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Summary
Background Intermittent fasting or calorie restriction (CR) diets provide anti-inflammatory and neuroprotective

advantages in models of multiple sclerosis (MS); data in humans are sparse. 104124
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Methods We conducted a randomised-controlled feeding study of different CR diets in 36 people with MS over 8
weeks. Participants were randomised to 1 of 3 diets: 1) a control diet, in which the participant received 100% of his or
her calorie needs 7 days per week, 2) a daily CR diet, in which the participant received 78% of his or her calorie needs
7 days per week, or 3) an intermittent CR diet, in which the participant received 100% of his or her calorie needs on
5 days per week and 25% of his or her calorie needs 2 days per week (i.e., a “5:2” style diet). Untargeted metabolomics
was performed on plasma samples at weeks o, 4 and 8 at Metabolon Inc (Durham, NC). Flow cytometry of cryopre-
served peripheral blood mononuclear cells at weeks o and 8 were used to identify CD3";CD4* (CD4") and CD3";
CD4 ™ (as a proxy for CD8") T cell subsets including effector memory, central memory, and naive cells.

Findings 31 (86%) completed the trial. Over time, individuals randomised to intermittent CR had significant reduc-
tions in effector memory (for CD4 gy -3.82%; 95%CI: -7.44, -0.21; for CD4™: -6.96%; 95%Cl: -11.96, -1.97) and
Thr subsets (-4.26%; 95% CI: -7.11, -1.40) and proportional increases in naive subsets (for CD4 : 10.11%; 95%CI:
3.30, 16.92%). No changes were observed for daily CR or weight-stable diets. Larger within-person changes in lyso-
phospholipid and lysoplasmalogen metabolites in intermittent CR were associated with larger reductions in memory
T cell subsets and larger increases in naive T cell subsets.

Interpretation In people with MS, an intermittent CR diet was associated with reduction in memory T cell subsets
and certain biologically-relevant lipid markers.
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Introduction

Multiple sclerosis (MS) is an autoimmune and neurode-
generative disorder of the central nervous system
(CNS)." Progression of disability is currently irrevers-
ible, and prognosis is highly variable, highlighting the
need for continued research regarding modifiable risk
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and protective factors for disease worsening. The role of
diet has emerged as an important factor that may modu-
late MS course.” ° Diet could potentially do so through
direct modulation of the immune system, via alterations
to gut bacteria, or by changes to metabolism (e.g., modi-
fication of oxidative stress or mitochondrial function).
One aspect of diet that shows promise as an inter-
ventional target involves the timing and amount of calo-
ric intake. Intermittent calorie restriction (CR) or
fasting prior to the induction of experimental autoim-
mune encephalomyelitis (EAE), a mouse model of MS,
leads to a less aggressive course.” ® Intermittent CR
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Research in context

Evidence before this study

We searched PubMed for the term [(“intermittent fast-
ing”) or (“fasting”) or (“diet”) or (“feeding study”)) AND
(("biomarker”) or (“immunology”) or (“metabolomics” or
“metabolites”) or (“adipokine” or “leptin” or “adiponec-
tin”)] AND (“multiple sclerosis”), published before March
9, 2022. Results included our previous study demon-
strating calorie restriction or fasting-style diets are safe
and effective ways to achieve weight loss in people
with multiple sclerosis (MS). This study did not explore
the effect of these diets on relevant MS biomarkers. In
models of MS, intermittent fasting or calorie restriction
provided additional anti-inflammatory and neuropro-
tective effects. Most other studies of diets in people
with MS that included biomarker outcomes included
different types of diets or included very specific sub-
groups of patients. Other human studies of intermittent
calorie restriction did not rigorously measure or monitor
calorie intake over the course of the study.

Added value of this study

We expand on our previous work to show that randomi-
zation to an intermittent calorie restriction diet is associ-
ated with changes in circulating levels of several
relevant lipid metabolites that include acyl carnitines
and subsets of glycerophospholipids. We also show that
intermittent calorie restriction is associated with a
reduction in memory T cell subsets; this reduction was
more notable in individuals randomised to intermittent
calorie restriction rather than a traditional weight loss
diet.

