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Current dogma holds that the innate immune system
primes the adaptive immune system in response to in-
fection, which in turn amplifies innate responses in a
positive loop to effectively control pathogens. Therefore,
it is accepted in most cases that T-cell deficient hosts die
of acute infection because of the impaired ability of the
innate immune system to control pathogens. Recent
studies, however, reveal that adaptive immune cells
actively dampen initial innate responses. In contrast to
current understanding, there is now evidence that an
insufficient number of T cells results in loss of control of
innate immune responses. This raises new questions
regarding the, as of yet underappreciated, role of the
adaptive immune system in early infection and inflam-
mation.

The innate and adaptive immune systems collaborate to
protect hosts from infection

The mammalian host is armed with the innate and adap-
tive immune systems. The innate immune system is evo-
lutionarily conserved among multi-cellular organisms and
provides rapid defense against invading microbes within
hours - long before the adaptive immune system mounts
an antigen specific response a few days later. Cells of the
innate immune system recognize microbial structures
called pathogen-associated molecular patterns (PAMPs)
via pattern recognition receptors (PRRs) including Toll-
like receptors (TLRs) [1-3]. This interaction mobilizes the
innate immune response, leading to upregulation of both
major histocompatibility complex (MHC) class I and II and
co-stimulatory molecules, in addition to secretion of
inflammatory cytokines that more efficiently prime T cells
and help to guide the subsequent adaptive response [1,4].
In a positive feed-forward activation loop, activated adap-
tive immune cells further drive innate cells to amplify anti-
pathogen responses. Type 1 helper T (Th1) cells activate
macrophages through both cell-cell contact and interferon-
gamma (IFN-y) secretion [5-7], Th2 cells activate eosino-
phils through cytokine release [8-10] and B cells secrete
antibodies to activate the cascade of complement proteins,
phagocytes, natural killer (NK) cells and mast cells [11-
15]. Current dogma, thus, centers on both the sequential
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activation of the two arms of the immune system and the
mutual amplification of responses to effectively and effi-
ciently combat microbial invaders over time.

What is the role of adaptive cells in the early phase of
infection: negative or positive regulators?

In response to infection, sufficient immune responses are
required to protect hosts from invading pathogens. Exces-
sive activation of immune cells, however, can lead to
microcirculatory dysfunction, tissue damage, shock or even
death of the host [3,16-19]. These damaging responses are
referred to collectively as immunopathology [3,16-19].
Hosts utilize various components of the immune system
to carefully maintain the delicate balance between allow-
ing the immune response to target the pathogen and
preventing widespread over-activation that can lead to
immunopathology. Negative regulation of TLR signaling,
via soluble decoy TLRs and intracellular negative regula-
tors, has been reported to be crucial for host survival and
exists at multiple levels [20]. It is accepted, in most cases,
that innate immune cells help prime lymphocytes during
acute infection and, in a reciprocal fashion, antigen-specific
lymphocytes further activate innate cells in the effector
phase to clear the pathogen. It is not clear, however,
whether or how lymphocytes that normally take days to
activate can regulate innate cells in the early phase of
infection. To study the early interactions between adaptive
immune cells (such as T cells) and innate cells [21], nude
(i.e. T-cell deficient) and wild type mice were inoculated
with murine hepatitis virus strain A59 (MHV-A59), a
coronavirus that infects mouse liver and brain. MHV-
A59 is an RNA virus that can target TLR3. After chal-
lenged with a sublethal dose of the virus, nude mice quickly
died. Unexpectedly, the cause of death was determined to
be because of excessive production of pro-inflammatory
cytokines rather than from uncontrolled viral load, which
indicated that a lack of T cells in the system might have
resulted in a stronger innate immune response. To confirm
that the death of immunocompromised mice was caused by
a cytokine storm, non-infectious ligands for TLRs instead
of infectious viruses were utilized. RNA virus-related poly-
inosinic:polycytidylic acid (poly I:C) (a non-infectious
ligand for TLR3) and lippolysaccharide (LPS) (a bacterial
product for TLR4) were used to ensure that both wild type
and immunocompromised mice were exposed to similar
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levels of TLR stimulation over time. In the same way,
treatment of nude mice or recombinant activation gene-1
(RAG-1) knockout mice (which also lack B cells) with poly
I:C caused rapid death that could be rescued by antibody
mediated tumor necrosis factor (TNF') blockade. Therefore,
a cytokine storm resulting from insufficient T-cell numbers
in the system seemed to directly cause the lethality
observed in both nude and RAG-1 knockout mice. In
further experiments to test the hypothesis, specific
depletion of T cells in wild type mice using both, not single,
anti-CD4 and anti-CD8 monoclonal antibodies replicated
the cytokine storm seen in nude or RAG-1 Knockout mice.
In addition, the introduction of T cells by adoptive transfer
of T lymphocytes into RAG-1 deficient mice protected the
mice from the cytokine storm [21]. The introduction of
either a CD4" or a CD8" population sufficiently reduced
innate responses to TLRs in vitro, indicating that either
subset is sufficient to repress the innate responses. Collec-
tively, these data indicate that T cells are both necessary
and sufficient to temper the early innate immune response
triggered by viral infection or TLR stimulation.

