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Abstract

Complex and coordinated signals are necessaryitiaténand sustain the activation,
proliferation, and differentiation of lymphocyteBhese signals, which are known to determine
T-cell fate and function, also depend on the mdialstate of the organism. Recent studies
indicate that both the type and levels of nutriecas influence the generation, survival and
function of lymphocytes and therefore can affestesal autoimmune diseases. Here, we review
the dysregulation of lymphocytes during autoimmyrahd aging, the mechanisms associated
with loss of immune function, and how fasting miking diets and other dietary interventions

affect autoimmunity and immunosenescence.

Introduction

Aging is associated with a progressive functionatlile of the immune system,

commonly referred to as immunosenescence. Thereearal consequences of age-dependent



immunosenescence, including increased susceptiltditinfection and autoimmune diseases,
reduced response to vaccination, and chronic imflation % In general, men experience a

stronger age-dependent alteration of immune fundtian women.

T cells, which are derived from hematopoietic seeiis (HSCs), mature in the thymus. The T
cell repertoire is generated in the thymus by T@Arrangement, including the purging of
thymocytes that recognize self-peptides via negasiglection. Thymic activity progressively
declines after puberty, and such involution hasnbé®ught to underline the age-dependent
decline in T lymphocyte number/diversity and ins®an autoimmunity*>. However, recent
evidence suggests that thymic involution itself may be sufficient to account for the reduction
of T cell repertoire and numbé&r Another cause of the age-dependent declinedrataptive
immune system is the age-dependent decline of HBEibN°®. Young HSCs possess a balanced
potential to differentiate into myeloid and lymptidineage cells that later become components
of the innate and adaptive immune system. Howexged HSCs preferentially give rise to
myeloid cells rather than lymphoid cells, accompdnby a decline in common lymphoid
progenitors (CLPs), and ultimately reduced T anceB lymphogenesis that can cause stem cell

exhaustion and reduced regenerative capécity

The rejuvenation of HSCs to reverse or postpone unosenescence has recently
received much attentich  Dietary restriction (DR) is an effective and megucible
intervention to increase healthy lifespan in vasiowodel organism&°. The major DR regimens
include caloric restriction (CRY, intermittent fasting (IF§, time-restricted feeding (TRE}™3
restriction of specific macronutrienfs**® ketogenic diets (KD), and periodic fasting (PF) o
fasting-mimicking diets (FMD$J (Table 1). However, studies of the effects of many dietary

interventions on the immune system have yieldedemiht results, with chronic calorie



restriction resulting in both positive and negateféects on the immune system and immune
responsés. In addition, CR requires significant life-stylaanges, making them challenging to
adhere to, especially for frail patients and olotelividuals. However, certain periodic dietary
restrictions have the potential to prevent andéwerse age-dependent immune dysfunction by
killing autoimmune cells and activating HSC-depeartdeesgeneration while minimizing the
burden of the intervention and the side efféefe. Here, we will discuss the potential of various
DR regimens in the treatment of autoimmune diseasésthe mechanisms that may mediate

these effects.
Metabolism and | mmune Response

The immune system is tightly regulated by nutrivailability and metabolistA Leukocytes
utilize oxidative metabolism in a resting statet typon activation they switch to a more anabolic
state that relies on aerobic glycolysis, a protlegisconverts glucose into lactate even in the
presence of sufficient oxygen to support oxidafilesphorylatiort* 23(Fig. 1). The switch to
glycolytic metabolism increases the availabilitycafbon sources which can be converted to
biosynthetic precursors that required for cellgenliferation®, This metabolic reprogramming
is, in part, regulated by hexokinas#&' Knd the phosphoinositide 3-kinase (P13K)-dependent
glucose transporter GIUtL Glutl overexpression in mice resulted in an iaseein not only the
number of naive T cells, but also the number of &4 cells (activated T cell€f. T-cell
specific Glutl deletion resulted in impaired CDHcell activation, clonal expansion and
survivaf®. Amino acids, in particular glutamine, are keyrses of biosynthetic precursors for
activated T cell§’ 28 Upon activation, T cells increase the expressfagiutamine transporters;
conversely, glutamine transporter deletion impd@iesfector cell differentiatiod’?® Glutamine

