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Introduction: Allopregnanolone (ALLO), an endogenous neurosteroid, promoted neu-
rogenesis and oligogenesis and restored cognitive function in animal models of
Alzheimer’s disease (AD). Based on these discovery research findings, we conducted
a randomized-controlled phase 1b/2a multiple ascending dose trial of ALLO in per-
sons with early AD (NCT02221622) to assess safety, tolerability, and pharmacokinet-
ics. Exploratory imaging outcomes to determine whether ALLO impacted hippocampal
structure, white matter integrity, and functional connectivity are reported.

Methods: Twenty-four individuals participated in the trial (n = 6 placebo; n = 18 ALLO)
and underwent brain magnetic resonance imaging (MRI) before and after 12 weeks
of treatment. Hippocampal atrophy rate was determined from volumetric MRI, com-
puted as rate of change, and qualitatively assessed between ALLO and placebo sex,
apolipoprotein E (APOE) 4 allele, and ALLO dose subgroups. White matter microstruc-
tural integrity was compared between placebo and ALLO using fractional and quanti-
tative anisotropy (QA). Changes in local, inter-regional, and network-level functional
connectivity were also compared between groups using resting-state functional MRI.
Results: Rate of decline in hippocampal volume was slowed, and in some cases
reversed, in the ALLO group compared to placebo. Gain of hippocampal volume was
evident in APOE ¢4 carriers (range: 0.6% to 7.8% increased hippocampal volume). Mul-
tiple measures of white matter integrity indicated evidence of preserved or improved
integrity. ALLO significantly increased fractional anisotropy (FA) in 690 of 690 and QA
in 1416 of 1888 fiber tracts, located primarily in the corpus callosum, bilateral thala-
mic radiations, and bilateral corticospinal tracts. Consistent with structural changes,

ALLO strengthened local, inter-regional, and network level functional connectivity in
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1 | BACKGROUND

Alzheimer’s disease (AD) is a progressive neurodegenerative disease
currently affecting 6.2 million people in the United States.! Therapies
to effectively treat AD by targeting underlying mechanisms remain an
unmet need.? Because brain atrophy is an early indicator of AD, is cor-
related with cognitive decline, and progresses throughout the course
of the disease, therapeutics targeting regeneration of brain structure
have the potential to restore associated brain function.® A substan-
tial body of research indicates that allopregnanolone (ALLO) promotes
neurogenesis, restores cognitive function, and reduces AD pathology
in preclinical AD models.*-10

ALLO is a small molecular weight, blood-brain barrier penetrant
molecule that promotes neurogenesis through regeneration of neu-
ral stem cells in brain*-® and promotes the brain’s innate regenera-
tive capacity to increase the pool of neural progenitor cells®>>72 and
their differentiation to neurons.? Clinical development of ALLO is sup-
ported by abundant US Food and Drug Administration Investigation
New Applications (FDA-INDs) enabling safety data in animals and
humans.11-1°

Recently a phase 1b/2a randomized, double-blinded, placebo-
controlled, single and multiple ascending dose trial of ALLO was con-
ducted in persons with early AD (mild cognitive impairment due to AD
or mild AD) (NCT02221622).12 Primary outcome analyses indicated
that ALLO was safe and well-tolerated across all doses.!? Safety, max-
imally tolerated dose (MTD), and pharmacokinetics (PK) profiles sup-
ported advancement of ALLO as a regenerative therapeutic for AD to
a phase 2 efficacy trial (NCT04838301). Here we report exploratory
imaging outcomes from that phase 1b/2a clinical trial of ALLO.

Imaging biomarkers are well-documented indicators of neurode-
generation and are used for AD staging severity.14~20 Whole brain and
hippocampal atrophy on magnetic resonance imaging (MRI) are the
most consistently used biomarkers for diagnosis and assessment of dis-
ease progression in AD.1¢1720.21 The FDA and European Medicines
Agency (EMA) have validated and accepted hippocampal atrophy rate
as suitable for aiding in the design of clinical trials in patients with mild
to moderate AD.?223

Diffusion-weighted imaging (DWI) and resting state functional
MRI (rs-fMRI) provide information regarding microstructural integrity,

AD-vulnerable regions, including the precuneus and posterior cingulate, and network
connections between the default mode network and limbic system.