Implications of all the available evidence

Intermittent calorie restriction diets are safe and effect
ways to achieve weight loss in people with MS. They
may be associated with greater reduction in memory T
cell subsets when compared to traditional weight loss
diets. Future research in larger populations is necessary
to ascertain the long-term implications of following an
intermittent fasting-style diet.

also reduces pro-inflammatory cytokines and other
inflammatory markers in EAE mice, and emerging
studies suggest intermittent CR promotes regeneration
of oligodendrocytes in other mouse models of MS.°®
In humans who are healthy, obese, or have asthma,
intermittent CR is associated with similar reductions in
inflammatory markers and may have stronger metabolic
effects than spreading the same calorie deficit over the
course of a week.? "

We compared different types of CR diets with a
weight-stable diet in a controlled feeding study of people
with MS entitled the “Alternating the Timing and
Amount of Calories in MS” or ATAC-MS. CR diets

included an intermittent CR or a ‘fasting-style’ diet with
a more traditional daily CR in which calorie deficits are
distributed evenly over a 7-day period. We found that
both types of CR diets are not only safe and feasible but
are also associated with weight loss and improvements
in emotional health.” Herein, we extend these initial
results by evaluating how different types of CR diets
impact more proximal biologic mediators with specific
relevance to MS, including changes in adipokines (e.g.,
leptin, adiponectin),””"* immune cell subsets,” 7 and
the plasma metabolome.”®'® We also explore whether
within-person changes in metabolite levels potentially
mediate changes in metabolic traits or immune cell sub-
sets. Taken together, these results may further provide a
valuable step forward in understanding the effects of
different types of CR on important intermediate MS
outcomes.

Methods

Study population

As described previously, the ATAC-MS study recruited
people with MS aged 18 to 50 from the Johns Hopkins
MS Center beginning in December 2015 (clinicaltrials.
gov: NCTo2647502).% Eligible participants met the
2010 criteria for relapsing-remitting MS, had a new
lesion or relapse in the past 2 years, had a disease dura-
tion <15 years, Expanded Disability Status Scale (EDSS)
<6.0, were stable on a first-line injectable MS therapy
(interferon beta or glatiramer acetate) or not on any
therapy for 6 months preceding the baseline visit, and
were not planning to change vitamin D or thyroid medi-
cation for the next 48 weeks. No participants changed
their MS therapy or experienced a relapse over the 8-
week period. Participants were also required to have a
BMI of at least 23 (to ensure that participants main-
tained a healthy weight throughout the study), maintain
a stable weight (+8 pounds) for the 3 months preceding
the study and not be currently following a specialised
diet for MS or be heavy smokers (defined as self-
reported smoking of <1 cigarette per day). Exclusion cri-
teria were a history of diabetes, eating disorders, kidney
disease, warfarin use, major surgery in preceding 3
months, chemotherapy in the past year and pregnancy
or breast feeding, all of which it’s possible fasting could
have unfavorable impacts.

Study design

An overview of the study design is provided in
Figure 1A. To determine energy needs precisely, all par-
ticipants underwent indirect calorimetry. Height and
weight (used to calculate body mass index [BMI] as kg/
m®) were also recorded. Participants were randomised
to 1 of 3 diets: 1) a control diet, in which the participant
received 100% of his or her calorie needs 77 days per
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Figure 1. (a) Overview of the ATAC-MS study design. (b) Consort diagram for ATAC-MS participants. Participants who did not com-
plete the study did not provide specific reasons for withdrawal.

Figure 1 (both a and b) was Created with BioR
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week, 2) a daily CR diet, in which the participant
received 78% of his or her calorie needs 7 days per
week, or 3) an intermittent CR diet, in which the partici-
pant received 100% of his or her calorie needs on 5 days
per week and 25% of his or her calorie needs 2 days per
week (i.e., a “5:2” style diet). The composite weekly calo-
rie deficits were similar between the two CR diets. Par-
ticipants also provided first-morning pre-prandial blood
samples at baseline and during weeks 4 and 8. Plasma
was isolated using a standardised protocol and stored at
-80°C, and peripheral blood mononuclear cells
(PBMCs) were isolated also following a standardised
protocol and stored in liquid nitrogen. Visits during
weeks 4 and 8 took place following a 25% intake day for
individuals in the intermittent CR arm. Randomization
was stratified by obesity status (BMI<3o kg/m?* or
BMI>30 kg/m?) and was performed by the study statis-
tician following the baseline/enrollment visit.

Intervention

Each of the study diets was standardised to the US
median intakes for carbohydrate, protein and fat (to
avoid co-intervention due to drastic dietary component
changes). The relative macronutrient content over a 1-
week period was also comparable between study diets.
Over an 8-week period, all meals were prepared by the
US Department of Agriculture (USDA) Beltsville
Human Nutrition Research Laboratory (Beltsville, MD)
and shipped to participants’ homes two times per week.
All meals were tailored to the individual participant’s
specific caloric needs (as determined by indirect calo-
rimetry and by randomization status). We assessed
adherence via in-person 24-hour dietary recalls con-
ducted by study dieticians twice during weeks 4 and 8.
We created a continuous measure of adherence as the
difference between study-provided calorie intakes and
participant-reported intake collected during the 24-hour
recalls.

