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General introduction
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Abstract

Granule exocytosis by cytotoxic lymphocytes is the key mechanism of our immune response 
to eliminate virus-infected cells. These lytic granules contain the pore-forming protein 
perforin and a set of five serine proteases called granzymes (GrA, GrB, GrH, GrK, GrM) that 
display distinct substrate specificities. Granzymes have mostly been studied for their ability 
to induce cell death. However, viruses have evolved many inhibitors to effectively block 
apoptosis. Evidence is emerging that granzymes also use noncytotoxic strategies to inhibit 
viral replication and potential viral reactivation from latency. Granzymes directly cleave viral 
or host cell proteins that are required in the viral life cycle. Furthermore, granzymes induce 
a pro-inflammatory cytokine response to create an antiviral environment. In this review, 
we summarize and discuss these novel strategies by which the immune system counteracts 
viral infections and we will address the potential therapeutic applications that could emerge 
from this intriguing mechanism.
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Introduction

The primary defence against viral pathogens is mediated by the innate and adaptive 
components of the immune system. The innate immune response against viruses is mainly 
mediated by natural killer (NK) cells and cytokines, predominantly IFNs, whereas the 
adaptive immune response is mediated by T and B cells. Upon infections, viral pathogen-
associated molecular patterns are recognized by pattern recognition receptors, such as 
Toll-like receptors (TLRs) [1]. Subsequently, pro-inflammatory cytokines are produced and 
released to induce systemic antiviral and immunoregulatory effects. Particularly, IFNs are 
expressed at high levels. Binding of IFNs to their cognate IFN receptors leads to activation of 
various signaling pathways and the upregulation of hundreds of IFN stimulated genes (ISGs) 
that create an antiviral state [2, 3]. Type 1 – viral – IFNs, of which IFN-α and IFN-β are the best 
characterized, can be produced by virtually all cells in response to virus infections. Antiviral 
activities induced by type 1 IFNs include RNA degradation, inhibition of RNA synthesis, 
targeting of viral nucleocapsids, induction of NK cell cytotoxicity, and upregulation of class 
I MHC molecules. IFN-γ is the only type 2 – immune – IFN and is produced exclusively by 
cells of the immune system, predominantly NK cells, in response to mitogenic or antigenic 
stimuli.  Viruses have developed several mechanisms to counteract the IFN pathway, 
including blocking the induction of IFN, expressing viral decoy IFN receptors, interfering with 
intracellular IFN signaling, and downregulating ISGs [2, 4].
 Cell-mediated cytotoxicity is believed to be the key component of both the innate 
and adaptive immune system to control viral infections and is employed by cytotoxic 
lymphocytes, including NK cells and CD8+ T cells, respectively [5, 6]. Activation of NK cells is 
mediated by a balance of inhibitory and stimulatory cell surface receptors between NK cells 
and target cells. Viruses can modulate the expression of these receptors on the host cells, 
for example by downregulation of MHC-I molecules that act as NK inhibitory receptors or by 
upregulation of NK stimulatory receptors. CD8+ T cells are activated via specific recognition 
of virus-infected cells through engagement of specific cell surface recognition receptors and 
recognition of a specific viral peptide presented by MHC-I molecules. Once activated, NK 
cells and CD8+ T cells can employ two cell death pathways; the death receptor pathway and 
the granule-exocytosis pathway [5, 7]. In the death receptor pathway, ligation of cell death 
receptors on both effector and virus-infected target cells results in an apoptotic signaling 
pathway in the target cell. The granule-exocytosis pathway is the more important cell 
death pathway and is characterized by the release of cytotoxic granules towards the target 
cell. These granules contain the pore-forming protein perforin and a family of structurally 
homologous serine proteases called granzymes. Perforin facilitates the entry of granzymes 
into the target cells where granzymes can exert their antiviral effects through cleavage of 
critical substrates [7, 8].

Granzymes

In humans, five granzymes have been identified (GrA, GrB, GrH, GrK, and GrM) and cytotoxic 
potential has been described for all human granzymes. GrA and GrB are well studied [7], 
whereas relatively little is known about the other three granzymes, which are therefore 
often referred to as orphan granzymes [8]. Although the five human granzymes are 40% 
homologous in amino acid sequence and share the catalytic triad, consisting of the amino 
acids His57, Asp102 and Ser195, they differ in their primary substrate specificity, defined as the 
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amino acid after which a protease prefers to cleave. GrA and GrK cleave substrates after 
Arg or Lys, GrB cleaves after Asp or Glu, GrH cleaves after Tyr or Phe, and GrM cleaves 
after Leu or Met [9]. Due to their different primary substrate specificities, all granzymes 
have their unique granzyme degradome – the set of granzyme substrates – and cell death 
can be induced by multiple pathways. GrA-induced cell death is initiated with cleavage of 
the mitochondrial protein NDUFS3 by GrA resulting in the generation of reactive oxygen 
species (ROS) [10]. Then, ROS trigger the translocation of the SET complex into the nucleus 
where GrA cleaves components of the SET complex, including SET, ApeI, and HMG2, leading 
to irreversible single-stranded nicking of chromosomal DNA and subsequently cell death 
[11-15]. The two main pathways by which GrB induces cell death are activation of the 
classical caspase cascade through cleavage and activation of pro-caspase 3, and promotion 
of mitochondrial permeabilization and cytochrome c release through cleavage of BID 
[16-18]. Activation of these pathways leads to target cell death via DNA fragmentation. 
There are only two reports that address GrH-induced cell death [19, 20]. Although both 
reports demonstrate the involvement of mitochondria in the rapid induction of cell death 
by GrH, they come to conflicting conclusions regarding other hallmarks of cell death, like 
caspase activation and cytochrome c release. It has been proposed that GrK induces similar 
caspase-independent cell death pathways as GrA, which is supported by similar cell death 
hallmarks – i.e. single-stranded DNA nicking and ROS production from mitochondria – and 
substrates, including SET complex components SET, ApeI, and HMG2 [21, 22]. However, GrK 
also cleaves unique substrates compared to GrA by which cell death is induced [23-26]. 
Several studies have shown that GrM induces cell death independent of caspase activation 
and mitochondrial perturbation [27-30], although it has also been proposed that GrM does 
activate caspases and causes loss of mitochondrial membrane potential [31-33].

While the induction of cell death by all five human granzymes has been 
demonstrated, there is great controversy about the cytotoxic potential of human GrA. 
Whereas the cytotoxic potential of GrA has been demonstrated [10-15], recent reports from 
different laboratories now show that human GrA fails to induce cell death but induce a pro-
inflammatory cytokine response instead [34, 35]. This is consistent with the observation 
that cytotoxic lymphocytes from mice deficient for GrA retain their cytotoxic potential 
[36]. However, GrA-deficient mice show defects in clearance of ectromelia virus [37]. Taken 
together, these data indicate that granzymes also have noncytotoxic functions, as recently 
reviewed by Andrade [38].

Viruses inhibit cell death pathways

Granzymes have mostly been studied for their role in eliminating virus-infected cells through 
the induction of host cell death. However, viruses have evolved multiple mechanisms to 
block cell death pathways. Viruses encode proteins and RNA transcripts that directly 
interfere with cytotoxic lymphocyte-mediated cell death pathways, including the caspase 
cascade and mitochondrial-mediated cell death. Thereby, viruses can block death receptor- 
and granzyme-induced cell death (Table 1). 
 The cowpox virus-encoded cytokine response modifier A (CrmA) is a viral serpin that 
inhibits both GrB and various caspases using an irreversible suicide substrate mechanism, 
which is a unique feature of serpins [39-42]. CrmA non-covalently binds the protease via a 
reactive center loop (RCL) and cleavage of the RCL results in a covalent ester bond linkage 
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between CrmA and the protease. Then, the N-terminal part of the RCL is immediately inserted 
into a β-sheet of CrmA and thereby the protease is translocated to the opposite site of CrmA. 
As a consequence of a dramatic conformational change of the catalytic site, the protease 
is irreversibly inactivated. Baculovirus has species-specific tropism among invertebrates 
and has been well studied for virus-induced and modulation of apoptosis [43]. The viral 
p35 protein is expressed during the early phase of baculovirus infection and p35 preferably 
inhibits effector caspases in a similar mechanism as serpins [44-46]. However, whereas 
serpins distort the catalytic site of proteases by dramatically translocating the protease, 
p35 inhibits caspases directly by steric hindrance without translocation of the caspase. In 
addition, baculoviruses produce the p35-homolog p49, which inhibits both effector and 
initiator caspases [47, 48]. Adenoviruses produce the viral 100K assembly protein that, in 
addition to its role in virus assembly and activation of late viral mRNA translation, is also 
a potent and specific inhibitor of GrB [49]. Two common classes of viral protein inhibitors 
that have been identified in several viruses include viral homologs of cellular inhibitors of 
apoptosis (IAPs) and viral B-cell lymphoma 2 (Bcl-2) homologs. IAPs were initially identified 
as viral proteins from baculovirus that inhibit activation of host cell caspases [50, 51]. The 
human family of cellular IAPs comprises eight members and their activities are modulated 
by interaction with IAP antagonists [52, 53]. Viral IAPs are believed to competitively bind 
to IAP antagonists, thereby allowing the host cell IAPs to inhibit caspases. Release of pro-
apoptotic factors from the mitochondria is regulated by Bcl-2 family members [54]. Viral Bcl-
2 homologs that can block mitochondria-associated apoptosis have been identified in many 
viruses [55]. Among the human viruses that encode Bcl-2 homologs are adenovirus (E1B 
19K), HCMV (UL37x1), EBV (BHRF1 and BALF1), and Kaposi’s sarcoma herpesvirus (KSBcl-2) 
[56-64].
 HCMV, a member of the family Herpesviridae, has been studied in more detail in 
regard to immune evasion. Efficient inhibition of apoptosis is required for successful viral 

Table 1. Virus-encoded inhibitors of granzyme-induced cell death pathways
Viral product Virus References

Caspase-inhibitors CrmA
CrmA-homolog SPI-2
p35
p35-homolog p49
UL36
UL38
vIAPs

Cowpox virus
Vaccinia virus
Baculovirus
Baculovirus
HCMV
HCMV
ASFV,
Baculovirus,
Entomopoxvirus, 
HHV-8

[39,40]
[149]
[44–46]
[47,48]
[65]
[66]
[150]
[51]
[151]
[152]

GrB-inhibitors 100K assembly protein
CrmA
Serp-2*

Adenovirus
Cowpox virus
Myxomavirus

[49]
[41]
[153]

Bcl-2 homologs E1B-19K
A179L
BHRF1
BALF1
UL37x1 (vMIA)
KSBcl-2

Adenovirus
ASFV
EBV
EBV
HCMV
HHV-8

[56–58]
[154–156]
[61]
[60,62]
[59]
[63,64]

RNA transcripts RNA transcript β2.7
Latency-associated transcript (LAT)

HCMV
HSV-1

[71]
[74]

ASFV, African swine fever virus; Bcl-2, B-cell lymphoma 2; CrmA, cytokine response modifier A; EBV, Epstein-Barr virus; 
GrB, granzyme B; HCMV, human cytomegalovirus; HHV-8, human herpesvirus 8 (Kaposi’s sarcoma herpesvirus); HSV-1, 
herpes simplex virus type 1; vIAP, viral inhibitors of apoptosis; vMIA, viral mitochondrialocalized inhibitor of apoptosis. (*weak 
inhibitor)
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spread. At least three proteins are encoded by HCMV that directly interfere with apoptotic 
signaling pathways and protect the infected host cells from the cytotoxic immune response. 
UL36 encodes the viral inhibitor of caspase-8 activation [65], UL37x1 encodes for the 
functional Bcl-2 homolog viral mitochondria-localized inhibitor of apoptosis [59], and UL38 
encodes the viral inhibitor for caspase-3–dependent intrinsic and ER-mediated apoptosis 
[66]. Furthermore, it has been suggested that the immediate-early (IE) 1 and IE2 proteins 
protect against apoptosis via activation of the phosphoinositide 3-kinase (PI3K) pathway 
and the cellular kinase PKB [67, 68]. Although it is evident that HCMV activates the PI3K-
PKB pathway [69], there is some controversy on the protective effects of IE1 and IE2 against 
apoptosis [59, 70]. In addition to viral protein inhibitors, HCMV also encodes the abundant 
noncoding RNA transcript β2.7 that stabilizes the mitochondrial membrane potential and 
ATP production and thereby inhibits mitochondria-associated cell death [71].

Viral latency

A biological property of HCMV and all other members of the family Herpesviridae, is their 
ability to remain latent in a specific set of cells, which varies among the different herpes 
viruses. Latency is characterized by expression of a very small subset of viral genes, no 
infectious progeny, maintenance of the viral genome, and the capacity to reactivate [72]. 
The mechanisms underlying reactivation from latency, however, remain largely unknown. 
Since the immune system fails to eliminate latently infected cells and herpes viruses 
cause lifelong infections, it has long been considered that latently infected cells cannot 
be recognized by cytotoxic lymphocytes. However, recently it has been shown that CD8+ T 
cells recognize HSV-1 latently infected neuronal cells and inhibit HSV-1 reactivation using a 
noncytotoxic lytic granule-mediated mechanism [73]. To prevent apoptosis of the host cell, 
latently HSV-1 infected cells express latency associated transcript (LAT) RNA that blocks CD8+ 
T cell killing, including GrB-induced apoptosis [74]. This indicates that cytotoxic lymphocytes 
do not solely induce apoptosis in virus-infected cells but also block viral replication and/
or reactivation in a cell death-independent manner. This could be achieved either through 
granzyme-induced cleavage of (i) viral proteins that are critical for viral replication, or (ii) 
host cell proteins that the virus hijacks for its own replication (Figure 1). 

Granzymes target viral proteins critical for viral replication

The group of Simon was the first to demonstrate that granzymes can directly target viral 
proteins that are critical for the viral life cycle [75]. Mouse GrA degrades and inactivates 
the reverse transcriptase from Moloney murine leukemia virus, which was used as a 
prototype for mammalian RNA tumor viruses, in vitro. Since reverse transcriptase is of 
critical importance for the retroviral life cycle, GrA-mediated inactivation of this protein 
could interfere with retroviral replication [75]. However, cleavage of reverse transcriptase 
under more physiological conditions, i.e. when GrA is delivered into virus-infected cells, 
and cleavage of reverse transcriptase of mammalian RNA viruses by GrA remains to be 
determined.

Andrade et al. showed that GrH can interfere with the viral life cycle of adenovirus 
through cleavage of two adenoviral proteins [76]. Adenoviruses, which commonly cause 
illness of the respiratory system, encode several inhibitors of IFN responses and cell death 
pathways, including the GrB-inhibitor 100K assembly protein [49, 77]. While characterizing 
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this GrB inhibitor, cleavage of the highly abundant adenoviral DNA-binding protein (DBP) was 
observed during cytotoxic lymphocyte-mediated attack of adenovirus-infected cells. DBP 
is involved in a wide variety of processes, including DNA replication, transcription control, 
mRNA stability, and virus assembly, and therefore DBP is critical for adenoviral replication 
[78]. Both GrB and GrH were able to cleave DBP, although GrH is more likely to contribute 
to DBP cleavage during cytotoxic-mediated killing due to the presence of the GrB inhibitor 
100K assembly protein [76]. The functional consequence of GrH-mediated cleavage of DBP 
was addressed using a GrH-resistant DBP mutant adenovirus. Viral DNA load of mutant 
adenovirus-infected cells challenged with cytotoxic effector cells was dramatically increased 
at 12 hours post-cytotoxic killing compared to wild-type adenovirus-infected cells, indicating 
that GrH inhibits adenoviral replication through cleavage of DBP [76]. Interestingly, at 24 
hours post-cytotoxic killing, GrH-resistant DBP was cleaved by GrB, suggesting that 100K 
assembly protein-mediated inhibition of GrB was abolished. In addition to cleavage of the 
critical viral protein DBP, GrH also cleaves and inactivates 100K assembly protein resulting in 
gradual recovery of GrB activity [76]. Thus, GrH suppresses viral replication of adenoviruses 
by targeting viral proteins that are critical for viral replication and restores GrB activity 
through cleavage of its viral inhibitor.

HCMV, which causes lifelong infections in humans, is another virus that modulates 
the host cell in favor of viral replication and blocks multiple cell death pathways. HCMV 
can cause severe disease in neonates and immunocompromised patients, including AIDS 

Figure 1. Schematic overview of the noncytotoxic functions of granzymes to control viral infections. Cytotoxic lymphocytes, 
comprising NK cells and CD8+ T cells, are activated upon recognition of virus-infected target cells via NK cell receptors or viral peptide-
loaded MHC-1 molecules, respectively. (1) Activated cytotoxic lymphocytes release cytotoxic granules that contain perforin and five human 
granzymes. (2) Perforin facilitates the entry of granzymes into the target cells where granzymes perform their antiviral functions. (3) 
Granzyme-induced apoptosis can be blocked by virus-encoded proteins and/or RNA transcripts. Nonetheless, granzymes can block viral 
replication and/or reactivation through cleavage of (4) viral proteins or (5) host cell proteins that are critical for viral replication.
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patients and transplant recipients [79, 80]. Yet HCMV infections are mostly asymptomatic in 
healthy individuals, suggesting that the immune system might employ noncytotoxic antiviral 
mechanisms to control primary HCMV infection and reactivation. GrM-deficient mice 
are more susceptible to MCMV infection, suggesting that mouse GrM is of physiological 
importance for MCMV clearance [81]. We have recently shown that human GrM inhibits 
HCMV replication independently of cell death [82]. Using a proteomic approach, we 
identified HCMV tegument phosphoprotein 71 (pp71) as a direct GrM substrate. GrM 
cleaves pp71 under physiological conditions when intact cells expressing recombinant pp71 
are challenged with living cytotoxic effector cells, and when HCMV-infected fibroblasts are 
incubated with the perforin-analog streptolysin O (SLO) and purified GrM [82]. Tegument 
protein pp71 is critical for efficient HCMV replication, which is illustrated by a severe growth-
defect of pp71-deficient HCMV [83]. Tegument protein pp71 is essential for the induction 
of IE gene expression through stimulation of the major immediate-early promoter (MIEP) 
[84, 85]. Upon HCMV infection, the MIEP is silenced by host cell protein Daxx, which acts 
as an intrinsic immune defense mechanism against HCMV infection. However, tegument 
pp71 translocates to the nucleus where it facilitates degradation of Daxx, thereby relieving 
Daxx-mediated suppression of the MIEP [86-90]. Subsequently, expression of IE proteins 
is induced and in this way pp71 promotes HCMV replication. Cleavage of pp71 by GrM 
destroys the transcriptional activity of pp71 to stimulate the MIEP [82]. This observation is 
in line with previous studies showing that both the ultimate N- and C-terminal part of pp71 
are simultaneously required to bind Daxx [91]. Interestingly, a role for pp71 in establishing 
latency and reactivation has been proposed. A latent infection is established when HCMV 
infects cell types, such as incompletely differentiated CD34+ cells, in which pp71 fails to 
translocate to the nucleus [92, 93]. Differentiation of these cells results in nuclear pp71 
accumulation and subsequent reactivation. The notion that activated granzyme-loaded 
HCMV-specific cytotoxic lymphocytes circulate in the peripheral blood during latent HCMV 
infections in human [94], suggests a model where GrM might control HCMV latency by 
preventing reactivation through cleavage of pp71 while leaving the host cell intact.
 A similar mechanism for granzyme-mediated control of viral reactivation has 
been proposed for HSV-1 infections [73]. After primary infection, HSV-1 establishes lifelong 
asymptomatic infections in humans through latent infections in sensory ganglion cells. 
HSV-1 infrequently causes life-threatening central nervous system infections and severe 
infections in neonates. Latent HSV-1 infection is accompanied by chronic inflammation, and 
GrB-positive CD8+ T cells cluster around HSV-1 latently infected ganglion cells in the absence 
of neuronal damage [95, 96]. The finding that CD8+ T cells can block HSV-1 reactivation 
and that IFN-γ only partly contributes to this inhibition suggests that CD8+ T cells utilize 
a noncytotoxic mechanism at least in neurons that are refractory for IFN-γ [97]. Indeed a 
role for granzymes in controlling HSV-1 latency has been shown in mice deficient for either 
perforin or GrB, since these mice show increased HSV-1 reactivation from latently infected 
neurons compared to wild-type mice [73]. CD8+ T cells are able to recognize latently infected 
neurons but do not induce target cell death [73], which could be due to the viral expression 
of the apoptosis inhibitor LAT [74].  GrB might play a role in this noncytotoxic control of HSV-
1 reactivation by cleavage of the IE protein ICP4 [73], an HSV-1 protein that is critical for the 
viral life cycle. ICP4 mediates transcription of viral early and late genes through binding to 
viral DNA and components of the host cell transcription machinery [98, 99]. GrB-mediated 
cleavage of ICP4 could therefore impair HSV-1 replication. However, the physiological 
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importance of GrB-mediated cleavage of ICP4 in respect to HSV-1 reactivation has yet to be 
validated.
 

Granzymes target host cell proteins essential for the viral life cycle

Large numbers of cellular granzyme substrates have been identified, in particular for 
GrB. With the availability of advanced proteomic techniques to identify the granzyme 
degradome [100], large data sets with cellular substrates are available. Granzyme substrates 
identified in vitro, however, are not always cleaved when granzymes are delivered into 
living cells. Only a limited number could be validated as physiological substrates in living 
cell culture systems and here we will focus on some of those substrates. Since granzymes 
have long been considered to exclusively induce cell death, targeting of host cell proteins 
that are required for efficient viral replication in a cell death-independent context has been 
unappreciated. To date, only one study demonstrates that granzymes target crucial host cell 
proteins in the context of viral replication [101]. The RNA binding protein La is important for 
both cellular and viral RNA metabolism [102-108], including viruses like adenovirus, EBV, 
HBV, HCV, HIV-1, Japanese encephalitis virus, and poliovirus. Furthermore, La is a known 
autoantigen in systemic autoimmune diseases as a result of cleavage during apoptosis 
[109, 110]. Phosphorylation at serine residue 366 regulates the activity of La, where 
phosphorylated La is transcriptionally inactive and dephosphorylated La is active [111]. In 
addition to cleavage by caspases and GrB, La is directly cleaved by GrH [101]. Interestingly, 
La that is dephosphorylated at serine residue 466, i.e. transcriptionally active La, but not 
inactive phosphorylated La is susceptible to GrH cleavage. GrH-mediated cleavage of La 
results in loss of nuclear localization activity and more importantly loss of HCV-internal 
ribosome entry site-mediated translational activity. This suggests that cleavage of La by GrH 
leads to decreased HCV replication. In this perspective, granzymes utilize a fast and efficient 
noncytotoxic mechanism to block or delay viral spreading by targeting host cell proteins 
critical for viral replication.
 Cleavage of several other validated granzyme substrates might resemble a similar 
cell death-independent mechanism by which granzymes control viral infections. Some 
granzyme substrates are implicated in several aspects of the viral life cycle, including viral 
DNA/RNA metabolism, viral egress, and viral transportation. For example, GrA and GrK 
cleave components of the SET complex that should eventually lead to apoptosis [12-14, 21, 
22]. The SET complex is an ER-associated complex of Mr 270,000 – 420,000 that contains 
SET, pp32, HMGB2, and the three nucleases APE1, NM23-H1 and TREX1, and acts as a 
DNA repair complex in response to oxidative stress. Recently, it has been shown that the 
intact SET complex is required for efficient HIV-1 infection [112]. Successful HIV-1 infection 
requires reverse transcription of the HIV-1 single-stranded RNA into double-stranded DNA 
and this viral DNA is then translocated as a preintegration complex into the nucleus where 
chromosomal integration occurs [113]. Before chromosomal integration, the 3’-ends of 
viral DNA have to be processed and this can occur immediately after reverse transcription. 
These activated viral DNA-ends, however, can attack the viral DNA itself in a process called 
autointegration, which results in replication-defective viral genomes [114]. The SET complex 
directly binds to the preintegration complex and prevents suicidal autointegration [112]. 
Therefore, it will be interesting to determine whether cleavage of SET complex components 
by GrA or GrK can increase autointegration of HIV-1 DNA and prevent or delay HIV-1 infection. 
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Furthermore, SET is involved in viral transcription of early genes during adenovirus infection 
[115], suggesting that granzyme-mediated cleavage of SET could interfere with adenoviral 
replication.

GrB cleaves heterogeneous nuclear ribonucleoprotein K (hnRNP K) in mouse 
lymphoma cells undergoing GrB-induced apoptosis [116]. This multifunctional protein has 
been implicated in tumorigenesis and viral replication. In HBV infection, hnRNP K binds to 
viral DNA and modulates viral replication, which is supported by decreased HBV viral load in 
cells with decreased hnRNP K protein expression [117]. Upon infection with enterovirus 71, 
hnRNP K translocates from the nucleus towards the cytoplasm where it can bind viral RNA 
[118]. Knockdown of hnRNP K results in delayed viral RNA synthesis and decreased viral load, 
suggesting that hnRNP K is required for efficient replication of enterovirus 71 [118]. As part 
of a protein complex, which includes the HIV-1 protein Nef, hnRNP K mediates activation 
of a signaling pathway that leads to increased HIV-1 transcription [119]. Upregulation of 
hnRNP K in endothelial cells in response to dengue virus infection suggests that hnRNP K is 
also required for dengue virus replication [120]. Using a proteomic approach, GrB-substrate 
vimentin has been shown to interact with hnRNP K and dengue non-structural protein 1 
(NS1) [121]. Distortion of vimentin intermediate filaments disrupts interaction with both 
NS1 and hnRNP K, reduces NS1 and nuclear hnRNP K protein expression, and reduces 
dengue viral replication and release of viral progeny, suggesting that granzyme substrates 
vimentin and hnRNP K play important roles in the dengue viral life cycle [121]. Furthermore, 
hnRNP K forms a complex with HSV-1 protein IE63 and host cell proteins casein kinase 2 
and p32, suggesting that hnRNP K is involved in HSV-1 replication [122, 123]. Indeed, hnRNP 
K is required for virion egress of HSV-1, since downregulation of hnRNP K decreases viral 
load in supernatant of virus-infected cells, whereas viral DNA replication, gene expression, 
virion assembly, and viral load within cells remain unaffected [124], although this could be 
independent of complex formation of hnRNP K with IE63. Finally, hnRNP K interacts with IE2 
protein of human herpesvirus 6 and IE protein p30 of African swine fever virus and therefore 
might play a role in the viral life cycle of these viruses [125, 126]. Whereas hnRNP K has only 
been validated as substrate for mouse GrB, several proteomic screens show that human 
GrA, GrB and GrK can also target hnRNP K [23, 127]. Although direct evidence is missing, it 
is not surprising that multiple granzymes target host cell protein hnRNP K in order to block 
viral replication or release of viral particles to control virus infections. In addition to hnRNP 
K, other nuclear proteins are implicated in virus replication. Both DNA and RNA viruses 
interact with host cell nuclear proteins to facilitate viral replication, even though replication 
of RNA viruses occur in the cytoplasm [128, 129]. Nucleophosmin (NPM), also known as 
nucleolar phosphoprotein B23, is an abundant nuclear phosphoprotein that is involved in 
a wide variety of cellular processes and is directly cleaved by both GrB and GrM during 
granzyme-mediated killing of tumor cells [28, 130]. Moreover, NPM is involved in the viral 
life cycle of several viruses. Two isoforms of delta antigens, encoded by HDV, regulate HDV 
RNA replication and virion assembly through upregulation of and complex formation with 
NPM [131]. Furthermore, NPM interacts with core proteins of adenovirus and Japanese 
encephalitis virus thereby stimulating viral replication [132-134]. During HSV-1 infection, the 
nucleolar proteins NPM, nucleolin, and fibrillarin – which are all known granzyme substrates 
[28, 130, 135, 136] – are translocated outside the nucleolus, of which nucleolin shows the 
most dramatic subcellular translocation [137]. Therefore, the role of nucleolin in HSV-1 
infection was further analyzed by downregulating nucleolin protein expression. Nucleolin 



General introduction

19

Ch
ap

te
r 

1

proved to be essential for efficient HSV-1 replication, since knockdown of nucleolin resulted 
in decreased HSV-1 protein expression and viral load [137]. 
 Other validated granzyme substrates that might play important roles in virus 
infections are the cytoskeleton proteins α-tubulin and β-tubulin [23, 27, 138, 139]. 
Transportation of viral capsids towards the site of replication and the release of newly 
generated viral particles require an intact host microtubule network [140, 141]. Granzyme-
mediated cleavage of cytoskeleton proteins that disorganizes the microtubule cytoskeleton 
could therefore delay or reduce viral replication.

Granzymes induce the release of pro-inflammatory cytokines

An additional noncytotoxic function of several granzymes is their ability to induce the 
release of cytokines in order to create a pro-inflammatory antiviral immune response [142, 
143]. Previously, it has been shown that GrA is able to cleave the inactive precursor of 
IL-1β to the mature pro-inflammatory cytokine IL-1β in vitro, suggesting a role for GrA in 
inflammation [144]. The physiological relevance of this finding has recently been provided 
by Metkar et al., who show that under physiological conditions nanomolar concentrations 
of both human and mouse GrA – also in the absence of perforin – stimulate monocytes to 
release a set of pro-inflammatory cytokines, including IL-1β, TNFα, and IL-6 [35]. Similarly, 
mouse GrK induces macrophages to release IL-1β [145]. Interestingly, this study shows that 
mice deficient for both GrA and GrB can still control lymphocytic choriomeningitis virus 
(LCMV) infection. Furthermore, LCMV-specific CD8+ T cells isolated from these mice express 
GrK and have no cytotoxic potential. Because these LCMV-specific CD8+ T cells that are 
deficient for both GrA and GrB induce macrophages to release IL-1β, it is suggested that 
GrK plays a noncytotoxic pro-inflammatory role in LCMV infection [145]. Finally, GrM has 
been associated with a pro-inflammatory immune response, since GrM-deficient mice that 
undergo lipopolysaccharide (LPS)-induced sepsis show reduced serum pro-inflammatory 
cytokines, including IL-1α, IL-1β, TNF, and IFN-γ, and LPS-induced lethality compared to 
wild-type mice [146]. Because it is proposed that GrM acts downstream of the LPS-TLR4 
signaling pathway to regulate the pro-inflammatory response [146], this role of GrM is most 
likely dependent on perforin.

Opportunities for new antiviral therapeutic strategies

In spite of an effective immune system, viral pathogens can still cause severe diseases 
in immunocompetent humans and viral infections are of even greater concern in 
immunocompromised patients. Vaccines are not available for all viruses and antiviral drugs 
are not always effective due to drug toxicity and continual emergence of drug-resistant 
viruses. Understanding how the immune system successfully deals with viruses in healthy 
individuals and the role of granzymes in this process helps to identify potential therapeutic 
targets as well as new therapeutic strategies to counteract viral infections. Antiviral drugs are 
designed to attack various aspects of the viral life cycle. The identification of viral proteins 
that are targeted by granzymes in order to block viral replication provides promising new 
therapeutic targets for drug design. It is interesting that the same host cell proteins that are 
hijacked by multiple viruses are also targeted by granzymes. However, using these host cell 
proteins as therapeutic antiviral targets is more challenging, since these proteins might be 
critical for cellular processes in uninfected cells.
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 A different therapeutic strategy is exploiting the antiviral activites of granzymes 
to counteract viral infections. Several studies examined the use of GrB-based conjugates 
as anti-tumor immunotoxins [147]. Similar granzyme-based conjugates could be used in 
the context of viral infections, although there might be several problems that need to be 
solved before this strategy could be therapeutically applied, including the specific delivery 
of granzyme-conjugates to the target cells and into the cytoplasm. Because granzymes are 
basic proteins, they can be bound by proteoglycans at the extracellular matrix, which can 
lead to off-target effects. This problem could be overcome by a few mutations as shown 
for GrB [148]. Another potential problem is the novel extracellular role of granzymes in 
inducing pro-inflammatory cytokine responses [35, 145, 146], which could aid the antiviral 
response at sites of infection but could also pose a danger for systemic effects and thus 
requires further research.

Finally, it will be interesting to find out whether the antiviral potential of cytotoxic 
lymphocytes can be increased through upregulation of granzyme protein levels. This could 
be accomplished by (i) identifying specific stimuli that induce expression of one or more 
granzymes in vivo, or (ii) using adoptive transfer of virus-specific cytotoxic lymphocytes, 
which can be genetically engineered to increase granzyme protein levels and expanded ex 
vivo.

Aim of the thesis

In this thesis, novel anticancer and antiviral functions of granzymes will be explored. We 
aim to identify new granzyme substrates and to investigate their role in regard to cytotoxic 
lymphocyte-mediated attack of tumor cells or virus-infected cells. First, we will summarize 
the latest proteomic techniques to study granzyme specificity and to identify granzyme 
substrates (Chapter 2). In Chapter 3, we will examine granzyme-mediated cleavage of the 
transcription/translation protein heterogeneous nuclear ribonucleoprotein K (hnRNP K) and 
the role of this substrate in tumor cell survival. Then, we will investigate for the first time 
the role of human granzyme M (GrM) in human cytomegalovirus (HCMV) infections. We will 
examine whether GrM can inhibit HCMV replication in vitro by targeting host cell proteins 
(Chapter 4) and/or viral proteins (Chapter 5) that play an essential role in HCMV replication. 
Finally, we will analyze GrM protein expression in lymphocytes from healthy individuals and 
transplant patients, and correlate this to HCMV latency and reactivation (Chapters 4 and 6). 
Our findings will be summarized and discussed in Chapter 7.
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Abstract

Proteases are a family of proteolytically active enzymes whose dysfunction is implicated in a 
wide variety of human diseases. Although an estimated 2% of the human genome encodes 
for proteases, only a small fraction of these enzymes has well-characterized functions. 
Identification of the specificity and natural substrates of proteases in complex biological 
samples is challenging, but proteomic screens for proteases are currently experiencing 
impressive progress. Such proteomic screens include peptide-based libraries, fluorescent 
2-dimensional difference gel electrophoresis (2D-DIGE) with mass spectrometry, differential 
isotope labeling in combination with mass spectrometry, quantitative degradomics analysis 
of proteolytically generated neo amino-termini, and activity-based protein profiling. In the 
present review, we summarize and discuss the current status of proteomic techniques to 
identify protease specificity, cleavage sites, and natural substrates with a particular focus on 
the cytotoxic lymphocyte granule serine proteases granzymes.
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Introduction

Proteases are enzymes that catalyze the hydrolysis of peptide bonds, also termed scissile 
bonds, and might thereby activate or inactivate proteins, or affect protein localization. In 
many organisms, including humans, approximately 2% of all genes encodes for proteases 
and homologues [1, 2]. They are therefore likely to play an important role in many cellu-
lar processes in all living organisms. The complete set of proteases and protease inhibitors 
has been defined as the degradome [1]. The human degradome comprises 668 known and 
putative proteases, including membrane-bound proteases, and 400 non-peptidase homo-
logues [3]. Human proteases are divided into 5 classes, according to their domains and their 
catalytic mechanism; aspartic, cysteine, metallo, serine, and threonine proteases. Whereas 
aspartic and threonine proteases have approximately 20 and 30 members, respectively, 
cysteine, metallo, and serine proteases are more numerous with approximately 160, 220, 
and 240 members, respectively. Aspartic and metalloproteases both use an activated water 
molecule as a nucleophile to attack the scissile bond. Aspartic proteases bind the water 
molecule through two aspartic residues, whereas metalloproteases use a zinc ion to bind 
the water molecule. Cysteine, serine, and threonine proteases, on the other hand, attack 
the scissile bond through a nucleophile created by a catalytic triad.

