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The serine proteases of T lymphocytes provide immunity to infection. Serine Proteases Inhibitors (serpins) control the recognition
of antigen, effector function, and homeostatic control of T lymphocytes through the inhibition of serine protease targets. Serpins
are important promoters of cellular viability through their inhibition of executioner proteases, which affects the survival and
development of long-lived memory T cells. The potent antiapoptotic properties of serpins can also work against cellular immunity
by protecting viruses and tumors from eradication by T lymphocytes. Recent insights from knockout mouse models demonstrate
that serpins also are required for hematological progenitor cells and so are critical for the development of lineages other than
T lymphocytes. Given the emerging role of serpins in multiple aspects of lymphocyte immunity and blood development,
there is much potential for new therapeutic approaches based directly on serpins or knowledge gained from identifying their
physiologically relevant protease targets.

1. Serine Protease Inhibitors

Homeostatic regulation of serine proteases is mainly
achieved through interaction with inhibitors belonging
to the Serine Protease Inhibitor (serpin) superfamily [1].
Inhibitory serpins have a common mode of action: each
contains a variable C-terminal reactive center loop (RCL)
resembling the substrate of its cognate protease. Serpins reg-
ulate proteolytic pathways by acting as “suicide substrates”
and inactivating serine proteases through the formation of a
1 : 1 complex [1] (Figure 1). On protease binding, the RCL is
cleaved between the two residues designated P1 and P′1 and it
undergoes a conformational change that distorts the protease
and irreversibly locks the serpin-protease complex. Most
serpins are secreted and constitute about 10% of plasma
proteins. In vertebrates, clade B serpins belong to a large
intracellular family [2]. The intracellular serpins (serpinIC)
lack cleavable N-terminal signal peptides and dwell within
the nucleocytoplasmic compartment. SerpinsIC inhibit sev-
eral key proteases that trigger cell death and so there is an
emerging view that they are key regulators of cell survival.

In addition to inhibiting serine proteases, some serpinsIC

are cross-class-specific and inhibit cysteine proteases. The
serpinIC cytokine response modifier A (CrmA) from the
cowpox virus and SERPINB9 (PI9) from humans can inhibit
caspases [3–6]. Cross-class-specific serpinsIC also inhibit
papain-like, lysosomal cysteine cathepsins, such as cathepsin
B, V, L, K, and H. For example, Serine Protease Inhibitor
2A (Spi2A) (Serpina3g) from mice inhibits the serine
protease cathepsin G and also papain-like, lysosomal cysteine
cathepsins such as cathepsin B, V, L, K, and H [7]. This
cross-class specificity of Spi2A for cysteine cathepsins is also
a property of another mouse serpin SQN-5 (Serpinb3a) and
the human serpin SCCA1 (SERPINB3) [8, 9]. The general
evolutionary relevance of cross-class-specific serpinIC is illus-
trated by SRP-6, which inhibits lysosomal cysteine cathepsins
in Caenorhabditis elegans [10]. The mechanism by which
cysteine proteases are inhibited involves the cleavage of the
serpinIC, in some cases involving a stable covalent complex
[3, 4, 8, 10] and in other cases not [3, 7]. Cellular inhibitors
of apoptosis (c-IAPs) [11] are physiological inhibitors of
caspases and cystatins inhibit papain-like cysteine cathepsins
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Figure 1: Serpin mechanism of action. Fate of the serpin and
proteinase complex via the branched pathway. The serpin (I)
inhibition of proteinase (E) proceeds via an initial noncovalent,
Michaelis-like complex (EI) that involves no conformational change
within the proteinase or the body of the serpin. Subsequent peptide
bond hydrolysis results in an acyl-enzyme intermediate (EI#) that
progresses to either a kinetically trapped loop-inserted covalent
complex (EI+, inhibitory pathway) or a cleaved serpin (I∗) and free
proteinase (noninhibitory or substrate pathway). The serpin body
is in yellow. Free serine proteinase is in green and covalently bound
proteinase is in red. Reprinted with permission from Cold Spring
Harbor Laboratory.

[12]. However, these inhibitors do not act like suicide
substrates, as do serpins, but rather inactivate by high
affinity noncovalent binding. Therefore, cross-class-specific
inhibition by serpinIC is a mechanism that therefore has
evolved along together with other molecular inhibitors to
control cysteine protease activity.

2. Programmed Cell Death

Programmed cell death (PCD) is defined as an active process
that is dependent on signaling processes within the dying
cell [13]. Morphological criteria can be used to divide
PCD, into three subclasses: classic apoptosis, apoptosis-
like PCD and necrosis-like PCD [13]. All three forms of
death involve the activity of executioner serine proteases,
caspases, and cysteine proteases. In apoptosis, chromatin
condenses to compact and apparently discrete geometric
figures; in contrast apoptosis-like PCD is characterized by
less-compact, lumpy chromatin masses [13]. Both forms of
apoptosis usually require mitochondrial outer membrane
permeabilization, which is controlled by the Bcl-2 family
of proteins and the release of AIF, cytochrome c, and
Smac-a/Diablo [14]. Necrosis-like PCD occurs either in the
complete absence of chromatin condensation or at best
with chromatin clustering to form loose speckles [13].
Autophagy, which is characterized by the formation of large
lysosome-derived cytosolic vacuoles, and death-receptor-
induced necrotic death are examples of active death pro-
grams that lack chromatin condensation and are classified
as necrosis-like PCDs [13]. Although the morphology of

necrosis-like PCD is indistinguishable from that of cells
dying from accidental necrosis, the former is the result
of active cellular processes that rely on Reactive Oxygen
Species (ROS) [15–17], poly (ADP) ribose polymerase [18],
autophagolysosome formation [19], and cathepsins [20].