The complex role of CD4*CD25* regulatory T cells in
innate cell suppression

There is an increasing body of evidence indicating that
regulatory T (Treg) cells suppress not only effector T cell
function but also cells of the innate immune system [22-
24]. Earlier studies of this issue focused on whether sup-
pression of innate immune responses by Treg cells was
aimed at limiting late stages of pathogen-specific immu-
nity as a means of minimizing associated tissue damage.
CD4"CD25" Treg cells suppress innate immune pathology
through various mechanisms. One study has shown that
Treg cells use the immunosuppressive cytokine transform-
ing growth factor beta (TGFB) to directly inhibit NK cell-
mediated cytotoxicity in vitro and in vivo to effectively
suppress NK-cell rejection of tumors [23]. Other studies
have demonstrated both an IL-10 and TGFB dependency
for the suppression of innate immune responses [22,24].
More recently, it was proposed that Treg cells facilitate
early protective responses to local viral infection by allow-
ing a timely entry of immune cells into infected tissue and
only later suppress the response [25]. In this study, aug-
mented cytokine production was detected in the draining
lymph nodes in Treg-cell-depleted mice, although it was
profoundly reduced at the infection site and associated
with a delayed migration of innate cells to the site of
infection.

It is intriguing that both Treg cells and conventional T
cells can efficiently suppress the cytokine surge by innate
immune cells in vitro [21]. With the vast number of innate
immune cells both inside and outside lymphoid tissues, it is
conceivable that a large number of T cells are needed to
render efficient suppression at all times. Therefore, both
naive and Treg cells might be required to maintain the
inhibition of innate immune responses. Furthermore, the
suppression of the innate immune response is mediated by
cell-cell contact between T cells and innate cells and is
dependent upon MHC, yet independent of antigen speci-
ficity [21]. It remains unclear, however, whether these two
T-cell populations utilize similar mechanisms to suppress
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innate immune cells. Identifying the molecules and under-
lying mechanisms that account for such intercellular sup-
pression might lead to the discovery of new inhibitory
networks or reveal novel roles for existing molecules.
Several co-inhibitory molecules, such as cytotoxic T
lymphocyte antigen (CTLA-4), programmed cell death 1
(PD-1) and B and T lymphocyte attenuator (BTLA), have
been found to be imperative in maintaining the balanced
immune response and homeostasis of immune cells [26].
The interaction of BTLA with its ligand herpesvirus entry
mediator (HVEM) results in the repression of antigen-
derived T-cell proliferation and cytokine production
[27,28]. It will be interesting to study whether these co-
inhibitory molecules have a role in controlling innate
responses.