utilization, which requires ASC amino-acid trangpoR (ASCT2), influences the development



and differentiation of pro-inflammatory Th1l and Thdells and also T cell receptor (TCR)-
stimulated activation of the metabolic kinase mairanaarget of rapamycin complex 1
(MTORC1¥°. In a subsequent study, it was shown that pralifen and differentiation of T-cells
upon activation require amino acid transporterecgggally system L transporter (Slc7a5) that
mediates the uptake of large neutral amino acitA\@s)*. Loss of Slc7a5 reduces the
proliferation and differentiation of CD4nd CD8 T cells and promotes regulatory T cells
(Treqg). Deficient LNAA uptake due to loss of Slc7a&ds to reduced c-Myc expression which
is critical for boosting activation-induced glycsly and glutaminolysis in T ceff% Moreover,
intracellular leucine concentration can affect mTRactivation via regulating cytosolic
branched chain aminotransferases (BCAT®&CATCc expression was up-regulated in activated
CD4' T cells, and BCATc deficiency led to increasedaoéllular leucine and enhanced

mTORC1 activity and glycolytic phenotyfe

The importance of mTOR dependent T-cell fate hes aimerged in recent years. The
activation of mTOR, which is a catalytic subunineTORC1 and mTORC?2, directs the proper
activation and differentiation of effector CD# cells. Suppression of mTOR1 with rapamycin
promoted the generation of FoXPReg” , and T cell specific deletion of mTOR increadeel t
production of Treg upon activatith Interestingly, stimulation of HIF-1 activity, wdti is
downstream of mTOR, shifted T cell differentiatioto Th17, but deficiency of HIF-1 increased
the generation of Treg cells. Consistently, Tregediz deletion of raptor, an essential
component of MTORC1, decreased the suppressiwetacti Tregsin vivo and promoted the

development of a fatal early onset inflammatorypoier*>>

M etabolism in Autoimmune Diseases and Aging



Autoimmune and allergic diseases (e.g. asthma,slupwltiple sclerosis (MS), and
rheumatoid arthritis (RA)) are characterized by fdgstional lymphocytes and metabolic
dysregulation. In asthma patients, CD# cells exhibit increased glycolysis, measured by
increased lactate production lev8ldNotably, naive CD4T cells from both asthma patients and
a mouse asthma model resulted in higher amountkabhte production upon stimulation,
suggesting increased glycolysf. The inhibition of glycolysis in CD4 T cells by
dichloroacetate (DCA), an inhibitor of aerobic giysis blocked T cell activation and the
development of asthma, while promoting IL-10 prdihreand Treg differentiatiofi. In contrast,
in a murine lupus model, splenocytes showed inekaglucose oxidation level, possibly
indicating an increased activity of the TCA cyéldn a recent study, normalizing CD# cell
metabolism by a combination treatment with metforna mitochondrial respiration inhibitor,
and 2-deoxy-D-glucose (2DG), a glycolytic inhibitoeversed disease biomarker in lupus-prone
B6.9el.9e2.9€e3 (TC) mouse model and caused a reductiol-M-y productionin vitro %, In
multiple sclerosis (MS), increased levels of glutaanand glutamate release have been detected
at the site of demyelination and axonal degenerafiossibly correlating with disease sevéfity
CD4' T cells from MS patients showed an over-activabbthe mTOR pathwdy*! which may
indicate a dysregulation of the amino acid sensiggaling supporting a significantly lower
percentage of nTreg (natural regulatory T) cellsesbed in relapse-remitting MS (RRMS)
patient&?. In rheumatoid arthritis (RA), CO4T cells from the patients failed to produce as imuc
ATP and lactate as healthy control T cells eveneupdoliferating conditiof?. In CD4 T cells
from RA patients, the enzyme 6-phosphofructo-2-s@ifiuctose-2,6-bisphosphate 3 (PFKFB3),
which is a rate-limiting enzyme in the glycolytiathway, was suppres$édDysfunction of