There is a large overlap between the biochemical path-
ways leading to different forms of PCD, which is reflected
in the executioner proteases involved (Figure 2). Serine
proteases, such as granzyme B (GrB) and granzyme A, can
trigger all three morphological forms of PCD [21]. Caspases
on the other hand are usually associated with either classical
apoptosis or apoptosis-like PCD [22] and are activated
after stimulation of death receptors (e.g., caspase 8) or by
the release of proteins from damaged mitochondria (e.g.,
caspase 9) [14]. Lysosomal cathepsins, when released into the
cytoplasm, trigger a spectrum of PCD morphologies, ranging
from necrosis-like autophagy to classical apoptosis [23].
Cathepsins, especially the cysteine cathepsins B and L and the
aspartyl cathepsin D, participate in both caspase-dependent
and caspase-independent PCD induced by several stimuli,
including death receptors of the Tumor Necrosis Factor
Receptor (TNFR) family [24], B-cell receptors [25], T-cell
receptor (TCR) [26], the p53 tumor suppressor protein [27],
and ROS [28]. Depending on the cell type and the stimuli,
cathepsins may function upstream [24, 29], or downstream
of caspases [30, 31], or even in the absence of caspase
activity [30]. The relative amount of cathepsin released into
the cytoplasm after lysosomal membrane permeabilization
(LMP) is thought to determine whether PCD is necrotic or
apoptotic (Figure 2). Low level leakage of cathepsins triggers
mitochondrial permeabilization and apoptosis through Bid
activation, whereas larger scale lysosomal rupture triggers
necrotic PCD [23]. Since serpinsIC can inhibit all three classes
of executioner proteases the potential exists for them to
protect from not only classical apoptosis, but also apoptosis-
like PCD or necrosis-like PCD.

3. Serpins and Programmed Cell Death

All forms of cell death require the activity of proteases and
serpinIC have evolved to protect cells from cell death by not
only inhibiting serine proteases but also other executioner
proteases. The first description of an antiapoptotic function
of serpinIC comes from work on CrmA from the cowpox
virus. CrmA inhibits the serine protease GrB, which is used
by T lymphocytes to kill infected cells. [3–6]. Mammalian
serpinsIC, which inhibit GrB, have also been identified in
humans-proteinase inhibitor 9 (PI9-SERPINB9) [32] and
mice-Serine Proteases Inhibitor 6 (Spi6) [33]. In addition to
inhibiting executioner serine proteases, some are cross-class-
specific serpinsIC that inhibit cysteine cathepsins. CrmA
can inhibit both caspases 1 and 8 at physiological rate
constants, whereas only caspase 1 is inhibited efficiently
by PI9 [3–6]. Cross-class-specific serpinsIC can also inhibit
executioner cathepsins. Spi2A from mice inhibits the serine
protease cathepsin G and also cysteine cathepsins such as
cathepsin B, V, L, K, and H [7]. Spi2A protects from
apoptotic PCD by inhibiting cathepsin B-mediated cleavage
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Figure 2: Inhibition of death pathways by serpins. Stimulation of death receptors leads to the activation of caspase 8 and the rupture of
the mitochondria and release of cytochrome c, which activates the caspase 9/3 pathway of apoptosis. Multiple stimuli trigger the release
of cathepsins from the lysosome into the cytoplasm. More extensive release results in necrotic PCD, whereas limited release triggers the
mitochondrial pathway of apoptosis through Bid cleavage. GrB can trigger apoptotic PCD through the activation of caspase 3 or direct entry
into the nucleus. SerpinsIC specific for executioner proteases are indicated.

of Bid after stimulation by TNF-R1 [7] (Figure 2). Spi2A
can also protect from necrotic PCD induced by ROS
or TNF-α in the absence of caspase activity, presumably
because cathepsin B can induce both apoptotic and necrotic
PCD [34]. Spi2A is a physiological target of NF-κB [7,
35] and can substitute for the transcription factor in
protecting cell from the lysosomal pathways of PCD [7].
The evolutionary relevance of cytoprotection by cathepsin-
specific serpinsIC is underlined by SRP-6, which protects
in C. elegans from necrotic PCD during development
[10]. SQN-5 in the mouse and the human serpin SCCA1
(SERPINB3) [8, 9] are other examples of cross-class-specific
serpinIC that inhibit cysteine cathepsin, but whether they
are physiologically relevant inhibitors of PCD remains to be
determined.

4. Programmed Cell Death and T Lymphocytes

Programmed cell death plays a critical role in both the
antigen-independent and antigen-dependant development
of T lymphocytes. Two types of cellular selection take place

in the thymus to shape the repertoire of antigen specificities
displayed by T cells. Autoreactive T cells are eliminated
by a process referred to as negative selection through the
direct induction of apoptosis [36]. Positive selection is
triggered by the successful engagement of T-cell receptors
(TCRs) expressed by immature thymocytes with self-major
histocompatibility complex (MHC) molecules expressed on
stromal cells [37]. Thymocytes that receive a signal for
positive selection are rescued from apoptosis and go on to
differentiate into CD4+ or CD8+ T cells [38–40]. Since only a
small proportion of immature thymocytes that express TCR
undergo positive selection, apoptotic death either by neglect
or actively through negative selection is the most common
outcome [41]. Despite the importance of PCD to early T-cell
development no serpin has been implicated in determining
the survival of thymocytes.