Since proteases are involved in many cellular processes and since proteolysis 
is irreversible, the activity of proteases is tightly regulated. Like transcription, which is 
modulated by numerous stimulatory and inhibitory signals, post-translational regulation 
includes zymogen activation, allosteric regulation, inactivation through internal cleavage, 
and endogenous inhibitors [4]. All proteases are synthesized as inactive pro-proteases, called 
zymogens, and activation of these precursors is often mediated by hydrolysis, resulting in 
exposure of the protease active site. Activation can also occur through environmental 
changes. Some proteins of the pepsin family, for instance, are activated in the lysosomal 
system by acidification, in which a change in pH results in a conformational change and 
the subsequent activation of the proteases. Once activated, protease activity is mainly 
controlled by endogenous inhibitors. 

Aberrant protease activity is implicated in a wide variety of human diseases [2]. For 
example, gain-of-function mutations in aspartic protease genes of presenilins 1 and 2 cause 
early-onset familial Alzheimer disease [5]. In the coagulation cascade, mutations in serine 
protease factor IX or its cofactor VIII cause haemophilia [6]. Furthermore, Papillon-Lefevre 
syndrome and pycnodysostosis are associated with loss-of-function mutations of cathepsin 
C and K, respectively [7, 8], and loss-of-function mutations in caspase-10 result in type II 
autoimmune lymphoproliferative syndrome [9]. Polymorphisms in the metalloprotease 
gene ADAM33 are associated with asthma, and polymorphisms in the cysteine protease 
gene calpain-10 with type-2 diabetes mellitus [10, 11]. Finally, the role of proteases in 
cancer is emerging since they are implicated as important mediators in angiogenesis, cell 
survival, cell growth, inflammation, and metastasis [1, 12]. 

Proteases play crucial roles in both the adaptive and innate immune system. The 
complement system, for instance, comprises a cascade of proteases that, when triggered, 
can lead to the opsonization, phagocytosis and killing of microbes. In addition, effector cells 
of both the adaptive and innate immune system secrete proteases in order to eliminate 
pathogens, viral-infected cells and transformed cells. Cytotoxic T lymphocytes and natural 
killer cells, for instance, are key effector cells in eliminating viral-infected and transformed 
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cells [13], and can induce cell death either via a cell death receptor signaling pathway, 
or – more importantly – via the release of cytotoxic granules directed towards the target 
cell [14, 15]. These cytotoxic granules contain several components, including perforin and 
a family of highly homologous serine proteases called granzymes. Perforin facilitates the 
entry of granzymes into the target cell, where the granzymes can exert their anti-viral and 
anti-tumoral effects by the proteolysis of substrates. In humans, five granzymes have been 
identified (GrA, GrB, GrH, GrK, and GrM) that differ on the basis of their primary substrate 
specificity. GrA and GrK cleave after Arg or Lys, GrB cleaves after Asp or Glu, GrM cleaves 
after Leu or Met, and GrH cleaves after Tyr or Phe [16]. In addition to their intracellular 
functions, granzymes have also been identified as extracellular proteases in several 
inflammatory responses [17, 18]. Moreover, activation of the complement system and 
secretion of proteases by effector cells might contribute to the pathogenesis, inflammation 
and tissue damage in several clinical conditions, including allograft rejection, Alzheimer’s 
disease, ischemic and reperfusion injury, cardiovascular diseases, allergies, and autoimmune 
diseases [17-20].

Proteases can not only be used as diagnostic tools in a broad variety of diseases, but 
are also promising targets for therapy [21]. This implies that it is critical to fully understand 
the role of proteases in health and disease. So far, only a small fraction of all proteases has 
been well-characterized. Therefore, novel proteomic techniques have been developed in 
the last decade to identify protease specificity, to screen for natural protease substrates, 
and to monitor protease activity. In the present review, we summarize and discuss the 
current status of these proteomic developments, with a particular focus on the cytotoxic 
family of granzymes as model serine proteases.

Profiling protease primary and extended substrate specificity using 
peptide libraries

Primary protease substrate specificity has been defined as the amino acid residue (also 
referred to as P1) after which a protease prefers to cleave. The residues that are C-terminal 
to the cleavage site are designated as the nonprime-side sequence (P2, P3, P4, etc.), whereas 
N-terminal residues are known as the prime-side sequence (P1’, P2’, P3’, etc.) [22]. These 
residues flank the P1 amino acid and constitute the extended substrate binding site, which 
contributes to protease specificity to a large extent. Peptide-based approaches have been 
valuable biochemical tools to characterize the primary and extended protease specificity. 

One method that is commonly used to screen for protease specificity is substrate 
phage display [23]. Variable substrate peptide sequences are displayed on phages that are 
immobilized by affinity tags. Cleavage of its variable peptide sequence separates a phage from 
its affinity tag, resulting in its release. These protease-sensitive phages are then collected 
and propagated in bacteria, followed by the sequencing of the variable peptide sequence of 
each clone. Substrate phage display has been used to compare substrate specificities from 
P4 to P3’ between human and mouse GrB [24]. Two libraries were constructed, one of which 
comprised randomized peptide sequences, and one with randomized peptides that each 
contained an aspartate residue near the center of their sequence. Whereas their primary P1 
specificity is shared, human and mouse GrB show distinct extended substrate specificities 
[24, 25]. The observations that human GrB cleaves both human and mouse Bid, but mouse 
GrB cleaves neither mouse nor human Bid, suggest that GrB has species-specific functions 
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[24, 25].
In an alternative method using cellular libraries of peptide substrates (CLIPS), a 

variable substrate peptide acts as a linker between a cell surface protein and a fluorescent-
probe peptide ligand on the surface of Escherichia coli [26]. Cleavage of the variable substrate 
peptide results in reduced fluorescent labeling and non-fluorescent cells are sorted by flow 
cytometry. Although both substrate phage display and CLIPS are powerful tools to identify 
protease specificity, multiple rounds of selection are required for enrichment, followed by 
extensive sequencing, which often includes the analysis of identical clones. Furthermore, 
these methods require knowledge of the primary P1 substrate specificity of the protease 
in order to predict the cleavage site within the variable peptide sequence. Follow-up 
experiments are typically required to validate the predicted cleavage site.

To avoid time-consuming rounds of selection and enrichment, a PepChip Protease 
array is available to screen for extended substrate specificity in a similar fashion [27]. This 
array contains 1000 random 15-mer peptides, each with a biotin-labeled C-terminus and an 
N-terminus coupled to the microarray surface. Intact 15-mer peptides can be visualized by 
fluorescein-labeled streptavidin, while cleavage of peptides by incubation with a protease 
results in the release of the biotin label and reduced fluorescent labeling. However, prior 
knowledge of primary P1 substrate specificity is a prerequisite for this technique as well. 
We have previously used this method to compare the extended specificity of GrA and GrK 
[27]. Our data show that both GrK and GrA prefer P1 Arg over P1 Lys and display partially 
overlapping extended substrate specificities. However, no clear amino acid preference at 
subsites near the cleavage site has been identified, which is consistent with known cleavage 
sites in macromolecular substrates [27-29].

In order to determine protease specificity without prior knowledge of primary 
substrate specificity, peptide libraries of the human proteome have been developed, 
and can be used for the proteomic identification of protease cleavage sites (PICS) [30]. 
Proteins from human cell lysates are digested into oligopeptides, using for instance trypsin 
or chymotrypsin. Then, cysteines are reduced with iodacetamide to prevent cross-linking 
and chemical cross-reactivity of the cysteine sulfhydryls and the primary amino termini 
are blocked by reductive methylation. These proteome-derived peptide libraries can be 
incubated with a protease of interest. Subsequently, newly generated amino termini are 
labeled with biotin and isolated by immobilized streptavidin. Eluted peptides are subjected 
to mass spectrometry to identify the prime-side sequences (P1’-P6’). The nonprime-side 
sequences (P6-P1) are reconstructed by automated database searches of the human 
proteome. This method is very powerful since cleavage sites spanning from P6 to P6’ can be 
identified in the same experiment, whereas the previously described methods only predict 
the nonprime-side residues and require follow-up experiments to determine the primary 
substrate specificity. Thus, PICS directly determines the P1 scissile bond and is uniquely 
suited to study subsite cooperativity. There are some drawbacks to using PICS. First, in 
cases where the prime-side sequence occurs in more than one protein, the nonprime-side 
sequence cannot be reconstructed. Second, cleavage sites that match the specificity of 
the digestion enzyme used to create the library are excluded, because this could be the 
result of incomplete inactivation of primary amines. Also, when the protease cleavage site 
overlaps with the cleavage site of the digestion enzyme, cleavage does not occur. However, 
proteome-derived peptide libraries can be created using different digestion enzymes 
in order to overcome these limitations. This method has been used to identify protease 
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specificity for several proteases, including matrix metalloprotease 2 (MMP2), thrombin, 
neutrophil elastase, cathepsin G and K, and caspase-3 and -7 [30].

The most powerful screening tool for peptide substrate specificity makes use of 
positional scanning substrate libraries (PSLs), which were developed in the early 1990s 
[31, 32]. In order to map which residues of the substrate interact with the active site of 
the protease, small peptides are used that represent possible P4-P3-P2-P1 combinations 
with a quenched fluorophore linked to the P1-residue. This fluorophore is released upon 
peptide cleavage and then elicits fluorescence. Peptide libraries comprising 20 P1-diverse 
sublibraries with a fixed P1 and randomized P4-P3-P2 have been developed. At the moment, 
these peptide libraries provide the fastest method to map protease specificity, although 
they are limited to P1-P4 characterization, and cysteines are excluded from the libraries. 
PSLs have been used for numerous proteases, including granzymes. Harris et al. have 
combined PSLs with substrate phage display to define the extended substrate specificity of 
GrB spanning from P4 to P2’ [33]. In addition, PSLs have been used in order to determine 
the P4-P1 specificity for all five human granzymes [16, 28, 34, 35]. Quite distinct substrate 
specificities were found for each granzyme, suggesting that they may exert their anti-
tumoral and anti-viral activities via different mechanisms.

Defining the primary and extended protease specificity by peptide-based approaches 
is perfectly suited for the design of tailored small molecule inhibitors towards proteases. 
However, in order to understand the role of a protease in biological and pathological 
processes, it is important to identify its natural substrates. Since protease substrates are 
not peptides, peptide cleavage motifs rarely reflect cleavage sites within macromolecular 
substrates. Peptide cleavage motifs may for instance be buried within the three dimensional 
fold of a particular substrate. Furthermore, protease exosites can also contribute to the 
recognition and cleavage of substrates [36, 37]. Finally, a single protease often has several 
substrates and may therefore be implicated in more than one biological process. Hence, 
for functional protease profiling, the focus has shifted towards the identification of natural 
substrates in complex biological samples.

Proteomic identification of natural protease substrates

Two dimensional difference gel electrophoresis (2D-DIGE)

To screen for natural protease substrates, two-dimensional gel electrophoresis (2DE) can 
be used [38]. Protein samples are first separated by isoelectric focusing on acrylamide 
strips on which a pH gradient is generated. When an electric potential is applied to the 
strip, proteins will migrate to the position within the strip where the pH is equal to their 
isoelectric point. Secondly, the strips are subjected to SDS-PAGE gels, where proteins are 
separated according to their molecular weight. Previously, proteins were visualized by 
common protein stainings, like silver staining, where every spot represents a protein with 
unique coordinates within the gel. This two-dimensional gel-based proteomics approach 
previously proved to be successful in studying natural substrates of GrM [39] and GrB in the 
presence or absence of effector caspase-3 or -7 [40]. These studies have shown that GrM 
targets the microtubule network and that GrB facilitates cellular demolition mainly through 
activation of caspase-3, with the identification of 17 GrB-substrates after analysis of a subset 
of altered protein spots. However, by using this classical 2DE, quantification of protein spots 
between multiple samples is difficult since every sample has to be applied to a different 
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gel and inter-gel variability is high. With the development of fluorescent dyes, this method 
has been improved for the relative quantification of protein spots between two samples 
and is called two-dimensional difference gel electrophoresis (2D-DIGE) [41, 42]. In 2D-DIGE, 
protein samples are labeled with different fluorescent dyes, e.g. CyDye fluor-2, -3 or -5, 
which bind lysine residues through their N-hydroxysuccinimide (NHS)-ester reactive group. 
Since these dyes are chemically similar in both charge and molecular weight, they have 
very limited effects on the migration pattern of proteins. The fluorescently labeled protein 
samples are pooled and subjected to two-dimensional electrophoresis. For each sample, 
proteins are then visualized according to the specific excitation and emission wavelengths of 
each dye within the same gel. To further improve relative quantification of two samples, an 
internal control is created by labeling a mixture of equal amounts of both protein samples 
with Cy-2 [41]. This also allows relative quantification between multiple gels. Protein spots 
of interest can be excised and analyzed by mass spectrometry for protein identification. 
Both 2DE and 2D-DIGE have limited use for low abundance proteins, membrane-bound 
proteins, very low molecular weight proteins and proteins with an isoelectric point outside 
the pH range of 3 to 10.

Bredemeyer et al. have evaluated this method for protease substrate discovery by 
testing whether known GrB targets could be identified using 2D-DIGE [43]. Mouse lymphoma 
cell lysates were prepared in the presence of caspase inhibitors and treated with either 
purified murine GrB followed by red fluorescent Cy-5 labeling, or no protease followed by 
green fluorescent Cy-3 labeling as a control sample. Both samples were pooled and subjected 
to 2D-DIGE, and the gel was sequentially scanned for both fluorescent dyes. An overlay of 
both fluorescent images showed a map of protein spots, with yellow spots representing 
proteins that were unaffected by GrB, green spots representing intact GrB substrates, and red 
spots representing GrB-induced cleavage products. Spots that showed high reproducibility 
and more than two-fold changes in abundance were excised and identified by mass 
spectrometry. In this study, 13 spots could be identified that corresponded to 8 different 
proteins. Cleavage of the well-established GrB substrate procaspase-3 has been confirmed 
with this method, but novel GrB substrates have also been identified. Furthermore, 2D-DIGE 
proved to be successful in studying the kinetics of GrB-induced cleavage of substrates [43]. 

GrA and GrB have been studied extensively and their cell death pathways are 
well-characterized [14]. In addition, GrA has been implicated in inflammation by inducing a 
proinflammatory cytokine response [44]. In contrast, not much is known about GrK besides 
its shared primary trypsin-like substrate specificity with GrA. Therefore, it is believed that GrK 
may provide a backup and failsafe mechanism for GrA with redundant specificity. Recently, 
we have employed 2D-DIGE to compare the macromolecular substrate specificities of human 
GrA and GrK [27] (Figure 1). Out of approximately 1500 proteins, 14 spots disappeared 
(~0.9%) (intact substrates), and 22 spots appeared (cleavage products) following the 
incubation of tumor cell lysate with GrK (Figure 1c). For GrA, 30 spots disappeared (~2%) 
and 55 spots appeared following the incubation of tumor cell lysate with GrA (Figure 1c). 
The relatively low number of disappeared spots for GrK (~0.9%) and GrA (~2%) indicates 
that macromolecular substrate specificities of both granzymes are highly restricted and that 
GrK has an about 2-fold more restricted substrate specificity as compared with GrA. Six 
proteins were cleaved and shared by both granzymes, indicating that the macromolecular 
substrate specificities of both granzymes partially overlap in ~16%. Of the cleavage products 
that appear during granzyme incubation, 14 spots are shared by both granzymes, strongly 
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Figure 1. Proteomic profiling of GrA and GrK by 2D-DIGE. (a) Jurkat cell lysates were incubated with GrK (1 µM) or catalytically inactive 
GrK-SA mutant (1 µM) for 60 minutes at 37°C followed by red fluorescent Cy-5 and green fluorescent Cy-3 labeling, respectively. Samples 
were pooled and subjected to 2D-DIGE. (b) Jurkat cell lysates were incubated with GrA (1 µM) or catalytically inactive GrA-SA mutant (1 
µM) for 60 minutes at 37°C followed by red fluorescent Cy-5 and green fluorescent Cy-3 labeling, respectively. Samples were pooled and 
subjected to 2D-DIGE. Both experiments were repeated four times. Yellow spots represent unaffected proteins, green spots represent 
intact protease substrates, and red spots represent cleavage products. Numbers indicate protein spots that were excised and identified 
by mass spectrometry [27]. (c) Gels were matched and protein spots were quantified. GrK/GrK-SA log peak volume ratios of protein spots 
(y-axis) were plotted against GrA/GrA-SA log peak volume ratios of the same protein spots (x-axis). Spots are depicted in yellow (unaffected 
proteome), green (intact substrates) or red (cleavage products) according to peak volume ratios (> 1.5 fold, dotted line, and p < 0.05).
2D-DIGE, two-dimensional difference gel electrophoresis; GrK, granzyme K; GrA, granzyme A.
Redrawn with permission from [27] © 2009 The American Society for Biochemistry and Molecular Biology
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suggesting that GrA and GrK cleave these proteins at the same P1 cleavage sites. However, 
N-termini have to be identified in order to validate that GrA and GrK share these P1 cleavage 
sites. And although the identified macromolecular substrates need to be validated in vivo, 
this 2D-DIGE approach suggests that GrK does not only function as a redundant granzyme 
that assists GrA-mediated responses, but displays unique functions as well [27].

Protein Topography and Migration Analysis Platform (PROTOMAP)

Recently, a new method has been developed to screen for natural protease substrates 
using one dimensional SDS-PAGE coupled to LC-MS/MS, called protein topography and 
migration analysis platform (PROTOMAP) [45]. Previously, Thiede et al. described a 
proteomic approach in which biological samples are first fractionated by SDS-PAGE to 
reduce sample complexity. After electrophoresis, proteins from gel slices are digested with 
trypsin before protein abundance is measured by LC-MS/MS [46]. PROTOMAP, however, 
integrates the information of SDS-PAGE protein migration rates with LC-MS/MS analysis. 
In PROTOMAP, a control and experimental sample are subjected to SDS-PAGE and then gel 
bands are sliced of each sample lane with fixed intervals. Bands are digested with trypsin to 
release peptides that are subsequently analyzed by 1D reverse-phase LC-MS/MS. For each 
protein, information on SDS-PAGE migration rates, sequence coverage and spectral counts 
– i.e. the relative abundance of intact proteins and cleavage products - are integrated into 
graphs, termed peptographs. In addition to the identification of natural protease substrates 
in complex biological samples, PROTOMAP provides semiquantitative information on 
cleavage efficiency and stability of cleavage products, which indicates whether proteins are 
completely degraded or whether new forms of cleaved proteins are generated. It is possible 
to identify macromolecular cleavage sites when half-tryptic peptides are detected and one 
terminus matches the substrate specificity of the protease, although this method was not 
originally designed for this purpose.

To test this method, proteolytic events induced by the intrinsic apoptotic pathway 
were analyzed. Jurkat cells were treated with staurosporine to induce the intrinsic apoptotic 
pathway and cell lysates of apoptotic and control cells were analyzed by PROTOMAP [45]. 
More than 250 cleaved proteins were identified, which included well established caspase 
substrates as well as 170 proteins that were not previously known to be proteolyzed during 
apoptosis. Cleavage of those proteins was partly validated by western blotting and many 
cleavage sites that matched caspase substrate specificity were identified. Strikingly, proteins 
that were not previously reported to be cleaved during apoptosis were identified with lower 
spectral counts compared to proteins known to be cleaved during apoptosis, indicating that 
PROTOMAP is sensitive in detecting low abundance peptides. However, this technique is 
limited in its detection of cleavage events that cause very small changes in mass due to its 
reliance on SDS-PAGE.

Quantitative degradomics

In addition to gel-based techniques such as 2D-DIGE, a wide variety of gel-free techniques 
can be employed to identify novel macromolecular protease substrates. These gel-free 
techniques are coupled to mass spectrometry, and can provide quantitative information 
about proteolytic processing. With quantitative gel-free techniques, peptide ratios describing 
the relative abundance of specific peptides in two or more samples can be obtained. In 
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order to establish peptide ratios, the differential labeling of proteomes is required. This is 
often realized by isotopic labeling, which can be done either chemically or metabolically. The 
isotopic labeling of proteomes creates a small mass difference between the peptides that 
originate from one proteome, and the peptides originating from another proteome. When 
two or more samples are mixed and analyzed by mass spectrometry, the mass difference 
between the peptides then allows them to be traced back to their sample of origin. The 
peak intensities of the peptides can be used to establish peptide ratios. Numerous labeling 
techniques have been developed over the years, and the most commonly used techniques 
are described here.

In isotope-coded affinity tags (ICAT), developed in the late 1990s, differential 
labeling of proteomes is achieved by the chemical modification of cysteine residues with 
isotopically-coded biotin-tagged reagents [47]. These biotin-tagged reagents consist of 
three moieties: a thiol-reactive group that mediates cysteine modification, a linker, and a 
biotin tag. The linker, which is necessary for the quantitative comparison of proteomes, 
can be either light or heavy, depending on its isotopic contents. After cysteine labeling, the 
two samples are combined and digested with trypsin. Peptides that contain a biotin-labeled 
cysteine residue are captured using affinity chromatography with an avidin column, and can 
subsequently be analyzed by liquid chromatography coupled to tandem mass spectrometry 
(LC-MS/MS). The mass spectrometry analysis results in the identification of peptides, and 
the mass difference between the ICAT labels imparts to which sample each peptide peak 
belongs, allowing relative quantification of proteins or peptides.

Originally, the heavy ICAT probes contained the heavy isotope deuterium. Peptides 
labeled with either the deuterated or the non-deuterated ICAT probes, however, were 
found to separate into different fractions in liquid chromatography, complicating reliable 
quantitative analysis [48]. In order to eliminate these and additional problems of deuterated 
ICAT probes, new probes containing the 12C or 13C isotopes were developed. It has been shown 
that these isotope labels do co-elute in liquid chromatography for reactive tags similar to 
ICAT probes [49]. While these second generation probes were a large improvement on the 
deuterated probes, some problems – such as false positives caused by fragmentation of the 
relatively large ICAT tags – remained, which is why variants of the classical ICAT method have 
been designed. In the solid ICAT method [50], for instance, and in methods using cleavable 
ICAT tags , the biotin element of the ICAT label is removed, resulting in smaller labels and 
therefore fewer false positives. One of the main advantages of ICAT is its avidin-mediated 
selection step for peptides that contain biotin-labeled cysteine residues, which results in 
a substantial reduction of sample complexity. Conversely, this selection for cysteines also 
forms one of the technique’s largest drawbacks: by only analyzing peptides with cysteine 
residues, just a small fraction of the proteome can be analyzed.

Whereas ICAT specifically labels cysteine residues, iTRAQ labels both N-termini and 
the side chains of lysine residues [51]. In iTRAQ, samples are digested with trypsin, after 
which the N-termini and lysine side chains of peptides are reduced and alkylated. These can 
then be modified chemically by the amine-reactive NHS group of an iTRAQ tag. The samples 
are labeled with different iTRAQ probes, mixed, and subjected to LC-MS/MS. Aside from 
an NHS group, an iTRAQ tag also contains a reporter group and a balance group. Currently, 
eight different iTRAQ reporter groups exist, with masses varying from 113.1 to 121.1 Da. 
The mass of the entire iTRAQ tag is stabilized by the balance group, which ensures that all 
iTRAQ probes have an identical mass of 305 Da. This greatly simplifies initial sample analysis 
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and peptide identification, since peptides that are differently tagged, behave similarly in 
chromatography and appear as a single precursor ion in MS [51]. After collision induced 
dissociation (CID) in tandem mass spectrometry (MS/MS), the reporter ions fragment from 
the peptides and can be detected as low mass fragment ions, enabling relative quantification 
of peptide abundance in two or more samples. 

While iTRAQ and ICAT label proteins chemically, labeling is achieved metabolically in 
stable isotope labeling with amino acids in cell culture (SILAC) [52]. In SILAC, cells are grown 
in medium deficient for a certain amino acid, but supplemented with an isotopically labeled 
form of that amino acid (e.g. 12C- or 13C-labeled arginine). This ensures the full incorporation 
of the isotopic label, whereas chemical labeling often fails to label all of the targeted amino 
acids. While chemical labeling techniques may fail to label all targeted amino acids, the 
effect on relative quantification should be minimal, as the quantification is relative. Since 
the incorporation of SILAC labels depends on protein synthesis, however, SILAC labeling can 
only be performed on living cells. 

N-terminal enrichment

Labeling techniques such as ICAT, iTRAQ and SILAC are especially useful for proteomic analysis 
of cell surface proteolysis, in which proteins that are normally immobilized are released into 
the extracellular environment by proteolysis. ICAT has for instance been employed by Butler 
et al. to study proteolytic processing of membrane proteins from human breast cancer 
cells transfected with matrix metalloproteinase (MMP) 14 treated with or without an MMP 
inhibitor [53]. In addition, Tam et al. used ICAT to examine changes in protein abundance in 
medium from a human breast carcinoma cell line transfected with membrane type 1 MMP 
[54]. In the latter study, over a 100 proteins showed increased abundance in the medium 
of MT1-MMP transfected cells, likely due to shedding from the cell surface. In addition, 
both ICAT and iTRAQ have been employed in order to determine the levels of cleaved and 
intact proteins from culture medium of fibroblast expressing low levels of MMP-2 [55]. The 
iTRAQ approach allowed the high confidence identification of 9-fold more proteins than 
ICAT, showing its improved potential as a high content proteomics technique. For proteomic 
analysis of intracellular proteolysis, however, it remains difficult to identify protease 
substrates due to high sample complexity. Isotopic labeling techniques do enable peptide 
quantification, but become much more powerful for protease substrate identification and 
cleavage site analysis when they are coupled to specific N-terminal enrichment approaches. 

All current forms of N-terminal enrichment make use of the fact that N-termini – 
like lysine side chains – display reactive nitrogen atoms. While N-termini have α-amines, 
lysine residues have side chains with ε-amines, which behave differently in certain reactions. 
N-terminal enrichment can be achieved via either negative or positive selection of N-termini. 
In negative selection of N-termini, the N-termini and lysine side chains of proteins in both 
a protease-treated and an untreated sample are chemically modified in such a way that 
they are blocked from further modification. Subsequently, the samples are enzymatically 
digested and newly formed N-termini are chemically modified, selected, and discarded. 
The peptides that remain are those with the original and protease-generated N-termini. 
In negative selection of N-termini, the preservation of peptides with original N-termini 
positionally anchors most of the peptides to precise locations within parent proteins, 
enabling higher confidence of protein identification [56]. The removal of peptides with 
labeled neo N-termini, however, is not always very efficient, and even small inefficiencies 
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in their removal can create significant background levels and false positives. In N-terminal 
enrichment approaches that positively select for N-termini, the N-termini of protease-
treated and untreated samples are modified, after which the proteins are enzymatically 
digested. The peptides that contain a modified N-terminus are captured and analyzed. One 
aspect of this technique is the loss of endogenously N-acetylated N-termini, which account 
for approximately 80% of all N-termini [57]. This significantly reduces sample complexity, 
and therefore increases the sensitivity of the technique for proteolytic cleavage products. 

Negative selection of N-termini

Combined fractional diagonal chromatography (COFRADIC) facilitates protease substrate 
identification via negative N-termini selection [58]. In COFRADIC, the N-termini and lysine 
side chains of proteins are acetylated with N-hydroxysuccinimide (NHS) acetate, effectively 
blocking them from further modifications. The protein samples are then digested with 
trypsin, after which they are fractionated using reversed phase high performance liquid 
chromatography (HPLC). The newly formed, unblocked N-termini of the tryptic peptides 
are subsequently modified with 2,4,6-trinitrobenzenesulfonic acid (TNBS), creating highly 
hydrophobic trinitrophenyl derivatives. The separate fractions are then subjected to 
reversed phase HPLC once more. As a result of TNBS-modification, peptides with newly 
formed, modified N-termini will elute in later fractions than the fractions they originally 
eluted in, while peptides with blocked N-termini will elute in the same fraction as before. 
The peptides that elute in their original fraction in the second reversed phase HPLC run 
are collected and identified with MS/MS. The addition of a strong cation exchange 
(SCX) step prior to fractionation may even further enrich for original N-termini, yielding 
over 90% of pure N-terminal peptides [59, 60]. While this method allows for significant 
N-terminal enrichment, it does not permit relative quantification of identified peptides. 
When COFRADIC is combined with differential labeling techniques, however, quantitative 
analysis of COFRADIC peptides becomes possible. A slightly modified COFRADIC approach, 
for instance, in which the C-termini of peptides are labeled with stable 16O or 18O isotopes 
during trypsin digestion [61], has been used to relatively quantify peptide levels [62]. In 
addition, other forms of isotopic labeling may also be used to allow peptide quantification, 
amongst which SILAC labeling [60, 63]. While COFRADIC is a powerful technique for the 
quantification and identification of protease substrates, it is also very laborious and time 
consuming.

Recently, Van Damme and colleagues have used a combination of SILAC labeling 
and COFRADIC N-terminal enrichment to identify the substrates of mouse and human GrB 
orthologs [60]. Human K-562 or mouse YAC-1 cells were metabolically labeled with 12C6-, 

13C6-, 
or 13C6

15N4-labeled L-arginine. This triple SILAC labeling allows direct comparison of untreated 
cells with cells exposed to human GrB and cells exposed to mouse GrB. Furthermore, the 
triple SILAC labeling enables the determination of the relative cleavage efficiencies of 
human and mouse GrB. As a result, Van Damme et al. have identified 322 human and 282 
mouse substrates of human and mouse GrB, respectively, and over a hundred orthologous 
substrates that were cleaved by both granzymes. The identification of known GrB substrates 
such as caspase-7, lupus La protein, and fibrillarin confirmed the validity of the technique. 
Moreover, the GrB cleavage sites in these substrates could also be determined.  In another 
study, Kaiserman et al. have successfully used a similar COFRADIC approach to identify 
substrates of the rodent GrC in YAC-1 cell lysates [63]. GrC, which normally suffers from 
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autoinhibition as a result of an unusual conformation of its active site, can be unlocked 
by mutation of Glu-192 and Glu-193 to the corresponding residues in mouse GrB. By 
comparing the cleavage specificities and efficiencies of wildtype GrC with the E192R/E193G 
unlocked GrC mutant, Kaiserman and colleagues have been able to demonstrate that the 
granzyme variants share 6 substrates, which were significantly more efficiently processed by 
the unlocked GrC mutant. In addition, proteolytic processing occurred at the same positions 
in the substrates for both granzymes, suggesting that substrate specificities were similar for 
the wildtype and mutant GrC. 

In addition to COFRADIC, numerous other approaches exist that enrich for 
N-termini via negative selection. In one approach, original N-termini are first blocked 
via acetylation, after which the proteins are enzymatically digested. The newly formed 
N-termini are modified with an amino-reactive NHS-ester derivative of biotin, and the 
resulting biotinylated peptides are selectively removed by streptavidin beads [56]. In a 
slightly modified version of this protocol, amino-reactive NHS-activated sepharose is used 
instead of biotin [64]. This enables the direct removal of peptides with novel N-termini, and 
thus decreases the number of steps required for N-terminal peptide isolation and therefore 
also decreases sample loss. If this technique were to be used in combination with isotopic 
labeling of samples, identification and quantification of protease substrates would become 
possible. In a second approach known as terminal amine isotopic labeling of substrates 
(TAILS), recently developed by Kleifeld et al., samples are reduced, alkylated, and labeled 
with amino-reactive isotopically labeled reagents such as iTRAQ [65, 66]. After being labeled, 
proteins are enzymatically digested with trypsin, and peptides containing new, unblocked 
N-termini are extracted by an amine-scavenging dendritic polyglycerol aldehyde polymer. 
The peptides that remain are then analyzed by LC-MS/MS, allowing the quantitative analysis 
of protease substrates and the identification of cleavage sites. 

Positive selection of N-termini

Techniques that enrich for N-terminal peptides via positive selection have to distinguish 
between the α-amines of N-termini and the ε-amines of lysine side chains (Figure 2). In 
one strategy, proteins are first denatured, reduced and alkylated, after which all lysine 
side chains are blocked from further modification via lysine-specific guanidination with 
O-methylisourea [67, 68]. After enzymatic digestion, this then allows the specific labeling 
of N-terminal amines with NHS-biotin, which can subsequently be captured by streptavidin 
in affinity chromatography and analyzed with LC-MS/MS. While the positive selection 
of N-termini in this technique reduces sample complexity by excluding endogenously 
acetylated N-termini, the biotinylation of serine, threonine or histidine side chains could 
introduce false positives, and should therefore be highly efficient and specific for the amine 
groups of N-termini. O-biotinylation, however, can be converted chemically and database 
searching of MS/MS spectra should identify such false positives.

Another approach that selectively labels the α-amines of N-termini exploits the 
ability of subtiligase, an engineered variant of the bacterial serine protease subtilisin 
(BPN’) [69], to specifically recognize α-amines [70]. Subtiligase can transfer the N-terminal 
portion of a biotinylated peptide ester onto the free α-amines of N-termini. After enzymatic 
digestion of the proteins, N-terminal peptides can be isolated using streptavidin beads, after 
which they are released by TEV protease-mediated cleavage of the biotin tag. Following TEV 
cleavage, a dipeptide tag remains on the N-terminal peptides, which can be measured in 
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MS/MS analysis to verify the peptides as true N-terminal peptides. Unfortunately, subtiligase 
labeling is not very efficient, and therefore necessitates large quantities of complex material. 

A third method that has recently been developed to label N-termini is known 
as N-terminalomics by chemical labeling of the α-amine of proteins, or N-CLAP [71]. In 
N-CLAP, N-termini and lysine side chains are blocked by the amine-reactive reagent phenyl 
isothiocyanate (PITC). Trifluoroacetic acid can then cause the intramolecular cyclization of 
PITC-modified α-amines, but cannot cyclize PITC-modified ε-amines. The intramolecular 
cyclization of the α-amines results in the cleavage of the peptide bond between the first 
(N-terminal) amino acid and the second, generating proteins that are one amino acid 
shorter, with unblocked amines at their newly formed N-termini. These can then be labeled 
(for instance with biotin) using amine-reactive reagents, after which the proteins can be 
digested, purified and analyzed by MS. Since initial experiments with this method seemed to 
identify fewer cleavage sites than other studies did with N-terminal labeling approaches, the 
technique and instrumentation might still require some optimization to yield more results. 