PFKFB3 leads to impaired glycolytic flux, apoptesisceptibility, and increased reactive



oxygen species (ROS) production during T cell atidri™>. It was further confirmed that several
glycolytic enzymes in the lymphocytes of RA patgrguch as glucose-6-phosphate isomerase,

aldolase and enolase, have been identified asemstigcognized by autoantibodf&®.

In addition to autoimmune and inflammatory diseasaging promotes immune
dysfunction. Age largely affects the adaptive immuesponse, especially that based on T and B

lymphocyte§’*

Immune cells in older organisms shows a skewedalmésm toward
glycolysis, which is associated with immunosenese@nSuch age-dependent changes include a
general decline of total T lymphocytes, with a gigant reduction in the number and proportion
of naive T cells and both helper/inducer (Cpdnd suppressor/cytotoxic (CH8cells *°%>2
Also, the T lymphocyte repertoire, generated byisaoal T cell receptor (TCR) gene
rearrangement, diminishes with age as measuredl®+rEarrangement excision circles (TREC)
3 and the TCR signaling cascade, including Raf-1/MERK kinases, JNK protein kinase,
ZAP-70 kinases, and &arelease, can be impaired in elderly pedfil€ontributing to immune
dysfunction is also the reduced efficiency of thged immune system in eliminating self-

recognizing antibodies, increasing the incidencautbimmunity resulting from the combination

of dysfunctional T and B lymphocyté%>®
Nutrition and Autoimmunities

Different forms of dietary restrictions can incredi$espan and protect multiple aging
system$’>"®2 However, the view that all types of dietary riesion can be somehow equivalent
leading to similar changes, including those relatedutoimmunities, is simplistic and probably
incorrect. In fact, it is now clear that CR candither effective or ineffective in promoting
longevity or disease reduction depending on itsadyecomposition. For example, a study done

by the National Institute on Aging (NIA) in 2012ashks that there are no significant health



benefits and no difference in life-span extensmmchloric restricted rhesus monkeys, regardless
of whether the CR regimen implemented in youngldemoage rhesus monké{sin contrast,
another study done by the Wisconsin National PeniResearch Center in 2014 shows improved
survival associated with 30% CR initiated in adhitsus monkey (7-14 years). In this study the
ad lib control monkeys had a threefold increased ristteaith and a risk of disease 2.9 times
higher than that of the calorie-restricted monR&yBhese contrasting CR results on the
longevity and the healthspan of monkeys may betaladéferences in dietary composition and
varying protein content which can have an impacEgainduced cellular protectiéh Thus, it is
essential to begin to consider and discuss thetsftd different forms of restriction, whether
they involve calories or composition, separatelg also use terminology and abbreviations that
accurately identify the type of restriction, duoati and the mode of use. For example, CR is
generally understood to describe a 20-40% resinadf calories belovad libitum levels,

whereas DR is a much more inclusive term that eer to the restriction of calories or of
specific macronutrient$* (Table 1). IF, which can also be interchangeable with aker day
feeding (ADF), instead refers to the alternatiom afay of feeding and a day of either water only
fasting or a very low calorie diet. In contrasttipdic fasting (PF) refers to two or more
consecutive days of fasting that is done periotlictilis can range from every week to every
several months. These definitions and classifioatare particularly important in the
identification and understanding of the dietargimentions that affect autoimmunity since they
can have drastically different, and in some capp®site, effects on both immune cells and on

the regeneration of cells and tissues damagedebgutoimmunity.