Stimulation of a naı̈ve T-cell antigen peptide presented
by self-MHC (pMHC) on the surface of dendritic cells
(DC) leads to the proliferation and differentiation into
effector T cells [42]. For CD4 T cells, interferon-γ-(IFN-γ-)
producing T helper 1 (Th1) orchestrates cellular immunity
to intracellular pathogens by activating macrophages and
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cytotoxic lymphocytes, whereas interleukin-4 (IL-4) and
IL-5-producing Th2 cells orchestrate immunity to multicel-
lular parasites by activating mast cells and eosinophils [43].
Antigen stimulation leads to the differentiation of CD8 T
cells into cytotoxic T lymphocytes (CTLs), which directly
induce the apoptosis of cells infected with intracellular
pathogens [44]. After the rapid expansion in the number
of antigen-specific T lymphocytes, which may be several
orders of magnitude [45, 46], an equally dramatic decrease
in cell number occurs [47]. This so-called contraction
phase in the immune response is driven by PCD and is
an important homeostatic mechanism for regulating T-
cell numbers [47]. Those effector CD8 T cells that escape
PCD differentiate into memory T lymphocytes (MTL),
which provide long-term adaptive immunity through robust
recall responses [48–50]. For long-term persistence, and
self-renewal, MTL must also undergo a steady rate of
homeostatic proliferation (HSP), which preferentially occurs
in the bone marrow [51–53]. The homeostatic proliferation
of MTL is critically dependant on survival cytokines such
as IL-15, which induce the expression of antiapoptotic
molecules such as Bcl-2, Bcl-XL, and Mcl-1 in MTL [54,
55].

5. Cytotoxic Lymphocytes

PCD not only plays a key role in the development and
homeostasis of lymphocytes, but also is used by cyto-
toxic lymphocytes to kill infected or transformed cells.
Contact-dependent, lymphocyte-mediated cytotoxicity pro-
ceeds through two pathways. The first involves the action
of proteins present in CD8+ cytotoxic T cell (CTL) and
natural killer (NK) cell granules [56, 57]. In this pathway
perforin [57, 58] is required for the entry of serine protease
granzymes, which trigger rapid apoptosis in target cells
[59]. The second pathway of contact-dependent, lymphocyte
killing is triggered by members of TNF-R family of which
Fas is the most important [60]. Granzymes A and B are
the most abundant granzymes in mice and humans and
are the best characterized [44]. When an activated CTL
recognizes pMHC, a tight junction is formed between the
effector and target, into which the contents of lytic granules
are secreted [61]. The synapse formed between a CTL and
a target cell is relatively short lived (minutes), and very few
granules need to be released to destroy a target cell [62, 63].
Granzyme B is released into the synapse and is endocytosed
into a target cell through a mechanism that is still not clear.
Perforin delivers granzymes into the cytoplasm of target
cells by releasing it from endocytic compartments (Figure 3)
[64]. Once released into the cytoplasm, GrB rapidly traffics
to the nucleus [65] and initiates death by cleaving protein
substrates that either directly or indirectly leads to DNA
fragmentation and cell death. Although GrB is a serine
protease, like the caspases, its preference is to cleave after
aspartic acid in the P1 position [66]. Many studies have
shown that a number of procaspases (including caspases
2,3,7,8,9, and 10) are the substrates of GrB both in vitro and
in vivo [44].
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Figure 3: The granule pathway of CTL killing. The CTL is shown
on top and the target cell on the bottom. Perforin and granzymes
are stored in polarized lytic granules and are released into the space
between cells. On the left is the earliest model which states that
perforin forms pores in the plasma membrane of target cells. In
this model, perforin secreted by the effector cell polymerizes in the
presence of calcium and forms a channel through which granzymes
pass into the target cell. On the right side are two more recent
models in which perforin enters the target cell membrane and enters
the cell through repair-mediated endocytosis. GrB is thought to
enter the cell by binding to the cation-independent mannose-6-P
receptor (CI-MPR) followed by receptor internalization or through
some other uptake mechanism independent of CI-MPR. In both
models granzyme is released into an endolysosomal compartment
where it is rendered harmless. Internalized perforin provides a
signal for GrB to leave the compartment. GrB released into the cell
cleaves cytoplasmic and nuclear substrates leading to apoptosis.

6. Self-Inflicted Damage of T Lymphocytes

Given the effectiveness of the granule exocytosis pathway of
death, it is not surprising that CTL and NK cells are sus-
ceptible to self-inflicted damage. A dramatic demonstration
of this is the phenotype of perforin-deficient CTL. Perforin-
deficient mice harbor CTL which are defective in granule-
mediated killing [60] but also undergo less PCD in vitro
[67]. Furthermore, pharmacological inhibition of perforin
decreases CTL PCD [68]. When perforin-deficient mice were
challenged in vivo with allografts [69] viruses, or intracellular
bacteria [70–73], a massive expansion in the number of CTL
compared to wild-type controls was observed. It has been
suggested that perforin and the granule-pathway of apoptosis
play an important role in eliminating CTLs after infection.
[74]. Support for the generality of this mechanism comes
from the report of elevated numbers of CTL in patients with
familial hemophagocytic lymphohistiocytosis (FHL) who
harbor homozygous loss-of-function defects in the perforin
gene [75].



