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Summary

Immunological memory is one of the features that define the adaptive
immune response: by generating specific memory cells after infection or
vaccination, the host provides itself with a set of cells and molecules that
can prevent future infections and disease. Despite the obvious importance
of memory cells, memory CD4 T cells are incompletely understood. Here
we discuss recent progress in understanding which activated T cells sur-
mount the barrier to enter into the memory pool and, once generated,
what signals are important for memory cell survival. There is still, how-
ever, little understanding of how (or even whether) memory CD4 T cells
are useful once they have been created; a surprising thought considering
the critical role CD4 T cells play in all adaptive primary immune
responses. In light of this, we will discuss how CD4 T memory T cells
respond to reactivation in vivo and whether they are malleable to a
re-assignment of their effector response.
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essential for B-cell germinal centre formation, class
switching and affinity maturation;' such cells are now
defined as T follicular helper cells.> CD4 T cells are also

Naive CD4 T cells must usually interact with mature anti-
gen-loaded dendritic cells (DCs) to be successfully acti-
vated. This interaction takes place in the T-cell areas of
secondary lymphoid organs, locations that have evolved
to facilitate contact between antigen-specific T cells and
DCs. The ensuing response is defined by this initial inter-
action: the specificity of the response is controlled by the
peptides presented on major histocompatibility complex
(MHC) class II molecules on the DCs, while the size and
type of response are determined by costimulatory mole-
cules and cytokines expressed by the activated DCs.

The clonal proliferation that follows CD4 T-cell activa-
tion serves several purposes. First, it provides a greater
number of cells that are able to help both CD8 T cells
and B cells. It has long been known that CD4 T cells are

required for effective CD8 T-cell responses. When the
inflammation induced by immunization or infection is
low, CD8 T-cell activation requires the presence of CD4
T cells responding to antigens associated with those driv-
ing the CD8 T cells. The CD4 T cells probably function
by properly activating the DCs that will present antigen
to the CD8 T cells and may also themselves signal directly
to the CD8 T cells via expression of CD40 or cytokines
such as interleukin (IL)-2.>~ In more inflammatory envi-
ronments, CD8 T cells can be activated in the absence of
CD4 T cells; however, the memory cells generated from
these responses respond poorly to reactivation.® There-
fore, CD4 T cells are crucial for the generation of func-
tional and protective antigen-specific CD8 T cells and B
cells.

Abbreviations: Ag, antigen; CTL, cytotoxic T lymphocyte; DC, dendritic cell; IFN-y, interferon gamma; IL, interleukin; LCMYV,
lymphocytic choriomeningitis virus; pMHGC, self-peptide + major histocompatibility complex; TCR, T-cell receptor; Th, T helper.
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The second reason that specific CD4 T cells must
expand is so that the cells can differentiate into effector
cells that can migrate to infection sites. Cytokine-produc-
ing T helper (Th) type 1 or Th2 CD4 cells can activate
macrophages to expel micro-organisms, for example
Mycobacterium tuberculosis in the lungs or helminthes in
the gut, respectively.”” Similarly, the more recently
described Th17 cells, which make both IL-17 and IL-22,
may play important roles in defence against fungi and
extracellular bacteria either by recruiting other cell types
or by inducing antimicrobial factors.'®'* Thl cells can
also act in an indirect manner to protect the host. For
example, Nakanishi et al'” found that herpes simplex
virus-specific CD4 T cells migrate to the vagina and pro-
duce the interferon (IFN)-y required to induce local
chemokine expression which allows effector CD8 T cells
to enter the infection site. Activated T cells can also dif-
ferentiate into induced regulatory T cells. These cells are
important in controlling immune responses via either cell
surface molecules or inhibitory cytokines;' how these
regulatory T cells relate to memory cells is a complicated
issue that has been discussed elsewhere.'”

More than one pathway to memory

Towards the end of the immune response, most antigen-
specific T cells die, but a small percentage convert to
memory cells. Considerable effort has gone into searches
for markers that distinguish the cells that will become
memory cells versus those that will die. Underlying these
searches is the notion that conversion to memory cells is
not a random event but rather predetermined in some
way. The correlation of expression of the IL-7 receptor
alpha chain on activated CD4 T cells with survival sug-
gested that increased signalling via IL-7 was responsible
for memory cell generation.'®'” However, increasing the
number of either CD4 or CD8 T cells that received an
IL-7 signals did not result in an increase in the number
of cells that entered the memory pool.*>*' More recently,
low-level expression of the inhibitory receptor, killer cell
lectin-like receptor G1 has been found on the CD8 T cells
that go on to enter the memory pool;”* whether the same
is true for CD4 cells remains to be determined.