PF or a low protein and sugar and high fat 48&t&@urs FMD, which provides calories

in a quantity and form that does not interfere \thith effects of water only fasting, can result in a



40% or greater decrease in serum glucose levetslents’ and a 20% or greater decrease in
serum glucose in human During the initial fasting period, cells utilitieer glycogen as the
main energy source, and then switch to a metab@ide in which non-hepatic glucose, fat-
derived ketone bodies and free fatty acids are fmeshergy®. PF also leads to a dramatic
reduction in certain growth factors, particulathgtinsulin-like growth factor 1 (IGF-1), which is
a key signaling molecule for cellular growth andimmbitor of both cell protection and
regeneratiorf. Some of the changes that are shared by chroniar@®F in mice are reduced
protein synthesis rate, reduced AKT acti%itgnd mTOR/S6K activities, increased 4E-BP1
activity®® and increased activity of FOXO transcription fasf, ¢’ all of which have been
implicated in both CR and PF-dependent longevitgmsion. These changes in metabolic
sensing pathway upon CR and PF have shown totieatly relevant for cancer treatment and
prevention including potentially ameliorating sealeside effects cause by chemotherapy in
human<®, and protection from chemotherapy-induced toxiaitg sensitization from a range of
cancer cells to chemotherapy in miéé°. It is widely known that cancer cells rely more o
glycolysis than on oxidative phosphorylation knoagthe Warburg effect. Fasting-based
reduction in glucose but also in other nutrientd gttors on which cancer cells rely, contribute
to the increased cancer cells’ sensitivity towahgschemotheraf§; As described in the
previous sections, immune cells, during hyper-atibn following antigen-specific T cell
activation or during autoimmune response, utilizenailar strategy to generate the energy
carriers and metabolic intermediates needed toys®biomass and inflammatory mediafars
Therefore, PF may kill cancer and immune cellstipalarly the more active autoimmune cells,

by partially overlapping mechanisms that are poarglerstood.

Multiple Sclerosis



MS is an autoimmune disorder characterized by IFroetliated demyelination and
neurodegeneration of the central nervous systenSJENXP, whose exact etiology remains
unclear. The autoimmune view of MS is strongly surpgd by the use of the animal
experimental autoimmune encephalomyelitis (EAE) ehogthich displays some of the key MS
characteristics. For example, during the activagibase, the antigen presenting cells migrate to
the lymph nodes and present the immunodominantdeefat naive T cell§®, and the
histocompatibility (MHC) Class lI-restricted CDZ cells secrete many inflammatory cytokines
such as IFN-y, TN&, IL-6, and IL-17. During the effector phase, CDHcells that recognize
antigen proliferate, cross the blood-brain barsied subsequently activate macrophages and
microglig that cause demyelination, oligopdendrocyte deatt,axon degeneration. As the
disease progresses, remyelination and regene@taigodendrocyte become inefficient and

ultimately fail 32

resulting in disease progression. Several MSrtreat drugs have been
effective in reducing immune responses, but tlmepact on long-term disease progression,
accrual of irreversible neurological disability,datine function of the immune system remains
largely uncleaf. The limitation of pharmacological immune-modutatireatments is due to

both the relatively non-specific inhibition of imme responses leading to immunosuppression

and the failure to repair the damaged myelin indffiected tissues.

Although we are only beginning to understand thatienship between nutrients, fasting
and autoimmune disorders, the dietary treatmeM®fnd other autoimmune diseases has high
potential, since it may stimulate and take advamt#ghe ability of the organism to repair and

replace its damaged cells without interfering wita function of normal cells and systems.