Figure 2. Schematic representation of the positive selection of N-termini. In guanidination-mediated selection of N-termini, lysine 
residues (K; pink circles) are specifically blocked by O-methylisourea to protect them from further modification. The subtiligase approach, on 
the other hand, specifically labels N-termini by transferring part of a biotinylated peptide ester onto the α-amine of an N-terminus. In N-CLAP, 
both N-termini and lysines are initially blocked with PITC. Addition of TFA then results in the intramolecular cyclization of PITC-modified 
(N-terminal) α-amines and the cleavage of the peptide bond between X1 and X2. The newly formed N-terminus at X2, which is unblocked, can 
then be modified with an amine-reactive reagent such as NHS-biotin. After specific labeling of the N-termini in all three approaches, proteins 
can be digested enzymatically, and N-terminal peptides can be isolated and analyzed by (LC)-MS/MS.
K, lysine residue; (LC)-MS/MS, (liquid chromatography)-tandem mass spectrometry; N-CLAP, N-terminalomics by chemical labeling of the 
α-amines; NHS, N-hydroxysuccinimide; PITC, phenyl isothiocyanate; TEV protease, Tobacco etch virus protease; TFA, trifluoroacetic acid; 
X1, N-terminal amino acid; X2, second amino acid; etc.
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Activity-based proteomics

In order to understand whether an activated protease is involved in biological processes 
and whether aberrant protease activity is associated with disease, it is crucial to determine 
protease activity in biological samples in vivo. To this end, activity-based probes (ABP) have 
been developed that irreversibly bind to the activated form of the protease. These probes 
consist of a reactive group that covalently binds the active site, a linker, and a tag that either 
allows the visualization or the isolation of the active protease. Most often, fluorophores or 
radioactive molecules are used for visualization, while common affinity tags such as biotin 
and streptavidin are used for isolation. ABPs have been successfully developed for serine 
[72-76], cysteine [77-82], and threonine proteases [83, 84], with a reactive group that 
targets the conserved active site nucleophiles of these specific protease classes. It proved 
more challenging to design ABPs for metalloproteases and aspartic acid proteases, since 
these proteases use an activated water molecule to exert hydrolysis, and chemical reactive 
groups often lack the ability to covalently bind these active sites. To overcome this difficulty, 
ABPs for metalloproteases were designed that consist of a hydroxamate group that binds 
the zinc-molecule non-covalently but with high affinity, a photolabile group that can be 
activated by light to form covalent bonds between the probe and the target protease, and an 
affinity tag [85, 86]. ABPs with affinity tags allow proteomic profiling of activated proteases 
in biological samples and the characterization of protease function in biological processes 
[87]. It is challenging to design ABPs with complete selectivity towards all members of a 
specific protease class, which makes activity-based protein profiling difficult. ABPs that bind 
one specific protease, however, can be achieved by introducing a peptide moiety into the 
ABP with a peptide sequence that matches the protease substrate specificity. 

To demonstrate the use of ABPs, Winssinger et al. have investigated cytotoxic 
lymphocyte-mediated cell death by incubating cell lysates with GrB, and examined activity 
of several cysteine proteases using ABPs [88]. Incubation of ABPs with crude Jurkat cell 
lysates pretreated with GrB showed increased labeling of active caspase-3, a protein known 
to be cleaved and activated by GrB. In another study, Mahrus et al. have constructed 
chemical functional probes for GrA and GrB to elucidate their role in natural killer cell-
mediated killing of target cells. These biotinylated and substrate specificity-based diphenyl 
phosphonates allowed facile evaluation of selectivity through activity-based profiling in cell 
lysates and intact cells. Both inhibitors are extremely selective in vitro and in cells. Use of 
these inhibitors in cell-based assays has revealed GrA to be a minor effector and GrB to be a 
major effector of target cell killing by natural killer cells [16].

Recent developments made it possible to image protease activity in vivo. Stable 
fluorescently labeled ABPs have been developed that covalently bind active cysteine 
cathepsins [89] and caspases [90]. The latter study demonstrates the potential of these 
novel fluorescent ABPs by monitoring caspase activity in two distinct mouse models. In the 
first model, apoptosis in the thymus was induced by dexamethasone treatment, whereas 
in the second model, apoptosis was induced in cells of human colorectal tumors that had 
been xenografted onto mice. In contrast to the control probes, intravenous injection of the 
active fluorescent probes followed by noninvasive optical imaging led to the detection of 
specifically labeled activated caspases in apoptotic thymocytes ex vivo and human colorectal 
tumor cells in vivo. The activation of caspases was confirmed by SDS-PAGE analysis and 
tissue histology. Although control probes failed to bind active caspases, they accumulated 
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as free probes in apoptotic tissue and showed low tumor-specific fluorescence. These 
developments allow new methods to assess specificity of therapeutic agents in vivo and 
provide valuable information on the role of proteases in clinical conditions.

Expert commentary

During the past few decades, peptide-based proteomics has allowed us to profile and define 
the primary and extended specificity of proteases (Table 1). This peptide-centric profiling does 
not contribute significantly to our understanding of protease function in vivo, since protease 
specificity profiles rarely reflect cleavage sites in macromolecular substrates. Importantly, 
however, information on P1 and subsite substrate specificity enables the design of specific 
tailored small peptide-based protease inhibitors and the development of new tools to 
characterize protease function in vivo, such as activity-based probes. The development and 
improvement of protein-centric methods to identify natural substrates of proteases, on the 
other hand, has led to a better understanding of the role of several proteases in biological 
processes (Table 1). This means that – whilst they may sometimes provide overlapping 
information – peptide- and protein-centric approaches may also complement one another 
and offer unique information about a protease of interest. In addition, data obtained from a 
peptide-centric approach may facilitate protein-centric approaches, for instance by enabling 
the faster identification of proteolytically processed peptides in MS/MS based proteomics.

Five-year view

Proteomic screens are powerful tools to study protease function in a proteomic setting, 
and naturally generate large datasets. As the number of proteomic screens within protease 
biology expands, the amount of data generated by these screens increases dramatically 
as well. Complete data sets are often provided as supplementary data and important 
information can easily be overlooked. Hence, it is crucial to gather these data sets in an 
easily accessible central database in the near future. The field of bioinformatics is emerging 
and will be essential in this context.

Due to their high sensitivity for substrates, MS-based techniques often pick up 
physiologically irrelevant bystander substrates and might miss real, but less abundant 
substrates. A novel technique known as selective reaction monitoring (SRM) might allow 
higher selectivity for true protease substrates [91]. SRM, which employs a triple quadrupole 
(QQQ) MS, offers higher selectivity than conventional MS techniques as a result of two 
mass filtering steps, and enables the detection of low abundance peptides in highly 
complex mixtures. In SRM, samples can be spiked with internal standard peptides, allowing 
absolute quantification of a predetermined set of target peptides. Moreover, the absolute 
quantitative data that is obtained in SRM allows the reliable comparison of defined sets of 
proteins across multiple samples.

The focus of future studies will move towards the analysis of protease activity in 
physiological and clinical conditions, which will provide a better understanding of the role 
of proteases in health and disease. Studies that address protease function in physiological 
conditions are emerging and several research groups now are pioneering on this issue [62, 
65, 67, 89, 90, 92-94].With the recent development of activity-based probes, the activity of 
proteases in clinical conditions can be assessed in a physiological context. These probes can 
be used in mouse models to study protease function within its microenvironment, which 
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increases the physiological relevance of new results. Although the design of activity-based 
probes for in vivo imaging remains challenging, great effort is being made to overcome 
limitations in stability, toxicity, specificity, and cell permeability. With these novel activity-
based probes, we will gain insight in the role of proteases in many clinical conditions. Since 
proteases are promising targets for clinical therapy, and substrate specificity can now be 
easily assessed, drug design will improve significantly. Peptide-based small molecule 
inhibitors can be designed with high affinity towards one specific protease, thereby setting 
the stage for specific therapeutic interventions.

Key issues

• Aberrant protease function is implicated in a wide variety of clinical conditions.
• Peptide libraries are powerful tools to screen for protease substrate specificity.
• Identification of natural protease substrates increases our understanding of protease 

function in biological processes.
• In 2D-DIGE, fluorescent labeling of protein mixtures is used to allow relative 

quantification of proteins from multiple samples within one or more gels.
• Differential isotopic labeling of protein samples in combination with N-terminal 

enrichment approaches can be used to identify protease substrates and cleavage sites 
within these substrates, and to determine cleavage efficiencies.

• Activity-based probes provide novel ways to monitor protease activity in vivo.
• Proteases are promising targets for therapeutic intervention, since tailored peptide-

based inhibitors can be designed that are directed towards the active site of the 
protease.

• Characterization of protease function will provide valuable information for clinical 
applications.

Table 1. Proteomic screens that characterize protease function
Proteomic screen Primary P1 

specificity
Extended 
specificity

Natural 
substrates

Macromolecular 
cleavage sites

Kinetics of 
cleavage

Phage display - + - - -

CLIPS - + - - -

PepChip protease 
array

- + - - -

PICS + + - - -

PSL + + - - +

2D-DIGE +/-* +/-* + + +

Protomap - - + +/-* +

Isotopic labeling 
coupled to N-terminal 
enrichment**

+ + + + +

* It is possible to characterize these features of protease function using these proteomic screens, but they are not commonly used 
for this purpose.
** Although isotopic labeling alone is enough to characterize all of these features of protease function, it is highly recommended to 
combine it with N-terminal enrichment to reduce sample complexity.

CLIPS: cellular libraries of peptide substrates; PICS: proteomic identification of protease cleavage sites; PSL: positional scanning 
libraries; 2D-DIGE: two-dimensional difference gel electrophoresis; PROTOMAP: protein topography and migration analysis 
platform
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Abstract

Granule exocytosis by cytotoxic lymphocytes is the key mechanism to eliminate virus-infected 
cells and tumor cells. These lytic granules contain the pore-forming protein perforin and a 
set of five serine proteases called granzymes. All human granzymes display distinct substrate 
specificities and induce cell death by cleaving critical intracellular death substrates. In the 
present study, we show that all human granzymes directly cleaved the DNA/RNA-binding 
protein heterogeneous nuclear ribonucleoprotein K (hnRNP K), designating hnRNP K as the 
first known pan-granzyme substrate. Cleavage of hnRNP K was more efficient in the presence 
of RNA and occurred in two apparent proteolysis-sensitive amino acid regions, thereby 
dissecting the functional DNA/RNA-binding hnRNP K domains. HnRNP K was cleaved under 
physiological conditions when purified granzymes were delivered into living tumor cells 
and during lymphokine-activated killer cell-mediated attack. HnRNP K is essential for tumor 
cell viability, since knockdown of hnRNP K resulted in spontaneous tumor cell apoptosis 
with caspase activation and reactive oxygen species production. This apoptosis was more 
pronounced at low tumor cell density where hnRNP K knockdown also triggered a caspase-
independent apoptotic pathway. This suggests that hnRNP K promotes tumor cell survival 
in the absence of cell-cell contact. Silencing of hnRNP K protein expression rendered tumor 
cells more susceptible to cellular cytotoxicity. We conclude that hnRNP K is indispensable for 
tumor cell viability and our data suggest that targeting of hnRNP K by granzymes contributes 
to or reinforces the cell death mechanisms by which cytotoxic lymphocytes eliminate tumor 
cells.
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Introduction

Cytotoxic lymphocytes, including cytotoxic T lymphocytes, NK cells, γδT cells, and NKT cells, 
are the key effector cells in eliminating virus-infected cells and tumor cells [1, 2]. Cell death is 
induced by ligation of death receptors on the cell surface and predominantly by the release 
of cytotoxic granules that are directed towards the target cell. These cytotoxic granules 
contain several proteins, including the membrane-perturbing protein perforin and a family 
of structurally homologous serine proteases termed granzymes. While perforin facilitates 
the entry of granzymes into the target cell, granzymes induce cell death by cleaving critical 
intracellular death substrates. In humans, five granzymes have been identified (GrA, GrB, 
GrH, GrK, and GrM) that differ on the basis of their substrate specificity [2]. All granzymes 
can induce cell death by cleaving critical intracellular death substrates [1-3].
 GrA and GrB have been extensively studied [2], whereas GrH, GrK, and GrM have 
remained less appreciated [3]. GrA initiates cell death through cleavage of the mitochondrial 
protein NDUFS3 [4]. This leads to production of reactive oxygen species (ROS), translocation 
of the SET complex into the nucleus, and GrA-mediated cleavage of SET components (SET, 
ApeI, and HMG2), resulting in irreversible single-stranded nicking of chromosomal DNA 
and subsequent cell death [5-9]. GrB is a potent inducer of apoptosis through cleavage 
and activation of pro-caspase-3, leading to activation of the classical caspase cascade [10]. 
GrB also cleaves BID, resulting in increased mitochondrial membrane permeabilization and 
release of cytochrome c [10]. Activation of these GrB pathways leads to DNA fragmentation 
and apoptosis. Only two studies have addressed the mechanisms by which GrH induces 
cell death [11, 12]. Although both studies show that mitochondria are involved, they 
demonstrate conflicting results on other hallmarks of GrH cell death, such as caspase 
activation and cytochrome c release. GrK shares its tryptase-like substrate specificity with 
GrA and induces similar caspase-independent cell death pathways as GrA, characterized 
by cleavage of similar substrates (SET, ApeI, and HMG2), and similar cell death hallmarks 
(single-stranded DNA nicking and ROS production from mitochondria) [13-15]. Unlike 
GrA, GrK also targets unique death substrates, including BID, p53, and valosin-containing 
protein, to trigger mitochondrial damage, DNA fragmentation, and endoplasmic reticulum 
stress, respectively [14, 16-18]. GrM induces cell death independent of caspase activation 
and mitochondrial perturbations [19-21]. In addition, GrM has been shown to cleave Fas-
associated protein with death domain (FADD), leading to pro-caspase-8 activation and 
subsequent mitochondrial damage and apoptosome formation [22, 23].
 Previously, we and others have performed mass spectrometry-based proteomic 
screens to identify potential human granzyme substrates in tumor cell lysates [24]. 
Interestingly, one protein that has frequently been detected in these proteomic screens 
is heterogeneous nuclear ribonucleoprotein K (hnRNP K) [17, 25-27]. HnRNP K is a 
multifunctional DNA/RNA-binding protein involved in transcription/translation machinery, 
including transcription, translation, splicing, and mRNA stability [28]. In this study, we 
determined and validated which granzymes can directly cleave hnRNP K and we addressed 
the role of hnRNP K during cytotoxic lymphocyte-mediated killing of tumor cells. We showed 
that hnRNP K is the first known direct pan-granzyme substrate. HnRNP K knockdown 
rendered tumor cells more susceptible to cellular cytotoxicity and resulted in spontaneous 
tumor cell apoptosis, indicating that hnRNP K is essential for tumor cell viability. Our data 
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suggest that targeting of hnRNP K by granzymes contributes to or reinforces the cell death 
mechanisms by which cytotoxic lymphocytes eliminate tumor cells.

Materials and Methods

Cell culture and cell-free protein lysates

Cells were cultured in a 5% CO2 atmosphere at 37°C. HeLa cells were maintained in DMEM 
(Gibco) supplemented with 10% fetal calf serum, 100 units/mL penicillin and 100 μg/mL 
streptomycin (Invitrogen). Jurkat and K562 cells were maintained in RPMI 1640 medium 
(Gibco) supplemented with 10% fetal calf serum, 100 units/mL penicillin and 100 μg/mL 
streptomycin. Cell-free protein lysates were generated by washing cells three times in PBS 
and subsequent lysis in PBS by three cycles of freeze-thawing in liquid nitrogen. Samples 
were centrifuged at 18,000 x g for 10 min at 4°C and protein concentration was determined 
by the method of Bradford (Biorad).

Antibodies and reagents

Primary antibodies directed against the mid region (rabbit polyclonal, amino acid residues 
200-300), N-terminus (EP943Y, rabbit monoclonal, amino acid residues near N-terminus), 
and C-terminus (F45 P9 C7, mouse monoclonal, amino acid residues 450-463) of hnRNP K 
were purchased from Abcam. Antibodies against β-tubulin (TUB 2.1, mouse monoclonal) and 
cleaved caspase-3 (D175, rabbit polyclonal) were obtained from Sigma and Cell Signaling, 
respectively. Secondary HRP-conjugated goat anti-mouse and goat anti-rabbit antibodies 
were purchased from Biosource and Jackson, respectively. Immunoblotted proteins were 
visualized using the ECL detection system (Amersham Biosciences) and ChemiDoc XRS+ (Bio-
Rad). Pan-caspase inhibitor zVAD-fmk was obtained from Enzo Life Sciences. RNase A was 
purchased from Roche and dissolved in 20 mM Tris pH 7.4 and 150 mM NaCl. Total RNA was 
isolated using Trizol according to manufacturers’ protocol (Invitrogen).

Purified recombinant proteins

For each human granzyme, the cDNA encoding the mature protease was amplified and cloned 
into yeast expression vector pPIC9 (Invitrogen). Catalytically inactive control granzymes 
(GrA-SA, GrB-SA, GrH-SA, GrK-SA, and GrM-SA), in which the Ser195 residue in the catalytic 
center is mutated into an Ala, were generated by site-directed mutagenesis (Stratagene). 
All granzymes were expressed and purified as described previously [19]. Briefly, P. pastoris 
GS115 cells were transformed with the pPIC9-granzyme expression plasmids and granzymes 
were expressed for 72 h in conditioned media, according to the manufacturers’ protocol 
(Invitrogen). The granzymes were purified to homogeneity using an SP-Sepharose column 
(GE Healthcare) with 1 M NaCl for elution and dialyzed against 50 mM Tris pH 7.4 and 150 
mM NaCl, and stored at -80°C. Recombinant granzymes were pure (>98%) as determined by 
SDS-PAGE. All granzymes were active as determined by small synthetic peptide substrates 
and by assessing granzyme-specific macromolecular substrate cleavage (data not shown). 
In contrast to the other granzymes, stock concentrations of GrH and GrH-SA were low due 
to inefficient recombinant GrH and GrH-SA expression by P. pastoris and therefore lower 
concentrations of these granzymes had to be used in several experiments.
 BL21-CodonPlus competent E. coli cells (Stratagene) were transformed with the 
pET16-b-His-hnRNP K expression plasmid (a kind gift from Dr. A. Ostareck-Lederer, Martin 
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Luther University Halle-Wittenberg, Germany) and cultured in LB medium. At an OD600 
between 0.4 and 1.0, cells were stimulated with 0.4 mM IPTG and incubated for 3 h at 37°C 
at 225 rpm. Cells were harvested and lysed by sonification. N-terminal His-tagged hnRNP 
K protein was purified to homogeneity using Talon metal-chelate affinity chromatography 
(Clontech) with 125 mM imidazole in PBS (pH 7.5) for elution and stored at 4°C.

Granzyme killing assay

HeLa cells were grown to confluence in 96-well plates, washed twice with serum free DMEM 
and incubated with the perforin-analog streptolysin O (SLO, Aalto) in serum free DMEM and 
purified granzyme in a buffer containing 50 mM Tris and 150 mM NaCl in a final volume of 30 
μL for 30 min at 37°C. Cells treated with GrB were directly lysed by adding reducing sample 
buffer. For cells treated with the other granzymes, supernatant was removed and cells were 
cultured in 100 μL DMEM containing 10% FCS for 16 h after which cells were washed two 
times with PBS and directly lysed in reducing sample buffer. Protein expression was analyzed 
by immunoblotting.

LAK cell-mediated cytotoxicity assay

Lymphokine-activated killer (LAK) cells were obtained by culturing peripheral blood 
mononuclear cells for 4 days in RPMI 1640 medium supplemented with 5% human AB 
serum and 1000 units/mL of recombinant interleukin-2 (WAKO, Japan). HeLa cells or K562 
cells were incubated with LAK effector cells at the indicated effector:target (E:T) ratios. To 
measure specific cytotoxicity, cells were labeled with propidium iodide (PI) (Sigma) in 100 
μL annexin-V binding buffer (140 mM NaCl, 4 mM KCl, 0.75 mM MgCl2, and 10 mM CaCl2) 
for 15 min at room temperature after which 500 μL annexin-V binding buffer was added. 
Cells were analyzed by flow cytometry and target cells were gated based on forward and 
side scatter analysis. For protein analysis, cells were washed two times with PBS and directly 
lysed in reducing sample buffer. Protein expression was analyzed by immunoblotting.

siRNA-mediated knockdown of hnRNP K protein expression

HeLa cells were seeded in 6-well plates and left untreated or transfected with control On-
Target plus Non-targeting Pool siRNA (Dharmacon) or hnRNP K On-Target plus SMARTpool 
siRNA (Dharmacon) using Lipofectamine 2000 (Invitrogen) according to the manufacturers’ 
instructions, in the presence or absence of zVAD-fmk (100 μM). To confirm knockdown, 
cells were lysed three days post-infection in PBS by three cycles of freeze/thawing in 
liquid nitrogen. Samples were centrifuged at 18,000 x g for 10 min at 4°C, and protein 
concentration was determined by the method of Bradford (Biorad). Protein expression of 
hnRNP K was analyzed by immunoblotting. Three days post transfection, cells were either 
subjected to xCELLigence or seeded in 96-well plates (1 x 104 cells/well) and measured for 
cell viability using WST-1 assay (Roche) and cell damage by LDH assay (Roche) according to 
the manufacturers’ protocol. Cells were seeded in 6-well plates (1-2 x 105 cells/well) and 
cell cycle profiles, apoptosis, and ROS levels were assessed by flow cytometry. To determine 
caspase-3 and -7 activities, cells were seeded in white 96-well flat bottom plates (3750 cells/
well) and subjected to Caspase-Glo 3/7 assay (Promega) according to the manufacturers’ 
protocol. Luciferase activities were assessed in time using a Veritas Microplate Luminometer 
(Turner Biosystems). Maximum luciferase activity for each condition was determined, 
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normalized for cell numbers as assessed by a WST-1 assay, and the mean luciferase activity 
from control cells (control siRNA without zVAD-fmk) was set at 1.

xCELLigence

The xCELLigence system (Roche) monitors cellular events in real-time without the 
incorporation of labels. The system measures electrical impedance across interdigitated 
micro-electrodes integrated on the bottom of 16-well tissue culture plates (E-plates). Well size 
of these E-plates is similar to that of common 96-well plates. The impedance measurement 
provides quantitative information about the overall biological status of the cells, including 
cell number, viability, adherence, and morphology. xCELLigence was performed according to 
manufacturers’ protocol (Roche). Briefly, background cell index (CI) values for each E-plate 
well (Roche) were measured using medium only. Medium was removed and cells were 
seeded at different cell densities. When cells were treated with zVAD-fmk (100 μM), control 
cells were treated with vehicle only (DMSO). CI values were measured every 10 min for 6 h 
and then every 20 min for 72 h. 

Flow cytometry analysis

Cells were trypsinized, harvested and washed twice with PBS. For analysis of cell death, 
cells were pelleted and stained with annexin-V-FLUOS (Roche) and PI in 100 μL annexin-V 
binding buffer for 15 min at room temperature after which 500 μL annexin-V binding buffer 
was added. For analysis of ROS levels, cells were pelleted and stained with 50 μL 10 μM 
CM-H

2DCFDA for 30 min at 37°C and resuspended in 250 μL PBS. As a positive control, cells 
were resuspended in 500 μM H2 O2. To determine cell cycle profiles, cells were fixed (100% 
ethanol), washed with PBS, treated with RNase A, and stained with PI for 1.5 h at 37°C. 
Fluorescence was measured by fluorescence-activated cell sorter (FACS) on a FACS Calibur 
(BD Biosciences) and data was analyzed with CellQuest Pro software (BD Biosciences).

Statistical analysis

Data are depicted as mean values plus or minus SD. All statistical analyses were performed 
using unpaired t-test when comparing two groups or one-way ANOVA with Bonferroni 
correction when comparing three or more groups. P-values less than 0.05 were considered 
statistically significant.

Results

HnRNP K is degraded by all human granzymes in tumor lysates

To determine whether hnRNP K is cleaved by human granzymes, Jurkat tumor cell lysates 
were incubated with the individual purified human granzymes or their catalytically inactive 
control (SA) variants and hnRNP K cleavage was examined by immunoblotting. Cleavage of 
hnRNP K by all granzymes was demonstrated by the disappearance of full-length hnRNP 
K (~62 kDa) in a dose-dependent manner, suggesting that hnRNP K is a pan-granzyme 
substrate (Figure 1a-e). The difference in substrate specificity of granzymes is illustrated 
by distinct hnRNP K cleavage products that were observed. Interestingly, one hnRNP 
K cleavage product at ~45 kDa was detected upon cleavage by GrA, GrB, GrH, and GrM. 
Also some minor aspecific degradation of hnRNP K was observed when lysates were left 
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untreated or incubated with inactive control granzymes, most likely due to an endogenous 
protease within lysates. Since GrB activates pro-caspase-3, we determined whether GrB-
mediated hnRNP K cleavage is caspase-dependent. To this end, Jurkat tumor cell lysates 
were incubated with GrB in the absence or presence of pan-caspase inhibitor compound 
zVAD-fmk (Figure 1f). Although caspase activity is inhibited by zVAD-fmk, as demonstrated 
by blocked autocatalytic activity of caspase-3 to process itself into the p17 fragment, hnRNP 
K was still efficiently cleaved by GrB. This indicates that GrB-mediated hnRNP K cleavage is 
caspase-independent.

HnRNP K is a direct pan-granzyme substrate

To determine whether all granzymes directly cleave hnRNP K, purified recombinant His-
tagged hnRNP K was incubated with increasing concentrations of individual granzymes 
or inactive controls and hnRNP K cleavage was monitored by SDS PAGE analysis. Again, 
cleavage of hnRNP K was observed upon treatment with all individual granzymes (Figure 
2a-e). Based on the SDS PAGE degradation kinetics, GrH and GrK were more efficient in 
cleaving hnRNP K as compared to GrA, GrB, and GrM (Figure 2f). These data indicate that 
hnRNP K is a direct pan-granzyme substrate in vitro. We and others have identified hnRNP K 
as a potential substrate for several human granzymes in tumor cell lysates using proteomic 
screens with mass spectrometry [17, 24-27]. We took advantage of these screens to gain 
insight into the granzyme cleavage sites in hnRNP K (Figure 2g) [25-27, 29, 30]. Furthermore, 
we used monoclonal antibodies that detect the absolute N- or C-terminus of hnRNP K as 
well as site-directed mutagenesis of several predicted granzyme cleavage sites (data not 

Figure 1. HnRNP K is degraded by all five human granzymes in tumor lysates. (a) Jurkat cell lysates (5 μg) were incubated with 
increasing concentrations of GrA, (b) GrB, (c) GrH, (d) GrK, (e) GrM, or their corresponding catalytically inactive control granzyme (SA) (300 
nM) in a buffer containing 50 mM Tris pH 7.4 and 150 mM NaCl for 4 h at 37°C and immunoblotted using an antibody against the mid region of 
hnRNP K. (f) Jurkat cell lysates (5 μg) were incubated with increasing concentrations of GrB in the absence or presence of the pan-caspase 
inhibitor zVAD-fmk (100 μM) or GrK (500 nM) for 4 h at 37°C and immunoblotted using antibodies against the mid region of hnRNP K or active 
caspase-3 (D175) (*, GrB-mediated hnRNP K cleavage products; **, GrK-mediated hnRNP K cleavage product).
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shown). This analysis showed that granzyme-mediated cleavage of hnRNP K was mostly 
confined to two apparent proteolysis-sensitive amino acid regions, located between the 
functional DNA/RNA binding KH domains (Figure 2g). Granzyme cleavage sites in hnRNP K 
include at least Arg37 (GrA), Asp26, Asp93, Asp128, and Asp382 (GrB), Arg305 (GrK), Leu125, Leu133, 
and Met359 (GrM). Thus, these data indicate that all human granzymes directly cleave hnRNP 
K, thereby dissecting its functional KH domains.

RNA promotes hnRNP K cleavage by granzymes

Remarkably, granzyme-mediated cleavage of purified hnRNP K (Figure 2) necessitated 
longer incubation times as compared to cleavage in lysates (Figure 1), suggesting that 
efficient cleavage of hnRNP K requires cellular factors present within tumor cell lysates. 
Since hnRNP K is known to bind RNA [28, 31], the effects of RNA on granzyme-mediated 
hnRNP K cleavage was examined. First, Jurkat tumor cell lysates were either pre-treated with 
RNase to remove RNA from the lysates or left untreated prior to incubations with granzymes 
(Figure 3a). Immunoblot analysis showed that all five human granzymes cleaved hnRNP K 

Figure 2. HnRNP K is a direct pan-granzyme substrate. (a) Purified His-hnRNP K (1 μg,  ~750 nM) was incubated with increasing 
concentrations of GrA, (b) GrB, (c) GrH, (d) GrK, (e) GrM, or their corresponding catalytically inactive control granzyme (SA) (300 nM for 
GrH-SA and 500 nM for the other control granzymes) in a buffer containing 50 mM Tris pH 7.4 and 150 mM NaCl for 16 h at 37°C, subjected 
to SDS PAGE and all proteins were stained with Simply Blue. (f) Band intensities were quantified and plotted with His-hnRNP K without 
granzyme set at 100%. A non-linear regression curve (one phase exponential decay) was fitted and the concentration of granzyme required 
to cleave 50% hnRNP K was determined for each granzyme (GrA, 249 nM; GrB, 146 nM; GrH, 9.5 nM; GrK, 13 nM; GrM, 499 nM). (g) 
Schematic overview of granzyme cleavage sites within hnRNP K. Cleavage sites were identified by 1) proteomic screens [25-27, 29, 30], 
2) site-directed mutagenesis and validated by immunoblotting, or amino acid regions harboring a potential granzyme cleavage site were 
predicted by 3) immunoblotting using antibodies directed against the mid region as well as the absolute N- or C-terminus of hnRNP K. (NLS, 
nuclear localization signal; KH, K homology domain; KI, K interactive region; KNS, K nuclear shuttling signal; RGG, arginine-glycine-glycine)
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less efficiently when lysates were pre-treated with RNase, indicating that RNA promotes 
granzyme-mediated cleavage of hnRNP K. To further support this finding, purified hnRNP 
K was pre-treated with or without isolated RNA prior to granzyme incubations, and hnRNP 
K cleavage was determined by SDS PAGE analysis. All granzymes more efficiently cleaved 
purified hnRNP K in the presence of RNA (Figure 3b). These data indicate that RNA either 
promotes protease-substrate interaction or renders hnRNP K more sensitive to proteolysis.

HnRNP K is cleaved under physiological conditions

To assess hnRNP K cleavage under physiological conditions, intact HeLa tumor cells were 
treated with the perforin-analog SLO in combination with an individual granzyme (Figure 
4a). Cells that were treated with inactive control granzymes did not show any cleavage of 
hnRNP K. Except for GrA, all granzymes cleaved hnRNP K when delivered into target cells 
as illustrated by the appearance of cleavage products in cells treated with both granzyme 
and SLO. These hnRNP K cleavage fragments were at the same size as detected in cellular 
lysates (Figure 1). This indicates that at least GrB, GrH, GrK, and GrM target hnRNP K within 
living tumor cells. Cleavage of hnRNP K was further analyzed by challenging HeLa cells with 
lymphokine-activated killer (LAK) cells, which contain all granzymes, for 4 h, after which cell 
lysates were subjected to immunoblotting. As expected, no decrease in full-length hnRNP 
K could be observed, because hnRNP K originating from LAK cells was also present in all 
samples (data not shown). However, a cleavage fragment of ~45 kDa appeared with increasing 
effector:target ratios (Figure 4b, upper panel), indicating that LAK cells mediate cleavage of 
hnRNP K inside tumor target cells. Similar results were observed when K562 tumor cells 
were challenged with LAK cells (data not shown). Antibodies against the absolute N- or 
C-terminus of hnRNP K identified this ~45 kDa hnRNP K cleavage fragment as the N-terminal 
part of hnRNP K (Figure 4b, middle panel) and a smaller ~20 kDa fragment as the C-terminal 
part of hnRNP K (Figure 4b, lower panel). These data indicate that intracellular hnRNP K 
in living tumor cells is cleaved by individual granzymes and during cytotoxic lymphocyte-
mediated killing.

HnRNP K is required for tumor cell survival

Granzyme-mediated cleavage and inactivation of hnRNP K might be directly involved in the 
induction of tumor cell death. To investigate whether hnRNP K is required for tumor cell 

Figure 3. RNA promotes granzyme-mediated 
cleavage of hnRNP K. (a) Jurkat cell lysates (5 μg) 
were pre-treated with RNase (100 μg/mL) or left 
untreated for 30 min at 37°C followed by incubation 
with GrA (200 nM), GrB (200 nM), GrH (25 nM), 
GrK (25 nM), GrM (200 nM), or their corresponding 
concentration-matched catalytically inactive control 
granzyme (SA) in a buffer containing 50 mM Tris pH 7.4 
and 150 mM NaCl for 4 h at 37°C and immunoblotted 
using an antibody against the mid region of hnRNP K. 
(b) Purified His-hnRNP K (1 ug, ~1 μM) was pre-treated 
with RNA (100 ng) or left untreated for 30 min at 37°C 
followed by incubations with GrA (249 nM), GrB (146 
nM), GrH (9.5 nM), GrK (13 nM), GrM (499 nM), or 
their corresponding concentration-matched catalytically 
inactive control granzyme (SA) in a buffer containing 50 
mM Tris pH 7.4 and 150 mM NaCl for 16 h at 37°C, 
subjected to SDS PAGE and all proteins were stained 
with Instant Blue.



Chapter 3

62

survival, HeLa cells were treated with control siRNA or siRNA directed against hnRNP K, 
and knockdown was confirmed by immunoblotting to be ~80-90% (Figure 5a). Cells were 
seeded at different cell densities, and overall cell behavior was monitored real-time for 72 
h using xCELLigence. Cells treated with hnRNP K siRNA showed dramatically decreased CI 
values compared to control cells at low cell densities (below 5000 cells/well) (Figure 5b). 
Microscopic analysis of these cells revealed that this decreased CI value coincided with 
fewer adherent HeLa cells (Figure 5c). Interestingly, this hnRNP K knockdown phenotype 
became less apparent when cells were seeded at higher cell densities (above 5000 cells/
well) (Figure 5b). To examine hnRNP K knockdown in more detail, control and hnRNP 
K-deficient tumor cells were evaluated in several biological assays. Knockdown of hnRNP 
K resulted in decreased cell numbers (Figure 5d), which was not explained by decreased 
proliferation, since cell cycle profiles were similar between hnRNP K knockdown and control 
cells (Figure 5e). However, cells treated with hnRNP K siRNA showed low cell viability (WST-
1 assay) (Figure 5f) and high cell damage (LDH assay) (Figure 5g) as compared to control 
cells. FACS analysis showed increased annexin-V-positive and PI-positive cells when cells 
were treated with hnRNP K siRNA as compared to control cells (Figure 5h). Finally, hnRNP 
K knockdown resulted in increased ROS production (Figure 5i). Taken together, these data 
indicate that downregulation of hnRNP K leads to spontaneous apoptosis, which is most 
pronounced at low tumor cell density.