Discussion: Indicators of regeneration from previous preclinical studies and these
exploratory MRI-based outcomes from this phase 1b/2a clinical cohort support
advancement to a phase 2 proof-of-concept efficacy clinical trial of ALLO as a regen-
erative therapeutic for mild AD (REGEN-BRAIN study; NCT04838301).

allopregnanolone, Alzheimer’s disease, functional connectivity, hippocampal volume, regenera-
tive therapeutic, white matter integrity

brain function, and connectivity that can serve as potential target
engagement markers of regeneration.2*2°> Previous studies demon-
strate that connectivity and network integrity decline is markedly
accelerated in AD, particularly within the default mode network
(DMN).26-28 Measures of functional connectivity have been proposed
as promising biomarkers for interventional trials given the correlation
with cognitive improvement following treatment.2%:39

The primary purpose of these analyses was to investigate
exploratory endpoints from the phase 1b/2a ALLO clinical trial.!?
Rate of hippocampal atrophy, white matter integrity, and functional
connectivity were specifically investigated to inform future ALLO
clinical trials for the treatment of AD. Outcomes described herein
served as the foundation for the design of a phase 2 clinical trial of
ALLO as a neuro-regenerative therapeutic for AD.

2 | METHODS

2.1 | Trial design

The phase 1b/2a trial was a single-site, randomized, double-blinded,
placebo-controlled, multiple ascending dose study of 12-weeks dura-
tion in persons with early AD. Eligibility, recruitment, and trial design
for this study have been described previously.!? Participants were
randomized into three dosing cohorts of ALLO (2 mg, 4 mg, and 6-
18 mg) or placebo at a 6:2 allocation ratio. The third cohort under-
went multiple ascending dosing. The treatment regimen consisted of
a 30-minute intravenous infusion once-per-week. A total of 24 partici-
pants (mean age + SD: 75.88 + 7.17, range: 60-89) were enrolled into
the trial and underwent safety, pharmacokinetic, cognitive, and imag-
ing assessments. All participants had a Mini Mental Status Examina-
tion (MMSE) score between 20 and 26 and were in general good health
and known co-morbidities were stable. Most participants (n = 21) were
taking more than one concomitant medication, including supplements.
All participants taking concomitant medications had stable dosing for
at least 3 months prior to enroliment. Use of benzodiazepines, seda-
tives/hypnotics, anticonvulsants, antipsychotics, and other medica-
tions that might interact with the y-aminobutyric acid (GABA)A recep-

tor complex were not allowed. The study was approved by the FDA and
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TABLE 1 Demographic characteristics of individuals included in
imaging analyses

ALLO Placebo
n=18 n=6 P-value
Age (years) 741 + 7.2 81.3 + 3.3 028
Sex: 9/9 3/3 1€
Female/Male (n)
APOE genotype?®: 13/5 2/4 .224¢
APOE ¢4+/APOE®%/3 (n)
Years of education 15.7 £ 2.6 155 + 2.2 .851°
MMSE total score 24.0 + 2.0 235 + 4.0 .781°
MOoCA total score 20.2 + 3.1 18.0 + 6.3 449°
ADAScog14 total score 248 + 84 26.7 + 120 673°
GDS total score 18 + 13 18 +22 1°
FAQ total score 8.6 + 85 82+ 74 91P

Notes:

All values are reported as mean + standard deviation or n/n.
Abbreviations: ADAS: Alzheimer’s Disease Assessment Scale; FAQ: Func-
tional Activities Questionnaire.; GDS: Geriatric Depression Scale; MMSE:
Mini Mental Status Examination;

MoCA: Montreal Cognitive Assessment.

aAPOE®** includes APOES%e4 and APOE##/24 individuals.

bTwo-sample t-test.

€Chi-square test.

the University of Southern California (USC) Institutional Review Board
and was registered with ClinicalTrials.gov (NCT02221622). All partici-
pants provided written informed consent prior to participation.

All individuals were initially included in these exploratory analyses.
However, one individual was excluded from the hippocampal analyses
due to a missing T1-weighted image, two individuals were excluded
from the rs-fMRI analyses and two individuals were excluded from the
DWI analyses for incomplete imaging datasets (n = 1) or poor quality at
one or both imaging sessions (n = 1). Demographic characteristics are

presented in Table 1.

2.2 | Image acquisition and processing
All participants completed a multimodal neuroimaging battery prior to
treatment and at week 16.