Dietary Restriction and Multiple Sclerosis Prevention




Dietary restriction in MS prevention in murine models

Virtually all chronic CR studies in mouse MS motale shown effects on prevention and not
treatment, possibly because cycles of the comloinati restriction and re-feeding as well as the
severity, type and length of the restriction, riot@y chronic CR optimizes the effects on MS
pathology and symptoms. Chronic moderate to se®Br¢33-60%) has been shown to promote
protective effects in the prevention of EAE in wars MS model&*® After chronic CR, 33%

or 40% of mice showed a minor decrease in the EEGtion and disease severity but were
protected from EAE induced inflammation, demyelioiat and axon inju¥?®°. Interestingly,

only severe CR (66% caloric restricted group) catgly prevented EAE inducti8h®>

Similarly, a chronic ketogenic diet, consistingeo#:1 ratio of fat to carbohydrate and prot&in
has been reported to serve as a preventive meagairest EAE®’. However, similar to the effect
of chronic moderate CR, KD did not completely previae EAE disease induction but reduced
the severity of the dised€elntermittent fasting (IF), where fasting is agplievery other day,
was also shown to improve EAE disease seV&riBight weeks of IF prior to the EAE
immunization completely protected mice from EAEuntion compared to 75% incident rate of
ad libitum group®. Although the exact mode of these protective &face still under active
investigation, these dietary interventions showedlar changes in immune response including
a significant reduction in circulating and CNS-g¢ed CD4 and CD8 T cells and

CD116CD45' cells (macrophages and microglia) compared ta@tmérol diet group, and
markedly reduced cytokines (ILB1IL-6, TNF-u, IL-12, IL-17) and chemokines (IFN-MCP-1,

MIP‘].(X, Mlp‘lﬁ) 84,85,87,85-3
Fasting Mimicking Dietsas a Treatment for MSand Other Autoimmunities

Fasting and murine MS models




Some of the major limitations of the chronic digtegstrictions listed above are: 1) that they
would be very difficult to adopt for the great matyp of the population, 2) that they can cause
both protective and detrimental effects includingaired immune responses and would healing,
3) that they are effective in the prevention buttneatment of MS. Furthermore, these dietary
interventions fail to address one of the core aspaftMS treatment, which is the need to
stimulate both the regeneration of functional whiteod cells and the remyelination at the
demyelinated lesions either by stimulating myelioduction or regenerating oligodendrocyte
from oligodendrocyte precursor cells. Periodic timeent with a fasting mimicking diet (FMD)
with a very low calorie and protein content hasgbeential to overcome the limitations listed
above. FMD cycles were shown to attenuate EAE symgtby modulating immune cells and
promoting oligodendrocyte precursor cell regenerli This study showed that a periodic
fasting mimicking dietary intervention has poten$ Meatment effects in mice but also that it
has the potential to minimize side effects as agltompliance issues. FMD cycles not only
resulted in a reduction in dendritic cells whiclk &nown to play an important role as antigen
presenting cells (APC) that secrete cytokines nesibée for activating T lymphocytes, but also
reduced circulating MOg 55 specific CD4 T cells, Thl and Th17 cells and reduced serum
cytokines such as IFN-IL-17 and TNFe. Furthermore, the FMD treatment increased anti-
inflammatory CD4 Treg. It was previously shown that during the egabf the prolonged
fasting, the immune cells undergo system-wide agptollowed by hematopoietic stem cell
based regeneration upon re-introduction of nutsi¢rg-feeding period) in IGF-1-PKA
dependent manrfér Similarly, FMD cycles cause apoptosis of autotieacT cells, which are

replaced by newly generated naive T cells duririgeeling periot (Fig. 2). More importantly,



the FMD treatments promoted oligodendrocyte prexwsll dependent regeneration of

oligodendrocyte, which is known to participate @amylelination of demyelinated axons.
Dietary restrictions in human clinical trials