Loss of hnRNP K leads to caspase-dependent and caspase-independent cell death

To examine whether caspases are involved in apoptosis caused by loss of hnRNP K, HeLa 
cells were treated with hnRNP K or control siRNA, seeded at low cell density, and activation 
of caspase-3 and -7 was determined. Knockdown of hnRNP K resulted in increased caspase-3 
and -7 activation, which was completely blocked by the pan-caspase inhibitor zVAD-fmk 

Figure 4. HnRNP K is a physiological 
granzyme substrate. (a) HeLa cells were 
incubated with GrA (1 μM), GrB (1 μM), GrH 
(0.2 μM), GrK (1 μM), GrM (1 μM) or their 
corresponding catalytically inactive control 
granzyme (SA) in the presence of SLO 
(500 ng/mL) for 30 min (GrB) or 16 h (other 
granzymes) at 37°C. Lysates were subjected 
to immunoblotting using an antibody against 
the mid region of hnRNP K. (b) HeLa cells 
were challenged with increasing E:T ratios 
of LAK cells for 4 h at 37ºC. Lysates were 
subjected to immunoblotting using antibodies 
directed against the mid region, N-terminus, or 
C-terminus of hnRNP K.
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Figure 5. Knockdown of hnRNP K in tumor cells results in spontaneous cell death. HeLa cells were transfected with control siRNA, 
hnRNP K siRNA, or left untreated. (a) Knockdown of hnRNP K was validated by subjecting cell lysates to immunoblotting using antibodies 
against the mid region of hnRNP K and β–tubulin. (b) Three days post transfection, cells were seeded in E-plates at different cell densities 
and overall cell behavior was monitored real-time using xCELLigence. Number of seeded cells per well is indicated and data depicted 
represent the mean ±SD of triplicates. (c) Cells were assessed by phase contrast microscopy 5 days post transfection and (d) cell numbers 
were counted using a counter chamber 7 days post transfection. (e) Cells (2 x 105 cells/well) were seeded in 6-well plates 3 days post 
transfection and cell cycle profiles were assessed by staining fixed and permeabilized cells with PI 6 days post transfection. (f) Cells were 
seeded in 96-well plates and cell viability was determined by WST-1 assay, and (g) cell damage was assessed by LDH assay 6 days 
post transfection. (h) Cells (2 x 105 cells/well) were seeded in 6-well plates and apoptosis was assessed by staining cells with annexin-V-
FLUOS and PI followed by flow cytometry analysis 6 days post transfection. (i) ROS levels in cells were determined by staining cells with 
CM-H2DCFDA followed by flow cytometry analysis 6 days post transfection. Cells treated with H2O2 were used as a positive control. Bars 
represent the mean ±SD of at least two individual experiments performed in triplicates. *p < 0.01, **p < 0.001
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(Figure 6a). Knockdown of hnRNP K in the presence of zVAD-fmk at least partially inhibited 
apoptosis (Figure 6b). This indicates that loss of hnRNP K results in caspase activation. Since 
the hnRNP K knockdown phenotype was highly dependent on cell density as observed by 
xCELLigence (Figure 5b), we examined the role of caspases during hnRNP K knockdown 
at different cell densities. To this end, cells were treated with either hnRNP K or control 
siRNA in the presence or absence of zVAD-fmk, seeded at low and high cell density, and the 
hnRNP K knockdown phenotype was assessed using xCELLigence. Inhibition of caspases had 
a minor effect at low cell density, whereas inhibition of caspases completely restored the 
hnRNP K knockdown phenotype at high cell density (Figure 6c). These data indicate that cell 
death due to loss of hnRNP K is mediated through activation of caspases, but also through a 
caspase-independent pathway that only occurs at low tumor cell density, likely when there 
is loss of cell-cell contact.

HnRNP K knockdown sensitizes tumor cells to cytotoxic lymphocyte-mediated killing

If hnRNP K cleavage and inactivation by granzymes were to play a role during cytotoxic 
lymphocyte-mediated attack, one would expect that hnRNP K silencing in tumor cells would 
render these cells more susceptible to LAK cell-mediated cell death. HnRNP K-deficient or 
control tumor cell numbers were matched (30,000 cells/well) and incubated with LAK cells 
for 8 h at different effector:target ratios, and specific LAK cell-mediated cytotoxicity was 
determined. Indeed, knockdown of hnRNP K rendered tumor cells more sensitive to LAK 
cell-mediated killing (Figure 7). These effects were dependent on the presence of LAK cells  
and could not be explained by increased apoptosis in tumor target cells due to loss of hnRNP 
K. As expected, control and hnRNP K-deficient tumor cells (seeded at high cell density) did 
not show any spontaneous cell death during the experiment (data not shown). These data 
indicate that hnRNP K knockdown in tumor cells facilitates cell death induced by LAK cells.

Figure 6. Loss of hnRNP K leads to caspase-dependent and 
caspase-independent cell death. HeLa cells were transfected with 
control or hnRNP K siRNA in the presence or absence of zVAD-fmk (100 
μM). (a) Three days post transfection, cells (3750 cells/well) were seeded 
in 96-well plates and five days post transfection, activity of caspase-3 and 
-7 was assessed by subjecting cell lysates to Caspase-Glo 3/7 Assay. 
Bars represent the mean ±SD of triplicates. (b) Cells (1 x 105 cells/well) 
were seeded in 6-well plates 3 days post transfection and apoptosis was 
assessed by staining cells with annexin-V-FLUOS and PI followed by 
flow cytometry analysis 5 days post transfection. Background apoptotic 
values of control siRNA-treated cells were subtracted and the apoptotic 
value of hnRNP K siRNA-treated cells without zVAD-fmk was set to 
100%. Bars represent the mean with range of two individual experiments. 
(c) Three days post transfection, cells were seeded in E-plates at 
different cell densities (3750 or 7500 cells/well) and overall cell behavior 
was monitored real-time using xCELLigence. Bars represent the mean 
±SD of at least two individual experiments performed in triplicates. *p < 
0.01, **p < 0.001
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Discussion

Granzymes are the key molecules that cytotoxic lymphocytes use to eliminate virus-infected 
cells and tumor cells. In humans, five granzymes exist that all trigger cell death and differ 
on the basis of their substrate specificity [1-3]. These differences in granzyme substrate 
specificities allow distinct mechanisms to induce cell death, thereby likely bypassing 
potential inhibitors of apoptosis that target cells often express. Despite the distinct 
substrate specificities, we showed in the present study for the first time that all five human 
granzymes directly targeted the same substrate in vitro (Figure 1,2), i.e. hnRNP K, a protein 
that is involved in a variety of RNA and DNA processes [28]. HnRNP K was cleaved under 
physiological conditions when purified GrB, GrH, GrK or GrM was delivered into living tumor 
cells and during LAK cell-mediated attack (Figure 4). HnRNP K is essential for tumor cell 
viability, since knockdown of hnRNP K resulted in spontaneous tumor cell apoptosis with 
caspase activation and ROS production (Figure 5,6). This apoptosis was most pronounced 
at low tumor cell density, where hnRNP K knockdown also triggered a caspase-independent 
apoptotic pathway (Figure 5,6). Finally, silencing of hnRNP K protein expression rendered 
tumor cells more susceptible to LAK cell-mediated cytotoxicity (Figure 7). Cleavage of hnRNP 
K by multiple granzymes provides a high functional redundancy, most likely reflecting the 
importance of hnRNP K as a target during cytotoxic lymphocyte-mediated killing.
 The main function described for hnRNP K is its involvement in DNA and RNA 
processes, including chromatin remodeling, transcription, splicing, mRNA stability, and 
translation [28]. HnRNP K function is predominantly mediated through its three DNA/
RNA binding KH domains (Figure 2g) [28]. The functional importance of these domains 
is supported by the high evolutionary conservation of the primary structure of the three 
KH domains between hnRNP K and orthologs in a wide range of other species, including 
S. cerevisiae, C. elegans, D. melanogaster, and X. laevis [28]. KH domains cooperate in a 
synergistic manner, since individual or combinations of two KH domains bind dramatically 
less efficient to RNA as compared with full-length hnRNP K [31]. Apparently, full cooperation 
between KH domains is required in a three-pronged interaction with DNA/RNA to create 
high affinity binding and increased specificity. We identified two proteolysis-sensitive 
amino acid regions in hnRNP K that were attacked by multiple human granzymes, thereby 
dissecting all three functional KH domains (Figure 1,2). Therefore, it seems conceivable that 
proteolytic dissociation of a single or multiple KH domains by granzymes abolishes both 
affinity and specificity of hnRNP K to bind RNA and DNA structures. Interestingly, granzymes 
more efficiently cleaved hnRNP K in the presence of RNA (Figure 3). This suggests that RNA 
facilitates the interaction between hnRNP K and granzymes or that granzymes cleave hnRNP 
K more efficiently in its functional RNA-bound conformation.

Figure 7. HnRNP K protects tumor cells from LAK cell-
mediated killing. HeLa cells were transfected with control siRNA 
or hnRNP K siRNA. Three days post transfections, cells were 
challenged with increasing E:T ratios of LAK cells for 8 h at 37ºC. 
Cells were stained with PI and cell death of gated HeLa cells was 
analyzed by flow cytometry. LAK cell-specific cytotoxicity was 
calculated. Data depicted represent the mean ±SD of triplicates. 
*p < 0.01, **p < 0.001
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 We have demonstrated that functional inactivation of hnRNP K by RNA-interference 
led to spontaneous apoptosis in tumor cells (Figure 5). This is consistent with two recent 
studies that show a role of hnRNP K in cell survival [32, 33]. In contrast, several other studies 
have demonstrated that hnRNP K depletion from virus-infected cells does not affect cell 
survival or apoptosis [34-36]. Several observations could explain this discrepancy. First, we 
found that spontaneous apoptosis following hnRNP K knockdown was most efficient at low 
cell density (Figure 5), suggesting that loss of cell-cell contact enhances the apoptotic signal 
initiated in hnRNP K-deficient tumor cells. This may also explain why elevated hnRNP K 
expression is beneficial for tumor cell migration and metastasis [37]. Second, Chen et al. have 
demonstrated that knockdown of hnRNP K does not result in spontaneous cell death, but 
instead sensitizes tumor cells to death receptor (TRAIL)-induced apoptosis [38]. Likewise, we 
demonstrated that loss of hnRNP K sensitizes tumor cells to cytotoxic lymphocyte-mediated 
killing (Figure 4). Taken together, these data suggest that loss of hnRNP K leads to cell 
death under conditions of stress depending on other pro-apoptotic factors in the biological 
environment. In this model, granzyme-mediated cleavage of hnRNP K could reinforce the 
multiple cell death pathways that all granzymes and/or death receptors trigger, thereby 
contributing to the mechanism by which cytotoxic lymphocytes eliminate tumor cells.
 The precise mechanism by which hnRNP K inactivation or knockdown triggers 
apoptosis remains unclear. Knockdown of hnRNP K shifts the splicing of the Bcl-x pre-mRNA 
from the anti-apoptotic Bcl-x  l towards the pro-apoptotic Bcl-xs isoform [39]. HnRNP K also 
directly binds to the promotor region of the caspase-8 inhibitor FLIP gene, thereby increasing 
FLIP expression [38]. Although these studies do not show a direct correlation between 
hnRNP K and apoptosis or cell viability, it could explain how hnRNP K inactivation triggers 
caspase activation and apoptosis. Consistent with these data, we found that cell death due 
to loss of hnRNP K was completely caspase-dependent at high cell density (Figure 6). At 
low cell density, however, we also found a caspase-independent pathway that mediates cell 
death following hnRNP K depletion from tumor cells (Figure 6). Further studies are required 
to address the mechanism by which hnRNP K positively regulates cell survival independent 
of caspases.
 Overexpression or altered subcellular expression of hnRNP K in numerous tumors 
has been positively correlated with poor clinical outcome [40-45]. This further supports a 
role of hnRNP K in tumorigenesis that can be attributed to improved tumor cell survival 
(Figure 5-7) and/or improved tumor cell migration and metastasis [37]. Our data show that 
hnRNP K also protected tumor cells from cytotoxic lymphocyte-mediated attack (Figure 
5). This raises the interesting possibility that tumor cells upregulate hnRNP K expression 
to evade granzyme-mediated cytotoxic immune response. Thus, hnRNP K would be an 
interesting therapeutic target to inhibit tumorigenesis and tumor progression.
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Abstract

Human cytomegalovirus (HCMV) is the most frequent viral cause of congenital defects and 
HCMV infection in immunocompromised patients may trigger devastating disease. Cytotoxic 
lymphocytes control HCMV by releasing granzymes towards virus-infected cells. In mice, 
granzyme M (GrM) plays a physiological role in controlling murine CMV infection. However, 
the underlying mechanism remains poorly understood. In the present study, we showed that 
human GrM was expressed by HCMV-specific CD8+ T cells both in latently-infected healthy 
individuals and in transplant patients during primary HCMV infection. We identified host 
cell heterogeneous nuclear ribonucleoprotein K (hnRNP K) as a physiological GrM substrate. 
GrM most efficiently cleaved hnRNP K in the presence of RNA at multiple sites, thereby 
likely destroying hnRNP K function. Host cell hnRNP K was essential for HCMV replication 
not only by promoting viability of HCMV-infected cells but predominantly by regulating viral 
immediate-early 2 (IE2) protein levels. Furthermore, hnRNP K interacted with IE2 mRNA. 
Finally, GrM decreased IE2 protein expression in HCMV-infected cells. Our data suggest that 
targeting of hnRNP K by GrM contributes to the mechanism by which cytotoxic lymphocytes 
inhibit HCMV replication. This is the first evidence that cytotoxic lymphocytes target host 
cell proteins to control HCMV infections.
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Introduction

Human cytomegalovirus (HCMV) is a widespread β-herpesvirus that infects the majority 
of the population [1, 2]. It is the most frequent viral cause of congenital defects [1, 2]. 
Primary HCMV infection induces a life-long latent infection in cells of the myeloid lineage 
with asymptomatic episodes of viral replication, which is controlled by a vigorous immune 
response. In the absence of an adequate immune response, however, HCMV can cause 
invasive disease with end-organ failure, morbidity, and mortality, e.g. after allogeneic 
stem cell or solid organ transplantation, or in HIV-infected patients [1, 2]. Treatment of 
HCMV infection is an urgent clinical problem. Vaccines against HCMV are not available and 
treatment by antiviral drugs has not definitively proven efficient to improve overall survival 
due to toxicity of antiviral agents and continual appearance of drug-resistant viruses [2]. 
Cellular anti-HCMV immunotherapy is now emerging as a promising alternative approach [3]. 
Understanding the mechanism by which our immune system counteracts HCMV infections 
could provide new possibilities for the development of novel (immuno)therapeutic antiviral 
strategies.

HCMV is the largest and most complex member of the human herpesvirus family. 
Activation of the HCMV major immediate-early promotor (MIEP) is central in controlling the 
latent state and essential for HCMV reactivation. During productive infection, the HCMV 
genome is expressed in a temporally coordinated cascade of transcriptional events that 
leads to expression of immediate-early (IE), early (E), and late (L) viral proteins [4].

HCMV infection is controlled by cytotoxic lymphocytes, i.e. antigen-specific 
CD8+ and CD4+ αβT cells, γδT cells, and NK cells [2, 5, 6]. Cytotoxic lymphocytes produce 
interferon-γ to block HCMV replication, but most importantly release cytotoxic granules 
towards infected host cells [7-10]. These granules contain the pore-forming protein perforin 
and a family of structurally homologous serine proteases called granzymes. While perforin 
facilitates entry of granzymes into infected cells, granzymes are believed to be the death 
executors during the antiviral immune response. In humans, five granzymes exist (GrA, GrB, 
GrH, GrK, GrM) that display distinct proteolytic substrate specificities [11]. Although all five 
human granzymes are able to induce cell death, evidence is emerging that granzymes also 
use noncytotoxic strategies to control virus replication [12-17].

In mice, GrM has been shown to be important for murine cytomegalovirus (MCMV) 
clearance [18]. We have recently discovered that human GrM can efficiently inhibit HCMV 
replication in vitro in the absence of host cell death [17]. GrM efficiently cleaves HCMV 
phosphoprotein 71 (pp71) and completely abolishes its function to transactivate the MIEP 
[17], which is indispensable for effective HCMV replication [19]. In the present study, we 
addressed the possibility that GrM targets host cell proteins that HCMV hijacks for its own 
replication. We demonstrate for the first time that human GrM is expressed by HCMV-
specific CD8+ T cells of both latently-infected healthy individuals and renal transplant 
patients with primary HCMV infection. We show that GrM cleaves and likely inactivates host 
cell protein heterogeneous nuclear ribonucleoprotein K (hnRNP K). We determined that 
hnRNP K is essential for immediate-early 2 (IE2) protein translation and HCMV replication. 
Consistent with these data, GrM decreased IE2 protein expression in HCMV-infected cells. 
Our findings that GrM targets host cell proteins essential for the initial events of HCMV 
replication may provide a novel mechanism by which cytotoxic lymphocytes mediate direct 
anti-HCMV activity.
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Materials and Methods

Subjects

Two healthy HCMV-seropositive volunteers (HLA-B7+, HLA-B8+ and/or HLA-A2+) and two 
HCMV-seronegative renal transplant recipients who received a kidney from a HCMV-
seropositive donor (HLA-B8+ and HLA-A2+) were included in this study. Both patients 
received immunosuppressive therapy (consisting of CD25mAb induction therapy followed 
by prednisolone, mycophenolate mofetil, and tacrolimus), experienced primary HCMV 
infection, and had no acute cellular rejection episodes. Patients gave written informed 
consent, and the study was approved by the medical ethics committee of the Academic 
Medical Center (Amsterdam, The Netherlands). Peripheral blood mononuclear cells (PBMCs) 
were isolated from heparinized blood and subsequently cryopreserved until flow cytometry 
analysis. HCMV viral load was determined in EDTA-treated blood by quantitative PCR.

Flow cytometry stainings

PBMCs were washed in phosphate buffered saline (PBS) containing 0.01% NaN3 and 
0.5% bovine serum albumin (BSA). PBMCs (2 x 106) were incubated with an appropriate 
concentration of APC-conjugated tetrameric complexes for 30 min at 4°C. For analysis of 
surface marker expression, cells were incubated with fluorescence-labeled monoclonal 
antibodies for 30 min at 4°C at concentrations according to the manufacturer’s instructions. 
After tetramer and surface marker stainings, cells were fixed (FACS Lysing Solution, BD 
Biosciences) and permeabilized (FACS Permeabilizing Solution 2, BD Biosciences) followed 
by incubation with Alexa Fluor 488-conjugated anti-GrM (1.2 µg/mL) for 30 min at 4°C 
to stain intracellular GrM. Live/Dead Fixable Red Dead Cell Stain Kit (Invitrogen) was 
used to exclude dead cells from all analysis. Cells were measured on a LSR-Fortessa flow 
cytometer (BD Biosciences) and analyzed with FlowJo software (FlowJo). APC-conjugated 
tetrameric complexes were obtained from Sanquin: HLA-B0702 tetramer loaded with 
the HCMV pp65-derived TPRVTGGGAM peptide, HLA-B0801 tetramer loaded with the 
HCMV IE1-derived QIKVRVDMV peptide, HLA-B0801 tetramer loaded with the HCMV IE-1 
derived ELRRKMMYM peptide, HLA-A0201 tetramer loaded with the HCMV pp65-derived 
NLVPMVATV peptide, HLA-B0801 tetramer loaded with the EBV EBNA3A-derived FLRGRAYGL 
peptide, HLA-B0801 tetramer loaded with the EBV BZLF1-derived RAKFKQLL peptide, and 
HLA-A0201 tetramer loaded with the influenza matrix protein (FLU MP)-derived GILGFVFTL 
peptide. The following antibodies were obtained from commercial sources: CD3-V500, and 
CD8-V450, (BD Biosciences); CD45RA eFluor 605NC (eBioscience Inc.); and CD27 APC-Alexa 
Fluor 750 (Invitrogen). Alexa Fluor 488-conjugated anti-GrM (clone 4B2G4) was generated 
as described previously [20].

Cell culture and cell-free protein lysates 

Cells were cultured in a 5% CO2 atmosphere at 37°C. Human foreskin fibroblasts (HFFs), 
HEK293T and HeLa cells were maintained in Dulbecco’s modified Eagle medium (DMEM, 
Gibco) supplemented with 10% fetal calf serum, 100 units/mL penicillin and 100 μg/mL 
streptomycin (Invitrogen). Jurkat cells were maintained in RPMI 1640 medium supplemented 
with 10% fetal calf serum, sodium bicarbonate (Gibco), 100 units/mL penicillin and 100 μg/
mL streptomycin (Invitrogen). Cell-free protein lysates were generated by washing cells 
three times in PBS and subsequent lysis by three cycles of freeze-thawing in PBS. Samples 
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were centrifuged at 18,000 x g for 10 min at 4°C and protein concentration was determined 
by the method of Bradford (Biorad).

Antibodies and reagents

Human cytomegalovirus (HCMV) purified virus, strain AD169, was purchased from 
Advanced Biotechnologies Inc. Primary antibodies to the following proteins were obtained 
from commercial sources: hnRNP K (rabbit polyclonal, ab18195; Abcam), IE1/2 (mouse 
monoclonal; Argene), IE2 (mouse monoclonal, 5A8.2; Chemicon), α-tubulin (mouse 
monoclonal, B-5-1-2; Sigma), β-tubulin (mouse monoclonal, TUB 2.1; Sigma), pp28 (mouse 
monoclonal, 5C3; Santa Cruz), pp65 (mouse monoclonal, 1-L-11; Santa Cruz), pp71 (goat 
polyclonal, vC-20; Santa Cruz), HRP-conjugated 6xHis (mouse monoclonal; BD Biosciences), 
and HRP-conjugated anti-ubiquitin (mouse monoclonal; Enzo Life Sciences). Mouse 
monoclonal antibodies against pp71 (2H10-9 and 10G11) were kindly provided by Dr. T. Shenk 
(Princeton University, Princeton, NJ, USA). Secondary HRP-conjugated goat anti-mouse and 
goat anti-rabbit antibodies were purchased from Jackson ImmunoResearch Laboratories. 
HRP-conjugated rabbit anti-goat was obtained from Dako. Alexa Fluor 488-conjugated 
goat anti-rabbit and DAPI were purchased from Invitrogen and Roche, respectively. 
Immunoblotted proteins were detected using the Enhanced Chemiluminescence detection 
system (Amersham) and ChemiDoc XRS+ (Bio-Rad). InstantBlue stain was purchased from 
Expedeon and MG132 was obtained from Sigma. RNase A was purchased from Roche and 
dissolved in granzyme activity buffer (20 mM Tris pH 7.4, 150 mM NaCl). Total RNA was 
isolated using Trizol according to manufacturers’ protocol (Invitrogen).

Purified recombinant proteins

The cDNA encoding mature human GrM was amplified and cloned into yeast expression 
vector pPIC9 (Invitrogen). Using the QuikChange Site-Directed Mutagenesis Kit (Stratagene), 
the Ser195 residue in the catalytic center of GrM was replaced by an Ala residue, resulting 
in the catalytically inactive GrM variant (GrM-SA) that we have used as a control in this 
study. GrM and GrM-SA proteins were expressed and purified as described previously [21]. 
Briefly, Pichia pastoris GS115 cells were transformed with the pPIC9-granzyme expression 
plasmids and granzymes were expressed for 72 h in conditioned media, according to the 
manufacturers’ protocol (Invitrogen). GrM and GrM-SA were purified to homogeneity 
using an SP-Sepharose column (GE Healthcare) with 1 M NaCl for elution. GrM protein 
fractions were dialyzed against 50 mM Tris pH 7.4 and 150 mM NaCl, and stored at -80°C. 
Recombinant GrM and GrM-SA proteins were pure (>98%) as determined by SDS-PAGE and 
active as measured by hydrolysis of synthetic chromogenic leucine substrates Suc-AAPL-
pNA (Bachem) and Suc-KVPL-pNA (GL Biochem), and known macromolecular substrates 
(data not shown).
 BL21-CodonPlus competent Escherichia coli cells (Stratagene) were transformed 
with the pET16-b-His-hnRNP K expression plasmid (a kind gift from Dr. Antje Ostareck-
Lederer, Martin Luther University Halle-Wittenberg, Germany) and cultured in LB medium. 
At an OD600 between 0.4 and 1.0, cells were stimulated with 0.4 mM IPTG and incubated 
for 3 h at 37°C at 225 rpm. Cells were harvested and lysed by sonification. N-terminal His-
tagged hnRNP K protein was purified to homogeneity using Talon metal ion chelate affinity 
chromatography (Clontech) with 125 mM imidazole in PBS for elution and stored at 4°C.
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2D-DIGE

2D-DIGE was performed as described previously [22]. Briefly, cell-free protein extracts of 
HeLa cells (100 µg) were incubated with 1 µM GrM or GrM-SA for 1 h at 37°C. Samples 
were precipitated, solubilized, labeled, rehydrated into immobilized pH gradient strips and 
isoelectrically focused. Strips were reduced and overlaid on a 12% SDS PAGE gel. Images 
were acquired on a Typhoon 9410 scanner (GE Healthcare). Each condition was performed 
at least five times and a dye swab was included to exclude preferentially labeled proteins 
from the analysis. Relative quantification of matched gel features was performed using 
Decyder DIA and BVA software (GE Healthcare). For inter-gel analyses, the internal standard 
method was used.

GrM cleavage assay in living HFFs

HFFs (2 x 104) were seeded in 96-wells plates, washed twice with serum free DMEM, and 
incubated with the perforin-analog streptolysin O (SLO, Aalto) and purified granzyme in a 
final volume of 30 μL for 30 min at 37°C. Then, supernatant was removed and cells were 
cultured in 100 μL DMEM containing 10% fetal calf serum for 16 h. Cells were washed two 
times with PBS and directly lysed in reducing sample buffer (50 μL) prior to immunoblotting.

shRNA-mediated knockdown of hnRNP K protein expression

Lentiviral particles were produced using third generation lentivirus vectors. HEK293T 
cells were transfected with pCMV-VSV-G, pMDLg-RRE, pRSV-REV (kind gifts from Prof. dr. 
E.J.H.J. Wiertz, University Medical Center Utrecht, The Netherlands) and hnRNP K shRNA 
plasmid (sc-38282-SH, Santa Cruz) or control shRNA plasmid (sc-108060, Santa Cruz) using 
polyethylenimine (PEI, Polysciences Inc) in a 3:1 ratio with total DNA. Supernatant with viral 
particles was harvested at 48 and 72 hpi, filtered (0.45 µm), and stored at -80°C. HFFs were 
pre-treated with polybrene (10 µg/mL) for 20 min and transduced 4 times for 2 hours.

HCMV infection model

HFFs (2 x 104) were seeded in 96-wells plates and infected with purified HCMV at a 
multiplicity of 1.0 plaque-forming unit per cell for 2 h at 37°C. Cells were washed three times 
and cultured in 100 μL medium. For analysis of protein levels, cells were washed two times 
with PBS and directly lysed in reducing sample buffer prior to immunoblotting. To measure 
viral load by quantitative PCR, supernatant was collected at the indicated time points and 
HCMV was inactivated for 30 min at 60°C. Cell viability was measured using a WST-1 assay 
(Roche) according to the manufacturers’ protocol.

mRNA isolation, reverse transcriptase PCR, and quantitative PCR

For direct mRNA isolation, cells were lysed (100 mM Tris pH 7.5, 500 mM LiCl, 10 mM EDTA, 
5 mM EDTA, 1% SDS) and treated with proteinase K for 1h at 56°C. For mRNA isolation after 
hnRNP K immunoprecipitation, cells were lysed (100 mM Tris pH 7.5, 500 mM LiCl, 10 mM 
EDTA, 5 mM EDTA, 1% Triton X-100, supplemented with a protease cocktail inhibitor from 
Roche) and incubated with purified His-tagged hnRNP K overnight at 4°C. His-hnRNP K was 
immunoprecipitated using Talon metal ion chelate affinity chromatography (Clontech) and 
beads were washed 5 times followed by proteinase K treatment for 1h at 56°C. To isolate 
mRNA, samples were incubated with Oligo(dT) Dynabeads (Invitrogen) for 10 min and 
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beads were washed twice with 10 mM Tris pH 7.5, 150 mM LiCl, 1 mM EDTA, 0.1% SDS, and 
twice with 10 mM Tris pH 7.5, 150 mM LiCl, 1 mM EDTA. The mRNA was eluted in Milli-Q 
water by incubating 2 min at 80°C and used as a template for reverse transcriptase PCR 
with SuperScript III First-Strand Synthesis System for RT PCR (Invitrogen). Amplification of 
cDNA was performed using quantitative PCR (LightCycler 480 II, Roche). Primers and probes 
against UL123 (IE1), UL122 (IE2), and UL54 are listed in Table 1. Taqman gene expression 
assay for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was purchased from Applied 
Biosystems.

To measure viral replication, supernatants from HCMV-infected HFFs or samples 
for the standard curve were diluted 50-fold in water and amplification of HCMV DNA was 
performed using quantitative PCR (ABI Prism 7900 HT, Applied Biosystem). Primers and 
probes were located in the HCMV DNA polymerase gene UL54 (Table 1). The viral load of 
supernatants was determined by plotting Cq-values on the standard curve.

Immunofluoresence

HFFs were grown in white 96-wells flat bottom plates. Cells were infected with purified 
HCMV at a multiplicity of 2.0 plaque-forming units per cell for 2 h at 37°C. Cells were washed 
three times and cultured in 100 μL medium. At different time points, cells were fixed in 
100 μL 4% paraformaldehyde for 30 min at 37°C, washed three times with PBS, and stored 
in PBS at 4°C. For protein detection, fixed cells were incubated with anti-hnRNP K for 1 
h followed by Alexa Fluor 488-conjugated secondary antibody for 1 h. DAPI was used for 
nuclear counterstaining and fluorescence was analyzed using a Leica DMI4000 B.

Dual luciferase reporter assay

HeLa cells were seeded in 12-wells plates and transfected with 50 ng of pGL3-SV40 
(Invitrogen), 10 ng of pRL-CMV (Invitrogen), complemented with pCGN-71, pSG5-His-
hnRNP K or pcDNA3.1+ to a total of 1 µg DNA. The pp71 protein activates the CMV promoter 
(MIEP) but does not activate the SV40 promotor and is used as a positive control [23]. SV40-
firefly was used as a correction for transfection efficiency to allow adequate comparison 
between samples. After 48 h, cells were washed twice with PBS, freeze-thawed once at 
-80°C, and lysed with 200 μL passive lysis buffer (Promega, Madison, WI). Supernatant was 
collected and used for immunoblot analysis with an anti-6xHis or anti-pp71 antibody and to 
determine both renilla and firefly luciferase activities using the Dual-GLO Luciferase Assay 
System (Promega) in a Veritas Microplate Luminometer (Turner Biosystems, Sunnyvale, 
CA) according to the manufacturers’ protocol (Promega). Both luciferase activities were 

Table 1. Quantitative PCR primers and probes
Gene Forward primer Reverse primer Probe

UL123 (IE1) 5’-CAA GTG ACC GAG 
GAT TGC AA-3’

5’-CAC CAT GTC CAC 
TCG AAC CTT-3’

5’-FAM-TCC TGG CAG 
AAC TCG TCA AAC 
AGA-TAMRA-3’

UL122 (IE2) 5’-TGA CCG AGG ATT 
GCA ACG A-3’

5’-CGG CAT GAT TGA 
CAG CCT G-3’

5’-FAM-TGG CAG AAC 
TCG GTG ACA TCC 
TCG CC-TAMRA-3’

UL54 5’-GCC GAT CGT AAA 
GAG ATG AAG AC-3’

5’-CTC GTG CGT GTG 
CTA CGA GA-3’

5’-FAM-AGT GCA GCC 
CCG ACC ATC GTT 
C-TAMRA-3’
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normalized for background values. Then, changes in CMV-renilla luciferase activities relative 
to SV40-firefly luciferase activities (i.e., renilla luciferase/firefly luciferase ratio) were 
determined. The mean renilla luciferase activity from control (pcDNA 3.1+)-transfected cells 
was set at 1.

Results

GrM is expressed in HCMV-specific CD8+ T cells

GrM knockout mice are more susceptible to MCMV infections, indicating a role of GrM in 
CMV clearance at least in mice [18]. If GrM plays a major role in controlling HCMV infections 
in humans, one would expect that GrM is present in HCMV-specific cytotoxic lymphocytes. 
Therefore, we analyzed GrM expression in CD8+ T cells of healthy human HCMV-seropositive 
individuals as well as in seronegative renal transplant recipients receiving a kidney from 
a HCMV-seropositive donor, followed by primary HCMV infections. First, pp65- and IE1-
tetramer specific CD8+ T cells – comprising both CD27- effector and CD27+CD45RA- memory 
phenotypes – of a healthy HCMV-seropositive individual were analyzed (Figure 1a). Both 
pp65- and IE1-tetramer specific CD8+ T cells expressed increased levels of GrM as compared 
to naive CD8+ T cells (Figure 1b). A similar increase of GrM levels was observed in pp65-
specific CD8+ T cells from a second HCMV-seropositive (latently-infected) healthy individual 
(Suppl. figure 1). Increased GrM protein levels were not restricted to HCMV-specific CD8+ 
T cells, since EBV- and influenza-specific CD8+ T cells also contained higher GrM protein 
levels (Suppl. figure 1). Second, GrM protein expression was analyzed longitudinally in 
HCMV-specific CD8+ T cells from a HCMV-seronegative renal transplant recipient of a HCMV-
seropositive donor, who experienced a primary HCMV infection (Figure 1c). IE1-specific 
effector CD8+ T cells appeared around the peak of the viral load and expressed increased 
levels of GrM as compared to naive CD8+ T cells. After cessation of the viral load, there 
was an increase in percentage of CD8+CD27- T cells within the IE1-specific CD8+ T cell 
compartment, which also coincided with an increase in GrM expression in these cells as 
compared to the naive CD8+ T cell pool. The percentage of circulating GrM-expressing IE1-
specific CD8+CD27-T cells reached a peak after one year post-transplantation and these cells 
were maintained for at least five years. Maintenance of CD8+CD27- T cells, known as vigilant 
resting effector cells, is characteristic for latent HCMV infections [6, 24]. Identical results 
were obtained when pp65-specific CD8+ T cells were analyzed longitudinally in a second 
renal transplant patient (Suppl. figure 2). Collectively, these data indicate for the first time 
that HCMV-reactive CD8+ T cells not only express GrM but also show elevated levels of GrM 
as compared to naive CD8+ T cells, both in HCMV-seropositive healthy individuals and in the 
peripheral blood of seronegative renal transplant recipients in response to primary HCMV 
infection. Furthermore, GrM-positive HCMV-reactive CD8+ T cells are maintained in the 
blood during latency. This supports the concept of an active antiviral role of GrM in HCMV 
infection and HCMV reactivation in humans.