Imaging data were collected on a 3.0 Tesla GE Signa HDxt MRI
scanner at USC. The imaging protocol is described in Supplement 1.
Anatomical, rs-fMRI, and DWI data were pre-processed separately
using Freesurfer,®! fMRIPrep,®2 and QSIPrep.3® Functional connec-
tivity and regional homogeneity (ReHo) from pre-processed rs-fMRI
data were calculated using the eXtensible Connectivity Pipeline (XCP
Engine, v. 1.2.3). White matter microstructural integrity was quanti-
fied using both fractional anisotropy (FA) and QA in DSI Studio (March
11, 2021 release) using the pre-processed DWI data. All processing
pipelines are described in Supplement 1.

Clinical Interventions

HIGHLIGHTS

* Allopregnanolone (ALLO), a regenerative therapeutic, has
the potential to alter disease progression and regenerate
the brain in Alzheimer’s disease (AD).

* The greatest effects of ALLO on hippocampal volume were
seen in apolipoprotein E (APOE) ¢4 carriers.

* White matter integrity and connectivity were preserved in
ALLO-treated participants.

* ALLO strengthened local, inter-regional, and network-
level functional connectivity.

* Exploratory outcomes support the use of imaging end-
points in a phase 2 clinical trial to advance the develop-
ment of ALLO as a regenerative therapeutic in persons
with mild AD.

RESEARCH IN CONTEXT

1. Systematic Review: Allopregnanolone (ALLO) promoted
neurogenesis and oligogenesis and recovered cognitive
function in preclinical Alzheimer’s disease (AD) models.
Considerable evidence supports ALLO’s safety and regen-
erative capabilities. However, to date, there is limited
neuroimaging evidence of ALLO’s effects in humans.

2. Interpretation: ALLO was associated with increased hip-
pocampal volume in a subset of participants, particu-
larly APOE ¢4 carriers. White matter integrity and con-
nectivity was preserved and functional connectivity at
multiple scales (local, inter-regional, network-wise) was
strengthened in ALLO recipients. Our findings are consis-
tent with published preclinical translational data demon-
strating ALLO’s neuro-regenerative capabilities.

3. Future Directions: Neuroimaging evidence of regenera-
tion supported advancement of ALLO to a phase 2 proof-

of-concept efficacy clinical trial.

2.3 | Statistical analyses

The emphasis for all exploratory statistical analyses was to present
conservative estimates of potential effects of ALLO on brain structure
and function. To this end, we report effect-size estimates and confi-
dence intervals. Where relevant, we include P-value estimates for par-
ity with similar studies; however, P-values should be interpreted only

as indicators of avenues for further exploration.
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2.3.1 | Hippocampal volume

Change from baseline ([Follow up—Baseline]/Baseline) was computed
for the left and right hippocampi. Change from baseline outcomes
included left and right hippocampal volumes segregated by sex (males
vs females), APOE genotype (APOE £3/¢3 carriers vs APOE ¢4 car-
riers), and dose (placebo, 2, 4, 6 mg+). We previously reported no
statistically significant changes in hippocampal volumes using one-
way baseline-adjusted analyses of covariance (ANCOVAs) on change
values.'2 Therefore, and given the small n of each subgroup within each
treatment group, these data are presented and discussed qualitatively

without specific statistical analyses.

2.3.2 | Whole-brain tractography

DWI preprocessing details are detailed in Supplement 1. Using the pre-
processed DWI images, diffusion MRI connectometry®* was used to
derive correlational tractography demonstrating longitudinal changes
(post-treatment—baseline) in both FA and QA associated with treat-
ment group assignment (1 = ALLO, -1 = Placebo). A non-parametric
Spearman correlation was used to derive the correlation. A total of
22 subjects were included in each analysis. A T-score threshold of
2.5 was assigned and tracked using a deterministic fiber tracking
algorithm3® to obtain correlational tractography. The tracks were fil-
tered by topology-informed pruning®® with four iteration(s). A length
threshold of 20 mm was used to select tracks. To estimate the false-
discovery rate (FDR), a total of 4000 randomized permutations were
applied to the treatment group label to obtain the null distribution of
the track length.

