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USA and prevalence continue to rise. Treatments for these diseases are non-

specific and result in significant adverse effects. Targeted therapies may
help in improving the risk : benefit ratio associated with treatment.
Immunological memory is an important feature of the vertebrate immune
system that results in the production of cells that are long-lived and able to

Summary

Autoimmune diseases are a major cause of morbidity, and their incidence

respond to antigens in a more robust manner. In the setting of
autoimmunity this characteristic becomes detrimental due to the ongoing
response to a self-antigen(s). These memory cells have been shown to play
key roles in various autoimmune diseases such as type 1 diabetes, multiple
sclerosis and psoriasis. Memory T cells and B cells can be identified based
on various molecules expressed on their surface. Memory T cells can be
divided into three main categories — central memory, effector memory and
resident memory cells. These subsets have different proliferative potential
and cytokine-producing abilities. Utilizing differentially expressed surface
molecules or downstream signalling pathway proteins in these cells it is
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potential strategies that may yield successful therapies in the future.
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Introduction intensified immune response to a previously recognized

- . . antigen, and plays an important role in the defence
The prevalence and incidence of autoimmune disease § pay P

continues to rise across the globe [1-3]. Several of these
diseases affect individuals in young or middle age, and
thus have major societal costs in addition to the high
level of individual morbidity [4]. Treatments for autoim-
mune disorders have largely been non-specific and
involved immunosuppression targeting the adaptive
immune system. While effective, these broad-spectrum
approaches led to significant adverse effects, including
increased risk of infections and toxicity to non-immune
cells. More specific therapies targeting individual cell pop-
ulations could lead potentially to reductions in these
adverse effects. Refining the targets to include cells that

against infectious pathogens [5]. This particular attribute
may, however, be an effective target in autoimmune disor-
ders, in which the ability of the immune system to recog-
nize an autoantigen more readily would be detrimental.
We will explore briefly the generation and characteristics
of memory cells and the importance of memory cells in
autoimmune disease and will then address the current
and possible future methods of targeting these cells.

T cell memory

Generation of memory T cells

are pathogenic, while sparing other components of the
adaptive immune system, could lead to a more acceptable
risk : benefit ratio.

Immunological memory is an important feature of the
adaptive immune system that allows it to mount an

There are two leading theories regarding the generation of
memory cells: linear and divergent [6]. In the linear model,
the encounter of an antigen-specific naive CD4 " or CD8™
T cell (Tpaive) can lead to activation followed by prolifera-
tion and differentiation into cytokine-producing effector T
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Fig. 1. Generation of memory T cells and common surface markers
of various subtypes of memory T cells. (a) The process of generation
of memory T cells. Naive T cells undergo activation following
engagement of the T cell receptor (TCR) and appropriate co-
stimulatory signals, subsequently undergoing proliferation and
differentiation into effector T cells. Later in the immune response
effector T cells undergo a contraction phase resulting in either
apoptosis or differentiation into long-lived memory T cells.
Additional pathways for generation of memory cells include direct
differentiation of memory T cells from naive cells and production of
effector and memory T cells from naive cells by asymmetric cell
division. (b) The common surface markers in tabular form used to
identify the naive and memory T cells such as CD45RA, CD45RO,
CCR7 and CD69. In addition, it lists some other markers that are
expressed differentially on these cell populations and could
potentially be used to target specific memory T cell populations.

cells (Ter) [7]. Following the acute response, the majority
of these cells undergo apoptosis in a contraction phase with
a small proportion persisting and differentiating into mem-
ory T cells (Tiem)- In the divergent model, activated Tive
cells can differentiate directly into the memory phenotype
bypassing the T.g phase [8]. While the production of both
effector and memory cells from the asymmetrical division
of T cells has been demonstrated unequivocally, the extent
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to which this process leads to the production of the mem-
ory cell population is uncertain (Fig. 1) [9]. Recent studies
provide evidence in favour of a model in which T, ;. cells
can heterogeneously produce different Ty, cell subsets
[10,11]. This may depend upon different factors, such as
the strength of T cell receptor (TCR) stimulation, dendritic
cell (DC) interactions and cytokine signalling [12-14].
These memory cell subsets serve as precursors for Teg cells.
The precise mechanisms governing differentiation into a
particular memory cell subset are unknown.