Outcomes

The primary outcomes of the study were safety and fea-
sibility of different types of CR diets in people with MS;
results for the primary outcome were previously
reported. For this study we considered the following
sets of intermediate outcomes: 1) adipokines, 2)
immune cell subsets, and 3) untargeted metabolomics.

Adipokines. Plasma leptin and adiponectin were mea-
sured using commercially available ELISA kits and
were conducted in a single batch (Mesoscale Discovery,
Rockville, Maryland; for leptin: catalouge number
K151BYC, for adiponectin: catalouge number: K151BXC)

Immune cell subsets. PBMCs from baseline and week 8
were isolated by from whole blood collected in vacu-
tainers with sodium heparin to prevent clotting. Leuko-
cytes were separated by Ficoll separation and
cryopreserved in RPMI with 10% human serum and
10% DMSO then stored long term in liquid nitrogen.
Following completion of all study visits, cells were
thawed and washed in phosphate buffered saline (PBS)
with 10% fetal bovine serum (FBS) and 1ooU/mL
DNAse-I. Cells were then stained with Zombie NIR dye
to allow for identification of dead (permeable) cells then
incubated with Fc receptor blocking solution to block
non-specific antibody binding. Conjugated antibody
staining was done in FACS buffer (2% FBS in PBS with
2mM EDTA) at room temperature for 30 minutes fol-
lowed by 2 washes in FACS buffer. Antibodies for the
following antigens were used — CD3, CD4, CD45RO,
CCRy, CCR4, CCR6 and CXCRj3. Stained cells were
acquired on a MACS Quant flow-cytometer (Miltenyi,
Biotec), as previously described.”**" An overview of the
gating strategy is provided in Supplemental Figure 1a.
Antibody details (including RRIDs) are provided in Sup-
plemental Table 1. CD4" and CD4™ T cells (CD4~ as a
proxy for CD8") were quantified as percent CD3, which
reflected percent of viable cells. Within these we identi-
fied memory subsets including effector memory (Tgm:
CCRy7~ CD45RO"), central memory (Tcy: CCRy™
CD45RO"), and naive cells (Thave: CCR7™ CD45RO7).
As defined by CCR4, CCRG, and CXCR3, we also quan-
tified (as %CD4"): Th2 (CCR4", CCR6™, CXCR3™), Thr
(CCR4~, CCRG™, CXCR3"), Thi; (CCR4~, CCRGY,
CXCR37) and Thi/ry (CCR4~, CCR6", CXCR3"). Sup-
plemental Figure 1b also includes select fluorescence
minus one (FMO) staining controls.

Metabolomics. Blood samples provided at baseline and
weeks 4, 8 were used to obtain plasma. For individuals
randomised to intermittent CR, samples at weeks 4 and
8 were collected following a 25% calorie-needs day (i.e.,
following a fasting day). Untargeted metabolomics was
performed in a single batch at Metabolon (Durham,
NC), and methods have been described in detail
elsewhere.”®'9 Briefly, samples were thawed and under-
went additional preparation (derivatization). The deriva-
tised samples were subjected to either gas
chromatography followed by mass spectrometry (GC/
MS) or liquid chromatography followed by tandem
mass spectrometry (LC/MS/MS). Mass spectra obtained
from these techniques were then matched to a library of
spectra derived from standards to identify specific
metabolites, and the area under the curve for the mass
spectra was used to calculate the relative abundance of
each metabolite. We initially included 795 metabolites.
We then implemented the following quality control
(QC) procedure to identify and remove potential outly-
ing metabolites. First, we removed metabolites with
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>20% missing values across samples (n=125) and
imputed missing metabolite values using k-nearest
neighbors (10 neighbors used for each imputation) for
the remaining 670 metabolites; consistent results were
observed when using the minimum value of observed
metabolites. We then log-transformed and scaled all
metabolites. Our previous results demonstrate excellent
reproducibility for metabolomics in that we have shown
intraclass correlation coefficients (ICC) to be high
(median ICCs across metabolites for replicate samples
was 0.94; 95% CI: 0.86, 0.98 and 1.2% of metabolites
had ICCs <o0.40)."*

