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1. Summary
The mechanisms by which the immune system responds to an infection or disease depend on a
complex interplay between the elements of innate and adaptive immunity. While most of the focus
so far has been on the innate instruction of the adaptive immune responses, considerable evidence
now suggests an equally important adaptive control of the innate immunity. Several studies yield
new insights into how the adaptive immunity by initiating an antigen–specific response can
compensate, suppress and activate innate responses at the site of tissue antigen. Here we discuss
recent advances in our understanding of the adaptive control of immune effector functions in various
pathological and physiological conditions.
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2. Introduction
Organisms fight an infection or disease with the help of an intricate system of immunity
classified as innate and adaptive in nature. Innate immunity is an evolutionarily conserved
defence mechanism capable of fighting a diverse threat of viral, prokaryotic and eukaryotic
parasites and pathogens in plants and invertebrate animals. Adaptive immunity evolved at the
time of differentiation of vertebrates between the jawless hagfish and lampreys by a gene
conversion mechanism giving rise to variable lymphocyte receptors [1] and subsequent
genomic invasion of a retroposon encoding site-specific recombinases [2-4]. As a consequence
of hypervariability, rearrangement of receptor gene segments and clonal selection, unlimited
numbers of receptors are generated to allow the adaptive immune cells to specifically recognize
pathogens and tissue insult. Adaptive immunity added to the immune system a specific
recognition of pathogenic proteins, carbohydrates, lipids, and nucleic acids in its effort to mount
an immune attack against the ever growing pool of diseases and defy their immune evasion
strategies. In addition, adaptive immunity provided a tight control of innate immunity not only
by regulating innate inflammation but also by activating innate effectors, when they were
specifically needed, and offered a long-term immunological memory of insult.
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In some cases, the adaptive immune elements restrain innate immune responses. In others, the
combination of innate and adaptive immunity maximizes host defense while minimizing
collateral damage to the host tissues: innate immunity generates help signals in the damaged
tissues; adaptive immunity provides specific responses to the insult that directly attack the
pathogenic process or recruit other powerful innate effector cells that, though not specific by
themselves, can act specifically by their selective recruitment. Besides this linear progression
from innate to adaptive immunity by innate signals following tissue insult triggering adaptive
immune cells to respond to the pathogen or disease, several studies now demonstrate an
adaptive control of the effector mechanisms of innate immunity as a feedback step necessary
to fine-tune the mechanisms of host defence by specifically recruiting, activating or blocking
innate effectors. We discuss here these studies that suggest an intricate control of innate
immune reactivity by adaptive immunity.

3. Adaptive Compensation of Innate Immunity
The adaptive immunity possesses a capacity to compensate for conditions of innate deficiency.
A recent study investigated the relative roles that innate and adaptive responses play in
containing commensal microbiota in the intestine of mammals [5]. They discovered a flexible
continuum between innate and adaptive immunity. Clean germ-free Myd88-/-Ticam-/- mice are
deficient in signalling through Toll-like receptors (TLRs) and IL-1 / IL-18 receptors.
Nos2-/-Cybb-/- mice are deficient in phagocyte oxidative burst. Following intragastric exposure
to Escherichia coli bacteria, these mice spontaneously developed a vigorous CD4+ T cell
dependent antibody response. Such a spontaneous activation of B cells compensating for the
defects in innate immune clearance of bacteria suggests that the functional demarcation
between innate and adaptive immunity is flexible. Similar compensatory host defence
mechanisms have been described in TLR signalling deficient IRAK-4-/- children [6,7]. Thus,
in the absence of innate immune signalling and cognate antigenic stimuli, adaptive immune
cells can still function in innate–type responses. The innate immunity no doubt is a powerful
initiator and regulator of adaptive immunity, but in its absence, there seems to exist alternate
signalling pathways to allow adaptive immune cells to induce innate–like immune phenomena.
The alternate signalling pathways responsible for the activation of adaptive immune cells need
to be defined.

Rapid non-cognate activation of CD8+ T cells within 15 h of bacterial infection to produce
interferon (IFN)-γ in response to cytokines secreted by phagocyte cells seems to be important
for immune defence against intracellular pathogens [8]. Indeed, CD44high CD8+ T cells
represent the major population of early IFN-γ-producers responding to bacterial and viral
products [9]. This is also evident when memory CD8+ T cells respond to intracellular bacterial
pathogen Listeria monocytogenes in antigen nonspecific manner by secreting IFN-γ in response
to cytokines IL-12 and IL-18 [10].