Subsets of memory T cells

Memory T cells are identified by the expression of the
marker CD45RO and absence of CD45RA (found on
Thaive cells) [15,16]. In addition, compared to T cells
they also have increased expression of CD2, CDI1la and
CD44 [15]. They are long-lived and proliferate in a more
rapid fashion when exposed to antigen, differentiating to
give rise to cytokine-producing T cells. Three major
subtypes of Tpem cells are now recognized: central mem-
ory cells (Tcy), effector memory cells (Tgyy) and resident
memory cells (Try) [17,18].

T cells are CCR7 and CD62LM and retain their ability
to circulate to secondary lymphoid tissues [18]. These cells
have a greater proliferative capacity and are longer-lived.
They are thought to be important for production of T cells
following antigen recall [19,20]. By virtue of being CCR7 "~
and CD62L"°, Try cells circulate to peripheral non-lymphoid
tissues and provide immediate effector functions. They are
thought to be shorter-lived than Ty, cells, have lower prolif-
erate capacity but greater cytokine production [19,20]. A
more recently described class of memory cells is the Ty sub-
set. Similar to Tgyy, these cells are CCR7 ™, but express addi-
tional markers CD69 with or without CD103 [21]. Try
subsets of CD4" and CD8™ T cells were described initially in
mice and were identified subsequently in humans
[17,22-25]. These cells are localized within tissues and do
not circulate to the bloodstream. Their functions are highly
dependent upon the tissue in which they are found [12]. The
role that these cells might play in organ-specific autoimmune
disorders is being gradually clarified.

Cytokines important for memory cell production and
survival

Studies of the generation of CD4" memory cells have
revealed that interleukin (IL)-7 plays an important role in
the formation of memory CD4" cells [14]. Resting T cells
express IL-7R and down-regulate this when they are acti-
vated. T cells that are destined to become memory cells
will up-regulate IL-7R. The role of IL-7 was clarified by
the lack of a memory response in IL7 '~ hosts and in mice
with mutations of the IL-7R alpha gene [26,27]. IL-15 has
been shown to be important for the production of Tem
cells [28-30]. Both IL-7 and IL-15 play an important role
in the survival of CD4" and CD8" memory cells, with
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IL-7 being more important for CD4" cells [31,32]. In
addition to these cytokines, transforming growth factor
(TGF)-B is another cytokine that has been found to play
an important role in the development of CD8" Tgy in
various tissues [23,33]. TGF-B increases the expression of
CD103, a marker that is characteristic for Try; cells, and
blockade of TGF signalling can lead to reduced production
of Trym cells. These various cytokines may serve as thera-
peutic targets for autoimmune memory cells.

Metabolism and T cell phenotype

In recent years, differences in the metabolism of T cells
based on their function have been noted. T.q cells utilize
glycolysis as a means of production of adenosine triphos-
phate (ATP) even in the presence of sufficient oxygen, and
one potential role of this metabolic-switch in facilitating
cytokine production was elucidated recently [34]. Con-
versely, CD8" and CD4" T, cells have been demon-
strated to prefer fatty acid oxidation (FAO) as their means
of ATP production while suppressing glycolysis [35,36].
These distinct metabolic profiles of T and Tpner, cells may
enable targeting of specific metabolic pathways that are
important for the survival and function of memory cells.

Memory cells are important in autoimmune disease

The role of memory cells in various autoimmune diseases
has been explored extensively. We will briefly discuss the
role as studied in multiple sclerosis (MS), an inflamma-
tory demyelinating disease involving the central nervous
system [37].

Studies have shown that memory cells are important in
the pathogenesis of MS. A study in paediatric MS showed
that patients had a higher percentage of memory T cells
similar to that in 20-30-year-older healthy controls [38].
Studies in adult MS subjects have demonstrated increased
frequencies of Ty, cells, especially Tgy cells [39-42].
Evidence for the importance of these cells also comes
from studies demonstrating that memory cells are
enriched in the cerebrospinal fluid (CSF) of patients with
MS, and the majority of T cells found in parenchymal
MS lesions are Ty cells [43—45].

Similarly, other diseases have been shown to demon-
strate changes in the proportion of memory cells in the
peripheral circulation as well as the target tissues [46,47].

Markers for pathogenic memory T cells

Because autoimmune disorders are often marked by an
ongoing exposure of autoimmune memory cells to the
offending antigen, Niesner et al. studied the transcriptomes
of repeatedly activated T helper type 1 (Thl) cells and
found that the expression of the Twistl gene was up-
regulated and increased incrementally with each restimula-
tion [48]. Twistl has been shown to be a regulator of Thl
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cell cytokine production and inhibition of Twistl function
leads to exaggeration of Thl-mediated inflammation. T
cells isolated from tissues with rheumatoid arthritis and
IBD patients showed extremely high levels of Twistl expres-
sion, providing further support for this as a biomarker for
pathogenic memory T cells [49]. The identification of other
markers defining pathogenic memory cells will help in
developing more targeted therapeutic approaches.