GrM targets host cell protein hnRNP K 

We have recently demonstrated that human GrM can efficiently inhibit HCMV replication 
in the absence of host cell death [17]. To investigate the mechanism by which GrM inhibits 
HCMV replication, we addressed the possibility that GrM targets host cell proteins that are 
required for efficient HCMV replication. Recently, we have employed multiple proteomic 
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Figure 1. GrM is expressed in HCMV-specific CD8+ T cells. (a) FACS plots show the expression of CD8 and HCMV-specific pp65 and IE1 
tetramers on CD3+ T cells (upper row) or the expression of CD27 and CD45RA (bottom row) on total CD3+CD8+ T cells (left) or HCMV-specific 
CD3+CD8+ T cells (middle, right). (b) FACS histogram visualizes the relative intracellular GrM protein levels in naive CD3+CD8+ T cells (filled 
gray) and HCMV-specific CD3+CD8+ T cells (lines). (c) PBMCs were isolated from a renal transplant patient pre- and post-transplantation. 
Graph depicts kinetically the absolute numbers of IE1-specific CD3+CD8+ cells (line) and HCMV viral load (filled gray). FACS plots show the 
expression of CD8 and IE1 tetramers on CD3+ T cells (upper row), and CD27 and CD45RA on total or IE1-specific CD3+CD8+ T cells (middle 
rows). Histograms (bottom row) visualize the relative intracellular GrM protein levels in naive CD3+CD8+ T cells (filled gray) and IE1-specific 
CD3+CD8+ T cells (line).
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approaches to identify potential macromolecular cellular substrates of GrM [22]. Both 
gel-based (2D-DIGE) (Figure 2a) and complementary positional (cofradic) proteomics have 
identified heterogeneous ribonucleoprotein K (hnRNP K) as potential GrM substrate [22]. 
We focused on hnRNP K because it has been shown to play a role in Herpes Simplex Virus-1 
(HSV-1) and Hepatitis B Virus replication [25, 26]. To validate hnRNP K cleavage by GrM, 
cell lysates were incubated with increasing concentrations of GrM or catalytically inactive 
GrM-SA that serves as a control. Cleavage of hnRNP K by GrM was apparent with a decrease 
of full length hnRNP K (~62 kDa) and the appearance of a clear ~45 kDa cleavage product 
and several smaller cleavage fragments (Figure 2b). The appearance of hnRNP K cleavage 
fragments already occurred at low GrM concentrations (20 nM) with the ~45kDa fragment 
being kinetically most pronounced (Figure 2b). Using complementary positional proteomics, 
we identified at least three GrM cleavage sites in hnRNP K, i.e. Leu125, Leu133, and Met359 
(Figure 2c) [22]. Immunoblotting with anti-hnRNP K antibodies directed against the absolute 
N- or C-terminus revealed that cleavage at Leu125 and Leu133 (hnRNP K N-terminus) by GrM 
were kinetically most efficient and resulted in the C-terminal ~45 kDa cleavage fragment 
(data not shown), GrM also cleaved purified recombinant His-tagged hnRNP K with the 
appearance of the ~45 kDa fragment (Figure 2d), indicating that GrM directly cleaves hnRNP 
K. Next, HFFs were incubated with purified GrM or GrM-SA in the presence or absence 
of the perforin-analog SLO. Whereas hnRNP K remained unaffected in all control settings, 

Figure 2. GrM cleaves host cell protein hnRNP K. (a) HeLa cell lysates were incubated with GrM (1 µM) or GrM-SA (1 µM) for 1 h at 
37°C and then subjected to 2D-DIGE. A representative protein spot that is identified by MS as a cleavage fragment of hnRNP K is depicted. 
(b) Jurkat lysates (5 µg) were incubated with increasing concentrations of GrM or GrM-SA (300 nM) for 4 h at 37°C and immunoblotted for 
hnRNP K. (c) Schematic overview of GrM cleavage sites within hnRNP K (NLS, nuclear localization signal; KH, K homology domain; KI, K 
interactive region; KNS, K nuclear shuttling signal; RGG, arginine-glycine-glycine). (d) Purified His-hnRNP K (1.5 µg) was incubated with 
increasing concentrations of GrM or GrM-SA (300 nM) for 16 h at 37°C and subjected to SDS PAGE. Proteins were stained with InstantBlue. 
(e) HFFs were incubated with GrM (2.8 µM) or GrM-SA (2.8 µM) in the presence or absence of SLO (2 µg/mL) for 16 h at 37°C. Lysates were 
immunoblotted for hnRNP K. (f) HFFs were challenged with increasing effector:target (E:T) ratios of LAK cells for 4 h at 37°C. Lysates were 
subjected to immunoblotting using hnRNP K antibodies. Full length hnRNP K is not shown because band intensities increase with higher E:T 
ratio due to hnRNP K expression in LAK cells. Data depicted are representative for at least two independent experiments.
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it was cleaved when cells were incubated with both GrM and SLO with the concomitant 
appearance of at least the ~45 kDa hnRNP K cleavage fragment (Figure 2e). This cleavage 
fragment was also observed when living human foreskin fibroblasts (HFFs) were challenged 
with living lymphokine-activated killer (LAK) cells (Figure 2f). Full length hnRNP K is not 
shown because band intensities increase with higher E:T ratio due to hnRNP K expression in 
LAK cells. Taken together, these data indicate that hnRNP K is directly cleaved by GrM and 
targeted during cytotoxic lymphocyte-mediated attack.

RNA promotes GrM-mediated cleavage of hnRNP K

Cleavage of hnRNP K by GrM was more efficient in cell lysates (Figure 2b) as compared 
to recombinant purified hnRNP K (Figure 2d), suggesting that cellular factors contribute to 
this proteolysis. Because hnRNP K is a RNA-interacting protein [27, 28], the effects of RNA 
on GrM-mediated hnRNP K cleavage were examined. Cell lysates were pre-incubated with 
or without RNase followed by GrM treatment. Immunoblot analysis showed that hnRNP K 
was less efficiently cleaved by GrM when lysates were pre-incubated with RNase, whereas 
RNase had no effect on the cleavage of GrM substrate α-tubulin (Figure 3a). RNase did not 

Figure 3. GrM cleaves hnRNP K more 
efficiently in the presence of RNA. (a) 
Jurkat cell lysates were pre-treated with 
RNase (100 µg/mL) or left untreated for 30 
min at 37°C followed by incubations with 
increasing concentrations of GrM or GrM-SA 
(300 nM) for 4 h at 37°C and immunoblotted 
for hnRNP K or α-tubulin (upper panel). 
Band intensities were quantified and 
depicted in graphs (lower panel). (b) Purified 
His-hnRNP K (1.5 µg) was pre-treated with 
RNA (100 ng) or left untreated followed by 
incubations with increasing concentrations 
of GrM or GrM-SA (300 nM) for 16 h at 37°C. 
Samples were subjected to SDS PAGE and 
gels were stained with InstantBlue (upper 
panel). Band intensities were quantified 
and depicted in graphs (lower panel). Data 
depicted are representative for at least two 
independent experiments.
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affect the proteolytic activity of GrM itself as determined by the small synthetic chromogenic 
substrate AAPL-pNA (data not shown). Consistent with this finding, purified His-hnRNP K 
was more efficiently cleaved by GrM when pre-incubated with isolated RNA (Figure 3b). 
These data suggest that GrM cleaves hnRNP K more efficiently in its functional RNA-bound 
conformation.

HnRNP K is required for efficient HCMV replication

The role of hnRNP K during HCMV replication is unknown. To investigate this, we 
downregulated hnRNP K protein levels in HFFs by shRNA-based lentiviral transduction 
(Figure 4a). HnRNP K knockdown was near complete and lasted for at least 7 days following 
shRNA transductions (Figure 4a). HnRNP K-deficient HFFs were infected with HCMV and viral 
replication was kinetically determined by quantifying HCMV viral load in supernatants. The 
viral load was 10-17 fold decreased in hnRNP K-deficient HFFs as compared to control HFFs 
(Figure 4b), indicating that hnRNP K is required for efficient HCMV replication. This dramatic 
decrease in viral load in hnRNP K-deficient HFFs was accompanied with a slow decrease 
in cell viability (up to 2-3 fold) (Figure 4c). Quite remarkable is the observation that cell 
viability is only decreased in HCMV-infected cells but not in uninfected hnRNP K-deficient 
cells, suggesting that hnRNP K is important in coping with cell survival after stress induced 
by HCMV infection. Since there is a linear correlation between the number of cells and viral 
load (Figure 4d), the observed 2-3 fold decrease in cell viability does not explain the major 
decrease in viral load (10-17 fold) when hnRNP K protein levels are downregulated. These 
data indicate that hnRNP K is required for efficient HCMV replication, predominantly in a 
host cell death-independent manner.

Figure 4. HnRNP K is essential for HCMV replication. (a) HFFs were transduced with hnRNP K-specific or control shRNA and lysed at 
different time points. Lysates were subjected to immunoblotting using antibodies against hnRNP K or α-tubulin (loading control). (b) HnRNP 
K-deficient and control HFFs were infected with HCMV and viral load in supernatants at different time points was assessed by quantitative 
PCR. (c) Cell viability of uninfected or HCMV-infected transduced HFFs was determined by WST-1 assay. (d) HFFs were seeded at different 
cell densities and infected with HCMV at a multiplicity of 1.0 plaque-forming unit per cell. Viral load in supernatants at 96 hpi was assessed 
by quantitative PCR and a linear regression curve was plotted. Data depicted represent the mean ± SD of triplicates.
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HnRNP K regulates IE2 translation

The temporally controlled expression of HCMV proteins during viral replication allows us 
to determine at which stage of the HCMV viral life cycle hnRNP K is involved. Lysates of 
HCMV-infected hnRNP K-deficient and control HFFs were immunoblotted for several HCMV 
proteins. Interestingly, the 86 kDa IE2 but not the 72 kDa immediate-early 1 (IE1) protein 
level was dramatically reduced in HCMV-infected HFFs when hnRNP K was downregulated 
(Figure 5a). Furthermore, a slight if any reduction in early HCMV proteins pp65 and pp71 
as well as a dramatic reduction of the late HCMV protein pp28 were observed in hnRNP 
K-deficient HFFs. However, these latter effects likely are the functional consequence of 
decreased IE2 protein levels. These data indicate that hnRNP K plays a dominant role during 
the initial immediate-early phase of HCMV replication by regulating IE2 but not IE1 protein 
expression.

In view of the importance of IE2 as an absolutely indispensable protein in HCMV 
replication [29, 30], we further examined the mechanism by which hnRNP K regulates IE2 
protein levels. First, we investigated the transcriptional activity of hnRNP K towards the 

Figure 5. HnRNP K regulates IE2 protein expression. (a) HFFs were transduced with hnRNP K-specific or control shRNA, infected with 
HCMV, and lysed at different time points. Lysates were subjected to immunoblotting using antibodies against IE1/2, pp71, pp65, pp28, 
hnRNP K, and α-tubulin. (b) HeLa cells were co-transfected with pGL3-SV40 (50 ng), pRL-CMV (10 ng), complemented with pCGN-71 
vector (1 µg) or pSG5-His-hnRNP K and pcDNA3.1+ vector (1 µg total DNA). Cells were lysed 48 h post-transfection, and luciferase activity 
was assessed. Relative luciferase activity is represented as fold CMV promoter (MIEP) induction. Lysates used in the luciferase reporter 
assay were subjected to immunoblotting using an anti-pp71 or anti-6xHis antibody. (c) HCMV-infected hnRNP K-deficient and control HFFs 
were lysed 8 hpi and mRNA was isolated and subjected to reverse transcriptase PCR and quantitative PCR using IE2- and GAPDH-specific 
primers and probes. Relative IE2 mRNA levels were normalized for GAPDH mRNA levels and the mean from control cells was set at 
1. (d) HCMV-infected transduced HFFs were lysed at different time points and immunoblotted for the C-terminus of IE2 or α-tubulin. (e) 
HCMV-infected hnRNP K-deficient and control HFFs were treated with MG132 (250 nM) or left untreated at 48 hpi and lysed at 72 hpi. 
Lysates were subjected to immunoblotting using antibodies against IE2, hnRNP K, α-tubulin, and ubiquitin. Data depicted are representative 
for triplicate experiments. (f) HCMV-infected HFFs were lysed 72 hpi and incubated with His-hnRNP K or left untreated for 16 h at 4°C. 
Immunoprecipitation of His-hnRNP K was followed by isolation of mRNA, reverse transcriptase PCR, and quantitative PCR using specific 
primers and probes against UL123 (IE1), UL122 (IE2), UL54, and GAPDH. The mean mRNA levels from control samples for each mRNA 
were set to 1. Bars represent the mean ± SD of quadruplicates.
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MIEP, which regulates IE2 gene (UL122) expression. In a luciferase MIEP reporter assay, HeLa 
cells were transfected with His-hnRNP K or pp71 (positive control). In contrast to pp71, no 
transcriptional activity of hnRNP K towards the MIEP was detected (Figure 5b). In line with 
this observation, IE2 mRNA levels were similar between hnRNP K-deficient and control HFFs 
after HCMV infection at 8 hpi (Figure 5c), 24 hpi and 72 hpi (data not shown). These data 
indicate that hnRNP K does not regulate IE2 protein levels via transcription of the UL122 
gene or promoting IE2 mRNA stability. Second, besides the 86 kDa IE2 protein, there are two 
alternatively unspliced IE2 variants of 60 and 40 kDa, each regulated by its own promoter 
[31, 32]. Lysates of HCMV-infected hnRNP K-deficient and control HFFs were subjected to 
immunoblotting using an antibody that recognizes the IE2 C-terminus, which is shared by all 
three variants. Protein levels of all three IE2 protein variants were decreased when hnRNP 
K was downregulated (Figure 5d), further suggesting that hnRNP K regulates IE2 protein 
levels at the post-transcriptional level. Third, we investigated whether hnRNP K is required 
for IE2 protein stability by using the chemical compound MG132, a proteasome inhibitor 
that does not affect IE gene expression [33]. HnRNP K-deficient HFFs were infected with 
HCMV and MG132 was added to block proteasomal degradation of ubiquitin-conjugated 
proteins (Figure 5e). MG132 failed to restore IE2 protein levels, indicating that hnRNP K 
does not protect IE2 protein from proteasomal degradation. Finally, since hnRNP K is an 
RNA-binding protein, we addressed the possibility that hnRNP K interacts with IE2 mRNA. 
To this end, purified His-tagged hnRNP K was incubated with lysates of HCMV-infected HFFs 
followed by pull-down of His-hnRNP K. Enrichment of several (viral) mRNAs was assessed by 
quantitative PCR (Figure 5f). His-hnRNP K was successfully immunoprecipitated as observed 
by immunoblotting (Figure 5f, inset). Interestingly, hnRNP K pull-down resulted in a clear 
enrichment of IE2 mRNA whereas no enrichment was observed for viral mRNAs IE1 and 
UL54 and host cell mRNA GAPDH. These data indicate that hnRNP K specifically binds to IE2 
mRNA, pointing to a role of hnRNP K during IE2 translation.

GrM reduces IE2 protein expression during HCMV infection

The diverse functions of hnRNP K require both nuclear and cytoplasmic localization and 
bidirectional shuttling. Viruses can enrich hnRNP K in a specific subcellular compartment in 
favor of the replication of the virus [25, 34]. In uninfected HFFs, hnRNP K was predominantly 
localized in the cytoplasm (Figure 6a, upper panels). Exclusive nuclear hnRNP K staining 
was only infrequently observed and correlated with cell division (data not shown). After 
infection with HCMV, HFFs showed typical rounded morphology and hnRNP K predominantly 
remained cytoplasmic (Figure 6a, bottom panels). Thus, during HCMV infection hnRNP K is 
located at the site where IE2 mRNA translation occurs. Previously, we demonstrated that 
GrM can inhibit HCMV replication in the absence of host cell death [17]. Our findings that 
GrM cleaved hnRNP K (Figure 2), that hnRNP K interacted with IE2 mRNA (Figure 5g), and 
that hnRNP K downregulation dramatically reduced IE2 protein expression during HCMV 
infection (Figure 5a), prompted us to investigate whether GrM-treatment of HCMV-infected 
fibroblasts affects IE2 protein expression. Fibroblasts were infected with HCMV for two 
hours followed by incubations with SLO in combination with GrM or control GrM-SA. Indeed, 
immunoblot analysis showed a clear decrease in IE2 protein levels when HCMV-infected 
fibroblasts were treated with GrM as compared to control GrM-SA treatment (Figure 6b). 
These data indicate that GrM reduces IE2 protein expression to inhibit HCMV replication.
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Discussion

The granule exocytosis pathway is a crucial mechanism that cytotoxic lymphocytes use to 
control virus infections. The physiological importance of GrM as an antiviral mediator has 
been demonstrated in GrM-deficient mice, which are more susceptible to MCMV infections 
[18]. However, both murine GrM and MCMV have been largely diverged from their human 
counterparts [1, 22], emphasizing that caution is essential when extrapolating data from 
mice to humans. In the present study, we demonstrated for the first time that human GrM 
is expressed in HCMV-specific CD8+ T cells after primary infection and during latency (Figure 
1). HCMV-specific CD8+ CD27- T cells, so called vigilant resting effector T cells, are proposed 
to act in response to reactivation and to maintain HCMV latency [6, 24]. Interestingly, 
accumulation of these vigilant resting effector cells after primary HCMV infection coincided 
with increased GrM protein expression in these HCMV-specific CD8+ T cells (Figure 1). This 
supports a model in which GrM actively mediates an antiviral function in HCMV infections 
in vivo. In this study, we demonstrated that GrM cleaved hnRNP K and that hnRNP K was 
required for efficient HCMV replication by promoting cell viability in virus-infected cells and 
more importantly by regulating IE2 protein expression (Figures 2-5). This provides the first 
evidence that GrM targets a host cell protein that is hijacked by HCMV and that is critical 
for its replication. Apart from HCMV, GrM protein levels were also elevated in EBV- and 
influenza-specific CD8+ T cells (Suppl. figure 1), pointing to an antiviral role of GrM in a broad 
range of viral infections.

A previous study has shown that hnRNP K is important for the egress of HSV-1 [25]. 
In HCMV infection, however, hnRNP K appears to play a different role. Knockdown of hnRNP K 
not only limited HCMV replication but also decreased cell viability in HCMV-infected but not 
in uninfected fibroblasts (Figure 4). The latter finding suggests that hnRNP K is required for 
cell survival only following HCMV infection. However, host cell death only partly explains the 
dramatic reduction in HCMV replication in hnRNP K-deficient fibroblasts. More importantly, 
decreased viral load was accompanied with markedly reduced IE2 but not IE1 protein levels 
in hnRNP K-deficient HCMV-infected fibroblasts (Figure 5). IE2 is absolutely indispensable 
for HCMV replication [29, 30]. Therefore, we explored how hnRNP K regulates IE2 protein 
levels. As a multifunctional protein, hnRNP K is involved in many biological processes, 
including transcription, mRNA splicing, translation, and protein signaling [27]. The decrease 
of IE2 protein levels in hnRNP K-deficient fibroblasts is most likely the result of decreased 

Figure 6. HnRNP K localization and GrM-mediated decrease 
of IE2 protein expression. (a) Immunofluoresence images of 
uninfected (upper panel) and HCMV-infected (lower panel) HFFs at 
72 hpi. Nuclei are stained blue and hnRNP K is visualized in green. 
Bars, 50 µm. (b) HCMV-infected fibroblasts were treated with GrM-SA 
(500 nM) or GrM (500 nM) in the presence of SLO (1 μg/mL) at 2 hpi 
and cells were lysed at indicated time points. Lysates were subjected 
to immunoblotting using antibodies against IE2 or β-tubulin. Data 
depicted are representative of at least two independent experiments 
performed in triplicates.
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IE2 mRNA translation, because hnRNP K did not affect transcription of the IE2 gene nor IE2 
mRNA and protein stability, but rather bound IE2 mRNA (Figure 5). This is compatible with 
the previous observation that hnRNP K binds to and thereby regulates translation of the 
mRNA of cytoskeleton genes and myelin basic protein [35, 36].

Binding of hnRNP K to RNA is mediated by three KH domains within hnRNP K 
that act synergistically to provide both high affinity binding and specificity (Figure 2) [27, 
28]. Hence, loss of only a single KH domain dramatically reduces the RNA binding capacity 
of hnRNP K [28]. GrM cleaved hnRNP K at least at three sites, i.e. after Leu125, Leu133, and 
Met359, thereby dissecting these functional KH domains (Figure 2). This strongly suggests 
that GrM abrogates the ability of hnRNP K to bind to IE2 mRNA, resulting in reduced IE2 
protein expression and reduced HCMV replication. It should be mentioned that hnRNP K 
was more efficiently cleaved by GrM in the presence of RNA (Figure 3). This suggests that 
the conformational change of hnRNP K after binding to RNA allows for efficient proteolysis 
by GrM or that RNA facilitates the interaction between hnRNP K and GrM. In this model, 
the functional interaction between hnRNP K protein and IE2 mRNA promotes the antiviral 
activity of GrM to cleave hnRNP K.

Previously, we have demonstrated that GrM cleaves and inactivates the HCMV 
tegument protein pp71 [17], which is essential for IE protein expression and effective HCMV 
replication [19]. In the present study, we demonstrated for the first time that GrM also targets 
a host cell substrate (hnRNP K) that plays a major role in HCMV replication and is necessary 
for efficient IE2 protein expression (Figures 5-6). Apparently, cytotoxic lymphocytes and GrM 
target the initial IE machinery that HCMV requires for both lytic replication and reactivation 
from latency. Since viruses highly depend on the transcription/translation machinery of the 
host cell, it could be possible that other hnRNPs also play a role in viral infections and are also 
cleaved by GrM. Indeed, several proteomic screens have identified hnRNP A1, A2/B1, C1/
C2, E1, M, and U as potential GrM substrates [21, 22]. Interestingly, many members of the 
hnRNP protein family have also been identified as potential substrates of other granzymes 
than GrM [37-40]. Further studies are needed to validate these findings in the context of an 
antiviral immune response. 

Understanding how the immune system deals with virus infections provides new 
opportunities for antiviral therapies. First, antiviral physiological granzyme substrates 
are promising targets for therapy. Apart from our finding that hnRNP K is important for 
HCMV replication, our observation that loss of hnRNP K only results in cell death of HCMV-
infected cells provides a discriminative therapeutic tool between infected and uninfected 
cells. Antiviral therapies designed to block hnRNP K function therefore not only efficiently 
inhibit HCMV replication but also specifically drive HCMV-infected cells into apoptosis while 
leaving uninfected cells alive. Second, the general antiviral functions of granzymes could 
be exploited to counteract HCMV infection through increasing granzyme levels in cytotoxic 
lymphocytes, either by cytokines or via adoptive immunotherapy.
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Supplementary figure 1. GrM is 
expressed in virus-specific CD8+ T cells 
of healthy individuals. (a) PBMCs were 
isolated from a EBV-seropositive healthy-
individual (same donor as in Figure 1). 
FACS plots show the expression of CD8 
and EBV-specific BZLF1 and EBNA3A 
tetramers on CD3+ T cells (upper row) 
or the expression of CD27 and CD45RA 
(bottom row) on total CD3+CD8+ T cells 
(left) or EBV-specific CD3+CD8+ T cells 
(middle, right). (b) FACS histogram 
visualizes the relative intracellular GrM 
protein levels in naive CD3+CD8+ T cells 
(filled gray), and EBV- and HCMV-specific 
CD3+CD8+ T cells (lines). (c) PBMCs 
were isolated from a second HCMV-
seropositive healthy-individual. FACS 
plots show the expression of CD8 and 
HCMV-specific pp65 or influenza-specific 
MP tetramers on CD3+ T cells (upper 
row) or the expression of CD27 and 
CD45RA (bottom row) on total CD3+CD8+ 
T cells (left), HCMV-specific (middle) 
or influenza-specific CD3+CD8+ T cells 
(right). (d) FACS histogram visualizes the 
relative intracellular GrM protein levels in 
naive CD3+CD8+ T cells (filled gray), and 
HCMV- and influenza-specific CD3+CD8+ 
T cells (lines).
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Supplementary figure 2. GrM is expressed in HCMV-specific 
CD8+ T cells of a SCT patient. PBMCs were isolated from a 
second renal transplant patient pre- and post-transplantation. 
Graph depicts kinetically the absolute numbers of pp65-specific 
CD3+CD8+ cells (line) and HCMV viral load (filled gray). FACS 
plots show the expression of CD3 and pp65 tetramers on CD3+ 
T cells (upper row), and CD27 and CD45RA on total or pp65-
specific CD3+CD8+ T cells (middle rows). Histograms (bottom 
row) visualize the relative intracellular GrM protein levels in naive 
CD3+CD8+ T cells (filled gray) and pp65-specific CD3+CD8+ T cells 
(line).
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Abstract

Granzyme M (GrM) is highly expressed in cytotoxic granules of natural killer (NK) cells, 
which provide the first line of defense against viral pathogens. GrM knockout mice show 
increased susceptibility towards murine cytomegalovirus (CMV) infection. Although GrM 
is a potent inducer of cell death, the mechanism by which GrM eliminates viruses remains 
elusive. Here, we show that purified human GrM in combination with the perforin-analogue 
streptolysin O (SLO) strongly inhibited human CMV (HCMV) replication in fibroblasts in the 
absence of host cell death. In a proteomic approach, GrM was highly specific towards the 
HCMV proteome and most efficiently cleaved pp71, an HCMV tegument protein that is 
critical for viral replication. Cleavage of pp71 occurred when viral lysates were incubated 
with purified GrM, when intact cells expressing recombinant pp71 were challenged with 
living cytotoxic effector cells, and when HCMV-infected fibroblasts were incubated with 
SLO and purified GrM. GrM directly cleaved pp71 after Leu439, which coincided with 
aberrant cellular localization of both pp71 cleavage fragments as determined by confocal 
immunofluorescence. In a luciferase reporter assay, cleavage of pp71 after Leu439 by GrM 
completely abolished the ability of pp71 to transactivate the HCMV major immediate-early 
promoter, which is indispensable for effective HCMV replication. Finally, GrM decreased 
immediate-early 1 protein expression in HCMV-infected fibroblasts. These results indicate 
that the NK cell protease GrM mediates cell death-independent antiviral activity by direct 
cleavage of a viral substrate.
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Introduction

Human cytomegalovirus (HCMV) belongs to the family of Herpesviridae and causes 
widespread and lifelong infection in humans. Although HCMV infection is mostly 
asymptomatic in healthy individuals, it leads to significant morbidity and mortality in 
neonates and immunocompromised patients, including transplant recipients and AIDS 
patients [1, 2]. The HCMV double-stranded DNA genome is divided into a unique long 
(UL) and a unique short (US) segment, bounded by inverted repeats. It encodes over 200 
predicted open reading frames and is packaged within an icosahedral capsid surrounded by 
a lipid envelope [3-6]. The region between capsid and lipid envelope is called the tegument 
and contains more than 30 virally encoded proteins. These tegument proteins are delivered 
into the host cell cytoplasm upon fusion of the HCMV virion with the cell membrane [7, 8] 
and contribute essentially to immune evasion and viral replication [9-13].

CD8+ T cells and natural killer (NK) cells are key effector cells in eliminating virus-
infected cells [14]. These cells secrete interferon-γ to block HCMV replication in some 
infected cells, but more importantly they release cytotoxic granules towards the infected 
host cell [14-17]. Cytotoxic granules contain the pore-forming protein perforin and a family 
of structurally homologous serine proteases called granzymes. While perforin facilitates 
the entry of granzymes into the target cell, the latter are the executors during the antiviral 
immune response. In humans, five granzymes are known (GrA, GrB, GrH, GrK, and GrM) that 
display distinct substrate specificities and various mechanisms by which they induce cell 
death [15]. While GrA and GrB have been well studied, little is known about the functions 
of the other human granzymes. GrM, which is highly expressed by NK cells [18, 19], induces 
a specialized mode of cell death that affects mitochondrial integrity [20-24]. GrM-deficient 
mice display increased susceptibility to murine CMV (MCMV) infection, indicating the 
physiological importance of GrM in CMV clearance in vivo [25].

Granzymes are believed to destroy virus-infected cells via apoptosis. The 
considerable functional redundancy of the granzyme system, however, almost certainly 
reflects the need for multiple strategies to bypass viral immune defenses, which are 
designed to block cell death. Indeed, HCMV encodes at least three proteins that directly 
interfere with apoptotic signaling pathways and protect host cells from the cytotoxic 
immune response, i.e. the viral inhibitor of caspase-8 activation (vICA, UL36) [26], the viral 
mitochondria-localized inhibitor of apoptosis (vMIA, UL37x1) [27], and the UL38 protein 
that inhibits caspase-3-dependent intrinsic and ER-mediated apoptosis [28]. In addition, at 
early times of infection, HCMV encodes the abundant noncoding RNA transcript β2.7 that 
is important for stabilizing the mitochondrial potential and thereby inhibits mitochondrial-
induced cell death [29]. Furthermore, GrB has recently been demonstrated to inhibit herpes 
simplex virus 1 reactivation from neuronal latency in an apoptosis-independent manner 
[30]. Moreover, GrB and GrH affect the adenoviral life cycle by cleaving critical adenovirus 
proteins [31]. These findings raise the interesting possibility that granzymes use additional 
mechanisms, independently of the induction of cell death, to exert their antiviral activity.  

In the present study, we addressed the possibility that GrM directly targets HCMV 
tegument proteins that are essential for virus replication. We observed GrM-mediated 
inhibition of HCMV replication, independently of the induction of host cell death. We 
demonstrate that GrM efficiently and directly cleaves HCMV tegument phosphoprotein 71 
(pp71, encoded by the UL82 gene), which is indispensable for effective viral replication [10, 
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11]. Cleavage of pp71 by GrM disturbs pp71 nuclear localization and completely eliminates 
the transcriptional activity of pp71 towards the HCMV major immediate-early promoter. 
Finally, GrM-treated HCMV-infected fibroblasts show decreased immediate-early 1 (IE1) 
protein expression along the course of HCMV infection. These are the first results indicating 
that NK cell protease GrM mediates antiviral activity, independently of host cell death, via 
direct cleavage of a viral substrate.

Materials and Methods

Cell culture, cell transfections, and lysates

Cells were cultured in a 5% CO2 atmosphere at 37°C. HeLa cells and human foreskin fibroblasts 
(HFFs) were maintained in Dulbecco’s modified Eagle medium (DMEM, Gibco) supplemented 
with 10% fetal calf serum, 100 units/mL penicillin and 100 μg/mL streptomycin (Invitrogen). 
Cell lines were transfected using either Lipofectamine 2000 according to the manufacturers’ 
instructions (Invitrogen) or polyethylenimine (PEI, Polysciences Inc) in a 3:1 ratio with DNA. 
Cell-free protein lysates were generated by washing cells three times in phosphate-buffered 
saline (PBS) and subsequent lysis by three cycles of freeze-thawing in a buffer containing 50 
mM Tris pH 7.4 and 150 mM NaCl. Samples were centrifuged at 18,000 x g for 10 min at 4°C 
and protein concentration was determined by the method of Bradford (Biorad). Cell-free 
protein lysates were stored at -80°C. 

Virus and antibodies

Human cytomegalovirus (HCMV) purified virus and lysate, strain AD169, were purchased 
from Advanced Biotechnologies Inc. Primary antibodies to the following proteins were 
obtained from commercial sources: GFP (mouse monoclonal, Roche), hemagglutinin (HA, 
mouse monoclonal, Sigma), β-tubulin (mouse monoclonal, Sigma), IE1 (mouse monoclonal, 
Argene), pp65 (mouse monoclonal, 1-L-11, Santa Cruz), and pp71 (goat polyclonal, vC-20, 
Santa Cruz). Mouse monoclonal antibody against pp71 (2H10-9 and 10G11) are kindly 
provided by Dr. T. Shenk, and mouse monoclonal antibody against GrM (3D4B7) have been 
previously described [19, 32]. Secondary horseradish peroxidase-conjugated goat anti-mouse 
and rabbit anti-goat antibodies were purchased from Biosource and Dako, respectively. 
FITC-conjugated rabbit anti-mouse was purchased from Dako. Immunoblotted proteins 
were detected using the Enhanced Chemiluminescence detection system (Amersham). 

Purified recombinant proteins

The cDNA encoding mature human GrM was amplified and cloned into yeast expression 
vector pPIC9 (Invitrogen). Using the QuikChange Site-Directed Mutagenesis Kit (Stratagene), 
the Ser195 residue in the catalytic center of GrM was replaced by an Ala residue, resulting 
in the catalytically inactive GrM variant (GrM-SA) that we have used as a control in this 
study. GrM and GrM-SA proteins were expressed and purified as described previously [23]. 
Briefly, Pichia pastoris GS115 cells were transformed with the pPIC9-granzyme expression 
plasmids and granzymes were expressed for 72 h in conditioned media, according to the 
manufacturers’ protocol (Invitrogen). GrM and GrM-SA were purified to homogeneity 
using an SP-Sepharose column (GE Healthcare) with 1 M NaCl for elution. GrM protein 
fractions were dialyzed against 50 mM Tris (pH 7.4) and 150 mM NaCl, and stored at -80°C. 
Recombinant GrM and GrM-SA proteins were pure (>98%) as determined by SDS-PAGE and 
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active as measured by hydrolysis of synthetic chromogenic leucine substrates Suc-AAPL-
pNA (Bachem) and Suc-KVPL-pNA (GL Biochem) (data not shown). Recombinant HA-tagged 
pp71 was expressed and purified from cell-free protein extracts by immunoprecipitation 
using an anti-HA antibody.

Site-directed mutagenesis and generation of HA-pp711-439 and HA-pp71440-559 constructs

The mammalian expression vector pCGN-71, containing the cDNA of pp71 cloned after 
an HA-tag, was a generous gift from Dr. T. Shenk and has been described previously [32]. 
The pp71L439A mutant (pCGN-71-L439A) was generated using the QuikChange Site-Directed 
Mutagenesis Kit (Stratagene) using forward (5’-CCG ACG CCG ACC CCC GCG TCC GAA GCC 
ATG TTT G-3’) and reverse (5’- C AAA CAT GGC TTC GGA CGC GGG GGT CGG CGT CGG -3’) 
primers, and pCGN-71 as template. To generate the HA-pp711-439 construct, forward (5’-TTT 
TCT AGA ATG TCT CAG GCA TCG-3’) and reverse (5’-TTT GGA TCC TTA TTA CAG GGG GGT CGG 
CGT C-3’) primers, and pCGN-71 as template were used to clone the pp711-439 fragment into 
an empty pCGN vector. Forward (5’-TTT TCT AGA TCC GAA GCC ATG TTT G-3’) and reverse 
(5’-TTT GGA TCC TTA TTA GAT GCG GGG TCG AC-3’) primers, and pCGN-71 as template were 
used to generate the HA-pp71440-559 construct. DNA sequences of all constructs were verified 
by sequencing. 

HCMV infection model

HFFs were seeded in 96-wells plates and infected with purified HCMV at a multiplicity of 1.0 
plaque-forming unit per cell for 2 h at 37°C. Cells were washed three times with serum free 
DMEM and incubated with streptolysin O (SLO, Aalto) and purified GrM in a final volume of 
30 μL for 30 min at 37°C. Supernatant was removed and cells were cultured in 100 μL DMEM 
containing 10% FCS. For analysis of pp65 and pp71 by immunoblotting, cells were cultured 
for an additional 3.5 h after which cells were washed two times with PBS and directly lysed 
in reducing sample buffer. For analysis of IE1 and β-tubulin protein expression, cells were 
cultured for the indicated time points after which cells were washed twice with PBS and 
directly lysed in reducing sample buffer. To measure viral load by quantitative PCR, cells 
were cultured for 72 h before supernatant was collected and HCMV was inactivated for 
30 min at 60°C. Cell viability was measured using a WST-1 assay (Roche) according to the 
manufacturers’ protocol, and assessed by phase contrast microscopy.

Quantitative PCR

Supernatants from HCMV-infected HFFs or samples for the standard curve were diluted 50-
fold in water and amplification of HCMV DNA was performed using quantitative PCR (ABI 
Prism 7900 HT, Applied Biosystem). Forward (5’-GCC GAT CGT AAA GAG ATG AAG AC-3’) and 
reverse (5’-CTC GTG CGT GTG CTA CGA GA-3’) primers, and probe (5’-FAM-AGT GCA GCC 
CCG ACC ATC GTT C-TAMRA-3’) were located in the HCMV DNA polymerase gene UL54. The 
viral load of supernatants was determined by plotting Cq-values on the standard curve.