Statistics
We evaluated differences in the overall change in each
of the intermediate outcomes (immune cell subtype,
metabolic trait, or metabolite) associated with randomi-
zation to CR diets, according to the intention to treat
(ITT) principle and using mixed effects regression mod-
els. We also considered models comparing randomiza-
tion to any CR diet (daily or intermittent) with control
diets. Models were additionally adjusted for age, sex,
MS disease-modifying therapy, and adherence to study
diets. We fit a separate model for each immune cell type
or metabolic trait. For metabolomics analyses, since our
sample size was relatively small, we performed analyses
concentrating on differences in overall metabolic path-
ways (to reduce the number of statistical tests) as our
primary analyses for this outcome. To do so, we classi-
fied metabolites into groups (>3 metabolites) based on
related biologic function (e.g., carnitine metabolism,
tryptophan metabolism, among others); pathway mem-
berships for each metabolite are included as a part of
Supplemental Table 3. We then conducted a metabolite-
set enrichment analysis (MSEA). Like its predecessor
gene set enrichment analysis (GSEA), MSEA is a
computational method that evaluates whether sets of
metabolites (or genes, in the case of GSEA) demon-
strates concordant differences in a comparison of differ-
ent biological states.””** For each metabolic pathway, a
normalised enrichment score (NES) is calculated using
similar methods to GSEA in that each pathway NES is
normalised by the size of the pathway and incorporates
individual statistical tests for each of the metabolites
considered. Here, we considered the rate of change for
each metabolite estimated from mixed effects models
divided by its standard error as the tests supplied to
MSEA. Statistical significance for each pathway is then
assigned using a permutation procedure to generate the
null distribution of the NES, and the P value is calcu-
lated relative to this null distribution as in GSEA.** In
secondary metabolomics analyses, we also considered
the results of changes in individual metabolites.

In exploratory analyses, we also assessed whether
changes in adipokines or immune cell subtypes were
mediated by within-person changes in circulating
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metabolite levels. To do so, we calculated an overall per-
son-specific metabolite mean (e.g., the average of a per-
son’s metabolite levels across all visits) and a within-
person measure as the difference between the overall
person-specific mean of a metabolite and the person’s
metabolite level at each time point. We then fit a mixed
model for a given intermediate outcome (adipokine or T
cell subset) in which we included a term for overall
metabolite mean and a term for the within-person dif-
ference as well as similar set of covariates as in our pri-
mary analyses (i.e., age, sex, MS DMT, and adherence).
Then, similar to overall metabolomics-based analyses,
we performed MSEA on the estimated rate of within-
person change for each metabolite divided by its stan-
dard error. We also fit within-person change models for
changes in adipokines as they relate to T cell subsets;
changes in adipokines have been linked with differen-
ces in T cell function in previous studies.®”** We
adjusted all analyses for multiple comparisons using
the false discovery rate (FDR). We selected the FDR as
the method to account for false discovery to accomodate
the underlying correlation between T cell markers and
metabolites.

Ethics

All participants provided written consent at enrollment,
and the study was approved by the Johns Hopkins Insti-
tutional Review Board (IRBooo65805). Due to the sam-
ple size of the study and to conserve participant
confidentiality and anonymity, data for this study will
not be made available. Likewise, the corresponding
metabolomics data will not be made available for similar
reasons (to conserve participant confidentiality).

Role of funders

No funding sources had any role in study design, data
collection, data analysis, result interpretation, or writing
of the report.

Results

Characteristics of study participants

Baseline characteristics of the included 36 participants
are provided in Table 1 and were generally comparable
across the three study diets. Participants on average
were aged 37.4 (standard deviation [SD]: 77.4), were pre-
dominantly female (81%), and had an average body
mass index (BMI) of 32.6 kg/m®. No participant experi-
enced a relapse or neurologic worsening during the 8
week period. Of the 36 participants enrolled, 31 (86%)
completed the 8-week feeding portion of the study. One
participant withdrew from the intermittent CR arm,
one participant withdrew from the daily CR, and three
participants withdrew from the control arm (Figure 1b).
As previously reported, participants randomised to the
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Intermittent Daily Control

N 12 12 12
Age, years, mean (SD) 38.50(7.38) 40.50 (5.44) 33.33(6.98)
Males, n (%) 2(16.7) 2(16.7) 3(25.0
Self-reported Black race, n (%) 3(25.0) 4(33.3) 3(25.0)
Hispanic/Latino, n (%) 1(8.3) 0(0.0) 2(16.7)
EDSS, mean (SD) 1.75(0.72) 1.67 (0.91) 1.08 (1.14)
Disease duration, years, mean (SD) 4.0 (3.3) 59(33) 2.8(2.6)
Relapse in previous 12 months, n (%) 5(41.2) 6 (50.0%) 5(41.2)
Disease modifying therapy

glatiramer acetate 7 (58.3) 8(66.7) 4(33.3)

interferon beta 4(33.3) 3(25.0) 6 (50.0)

none 1(8.3) 1(8.3) 2(16.7)
Adherence®, %, mean (SD) 23.09 (36.11) -18.87 (28.06) -11.44 (19.35)
BMI, kg/m?, mean (SD)

Baseline 31.62 (6.96) 35.13(10.13) 3241 (7.20)

End of study 30.70 (6.84) 33.64 (9.86) 31.99 (7.68)

Change in BMI, kg per m? per week during the trial (95% CI)
Adiponectin, pg/mL, mean (SD)

Baseline

End of study
Leptin, ng/mL, mean (SD)

Baseline

End of study

-0.11 (-0.17, -0.06)

19042.26 (11579.11)
18942.17 (11300.58)

16310.42 (20259.71)
26894.88 (39094.44)

-0.19 (-0.24,-0.13)

17320.07 (15839.92)
15864.67 (13579.47)

27260.94 (24928.00)
27920.59 (23921.98)

-0.05 (-0.11, 0.01)

18808.08 (6579.05)
15278.04 (8605.42)

31015.69 (28682.91)
19997.37 (19699.90)

Table 1: Demographic and clinical characteristics of ATAC-MS study participants.’

