTau)

and phosphorylated taul81 (pTau) with INNOTEST ELISAs (Fujirebio, Ghent, Belgium), as
previously described [11,25].

Neuropsychological Testing.

Participants completed a comprehensive cognitive test battery [26,27]. The assessment
spanned five cognitive domains: episodic memory, attention, executive function, language,
and visuospatial ability. Here we primarily focused on measures of episodic memory (Rey
Auditory Verbal Learning Test, RAVLT) [28] and executive function (Trail Making Test,
TMT, Parts A & B) [29] given their sensitivity to incipient AD [20], and also because they
were the tests that are common to both WRAP and the W-ADRC batteries. For the RAVLT,
we focused on Total Learning (sum of Trials 1-5) and Long Delay whereas for the TMT we
analyzed time to test completion.

Statistical Analyses

All analyses were done in SPSS, v. 26.0 (IBM, Armonk, NY). Participants were split into
two age groups—Younger vs Older—for analytical purposes, using the mean age of 63
years. For the CSF biomarkers, a series of linear regression models that included terms

for age, sex, APOE 4 status, and parental history of AD were fitted to first ascertain

the effect of age on the biomarkers. Then, the analyses were repeated after stratifying the
sample by KL-VS genotype [30] in keeping with the existing literature [11,31], to determine
whether the deleterious effect of age differed as a function of KL-VS status (non-carriers
(KL-VSNO) vs. heterozygotes (KL-VSHET)). KL-VS homozygosity, which is associated
with lower levels of klotho, decreased longevity and worse cognition, is a rare genotype [12]
(N=5 in our cohort) and was omitted from analysis. For the cognitive measures, the same
analytical strategy was adopted, with the inclusion of education as an additional covariate.
Whenever possible, neuropsychological data corresponding to the visit at which lumbar
puncture was performed was used; otherwise, analysis was restricted to neuropsychological
test data most proximal to lumbar puncture (within one year before or after; time interval
M(SD) = 0.16 (0.34) years). We compared the groups on demographic characteristics either
using x 2 or independent-samples t-tests.

RESULTS

Sample Characteristics.

Characteristics of the entire sample, and also stratified by KL-VS, are detailed in Table 1.
Overall, participants were predominantly white (97%) and female (68%) with average age
of 62.8+7.9 and education of 16.1+2.5 years. The sample was enriched for AD risk; 42%
are APOE e4 carriers, and 75% have a parental history of dementia. The MMSE scores
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ranged between 26 and 30, with an average of 29.3+0.86. After stratifying the sample by
KL-VS, there were no significant differences (all 7Zs > 0.3) in any of the above-mentioned
characteristics between non-carriers (N=168; 45% (75/168) younger and 55% (93 /168
older)) and heterozygotes (N=57; 56% (32/57) younger and 44% (25/57 older)).

We have also assessed how many of the participants in this sample would be considered
positive (i.e., abnormal) based on our center’s derived cutpoint for CSF AD biomarkers [32],
namely AB42 (<471.54), pTau (= 59.5), and tTau (= 461.26). Majority of the participants

in our sample were negative for both AB42 and tau biomarkers. Based on x 2-tests, the
percentage of those who were AB42 positive did not significantly differ between KL-VS
heterozygotes (7%) versus non-carriers (12%) (p = 0.18). Similarly, the percentage of those
who were positive based on pTau did not significantly differ between KL-VS heterozygotes
(18%) and non-carriers (13%) (p= 0.27). Finally, based on the tTau measure, the percentage
of those who were positive did not significantly differ between KL-VS heterozygotes (16%)
and non-carriers (14%) (p= 0.42).

Relationships between age and CSF or cognitive measures.

In the entire sample, Ap42 did not differ significantly between the Younger and Older
groups (P=0.8). As expected, Older age was associated with both tau accumulation and
worse cognitive performance. Specifically, the Older group had significantly higher levels
of CSF tTau and pTau (both P's < 0.001), as well as their respective ratios to Ap42 (both
P's <0.002). Similarly, the Older group exhibited significantly lower cognitive performance
across all neuropsychological measures of interest (all s <0.001). The same pattern of
results remains when age is used as a continuous variable (Ap42: P=0.56; all other P’s <
0.001).

Adverse effect of age on CSF and cognitive measures varies by KL-VS genotype.

In the KL-VSNC, the Older age group consistently exhibited the expected pattern of higher
tau values (Table 2; Figure 1) and worse cognitive performance (Table 3; Figure 2) across
measures (all 7Zs <0.003). In contrast, age-related differences in tau burden and cognitive
performance were attenuated across the board in KL-VSHET (all s > 0.1). The results of
our stratified analyses were confirmed by unstratified moderation analysis (all #'s <0.004).

Because the sample size of KL-VSNC was about three times that of KL-VSHET (168 vs.