ISRN Immunology 5

There is evidence to indicate that granzymes are turned
against CTLs through both fratricide and suicide. The
traffic of granzymes into a target cell is achieved by the
unidirectional exocytosis of lytic granules into the secretory
synapse [61]. Therefore, the simplest explanation for CTL
self-destruction is that CTLs become the targets for killing
by other CTL fratricide which may be relevant for downreg-
ulating CD8 T cell immune responses if CTLs express pMHC
[76], which may happen if CD8 T cells are the target of
virus infection, such as in individuals infected with Human
T lymphotropic virus [77]. Of potentially wider relevance are
observations that, in the course of delivering the lethal hit,
a CTL internalizes then reexpresses pMHC, on its plasma
membrane rendering it a target for fratricidal killing [78].
However, fratricide caused by the reexpression of target cells
pMHC remains an in vitro phenomenon observed with some
[78] but not all [68, 79] cultured CTL lines.

Although the delivery of granzymes to target cells is
highly ordered there is evidence to suggest that granzymes
become “misdirected” into the cytoplasm of a CTL. During
the killing of a target, the perforin/granzyme pathway also
induces the death of the CTL itself delivering the lethal hit
in a fratricide-independent manner (suicide) [68]. Several
reports indicate the presence of GrB in compartments other
than that of lytic granules or the cytoplasm of a target cell.
During CTL killing, up to one-third of the granzyme A and
B produced is secreted directly via the constitutive secretory
pathway rather than from lytic granules [80]. This source of
granzymes is thought to be responsible for bystander killing
of targets, which occurs without the formation of conjugates
with CTL. It has long been appreciated that granzymes A and
B can be found in the serum during CTL immune reactions,
indicating a potential extracellular source of misdirected
killing molecules [21]. PCD induced by GrB- leakage has
been observed in NK cells, which supports the idea of that
self-inflicted death may be general to cytotoxic lymphocytes
[81].

7. Protection of Cytotoxic Lymphocytes from
Self-Inflicted Damage by Serpins

Whichever way GrB enters the cytoplasm, what is now
clear is that serpinsIC play a key role in protecting CTL
from self-inflicted damage. PI9 is an endogenous serpinIC

specific for GrB, expressed in human CTL and NK cells
[32]. Expression of transgenic PI9 improved the viability of
human CTL, suggesting that upregulation of PI9 may protect
CTLs from self-inflicted damage [82]. Further evidence
comes from the observation that transgenic Spi6 protected
mouse CTL from GrB and increased the number of antigen-
specific CD8 T cells after infection of mice with Lymphocytic
Choriomeningitis virus (LCMV) [83]. However, the most
convincing evidence that GrB-specific serpinsIC protect CTLs
from self-inflicted damage comes from the study of Spi6 KO
mice. The study of CTL from Spi6 KO revealed that Spi6
inhibits GrB in the cytoplasm after it leaks the cytotoxic
granules by acting as a classic suicide substrate (Figure 1)
[84]. The increase in cytoplasmic GrB activity leads to

the induction of PCD and decreased clonal burst of CTL
specific for LCMV and Listeria monocytogenes [84, 85].
Importantly, the impaired viability of Spi6 KO CTL results in
compromised immunity to intracellular pathogens [84]. The
Spi6 gene is a transcriptional target of the Id2 transcription
factor and Id2 KO mice have a similar impaired CTL clonal
burst as Spi6 KO mice [86]. Spi6 not only protected CTL
from PCD caused by cytoplasmic GrB, but also ensured
the integrity of cytotoxic granules by preventing granzyme-
mediated breakdown [84] (Figure 4). Spi6 KO CTLs either
have a reduced number of granules in their cytotoxic vesicles,
or have malformed cytotoxic vesicles. This defect could be
corrected by GrB deficiency, suggesting an active role for
GrB in granule breakdown. How cytoplasmic GrB feeds
back and causes the destruction of cytotoxic granules is not
known, but presumably granule structural proteins could be
directly attacked by GrB or by downstream products of GrB
activity.

Invariant NKT (iNKT) cells are a subset of T lymphocytes
that express an invariant TCR (Vα 14) and the NK cell sur-
face marker NK1.1 [87]. Recognition of glycolipid antigens
presented in context of the CD1d MHC molecule leads to
the activation of iNKT cells and the rapid production of
both IFN-γ (Th1) and IL-4 (Th2) cytokines, which govern
a wide variety of immune reactions [88]. In addition to
an immunomodulatory role, iNKT cells also kill cancer
cells using the perforin/GrB pathway of contact-dependent,
lymphocyte-mediated cytotoxicity [44, 88]. Spi6-deficient
iNKT cells harbored increased levels of GrB and were sus-
ceptible to PCD after stimulation with the PBS-57 glycolipid
antigen [88, 89]. The increased activation-induced apoptosis
resulted in impaired survival and a decreased clonal burst
size of Spi6 KO iNKT cells after challenge in vivo. Therefore,
inhibition of GrB by Spi6 protects of cytotoxic lymphocytes
of the innate as well as the adaptive branches from self-
inflicted damage.

8. Serpins and the Development and
Persistence of Memory T Cells

Immunological memory is unique to vertebrates and is
defined as the persistence of a reactive state initiated by
antigen challenge. This persistence of an immunological
reactive state is dependant on memory lymphocytes, which
increase the frequency of pathogen-specific cells and are
functionally superior to naı̈ve lymphocytes. Studies from
our laboratory and others support a linear differentiation
model of MTL development [48–50, 90, 91]. A prediction
of this model is that MTLs are the direct progeny of CTL
[50], Th1 [49], or Th2 [48] effectors. Since effector T
cells are highly susceptible to PCD, the differentiation of
memory cells requires the escape of effectors from PCD,
which may be facilitated by stochastic changes in a small
proportion of memory cell precursors. This may involve
the upregulation of so-called protective genes that encode
antiapoptotic factors in memory cell precursors. Work from
our group has shown that two different serpinsIC expressed
in CTL control the MTL in different ways.
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Figure 4: Spi6 protects CTL from self-inflicted damage. Spi6 inhibits GrB-mediated apoptosis of CTLs. Spi6 inhibits GrB in the cytoplasm
of wild-type (WT) CTLs (nucleus in dark gray), through the formation of an irreversible complex. The inhibition of GrB (crossed line)
blocks the cleavage and activation of target enzymes and the induction of death (crossed line). The breakdown of granules integrity and the
release of more GrB, either directly by cytoplasmic GrB or downstream targets, is thus inhibited by Spi6. Cytoplasmic GrB is not blocked in
Spi6 KO CTLs and so there is increased death. A positive feedback loop whereby GrB releases into the cytoplasm catalyzes further leakage
from granules then ensues because GrB causes granule damage. There is no GrB-mediated breakdown of granules in GrB KO CTLs resulting
in increased granule number and decreased death.