# All participants had to have relapsing remitting MS to be eligible for this study.
b Calculated as the difference between percentage calories consumed versus provided by study at week 8. Negative values denote that the participants con-
sumed less than what was provided by the study (e.g., they did not consume all study foods on days preceding study visits on Weeks 4 and 8 when dietary

recalls were performed).

intermittent CR lost on average 3.0 kg (interquartile
range [IQR]: -2.0 kg, -4.1 kg), and participants rando-
mised to daily CR lost on average 3.6 kg (IQR: -3.0 kg,
-4.1 kg); weight loss did not differ significantly between
the two types of CR.> No participant changed their MS
therapy or experienced an episode of disease activity
during the controlled feeding period.

No change in adipokine levels with CR

We did not observe changes in serum leptin or adipo-
nectin in either of the CR diets over the 8-week period.
Both leptin and adiponectin decreased in the control
arm (Figure 2a; Table 2; difference in geometric mean
over time: leptin: -0.93 pg/mL; 95% CI: -1.87 to 0.00;
P=o0.05; adiponectin: -0.54 ng/mL; 95% CI: -0.86, -0.21;
P=0.001; [n=306 at baseline; P values derived from mixed
effects model]).

Intermittent CR alters T cell subsets

Over time, individuals randomised to intermittent CR
had significant reductions in memory T cell subsets
including effector memory subsets (Figure 2b and ¢;
Table 2; for CD4 gr -4.87%; 95% CI: -8.59%, -1.15%;

FDR-adjusted P=o.01; for CD4 v -6.96%; 95% CI:
-11.96, -1.97; FDR-adjusted P=0.03) with concomitant
increases in naive subsets (CD4 najve: 10.11%; 95% CI:
3.30, 16.92%; FDR-adjusted P=0.02; [n=36 at baseline;
all P values derived from mixed effects model]). Individ-
uals randomised to intermittent calorie restriction also
experienced significant reductions in Thi cells (-4.26%;
95% CI: -7.11%, -1.40%; FDR-adjusted P=0.02 [n=36 at
baseline; all P values derived from mixed effects model])
over the 8-week follow-up. No notable changes in T cell
subsets were observed for individuals randomised to
daily CR or weight stable diets. Results were similar
when we additionally adjusted for obesity status (BMI
>30; Supplemental Table 2).

CR alters the circulating metabolome

In metabolomics analyses, we noted changes in several
different classes of lipid metabolites. For example, in
pathway-based analyses using MSEA, we noted general
increases in acyl carnitine metabolites (which shuttle
fatty acids into mitochondria) for both CR diets. NES
were >2-fold higher for each diet (for any CR:
NES=2.61, FDR-adjusted P=8.37E-09; for intermittent
CR: NES=2.73, FDR-adjusted P=3.20E-00; for daily CR:
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Change over 8-week period

% Change (95% CI)
-2.70% (-6.48%, 1.09%)
-3.33% (-7.21%, 0.56%)
6.06% (-0.03%, 12.15%)
-0.18% (-1.24%, 0.87%)
-0.18% (-5.40%, 5.04%)
2.30% (-4.80%, 9.41%)
-1.12% (-4.10%, 1.85%,
-1.53% (-5.35%, 2.28%;
-1.55% (-3.45%, 0.35%;

Intermittent Daily Control

log(Change) (95% Cl) log(Change) (95% Cl) log(Change) (95% Cl)
Metabolic trait®
Leptin, pg/mL 0.46 (-0.39, 1.32) -0.23 (-1.11, 0.65) -0.93 (-1.87, 0.00)
Adiponectin, pg/mL -0.03 (-0.31, 0.25) -0.14 (-0.43, 0.15) -0.54 (-0.86,-0.21)

% Change (95% Cl)
2.35% (-1.87%, 6.56%)
-2.18% (-6.51%, 2.14%)
-0.15% (-6.93%, 6.64%)
1.26% (0.09%, 2.44%)
-1.00% (-6.82%, 4.82%)
2.51% (-5.40%, 10.42%)
1.61% (-1.71%, 4.93%)
1.00% (-3.25%, 5.25%)
-1.52% (-3.64%, 0.59%)