Strategies to target memory T cells

Targeting memory T cell surface markers. (a) Alefacept:
alefacept is a dimeric fusion protein, consisting of the
CD2 binding portion of the leucocyte function-associated
antigen-3 (LFA-3) and the Fc portion of human immu-
noglobulin G, which was initially approved by the Food
and Drug Administration (FDA) for treatment of psoria-
sis [50]. CD58 or LFA3 is expressed on antigen-
presenting cells (APCs) and is the endogenous ligand for
CD2 leading to T cell stimulation [51]. As CD2 is
expressed highly on Tpey cells, with levels being highest
on Tgy cells and slightly lower on Tcy cells, it was felt
that Alefacept would target these cells selectively. Alefa-
cept disrupts the CD2-CD58 interaction and results in
depletion of Tgy cells and, to a lesser extent, Ty cells in
trials in psoriasis and type 1 DM [52,53]. In patients with
psoriasis alefacept reduced Tgy; cells numbers in diseased
skin as well as in peripheral blood [54]. Studies in non-
human primates have shown that alefacept can target co-
stimulatory blockade resistant Ty cells, which are an
important player in autoimmunity [55].

(b) Cytokine signalling blockade: as IL-15 and IL-7 are
important in the production and survival of Tgy and Ty
cells, blockade of signalling though their cytokine receptors
could serve as an effective strategy to target memory cells.
Janus kinases (Jak) are cytoplasmic tyrosine kinases that
play a role in intracellular signalling downstream of type I
cytokines such as IL-2, IL-7 and IL-15 [56].

Tofacitinib is a potent inhibitor of Jak land Jak 3 that
has shown efficacy in the treatment of rheumatoid arthri-
tis [57]. Tofacitinib has shown efficacy in preventing
rejection of transplants and its effect may be related to
blocking IL-15 signalling [58]. Further studies are
required to determine the effect on T, cell subsets in
subjects treated with tofacitinib.

Ruxolitinib is an inhibitor of Jak 1 and 2 and has been
proposed as a possible means of disrupting IL-15 signal-
ling in Thpem cells [59]. In a study by Xing et al, the
importance of cytotoxic CD8" Tgy phenotype cells in
the pathogenesis of alopecia areata was demonstrated
[60]. The authors then demonstrated the efficacy of Jak 1
and 2 inhibition in an animal model of alopecia areata,
and finally the improvement of alopecia areata in patients
who were treated with ruxolitinib. Further studies would
be required to clearly define changes in the memory cell
population in subjects treated with this medication.
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Fig. 2. B cell differentiation and generation of memory B cells and
long-lived plasma cells. This figure depicts the process of production
of memory B cells and long-lived plasma cells. While the majority of
memory B cells and long-lived plasma cells are derived from the
germinal centre reaction in secondary lymphoid tissues, subsets of
each of these types of cells that have extra-follicular origins have
been described.

(c) S1P receptor modulators: S1P signalling plays a
major role in the egress of T cells from lymphoid tissue
in concert with other cellular surface molecules such as
CCR7, CD69 and CD62L [61]. Initial studies demon-
strated marked depletion of central memory cells as well
as naive cells from the peripheral circulation in patients
treated with fingolimod (SIP receptor modulator) [62].
Tgym cells, which have low receptor S1P; expression, were
not reduced significantly. However, the drug resulted in a
marked reduction in Th17 effector cells, and this led to
the assumption that Tcy cells were the precursors for the
majority of Thl7 effectors [63]. Nevertheless, actions of
fingolimod extend beyond lymphocyte trapping in the
lymph nodes and can have direct effects on signal trans-
ducer and activator of transcription-1 (STAT-3) signal-
ling, which is instrumental for the development of Th17
responses [64].

Also of interest are the effects of S1P signalling in the
production and retention of Tgyy cells. Try cells express
CD69 and have KLF2 decreased activation and low S1P;R
expression [65]. Forced expression of KLF2 or SIP;R on
the Try cells leads to reduced establishment of a Tgry
pool. This suggests that modulation of SIP signalling may
also work by altering Tyy; pools; however, further studies
are required to confirm this possible mechanism of action.