2.3.3 | Functional connectivity

Resting-state fMRI pre-processing steps and estimation of atlas-based
functional connectivity are described in detail in Supplement 1. For
each region of interest (ROI) to ROI connection in the functional
connectivity matrices (edges) as well as ROI-specific ReHo, we per-
formed a two-step linear regression to remove motion effects from
each session separately, extract the residuals, and then to further
residualize the post-treatment residuals on the baseline residuals. This
yielded baseline-adjusted post-treatment estimates. We analyzed the
baseline-adjusted edge-wise and ROI-wise ReHo data using DABEST
(v. 0.3.1;%) to estimate between-group effect sizes (Hedges’ g), 95%
bias-corrected, accelerated (BCa) confidence intervals (20,000 boot-
strap resamples), and empirical P-values (5000 permutations).

In addition to the edge-wise analyses, network-level changes in
functional connectivity were computed. Each of the 473 ROIs was
assigned to one of 11 networks, which included 9 cortical networks,3® a
subcortical network, and a cerebellar network resulting in both within-
network (eg, limbic network) and cross-network (eg, default mode—

visual network) connections. Within-network connectivity and cross-

network connectivity values were computed as a weighted mean of
the associated edge weights,?? resulting in 11 within-network and 55
cross-network connectivity values. Post-treatment connectivity was
regressed on baseline connectivity per network and analyzed with
DABEST as described above.

For edge-wise, network-wise, and ROIl-wise analyses, only those
between-group differences whose effect size BCa confidence intervals
did not include O were retained. FDR-adjusted empirical P-values were

then computed.
3 | RESULTS
3.1 | Hippocampal volume

Prior to treatment, there were no between-group differences in left
(t13.091 = 0.925, P = .372) (Figure 1A) or right hippocampal volumes
(t11.525 = 0.539, P = .600) (Figure 1B), which was consistent whether
groups were evaluated as a whole or when stratified by APIOE 4 allele.
Details of hippocampal volumes and change rates are summarized in
Figure 1 and Table 2.

Placebo was associated with 0% gain and up to a 15% loss in left hip-
pocampal volume (Figure 1C) and 7% loss in right hippocampal volume
(Figure 1D). ALLO was associated with changes from baseline ranging
from 7% gain to 10% loss in the left hippocampus (Figure 1C) and 7%
gain to 7% loss in the right hippocampus (Figure 1D). No discernible
sex-dependent effects were observed for either group (Figure 1E-F).
An APOE genotype effect was observed where ALLO-treated APOE ¢4
carriers exhibited the greatest gains in left and right hippocampal vol-
ume compared to non-carriers (Figure 1G-H).

Consistent with our prior report,’? the optimal ALLO dose (4 mg)
was associated with up to 7% gain and 5% loss across both the left
and right hippocampi (Figure 11-J). It is important to note that no
ALLO dose was associated with the maximum loss observed in the
placebo group. Furthermore, placebo administration was not asso-
ciated with the maximal gain observed in any of the ALLO doses
(Figure 11-J).

3.2 | Whole-brain tractography

A total of 690 tracts localized in the right superior corticostriatal
tract, bilateral cerebellum, and left superior longitudinal fasciculus (Fig-
ure 2A) exhibited between-group differences when FA formed the local
connectome fingerprints (Figure 2A-C). In 100% of these tracts, indi-
viduals receiving ALLO exhibited increased FA, whereas individuals in
the placebo group exhibited decreased FA (Figure 2B). Furthermore,
a total of 1888 tracts (Figure 2D) exhibited statistically significant
between-group differences (FDR corrected P < .05) when QA was used
to form local connectome fingerprints. ALLO-treated participants, all
doses combined, exhibited sustained QA in 1487 of 1888 tracts or
78.23% of the total (FDR corrected P < .017) (Figure 2D-F; red tracts),
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FIGURE 1

Impact of allopregnanolone (ALLO) on hippocampal volumes across sex, apolipoprotein E (APOE) genotype, and dose. Baseline

hippocampal volumes for the left (A) and right (B) hippocampi stratified by APOE allele and intervention group (placebo, ALLO). After 12 weeks of
allopregnanolone or placebo treatment, change was computed as (Follow up—Baseline/Baseline * 100). Differences are reported for placebo
versus ALLO overall (C-D) as well as stratified by sex (E-F), genotype (G-H), and for each dosing level of ALLO (I-J). The 4 mg dose of ALLO was
associated with the greatest gains in both left (1) and right (J) hippocampal volume. All gains were observed in APOE &4 carriers, ranging from 0.6%

to 7.8% increases in volume

which included tracts in the body of the corpus callosum, right poste-
rior thalamic radiation, and left superior corticostriatal tract. In com-
parison, individuals in the placebo group exhibited greater increase
in QA in 21.77% of the statistically significant tracts (n = 411 tracts;
FDR corrected P < .046) (Figure 2D-E, 2G; blue tracts), primarily in
the superior cerebellar peduncle, left superior corticostriatal tract, and
cranial nerves lll and VII.