Thus, the innate and adaptive components play complementary roles in responding to
commensal microbiota and intracellular pathogens. The signalling pathways leading to the
activation of adaptive immune cells to provide innate–like immune phenomena and the precise
rules of adaptive compensation of innate immunity yet remain to be investigated.

4. Adaptive Suppression of Innate Immunity
A tight control of innate immunity is essential to avoid overproduction of inflammatory
cytokines during an innate immune response. Recently, CD4+ T cell effector and memory cells
were shown to block macrophage inflammasome–mediated cryopyrin and caspase-1
activation, interleukin (IL)-1β release, IL-18 secretion and neutrophil recruitment in an antigen
dependent manner and thereby suppress overt inflammation in a murine peritonitis model
[11]. Effector CD8+ T cells also suppressed such potentially damaging inflammation to a lesser
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extent. This blockade of the caspase-1 axis of inflammasome dependent on contact with T cells
did not affect the primary inflammatory response and production of inflammatory mediators
such as CXCL2, IL-6, IL-12 and tumour necrosis factor (TNF) important for the onset of
immunity and tissue healing. In this context, it is also noteworthy that IFN-γ produced during
T cell responses to influenza infection in the lung of mice inhibits bacterial clearance from the
lung by alveolar macrophages [12]. These studies suggest that the stimulated T cells have the
capacity to edit the quality of innate inflammation and its mediators via TNF superfamily
ligands and IFN-γ.

Furthermore, in a mouse hepatitis viral infection model, it was observed that even resting T
cells are necessary and sufficient to suppress an early innate response by suppressing IFN-γ
and TNF-α production [13]. This suppression was dependent on direct contact between T cells
and innate immune cells, requiring the major histocompatibility complex molecule, yet
independent of antigen specificity. Infection with hepatitis virus, or administration of TLR3
ligand poly-inosinic:polycytidylic acid, which mimics viral double–stranded RNA, produced
a cytokine storm in lymphocyte–deficient mice. Consequently, in the absence of T cell control,
mice that showed negligible increases in viral load succumbed to the high amounts of
inflammatory cytokines secreted during an unrestrained innate immune response. The T cells
are thus required to keep the unnecessary early innate inflammation in check.

Another adaptive regulation comes via regulatory T cells (Treg) that, amongst other roles,
directly suppress innate immunity–driven inflammation as delineated, for instance, in intestinal
innate immune pathology [14,15] and ulcerative colitis [16]. Treg–derived membrane–bound
immunosuppressive cytokine, transforming growth factor (TGF)-β was found to directly
inhibit NK cell cytotoxicity in NK cell–mediated rejection of tumours [17] or in bone marrow
graft rejection [18]. Furthermore, Treg cells blocked IFN-γ production by NK cells by a TGF-
β–dependent down regulation of the natural killer group 2D (NKG2D) activating receptor
[19]. The presence of Treg has also been shown to reduce the number of NK cells recruited to
the site of the tumour [20]. In the absence of Treg in mouse, NK cell numbers in the spleen
increase fourfold and in the lymph nodes seven fold, most likely due to IL15Rα–mediated
trans-presentation of IL-15 by resident dendritic cells (DC) [21,22]. Treg cells inhibit the
expression of IL15Rα by DC in a TGF-β–dependent manner [21]. They also inhibit the effector
function of DC [23] and macrophages [24]. Some studies have implicated IL-10 and TGF-β
for Treg–mediated suppression of innate immune responses [14,25]. Moreover, it has been
reported that tumour–induced granzyme B expression on Treg cells killed NK cells by direct
cytotoxicity [26]. However, since cytotoxic cells (CD8+ T cells and NK cells) express cathepsin
B [27], it is surprising that NK cells can be killed via the granzyme / perforin pathway. More
studies are therefore warranted to understand the mechanism by which Treg cells degranulate
and release cytolytic molecules, and how these cytolytic molecules overcome the NK cell
resistance to granule–mediated cytotoxicity.