The strength of the signal through the T-cell receptor
(TCR) may also influence whether an activated CD4
T cell proceeds into the memory pool: cells that receive
relatively weak signals lose out to competing T cells that
have higher affinity TCRs.*> This finding contrasts with a
theory that stems from recent work from the Reiner
group.”* Their findings, although primarily in CD8
T cells, suggest that memory cells may be generated as
a consequence of asymmetric cell division. During cell
division, certain factors can be found on opposing sides
of the dividing cell such that daughter cells receive an
unequal share of these factors. The consequence of this is
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that, while one daughter proceeds down the effector path-
way, the other, with the same TCR, is more likely to
become a memory cell. In this case, therefore, differentia-
tion of the memory cell is independent of TCR affinity.

In contrast to the limited progress in identifying CD4
memory cell precursors, it is now clear that memory cells
can be generated from cells that have undergone effector
differentiation during the primary response. In an elegant
study, Harrington et al”® genetically marked IFN-y-pro-
ducing CD4 T cells during a primary response, and these
cells were present in the subsequent memory pool. Simi-
larly, Lohning et al.*® purified cytokine-producing anti-
gen-specific T cells, and showed that these cells
successfully made it into the memory pool following
adoptive transfer. This is in contrast to an earlier report
that used similar techniques to purify cytokine-producing
CD4 T cells, where it was found that differentiated cells
were not able to survive following transfer.”” This suggests
that, although differentiated cells may be at a disadvan-
tage for survival, they are certainly able to survive the
contraction phase.

Memory cell survival: cytokine niches and MHC
controversies

In the widely used mouse infection model lymphocytic
choriomeningitis virus (LCMV), viral-specific memory
CD8 T cells are maintained at an impressively steady level
for many years. CD4 T cells, specific for the same virus
and present in the same mouse, decline.”® This disparity
in survival may be caused by the different abilities of the
two cell types to bind to the survival cytokine IL-15.
IL-15, a member of the common 7y chain family, is central
to the survival of CD8 memory T cells.”*** Although
CD4 memory cells can develop in the absence of IL-15, it
is now clear that memory CD4 T cells can and do
respond to IL-15 and that this contributes to the slow
turnover of these cells*>** (Fig. 1).

IL-7, however, appears to be the main survival cytokine
for CD4 memory cells, as transferred cells cannot survive
in its absence.'®'® This cytokine is used by all T cells, and
by developing B cells, as a survival signal and therefore is
not specific for CD4 memory T-cell survival. This
prompts the question: how do T cells compete for this
signal? Park et al®® found that T cells that had recently
received an IL-7 signal subsequently down-regulated the
receptor, suggesting that T cells are not greedily consum-
ing the cytokine unnecessarily.

Another way in which IL-7 signals can be fairly dished
out is by the migration of T cells towards and then away
from the stromal cells that produce the cytokine. IL-7 is
produced by fibroblastic reticular cells in the T-cell zones
of secondary lymphoid organs.”® These cells also produce
chemokine (C-C motif) ligand 19 (CCL19), which is rec-
ognized by chemokine (C-C motif) receptor 7 (CCR7), a
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Figure 1. Comparison of naive and memory CD4 T cells. Naive T
cells require signals from interleukin (IL)-7 and major histocompati-
bility complex (MHC) class II molecules to survive. Activation of
naive T cells occurs following interactions with antigen (Ag)-loaded
dendritic cells (DCs) that express costimulatory molecules at a high
level. Memory CD4 T cells receive survival signals both from IL-7
and IL-15 and there may be a role for MHC II. Activation can occur
in the presence of lower levels of peptide-MHC and costimulatory
signals. Following activation, memory cells proliferate less than pri-
mary responding cells but can produce a greater effector response.

receptor that is expressed on naive and some memory
T cells. These cells are therefore capable of attracting T
cells in order to deliver IL-7 directly to them.

IL-7 is also made in the bone marrow, and CD4 T cells
can be found here in contact with IL-7-producing cells.””
It has been known for many years that memory CD4
T cells are present in the bone marrow (reviewed by Di
Rosa and Pabst’®) and that long-lived CD8 memory
T cells that have superior homeostatic proliferation
potential reside in the bone marrow.” However, memory
phenotype CD4 T cells in the bone marrow may have
reduced proliferative potential compared with similar cells
in other organs,” suggesting that these cells may not be
permanently maintained in the animal. Moreover, while
one group has found that memory CD4 T cells can be
maintained at stable levels in the bone marrow while
declining in the periphery,”” others have not observed any
preferential survival at this site, instead finding that most
antigen-specific memory CD4 T cells are found in lymph
nodes and the spleen.*

If memory CD4 T cells are able to receive survival sig-
nals from IL-7 and to some extent through IL-15, the
question remains of why they decline over time. Is it sim-
ply because they are not efficient at migrating to cells that
make the survival cytokines or is there some further com-
petitive factor at play?