In a human clinical trial, a 7-day cycle of a FM@Iéwed by 6 months of a Mediterranean diet,
was reported to be safe and feadibla chronic KD intervention also resulted in potatty
positive effects on relapse-remitting MS (RRMS)igrails. Moreover, both the FMD and the
chronic KD were associated with positive changeseiftreported Health-Related Quality of
Life (HRQoL) and an improvement in Expanded Disapibtatus Scales (EDSS) compared to
what was reported by the control diet group. Sintdethe rodent study, the clinical trial also
reports a reduction in lymphocyte upon FMD inteti@mwhich indicates that the diet may work
in a similar manner in mice and humans. Howevegtiwr or not FMD cycles will reduce MS
incidence in humans is still unclear and must Beetein larger randomized clinical trials. One
of the possible mechanisms of the FMD-dependentutatidn of autoimmunity involves the up-
regulation of serum glucocorticoid, adiponectin #melreduction of IL-6 and leptfif. RRMS
patient had significantly higher leptin and resisévels and lower levels of adiponectin and
Treg cell§®. Therefore, PF and FMDs may stimulate endogenmduption of glucocorticoid,

adiponectin that may contribute to a system-widggpsession of specific immune responses.

3.2 Autoimmune Diabetes

Type 1 diabetes is an autoimmune disease commamyased in children and young
adults, leading to the destruction of the insuliogucing pancreatic beta cell in the islets of

Langerhans leading to a lack of insulin producfib? Type | diabetes is associated with the



infiltration of innate and adaptive immune cellattbroduce cytokines which promote beta cell
apoptosis and increase infiltration of islet-spieclt cells. Infiltrating T cells, predominantly
CD4" or CD8, play an important role in the induction typeidetes mellitu§>®® Studies

using human and murine models of diabetes have nemaded that the destructive autoimmune
process in type 1 diabetes requires both T&i CD8 T cells and macrophagés®. Although

DR has been widely studied for the prevention aeatient for type 2 diabetes, the effect of

different forms of DR in autoimmune type 1 diabdatepoorly understood.
Dietary restriction in Diabetes Type 1 murine models

Studies have shown that CR improves glycemic hotasssand reduces oxidative stress and
lipid peroxidation in streptozotocin (STZ)-inducsgbe 1 diabetic (T1D) rats mod&®

Chronic CR (30% reduction in daily caloric intake) 9 weeks prior to STZ-induced diabetes
showed a protection against diabetic inStl€R inhibits up-regulation of inflammatory
cytokines (IL-B, IL-4, and IL-6) and TNFe, activates IL-10 and haptoglobin in the plasma of
streptozotocin-induced diabetic r&tdF, performed for 30 days from 5 p.m. to 8 a.m.,
minimized the increase in pancreatic, hepatic andlrweight, which is commonly observed in
the STZ-treated rat¥. IF improved glucose tolerance, insulin sensiigind percentage of
apoptotic B cells in the pancreas of STZ-inducetbeiic rats’°. Moreover, an alteration in the
dietary protein content has been shown to exaceihabetes. High-protein diet accelerated the
onset of disease in spontaneous autoimmune magelkeanon-obese diabetic (NOD) mité

It was shown that the types of dietary protein haweajor impact on the incidence of diabetes in
the NOD mouse. NOD mice fed with meat or caseinltés an early onset of the disease while
mice fed with casein hydrolysate, a denatured famtactalbumin-based diet was relatively

protected against the dised®&'®




Recently, cycles of FMD were shown to promote #q@ogramming of pancreatic islet
cells, leading to the induction of a gene exprespiofile with similarities to that observed
during fetal development and able to reverse insigificiency in mouse models of Type 1 and
Type 2 diabetes (Cheng et @Ell, in press). Fasting mimicking conditions also reed insulin
deficiency defects in human cells derived from antoune type 1 diabetes patients, indicating

that FMD has the potential to treat human diabetes.