3.3 | Inter-regional functional connectivity

After controlling for baseline edge-wise functional connectivity, a total
of 726 edges out of 111,628 (0.65%) possible connections exhibited
large differences between the ALLO and placebo groups (|g| > 1.35 for
all edges) where confidence intervals did not include O and survived
multiple comparisons correction at an FDR corrected P < .05. This
included 491 edges with greater and 235 edges with lower connectiv-
ity values in the ALLO-treated group. A total of 32 edges survived mul-
tiple comparisons correction at amore stringent FDR-corrected P <.01
(lg] > 1.80 for all edges) (Figure 3A-D). Among these, 25 edges had
greater connectivity and 7 edges had lower connectivity in the ALLO
group after treatment when controlling for baseline edge-wise func-
tional connectivity.

3.4 | Network-wise functional connectivity

At baseline, mean network-wise functional connectivity values ranged
from —0.0908 to 0.0624 in the placebo group (Figure 3E upper panel)
and from —0.0234 t0 0.0340 in the ALLO group (Figure 3E lower panel).
Following 12 weeks on placebo, connectivity decreased in the majority
of network pairs (Figure 3F upper panel) while remaining unchanged
or increasing in the ALLO group (Figure 3F lower panel). After adjust-
ing for baseline connectivity, the ALLO treatment group exhibited
greater connectivity in three cross-network pairs compared to placebo
(Hedges g> 1.16; all FDR P <.026) (Figure 3G), which included greater
connectivity between the limbic somatomotor networks, between the
limbic and cerebellar networks, and between the limbic and DMNs (Fig-
ure 3G). Compared to placebo, the ALLO group exhibited lower con-
nectivity between the cerebellum and subcortical gray matter (Hedges
g=1.17; FDR corrected P =.024; Figure 3G).

3.5 | Intra-regional functional connectivity

Following the 12-week treatment period, 29 regions (out of 473) exhib-
ited large between-group differences, with effect sizes ranging from
|0.74 | < to < |1.36] Hedges' g (Figure 3H). For these 29 regions, 95%



60f11 Translational Research

Clinical Interventions

RAIKES ET AL.

TABLE 2 Baseline hippocampal volumes, absolute and relative change by group

Placebo (n = 6)

L. hippocampus

R. hippocampus

ALLO (n=17)

L. hippocampus

R. hippocampus

Baseline (mm?) 2759.20+213.87 2992.30+230.12 3021.22 + 186.08 3149.41+178.53
Change (mm?3) —148.82 +77.96 —74.32 +40.73 —44.99 +29.69 —34.13 +29.38
[-407.3,33.8] [-254.0,12.2] [-181.8,194.1] [-179.9,230.7]
Change (%) -5.87+3.07 —245+1.20 -135+1.11 —1.04 +1.00
[-15.95,0.92] [-7.12,0.35] [-8.82,7.02] [-7.22,7.77]
Change by sex (mm?)
Male —141.17 +133.79 —145.53 +55.81 —55.27 +42.51 —-34.02 + 37.50
[-407.3,16.0] [-254.0,-68.5] [-168.7,191.2] [—179.9,145.6]
Female —156.47 +111.49 —3.10 + 10.46 —33.43 +43.85 —34.25 +48.83
[-352.3,33.8] [-23.1,12.2] [-181.8,194.1] [-163.9,230.7]
Change by sex (%)°
Male —5.61+5.21 —4.69 +1.42 —1.65+1.34 -0.72+1.17
[-15.95,0.60] [-7.12,-2.20] [-6.39,5.25] [—4.44,5.59]
Female —6.13+4.45 —-0.21+0.42 —1.00+1.92 -141+1.76
[-14.36,0.92] [-1.04,0.35] [-8.82,7.02] [-7.23,7.77]
Change by APOE load (mm?©)
APOE £3/¢3 —97.43 + 104.23 —106.10 + 55.79 —118.18 + 24.56 —58.18 + 38.79
[-407.3,33.8] [-254.0,12.2] [-168.7,-31.5] [-179.9,53.3]
APOE 4+ —251.60 + 100.70 —10.75+12.35 —14.49 +37.92 —24.11 + 38.98
[-352.30, [-23.1,1.6] [-181.8,194.1] [-163.9,230.7]
-150.9]
Change by APOE load (%)°
APOE £3/¢3 —-3.97 +4.03 —-343+1.61 —3.65+0.95 —-155+1.01
[-15.95,0.92] [-7.12,0.35] [-6.39,-1.01] [-3.78,1.74]
APOE 4+ —-9.66+4.70 —-0.49 +0.54 —-0.39 + 1.46 —-0.83+1.38
[-14.36,-4.95] [-1.04,0.05] [-8.82,7.02] [-7.22,7.77]