Fluorescent two dimensional difference gel electrophoresis (2D-DIGE)

HCMV lysate (75 µg) was incubated with GrM (50 nM) or GrM-SA (50 nM) for 2 h at 
37°C. Samples were precipitated using the Plus One 2D Clean-up kit as recommended by 
the manufacturer (GE Healthcare), and solubilized in a buffer containing 8 M urea, 2 M 
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thiourea, 4% Chaps, 10 mM Tris pH 8.5. GrM and control GrM-SA-treated samples (50 μg) 
were labeled with 400 pmol of 1-(5-carboxypentyl)-1’-methylindodicarbocyanine halide 
N-hydroxysuccinimidyl ester (Cy5) or 1-(5-carboxypentyl)-1’-propylindocarbocyanine halide 
N-hydroxysuccinimidyl ester (Cy3), respectively (GE Healthcare). A mixture (1:1) of both 
samples was labeled with 3-[(4-carboxymethyl)phenylmethyl]-3’-ethyloxacarbocyanine 
halide N-hydroxysuccinimidyl ester (Cy2), and functions as an internal control that allows 
adequate comparison between gels. The labeling reactions were stopped by adding 0.2 
mM lysine, diluted with rehydration buffer (8 M urea, 2 M thiourea, 4% Chaps, 150 mM 
DTT, 1% biolyte pH 3-10, and 0.002% bromophenol blue), and combined according to the 
experimental design. Samples (150 μg) were rehydrated passively into immobilized pH 
gradient strips (24 cm; pH 3-10, non-linear) for 15 h at room temperature prior to isoelectric 
focusing in the IPGphor system (GE Healthcare) for 64 kVh. IPG strips were reduced for 
60 min in 2% (w/v) DTT, 6 M Urea, 2% (w/v) SDS, 20% (v/v) glycerol, 0.375 M Tris, pH 8.8, 
and alkylated for 30 min in the same buffer containing 2% (w/v) iodocetamide instead of 
DTT. The strips were mounted to a 12% SDS-PAGE gel (20 × 24 cm), immobilized to a low-
fluorescent glass plate, and subjected to electrophoresis for 18 h at 1 W per gel. The Cy2-, 
Cy3-, and Cy5-labeled images were acquired on a Typhoon 9400 scanner (GE Healthcare) at 
the following excitation/emission values: 488/520, 532/580, and 633/670 nm, respectively. 
Relative quantification of matched gel features was performed using Decyder DIA and BVA 
software (GE Healthcare). For inter-gel analyses, the internal standard method was used as 
described [33]. Selected spots with greater than 2-fold changes in abundance following GrM 
treatment were excised and subjected for identification by mass spectrometry (MS). 

In-gel digestion and mass spectrometry analysis

2D gels were post-stained with MS-compatible Flamingo staining (Biorad). Selected spots 
were excised robotically (Ettan Dalt Spot Cutter, GE Healthcare). In-gel digestion and MS 
analysis were outsourced to ServiceXS (Leiden, The Netherlands). Excised gel plugs were 
washed twice with water, twice with 50 mM ammoniumbicarbonate in 50% acetonitrile 
and dehydrated using 100% acetonitrile (Merck). Proteins were reduced with 10 mM DTT 
(Sigma) and subsequently alkylated with 55 mM iodoacetamide (Sigma). Following washing 
with 50 mM ammonium bicarbonate, 50 mM ammonium bicarbonate/50% acetonitrile 
and 100% acetonitrile, the gel plugs were rehydrated using 10 μL 50 mM ammonium 
bicarbonate containing 50 ng of trypsin and incubated for 30 min on ice. When necessary, 50 
mM ammonium bicarbonate was added to completely cover the gel plugs. Protein digestion 
by trypsin was allowed to proceed overnight at 37°C. The supernatant was acidified using 
trifluoroacetic acid to a final concentration of 0.1%, desalted over a Zip-Tip (Millipore) and 
spotted directly on a MALDI target plate using 1 μL α-cyano-4-hydroxycinnamic acid (HCCA, 
0.3 mg/mL in ethanol:acetone, 2:1) (Bruker Daltonics, Bremen, Germany) as the Zip-Tip 
eluent. MS and tandem MS (MS/MS) spectra were acquired on an Ultraflex™ II TOF/TOF 
instrument (Bruker Daltonics). The MS and MS/MS spectra were searched against the NCBI 
database using the MASCOT search algorithm (version 2.1) using mass tolerances of 0.15 Da 
for MS and 0.5 Da for MS/MS. Carbamidomethylcysteine was taken as a fixed modification 
and oxidation of methionines as a variable modification. The search parameters allowed for 
1 missed cleavage.
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LAK cell-mediated cytotoxicity assay

Lymphokine-activated killer (LAK) cells were obtained by culturing peripheral blood 
mononuclear cells for 4 days in RPMI 1640 medium (Gibco) supplemented with 5% human 
AB serum and 1000 units/mL of recombinant interleukin-2 (WOKA, Japan). HeLa cells were 
transfected with 7.5 μg pCGN-71 and 2.5 μg LgFP-eGFP using PEI as a carrier. HeLa cells 
were seeded in 96-wells plates (1 day post-transfection). HeLa target cells were incubated 
with LAK effector cells (2 days post-transfection) at the indicated effector:target ratios for 4 
h, washed two times with PBS and directly lysed in reducing sample buffer. GFP and pp71 
were analyzed by immunoblotting and quantified with ImageQuant TL v2003.02 software 
(Amersham Biosciences).

Immunofluoresence

HeLa cells were grown on coverslips and transfected with 0.5 μg of pCGN-71, pCGN-711-

439, pCGN-71440-559, or pcDNA3.1+ vector (Invitrogen) and PEI was used as carrier. After 48 
h, coverslips were washed twice with PBS, dried and stored at -20°C. For pp71 detection, 
cells were fixed with acetone for 10 min followed by antibody incubations with anti-HA 
for 1 h, and FITC-conjugated rabbit anti-mouse for 45 min. To-pro-3 (Invitrogen) was used 
for nuclear counterstaining and fluorescence was analyzed using confocal laser scanning 
microscopy (Leica SP2).

Dual luciferase reporter assay

HeLa or HFF cells were seeded in 12-wells plates and transfected with 50 ng of pGL3-SV40 
(Invitrogen), 10 ng of pRL-CMV (Invitrogen), complemented with 940 ng of pCGN-71, pCGN-
711-439, pCGN-71440-559, or pcDNA3.1+ vector using PEI. The pp71 protein activates the CMV 
promoter, but does not activate the SV40 promotor [34]. SV40-firefly was used as a correction 
for transfection efficiency to allow adequate comparison between samples. After 48 h, cells 
were washed twice with PBS, freeze-thawed once at -80°C, and lysed with 200 μL of Passive 
Lysis Buffer (Promega). Supernatant was collected and used for immunoblot analysis with 
an anti-HA antibody, and to determine both renilla and firefly luciferase activities using the 
Dual-GLO Luciferase Assay System (Promega) in a Veritas Microplate Luminometer (Turner 
Biosystems) according to the manufacturers’ protocol (Promega). Both luciferase activities 
were normalized for background values. Then, changes in pp71-induced CMV-renilla 
luciferase activities relative to SV40-firefly luciferase activities (i.e. renilla luciferase/ firefly 
luciferase ratio) were determined. The mean renilla luciferase activity from control (pcDNA 
3.1+)-transfected cells was set at 1.

Results

GrM inhibits HCMV replication independent of host cell death

To investigate the effect of human GrM on HCMV replication, fully permissive HFFs were 
infected with HCMV and subsequently incubated with the perforin-analogue SLO and purified 
GrM. Viral replication was determined by quantifying HCMV viral load in supernatants. 
HCMV-infected HFFs showed a dramatic decrease in viral load when incubated in the 
presence of both SLO and GrM as compared to control samples (Figure 1a). Interestingly, 
no difference in cell viability was observed under these conditions (Figure 1b, c), indicating 
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that cell death pathways remained unaffected. A catalytically inactive control GrM mutant 
(GrM-SA) had no effect on HCMV viral load or cell viability. These data indicate that human 
GrM inhibits HCMV replication, independently of host cell death.

GrM cleaves HCMV proteins with high specificity

Because HCMV tegument proteins are immediately delivered to the target cell upon infection 
and play crucial roles in many aspects of the viral life cycle, we next investigated whether 
GrM can control HCMV replication by targeting these tegument proteins. A protease-based 
proteomic approach was used to identify HCMV tegument proteins as potential substrates 
of GrM. A purified HCMV protein lysate was incubated with purified GrM followed by red 
fluorescent Cy5 labeling or with catalytically inactive control GrM-SA followed by green 
fluorescent Cy3 labeling. Cleavage events were analyzed on the same 2D gel by 2D-DIGE 
(Figure 2a). Spots present in greater abundance in the control sample appear green and 

Figure 1. GrM inhibits HCMV replication independent 
of cell death. (a) HCMV-infected HFFs were incubated 
with GrM (500 nM) or GrM-SA (500 nM) in the presence or 
absence of SLO (1 μg/mL) for 30 min at 37ºC. Cells were 
cultured for 72 h, after which viral load of supernatant was 
assessed by RT PCR. Bars represent the mean ±SEM 
of three independent experiments (*p < 0.05, **p < 0.01; 
ANOVA). (b) Cell viability relative to untreated control 
cells was determined by WST-1 assay and performed in 
triplicates. (c) Cells were assessed for viability by phase 
contrast microscopy.

Figure 2. GrM targets the HCMV proteome. (a) HCMV purified lysates (75 μg) were incubated with GrM (50 nM) or control GrM-SA (50 
nM) for 2 h at 37ºC followed by red fluorescent Cy5 and green fluorescent Cy3 labeling, respectively. Samples were pooled and subjected to 
2D-DIGE. Yellow spots represent unaffected proteins, green spots represent intact GrM substrates, and red spots represent GrM-mediated 
cleavage products. White arrow depicts the spot identified as pp71 by MS. (b) Enlargement of green (1) and red (2) fluorescent spots. (c) 
Representative gel images and corresponding 3D landscapes of pp71 (cleavage products).
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indicate possible GrM substrates, whereas spots present in greater abundance in the 
GrM-treated sample appear red and reflect potential cleavage products. The unaffected 
proteome appears yellow. Of approximately 450 protein spots detected in this proteomic 
screen, eight protein spots efficiently disappeared (> 2-fold change) following incubation 
with GrM and appear green, representing potential intact GrM substrates (Figure 2a). Six 
of these green spots appeared in a row, likely reflecting phosphorylation variants of the 
same protein (Figure 2b). About ten protein spots were red and clearly appeared after 
GrM incubation (> 2-fold change), and those spots most likely represent cleavage products. 
Again, six of these red spots appeared in a row, likely representing phosphorylation variants 
(Figure 2b, c). These data indicate that GrM cleaves HCMV proteins with high specificity.

GrM cleaves HCMV tegument protein pp71

Protein spots that were affected by GrM (> 2-fold change) in the HCMV lysate were excised 
from 2D-DIGE gels. One spot was identified by tandem MS as HCMV phosphoprotein 71 
(pp71) (Figure 2a, white arrow). HCMV pp71 is a tegument protein that plays an essential 
role during HCMV replication [10, 11, 13, 34]. Since pp71 was identified as one of the six 
spots in a row (Figure 2), we expected that all these six spots represent pp71. To validate this, 
immunoblot analysis of 2D gels was performed using an anti-pp71 antibody. As expected, a 
row of spots was detected at the same position as the green fluorescence spots in 2D-DIGE 
gels (Figure 3a). These spot intensities decreased following GrM incubation. To further 
characterize pp71 cleavage by GrM, HCMV protein extracts were incubated with GrM or 
GrM-SA at different concentrations (Figure 3b) or at different time intervals (Figure 3c) and 
subjected to immunoblotting. GrM, but not GrM-SA, cleaved pp71 in a concentration- and 
time-dependent manner, as illustrated by the progressive disappearance of pp71. The pp71-
related protein pp65 was not cleaved by GrM and served as a loading control. No pp71 
cleavage products could be detected by this antibody under these conditions. The molecular 
weight of pp71 matched with the molecular weight of the six green protein spots that 
appeared in a row on 2D gels (Figure 2a) and to its theoretical molecular mass of 71 kDa. 
Cleavage events are specific for the GrM active site as GrM-SA did not show any reactivity 
with pp71. To investigate whether pp71 is a direct GrM substrate rather than a substrate 

Figure 3. HCMV tegument protein pp71 is 
directly cleaved by GrM. (a) HCMV purified 
lysates (5 μg) were incubated with GrM (100 nM) 
or GrM-SA (100 nM) for 2 h at 37ºC. Samples 
were individually subjected to 2D electrophoresis 
and immunoblotting using a commercial pp71 
antibody. (b) HCMV lysates (0.5 μg) were 
incubated with increasing concentrations of 
GrM or GrM-SA (500 nM) for 4 h at 37°C and 
immunoblotted using antibodies against pp71 
and pp65. (c) HCMV lysates (0.5 μg) were 
incubated with GrM (500 nM) or GrM-SA (500 
nM) for the indicated time points at 37°C and 
immunoblotted using antibodies against pp71 
and pp65. (d) HeLa cells were transfected with 
pCGN-71 and recombinant HA-tagged pp71 
was immunoprecipated from cell-free lysates 
using an HA-antibody and subjected to SDS-
PAGE and Simply Blue Staining. (e) Purified 
recombinant pp71 was incubated with increasing 
concentrations of GrM or GrM-SA (500 nM) for 4 
h at 37ºC and immunoblotted using an anti-HA 
antibody. Detection of the immunoprecipitation 
anti-HA antibody light chain was used as a loading 
control. An immunoprecipitation sample without 
pp71 was used as a control sample.
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of a secondary protease, recombinant HA-tagged pp71 was expressed in HeLa cells and 
purified (Figure 3d). Purified recombinant HA-pp71 was incubated with GrM or GrM-SA 
and pp71 was analyzed by immunoblotting (Figure 3e). Whereas GrM-SA treated purified 
pp71 remained intact, incubation with increasing GrM concentrations resulted in complete 
cleavage of pp71, indicating that pp71 is a direct GrM substrate. Taken together, these data 
indicate that pp71 is an efficient and direct substrate of GrM.

GrM cleaves pp71 in living cells

Cleavage of pp71 by GrM was further analyzed using living lymphokine-activated killer 
(LAK) cells. GrM is highly expressed in NK cells [18, 19] and its expression in LAK cells was 
confirmed by FACS analysis (data not shown). HeLa cells co-expressing recombinant pp71 
and GFP were challenged with LAK cells for 4 hours after which lysates were analyzed for 
pp71 proteolysis (Figure 4a). Because LAK cells induce target cell death, GFP was used as a 
loading control to circumvent contamination of LAK cell proteins in the lysates. Although LAK-
induced cell death results in loss of cells as observed by GFP, recombinant pp71 decreased 
more dramatically with increasing effector target ratios than GFP (Figure 4b). To further 
examine pp71 cleavage under physiological conditions, an HCMV infection model was used 
to examine GrM-mediated cleavage of tegument pp71. HCMV-infected HFFs were incubated 
with purified GrM and different concentrations of the perforin-analogue SLO for 4 hours, 
after which pp71 was analyzed by immunoblotting. Virion-delivered pp71 dramatically 
decreased when HFFs were incubated with both SLO and GrM, whereas pp65 remained 
unaffected (Figure 4c,d). This pp71 cleavage coincided with host cell death-independent 
inhibition of HCMV replication (Figure 1). These data indicate that GrM cleaves tegument 
pp71 during HCMV infection under physiological conditions.

GrM directly cleaves pp71 after Leu439

To determine the consequences of GrM on pp71 function, we first identified the GrM 
cleavage site in pp71. HeLa cells were transfected with the pp71 cDNA fused to an N-terminal 
HA tag. Following incubation with GrM, cell-free extracts were immunoblotted and the 
pp71 N-terminus was stained with the anti-HA antibody (Figure 5a). In addition to the 

Figure 4. GrM cleaves pp71 in living cells. (a) 
HeLa cells were transfected with both pCGN-71 
and LgFP-EGFP and at 48 h post-transfection 
these cells were challenged with increasing 
effector:target (E:T) ratios of LAK cells for 4 h at 
37ºC. Lysates were subjected to immunoblotting 
using either an anti-HA or anti-GFP antibody. Data 
depicted are representative for three independent 
experiments. (b) Band intensities of HA-pp71 
were quantified and normalized for GFP. Bars 
represent the mean ±SEM of three independent 
experiments (*p < 0.05, **p < 0.01; ANOVA). (c) 
HCMV-infected HFFs were incubated with GrM 
(500 nM) or GrM-SA (500 nM) in the presence of 
increasing concentrations of SLO for 4 h at 37ºC. 
Lysates were subjected to immunoblotting using 
an anti-pp65 or anti-pp71 antibody. Data depicted 
is representative for two independent experiments. 
(d) Band intensities of pp71 were quantified and 
normalized for pp65.
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disappearance of full-length recombinant pp71 from HeLa cell lysates, an N-terminal cleavage 
fragment of ~59 kDa was detected upon GrM incubation (Figure 5a). The N-terminal pp71 
cleavage product was also detected in our 2D-DIGE experiment as red protein spots (Figure 
2a). Based on the molecular weight of the observed pp71 N-terminal cleavage fragment 
and the GrM primary (P1, Leu) and extended (P2-P4) substrate specificities [35-37], the 
GrM-cleavage site in pp71 was predicted at the leucine residue at position 439 (Figure 5b). 
To confirm this hypothetical cleavage site, Leu439 was mutated into an alanine (pp71L439A). 
Wild type pp71 and pp71L439A were expressed in HeLa cells and cell free protein extracts of 
these cells were incubated with increasing GrM concentrations. Whereas wild type pp71 
decreased with the concomitant appearance of the N-terminal cleavage fragment (~59 
kDa), virtually no decrease of the pp71L439A mutant or appearance of an N-terminal cleavage 
fragment was detected following GrM treatment (Figure 5c). This demonstrates that GrM 
directly cleaves pp71 after leucine at position 439 in the sequence 436PTPL↓SEAM443. 
 
GrM destroys pp71 transcriptional activity

It has been well established that pp71 strongly activates the HCMV major immediate-
early promoter (MIEP) within the host cell nucleus to initiate viral replication [10, 13]. To 
investigate whether GrM-cleaved pp71 is functionally active, truncated pp71 variants pp711-

439 and pp71440-559 that mimic GrM-cleaved pp71 fragments were generated (Figure 6a). To 
examine whether GrM-cleaved pp71 fragments pp711-439 and pp71440-559 are still able to 
translocate into the nucleus, HeLa cells were transfected with the various pp71 expression 
plasmids. As expected, full length pp71 localizes to the nucleus (Figure 6b, upper row) 
[34]. Although pp711-439 also showed nuclear localization (Figure 6b, middle row), which is 
consistent with the presence of a nuclear localization signal in this fragment [34], the nuclear 
staining pattern appeared slightly different from typical wild-type pp71 staining (Figure 6b, 
upper row). Cytoplasmic staining was observed for pp71440-559 (Figure 6b, bottom row). 
Transcriptional activity of recombinant full-length pp71 and both GrM-cleaved fragments 
pp711-439 and pp71440-559 towards the MIEP was assessed using a luciferase reporter assay 
(Figure 6c). In agreement with previous reports [13, 34, 38], full-length pp71 expression 
resulted in a ~5-fold induction of the MIEP in HFFs. In contrast, the transcriptional activity of 
pp71 was completely abolished when GrM-cleaved pp71 fragments pp711-439 or pp71440-559 

Figure 5. GrM cleaves pp71 after Leu439. (a) HeLa cells were transfected 
with pCGN-71 and lysates were incubated with increasing concentrations of 
GrM or GrM-SA (500 nM) for 4 h at 37ºC. Cell-free lysates were subjected to 
immunoblotting using an anti-HA-antibody to detect full length recombinant HA-
tagged pp71 and an N-terminal cleavage product. (b) The amino acid sequence 
of pp71 with the predicted P4-P1 residues highlighted in black and the P1’-P4’ 
residues highlighted in grey. (c) HeLa cells were transfected with pCGN-71 
or pCGN-71-L439A, which encodes the pp71 protein with Leu439 mutated into 
Ala439. Lysates were incubated with increasing concentrations of GrM for 4 h at 
37°C and immunoblotted using an anti-HA antibody.
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were employed. Similar results were obtained in HeLa cells (data not shown). Immunoblot 
analysis showed that pp71 fragments were expressed at virtually similar levels as full-length 
pp71 (Figure 6d). Because the MIEP regulates IE1 protein expression, the effect of GrM on 
IE1 protein expression was assessed in HCMV-infected fibroblasts in time (Figure 6e). In 
agreement with pp71 and MIEP inactivation, GrM decreased IE1 protein expression along 
the time course of HCMV infection as compared with control GrM-SA. These data indicate 
that GrM-mediated cleavage of pp71 after Leu439 not only affects pp71 cellular localization 
but also abolishes the activity of pp71 to transactivate the MIEP, which is indispensable for 
effective HCMV replication. Reduced IE1 protein expression in GrM-treated HCMV-infected 
fibroblasts further supports the loss of pp71 function upon GrM cleavage.

Discussion

The granule exocytosis pathway employed by cytotoxic lymphocytes to induce target cell 
death generally is an effective mechanism to control viral replication. A role for GrM in 
controlling viral infections is illustrated by the observation that GrM knockout mice are 
more susceptible to MCMV infections [25]. The major mechanism by which GrM induces 
host cell death is poorly understood and some aspects remain controversial. Several studies 
have reported that GrM induces a perforin-dependent cell death pathway independent of 
caspase activation and mitochondrial perturbation [21, 23, 24]. In contrast, another study 
has proposed that GrM causes loss of mitochondrial membrane potential and subsequently 
triggers caspase-dependent apoptosis [20]. However, HCMV and many other viruses have 
evolved inhibitors for multiple apoptosis pathways. HCMV counteracts mitochondrial 
perturbation via the viral mitochondria-localized inhibitor of apoptosis (vMIA) [27] and the 

Figure 6. GrM-mediated cleavage of pp71 
destroys pp71 function. (a) Schematic 
overview of the pp71, pp711-439, and 
pp71440-559 protein expression plasmids. 
(b) Immunofluorescence images of HeLa 
cells transfected with the HA-tagged pp71, 
pp711-439, and pp71440-559 protein expression 
plasmids. HA-tagged proteins are visualized 
in green and nuclei are stained red. (c) HFFs 
were co-transfected with pGL3-SV40 (50 
ng), pRL-CMV (10 ng), complemented with 
pCGN-71, pCGN-711-439, pCGN-71440-559, or 
pcDNA3.1+ vector (940 ng). All conditions 
were performed in triplicates. Cells were 
lysed 48 h post-transfection and luciferase 
activity was assessed. Relative luciferase 
activity is represented as fold CMV promoter 
induction. Bars represent the mean ±SEM of 
triplicate experiments (*p < 0.01; ANOVA). 
(d) Lysates used in the luciferase reporter 
assay were subjected to immunoblotting 
using an anti-HA antibody. (e) HCMV-
infected fibroblasts were treated with GrM-SA 
(500 nM) or GrM (500 nM) in the presence of 
SLO (1 μg/mL) at 2 hours post infection (hpi) 
and cells were lysed at different time points. 
Lysates were subjected to immunoblotting 
using antibodies against IE1 or β-tubulin. 
Data depicted are representative of at least 
two independent experiments performed in 
triplicates.
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noncoding RNA transcript β2.7 [29]. HCMV also interferes with classical apoptotic pathways 
through inhibition of caspase-8 and caspase-3 [26, 28]. Whether HCMV encodes inhibitors 
against GrM-induced apoptotic pathways remains unknown. Intriguingly, in the present 
study, a dramatic decrease in viral replication was observed when HCMV-infected fibroblasts 
were incubated with the perforin-analogue SLO and GrM, whereas no GrM-mediated host 
cell death occurred (Figure 1). Several possibilities may explain these findings: GrM could 
cleave (i) host cell proteins that are used by HCMV for its own replication, (ii) HCMV lytic 
proteins that support viral replication, or (iii) HCMV tegument proteins that are critical for 
viral replication. In the present study, HCMV tegument protein pp71 was identified as a 
direct substrate for GrM (Figure 2, 3). Recombinant pp71 was efficiently cleaved in intact 
target cells challenged with cytotoxic LAK cells (Figure 4). In an HCMV infection model, 
virion-delivered - i.e. tegument-associated - pp71 was cleaved when incubated with the 
perforin-analogue SLO and GrM (Figure 4). Because pp71 is indispensable for efficient viral 
replication [11], cleavage of pp71 likely represents the first evidence that GrM mediates 
direct antiviral activity independently of cell death induction.

Tegument protein pp71 plays a critical role during HCMV replication, since 
pp71-deficient HCMV is severely impaired in its ability to replicate [11]. It is essential for 
immediate early HCMV gene expression via stimulation of the MIEP, but it also stimulates 
additional viral and cellular promoters [11, 13, 39, 40]. Tegument pp71 facilitates viral 
replication by targeting host cell Daxx for proteosomal degradation [41]. Daxx is thought 
to act as an intrinsic immune defense mechanism against HCMV infection by silencing the 
MIEP [42-45]. Upon infection, tegument pp71 translocates to the nucleus and facilitates 
the degradation of nuclear Daxx, thereby relieving suppression of the MIEP and promoting 
viral replication [41]. In agreement with other studies [13, 34, 38], we observed a ~5-fold 
induction of the MIEP by pp71 in fibroblasts (Figure 6). In view of the importance of pp71 
during HCMV replication, it is not surprising that cytotoxic lymphocytes have developed a 
strategy to target this viral protein. We found that GrM cleaves pp71 after Leu439, resulting 
in two pp71 fragments (Figure 5). Failure to transactivate the MIEP following cleavage after 
Leu439 likely indicates that GrM destroys pp71 functional domains involved in Daxx binding 
and/or that GrM disturbs pp71 nuclear localization, thereby abolishing viral replication. 
The nuclear localization signal is mapped to the mid region of pp71, spanning from amino 
acids 200 to 300 [34]. The short pp71440-559 cleavage fragment failed to induce the MIEP, 
most likely because this pp71 fragment is not able to translocate to the nucleus (Figure 6). 
The long pp711-439 cleavage fragment, however, still contains the nuclear localization signal. 
While it translocated to the nucleus, it lacked the capacity to induce the MIEP (Figure 6).  
This can be explained by the finding that deletions of both the ultimate N- or C-terminal 
amino acids of pp71 completely abolish Daxx interaction and subsequent loss of pp71 
transcriptional activity [38]. Decreased HCMV IE1 protein expression in infected fibroblasts 
upon GrM treatment further supports loss of pp71 function by GrM cleavage (Figure 6). 
Although GrM could potentially target IE1 itself or other viral and/or host cell proteins that 
affect IE gene expression, cleavage of pp71 by GrM likely is the mechanism to decrease IE1 
protein expression and subsequent viral replication. In this respect, GrM-mediated cleavage 
of pp71 resembles GrH that destroys the function of critical adenoviral proteins required for 
viral DNA replication [31].

To investigate the physiological importance of pp71 cleavage by GrM, fibroblasts 
should be infected with an HCMV mutant in which Leu439 in pp71 is mutated and thus resists 
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GrM proteolysis and than challenged with cytotoxic lymphocytes or treated with GrM and 
SLO. However, it cannot be excluded that GrM also cleaves viral proteins other than pp71 
that play a major role in HCMV replication. Indeed, our proteomic 2D-DIGE screen revealed 
at least two additional (viral) GrM substrates, next to pp71 (Figure 2), although we have 
not been able to identify these proteins by MS yet. Alternatively, GrM could target host cell 
proteins that HCMV hijacks for its replication. Previously, we have shown that GrM efficiently 
cleaves the microtubule network component α-tubulin [23], which plays an essential role 
in the host cellular machinery for viral intracellular transport [46]. In addition, GrM cleaves 
the nuclear phosphoprotein nucleophosmin in tumor cells [24]. Nucleophosmin has been 
implicated in viral progression, with a number of viral proteins using the shuttling capacity of 
nucleophosmin to gain access to the host cell nucleus [47, 48]. Finally, cytotoxic lymphocytes 
are armed with four additional granzymes that could play a role in HCMV replication in a 
noncytotoxic manner.

Tegument-delivered pp71 transactivates the MIEP at the initial phase of a lytic 
HCMV infection. If cleavage of tegument-delivered pp71 by GrM were to play a major 
inhibitory role during a lytic HCMV infection, one would expect that cytotoxic lymphocytes 
recognize and release GrM into lytic HCMV-infected cells prior to IE gene expression. 
However, recognition of virus-infected cells by CD8+ T cells can only take place after viral 
antigen-processing and presentation, which occurs after IE gene expression. Whether NK 
cells recognize HCMV-infected cells in the earliest phases of infection remains unknown. In 
this context, however, it is of importance to mention that the pp71 gene UL82 is expressed 
with early-late kinetics [49]. Therefore, it cannot be excluded that GrM-mediated cleavage 
of pp71 may nevertheless affect HCMV replication (i) by acting in an IE-independent manner 
at later time points of infection and/or (ii) by modulating the infectiousness of newly formed 
HCMV virion particles that are packed with dysfunctional GrM-cleaved pp71. Further studies 
are required to establish the role GrM during a lytic HCMV infection.

In addition to the role of pp71 in the lytic phase of HCMV infection, there is 
recent evidence that pp71 also plays a role in HCMV reactivation from latency. A recent 
study has shown that subcellular localization of pp71 is critical for determining whether the 
HCMV infectious cycle remains in the latent phase or enters the lytic phase in vitro [50]. 
Furthermore, a pp71 HCMV antisense transcript has been identified in monocytes and bone 
marrow of healthy HCMV-seropositive individuals, suggesting regulation of pp71 protein 
expression during latency [51]. Studies by the research group of Kalejta indicate that latency 
is the default program of HCMV in incompletely differentiated CD34+ cells due to failure 
of nuclear accumulation of tegument-delivered pp71. Upon subsequent differentiation of 
these cells, factors will be provided for nuclear pp71 accumulation that result in HCMV 
reactivation [50, 52]. In this model, tegument-delivered pp71 must remain stable in the 
cytoplasm during latency or there must be de novo cytoplasmic expression of pp71. The 
first option seems more likely, since Reeves et al. show no pp71 mRNA expression in latently 
infected immature CD34+ cells or immediately after reactivation of mature CD34+ cells [53]. 
Activated granzyme-loaded HCMV-specific cytotoxic lymphocytes circulate in the peripheral 
blood during latent HCMV infection in humans [54]. These findings are compatible with 
a model in which the cytotoxic lymphocyte granule component GrM uses a noncytotoxic 
mechanism, i.e. cleavage of pp71, to control HCMV latency by preventing the virus to 
reactivate, while leaving the host cell intact. This intriguing model is consistent with the 
recent finding that CD8+ T cells use noncytotoxic lytic granule-mediated inhibition of herpes 
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simplex virus type 1 reactivation from neuronal latency [30]. Investigation of this hypothesis 
for HCMV, however, is hampered by the lack of true in vitro models that reflect HCMV 
latency in vivo [50, 55, 56]. Nevertheless, targeting pp71 by GrM could represent a novel 
therapeutic strategy to block or to delay the HCMV lytic life cycle and/or HCMV reactivation 
from latency.
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Abstract

Human cytomegalovirus (HCMV) reactivation can cause serious complications in recipients 
of allogeneic stem cell transplantation (SCT). HCMV is controlled by cytotoxic lymphocytes 
that release granzymes to mediate antiviral functions. Recently, we have demonstrated 
that granzyme M (GrM) inhibits HCMV replication in vitro. Whereas a role for granzyme B 
(GrB) has been postulated in controlling HCMV infections in vivo, the physiological role of 
human GrM remains unknown. In this study, we examined expression of GrM and GrB in 
lymphocyte populations during HCMV latency in healthy individuals and SCT recipients with 
or without HCMV reactivation. The percentage of GrM-expressing effector memory CD4+ T 
cells was higher in HCMV latently-infected healthy individuals as compared to uninfected 
individuals. Percentages of granzyme-expressing CD4+ T cells, CD8+ T cells, γδT cells, and 
NKT cells were higher in SCT recipients as compared to healthy individuals. The percentage 
of GrM-expressing NK cells was lower in SCT patients with HCMV reactivation as compared 
to patients without reactivation. Despite lower total T cell numbers, HCMV reactivation in 
SCT patients associated with higher percentages of GrM-expressing CD4+ (total and central 
memory) T cells and GrB-expressing CD4+ (central and effector memory) and CD8+ (total 
and effector memory) T cells. Unlike GrB, the percentage of GrM-expressing CD8+ T cells 
positively correlated to the percentage of perforin-expressing CD8+ T cells in SCT patients 
without reactivation and negatively correlated in patients with HCMV reactivation. These 
data suggest that GrM-expressing CD4+ T cells may be important in regulating HCMV latency 
in healthy individuals and in controlling HCMV reactivation in SCT patients.
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Introduction

Human cytomegalovirus (HCMV) is a β-herpesvirus that causes widespread and lifelong 
infections in humans [1, 2]. Although mostly asymptomatic in healthy individuals, HCMV 
infections can lead to devastating disease in immunocompromised individuals. Particularly 
reactivation from latency can cause severe complications in allogeneic hematopoietic stem 
cell transplant (SCT) recipients due to an impaired immune system caused by conditioning 
regimens and T cell depletion therapy in combination with immunosuppressive drugs [3, 
4]. Differences in T cell reconstitution and the antiviral immune response of individual 
patients likely discriminate between efficient immunological control of HCMV infections and 
reactivation.

HCMV infections are generally controlled by cytotoxic lymphocytes, including 
cytotoxic T lymphocytes, NK cells, γδT cells, and NKT cells [1]. This is illustrated by strong 
virus-specific CD4+ and/or CD8+ T cell responses that are directed to a very broad range of 
viral epitopes with marked hierarchies of immunodominance [5-7]. Cytotoxic lymphocytes 
exert their antiviral functions predominantly through releasing interferon-γ (IFN-γ) and 
the granule-exocytosis pathway [8-12]. The latter pathway is characterized by release of 
the pore-forming protein perforin and a family of homologous serine proteases, called 
granzymes. Perforin allows the entry of granzymes into the target cell where granzymes can 
mediate their antiviral effects by cleaving host cell or viral proteins resulting in clearance of 
the virus or blockade of its replication. In humans, five granzymes (GrA, GrB, GrH, GrK, and 
GrM) have been identified with distinct substrate specificity and antiviral pathways [13]. 
Besides pro-apoptotic effects of granzymes, we have recently shown that GrM can also 
inhibit HCMV replication in the absence of cell death in vitro, mediated through cleavage of 
viral protein pp71 [14].