(d) Kvl.3 inhibition: Kv1.3 is an outward rectifying
potassium channel that is up-regulated specifically on
Tgym cells and appears to be essential for the effector func-
tion of these cells’ channels by allowing the countercur-
rent influx of calcium [66]. T e cells and Ty, cells have
a higher expression of KCa3.1 channels and are relatively
less dependent on Kv1.3 [67]. In MS, previous studies
have  demonstrated an increased presence  of
CD45RA™CCR7™ Tgy cells in perivenular infiltrates and
MS lesions [44]. These cells have an abundance of Kv1.3
channels. Blockade of Kv1.3 channels has been shown to
ameliorate experimental autoimmune encephalitis (EAE),
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a mouse model of MS, and suppress effector memory cell
function of human myelin reactive T cells [41,68,69].

Psoriatic skin lesions also show evidence of accumula-
tion of T cells with up-regulation of Kv1.3 channels [70].
A study of a Kv1.3 channel blocker ameliorated disease in
skin grafts of psoriatic skin in severe compromised
immunodeficient (SCID) mice [70]. Thus blockade of
Kv1.3 channels may serve as an effective treatment target-
ing autoimmune Ty cells.

(e) Tumour necrosis factor (TNF) family receptor FAS/
CD95 targeting: the TNF family receptor FAS plays an
important role in maintaining immunological self-
tolerance [71]. Interestingly, it has been shown that Tgy
cells are highly susceptible to FAS-mediated apoptosis,
while Ty and Tp,ipe cells are relatively resistant. Admin-
istration of FAS ligand led to apoptosis of Tgys cells selec-
tively while sparing To.ive and Tcoy cells [72]. This is
thought to be due to more efficient assembly and activa-
tion of the FAS-associated death-inducing signalling com-
plex (DISC) in Tgy cells. Thus, utilizing FAS ligands may
help to eliminate Ty cells in autoimmune diseases.

Targeting memory cell metabolism

Because Tpem cells are long-lived and utilize FAO rather
than glycolysis, targeting FAO in these cells may result in
reduction in the numbers and function of Ty, cells [36].
A recent study demonstrated that, unlike T cells, Trem
cells did not utilize extrinsic fatty acids but rather produce
fatty acids required for FAO within the cell [35]. Lipolysis
due to lysosomal acid lipase (LAL) in lysosomes was
imperative for the survival of CD8" Toem cells. LAL
knock-out led to a lack of production of Ty, cells when
Teg cells were deprived of antigen and hence went through
a contraction phase, underlining the importance of metab-
olism in the development of Ty, cells. In another study
the suppression of FAO in CD4" T cells led to a reduc-
tion in the functional capacity and survival of these cells
[36]. These studies suggest that disruption of specific met-
abolic pathways in Ty, cells may be an approach for the
specific targeting of this cell population.

Humoral memory

Immunological memory in the humoral arm of the
adaptive immune system is mediated through long-lived
memory B cells and sustained antibody titres produced
from long-lived plasma cells [73]. These cells are pro-
duced primarily in the germinal centres of secondary
lymphoid organs; however, the precise mechanisms lead-
ing to differentiation from naive B cells to memory B
cells or long-lived plasma cells are unclear (Fig. 2) [74].
Memory B cells provide enhanced antibody production
when restimulated and are characterized by isotype
switching and affinity maturation [75]. Memory B cells
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in humans were identified originally as class-switched
immunoglobulin D negative cells and have been identified
more recently by the expression of CD27. Subsets of B
cells that are CD27  but display the characteristics of
memory B cells have also been described.

As well as the production of antibodies, memory B
cells also play important roles in autoimmunity through
cytokine production and antigen presentation to T cells
[76,77]. Additionally, memory B cells may not require
certain survival signals, such as B cell activating factor
(BAFF)/BAFF-R interaction, making them resistant to
certain drugs targeting these pathways (Belimumab) [78].

Long-lived plasma cells also provide humoral immuno-
logical memory and could serve as a source of pathogenic
antibodies in autoimmune disease. Long-lived plasma cells
can persist for several years and have high expression of
CXCR4, which helps them to home to specialized niches
high in CXCLI12 such as the bone marrow [79]. They
require several different growth factors for survival, such as
IL-6, ligands for CD44 and CD28-B7 interactions [80,81].