Cells of the innate immune system, including macro-
phages, dendritic cells (DC) and NK cells, initiate the
development of both innate and adaptive immune
responses through the release of cytokines [29,30]. In
addition, crosstalk among cells of the innate immune
system is also an important mechanism to amplify the
innate response [31-33]. For example, poly I:C can directly
stimulate cytokine production from CD11b* cells (i.e.
macrophages) and to a lesser degree CD11c* cells (i.e.
DC) but not NK or T cells [21]. The addition of NK cells
to macrophages in vitro, however, can indirectly activate
NK cells to enhance cytokine production in response to poly
I:C stimulation. In vivo, it is possible that pathogens can
directly stimulate macrophages or DCs through TLR
engagement and, at a later phase, these innate cells
can then activate NK cells to amplify TNF production. It
is likely that the T cell-antigen presenting cell (APC)
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Figure 1. Negative regulation of early innate immune responses by conventional T
cells and Treg cells. Pathogens directly stimulate macrophages and DCs through
TLR engagement. At the later phase of immune activation, these DC and
macrophages prime other innate cells, such as NK cells, to amplify cytokine
production. NK cells in turn further activate macrophages to produce more TNFa
and other inflammatory cytokines with the potential to cause immunopathology. T
cell-APC (i.e. macrophage or DC) interaction via MHC and/or other membrane
ligands or receptors dampens the inflammatory innate response during pathogen
clearance. Naive T cells, Treg cells and B1 cells contribute to the inhibition of
innate cells by means of, as yet, poorly defined mechanisms but probably
involving both cytokines (TGF-B and IL-10) cell-cell interactions (e.g. BTLA-HVEM).



interaction that dampens the inflammatory innate
response via MHC and/or BTLA-HVEM works in a similar
way, in which a direct T cell-NK cell interaction during the
acute phase of infection is not required (Figure 1). In fact,
decreased inflammatory cytokines and increased survival
rates after NK cell depletion in immunodeficient mice [21]
demonstrate that NK cells are responsible for amplifying
the cytokine storm.

Implications for diseases in immunocompromised hosts
Perhaps, as a reflection of the earlier establishment of
the innate immune system in immune phylogeny, the
embryonic development of the innate immune system
precedes that of the adaptive system. Therefore, an
interesting thought arising from the current hypothesis
would be to ask whether neonatal innate responses are
over-reactive and poorly regulated after infection.
Indeed, neonates suffer high morbidity and mortality
to infection, but this is often attributed to both weaker
innate and adaptive immune systems [34,35]. In accord-
ance with this, it was recently shown that neonatal mice
are hyposensitive to TLR stimulation because of the
increased IL-10 production by the B1 subset of B cells
[36]. Furthermore, neonatal B cells were shown to effec-
tively control the production of proinflammatory cyto-
kines by neonatal dendritic cells that are present in
higher percentage in neonatal mice than in adult mice.
In the absence of this B1 cell subset, neonatal mice
developed stronger inflammatory responses than adult
mice and became lethally susceptible to various TLR
challenges, indicating that B1 cells might have a unique
regulatory role in dampening the neonatal inflammatory
response through regulation of dendritic cells. However,
in light of the recent evidence indicating that adaptive
immunity might be required for controlling innate
responses, we questioned whether neonates are truly
hypo-responsive. Surprisingly, we discovered that neo-
natal mice are, in fact, hypersensitive to various forms of
TLR stimulation [37]. This discrepancy with earlier stu-
dies can be reconciled following a closer investigation of
the particular type of TLR stimulation used. In the study
reporting neonatal hyposensitivity, a low dose of LPS
plus D-galactosamine (D-GalN) was used to challenge
the mice [36]; stimulation with high dose LPS alone,
however, results in neonatal hyper-sensitivity [37]. D-
GalN is widely used with LPS to study LPS-induced liver
injury mediated by macrophages [36,38,39]. After careful
comparison of the inflammatory response and liver
damage caused by D-GalN in neonatal or adult mice,
we discovered that it is D-GalN that causes neonatal
resistance to TLR stimulation [37]. Without D-GalN,
neonatal mice demonstrate robust inflammatory
responses with higher TNFa and IL-6 production than
adult mice in response to LPS stimulation. Analogous to
immunodeficient adult mice, this uncontrolled proin-
flammatory innate response is caused by insufficient
numbers of neonatal T cells. Infusion of T cells renders
newborns resistant to TLR agonists or viral infection.
Although the definitive role of B cells in innate suppres-
sion is limited by the caveat of adding D-GalN to the
stimulation model, these studies indicate that both B
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and T cells can mediate innate cell suppression under
distinct conditions and the number of the lymphocytes
determines the caliber of suppression.