57) we repeated the foregoing analyses on a subsample of 57 KL-VSNC who were perfectly
matched on sex and APOE status to the 57 KL-VSHET to rule out the possibility that our
results were due to differences in sample size. Nearly identical patterns of results were

seen in the matched sub-sample analyses compared to that observed in the full sample.
Specifcially, Older KL-VSNC had greater tau accumulation (7s <0.01), worse executive
function (s <0.04), and episodic memory (P= 0.01; with the exception of the RAVLT
Long Delay measure (P = 0.21)) whereas age-related differences were not significant in
KL-VSHET (Ps > 0.14).
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DISCUSSION

In this study, we report that well-established associations of older age with lower cognition
and higher CSF tau levels were mitigated in carriers of a functionally favorable KL-VS
genotype in a late-middle-aged cohort enriched for AD risk. Specifcially, in this late
middle-aged cohort enriched for AD risk, the expected age-related alterations in tTau, pTau,
tTau/Ap42, and pTau/AB42 were observed in KL-VSNC, but not in KL-VSHET, Similarly,
whereas older KL-VSNC exhibited expectedly worse memory and executive function
compared to younger KL-VSNC, we did not observe the same age-related differences in
cognitive performance in KL-VSHET,

The role of KLOTHO in longevity [9,10,13-17] is well-established. There is mounting
evidence in support of relationships between KL-VS heterozygosity and preserved brain
integrity and cognitive performance during normal aging [12-17,23,24,33,34]. For example,
better global cognition is reported in heterozygotes compared to non-carriers in three
independent cohorts of non-demented adults [12] as well as slower cognitive decline

[32]. Moreover, KL-VSHET exhibit better executive function in conjunction with greater
dorsolateral prefrontal cortex volume [24] and also show greater intrinsic connectivity in
functional brain networks known to be vulnerable to unfavorable effects of aging [34].

Our group has previously reported that KL-VS heterozygosity mitigated negative effects of
APOE €4 on Ap burden in a late-middle-aged cohort at risk for AD [11]. These findings
were confirmed in a recent meta-analysis combining data from 25 studies reporting that
APOE 4 carriers, who were also KL-VS heterozygotes, were at a reduced risk for the
combined outcome of conversion to MCI or AD [19]. We add to the current state of the
literature by demonstrating that the favorable effects of KL-VSHET extend to age-related tau
burden and deficits in memory and executive function in a non-demented sample enriched
for AD.

Although topographic evolution of tauopathy in the brain is the basis for Braak
neuropathological staging of AD [35], which in turn strongly associates with cognitive
impairment [36,37], there is considerable interindividual heterogeneity and significant
diagnostic overlap of neuropathological findings in cognitively unimpaired individuals at
autopsy [6]. Age is not only the greatest risk factor for clinical AD, but also the most robust
determinant of AD biomarker changes and cognitive decline in the absence of manifest
disease. Together, the literature underscores the importance of identifying factors that confer
resilience. Here, we offer a glimpse into how one genetic factor, KLOTHO, offers resilience
against age-related changes in cognition and tau deposition.

KL-VSHET may confer resilience by leading to higher circulating klotho levels [12,24]

or changing its functions. In mouse studies, elevating klotho levels extends lifespan [10],
enhances cognition [38] and increases resilience to AD-related toxicity [39]. In future
studies, it will be interesting to assess whether klotho protein levels in the serum and CSF

of individuals associate with measures of AD and preclinical disease. It is interesting to
speculate that KL-VSHET individuals could be biologically younger and thus show resilience
to age-induced cognitive and tau changes.
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Our participants are predominantly white and highly educated. Moreover, they were selected
for parental history of AD and consequently many are APOE e4 carriers, resulting in

higher prevalence of both traits in this cohort than what is normally observed in the general
population. These characteristics of our cohort may potentially limit the generalizability

of our findings. Another potential limitation is the arguably modest sample size after
stratification by KL OTHO haplotype and age group, although our findings remained
unchanged when the analysis was repeated in an even smaller subsample of matched
participants. Lastly, the cross-sectional nature of the present study may be seen as a
limitation. This, however, is addressable in future publications as both WRAP and W-ADRC
cohorts are prospective and continuing to collect longitudinal CSF and cognitive data.

Overall, our results suggest that KL-VS heterozygosity may attenuate deleterious effects of
aging on risk markers for AD. Given the current lack of disease modifying therapies, AD

is poised to become a public health crisis. Our results suggest that KL-VS heterozygosity
may be protective against age-related cognitive impairment and accumulation of tau burden
in CSF. Identification of new genetic variants that modify AD risk will bring to light novel
molecular targets for future therapeutic trials. This line of research is poised to identify
complementary pathways for curbing the disease progression and delaying symptom onset.
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Figure 1. Age differentially associates with CSF tau measures as a function of KL-VS status.
Bar graphs depicting group differences (M(SE)) in tau between Younger (black) and Older

(white) individuals. Among KL-VSNC, Older age was associated with worse levels of A)
total tau (tTau), B) phosphorylated tau (pTau), and their respective ratios to AB42 (C & D).
This age-related pattern of associations with CSF tau biomarkers was abated in KL-VSHET,
Abbreviations: M=mean; SE=standard error; Ap42 = B-amyloid42; tTau = total tau; pTau =
phosphorylated tau; KL-VSNC = KL-VS non-carriers; KL-VSHET = KL-VS heterozygotes.
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Figure 2. Age differentially associates with measures of episodic memory and executive function

as a function of KL-VS status.