Note: Values are listed as mean + SE; minimum and maximum values are included in square brackets.

2Percent change relative to baseline volume.

confidence intervals did not include O, with FDR corrected P-values
ranging from 0.082 < to <0.122. Compared to the ALLO group, the
placebo group exhibited greater ReHo in nine ROIs (31% of the regions
with large between-group differences; Figure 3H) after accounting for
baseline values, including areas associated with bilateral somatomo-
tor networks and dorsal attention networks (Figure 3C). Compared
to the placebo group, the ALLO-treated groups combined exhibited
greater ReHo after accounting for baseline values in 20 ROls (69% of
the regions with large between-group differences; Figure 3H), includ-
ing areas of the posterior cingulate, somotamotor cortex, prefrontal

cortex, and precuneus. Specified regions are included in Table S1.

4 | DISCUSSION

The primary purpose of these analyses was to investigate exploratory
endpoints for future clinical trials of ALLO for the treatment of AD.
ALLO treatment was associated with increased left and right hip-
pocampal volume in some individuals with early AD, which was most

apparent in the 4 mg dose group. Indicators of greater white matter

integrity occurred in hundreds of fiber tracts. In parallel, individuals
treated with ALLO exhibited increased functional connectivity, both
in ROI-to-ROI connectivity and mean network connectivity. These
results support a potential regenerative effect of ALLO on measures
of hippocampal structure, white matter integrity, and functional

connectivity.

41 | Hippocampal volume

We hypothesized that if ALLO targets the regenerative niche of
the hippocampus,*® then regeneration would be evident as either
increased hippocampal volume relative to participant baseline or to
placebo-treated participants, or decreased magnitude of hippocampal
atrophy relative to participant baseline or to placebo. Analyses con-
servatively suggest a numerical trend toward decreased atrophy in
ALLO-treated participants across all doses, with the greatest poten-
tial for regeneration in the 4 mg dose group. It is notable that all
potentially beneficial effects were observed in APOE &4 carriers, with
some APOE ¢4 carriers receiving ALLO exhibiting volumetric increases
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for the ALLO group compared to the placebo group (C). Using QA, a total of 1888 tracts survived multiple comparisons correction (D); 78.32% of
these tracts (D red-colored tracts; E-F) showed no change in QA for participants receiving ALLO compared to placebo, whereas 21.77% of the
tracts (D blue-colored tracts; E, G) showed decreased QA in ALLO participants compared to placebo

ranging from 0.6% to 7.8%. Of these, 42% had increased left hippocam-
pal volume and 33% had increased right hippocampal volume, whereas
neither of the APOE ¢4 carriers in the placebo group demonstrated
increased hippocampal volume. Positive volumetric change was not
seen in APOE ¢3 participants, suggesting that APOE ¢4 carriers are a
potential responder subgroup. The effect of the APOE &4 allele on hip-
pocampal structure has been noted previously, with greater hippocam-
pal atrophy in APOE &4 carriers and left-hemispheric atrophy greater
than the right.#0-42

Important for analyses reported herein, significant hippocampal loss
can be detected within a 6-month window in early AD, which is acceler-
ated in the presence of the APOE &4 allele.?® Placebo APOE &4 carriers
exhibited a-9.7% change over 3 months, whereas ALLO-treated partic-
ipants exhibited a-1.35% (left) to -1.04% (right) change in hippocampal
volume over the same time period (Table 2). This rate of change in the
ALLO-treated APOE &4 carriers was less than the volume loss reported
for mild cognitive impairment (MCI) and AD patients (-2% to -3.3%)
over 6 months.20 Of interest, the impact of ALLO percent change in
volume loss from baseline in ALLO-treated APOE ¢4 carriers was most
apparent in the left hippocampus, which exhibited a -0.4% change com-
pared to the placebo APOE ¢4 carriers, which showed a -9.7% change
over 3 months.