8.1. Serine Protease Inhibitor 2A (Spi2A). Spi2A (Seprina3g)
is cross-class-specific serpinIC inhibitor of cysteine cathep-
sins which protects cells from the lysosomal pathway of PCD
[7], which is upregulated in the MTL and their precursors
[92]. Overexpressing Spi2A increased the number of MTL
[92]. Conversely, expression of antisense Spi2A mRNA
blocked the development of MTL after infection with LCMV
[92]. However, the Serpina3g locus contains several genes,
which share a very high degree of homology to Spi2A, and so
it is difficult to definitely ascribe the effects on memory cell
development uniquely to Spi2A [93]. To examine the role
of Spi2A in MTL self-renewal and HSP, we generated Spi2A
knockout (Spi2A KO) mice. There was an age-dependent
deficit and impaired self-renewal of MTL in Spi2A KO mice
[94]. Spi2A transcription was induced by IL-15 and other
survival cytokines. The defective HSP of both endogenous
and LCMV-specific MTL in Spi2A KO mice could be
corrected by cathepsin B deficiency. Thus, demonstrating
that inhibition of cathepsin B was the physiological target of
Spi2A in maintaining MTL. Therefore, the protection from
cathepsin B-mediated PCD by Spi2A is a mechanism by
which the survival cytokine IL-15 ensures MTL self-renewal
through HSP (Figure 5).

8.2. Serine Protease Inhibitor 6 (Spi6). The work with Spi6
KO mice has clearly demonstrated a role for an endogenous

GrB inhibitor in protecting CTL from self-inflicted damage
and controlling the clonal burst of pathogen-specific CTL
[84]. However, despite an 80–90% reduction in the size of
the CTL pool the size of the MTL pool, was the same as
wild-type in Spi6 KO mice [85]. Therefore the development
of MTL was independent of Spi6 (Figure 5). Although Spi6
was required for the survival of the majority of CTL it was
dispensable for the survival of the small proportion of the
CTL pool that were memory cell precursors. The likely
reason for this was that memory cell precursors (indicated
by the expression of the interleukin-7R-IL-7R) express low
levels of GrB and so are not susceptible to GrB-mediated
self-destruction (Figure 6). However, in Spi6 KO mice the
size of secondary CTL clonal burst was almost completely
abolished in recall responses after reinfection with high
doses of pathogenic LCMV [85]. Therefore, although Spi6
is not required for the development of primary MTL it
still controls memory cell responses by determining the
size of the CTL clonal burst in after reinfection. The T-bet
transcription factor is required for the differentiation of
CTL but not long-term memory CD8 T cells [95]. GrB
is a transcriptional target of T-bet and so the dichotomy
between short-lived GrBhi CTL and GrBlo memory cell
precursors can be explained in terms of graded expression
of T-bet [95]. An attractive hypothesis would be that the
coordinate expression of Spi6 and GrB is part of the T-bet
transcriptional program that ensures the survival of CTL.
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Figure 5: Serpins in memory T-cell development. Stimulation
of a naı̈ve CD8 T cell with pMHC and costimulation results in
proliferation and differentiation into (A) a fully differentiated CTL,
which is susceptible to self-administered lethal hits (lightening bolt)
by GrB. Inhibition of GrB by Spi6 in mice or PI9 in humans protects
CTL from PCD. Naı̈ve CD8 T cells also differentiate into memory-
cell precursors that are characterized by lower levels of GrB and
Spi6. (B). MTL-precursors escape PCD facilitating the development
of MTL independent of GrB and Spi6 (C). Expression of Spi2A
in MTL is triggered by the IL-15 survival cytokine and required
homeostatic proliferative self-renewal through the suppression of
cathepsin-mediated PCD. (D) Upon reexposure to pMHC MTL
give rise to expansion into secondary CTL, the survival of which
requires protection by Spi6 from GrB-mediated PCD.

The study of Spi2A KO and Spi6 KO mice suggests that
serpinsIC have evolved separate functions in determining
the size of a primary CTL (Spi6 inhibition of GrB) versus
controlling long-term self-renewal (Spi2A inhibition of
cathepsin B). Therefore, it would appear that the lysosomal
pathway of PCD regulates the overall level of MTL in
response to external cytokine signals whereas GrB regulates
the level of short-term CTL.