The requirement for adaptive suppression of innate immunity is evident in neonates. The
development of the adaptive immune system follows that of the innate immune system in
mouse embryos [28]. Consequently, due to insufficient numbers of T cells, neonatal mice are
hypersensitive to various TLR stimulation and easily succumb to infection. Neonates exhibit
robust inflammatory response due to higher TNF-α and IL-6 production from dendritic cells
that are present in larger number in neonatal mice than in adult [29]. B cell–produced IL-10
also is implicated in dampening the neonatal inflammatory response [30]. Also in human
infants, who are small for gestational age, the proportion of T cells is lower in peripheral blood
[31,32]. Expectedly, increased levels of inflammatory cytokines such as TNF-α, IL-1 and IL-6
have been detected in some human newborn diseases following mild infections [33-37].
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Identifying the underlying mechanisms responsible for the suppression of innate immune cells
by different populations of resting, effector, memory and regulatory T cells might lead to the
discovery of new inhibitory networks. Several intercellular co-inhibitory molecules, such as
cytotoxic T lymphocyte antigen-4, programmed cell death-1, and B and T lymphocyte
attenuator, have been implicated in maintaining balance in adaptive immune responses and
homeostasis of immune cells [38]. It will be worth investigating whether these co-inhibitory
molecules have similar roles in adaptive control of innate immunity.

5. Adaptive Activation of Innate Immunity
Not only can adaptive immunity regulate or compensate innate immunity but it can also play
a critical role in activating innate immunity at the site and at the time when it is specifically
needed. It is well established that various activated cells of the adaptive immunity provide
amplification of innate immune responses to effectively combat pathogens. Thus, type 1 helper
T (Th1) cells activate macrophages through both cell-cell contact and IFN-γ secretion [39,
40]. Th2 cells activate eosinophils and mast cells through IL-5 and IFN-γ release [41,42]. B
cells secrete antibodies to activate the cascade of complement proteins, phagocytic
opsonization, NK cell cytotoxicity and mast cell degranulation [43-46]. Many such examples
have been widely reviewed.

In addition to being an amplifier of innate responses in classical settings, adaptive immunity
also is crucial for activating dormant innate immunity. Recently, while analyzing the ability
of tumour antigen–specific CD8+ T cells to reject a mastocytoma tumour, it was discovered
that these T cells, in addition to their direct effector function, also provide help to NK cells in
eliciting their antitumour activity [47]. Adoptive T cell transfers into immunodeficient tumour–
bearing mice, and non-invasive bioluminescence imaging of tumours, demonstrated that there
was an emergence of antigen–deficient tumour escape variants following an efficient CD8+ T
cell–dependent response against antigen–expressing tumour cells. Gene expression and
functional analyses of tumour–infiltrating lymphocytes demonstrated that the antigen–specific
CD8+ T cells and NK cells showed an activated phenotype at the site of tumour, where antigen–
expressing tumour cells were injected. Surprisingly, antigen–escape tumour variants could be
lysed by NK cells only if antigen–specific activated CD8+ T cells were present locally in their
surroundings. This study showed for the first time that the adaptive immune cells can convert
dormant NK cells into a killer effector type at the site of tumour. On the basis of this study, an
important T cell-NK cell cooperative interaction emerged that is illustrated in Figure 1. The T
cells helped broaden the effector response by activating NK cells in their vicinity, thereby
eliminating antigen–deficient tumour cells, leading to more effective clearance of tumour. The
outcome of tumour rejection was manifest only when there was a productive interaction of
activated T cells and NK cells.

Furthermore, under conditions of restricted T cell receptor diversity, tumour resistance was
affected by the variation in precursor frequencies of tumour–specific CD8+ T cell and NK cell
effectors. NK cells contributed to tumour resistance, in part through an NKG2D–mediated
mechanism [48]. In another study, photodynamic therapy–induced CD8+ T cell–dependent
control of distant late stage tumours was also found to require NK cells [49]. Moreover, even
CD4+ T cells were found to work in concert with NK cells for maximal antitumor effect [50].
The molecular mechanisms of this T cell–dependent recruitment/activation of NK cells,
however, need to be dissected. Some possible mediators may include T cell–produced IL-2,
TNF-α or T cell-NK cell contact. It is known that human CD56bright NK cells that express high
affinity IL-2 receptor use endogenous IL-2 produced by the antigen–activated T cells to
stimulate IFN-γ production [51].
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Further support to the adaptive activation of innate immunity comes from an obesity model of
chronic inflammation. The CD8+ T cells infiltrate the epididymal adipose tissue early on during
the development of obesity caused by a fat-rich diet in mice, concomitant with a decrease in
the numbers of CD4+ T helper and regulatory cells [52]. CD8+ T cell effectors promote the
recruitment, differentiation and activation of macrophages in adipose tissue by secreting
substantial amounts of humoral factors such as IFN-inducible protein-10, monocyte
chemoattractant protein (MCP)-1, MCP-3 and regulation upon activation, normal T cell
expressed and secreted protein (RANTES). This is an essential step in the initiation of
inflammation characterized by increased expression of the pro-inflammatory cytokines IL-1,
IL-6 and TNF-α, as well as of intercellular adhesion molecule-1 and matrix metalloproteinase-2
in adipose tissue, resulting in a systemic insulin resistance and metabolic disorder. The
accumulation of CD8+ T cells has also been confirmed in human obese adipose tissue.