In view of the central role that self-peptide and MHC
(pMHC) plays in the development and survival of naive
CD4 cells,*! contact with pMHC is an attractive candidate
for memory survival. The finding that CD4 memory cells
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could survive in the absence of MHC class II molecules
implied that contact with pMHC was not required for
memory cell survival.*> However, the experiments that
produced this finding were carried out in the absence of
any other CD4 cells. In such circumstances there would
be abundant IL-7, and exaggerated signalling via the IL-7
receptor may allow T cells to survive in circumstances
that would normally cause their death. In the presence of
a physiological number of T cells, survival signals other
than IL-7, for example pMHC, may be required. A study
from the Jenkins group suggested that this could be the
case, as DO11.10 TCR transgenic memory cells declined
at a faster rate when present at higher frequencies in
adoptive transfer recipients.*” The TCR transgenic cells
would presumably compete with each other for the same
pPMHC and hence, when their numbers are increased,
they would decline more rapidly. However, the interpreta-
tion of these results has been muddied by the finding that
DO11.10 cells may be rejected from BALB/c recipients as
a result of minor mismatches between the strains.**

Other factors, such as the signals present during T-cell
priming, can also affect the long-term survival of memory
cells. For example, immunization with antigen and Toll-
like receptor 2 (TLR2) agonists generated memory cells
that survived in greater numbers than those generated by
immunization with the same antigen and a TLR4 ago-
nist.*> Regardless, antigen-specific CD4 memory cells have
been found to decline both in mouse models and in
humans.”®*** This prompts the question of whether,
if the host does not actively maintain them, CD4 memory
T cells are irrelevant! As the directors of other cell types
during the primary response, CD4 T cells lay the ground-
work for the provision of protection, enabling the genera-
tion of memory CD8 T cells, B cells and plasma cells, all
of which can protect the host from subsequent infection.
This does not, however, mean that CD4 T cells cannot be
involved in secondary responses. To appreciate what CD4
T cells can do to offer protection, it is important to know
what they do upon reactivation in vivo.

Reactivation of CD4 memory cells in vivo — what
are CD4 memory cells for?

There is a wealth of knowledge about the ability of CD4
memory cells to respond to lower doses of antigen and/or
to reduced levels of costimulation compared with naive
CD4 T cells’™ (Fig. 1). A teleological explanation for
the reduced requirements for activation is that it allows
CD4 memory cells to respond very early following an
infection, before the pathogen has had time to replicate
extensively or cause substantial damage. These activated
cells may then directly attack the invading organism or
provide help to B cells or cytotoxic T cells.

We found that, although CD4 memory cells prolifer-
ated in response to restimulation, they divided for a
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shorter period of time than primary responding cells.*’
This reduced proliferation was a consequence of the reac-
tivated memory cells producing a different cytokine
response compared with primary responding cells: both
their increased IFN-y and decreased IL-2 production
reduced the proliferation of the memory cells. Thus, CD4
memory cells do not expand as exuberantly as memory
CD8 T cells.>* Such reduced expansion might suggest that
CD4 cells are not involved in the direct attack of invaders
but rather act primarily as catalysts, helping the responses
of other cells. However, cytokine-producing memory CD4
T cells can provide protection against some infections,
the most studied example being IFN-y-producing CD4 T
cells generated by vaccination with bacillus Calmette—
Guérin (BCG) which protect against the worse forms of
disease caused by Mycobacterium tuberculosis.> Therefore,
migration to, and cytokine production at, infection sites
may be the most effective response that memory CD4 T
cells can offer.