9. Protection of Dendritic Cells from CTL

Dendritic cells (DCs) are the physiological antigen-
presenting cells that stimulate both naı̈ve CD8 T cells and
memory CD8 T cells to differentiate and proliferate into
CTL [96, 97]. In mice, the CD11c++CD8α++ CD205+ DC
population (CD8αDC) can best acquire a wide variety of
cellular antigens (including viral proteins) from infected
and apoptotic cells and present them on self-class I MHC to
cognate CD8 T cells in a process known as cross-presentation
[98, 99]. CD8αDCs are also the subset specifically responsible
for cross-presentation of LCMV antigens to CD8 T cells [98].
Given the effectiveness of the granule exocytosis pathway
to deliver a kiss of death it is not surprising that antigen-
presenting DCs are killed by cognate CTL. Experiments with
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Figure 6: Differential effect of Spi6 on CTL and MTL survival. Spi6
is required for the clonal burst but not the development of memory
cells. In wild-type CTLs Spi6 suppresses the activity of GrB in the
cytoplasm and prevents the death of CTLs thus maintaining the
size of the CD8 T cell clonal burst (outer circle). IFN-γ produced
by the CD8 T cell clonal burst causes death and cell loss during
the contraction phase. GrB induces the death of CTLs in Spi6 KO
mice reducing the size of the clonal burst but also the production of
IFN-γ. This results in negligible cell loss in the contraction phase.
Within the clonal burst is a subpopulation of IL-7Rhi memory cells
precursors that have low expression of GrB and Spi6 and so their
survival is unaffected in Spi6 KO mice. Therefore, the size of the
memory-precursor and primary memory pool in Spi6 KO is the
same as wild-type mice.

perforin-deficient CTL show that primary CTLs eliminate
DC that express cognate peptide-antigen/MHC (pMHC)
as part of a negative-feedback mechanism that limits the
expansion of the immune response to tumor [100] or virus
[101]. A negative regulatory loop working through the
killing of DC has also been reported for the priming of MTL
responses [102, 103]. However, the fact that DCs are still
highly effective at priming CTL expansion implies that they
have mechanisms that protect them from the kiss of death.

The upregulation of Spi6 in DC upon maturation or
through transgene expression results in the protection of
DC from granule-mediated programmed cell death (PCD)
in vitro [104]. Using Spi6 KO mice we have shown that Spi6
protects DC from the kiss of death by inhibiting GrB deliv-
ered by CTL [105]. Infection of Spi6 KO mice with LCMV
revealed impaired survival of CD8α DC. The impaired
survival of Spi6 KO CD8α DC resulted in impaired priming
and expansion of both primary and memory LCMV-specific
CTLs, which could be corrected by GrB deficiency. The
rescue in the clonal burst obtained by GrB elimination
demonstrated that GrB was the physiological target through
which Spi6 protected DC from CTL. Therefore, the negative
regulation of DC priming of CD8 T lymphocyte immunity
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Wild-type

Spi6 KO

GrB
Spi6

Figure 7: Spi6 protects of CD8α DC from the kiss of death from
GrB. In wild-type mice presentation of pMHC and costimulation by
CD8α DC stimulate the expansion of cognate CTL. Cognate CD8α
DCs are protected from killing by CTL GrB through inhibition by
Spi6. In Spi6 KO mice, GrB is not inhibited and so the killing of
CD8α DC impairs the expansion of CTL. This model is for both the
recognition of CD8α DC by primary CTL and secondary (memory)
CTL.

by CTL killing is mitigated by the physiological inhibition of
GrB by Spi6 (Figure 7).

10. Serpins and CTL-Driven
Inflammatory Diseases

Granzymes have been implicated as tissue-damaging agents
in a variety of inflammatory and autoimmune diseases,
including Graft versus Host Disease (GvHD) [106, 107],
rheumatoid arthritis [108, 109], atherosclerosis [110, 111],
Crohn’s diseases [112], Rasmussen’s encephalitis [113], and
Systemic Lupus Erythematosus [114]. Expression studies
have located PI9 to nonlymphoid cells in immunoprivileged
sites and at the sites of inflammatory reactions [82, 115, 116].
Therefore, it has been suggested that GrB-specific serpinIC,
such as PI9 and Spi6, in addition to protecting DCs, may
also have a more general protective role for bystander cells
in CTL-mediated inflammation. Given the wide variety of
inflammatory diseases caused by CTLs, it is likely that the
upregulation of PI9 or equivalent serpinIC in nonlymphoid
tissue may be a common strategy for limiting pathological
tissue damage. In addition, PI9 may also protect from
inflammatory disease by inhibiting proteases other than GrB.
Interleukin 1 (IL-1) beta converting enzyme (ICE; caspase
1) is required for the production of proinflammatory IL-
1 and IL-18 cytokines. PI9 not only inhibits GrB as a
classical suicide substrate, but can also inhibit caspase 1
through a similar mechanism [3]. This interaction seems
to be physiologically relevant in vascular smooth muscle
cells where PI9 regulates the production of IL-1β and IL-18
through inhibition of caspase 1 [117]. A potential protective
role for PI9 in inflammatory atherosclerosis is suggested by
the lower expression in human atherosclerotic lesions [117]
(Figure 5).

PI9:casp 1

IL-1
PI9:GrB

Figure 8: Protection of bystander cells from damage by T
lymphocytes. PI9 inhibits the PCD of bystander cells induced by
GrB after the delivery of a lethal hit (lightening bolt) by CTL.
PI9 controls the secretion of proinflammatory IL-1 by inhibiting
caspase 1 in endothelial cells.

Spi6:GrB

PI9:GrB

crmA:GrB

Figure 9: Serpins and immunoevasion. Cells infected with poxvirus
(diamond) produce crmA, which inhibits GrB-mediated PCD
delivered as a lethal hit (lightening bolt) by CTL. Spi6 and PI9 when
upregulating in tumor cells (enlarged cell) can protect from GrB
delivered by CTLs.