Unlike neonatal mice, human newborns have a con-
siderable number of T cells in the periphery at birth [40].
However, the proportion of T cells is lower in peripheral
blood in human newborns, especially in infants who are
small for gestational age [40-42]. Clinical evidence has
shown that overwhelming levels of cytokines can be
detected in some human newborn diseases linked to mild
infections [43-47]. Therefore, the maturity of the immune
system includes the ability not only to produce an effective
immune response to clear pathogens but also to regulate
the response accordingly. Neonates probably rely heavily
on the innate system; although this bias might improve
the chances of clearing an infection, it also increases the
risk of excessive activation and consequent immuno-
pathology. This might explain why neonatal patients
demonstrate high morbidity and mortality in response
to infection.

New insights into the evolution and relationship of
innate and adaptive immunity

Innate immunity is a phylogenetically ancient defense
system, providing efficient and sufficient immunity in
invertebrates [48]. For example, Drosophila can survive
infections without the need for functional adaptive
immune cells. Why then, has the adaptive immune system
evolved in vertebrates? One possible explanation is that
specific and long-lasting immune memory is required for
vertebrates to prevent repeated infection in their, usually,
much longer life spans [4]. Both in invertebrates and
vertebrates, innate immune responses are tightly
regulated by a series of negative regulators at multiple
levels to prevent over-reaction and maintain immunologi-
cal balance [20,26,49]. It is plausible that the innate
immune system in vertebrates is either less potent in its
inflammatory response or it is tightly controlled at various
checkpoints of the Toll and IMD (immune deficiency) sig-
naling pathways [49]. We speculate that the innate and
adaptive arms of the immune system became more special-
ized during evolution and the auto-regulatory function of
innate immunity might have been insufficient (quantitat-
ively and/or qualitatively) to meet all the regulatory
requirements for controlling inflammation in vertebrates.
Therefore, the self-regulatory mechanism might have
required the development of a feedback loop from the
adaptive to the innate immune system. Whether the
auto-regulation of innate immunity is more sophisticated
in invertebrates than vertebrates and how these compli-
cated and difficult biological issues are resolved remains to
be determined. It is of interest to note that invertebrates
might possess an alternative adaptive immunity [50]. The
increasing experimental accessibility of non-mammalian
jawed vertebrates, jawless vertebrates, protochordates
and invertebrates has provided intriguing new information
regarding the likely patterns of emergence of the evolution
of alternative mechanisms for receptor diversification.
Whether the adaptive immunity-like molecules in invert-
ebrates could also regulate innate immunity is a question
of great interest.



Itis accepted, in most cases, that the innate and adaptive

immune systems respond to infection at different speeds,
with the innate response having a dominant, even exclusive,
role in the early phase of infection, whereas adaptive immu-
nity comes into full force only after a few days and has the
dominant role in the later phase of infection. We now
propose that the innate and adaptive immune systems
are one integrated defense network that rely on each other
not only for amplification but also regulation. The innate
immune system has its own auto-regulatory mechanisms
including soluble decoy receptors, intracellular negative
regulators, transmembrane protein regulators, reduction
of TLR expression and regulation by apoptosis [20]. The
Treg cell is a well-known population in the adaptive immune
system that can regulate both innate and adaptive immune
responses by secreting cytokines (e.g. IL-10 and TGFB) and/
or by cell-cell contact [22,23]. Our recent study has reported
that conventional T cells of the adaptive immune system
could unexpectedly regulate innate response in a cell—cell
contact manner [21]. Rather than standing by in the early
phase of infection, the adaptive immune system can now be
thought to actively serve as an indispensable part of the
innate immune response. As with most complex biological
systems, a stimulatory signal is accompanied by a protective
antagonistic response. Although it has long been assumed
that the lack of a proinflammatory response by adaptive
cells during early infection equates to inactivity, our data
instead indicate that adaptive immune cells are full partici-
pants, albeit not in the expected manner. It seems that the
‘black and white’ division of innate and adaptive immunity
should be reconsidered. The extent to which innate and
adaptive immunity collaborate — efficiently executing a
balanced attack against invaders - is likely to exceed our
present expectations.
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