Immune Cell® % Change (95% Cl)
cD4*CM -3.82% (-7.44%, -0.21%)
CD4*EM -4.87% (-8.59%, -1.15%)
CD4* Naive 5.81% (-0.01%, 11.63%)
CD4~ CMP -0.85% (-1.86%, 0.16%)
CD4™ EM -6.96% (-11.96%, -1.97%)
CD4™ Naive 10.11% (3.30%, 16.92%)
Th1 -4.26% (-7.11%, -1.40%)
Th1/17 -3.49% (-7.16%, 0.18%)
Th2 0.18% (-1.65%, 2.00%)
Th17 0.15% (-1.03%, 1.33%)

-0.76% (-1.99%, 0.47% -0.38% (-1.75%, 0.99%)

Table 2: Change in metabolic traits and immune cell subsets.
apy, and adherence to study diets.

> CD3%CD4~ (CD4") cells serve as a proxy for CD8 cells.

@ Denotes the rate of change over 8 weeks in metabolic trait or T cell subset. Differences are additionally adjusted for age, sex, MS disease modifying ther-

Bolded rates of change for immune cell analyses were those with FDR-adjusted P-values<o.05.

NES=2.49, FDR-adjusted P=1.25E-06; Figure 3; [n=36
at baseline; all p values derived MSEA]). We also
noted general reductions in glycerophospholipids
in individuals randomised to CR, with notable changes
in phosphatidylcholines (major constituents of plasma
membranes), plasmalogens (endogenous antioxidants)
and lysoplasmalogens (products of plasmalogen
metabolism). These differences were particularly nota-
ble in individuals randomised to intermittent CR,
in which significant changes were observed predomi-
nantly for phosphatidylethanolamine (PE) plasmalogens
rather than phosphatidylcholine (PC) plasmalogens
(Figure 3¢). CR diets were also associated with increases in
glycine, threonine, and serine metabolism (NES: 1.97;
FDR-adjusted P=0.05; [n=36 at baseline; all P values
derived MSEA]). In sensitivity analyses, we observed rela-
tively consistent results when we applied our rank-based
pathway analysis. Results for all metabolites over time and
metabolic pathways are summarised in Supplemental
Table 3. Results for individual metabolites organised by
pathways are also provided as a part of the accompanying
browser available at https://brbdai-kathryn-fitzgerald.shi
nyapps.io/Calorie-restriction-biomarker/.

The rate of change for each metabolite for individu-
als randomised to intermittent CR was positively corre-
lated with the rate of change for each metabolite for
individuals randomised to daily CR (e.g., this suggest
that the metabolites are generally changing similarly
for individuals randomised to intermitted CR and
daily CR over the course of the study). For example,
the Spearman correlation between pathway NES for
intermittent CR versus NES for daily CR was 0.86

(95% CI: 0.76, 0.92; P<1E-16; Figure 3b; [n=59
pathways; P values calculated via the asymptotic t
approximation) and the Spearman correlation
between rates of change between individual metabo-
lites for individuals randomised to intermittent CR
and individuals randomised to daily CR was o.30
(95% CI: 0.22, 0.39).

Exploratory analysis of within-person change in
metabolites due to CR as a predictor of change in
immune cell subsets

In exploratory analyses, we also assessed whether
changes in adipokines or immune cell subtypes were
related to within-person changes occurring in the
plasma metabolome. We concentrated these analyses
on individuals randomised to the intermittent CR as
these individuals, on average, exhibited significant
changes in immune cell subsets (relative to those rando-
mised to daily or control diets). Interestingly, in individu-
als randomised to intermittent CR, we noted changes in
products of glycerophospholipid metabolism that may
mediate some of the observed changes in immune cell
subsets (Supplemental Figure 2a, 2b and 2c, Supplemen-
tal Table 4 and our browser: https://brbdai-kathryn-fitz
gerald.shinyapps.io/Calorie-restriction-biomarker/). For
example, within-person reductions in lysophospholipids
were generally associated with concomitant reductions in
in central memory (Supplemental Figure 2a; for
CD4'cm: NES: -1.93; FDR-adjusted P=o.00s5; for
CD4 cm: NES: -2.16; FDR-adjusted P=o.0o1), Thr (NES:
-1.87; FDR-adjusted P=0.003) and Th1/ry (NES: -2.26;
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Figure 3. (a) Volcano plot depicting results of the individual metabolite analyses (n=36 at baseline). Red labeled metabolites denote
metabolites that changed significant (FDR-adjusted P-value<0.05) and were derived from a mixed effects model. Rates were addi-
tionally adjusted for age, sex, disease modifying therapy and adherence to provided diets (calculated as the difference in calories
consumed versus calories provided by the study. (b) Normalised expression scores (NES) from metabolite set enrichment analyses
(MSEA) derived for metabolite changes over time for any CR, intermittent and daily CR. The last panel denotes the differences in
NES across pathways between intermittent versus daily CR. ** denotes pathways which were significant after accounting for false
discovery (FDR-adjusted P-value<0.05; n=36 at baseline). (c) Individual results for metabolites in selected pathways identified in
MSEA. Bars are coloured based on their direction and level of significance in individual analyses.
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FDR-adjusted P=8.89E-5; subsets and increase in the
CD4+naive. Subset (NES: 2.07; FDR-adjusted P=0.000;
[n=12 all P values derived from MSEA]). Within-person
reductions in lysophospholipids were also associated
with increases in CD4 naive Subsets (NES: 2.07; FDR-
adjusted P=0.006; [n=12 all P values derived from
MSEA]). Within-person change in lysolipids was also
associated with increases in adiponectin (NES: 2.39;
FDR-adjusted P=1.01E-4) and decreases in leptin (NES:
3.14; FDR-adjusted P=6.86GE-7; [n=12 all P values derived
from MSEA]) levels. Notably, similar within-person
changes in lysophospholipids or lysoplasmalogens were
not associated with changes in T cell subsets for individu-
als randomised to daily CR (Supplemental Figure 3).
Within-person change in leptin or adiponectin levels
were not associated with changes in T cell subsets (all
FDR-adjusted P values>o0.05; Supplemental Table 5).