It has been demonstrated that GrB-positive HCMV-specific T lymphocytes emerge 
after primary HCMV infection and are maintained during latency, suggesting a role for GrB 
in HCMV infections in vivo [15-19]. Although GrM-deficient mice are more susceptible to 
murine CMV infections [20], the physiological relevance of GrM in the clearance of HCMV 
infections in humans remains unknown. In the present study, we addressed the question 
whether GrM is expressed by cytotoxic lymphocyte subsets during latency and following 
allogeneic SCT and subsequent HCMV reactivation in vivo. We found that HCMV latently-
infected healthy individuals had higher percentages of GrM-positive effector memory 
CD4+ T cells as compared to uninfected individuals. Following SCT, GrM protein expression 
correlated with HCMV reactivation as illustrated by higher percentages of GrM-positive 
(total and central memory) CD4+ T cells and lower percentages of GrM-positive NK cells. 
Furthermore, HCMV reactivation in SCT patients correlated with higher percentages of GrB-
positive CD4+ (central and effector memory) and CD8+ (total and effector memory) T cells. 
Whereas GrB-positive CD8+ T cells did not correlate to perforin-positive CD8+ T cells, there 
was a positive correlation between GrM- and perforin-positive CD8+ T cells in SCT patients 
without HCMV reactivation and a negative correlation in SCT patients with detectable HCMV 
reactivation. We conclude that GrM-expressing CD4+ T cells may be important in regulating 
HCMV latency in healthy individuals and in controlling HCMV reactivation in SCT patients.
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Materials and Methods

Patient and transplantation characteristics

Forty patients receiving allogeneic SCT between January and October 2007 were prospectively 
followed up for 12 weeks after SCT at the Department of Hematology (University Medical 
Center Utrecht, The Netherlands). Complete patient characteristics have previously been 
summarized [21]. For this study we used a selection of 31 of these 40 patients, based 
on the availability of patient material (Table 1). Patients received an allogeneic SCT from 
either a related (n = 9) or an unrelated (n = 22) donor. The stem cell source was mostly 
peripheral blood and for most patients a nonmyeloablative conditioning regimen was 
used. In vivo T cell depletion consisting of ATG was added to the conditioning regimen for 
patients receiving grafts from unrelated or HLA-mismatched donors. Whole blood samples 
were routinely drawn weekly from all patients to determine HCMV DNA loads. Plasma was 
removed for HCMV polymerase chain reaction (PCR) analyses. Whole blood was used to 
determine absolute CD4+ and CD8+ T cell counts and the leftover blood was used to isolate 
peripheral blood mononuclear cells (PBMCs). PBMCs stored in liquid nitrogen were used 
for this study. Written informed consent was obtained from all patients, in accordance with 
the Declaration of Helsinki. PBMCs from 38 healthy adult blood bank donors were obtained 
from buffy coats.

Table 1. Patient characteristics
Characteristic All HCMV reactivation

No. of patients 31 14 (45.2)

Sex

Male 17 8 (47.1)

Female 14 6 (42.9)

Median age, years (range) 51.6 (21.6-65.9) 54.4 (23.8-65.9)

Stem cell course

Cord blood 3 2 (66.7)

Peripheral blood 27 11 (40.7)

Bone marrow 1 1 (100)

Donor

Related 9 3 (33.3)

Unrelated 22 11 (50.0)

HLA mismatch

Yes 8 5 (62.5)

No 23 9 (39.1)

HCMV serological status (R/D)

R+/D+ 10 8 (80.0)

R+/D- 12 5 (41.7)

R-/D+ 2 1 (50.0)

R-/D- 7 0 (0)

NOTE. Data are no. (%) of patients, unless otherwise indicated. HCMV, human cytomegalo-
virus; R/D, recipient/donor.



Granzyme M expression during HCMV latency and reactivation

111

Ch
ap

te
r 

6

Determining HCMV status

The HCMV serostatus in patients was determined by the Department of Virology (University 
Medical Center Utrecht, The Netherlands) according to their standard operating procedure. 
Because no plasma or serum was available from healthy controls, HCMV status was 
determined by IFN-γ Elispot assays and 12 day expansion assays. IFN-γ Elispot assays were 
performed as previously described [22], with minor changes. Briefly, 96-wells multiscreen 
HTS Filter Plates (Millipore) were coated overnight with 15 µL α-human IFN-γ mAb (1-D1K, 
Mabtech). After 5 wash steps with phosphate-buffered saline (PBS), PBMCs were seeded 
and stimulated with a range of HCMV-specific peptides and whole lysates. After overnight 
incubation, cells were washed away using PBS complemented with 0.05% Tween 20, and 
IFN-γ spots were visualized using α-human IFN-γ mAb (7-B6-1-Biotin, Mabtech), streptavidin 
poly-HRP conjugate (Sanquin) and TMB substrate (eBioscience), all diluted in Pelispot buffer 
(Sanquin). Spots were analyzed using Eli-scan hardware version V2.0 and software version 
V4.2 (A·EL·VIS GmbH). Twelve day expansion assays were performed as previously described 
[23], except cells were stimulated with HCMV peptide pools. Briefly, cells were cultured for 
12 days at 37˚C in RPMI 1640 (Gibco, Life technologies) supplemented with 10 % human 
pooled serum (HPS) and 100 U penicillin and 100 µg streptomycin (pen-strep) (Invitrogen, 
Life technologies) and pp65 (NIH) and IE1 (Mimotopes) peptide pools. Peptide pool (2 μg/
mL) was added on day 0 and 6. Interleukin-2 was added at 20 U/mL on days 3, 6 and 9. On 
day 12, cells were washed and rested overnight at 37˚C, after which cells were re-stimulated 
with both medium, PMA-ionomycin and the corresponding peptide pool in the presence 
of GolgiPlug (BD). After 6 hours, cells were permeabilized and lysed (FACS permeabilizing 
solution 2 and FACS lysis solution, BD Biosciences) and stained for CD3-peridinin chlorophyll 
protein (PerCP) (Biolegend), CD4-R-phycoerythrin (PE)-cyanine 7 (Cy7), CD8 allophycocyanin 
(APC)-eFluor780 (eBioscience) and IFN-γ-fluorescein isothiocyanate (FITC) (BD), to assess 
HCMV-specific effector function of CD4+ and CD8+ T cells. Samples were measured on an LSR 
II FACS machine (BD) and data was analyzed using FACSdiva software version V6.1.3 (BD). In 
almost all samples, at least 50,000 events were acquired.

HCMV monitoring

HCMV monitoring was based on a real-time TaqMan HCMV DNA PCR assay in 
ethylenediaminetetraacetic acid (EDTA)-treated plasma, which was prospectively 
performed weekly for all patients until 4 months after transplantation. Patients were treated 
preemptively with valganciclovir (900 mg twice daily) when the HCMV DNA load exceeded 
500 copies/mL. Valaciclovir was given to all patients prophylactically (500 mg twice daily). 
Viral reactivation and/or infection was defined as an HCMV load exceeding the detection 
limit of 50 copies/mL in plasma [21].

Flow cytometry stainings and absolute T cell count determination

Frozen PBMCs were thawed in RPMI supplemented with 20% fetal calf serum (FCS) and pen-
strep, washed in RPMI supplemented with 10% FCS and pen-strep, counted and washed 
in PBS supplemented with 0.5% bovine serum albumin (BSA) and 0.1% sodiumazide. 
Per staining approximately 1x106 cells were used. Cells were incubated with either one 
of three cell-surface marker combinations to determine GrM and GrB protein levels in 
different cell subsets; 1. CD3-PerCP, CD56-APC (Biolegend), CD8-AmCyan (V500) and 
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CD16-Pacific Blue (BD); 2. CD3-PerCP, CD8-V500, CD27-PE-Cy7 (eF780) (eBioscience) and 
CD45RO-APC-Cy7 (BD); 3. CD3-Pacific Blue (eF450) (eBioscience), CD8-V500, TCR γδ-APC 
(BD) and TCR Vδ2-PerCP (Biolegend). Cells were subsequently permeabilised and lysed for 
intracellular granzyme staining. After permeabilization, cells were incubated with Alexa 
Fluor 488-conjugated anti-GrM (clone 4B2G4), generated as described previously [24], and 
GrB-PE (Sanquin). Samples were measured on an LSR II FACS machine and analyzed using 
FACSdiva software. In almost all samples at least 200,000 events were acquired.

Intracellular perforin staining was performed as previously described [21]. Briefly, 
after whole blood samples were obtained, erythrocytes were lysed. After the cells were 
washed with PBS supplemented with 0.5% BSA and 0.02 % sodiumazide, cells were stained 
with surface markers CD3, CD8, CD56 and CD16. Cells were subsequently permeabilized and 
lysed for intracellular perforin staining. After permeabilization, cells were incubated with 
FITC-conjugated perforin mAB. Samples were measured on an LSR II FACS machine. 

Absolute T cell numbers per milliliter of whole blood were determined using 
Trucount tubes (BD). In brief, 50 µL of whole blood was incubated with a mix of antibodies, 
consisting of CD3-eF450, CD56-APC, CD16-PE, CD4-PE-Cy7 (eBioscience) and CD19-FITC in 
addition to CD45-PerCP and CD8-APC-Cy7 (BD) as previously described [21]. Thereafter, 
erythrocytes were lysed (lysis buffer BD) and samples were measured on an LSR II FACS 
machine. At least 2,000 lymphocytes (identified as CD45-positive and side scatter low) were 
measured and analyzed using FACSdiva software.

Statistical analysis

Whenever the number of cells within its subset exceeded 20 cells, statistical analysis was 
performed. Median granzyme protein levels were determined and statistical analyses 
were performed using Prism software, version 5.0 (GraphPad Software). All results were 
considered non-Gaussian distributed. The Mann-Whitney U test was used to compare 
granzyme protein levels between individual cell subsets. Spearman was used to calculate 
correlations. A p value of less than 0.05 was considered statistically significant.

Results

Analysis of granzyme protein levels in lymphocyte subsets

To assess the role of HCMV latency and reactivation on GrM and GrB protein levels in different 
lymphocyte populations, we identified αβT cells, γδT cells and NKT cells within the CD3+ 
lymphocyte population by flow cytometry. αβT cells were first divided in CD4+ (CD3+CD8-) 
and CD8+ (CD3+CD8+) T cells, and further subdivided into the naive (TN) (CD27+CD45RO-), 
effector (TEFF) (CD27-CD45RO-), effector memory (TEM) (CD27+CD45RO-), and central memory 
(TCM) (CD27+CD45RO+) T cell phenotypic subsets (Figure 1a). γδT cell subsets (CD3+Vδ2- and 
CD3+Vδ2+) and NKT cells (CD3+CD8+CD56+) were also identified (Figure 1b,c). Within the 
CD3- lymphocyte population, NK cells were defined as CD3-CD16+CD56+ (Figure 1b). In each 
lymphocyte subset, intracellular GrM and GrB protein levels were analyzed (Figure 1d-f).

Higher percentages of GrM- and GrB-positive effector memory CD4+ T cells in HCMV 
latently-infected healthy individuals

To examine the long-term effects of HCMV infection on GrM and GrB levels in lymphocytes, 
we assessed granzyme protein levels in lymphocyte populations of 31 HCMV latently-
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infected and 7 uninfected healthy individuals.  No significant differences in the percentage 
of GrM- and GrB-positive cells could be observed within total CD4+ (Figure 2a) and total CD8+ 
(Figure 2b) T cell populations between both groups, although there was a trend towards 
higher percentages of GrM-positive CD4+ T cells (p = 0.1524) and GrB-positive CD4+ T cells 
(p = 0.0676) in latently-infected individuals. When the specific phenotypic subsets within 
the CD4+ and CD8+ T cell compartments were analyzed, we observed significantly higher 
percentages of GrM- and GrB-positive effector memory CD4+ T cells and a trend towards 
increased percentages of GrM-positive effector CD4+ T cells (p = 0.0937) and GrB-positive 
effector CD4+ T cells (p = 0.1752) in latently-infected individuals (Figure 2a). Percentages of 
granzyme-positive cells within CD8+ T cell subsets did not differ between latently-infected 
and uninfected individuals (Figure 2b), nor were there any differences observed within the 

Figure 1. Analysis of intracellular GrM and GrB expression in lymphocyte subsets. (a). Gating strategy of CD4+ and CD8+ T cells, 
and the phenotypic subsets within these populations. (b). Gating strategy of the NKT and NK cell subsets. (c) Gating strategy of Vδ2+ 
and Vδ2- γδT cells. (d) Representative plots of GrM and GrB expression within the CD3+ (CD4+ and CD8+) T cells. The grey histogram 
represents naive T cells and the black histogram represents effector T cells. (e) Representative plots of GrM and GrB expression within NK 
cells (grey histogram) and NKT cells (black histogram). (f)  Representative plots of GrM and GrB expression in both γδT cell subsets. The 
grey histogram represents Vδ2- γδT cells and the black histogram represents the Vδ2+ γδT cells. (TCM, central memory T cells; TEM, effector 
memory T cells; TEFF, effector T cells; TN, naive T cells)
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NK and NKT cell populations (Figure 2c), and γδT cell subsets (Figure 2d). These data point 
to a protective role of GrM- and GrB-positive effector memory CD4+ T cells during HCMV 
latency.

SCT patient population

To examine the correlation of granzyme-expressing lymphocytes with HCMV reactivation, 
31 patients who underwent allogeneic hematopoietic SCT were retrospectively followed 
during the first 12 weeks after transplantation (Table 1). Patients were categorized according 
to the peak viral load during the first 12 weeks after transplantation. In total, 14 of 31 
patients had evidence of a HCMV reactivation. Of those patients, 6 had a minor reactivation 
(peak viral load between 50-1000 copies/mL) and 8 had a major reactivation (peak viral load 
> 1000 copies/mL).

Figure 2. GrM and GrB expression in lymphocytes during HCMV latency. Median percentages of GrM- and GrB-positive cells were 
determined in lymphocyte subsets of HCMV latently-infected (n = 31, +) and uninfected (n = 7, -) healthy individuals. (a) Median percentages 
of GrM- and GrB-positive T cells in total CD4+ and CD8+ T cells, (b) CD4+ and CD8+ T cell phenotypic subsets, (c) NK and NKT cells, and (d) 
γδT cell subsets. In box plots, the horizontal line in the middle of each box indicates the median; the top and bottom borders of the box mark 
the 75th and 25th percentiles, respectively; and the whiskers above and below the box mark the range. (TCM, central memory T cells; TEM, 
effector memory T cells; TEFF, effector T cells; TN, naive T cells) *p < 0.05, **p < 0.01
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Higher percentages of granzyme-positive CD4+ T, CD8+ T, NKT, and γδT cells in SCT patients

GrM and GrB protein levels were measured longitudinally in lymphocytes of SCT patients 
after transplantation and median percentages of granzyme-positive lymphocytes throughout 
the 12 weeks follow-up were determined in order to avoid fluctuations based on variable 
onset of reactivation and T cell reconstitution. Percentages of both GrM- and GrB-positive 
cells were higher within the CD4+ T cell (Figure 3a), CD8+ T cell (Figure 3b) and γδT cell 
(Figure 3e) populations of SCT patients compared to healthy individuals. Within the NKT 
cell population, only the percentage of GrM-positive, but not GrB-positive, cells was higher 
in SCT patients compared to healthy individuals (Figure 3d). No differences were observed 
within the NK cell population between SCT patients and healthy individuals (Figure 3c). In all 

Figure 3. Correlation between GrM and GrB expression in lymphocyte subsets of healthy individuals and SCT patients. GrM and 
GrB expression was analyzed in lymphocyte subsets of both healthy donors (n = 38) and SCT patients (n = 31) throughout 12 weeks follow-
up. Mean percentages of granzyme-positive cells are depicted in both box plots and scatter plots. In scatter plots, the median percentages 
of GrM-positive cells were plotted against the median percentages of GrB-positive cells for (a) CD4+ T cells (healthy donors, r = 0.6884, 
p < 0.0001; SCT patients, r = 0.8725, p < 0.0001), (b) CD8+ T cells (healthy donors, r = 0.7255, p < 0.0001; SCT patients, r = 0.6668, p < 
0.0001), (c) NK cells (healthy donors, r = 0.3734, p = 0.0209; SCT patients, r = 0.3180, p = 0.0813), (d) NKT cells (healthy donors, r = 0.6115, 
p < 0.0001; SCT patients, r = 0.07210, p = 0.7050), and (e) γδT cells (healthy donors, r = 0.6921, p < 0.0001; SCT patients, r = 0.7048, p < 
0.0001). In box plots, the horizontal line in the middle of each box indicates the median; the top and bottom borders of the box mark the 75th 
and 25th percentiles, respectively; and the whiskers above and below the box mark the range. **p < 0.01, ***p < 0.001
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Figure 4. Association between granzyme expression in lymphocyte subsets and HCMV reactivations in SCT patients. GrM and 
GrB expression was analyzed in lymphocyte subsets of SCT patients that experienced major (n = 8, ++), minor (n = 6, +), or no (n = 17, -) 
HCMV reactivation throughout 12 weeks follow-up. (a) Median absolute numbers of total CD4+ and CD8+ T cells or (b) GrM- and GrB-positive 
CD4+ and CD8+ T cells. (c) Median percentages of GrM- and GrB-positive cells within the total CD4+ or CD8+ T cell population. (d) Median 
percentages of phenotypic subset cells within the total CD4+ T cell population or (e) GrM- and GrB-positive cells within CD4+ T cell phenotypic 
subsets. (f) Median percentages of phenotypic subset cells within the total CD8+ T cell population, or (g) GrM- and GrB-positive cells within 
CD8+ T cell phenotypic subsets. (h) Median percentages of NK cells within the total CD3- lymphocyte population, and NKT and γδT cells 
within the total CD3+ lymphocyte population. (i) Median percentages of GrM- and GrB-positive cells within the total NK, NKT and γδT cell 
population. In box plots, the horizontal line in the middle of each box indicates the median; the top and bottom borders of the box mark the 
75th and 25th percentiles, respectively; and the whiskers above and below the box mark the range. (TCM, central memory T cells; TEM, effector 
memory T cells; TEFF, effector T cells; TN, naive T cells) *p < 0.05, **p < 0.01

lymphocyte populations, except for NK and NKT cells of SCT patients, there was a significant 
correlation between the percentages of GrM- and GrB-positive lymphocytes. These data 
indicate that after SCT transplantation percentages of granzyme-positive cells within the 
CD4+ T cell, CD8+ T cell, NKT cell, and γδT cell compartments are increased.
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GrM- and GrB-positive lymphocytes are associated with HCMV reactivation

To determine whether GrM and GrB are associated with HCMV reactivation, median 
numbers of total cells and granzyme-positive cells per lymphocyte subset throughout 
follow-up were determined and correlated to HCMV reactivation. Absolute numbers of 
CD4+ T cells were significantly lower in SCT patients with minor (+) and major (++) HCMV 
reactivation compared to patients with no reactivation (-) (Figure 4a) and as a result there 
was a significant lower numbers of total GrM-positive CD4+ T cells (Figure 4b). Instead of 
examining absolute T cell numbers, we further analyzed differences in the percentages of 
granzyme-expressing lymphocytes throughout follow-up and correlated this to minor or 
major HCMV reactivation (Figure 4c). Interestingly, the percentage of GrM-positive CD4+ T 
cells was significantly higher in patients with major HCMV reactivation compared to patients 
without reactivation. There were no differences in the percentage of GrM-positive CD8+ 
T cells between patients with or without HCMV reactivation. Unlike GrM, the percentage 
of GrB-positive CD8+ T cells was significantly higher in SCT patients with major HCMV 
reactivation compared to patients without reactivation. Analysis of the T cell phenotypic 
subsets showed that the higher percentage of GrM-positive CD4+ T cells in SCT patients with 
major HCMV reactivation is mostly reflected in the central memory CD4+ T cell pool (Figure 
4d,e). In addition, percentages of GrB-expressing central and effector memory CD4+ T cells, 
and effector memory CD8+ T cells were higher in SCT patients with major HCMV reactivation 
(Figure 4d-g). Analysis of NK, NKT and γδT cells showed no significant differences in the 
percentages of total cells (Figure 4h), but the percentage of GrM-positive NK cells was lower 
in SCT patients with major HCMV reactivation compared to patients without reactivation 
(Figure 4i). Altogether, these data show that not the absolute numbers but rather the 
percentages of granzyme-positive cells of several lymphocyte populations are associated 
with HCMV reactivation. Whereas GrB associates with CD4+ T cell and CD8+ T cell responses, 
GrM associates with CD4+ T cells and NK cell responses towards HCMV reactivation.

Distinct CD4+ and CD8+ T cell responses in SCT patients with HCMV reactivation

In our previous analysis, we assessed the median total numbers or percentages of granzyme-
positive lymphocytes throughout the 12 week follow-up period. However, when we analyzed 
patients on an individual basis, distinct immune response patterns could be observed. On 
the one hand, an increase in GrM- and GrB-positive CD4+ and CD8+ T cells coincided with an 
increase in HCMV viral load (Figure 5a). This could indicate that the increase in granzyme-
positive CD4+ and CD8+ T cells leads to control of HCMV reactivation. On the other hand, 
granzyme-positive CD4+ and CD8+ T cells was inversely correlated to HCMV viral load in other 
patients, characterized by decreased percentages of GrM- and GrB-positive CD4+ and CD8+ 
T cells when HCMV viral load is increasing (Figure 5b). This may suggest that either HCMV 
reactivation leads to efficient suppression of T cell responses or that downregulation of 
T cell responses causes HCMV reactivation. As HCMV DNA load decreases later on when 
GrM- and GrB-positive T cells increase, the latter may be more likely. Notably, the kinetics 
of GrM-expressing T lymphocytes coincided with the kinetics of GrB-, and to a lesser extent, 
perforin-expressing T lymphocytes. These data demonstrate the diversity and complexity of 
human T cell responses during HCMV reactivation in SCT patients.



Chapter 6

118

GrM but not GrB correlates with perforin expression in CD8+ T cells

Antiviral functions of granzymes are both dependent and independent of perforin [8]. 
Recently, we have demonstrated that perforin expression in CD8+ T cells correlates with 
HCMV reactivation in SCT patients [21]. Here, we showed that granzyme-positive CD8+ T cells 
also associated with HCMV reactivation (Figure 3). Therefore, we analyzed the correlation 
between granzyme-positive and perforin-positive CD8+ T cells. There was no significant 
correlation between the percentages of GrM-positive CD8+ T cells and the percentage of 
perforin-positive CD8+ T cells when all SCT patients were analyzed (Figure 6a). However, 
when SCT recipients were divided into patients with or without HCMV reactivation, there 
was a positive correlation between the percentage of GrM-positive and perforin-positive 
CD8+ T cells in SCT patients without HCMV reactivation and a negative correlation in patients 
with reactivation. There were no significant correlations between the percentages of GrB- 
and perforin-positive CD8+ T cells in SCT patients (Figure 6b). These data suggest that GrM 
released by CD8+ T cells may predominantly exert antiviral effects in a perforin-independent 
manner, whereas GrB may act both in a perforin-dependent and -independent fashion.

Discussion

HCMV causes asymptomatic infections in healthy individuals worldwide [1, 2]. Infection 
is normally controlled by cytotoxic lymphocytes that predominantly use the granule 
exocytosis pathway to control HCMV infections [1, 2]. Interestingly, HCMV-specific cytotoxic 

Figure 5. Longitudinal analysis of granzyme expression in lymphocytes of individual SCT patients with HCMV reactivation. GrM 
and GrB expression was analyzed in CD4+ and CD8+ T cells of SCT patients with HCMV reactivation (n = 14) throughout 12 weeks follow-up. 
Perforin expression in CD8+ T cells was analyzed previously [21]. (a) Representative graphs of a SCT patient with increased percentages 
of granzyme-expressing T cells that coincided with an increase in HCMV load. (b) Representative graphs of a SCT patient with decreased 
percentages of granzyme-expressing T cells that coincided with an increase in HCMV load.
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lymphocytes circulate in the peripheral blood of latently-infected healthy individuals, 
suggesting that there is an ongoing immune response that prevents HCMV reactivation from 
latency [16, 25]. HCMV infection leaves a fingerprint in the total T cell pool characterized 
by high numbers of GrB-expressing effector memory CD4+ and CD8+ T cells during latency in 
HCMV-seropositive healthy individuals [16, 25, 26]. In this study, we confirmed the higher 
numbers of GrB-positive effector memory CD4+ T cells during HCMV latency (Figure 2) 
[16]. In addition, we showed for the first time that the percentage of GrM-positive effector 
memory CD4+ T cells was higher in HCMV latently-infected compared to uninfected healthy 
individuals (Figure 2). Thus, our data indicate that primary HCMV infection and/or latency 
increases the frequency of circulating GrM- and GrB-positive CD4+ T cells. The importance of 
CD4+ T cell responses during HCMV latency is supported by several studies. HCMV latently-
infected cells counteract CD4+ T cell responses through expression of the viral IL-10-encoding 
gene UL111A [27]. During latency, dominant HCMV-specific GrB-expressing CD4+ T cell 
clones emerge that are poorly represented in the acute phase of HCMV infections and have 
immediate cytotoxic capacity towards HCMV antigen-loaded target cells [16, 17, 28]. Also, 
it has been shown that young children have impaired HCMV-specific CD4+ T cell responses, 
predominantly reduced HCMV-specific effector memory CD4+ T cell responses, but normal 
HCMV-specific CD8+ T cell responses, which coincided with persistent HCMV replication [29]. 
Finally, HCMV-specific IFN-γ-producing CD4+ T cells were shown to contribute to protection 
from HCMV disease in HIV-infected patients [30]. In this perspective, circulating granzyme-
expressing (effector memory) CD4+ T cells may contribute to the maintenance of HCMV 
latency.

Figure 6. Correlation between granzyme and perforin expression in CD8+ T cells of SCT patients. GrM and GrB expression was 
analyzed in CD8+ T cells of all SCT patients (n = 31), SCT patients without HCMV reactivation (n = 17), or patients with HCMV reactivation   
(n = 14) throughout 12 weeks follow-up. Perforin expression was analyzed previously [21]. (a) The median percentages of GrM-positive CD8+ 
T cells were plotted against the median percentages of perforin-positive CD8+ T cells (All patients, r = 0.2119, p = 0.2525; No reactivation,   
r = 0.5219, p = 0.0353, HCMV reactivation, r = -0.6057, p = 0.0217). (b) The median percentages of GrB-positive CD8+ T cells were plotted 
against the median percentages of perforin-positive CD8+ T cells (All patients, r = 0.2454, p = 0.1833; No reactivation, r = 0.2589, p = 0.3157, 
HCMV reactivation, r = -0.1980, p = 0.4974).
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 Reactivation of HCMV from latency can cause serious disease in immunocompro-
mised patients, for instance following allogeneic SCT [3, 4]. We showed that the frequency 
of granzyme-positive CD4+ T cells, CD8+ T cells, γδT cells, and NKT cells was higher in SCT pa-
tients compared to healthy individuals (Figure 3). After transplantation, immune reconstitu-
tion is required to gain a new functional immune system in the host [31]. Immune reconsti-
tution in allogeneic transplant patients poses difficult problems with alloreactivity and graft-
versus-host disease (GVHD). Therefore, SCT patients receive immunosuppressive drugs to 
prevent GVHD but leaving patients susceptible to opportunistic infections, including HCMV 
reactivation. Here, we showed that HCMV reactivation in SCT patients associated with lower 
numbers of CD4+ and CD8+ T cells (Figure 4), confirming that T cell responses are impor-
tant in preventing HCMV reactivation [1]. Interestingly, percentages of granzyme-positive T 
cells were associated with HCMV reactivation. Although absolute numbers of both CD4+ and 
CD8+ T cells were markedly lower in SCT patients with HCMV reactivation, the percentage of 
GrM-positive (total and central memory) CD4+ T cells was higher (Figure 4). Our observation 
that GrM-expressing central memory CD4+ T cells are associated with HCMV reactivation is 
remarkable, since it is believed that these cells have no effector functions [17, 32, 33]. Even 
though there are no noteworthy differences in the distribution of CD4+ T cell phenotypic 
subsets (Figure 4), it could indicate antigen-driven stimulation and differentiation of central 
memory CD4+ T cells into effector memory and/or effector CD4+ T cells in response to major 
HCMV reactivation. Higher percentages of GrB-positive CD4+ and CD8+ T cells in SCT patients 
with HCMV reactivation (Figure 4) is in agreement with previous studies that identified the 
emergence of GrB-positive HCMV-specific effector memory CD4+ and CD8+ T cells after pri-
mary HCMV infection in renal transplant recipients [15, 16, 19]. Interestingly, percentages 
of GrM-positive NK cells were lower in SCT patients with HCMV reactivation (Figure 4). Al-
together, these associations could point to a two-step model where 1) HCMV reactivation 
is triggered by inadequate NK, CD4+ T and CD8+ T cell responses in the initial phase, and 2) 
secondary T cell responses with increased granzyme-positive CD4+ and CD8+ T cells to exert 
antiviral activities to control HCMV infection. However, longitudinal analysis of individual 
SCT patients showed that T cell responses greatly differ between patients (Figure 5), which 
is most likely the result of various variable transplantation-related factors. This complicates 
the establishment of a general model for initiation and immune-regulated control of HCMV 
reactivation in SCT patients and emphasizes the complexity of the interplay between the 
host immune response and virus.
 Granzymes employ multiple pathways to exert their antiviral effects [8]; 1) induction 
of cell death to eliminate virus-infected cells, 2) inhibition of viral replication through 
cleavage of host cell or viral proteins, and 3) induction of cytokine responses to create an 
antiviral environment. All these pathways require intracellular delivery by perforin, whereas 
the latter pathway can also occur in a perforin-independent manner. Perforin expression 
in CD8+ T cells has recently been associated with HCMV reactivation in SCT patients [21]. 
We showed that there was a positive correlation in patients without HCMV reactivation 
and a negative correlation in patients with detectable HCMV reactivation between GrM- 
and perforin-positive CD8+ T cells (Figure 6). This is compatible with a model in which GrM 
released from CD8+ T cells uses predominantly perforin-independent pathways to control 
HCMV infections in SCT patients. Such a perforin-independent mechanism could include 
the release of antiviral cytokines, since GrM has recently been demonstrated to induce pro-
inflammatory cytokines in mice [34]. Although GrB expression in CD8+ T cells was associated 
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with HCMV reactivation (Figure 4), our analysis showed that the percentage of perforin-
positive cells did not correlate to the percentages of GrB-positive cells within the CD8+ T cell 
compartment of SCT patients (Figure 6). In contrast to GrM, GrB might use both perforin-
dependent and -independent pathways to control HCMV infections in SCT patients. Whether 
this holds true for CD4+ T cells and how these three granzyme pathways are involved in the 
initiation and control of HCMV reactivation, however, deserve further study.
 We showed differences in the median percentages of granzyme-expressing cells 
within the total CD4+ and CD8+ T cell population as well as in the phenotypic subsets 
between SCT patients with and without HCMV reactivation. Since we analyzed total T 
cell populations, differences could be more pronounced within the HCMV-specific T cell 
compartment. Unfortunately, analysis of HCMV-specific T cells in large patient cohorts is 
complicated by, amongst others, the high variety of HLA-specific HCMV epitopes between 
individuals [5-7]. Studying immune responses during HCMV reactivation in SCT patients 
provide valuable information to our understanding how the immune system controls HCMV 
infections and might lead to new antiviral therapies. Cellular immunotherapy is a promising 
approach to treat HCMV reactivation in SCT patients [35]. Adoptive transfer of donor-derived 
HCMV-specific T cells has already been proven to be a safe and effective treatment for 
HCMV infection [36-41]. It would be worthwhile to investigate whether increasing granzyme 
protein levels within these HCMV-specific T cells could provide improved protection to 
HCMV reactivation. 
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Cytotoxic lymphocytes are the key effector immune cells that deal with tumor cells and 
virus-infected cells. The granule-exocytosis pathway is the most important pathway by 
which cytotoxic lymphocytes exert their antiviral and anticancer functions. Activated 
cytotoxic lymphocytes release granules, containing a family of homologues serine proteases 
called granzymes, and the membrane-perturbing protein perforin that facilitates the entry 
of granzymes into the target cell. Although it has been demonstrated that all five human 
granzymes (GrA, GrB, GrH, GrK, and GrM) can induce cell death through distinct pathways, 
they do not solely induce target cell death [1-4]. Novel roles for granzymes are emerging 
(extensively reviewed in Chapter 1), including induction of cytokine responses and inhibition 
of viral replication independent of cell death. This thesis described new granzyme functions, 
which were identified by studying novel granzyme substrates and their role in the induction 
of apoptosis or inhibition of viral replication.

Anticancer functions of granzymes

Granzymes, in particular GrA and GrB, have mostly been studied for their ability to induce 
cell death. GrB is a potent inducer of apoptosis and its mechanisms are well established 
[5]. The ability of GrA to induce cell death is currently debated, and it has recently been 
proposed that GrA functions as an inducer of pro-inflammatory cytokine responses instead 
[6-8]. GrH, GrK and GrM have been less characterized and are therefore known as orphan 
granzymes [2]. In order to understand the function of these orphan granzymes, proteomic 
screens can be employed to identify novel granzyme substrates. Chapter 2 reviews the 
latest proteomic tools to screen for granzyme substrates [9]. Surprisingly, proteomic screens 
allowed us and others to identify a potential granzyme substrate shared by GrA [10, 11], 
GrB [12-14], GrH (unpublished data), GrK [10], and GrM [15], known as heterogeneous 
nuclear ribonucleoprotein K (hnRNP K). This protein is involved in a wide variety of 
biological processes [16], most prominently DNA and RNA processes, and is upregulated 
or its subcellular expression is altered in a wide variety of tumors [17-22]. It is remarkable 
that all granzymes can potentially target the same substrate since all granzymes have 
distinct substrate specificities [23]. In Chapter 3, we validated hnRNP K as a substrate for 
all five human granzymes, designating hnRNP K as the first pan-granzyme substrate in vitro. 
More importantly, hnRNP K was a physiological substrate during granzyme- and cytotoxic 
lymphocyte-mediated attack. Granzymes cleaved hnRNP K at multiple sites, including 
sites between the three functional DNA/RNA binding KH domains. The three-pronged 
arrangement of these KH domains is highly conserved between human hnRNP K and 
orthologs in other species, and allows high specificity and affinity binding of DNA and RNA 
sequences [16, 24]. Loss of a single KH domain dramatically abrogates the ability of hnRNP 
K to bind RNA [24]. Therefore, granzyme-mediated dissection of the three KH domains likely 
inactivates hnRNP K function. 

To understand why multiple granzymes target the same protein, we evaluated 
the role of hnRNP K during cytotoxic lymphocyte-mediated killing. Loss of hnRNP K led to 
increased spontaneous apoptosis, which was highly dependent on cell density. Apoptosis 
coincided with caspase activation and ROS production, although hnRNP K knockdown 
also initiated a caspase-independent pathway at low tumor cell density. Finally, hnRNP 
K-deficient tumor cells were more susceptible to cytotoxic lymphocyte-mediated killing 
(Chapter 3). Others have also implicated a role of hnRNP K in cell survival [25-28]. HnRNP 
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K sensitizes tumor cells to death-receptor-induced apoptosis by binding to the promoter 
region of caspase-8 inhibitor FLIP and the upregulation of its expression [27]. Additionally, 
hnRNP K promotes splicing of the Bcl-x pre-mRNA towards the anti-apoptotic Bcl-xs 
isoform [28]. Altogether, this indicates that hnRNP K is essential for tumor cell survival and 
supports the idea that tumor cells upregulate hnRNP K to prevent elimination by cytotoxic 
lymphocytes. Interestingly, it has been shown that hnRNP K promotes tumor cell metastasis 
and invasion [29]. Our observation that apoptosis of hnRNP K-deficient tumor cells was 
more pronounced at low cell density suggests that hnRNP K is of more importance to tumor 
cell viability when there is loss of cell-cell contact (Chapter 3). Upregulation of hnRNP K in 
tumor cells, therefore, could not only protect the primary tumor from cell death, but could 
also promote tumor invasion and metastasis, and protects individual metastatic tumor 
cells from apoptosis and immune-mediated elimination during metastatic trafficking. Taken 
together, therapeutic targeting of hnRNP K could render tumor cells more susceptible to the 
granzyme-mediated cytotoxic immune response and could thereby inhibit tumorigenesis 
and tumor progression.