11. Serpins and Immunoevasion

SerpinsIC play a critical role in T lymphocyte medi-
ated immunity. However, intracellular pathogens may use
serpinsIC to inhibit the same proteases cell in order to escape
T cell immunity. Viruses exploit the ability of seprinsIC

to suppress GrB activity in order to escape destruction
by CTLs. Several different viruses have developed different
mechanisms to suppress GrB. Poxvirus-encoded CrmA can
inhibit GrB in vitro using a classic serpin mechanism
[118] (Figure 8). In addition, CrmA can also inhibit several
caspases [6] and so overexpression can inhibit both Fas-
and GrB-mediated killing [5, 119]. Therefore, CrmA allows
cowpox virus-infected cells to potentially escape both the
granule-mediated and the Fas-FasL-mediated pathways of
CTL killing [44]. This mechanism of immunoevasion is in
contrast to the inhibition of GrB by the adenovirus assembly
protein L4-100K, which acts as competitive inhibitor of
granzyme cleavage of pro-apoptotic substrates. Inhibition of
GrB by L4-100K is effective through this mechanism because
it is produced in vast excess to GrB in adenovirus-infected
cells.

It has been suggested that inhibition of GrB by serpinsIC

may represent a novel escape mechanism by which tumors
may evade CTL-mediated immunosurveillance (Figure 9).
This claim is based on the observation that over-expression
of Spi6 and PI9 protects tumor cell lines from CTL-mediated
lysis and that PI9 is expressed in both Hodgkin’s (T and
B cell) and non-Hodgkin’s lymphomas and also breast,
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Figure 10: Spi2A is an EPO-specific protective factor. A model is
depicted in which EPO promotes erythroblast formation through
the expression of Spi2A, which inhibits cathepsin B after it is
released from lysosomes within stressed or compromised erythrob-
lasts. Suppression of cathepsin B by Spi2A inhibits PCD and further
production of ROS and LMP.

colon, and cervix carcinomas [104, 120]. However, PI9 is
widely expressed in normal leukocytes and normal epithelial
cells [82], and it is still yet to be determined whether the
level of expression in cancer cells is any higher than the
level in noncancerous control tissue [120]. Despite this,
the correlation of between PI9 expression and the poor
prognosis of patients with anaplastic large cell lymphoma
suggests that the escape of tumors from CTL-mediated
immunosurveillance may involve protection from GrB [121].

12. Serpins in Blood Cell Development

In response to anemia, Erythropoietin (EPO) is produced by
renal interstitial fibroblasts [122] then acts within bone mar-
row to promote erythroid progenitor expansion via its JAK2
kinase-coupled cell surface receptor (EPOR) [123, 124].
Global gene expression profiling of erythroblasts revealed the
mouse serpin Spi2A (Serpina3g) to be a major EPO/EPOR
target, our own unpublished findings. The work with Spi2A
KO mice showed that following hemolysis, irradiation, or
marrow transplantation, Spi2A-deficiency sharply worsened
anemia and also compromised EPO-induced erythropoiesis.
This involved Spi2A cytoprotection of maturing erythrob-
lasts. In vivo, compound disruption of Spi2A plus lysosomal
cathepsin B restored EPO-responsiveness and protected from
anemia. Pharmacological inhibition of cathepsins B/L also
enhanced EPO-induced red cell formation in normal mice,
and in an EPO-dependent human EPC model. Therefore,
Spi2A (as induced upon EPOR/JAK2 ligation) plays an
integral role in EPO- and anemia-dependent erythropoiesis.
We propose that Spi2A inhibits cathepsin B and/or L when
released from lysosomes in erythroblasts after damage by
ROS [125, 126]. ROSs are generated by iron and heme
accumulation in erythroblasts [127] (Figure 10).

Spi2A is also upregulated in long-term hematopoietic
stem cells (LT-HSC) [128]. However, what aspects of LT-HSC
biology Spi2A controls remain to be determined.

13. Therapeutic Potential of T-Cell Serpins

13.1. Vaccines and Immunotherapy. A challenge for the future
is to translate our knowledge of T lymphocyte biology
into new ways of harnessing cellular immunity to combat
infection, cancer, and inflammatory disease. Recent insights
into how serpinsIC control the development and function of
both effector and memory T lymphocytes may provide new
translational opportunities.

The human serpinIC PI9 and its mouse homologue Spi6
can influence CD8 T-cell responses by both affecting the
viability of DC antigen-presentation cells [105, 129] and
CTL [82–84] through the inhibition of cytoplasmic GrB. In
terms of cost and safety, DNA vaccination is an attractive
alternative to live vaccination, but overall is not as effective
in generating long-lived protective CTL [130]. Therefore,
there is a need for effective adjuvants to make DNA vaccines
more useful against viruses and tumors [131]. One potential
adjuvant strategy is to improve the efficiency of DC priming
by increasing viability. In this regard, DNA encoding PI9 or
Spi6 could boost secondary memory responses by protecting
DC from CTL killing [131, 132]. A preliminary DNA
vaccination studies against tumors in mice have indicated the
feasibility of using Spi6 DNA as an adjuvant in this way [133].

13.2. Transplantation and Autoimmunity. Clinical trials uti-
lizing mesenchymal stem cells (MSC) in tissue engineering
and as immunosuppressive agents have been initiated world-
wide. We have demonstrated that the expression of Spi6 is
required for the protection of transplanted MSC from allo-
specific CTL and subsequent survival and immunosuppres-
sive activity [134]. Expression of transgenic PI9 protected
both mouse [134] and human MSC [135] from CTL
killing. Importantly, transgenic PI9 improved the survival
and function of MSC after transplantation to allo-specific
recipient mice [134]. Therefore, the delivery of PI9 to MSC
after allo-transplantation may increase survival and clinical
usefulness.