4.2 | White matter integrity

Because ALLO promoted white matter remyelination® and oligo-
dendrogenesis in animal models of AD,® we hypothesized that if
ALLO exerted a regenerative effect on white matter, such effects
would be detectable via diffusion-weighted MRI. Here we used
two diffusion metrics: FA and QA. Generally, FA is indicative
of white matter integrity*3** whereas QA indicates connecti-
vity.3445

A total of 690 and 1888 tracts exhibited baseline to post-treatment
changes that differed between the ALLO and placebo groups for FA
and QA, respectively. ALLO treatment was associated with increased
(100% of tracts identified for FA) or maintained (78.23% of fibers iden-
tified for QA) diffusion characteristics, primarily in the corpus cal-
losum, corticostriatal, longitudinal, cerebellar, and thalamic radiation
fibers. This combination of improved FA based integrity and main-
tained QA based connectivity of fibers in the ALLO-treated group
is indicative of sustained structural connectivity.3>*° In contrast, the
placebo group exhibited a decrease in both FA and QA for these same
fibers, which may reflect axonal loss or demyelination resulting in more
isotropic diffusion (decreased FA) and decreased structural connectiv-
ity (decreased QA).**
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Impact of allopregnanolone (ALLO) on inter- and intra-regional functional connectivity. Post-treatment group-wise differences in

functional connectivity were evaluated at a region-to-region (“edge-wise”) (A-D), network-wise (E-G), and within-region (“Regional
Homogeneity”) (H) level using an atlas-based approach (n = 473 total regions) and are reported as Hedges' g effect sizes. A total of 32 edges
exhibited large (|g| > 1.80; false-discovery rate (FDR)-corrected P <.01) differences, with 25 edges exhibiting greater connectivity in the ALLO
group. These edge-wise connections are overlaid on the left hemisphere surface (A), a coronal view (B), the right hemisphere surface (C), and an
axial view (D). These regions were additionally assigned to one of 11 large-scale networks (E). Simple differences from baseline (E) to
post-treatment in network-wise functional revealed general patterns of decrease in the placebo group (F, top) and limited changes or increases in
the ALLO group (F, bottom). Baseline-adjusted network models revealed larger increases in cross-network functional connectivity between the
limbic network and both the default mode and somatomotor networks, and decreases in cerebellar-subcortical gray matter in the ALLO group
compared to the placebo group (|g| > 1.16; FDR corrected P < .05)(G). Finally, ALLO was associated with larger increases (g > 0.74) in regional
homogeneity in a total of 20 regions, including the prefrontal, posterior cingulate, and precuneus regions, whereas larger increases (g > 0.89) in the
placebo group were observed in nine regions, including those associated with the bilateral somatomotor and dorsal attention networks (H). These
regions with large differences were significant at FDR corrected .082 < P <.122 level

One possible interpretation of the ALLO profile is neuroplastic
changes within these fiber tracts. Past work has shown that both
increases and decreases in QA without a change in FA can reflect local
neuroplasticity,*¢*” particularly in the corpus callosum.*¢ If ALLO is
exerting a neurogenic effect on white matter,*® then local neuroplas-
tic changes may be reflected in this smaller subset of the overall iden-
tified fibers. Although the true magnitude of impact on white matter
integrity following ALLO requires larger samples, these findings sug-
gest that ALLO exerts protective or regenerative effects on white mat-
ter integrity and structural connectivity.