Discussion

This randomised controlled feeding study assessed the
effects of intermittent or daily CR diets in people with
MS on several relevant classes of potential biologic
mediators that included adipokines, various T cell sub-
sets and the circulating metabolome. Leptin and adipo-
nectin did not change significantly in individuals
randomised to either CR diet, while randomization to
an intermittent CR diet was associated with alterations
in T cell subsets and in several classes of biologically rel-
evant lipid metabolites.

A summary of the effects of fasting on different T
cell populations is provided in Supplemental Figure 4.
Our evaluation of changes in T cell subsets associated
with intermittent fasting including notable proportional
increases in naive cells and decreases in memory cells.
The observed changes in naive T cells are consistent
with EAE studies of intermittent CR, in which the rela-
tive number of naive T cells increases with fasting in
addition to a shift to T regulatory cells (Tregs) away
from effector T cells (including a reduction in Thr cells,
as in our study).® In people, a previous study rando-
mised 17 people with MS recovering from a relapse to
alternate-day fasting or usual diets for a period of
15 days.® Intermittent CR was associated with decreases
in naive CD4" and CD8" T cells (in contrast to our
study) and with increased Treg suppressor function
(though Treg number was unchanged). However, it is
important to note that all participants in that study were
treated with glucocorticoids, which could have influ-
enced lymphocyte composition. Additionally, the
shorter duration of the relapse recovery study (15 days)
may also have played a role in the disparate results com-
pared to our study.

We found no change in leptin or adiponectin occur-
ring as the result of randomization to intermittent CR,
despite several previous studies implicating a link
between fasting and lowering of leptin levels and

increasing of adiponectin.”*>~*’ This finding could be
related to our relatively limited sample size and inher-
ent variability of circulating levels (e.g., large variability
in levels for participants in the control arm for whom
no significant changes in weight were observed. It’s also
possible that different fasting protocols (alternate day
fasting, time restricted feeding) beyond the 5:2 diet eval-
uated here may have differential effects on adipokines
or other immune cell parameters.>® Previous mechanis-
tic studies have also demonstrated a link between leptin
and T cell activation and pro-inflammatory polarization,
which suggested that leptin may mediate the effects of
fasting on the relative T cell distribution and function.
Our results suggest potentially non-leptin dependent
effects of intermittent CR on changes to T cell subsets.
As changes in the availability of certain lipid metabolites
can shift the distribution of T cells away from effector T
cells, it’s possible that some of the observed changes in
lipid metabolites may mediate some of the associations
noted between intermittent CR and the changes in the
relative composition of T cells. An alternative explana-
tion is that reduced levels of glycerophospholids and
lysoplasmalogens, may influence functioning of subpo-
pulations of T cells (such as invariant or diverse Natural
Killer T cells) that can be activated by these endogenous
lipids.*?*° Since these T cell populations can then pro-
duce other pro-inflammatory mediators that can impact
overall T cell function, this offers a potential explanation
for the immunological changes observed in our study.