Strategies for targeting humoral memory

B cell depletion

In MS, treatment with B cell-depleting agents leads to sig-
nificant reductions in disease activity [82,83]. The basis
for this effect appears to be independent of B cell anti-
body production and may be related to a reduced pro-
duction of proinflammatory cytokines such as IL-6 or
reduced antigen presentation by B cells, which by their
sheer numbers are an important APC pool [84]. Studies
with normal human B cells demonstrated that memory B
cells are the major producers of proinflammatory cyto-
kines such as lymphotoxin and TNF-a [77]. In patients
with MS, B cells produce lower amounts of the anti-
inflammatory cytokine IL-10 [77]. Following B cell deple-
tion, a repopulation with naive B cells that produce larger
amounts of IL-10 and lower amounts of proinflammatory
cytokines was seen, and could explain the long-term effi-
cacy of this strategy [77,85].

In subjects with immune thrombocytopenic purpura, it
was noted that B cell depletion with rituximab led to an
increase in the number of splenic long-lived plasma cells.
This was thought to be secondary to a change in the sple-
nic micro-environment and could potentially explain the
lack of efficacy of B cell depletion in certain autoimmune
diseases. In such disorders, a combined strategy that tar-
gets both B cells as well as long-lived plasma cells may be
required.

Targeted B cell therapies

(a) Atacicept: the importance of memory B cells in the
pathogenesis of autoimmune disorders was also demon-
strated by the lack of efficacy of atacicept [86,87]. Ataci-
cept is a fusion protein consisting of the extracellular
domain of the transmembrane activator and CAML inter-
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actor (TACI) receptor, bound to the Fc portion of human
immunoglobulin [88]. This receptor binds B lymphocyte
stimulator (BLyS) and a proliferation-inducing ligand
(APRIL), which are cytokines involved in B cell prolifera-
tion and survival [89]. Atacicept was shown to target
mature B cells and short-lived plasma cells while sparing
memory cells, as well as B cell progenitors [88]. In a trial
of atacicept in patients with rheumatoid arthritis a tran-
sient increase in memory B cells was noted [90]. This
lack of removal of memory B cells may explain the ineffi-
cacy of this approach, given the previous evidence of the
role of memory B cells in autoimmunity [76,77].

(b) Tocilizumab: tocilizumab is a humanized monoclo-
nal antibody to the IL-6 receptor that binds both soluble
and membrane-bound forms of the receptor. It is approved
for use in patients with RA who have had an inadequate
response to other therapies [91]. IL-6 is a pleiotropic cyto-
kine secreted by several different cell types including T
cells, macrophages, fibroblasts, osteoblasts and endothelial
cells. It plays an important role in B cell activation and the
development of antibody-producing plasma cells. In
patients with rheumatoid arthritis (RA) and systemic lupus
erythematosus (SLE), tocilizumab treatment resulted in a
reduction in memory B cells [92,93]. Tocilizumab also
reduced immunoglobulin levels in patients with SLE and
RA, suggesting a reduction in plasma cell numbers [92,94].

The efficacy of tocilizumab suggests that targeting
memory B cells may be an effective strategy to treat auto-
immune disease.

Future directions

Cautions

Experience with previous ‘targeted’ approaches that were
found subsequently to have other off-target effects, lead-
ing to serious adverse effects, must make us cautious
when testing new putative therapies targeting immune
memory. Anti-inflammatory medications such as anti-
TNF-a agents, that were effective in certain autoimmune
disorders, led to the development of inflammatory
demyelinating lesions of the CNS [95].

Additionally, although memory cells may play an
important role in autoimmunity, they continue to be
important for other functions, such as protection against
infections and anti-tumour effects. A balanced approach
targeting the subsets of cells likely to be the most patho-
genic would yield the best balance of risk and benefit.

Better targets for pathogenic memory cells

Targets to define more clearly the factors that cause the
generation of different subsets of memory cells would
help to develop novel therapies. GWAS studies have now
identified several different loci that are associated with
autoimmune disease [96,97]. Studies are now beginning
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to link these genes with gene expression data from differ-
ent cell subtypes to define which memory cell-associated
genes are implicated in autoimmune disease [98]. Target-
ing of these gene products may lead to more efficient
pathogenic memory cell targeting while preserving helpful
immunological memory.

With advances in the understanding of the generation
and survival of different memory subsets, insight into the
identification of pathogenic memory cells and new
approaches to identify cell-specific gene variants in auto-
immune disease that may reveal new therapeutic targets,
it is likely that memory cell-specific therapies may
become a reality in the near future. These could be effec-
tive and safe for treating a variety of autoimmune
diseases.
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