Bar graphs depicting group differences (M(SE)) in cognition between Younger (black) and
Older (white) individuals. KL-VSNC exhibited age-related deficits in memory (A & B) and
executive function (C & D), which were attenuated in KL-VSHET,
Abbreviations: M=mean; SE=standard error; RAVLT = Rey Auditory Verbal Learning Test
(total trials); TMT = Trail Making Test (time in seconds); KL-VSNC = KL-VS non-carriers;

KL-VSHET = KL-VS heterozygotes.
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Background characteristics of study participants

Table 1.

VARIABLE TOTAL SAMPLE (N =225) | KL-VSNC (N=168) | KL-VSHET (N=57) P

Age, M (SD) 62.85 (7.99) 62.99 (7.99) 61.81(8.16) 0.34
Education, M (SD) 16.09 (2.51) 16.06 (2.49) 16.19 (2.59) 0.73
MMSE, M (SD) 29.31 (0.86) 29.32 (0.89) 29.30 (0.86) 0.93
Females, N (%) 152 (68) 115 (68) 37 (65) 0.62
White, N (%) 219 (97) 164 (98) 55 (97) 0.34
APOE &4+, N (%) 94 (42) 73 (43) 21 (37) 0.38
KL-VSHET N(%) 5725 - - -

Parental history of AD, N (%) 168 (75) 125 (74) 43 (75) 0.88
* AB42 negative, N (%) 25 (11) 21 (12) 4(7) 0.18
* pTau negative, N (%) 32 (14) 22 (13) 10 (18) 0.27
* £Tau negative, N (%) 32 (14) 23 (14) 9 (16) 0.42

Abbreviations: KL-VSNC = KL-vs non-carriers; KL-vSHET = kL-vs heterozygotes; MMSE = Mini-Mental State Examination score; APOE

ed+ = APOE &4 carrier

*
negative based on our center’s derived cutpoint for CSF AD biomarkers32
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Table 2.

Association between CSF AD biomarkers and age across KL-VS strata

CSF MEASURE | AGE GROUP KL-VSNC KL-VSHET
M (SE) F (df) P M (SE) F(df) P
Ap42 <63 718.59 (22.88) 740.77 (35.18)
0.98 0.48
>63 719.17 (20.47) | 0.001 (1,163) 705.44 (39.96) | 0.51 (1,52)
tTau <63 275.74 (16.12) 292.59 (31.39)
<0.001 0.40
>63 364.99 (14.42) | 16.40 (1,163) 333.61(35.66) | 0.71(1,52)
pTau <63 39.21 (1.82) 38.46 (2.78)
0.001 0.24
>63 47.64 (1.63) | 11.45(1,163) 43.12 (3.15) | 1.41(1,52)
tTau/AB42 <63 0.39 (0.04) 0.40 (0.06)
<0.001 0.14
>63 0.58 (0.03) 16.27 (1,163) 0.54 (0.07) 2.25 (1,52)
pTau/Ap42 <63 0.06 (0.004) 0.05 (0.005)
0.001 0.14
>63 0.08 (0.004) | 12.54 (1,163) 0.07 (0.006) | 2.28 (1,52)

Abbreviations: KL-VSNC = KL-VS non-carriers; KL-VSHET = KL-VS heterozygotes; AB42 = B-amyloid42; tTau = total tau; pTau =

phosphorylated tau
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Table 3.

Association between cognitive function and age across KL-VS strata

COGNITIVE MEASURE | AGE GROUP KL-VSNC KL-VSHET
M (SE) F (df) P M (SE) F (df) P
RAVLT
Trials 1-5 <63 52.77 (0.91) <0.001 | 4984 (L41) 032
>63 47.19 (0.82) | 19.43 (1,163) 48.21 (1.61) | 1.01 (1,52)
RAVLT
Long Delay <63 10.69 (0.36) 0003 | 10-23(045) 041
>63 9.22 (0.32) 8.86 (1,163) 9.89(0.51) | 0.69 (1,52)
TMT A (time) <63 23.66 (0.97) 25.15 (1.20)
0.003 0.88
>63 27.80(0.87) | 9.24(1,163) 25.36 (1.36) | 0.02 (1,52)
TMT B (time) <63 53.69 (2.67) 57.95 (4.46)
<0.001 0.18
>63 69.48 (2.39) | 18.01(1,163) 68.31 (5.06) | 1.81(1,52)

Page 14

Abbreviations: KL-VSNC = KL-vs non-carriers; KL-VSHET = kL-vs heterozygotes; RAVLT = Rey Auditory Verbal Learning Test; TMT =

Trail Making Test
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