Protein therapy using T lymphocyte-relevant serpinIC

might also be useful in alleviated inflammatory disease
caused by GrB such as GvHD [106], rheumatoid arthri-
tis [108], atherosclerosis [110], Crohn’s diseases [112],
Rasmussen’s encephalitis [113, 136], and Systemic Lupus
Erythematosus [114] and allograft rejection [137]. Admin-
istration of recombinant Spi6 and PI9 may therefore be
useful in alleviating CTL-associated inflammatory diseases
by inhibiting extracellular GrB.

13.3. Anemia and Cancer. Clinically, EPO is used to treat
the anemia of chronic renal disease [138], and at restricted
dosing the anemia of cancer and chemotherapy [139]. How-
ever, EPO may also worsen certain cancers (e.g., head/neck
and breast carcinomas) via unresolved routes [139]. We have
shown in mice that Spi2A facilitates the activity of EPO in
anemia by protecting erythroblasts from ROS/cathepsin B/L-
driven PCD, our own unpublished findings. Humans lack
an obvious functional homologue of Spi2A that inhibits cys-
teine cathepsins [93] and no SERPINA gene is upregulated by
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EPO in human erythroblasts, our own unpublished findings.
However, pharmacological inhibition of cathepsin B/L can
mimic the cytoprotective effects of EPO in mice and in a
human erythroblast model, therefore suggesting the presence
of human analogue with the properties of Spi2A, our own
unpublished findings. Clinically, if small molecule inhibitors
to cathepsin-B/L [140] were administered during anemia,
such compounds might act in erythroid cell-intrinsic ways
to bolster red cell production. This could decrease effective
EPO dosing levels, potentially lessen hypertensive side-effects
of EPO [141, 142], and might also benefit chemotherapy
patients for whom EPO therapy is now limited due to
potential effects on cancer progression [123, 139, 141].

13.4. Biological Pitfalls. The study of Spi6 KO mice has
proven to be useful in pointing out potential pitfalls in
translating the biology of serpinIC into immunotherapies.
Spi6 KO mice have revealed that improving CTL viability
by protecting from self-inflicted damage [84] does not
necessarily increase the size of the CD8 memory T-cell pool
[85]. This is because the pathways of programmed cell death
that control memory cell viability are different from those
controlling CTL viability and clonal burst size. Therefore,
targets that increase the size of the CTL pool may not
necessarily result in an increase in the pool of long-term
memory T cells. So in order to maximize differentiation
of long-term memory cells one must suppress the death-
pathways specific to memory T cells. In this regard the
suppression of cysteine cathepsins by transgenic Spi2A may
be useful as an adjuvant approach. However, there is no
direct structural homologue of Spi2A in humans. A possible
functional nonserpin homologue of Spi2A in humans is the
leukocystatin (cystatin F), which is upfregulated in memory
CD8 T cells [143], inhibits cathepsin L in the cytoplasm and
nucleus, and is uniquely expressed in leukocytes [144].

Protein therapy for inflammatory diseases with Spi6 or
PI9 is likely to be limited to the inhibition of extracel-
lular GrB. This is because of the difficulty of delivering
intracellular proteins to the cytoplasm. Since GrB induces
apoptosis upon entry to the cytoplasm the inability to deliver
serpinIC to this cellular compartment may severely limit
the effectiveness of PI9-based protein therapy in alleviating
inflammatory diseases.

14. Conclusion

Our work to date has uncovered several aspects of the
biology of serpinIC that may hold the promise for new
therapies that alleviate inflammatory disease or anemia or
boost protective T lymphocyte immune responses. Perhaps
the main translational value of this work may be realized by
developing small molecules that mimic the beneficial activ-
ities of a given serpinIC with defined biological properties.
Thus, small molecule inhibitors of the relevant executioner
protease targeted by physiologically relevant serpinIC in T
cells may boost the development of memory T cells and be
useful adjuvants. We have demonstrated the feasibility of
this approach for Spi2A. Synthetic inhibitors of cathepsin B

[140] can boost the number LCMV-specific memory CD8 T
cells by inhibiting programmed cell death [92]. This finding
is consistent with earlier work that showed that synthetic
inhibitors of cathepsin B and cathepsin L can protect human
activated T cells from programmed cell death in vitro [26].
However, current cathepsin B/L inhibitors have poor cell
uptake and high toxicity, which limits effectiveness in vivo.
Therefore, there is an unmet need for a clinically useful
cathepsin B/L to mimic the biological properties of the
human analogue of Spi2A. In addition to application to
immunotherapy, clinically useful cathepsin B/L inhibitors
may also be used to treat the anemia of chronic disease and
provide a new means to lessen EPO dosing and so in turn,
untoward effects of EPO on hypertension, and/or cancer
progression, our own unpublished findings.

Perhaps the greatest potential for serpinIC- directed small
molecule development lies in the development of clinically
useful GrB inhibitors. A tetrapeptide inhibitor of GrB shows
good efficacy in vitro but due to poor cellular uptake inhibits
CTL-mediated target cell killing 1000-times less effectively
and so is unlikely to be effective in vivo [145]. Therefore,
the development of GrB inhibitors with improved cellular
efficacy may result in clinically useful drugs to alleviate
against a wide variety of inflammatory diseases.
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[28] K. Roberg and K. Öllinger, “Oxidative stress causes relocation
of the lysosomal enzyme cathepsin D with ensuing apoptosis
in neonatal rat cardiomyocytes,” American Journal of Pathol-
ogy, vol. 152, no. 5, pp. 1151–1156, 1998.
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