Thus, we are only beginning to understand theioglahip between nutrition and the
autoimmunity related to T1D. However, FMD cyclepear to have high potential for the
treatment of both Type 1 and Type 2 diabetes.dt) tarecent pilot study showed a long-lasting
reduction in fasting glucose in subjects who corngale8 monthly cycles of the FMD, although it
is not known whether this effect involves pancresatigeneratior. Additional animal and
randomized studies are needed to confirm theséisesd serve as the foundation for dietary

FDA approved treatments for autoimmune diabetes.
3.3 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic, systemitammatory disease, characterized by synovial
hyperplasia, production of autoantibody, destructbcartilage and bone and malformation and
destruction of multiple joint8*'® The pathogenesis of RA is complicated involvingb

genetic and external factd? Similar to other autoimmune disease, RA involaesiberrant
pathway of T cell activation in both the initialdhprogression phases of the dised5&”

However, it has become clear that pathogenesistatdRnot simply be explained in terms of a
classical antigen-driven expansion of effector llscéut that disease progression involves a
more complex autoimmune response. It is largelygpisx that RA is closely associated with

CD4" T effector cells (both Th-1, 2, 17) which can letegited in RA synovial joint$°*2



Moreover, patients with RA have a premature immagiag phenotype including accumulation
of CD4 CD28 T cells, telomeric shortening in hematopoietiersteells, proliferation defects of
naive CD4 T cells, premature loss of naive CD4IIE ¢telomeres, loss of telomerase in T cells,
and impaired DNA damage repair due to ATM insuéfiaiy*®. Different dietary interventions

have been shown to or have the potential to atterarad possibly reverse the symptoms of RA.
Dietary restriction in RA patients

Fasting has been actively integrated as an atieenidnerapy for RA and a number of clinical
trials has been conducted to test its efficdty’ Fifty-three RA patients were randomly
grouped into either a control diet or fasting graugvhich subjects underwent fasting only once
for a period ranging from 7 to 10 days followedayegan diet for 3.5 montHa Patients in the
fasting group reported a significant improvemendlirclinical parameters and half of the
laboratory parameters such as erythrocyte sedimemntate (ESR) and C-reactive protein (CRP)
that are correlated with RA disease sevérityln a similar study, twenty RA patients were
subjected to either a control or fasting (7 to 29g) period followed by a strict vegan diet.
Patients in the fasting group reported significatebs pain and an improvement in symptbths
Thus, either periodic fasting or FMD have the pt&to treat RA, although larger randomized
studies are necessary to test this possibilityilltbe important to test the effect of cycles of
FMD that are applied every 1-2 months on RA pasiewith or without the need to undergo

drastic dietary changes, which are unlikely todxeestble for the majority of patients.
3.4 Conclusion

We are now just beginning to understand the compbexections between metabolism and the

regulation of T cells in relation to autoimmuneeadises development and progression. In the



development of novel therapeutics for autoimmurserdiers, targeting T cell metabolism by
dietary interventions provides an alternative wagantrol T cell fate and functidi. CR or

various other dietary restrictions and particuladlatively long-term fasting, and FMDs cycles
followed by re-feeding appear to decrease the biokd rate of aging and promote anti-
inflammatory effects, and may contribute to allégiand possibly reverse a variety of
autoimmune disorders as well as immunosenescenk#libg old and damaged cells and
replacing them with young and functional ones. Hasvethe limited number of studies and of
participants in studies described in this reviemderlines the need for a set of larger randomized
clinical trials testing both the feasibility andiefcy of FMDs, fasting and other DR-based

interventions on the treatment of autoimmunities.

In summary, chronic CR and other chronic dietastrictions have shown some efficacy
in the prevention but not the treatment of autoimities. Thus, chronic CR and other DRs have
the potential to prevent many age-related diseasesding autoimmunity, possibly by delaying
aging. However, chronic CR is associated with pmonpliance and long-term studies in
monkeys indicate that diet composition, in additionhe restriction, may have a key role in
disease preventiot®®® In contrast, PF and FMD cycles followed by refagdire emerging as
both effective and feasible interventions with plegential for long-term and wide use. They are
also emerging as powerful interventions in thetinemt of other age-related diseases and
conditions including immunosenescence. The alwlitgeriodic cycles of PF/FMD to suppress
autoimmune cells and the ability of the re-feedihgse to help repair the damaged sites, and to
activate hematopoietic cells to provide healthy ummn cells indicate that they stimulate highly
sophisticated repair and regenerative programssiitiiarities to those activated during