While triglycerides constitute the primary source of
stored lipids in humans, phospholipids are critical com-
ponents of plasma membranes and eicosanoids (e.g.,
prostaglandins or leukotrienes). Our findings highlight
reductions in many classes of glycerophospholipids,
including phosphatidylcholine metabolites, among indi-
viduals randomised to either CR diet. We also noted
reduction in the levels of circulating plasmalogens; plas-
malogens are a subtype of glycerophospholipids that
may function as endogenous antioxidants and protect
membrane lipids or lipoproteins from aberrant reactive
oxygen species.”’ However, emerging studies also report
other potential functions including involvement in sig-
naling pathways or cell differentiation, which could
potentially explain our findings.'?* In particular, we
observed a reduction in plasmalogen phosphatidyletha-
nolamines rather than plasmalogen phosphatidylcho-
lines, potentially related to alterations in enzymes
necessary for their formation in the peroxisome.

Many of our metabolomic findings are consistent
with previous studies of acute CR (over 1 day), pro-
longed fasting (over 10 days) and following leptin (a
known anorectic) replacement therapy in individuals
with congenital leptin deficiency.’> * For example, one
study compared metabolomic profiles in a cohort of
individuals over the course of four days: at baseline, fol-
lowing two days in which participants reduced calorie
intake by 9o%, and a final day in which participants ate
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ad libitum. Investigators noted significant increases in
acyl carnitine metabolites as well as similar changes in
glycerophospholipid, lysophospholipids (products of
glycerophospholipid metabolism), plasmalogens, and
lysoplasmalogens (products of plasmalogen metabo-
lites) as we observed in our study.>* Similar changes in
these lipid classes were also observed in a study measur-
ing metabolomic profiles over the course of a 1o-day
fast®® and following leptin replacement therapy among
individuals with congenital deficiency.”” Intriguingly,
both studies of acute and prolonged CR also note simi-
lar reductions of plasmalogen phosphatidylethanol-
amines and not phosphatidylcholines associated with
fasting.

Strengths of our study include its randomised design
and standardization of diet across randomization arms;
participants were instructed to consume only study pro-
vided foods for a period of 8 weeks, minimizing poten-
tial effects related to differences in underlying dietary
composition. Furthermore, dietary studies in which
food is provided may have better overall adherence
(regardless of randomization arm) when compared to
guidance-only dietary studies.>**” We also considered a
relatively wide array of potential biologic intermediates
ranging from immune cells to highly sensitive meas-
ures of metabolic health.

This study also has several limitations that are worth
noting. First, the study was relatively short in duration;
MS is a disease that evolves over decades, so it’s unclear
whether what the long-term implications of our find-
ings are. Trials including traditional clinical and radio-
graphic outcomes in people with MS tend to be at least
2 years in duration. Further, we included relatively few
individuals; however, our study was uniquely designed
in people with MS and can inform the design of future
work in this area. The analyses presented here included
secondary outcomes for the original trial, and were not
associated with sample size or power calculations. Par-
ticipants for this study had to be taking a first-line MS
therapy or be on no therapy; the findings may not be
generalizable to people with MS taking stronger immu-
notherapies. Furthermore, our sample size also pre-
cluded us from evaluating potential effect modification
by immune therapy type. Our study also included rela-
tively few men and non-White individuals which could
limit the generalizability of the findings. For the
immune cell analyses, we also included the baseline
and week 8 samples, when it is possible that the effects
of intermittent fasting could have been observed earlier.
We also conducted all analyses using frozen samples,
which could have impacted T cell, metabolite or adipo-
kine analyses; however, we followed standardised proce-
dures blinded to participants’ randomization status, so
we would expect any bias to be non-differential (and,
thus, biased towards the null). Furthermore, T-cell sub-
set quantifications are reported as percentages instead
of absolute counts due to the analysis being performed
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on frozen samples. While our previous work reported
no significant changes in lipid levels or fasting glucose,
change in other relevant cardiovascular biomarkers
including C reactive protein or corticosterone were not
explored and may be relevant. Our feeding study was
also remote, and information on adherence was self-
reported. In a traditional feeding study, participants
consume all meals on-site, and uneaten foods can be
more readily monitored by study staff; this was not fea-
sible for the population studied, as most people with
relapsing remitting MS are employed and cannot spend
their days at a feeding center.?® As previously noted,
adherence to the study diets differed across treatment
arms, and, while we attempted to account for this differ-
ence analytically, it still possible that residual confound-
ing could have impacted our ability to detect significant
changes in biologic mediators.’

In summary, we have expanded upon our previous
work, demonstrating CR diets are safe and effective
ways to achieve weight loss in people with MS, to show
that 1) CR is associated with changes in circulating lev-
els of several relevant lipid metabolites, including acyl
carnitines and subsets of glycerophospholipids and 2)
intermittent CR specifically is associated with a reduc-
tion in memory T cells. Future larger studies are needed
to replicate our findings as well as disentangle the
underlying mechanisms. This knowledge will improve
our understanding of the long-term implications of CR
in people with MS, including whether the noted biologi-
cal changes are relevant to the inflammatory or neuro-
degenerative aspects of the disease course.
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