An increase in the ratio of adipose tissue CD8+ to CD4+ T cells weeks before macrophages
infiltrate fat have also been reported [53,54]. Regulatory T cells in the adipose tissue of lean
mice provide anti-inflammatory signals to block adipose tissue inflammation. Obesity alters
the delicate balance between Th1 and Th2 stimuli in fat by depleting adipose tissue Th2 and
Treg cells, and increasing CD8+ T and Th1 cells. The early appearing CD8+ T cells in the
adipose tissue play a leading role in the development of inflammation caused by the infiltrating
macrophages. It remains to be investigated if NK cells, Th17, or B cells influence adipose
tissue. B cells seem to enter fat even before T cells in obesity [55]. Altogether, these studies
highlight the crucial role for adaptive immunity in initiating and propagating obesity–
associated chronic inflammation by controlling the recruitment and activation of macrophages
in obese adipose tissue. It would be interesting to know what cues in the adipose tissue initiate
the activation and infiltration of adaptive immune cells. This also has clinical relevance in
atherosclerosis as the role of T cells in regulating the magnitude of the atherogenic
proinflammatory response of macrophages and the formation of thrombus has been recently
reviewed [56].

The role of adaptive immunity in activating innate immunity is also manifested during herpes
simplex virus infection in vaginal mucosa of mice. Following ablation of Treg cells in these
mice, there was a delay in the arrival of NK cells, DCs and T cells to the site of infection
[57]. Although the signals that activate Treg cells during infection remain unclear, Treg cells,
besides limiting the extent of inflammation, seem to control early protective responses to local
viral infection by facilitating a timely entry of innate immune cells into infected tissue. It will
be relevant to investigate whether fluctuations in Treg cells, such as those seen in the genetically
diverse human population, during infection, or with aging, affect immune responses in the
same way.

Therefore, in multiple pathological conditions adaptive immune cells become crucial for
activating innate immune cells. The conventional unidirectional view of innate instruction of
adaptive immunity is thus overly simplistic. A more consistent view in agreement with the new
findings would be a two-way bi-directional activation of the two arms of the immune system.

6. Adaptive-Innate Cooperativity in Immunological Memory
Immune memory is believed to be primarily in the hands of memory T cells. However, the
memory CD8+ T cells alone are not sufficient to clear the secondary infection [58]. Instead,
activation of innate mononuclear phagocytic cells (MPCs) by the memory T cells seems a
necessary step for the elimination of pathogen. Upon re-exposure to the pathogen, existing
memory T cells release the chemokine CCL3 to activate MPCs. The MPCs release TNF-α,
which in turn cause neutrophils and other MPCs to produce radical oxygen intermediates (ROI)
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to clear the bacteria. Interestingly, these activated innate immune cells during the secondary
infection can also clear an unrelated pathogen that is sensitive to ROIs.

These findings uncover two-tier control of the secondary protective response: (i) an antigen–
dependent phase in which memory CD8+ T cells are reactivated and control the activation of
the innate immune system, and (ii) an antigen–independent phase in which the activated MPCs
coordinate innate immunity and promote effector activities against bacteria. In a similar
fashion, following influenza infection memory CD4+ T cells also act to markedly enhance
early expression of many innate inflammatory cytokines and chemokines via a pathogen–
independent but antigen–dependent pathway to further recruit and activate innate effector cells
to control viral infection (personal communication, Susan L. Swain, Trudeau Institute, NY).