developmentKig. 2). Notably, the periodic PF/FMD combines a peribdevere restriction



sufficiently long to promote the death of a sigrafnt portion of damaged cells with a period of

high nourishment re-feeding able to promote theosjip effect on growth and other factors

leading to multi-system regeneration. These progravhich may have been frequently

activated under the normal conditions in which faeperiods were commonly encountered,

may remain dormant in individuals constantly exjosefood intake and in which fasting

periods lasting for over a few days are virtualhgent.
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Table 1. Calorie and Dietary restriction

Types Definition Duration Ref

Calorie Restriction (CR) 20 — 40% Reduction in total calorie intake Chronic 12

Ketogenic Diet (KD) High-fat, low-carbohydrate diet. In human, diets Chronic 3
with caloric contents of up to 75-80% fat and >
15% protein are commonly used to treat various
neurological disorders.
Fasting/Prolonged Fasting (PF) | Fasting: Complete absence of food intake. Periodic >
/ Intermittent Fasting (IF)/ PF refers to at least 2 and usually 3 or more PF: 2 or more
5 Alternative Day Feeding (ADF) | consecutive fasting days, which can be repeated days / 2-4
B periodically. weeks
}E IF and ADF eliminate or greatly reduce daily
2 intake of food/calories intermittently (usually IF/ADF: 1 day
g every other day or every 2-3 days). on 1 day off
° Usually ADF refers to alternation of a day of
[a feeding and a day of either water only fasting or
a very low calorie diet.

Fasting mimicking diet (FMD) | Formulations composition of macronutrients and Periodic 6
micronutrients specifically formulated to trigger (2-7 days
responses such as reduced glucose and insulin- every 15 to
like growth factor 1 (IGF-1) level, and increased 365 days)
ketone bodies, while maximizing caloric intake
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Figure 1. Change in metabolism of the activated T cells and autoimmune T cells

Metabolism plays an important role in T cell proliferation and differentiation and dysregulation of metabolism is often linked to autoimmune diseases. Upon activation, T cells
primarily use aerobic glycolysis and produce lactate as a byproduct to support biosynthetic precursors that required for cellular proliferation. Increased lactate and abnormal glycolytic
pathway are frequently observed in T cells from asthma and rheumatoid arthritis patients. During activation, T cells increase the expression of glutamine transporters and glutamate
metabolism to support T cell proliferation and differentiation. Interestingly, the increased levels of glutamate and glutamine are observed at the site of demyelination and axonal
degeneration in MS patients. Mammalian target of rapamycin (mTOR) promotes activation and differentiation of the T effector cells, and down-regulates Treg differentiation. Also, the
Akt-mTOR axis act as a negative regulator of Treg cells. Activation of mMTORC]1 promotes glycolysis through hypoxia-induced factor 1a (HIF1 a), and dysregulation of mTOR is
frequently observed in MS patients. These changes in metabolism provide an unique opportunity to target for disease treatment purposes.
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Figure 2. FMD-dependent modulation of autoimmunity and tissue-specific regeneration of damaged cells.

FMD causes a systemic anti-inflammatory effect and specific suppression of autoimmune cells whereas the re-feeding period stimulates hematopoietic cells to generate naive cells to
replace the immune cells eliminated. FMD also promotes tissue-specific stem cells that repair the damaged sites.



HIGHLIGHTS
* Dietary restrictions and fasting decrease immunosenescence.
* Fasting or Fasting mimicking diet promotes anti-inflammatory effects.

- Fasting mimicking diet alleviates or reverses autoimmune disorders in mice
and possibly humans.