If it assumed that a primary response has resulted in
the development of memory CD8 T cells, B cells and
plasma cells, then there is little need for a large number
of specific CD4 T cells to help other cell types. Memory B
cells probably do not require the help of antigen-specific
memory CD4 cells to respond to an infection and, once
generated, CD8 memory T cells, which can also respond
to lower levels of antigen and costimulation, should not
require antigen-specific memory CD4 help.”>”** How-
ever, it is interesting, and potentially relevant, to ask
whether memory CD4 T cells can provide enhanced help
to primary responding B cells and CD8 T cells. This may
occur under circumstances in which pathogens mutate
their antibody and/or CD8 T-cell epitopes to escape from
immune attack but leave their CD4 epitopes intact. A
prime example of this is influenza virus; annual infections
are a consequence of mutations of the cell surface mole-
cules, haemagglutinin and neuraminidase, that are the
main antibody targets.>*

In the case of influenza, epitopes recognized by cyto-
toxic T lymphocytes (CTLs) have also been found to
mutate,*"®> suggesting that viruses capable of escaping
either or both antibodies and CTLs are likely to propa-
gate. CD4 epitopes have been found to be conserved
within different subtypes of influenza virus, and individu-
als have been shown to have CD4 T cells that cross-react
with emerging stains, such as H5N1, that have developed
as a result of re-assortment of different virus subtypes.®>”
" Whether these cells can provide protection against
infection has not been adequately tested, although there is
evidence that this is a possibility. For example, mice
primed with a DNA vaccine containing a number of CD4
epitopes were protected from lethal influenza challenge®
and large numbers of in vitro activated TCR transgenic
CD4 T cells were found to be able to provide protection,
which was at least partly mediated by providing help to B
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cells.” However, in one study, although CD4 memory
cells accelerated clearance of the virus, the cells caused
immunopathology that increased weight loss in the mice
that contained memory cells.”* Memory CD4 T cells may
also be able to speed up primary CD8 T-cell responses;
for example, the CD8-mediated clearance of Listeria
moncytogenes was increased in mice that contained anti-
gen-specific CD4 memory cells.*’

Re-assigning memory cells

The negative side of reduced requirements for reactiva-
tion is that it is very difficult to tolerize memory CD4 T
cells. This is an important issue when considering treat-
ments for autoimmune conditions or in transplantation.
While general suppression of the immune system can
alleviate autoimmunity or transplant rejection, specific
tolerization is a much more attractive process. Many
studies have been focused on generating regulatory T
cells that can inhibit immune responses to self or trans-
plant antigens.”” However, if regulatory T cells are
unable to constrain the proliferation and effector func-
tions of self or transplant reactive memory cells, such
strategies are unlikely to be successful on their own.
Indeed, Yang et al”' found that memory cells were not
inhibited by regulatory T cells in vivo, allowing the
memory cells to reject a transplant.

Memory cells are resistant to the induction of tolerance
by treatments such as CD40L blockade that render naive
T cells unable to respond to donor tissues.”> However,
memory cells are not costimulation-independent, as cyto-
toxic T-lymphocyte antigen 4 (CTLA-4) treatment inhib-
ited the proliferation of memory cells by reducing their
ability to make IL-2 compared with cells stimulated under
normal conditions.”> Moreover, while memory cells could
proliferate in the absence of CD40-CD40L signals, they
were unable to make IFN-y.*8

While it has been difficult to tolerize memory cells, it
may be possible to change their function, or to assign a
new identity to an uncommitted T central memory cell.
Recently there has been a growing appreciation of the
flexibility of Th cell subsets.”* Th differentiation is driven
by the milieu of cytokines present during T-cell activation
resulting in the expression of signature cytokines that are
controlled by specific transcription factors. Wei et al.”
examined histone modifications in CD4 T cells differenti-
ated in vitro. The authors found that, while the signature
genes associated with a particular Th subset, such as Tbet
and IFN-y in Thl cells, were marked by histone modifica-
tions that enhance transcription, genes associated with
other subsets were less likely to be marked by inhibitory
histone modifications. This was particularly true of Th17
cells, which were shown to re-differentiate into Th1 cells
when transforming growth factor (TGF)-f was removed
and IL-12 provided.”® These data suggest that it may be
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possible to re-educate memory CD4 T cells to produce a
less harmful response. However, T cells primed in either a
type 1 or type 2 environment, and then restimulated in
the opposing environment, were found to make both
IFN-y and IL-4,”” suggesting that, while memory T cells
can be persuaded to secrete additional cytokines, they
nevertheless remain true to their original activating
environment.

Concluding remarks

In summary, CD4 memory cells remain somewhat elusive
in the sense that is it still difficult to appreciate how they
are generated and maintained, and what they are capable
of doing once reactivated. However, with the use of
advancing technology, such as MHC class II tetra-

40,48,4 : : 25,78 . :
mers, ¥ cytokine reporter mice, and a widening
15,67,68

interest in CD4 T cells and infectious disease, a
greater understanding of the in vivo roles that CD4 T cells
can play will be possible.
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