4.3 | Inter-regional functional connectivity

Large differences in both edge-wise and network-level functional
connectivity between the ALLO and placebo groups were observed
after controlling for pre-treatment connectivity. Notably, ALLO
was associated with stronger functional connectivity between the

limbic network and both the default mode and somatomotor net-

works. The limbic network includes the bilateral temporal poles and
orbitofrontal cortex. Altered structural and functional connectivity of
both the orbitofrontal cortex and the DMN is associated with AD.2¢-28
Strengthened functional connectivity between these networks may
facilitate cognitive improvements with longer treatment. In contrast,
the placebo group exhibited more frequent reduced connectivity in
network-level functional connectivity (Figure 3), whereas functional
connectivity in the ALLO group was often increased or unchanged.
Although the overall magnitude of differences between groups was
not large, these findings are consistent with white matter integrity
outcomes and suggest that ALLO may promote and or preserve within-
and across-network connectivity.

4.4 | Intra-regional functional connectivity

Regional homogeneity quantifies local functional connectivity

and is generally regarded as a measure of local functioning. Prior

work indicates that ReHo is reduced in both the medial prefrontal
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cortex and precuneus in the AD brain as well as in amnestic MC|.#8-°0
In addition, lower ReHo values are associated with decreased cogni-
tive performance.*®4? In the ALLO-treated group, greater ReHo was
observed in critical areas of the DMN, including prefrontal regions
and the precuneus, compared to the placebo group. These regions
are associated with the default mode network and, coupled with the
observations regarding inter-regional functional connectivity, provide
additional evidence indicating that ALLO may promote functional
connectivity across DMN structures that could, in turn, facilitate
preserved cognitive capability. Although none of the between-group
differences survived multiple comparisons correct at the P < .05 level,
all of the reported effect sizes were large (|g| > 0.74), had bootstrapped
confidence intervals that excluded O, and were significant at an FDR
corrected P < .122 level, suggesting the possibility of effects in larger

samples.

4.5 | Limitations

This phase 1b/2a clinical trial was powered to determine safety and
establish maximally tolerated dose in the target AD population and
thus not specifically powered for these exploratory outcomes. The
small sample size is an important consideration in interpreting the
present findings. AD patients generally exhibit a high degree of het-
erogeneity in imaging outcomes, and such heterogeneity is accentu-
ated with small sample sizes. Where possible, we have endeavored
to be conservative with our statistics and interpretations as well as
to emphasize effect sizes particularly for the functional connectivity
analyses, where a large number of tests were conducted. The purpose
here was not to provide conclusive evidence of ALLO effect but rather
to identify mechanistic and regenerative-relevant candidate endpoints
for future trials and to determine target effect sizes on which to power
such trials. The findings here support further investigation of ALLO on
hippocampal atrophy, as well as white matter integrity and functional
connectivity.

In addition, the rs-fMRI and DWI imaging sequences used for
the present analyses were not fully optimized. The rs-fMRI acquisi-
tion was a single-band acquisition with a long repetition time (3 sec-
onds). The DWI acquisition was acquired in two separate sequences
(individual acquisitions for each shell) and had highly anisotropic
voxel sizes. Furthermore, there were a low number (n < 25) direc-
tions per shell, limiting the use of potentially informative microstruc-
tural analyses available from multi-shell acquisitions, such as diffu-
sion kurtosis imaging and neurite orientation dispersion and density
imaging.

Despite the small sample size and imaging limitations, the consis-
tency of the imaging biomarker results, both within and across modal-
ities, provided the basis for designing a larger phase 2 trial specifically
powered on imaging endpoints. Multiband acquisitions (rs-fMRI, DWI),
sub-second repetition times (rs-fMRI), isotropic voxel sizes (rs-fMRI,
DWI), and optimized multi-shell parameters (DWI) are already planned
for this phase 2 trial.

Clinical Interventions

5 | CONCLUSIONS

Analyses of exploratory imaging outcomes indicated that ALLO treat-
ment for 12 weeks was associated with a numerical trend of decreased
hippocampal atrophy with an increase in volume detected in some
APOE &4 carriers in both women and men. Specifically, we found that
participants receiving ALLO had maintained or increased white mat-
ter integrity as well as generally increased local, inter-regional, and
network level functional connectivity in regions and networks associ-
ated with cognitive performance and vulnerability in AD. These results
support the use of MRI- based imaging outcomes to detect poten-
tial regenerative responses in the AD brain. To that end, the REGEN-
BRAIN Phase 2 proof-of-concept trial of ALLO as regenerative thera-
peutic for APOE e4-positive persons with mild AD is currently under-
way (NCT04838301).
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