Innate immune cells have also been shown to possess characteristics of immunological
memory. Mice devoid of T cells and B cells demonstrate contact hypersensitivity responses to
haptens that persist for four weeks. Transferable hapten–specific memory reside in a Ly49C-
I+ NK cell subpopulation localized specifically in the sensitized donor livers [59]. More
strikingly, NK cells bearing virus–specific Ly49H receptors reside in lymphoid and non-
lymphoid organs for several months after cytomegalovirus infection, and confer protective
immunity in naïve animals upon adoptive transfer by a robust secondary expansion following
viral challenge [60]. Similarly, macrophages are also capable of undergoing a differentiation
program with features of memory; this mechanism involves selective modification of the
histone proteins that package genes activated in response to pathogens, to adapt to repeated
exposure [61]. It thus appears that many features of adaptive immunity are manifest in the
evolutionarily ancient innate immunity.

7. Immunological Constant of Rejection
Based on the gene and protein expression profiling of tissues in mammals including humans
in various pathological conditions, common pathways of immune–mediated tissue–specific
destruction emerge. These pathways can be synthesized into a unified theory of ‘Immunologic
constant of rejection’ as proposed recently [62]. Irrespective of different mechanisms of
immune recognition conceptualized by the existing immune–sensing concepts of missing self
theory [63], pattern recognition theory [64], danger theory [65], and guard theory [66], or
alternative mechanisms yet to be discovered, this theory proposes that adaptive immune
responses are necessary to mediate tissue specificity by directing the innate effector cells to
the site of infection or disease. This helps explain the observed immune responses in the host
against their target cells not only in the context of cancer, but also in the context of chronic
infections, well-controlled allo-transplant reactions and autoimmunity. According to this
theory, immune responses are a facet of a tissue–specific phenomenon that may or may not
result in the successful immune–destruction of target cells, depending on an assortment of
genetic factors related to the background of the host or evolving phenotypes of the heterogenous
tissue environment in question. In this regard, using various types of immune–responsive and
non-responsive human engraft tumours, it was shown that tumour rejection was associated
with activation of IFN–stimulated genes and innate immune effectors functions [67]. These
gene signatures reproduce those observed in humans during immune–mediated destruction that
causes tumour or allograft rejection, graft versus host disease, autoimmunity, clearance of
pathogens, or during acute cardiovascular or chronic obstructive pulmonary diseases.
Disruption of IFN signalling within lymphocytes may thus be a common mechanism of
immune dysfunction in some immunopathologies. Indeed, in peripheral blood lymphocytes
from patients with three major cancers: breast cancer, melanoma and gastrointestinal cancer,
type-I IFN (IFN-α)–induced signalling was reduced in T and B cells, and type-II (IFN-γ)–
induced signalling was reduced in B cells from all three cancer patient groups [68].
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8. Concluding remarks
Based on the recent developments in the field, it is clear that the innate and adaptive immune
systems form one integrated defence network, where both systems rely on each other for
regulation, activation, suppression and compensation of immune response. Even the immune
memory functions require a collaboration of the effector components of both innate and
adaptive immunity. Accordingly, the conventional boundaries between innate and adaptive
immunity are arbitrary. Defects in innate immunity are rare in comparison with defects in
adaptive immunity. Few patients survive the lack of innate immune mechanisms. On the other
hand, T and B cell–deficient animals seem to be quite resistant to most pathogens while lack
self-non-self discrimination, which make them tolerant to xeno-transplantation.

Successful induction and control of effector response thus depends on an intricate balance
between both arms of immunity. Adaptive immunity provides not only effector response but
also tissue specificity in a cognate manner by directing the innate effector response to the
infected or diseased tissue site. The triggers and the magnitude of this immune collaboration
may be regulated by the concentration of pathogen-associated and/or danger-associated
molecular patterns, or other unknown factors. The cooperativity between adaptive and innate
responses optimizes a successful host immune rejection. The dynamics of this powerful
immunological ‘orchestra’, where adaptive T cells seemingly function as a “conductor”, will
become clear as more meaningful immune interactions and regulatory networks with the
conductor are identified.
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Figure 1. T cell-NK cell cooperativity in tumour rejection
In the antigen (Ag) positive environment, if in the presence of activated T cells, NK cells are
activated, complete tumour rejection ensues. If they fail to activate NK cells early enough,
antigen escape variants develop and tumour is not rejected. In the antigen negative
environment, in the absence of T cell activation, there is no tumour rejection. In the Ag+/- mix
tumour environment, again if the activated T cells fail to activate NK cells early enough, there
is no tumour rejection. When both the effectors are activated, there is complete tumour
rejection.
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