Antiviral functions of granzymes

Viral latency is a phase of some viruses in which viruses effectively prevent elimination 
by the immune system. All members of the Herpesviridae family cause life-long infections 
because of their biological ability to establish latent infections. The Herpesviridae family 
consist of eight herpesviruses: Herpes simplex virus (HSV)-1, HSV-2, Varicella zoster virus 
(VZV), Epstein-Barr virus (EBV), human cytomegalovirus (HCMV), human herpesvirus (HHV)-
6, HHV-7, and Kaposi’s sarcoma-associated herpesvirus (KSHV). Latency establishes after 
primary infection and is characterized by expression of only a small subset of viral genes, 
no productive replication, and the ability of the viral genome to replicate and cause disease 
on reactivation [30]. The mechanism of reactivation from latency remains largely unknown. 
Upon infection, herpesviruses are not eliminated by the immune system, suggesting that 
latently-infected cells are not recognized by cytotoxic lymphocytes. However, virus-specific 
cytotoxic lymphocytes circulate in the peripheral blood of latently-infected individuals, 
including latent antigen-specific cytotoxic lymphocytes, indicating that latently-infected 
cells can be recognized by the immune system [31-34]. In this perspective, latent virus-
infections require efficient inhibition of cell death pathways to prevent elimination by 
cytotoxic lymphocytes. Indeed, many viruses have evolved multiple mechanisms to 
inhibit granzyme-mediated cell death pathways [4]. Because reactivation often occurs 
in immunocompromised individuals, cytotoxic lymphocytes could effectively recognize 
latently-infected cells in immunocompetent – e.g. healthy – individuals, deliver granzymes 
into target cells, and continuously block reactivation or suppress viral replication in the early 
phase of reactivation independent of cell death. This model is supported by a recent study 
that shows that HSV-1 latently-infected ganglion cells are recognized by latent antigen-
specific CD8+ T cells [35]. These cytotoxic lymphocytes release GrB towards the virus-
infected cells and inhibit reactivation without the induction of apoptosis. HSV-1 latently-
infected cells protect themselves from cytotoxic lymphocyte-mediated killing through 
expression of the anti-apoptotic HSV-1 latency associated transcript (LAT) RNA [36]. In order 
to block viral replication or herpesvirus reactivation, it seems conceivable that granzymes 
target either host cell proteins that are hijacked by the virus for its own replication or critical 
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viral proteins. In Chapter 4 and Chapter 5, we addressed the possibility that granzymes use 
these additional antiviral mechanisms to inhibit viral replication.

Molecular anti-HCMV mechanisms of GrM

HCMV infection is the most frequent viral cause of congenital defects and cause severe 
disease in immunocompromised patients, including human immunodeficiency virus (HIV)-
infected patients and after allogeneic stem cell or solid organ transplantation [37, 38]. In 
immunocompentent individuals, HCMV infection is effectively controlled by cytotoxic 
lymphocytes [38-40], but latent HCMV infections resides in cells of the myeloid lineage for 
life. Previously, it has been shown that mouse GrM is important for murine CMV (MCMV) 
clearance [41]. However, mouse GrM and MCMV are largely diverged from their human 
counterparts [15, 37]. In Chapter 5, we showed that human GrM inhibited HCMV replication 
independent of cell death, suggesting that GrM plays an important role in HCMV infections 
in humans [42]. To understand how GrM controls HCMV infections, we aimed to identify 
GrM substrates – e.g. host cell proteins or viral proteins – that are crucial for the replication 
of HCMV. HnRNP K was a potential candidate to play a role in HCMV replication, since hnRNP 
K was cleaved by GrM (Chapter 3) and has been implicated to play a role in the life cycle of 
several viruses, including dengue virus, enterovirus 71, hepatitis B virus (HBV), HIV-1, and 
HSV-1 [43-50]. In Chapter 4, we showed that hnRNP K indeed was required for efficient HCMV 
replication, partly through promoting cell viability, but predominantly through regulating 
expression of the 86 kDa immediate-early (IE) 2 protein, a viral protein that is absolutely 
indispensable for HCMV replication [51-53]. HnRNP K was only essential for cell viability in 
HCMV-infected but not uninfected cells. Apparently, hnRNP K is required in primary cells to 
cope with stress induced by HCMV infection. This is in agreement with our previous results 
showing that hnRNP K-deficient tumor cells were more susceptible to cell death (Chapter 3). 
Because both the 72 kDa IE1 and 86 kDa IE2 proteins are regulated by the major immediate-
early promoter (MIEP) [37] and hnRNP K did not regulate IE1 protein expression, hnRNP K 
likely regulates IE2 protein expression post-transcriptionally. We validated that hnRNP K does 
not affect MIEP transcriptional activity (Chapter 4). Stability of IE2 mRNA and proteasomal 
degradation of IE2 protein were also unaffected in hnRNP K-deficient HCMV-infected 
fibroblasts. Instead, hnRNP K bound to IE2 mRNA and likely promotes translation, thereby 
regulating IE2 protein expression and HCMV replication. Importantly, GrM decreased IE2 
protein levels in HCMV-infected fibroblasts. GrM could therefore inhibit HCMV infection 
at the early phase of replication by cleaving host cell protein hnRNP K, thereby dissecting 
its functional RNA binding KH domains, resulting in loss of IE2 mRNA binding capacity and 
inhibition of IE2 mRNA translation into IE2 protein. Whether or not GrM indeed directly 
regulates IE2 protein translation remains to be investigated.
 In Chapter 5, we used a proteomic approach to search for GrM substrates amongst 
viral proteins that are essential for HCMV replication [42]. Tegument protein pp71 was 
identified as a direct and physiological substrate of GrM. Tegument proteins, like pp71, 
are packaged into infectious virus particles and reside between the capsid and the lipid 
envelope. Upon fusion of the HCMV particle with the target cell membrane, the tegument 
proteins are delivered into the host cell cytoplasm and contribute to immune evasion and 
viral replication [54, 55]. Tegument protein pp71 is essential for efficient HCMV replication 
as demonstrated by severely impaired replication of pp71-deficient HCMV [56]. Tegument 
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protein pp71 counteracts the host cell intrinsic defense mechanism designed to silence 
viral promoters [57-61]. In case of HCMV infections, MIEP expression is inhibited by host 
cell protein Daxx, which is targeted for proteasomal degradation by pp71, thereby relieving 
suppression of the MIEP, promoting expression of immediate-early genes, such as UL123 
(IE1) and UL122 (IE2), and initiating HCMV replication. GrM targeted tegument protein 
pp71 and abrogated its function to transactivate the MIEP (Chapter 5). Apparently, GrM 
inhibits HCMV replication by cleavage and inactivation of tegument protein pp71 (Chapter 
5), in addition to targeting host cell protein hnRNP K (Chapter 4). Whereas hnRNP K affects 
HCMV replication at the IE phase, which is required throughout replication, tegument pp71 
functions prior to the IE phase and initiates replication. Recognition of HCMV-infected 
cells by cytotoxic T lymphocytes during primary infection occurs after IE gene expression 
when viral antigens are processed and presented to cytotoxic T lymphocytes. However, it 
is unclear at which stage of the HCMV replication NK cells can recognize HCMV-infected 
cells. GrM might physiologically target and inactivate de novo synthesized pp71, which is 
expressed at early-late kinetics [62], thereby potentially affecting HCMV replication at later 
stages or reducing the infectiousness of viral particles that contain inactive tegument pp71. 
Interestingly, it has been proposed that pp71 is involved in the initiation of HCMV reactivation 
[63]. CD34+ hematopoietic progenitor cells are a reservoir for HCMV latent infections in 
vivo because tegument-delivered pp71 fails to enter the nucleus of these cells resulting 
in silenced MIEP activity and the establishment of HCMV latency [64]. However, de novo 
synthesized pp71 can enter the nucleus [65]. Subcellular pp71 localization is regulated by 
phosphorylation [66] and could therefore explain differences in tegument-delivered and de 
novo synthesized pp71 subcellular localization. Interestingly, an anti-sense pp71 transcript, 
termed latency unique natural antigen (LUNA), is expressed in – most likely HCMV latently-
infected – monocytes and bone marrow of HCMV-seropositive healthy individuals [67] and 
could repress de novo expression of pp71 during latency. Although other modes of HCMV 
reactivation could exist [68, 69], stimuli that lead to repression of LUNA gene expression 
could promote de novo pp71 expression and subsequent HCMV reactivation. Cytotoxic CD8+ 
T cells that recognize HCMV-encoded latency-associated UL138 protein have been identified 
[32] and other HCMV latent antigen-specific CD4+ and CD8+ T cell responses possibly exist. 
In this perspective, GrM-expressing HCMV-specific cytotoxic lymphocytes, which recognize 
latently-infected cells, can target viral protein pp71 and/or host cell protein hnRNP K to 
suppress HCMV reactivation or block replication once reactivation is initiated. 
 The IE1 and IE2 proteins play a central regulatory role in HCMV infection, both in 
lytic replication and reactivation from latency [37]. Our findings that GrM downregulated 
IE1 and IE2 protein expression likely though cleavage of both host cell protein hnRNP K 
and HCMV protein pp71 illustrate the importance of cytotoxic lymphocytes to target the 
IE machinery (Chapters 4 and Chapter 5). This raises the interesting possibility that GrM 
also directly targets IE1 and IE2 proteins to further abrogate HCMV replication. To examine 
this, we generated cytosolic and nuclear lysates of HCMV-infected fibroblasts and incubated 
them with increasing concentrations of purified human GrM or inactive control GrM-SA 
(Fig. 1a). Intriguingly, immunoblot analysis showed that GrM indeed cleaved both IE1 and 
IE2 as illustrated by a decrease of full-length 72 kDa IE1 and 86 kDa IE2 and the appearance 
of at least one cleavage product, most likely an IE1 cleavage product based on signal 
intensity. Then, we assessed whether IE1 and IE2 proteins can be targeted by other human 
granzymes. Nuclear fractions were incubated with the individual purified human granzymes 
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or their corresponding catalytically inactive control granzymes (Fig. 1b). Surprisingly, IE1 
protein was cleaved by GrB, GrH, GrK, and GrM, whereas IE2 protein was cleaved by GrA, 
GrB, GrK, and GrM. Cleavage of IE1 and IE2 protein by multiple granzymes not only provides 
high functional redundancy, but also strengthens our hypothesis that targeting of the IE 
machinery of HCMV by granzymes is a crucial mechanism of cytotoxic lymphocytes to block 
HCMV replication (Fig. 2).

GrM expression during HCMV latency and reactivation in vivo

If cytotoxic lymphocytes use GrM to exert anti-HCMV activity, it would be expected that 
GrM expression in cytotoxic lymphocytes is associated to HCMV infection in vivo. Therefore, 
we assessed the physiological protein expression of human GrM in both HCMV latency 
and reactivation. In Chapter 4, we showed for the first time that GrM was expressed in 
HCMV-specific CD8+ T cells, which circulated in latently-infected HCMV-seropositive healthy 
individuals or emerged after primary HCMV infection and maintained for several years 
in renal transplant patients. GrM protein levels were elevated in HCMV-specific effector 
memory CD8+ T cells, termed vigilant resting effector T cells [40, 70], compared to effector 
and naive CD8+ T cells. These vigilant resting effector cells arise after primary HCMV infection 
and cessation of the viral load, have immediate cytotoxic potential, and are thought to 
maintain HCMV latency and prevent reactivation [40, 70]. In Chapter 6, we showed that 
GrM-expressing – total antigen-specific – CD4+ T cells circulated with higher frequency in 
HCMV latently-infected healthy individuals compared to uninfected healthy individuals. 
Particularly, the percentage of GrM-expressing effector memory CD4+ T cells was significantly 
higher in HCMV latently-infected healthy individuals. In patients that underwent allogeneic 

Figure 1. All granzymes cleave HCMV proteins IE1 and/or IE2. 
Human foreskin fibroblasts were infected with HCMV purified virus 
(strain AD169, Advanced Biotechnologies Inc.) at a multiplicity of 1.0 
plaque-forming unit per cell. Three days post infection, nuclear and 
cytosolic fractions were generated and protein concentrations were 
measured using the BCA protein assay kit (Thermo Scientific Pierce). 
(a). Nuclear (0.5 μg) and cytosolic (2 μg) fractions were incubated with 
increasing concentrations of purified human GrM or catalytically inactive 
GrM-SA (500 nM) for 4 h at 37°C and subjected to immunoblotting 
using an antibody against IE1/2 (mouse monoclonal, Argene) and 
visualized by secondary HRP-conjugated anti-mouse antibody (Jackson 
ImmunoResearch Laboratories), Enhanced Chemiluminesence 
detection system (Amersham), and Chemidoc XRS+ (Bio-Rad). (b) 
Nuclear fractions (0.5 μg) were incubated with 300 nM of purified 
human GrA, GrB, GrH, GrK, GrM, or their corresponding catalytically 
inactive control granzyme (SA), or left untreated for 4 h at 37°C and 
immunoblotted using an antibody against IE1/2. Upper panel, short 
exposure time; bottom panel, long exposure time.
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hematopoietic stem cell transplantation (SCT), percentages of GrM-expressing CD4+ T 
cells, CD8+ T cells, γδT cells, and NKT cells were higher as opposed to healthy individuals. 
Following SCT, total T cell numbers were dramatically lower in patients that experienced 
HCMV reactivation, confirming the importance of T cell responses during HCMV infections 
[38]. GrM was associated with NK cell and CD4+ T  cell responses towards HCMV reactivation, 
as demonstrated by lower percentages of GrM-positive NK cells and higher percentages of 
GrM-positive (total and central memory) CD4+ T cells in SCT patients with HCMV reactivation 
compared to patients with no reactivation. The higher percentages of GrM-positive central 
memory CD4+ T cells in SCT patients with HCMV reactivation could indicate antigen-
driven activation and differentiation of central memory CD4+ T cells into effector and/or 
effector memory CD4+ T cells. Surprisingly, the percentage of GrM-positive CD8+ T cells was 
negatively correlated to the percentage of perforin-positive CD8+ cells in SCT patients with 
HCMV reactivation, suggesting that GrM predominantly acts in a perforin-independent 
manner, such as inducing cytokine responses to create an antiviral environment to control 
HCMV reactivation. In this context, analyzing granzyme levels in plasma of SCT patients in 
future studies could be indicative of perforin-independent granzyme functions. Since GrM 
was associated to CD4+ but not CD8+ T cell responses, it would be interesting to examine 

Figure 2. Hypothetical model of novel anticancer and antiviral functions of granzymes. Cytotoxic lymphocytes, including NK cells 
and cytotoxic T lymphocytes, are activated upon recognition of virus-infected target cells via NK cell receptors or viral peptide-loaded MHC 
class-I or –II molecules. (1) Activated cytotoxic lymphocytes release cytotoxic granules that contain perforin and five human granzymes 
(GrA, GrB, GrH, GrK, and GrM). (2) Perforin facilitates the entry of granzymes into the target cells where granzymes perform their anticancer 
and antiviral functions. (3) Granzyme-induced apoptosis can be blocked by tumor/virus-induced upregulation of anti-apoptotic proteins and 
downregulation of pro-apoptotic proteins, and by virus-encoded proteins and/or RNA transcripts. (4) All granzymes can target host cell 
protein hnRNP K to render tumor cells and HCMV-infected cells more susceptible to cell death. Furthermore, granzymes target hnRNP K to 
downregulate expression of HCMV protein IE2 in order to inhibit HCMV replication. (5) GrM cleaves and inactivates HCMV tegument protein 
pp71, thereby decreasing expression of HCMV proteins IE1 and IE2 and inhibiting HCMV replication. (6) All granzymes can target HCMV 
viral proteins IE1 and/or IE2.
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the correlation between GrM and perforin expression in CD4+ T cells in future studies. Total 
antigen-specific T cells were analyzed in our study (Chapter 6) and therefore the increase in 
GrM-expressing CD4+ T cells could be attributed to the HCMV-specific T cell compartment 
that may provide protection against HCMV infection. CD4+ T cells are known to be important 
for HCMV infection. CD4+ T cells can display cytotoxic functions [71] and specific HCMV-
specific CD4+ T cells have been identified with immediate cytotoxic capacity towards HCMV 
antigen-loaded target cells in an MHC class II-dependent manner [72]. Intriguingly, IE1-
specific CD4+  T cells can recognize and kill IE1 peptide-loaded target cells but fails to induce 
cell death in HCMV-infected target cells after recognition and degranulation [73], indicating 
that HCMV efficiently blocks CD4+ T cell-mediated apoptosis at an intracellular level. In our 
model where GrM-expressing cytotoxic lymphocytes could recognize latently-infected cells 
and block HCMV-replication independent of cell death, GrM-expressing HCMV-specific CD4+ 
T cells could suppress HCMV reactivation during latency in a noncytotoxic manner. HCMV 
reactivation occurs in transplant patients with decreased NK cell responses and delayed T 
cell reconstitution, and in response GrM-expressing HCMV-specific CD4+ T and CD8+ T cells 
emerge in order to control the infection.

Therapeutic implications

Increasing our understanding of how cytotoxic lymphocytes deal with tumors and viral 
infections can lead to novel and improved therapies. The granule-exocytosis pathway is 
an effective anticancer and antiviral mechanism, which could be exploited for therapeutic 
uses. Using granzymes as a therapeutic drug is challenging because of potential extracellular 
– systemic – side effects and difficulties to specifically deliver them intracellularly. 
Alternatively, granzyme substrates can provide new therapeutic targets. Especially viral 
proteins that are cleaved by granzymes are interesting therapeutic targets, which could lead 
to the development of new and more specific antiviral drugs [42, 74-76]. Finally, increasing 
granzyme protein levels in cytotoxic lymphocytes could boost anticancer and antiviral 
immune responses. Specific stimuli have to be identified by which cytotoxic lymphocytes 
can upregulate the expression of one or multiple granzymes. In adoptive T cell transfer 
therapies, tumor- or virus-specific T lymphocytes can be genetically modified to increase 
granzyme protein levels. Whereas it is challenging to generate effective tumor-specific T 
lymphocytes [77], donor-derived virus-specific cytotoxic T lymphocytes are easily isolated 
from the peripheral blood of human individuals and expanded ex vivo. Adoptive transfer 
of donor-derived virus-specific cytotoxic lymphocytes has already proven to be a safe 
method to effectively treat virus infections, including HCMV, EBV, and human adenovirus 
infections [78-84]. The anticancer and antiviral potential of these cytotoxic lymphocytes can 
be boosted by upregulating granzyme protein levels. This has recently been shown to be 
successful in mice, where adoptive transfer of GrH-overexpressing NK cells into chronic HBV-
infected mice effectively cleared the HBV infection [76]. Thus, cellular immunotherapies can 
be improved by upregulating granzyme protein levels in adoptively transferred cytotoxic 
lymphocytes and definitively deserves further study.
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Inleiding

Het immuunsysteem beschermt ons tegen ziekteverwekkers, zoals virussen, bacteriën 
en parasieten, en tegen “zieke” veranderde cellen in ons eigen lichaam, met name 
kankercellen. Zodra een ziekteverwekker het menselijk lichaam binnendringt of er een 
kankercel ontstaat binnen het lichaam, wordt het immuunsysteem geactiveerd met 
als doel om de ziekteverwekker of kankercel op te ruimen. Het immuunsysteem kan 
worden onderverdeeld in een aangeboren (niet-specifieke) en aangepaste (specifieke) 
immuunsysteem. Het aangeboren immuunsysteem herkent lichaamsvreemde (patronen 
van) moleculen op de oppervlakte van een cel. Dit deel van het immuunsysteem bestaat 
uit een cellulaire component (diverse types witte bloedcellen) en een humorale component 
(een groep serum eiwitten). Activatie van het aangeboren immuunsysteem leidt tot een 
algemene, niet-specifieke immuunrespons die al binnen enkele minuten plaats vind. Het 
aangepaste immuunsysteem bestaat uit witte bloedcellen (T en B cellen) die specifiek 
getraind worden om onderscheid te maken tussen lichaamseigen en lichaamsvreemde 
eiwitten. De eerste keer dat het aangepaste immuunsysteem wordt geactiveerd door 
een lichaamsvreemde ziekteverwekker of cel duurt het ongeveer een week voordat er 
een effectieve immuunrespons optreedt. Een belangrijke eigenschap van het aangepaste 
immuunsysteem is dat er een geheugen wordt gevormd, waardoor bij de tweede keer dat 
dezelfde lichaamsvreemde ziekteverwekker of cel wordt herkend, er een nog effectievere 
immuunrespons al binnen enkele dagen optreedt.
 In de immuunrespons tegen virus-geïnfecteerde cellen en kankercellen zijn de 
natural killer (NK) cellen (aangeboren immuunsysteem) en cytotoxische T cellen (aangepaste 
immuunsysteem) de belangrijkste uitvoerende immuuncellen. Herkenning van virus-
geïnfecteerde cellen en kankercellen vindt plaats door presentatie van kleine delen eiwitten, 
genaamd peptides, aan de celoppervlakte van deze cellen. Van alle eiwitten die aanwezig 
zijn en constant worden geproduceerd binnenin de cel, wordt continu een deel van deze 
eiwitten afgebroken tot peptides. Vervolgens worden deze peptides gebonden door Major 
Histocompatibility Complex (MHC) eiwitten, waarna de peptide-gebonden MHC eiwitten 
naar het celoppervlak worden getransporteerd. Cytotoxische T cellen zijn getraind om alleen 
MHC eiwitten te herkennen die lichaamsvreemde peptides presenteren, oftewel peptides die 
afkomstig zijn van viruseiwitten of “kankereiwitten”. Als een virus een humane cel infecteert, 
zal deze cel viruseiwitten produceren, wat zal leiden tot presentatie van lichaamsvreemde 
peptides door MHC eiwitten. Kankereiwitten zijn in principe lichaamseigen eiwitten die in 
gezonde cellen niet of nauwelijks aanwezig zijn en daarom niet gepresenteerd worden op de 
celoppervlakte van gezonde cellen. Echter, door veranderingen binnen kankercellen kunnen 
deze eiwitten wel aanwezig zijn en gepresenteerd worden op de celoppervlakte en daarmee 
als “lichaamsvreemd” gezien worden door het aangepaste immuunsysteem. Herkenning 
van peptide-gebonden MHC eiwitten door cytotoxische T cellen leidt tot activatie van 
deze cellen. Echter, virussen en kankercellen kunnen de presentatie van peptide-gebonden 
MHC eiwitten blokkeren en daarmee activatie van cytotoxische T cellen voorkomen. In dat 
geval zullen NK cellen geactiveerd worden. NK cellen binden namelijk MHC eiwitten aan 
de celoppervlak ongeacht de peptide die gepresenteerd wordt. Deze binding resulteert 
in remming van NK cel functie en dus zullen NK cellen geactiveerd worden als MHC eiwit 
presentatie wordt geblokkeerd.
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Geactiveerde cytotoxische immuuncellen hebben verschillende mechanismen om 
hun antivirale en antikanker functies uit te oefenen. Eén van de belangrijkste mechanismen 
is de granule-exocytose route. Cytotoxische immuuncellen hebben in hun cel zogenaamde 
granules waarin een aantal eiwitten liggen opgeslagen, zoals granzymen (granule-
geassocieerde enzymen) en perforine. Na activatie van de cytotoxische immuuncellen, 
worden deze eiwitten uitgescheiden richting de doelwitcel. Granzymen zijn proteases, 
oftewel eiwitten die specifiek andere eiwitten knippen en daarmee het geknipte substraat 
actief of inactief maakt. Perforine is een porie-vormend eiwit dat de toegang van granzymen 
in de doelwitcel faciliteert, waar de granzymen vervolgens specifieke substraten knippen om 
verschillende signaleringsroutes te activeren. Granzymen behoren tot de familie van serine 
proteases en in de mens zijn vijf granzymen geïdentificeerd (GrA, GrB, GrH, GrK, en GrM). 
Ieder granzym knipt specifiek een select aantal substraten en daarmee kan elk granzym 
verschillende signaleringsroutes activeren. Het is voor alle vijf granzymen aangetoond dat 
ze celdood kunnen aanzetten om virus-geïnfecteerde cellen en kankercellen op te ruimen. 
Recentelijk worden nieuwe functies voor granzymen aangetoond, zoals het induceren van 
een cytokine respons. Hierbij zorgen granzymen er voor dat er immuunsignalerings eiwitten, 
genaamd cytokines, vrijkomen uit een cel   en deze cytokines moduleren de verdere 
immuunrespons. Daarnaast blijkt dat granymen ook virusreplicatie kunnen blokkeren 
onafhankelijk van celdood. Deze granzym functies zijn enorm belangrijk bij virusinfecties, 
omdat virussen in staat zijn om efficiënt celdood te remmen. Een overzicht van deze nieuwe 
functies van granzymen wordt uigebreid beschreven in hoofdstuk 1. In dit proefschrift 
hebben we deze nieuwe granzym functies verder onderzocht door te zoeken naar nieuwe 
granzym substraten en het bestuderen van de rol van deze granzym substraten in de context 
van de antivirale en antikanker respons van cytotoxische immuuncellen. Hoofdstuk 2 geeft 
een overzicht weer van de hedendaagse technieken die gebruikt kunnen worden om de 
specificiteit van granzymen te bestuderen, nieuwe substraten te identificeren, en de positie 
te bepalen waar het granzym een substraat knipt.

Antikanker functies van granzymen

Wij maken gebruik van zogenaamde proteomic screens om nieuwe kandidaatsubstraten 
te zoeken voor de vijf verschillende humane granzymen. Opvallend was dat voor alle vijf 
granzymen eenzelfde kandidaatsubstraat werd geïdentificeerd, genaamd heterogeneous 
nuclear ribonucleoprotein K (hnRNP K). Het eiwit hnRNP K is betrokken bij verschillende 
biologische processen in de cel, met name de processen om RNA te maken vanuit het DNA 
(transcriptie) en eiwit te maken van het RNA (translatie). Daarnaast is de expressie van 
hnRNP K eiwit verhoogd in cellen van verschillende soorten kankers. Daarom hebben we in 
hoofdstuk 3 onderzocht of alle vijf granzymen daadwerkelijk hnRNP K kunnen knippen en 
wat dit mogelijk zou betekenen voor de antikanker functies van cytotoxische immuuncellen. 
We laten zien dat alle vijf humane granzymen direct hnRNP K kunnen knippen en daarmee 
hnRNP K waarschijnlijk inactief maken, omdat de functionele eiwitdomeinen van hnRNP 
K van elkaar worden gescheiden. Dit is voor het eerst dat wordt aangetoond dat alle vijf 
humane granzymen één en hetzelfde substraat kunnen knippen. Verder tonen we aan 
dat hnRNP K belangrijk is voor de vitaliteit van kankercellen. Het verlagen van hnRNP K 
eiwit expressie in een kankercel leidt tot spontane celdood van deze kankercellen via twee 
verschillende routes; 1) activatie van zogenaamde caspase eiwitten, waarvan de routes naar 
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celdood bekend zijn, en 2) een caspase-onafhankelijke route die alleen optreedt bij lage 
celdichtheden, waarschijnlijk als gevolg van het verlies van cel-cel contacten. Daarnaast 
zorgt een verlaging van hnRNP K eiwit expressie in kankercellen ervoor dat deze cellen 
gevoeliger zijn voor celdood als ze aangevallen worden door cytotoxische immuuncellen. Dit 
alles zou betekenen dat het mechanisme van cytotoxische immuuncellen om via meerdere 
granzymen het eiwit hnRNP K te knippen en te inactiveren in kankercellen bijdraagt aan 
efficiëntere eliminatie van kankercellen.

Antivirale functies van granzymen

De meeste virussen worden probleemloos opgeruimd door het immuunsysteem. Echter, 
herpesvirussen leiden tot levenslange infecties omdat ze in staat zijn om eliminatie door 
het immuunsysteem te voorkomen. Er zijn acht herpesvirussen bekend die mensen kunnen 
infecteren: Herpes Simplex virus type 1 (HSV-1; koortslip), Herpes Simplex virus type 2 (HSV-
2; herpes genitalis), Varicella zoster virus (VZV; waterpokken, gordelroos), Epstein-Barr 
virus (EBV; ziekte van Pfeiffer, lymfomen), humane cytomegalovirus (HCMV; congenitale 
afwijkingen, onstekingen in verschillende organen/weefsels), humaan herpesvirus type 6 en 
7 (HHV-6, HHV-7; roseola infantum, ook wel bekend als de ‘zesde ziekte’), en Kaposi-sarcoom 
herpesvirus (KSHV; Kaposi-sarcoom). Infecties door deze herpesvirussen vinden meestal al 
op hele jonge leeftijd plaats en zijn over het algemeen asymptomatisch. Een belangrijke 
biologische kenmerk van deze herpesvirussen is dat na de primaire infectie het virus latent 
aanwezig blijft in specifieke celtypes, dat verschillend is per herpesvirus. Deze latente infectie 
is gekarakteriseerd door expressie van slechts een kleine set virusgenen, geen productie 
van virusdeeltjes, en het vermogen om opnieuw te gaan vermenigvuldigen en ziekte te 
veroorzaken na reactivatie. Herpesvirussen reactiveren wanneer het immuunsysteem 
onderdrukt wordt door omgevingsfactoren, ziektes of medicijnen. De exacte mechanismen 
van reactivatie zijn echter nog steeds onbekend.

Ondanks dat virus-specifieke cytotoxische T cellen constant in het bloed circuleren, 
wat betekent dat er een chronische immuunrespons gaande is, worden herpesvirussen niet 
opgeruimd tijdens de latente fase. Een mogelijke mechanisme is dat cytotoxische T cellen 
wel latent-geïnfecteerde cellen herkennen en granzymen in deze cellen brengen, maar geen 
celdood veroorzaken. Dit kan komen omdat het specifieke celtype (zenuwcellen, stamcellen, 
etc.) waarin het herpesvirus latent aanwezig is minder gevoelig is voor celdood en/of dat 
het herpesvirus zelf efficiënt celdood routes kan blokkeren. In plaats van het veroorzaken 
van celdood, zou reactivatie van het herpesvirus of virusreplicatie kunnen worden 
geblokkeerd door granzymen. Voor HSV-1 infecties is dit antivirale mechanisme inderdaad 
deels beschreven. Om reactivatie of virusreplicatie te remmen, zouden granzymen cruciale 
viruseiwitten of humane eiwitten van de cel zelf die het virus misbruikt voor zijn eigen 
replicatie moeten knippen en inactiveren. In hoofdstuk 4 en hoofdstuk 5 beschrijven we 
beide mogelijkheden.

Anti-HCMV mechanismen van GrM

Humane cytomegalovirus (HCMV) infectie is de meest voorkomende oorzaak van 
congenitale afwijkingen. Reactivatie van HCMV kan tot ernstige complicaties leiden in 
mensen waarbij het immuunsysteem onderdrukt is, zoals aids-patiënten en patiënten die 
een orgaantransplantatie hebben ondergaan. Bij aids-patiënten veroorzaakt het Human 
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Immunodeficiency Virus (HIV) voor een onderdrukt immuunsysteemn door een type witte 
bloedcel, CD4+ T cellen, aan te vallen en  te vernietigen. In het geval van orgaantransplantaties 
wordt het immuunsysteem van de patiënt onderdrukt door medicijnen om afstoting van het 
orgaan door het eigen immuunsysteem tegen te gaan. Bij stamceltransplantaties, waarbij 
de patiënt een nieuw immuunsysteem krijgt van een donor, is het onderdrukken van het 
nieuwe verkregen immuunsysteem noodzakelijk om te voorkomen dat dit immuunsysteem 
het eigen “vreemde” lichaam aanvalt. Tijdens de primaire infectie infecteert HCMV 
epitheelcellen en witte bloedcellen, waarna HCMV latent aanwezig blijft in cellen van een 
myeloïde lijn, waar de witte bloedcellen van het aangeboren immuunsysteem uit ontstaan. 
Na primaire infectie of reactivatie is HCMV replicatie gekenmerkt door gecoördineerde 
expressie van eerst “immediate-early” genen, gevolgd door expressie van “early” en daarna 
“late” genen.

Eerder is aangetoond dat GrM van muizen belangrijk is bij muizen cytomegalovirus 
(MCMV) infecties. Wij tonen aan in hoofdstuk 5 dat humaan GrM replicatie van HCMV kan 
remmen onafhankelijk van het veroorzaken van celdood. Hoofdstuk 4 laat zien dat GrM de 
replicatie van HCMV kan remmen door het knippen van het humane eiwit hnRNP K. Niet 
alleen is hnRNP K belangrijk voor de vitaliteit van HCMV-geïnfecteerde cellen, maar ook 
voor de expressie van het virale immediate-early 2 (IE2) eiwit. Het virale IE2 eiwit speelt een 
centrale rol in HCMV replicatie en is daarom onmisbaar voor HCMV replicatie en reactivatie. 
Het humane eiwit hnRNP K wordt door HCMV misbruikt voor de productie van IE2 eiwit. 
Cytotoxische immuuncellen kunnen dus HCMV replicatie remmen en eventueel reactivatie 
blokkeren door GrM in de HCMV-geïnfecteerde cel te brengen waar GrM vervolgens hnRNP 
K knipt.
 In hoofdstuk 5 beschrijven we dat GrM ook direct een HCMV eiwit kan knippen en 
inactiveren. Middels een proteomic screen hebben we het virale eiwit phosphoprotein 71 
(pp71) geïdentificeerd als een GrM substraat. Het HCMV eiwit pp71 is een tegument eiwit, 
een viruseiwit dat in een virusdeeltje wordt meegepakt, en is onmisbaar voor efficiënte 
HCMV replicatie. Nadat het HCMV virusdeeltje een cel infecteert, komt pp71 direct vrij in 
de cel en start het de virale genexpressie, met name expressie van immediate-early 1 (IE1) 
en IE2, en dus virusreplicatie. Wij laten zien dat pp71 geknipt kan worden door GrM en dat 
geknipt pp71 niet meer in staat is om immediate-early genexpressie te induceren. Dit is een 
tweede mechanisme van cytotoxische immuuncellen om HCMV replicatie te blokkeren.
 Het knippen van zowel het humane eiwit hnRNP K en het virale eiwit pp71 door 
GrM kan effect hebben op de expressie van IE1 en/of IE2 eiwit in HCMV-geïnfecteerde cellen 
en granzymen kunnen daarmee vroeg in de HCMV levenscyclus de replicatie remmen. 
Uiteindelijk laten we in hoofdstuk 7 zien dat de centrale HCMV eiwitten IE1 en IE2 ook 
substraten zijn voor GrM en andere granzymen. IE1 eiwit wordt geknipt door GrB, GrH, 
GrK en GrM, terwijl IE2 eiwit wordt geknipt door GrA, GrB, GrK en GrM. Dit alles geeft aan 
dat cytotoxische immuuncellen meerdere mechanismen hebben om HCMV replicatie in een 
vroeg stadium van de replicatie te blokkeren.

GrM expressie in cytotoxische immuuncellen tijdens HCMV infecties

HCMV-specifieke cytotoxische immuuncellen ontstaan na een primaire HCMV infectie 
en het is bekend dat HCMV-specifieke immuuncellen blijven circuleren in het bloed 
tijdens de latente fase. Echter, het was nog onbekend of dat deze immuuncellen GrM tot 
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expressie brengen om daarmee mogelijke anti-HCMV functies uit te oefenen. In hoofdstuk 
4 beschrijven we voor het eerst GrM eiwit expressie in een set cellen van het adaptieve 
immuunsysteem, genaamd CD8+ T cellen, die specifiek HCMV-geïnfecteerde cellen kunnen 
herkennen. We isoleren een deel van de witte bloedcellen van twee gezonde mensen 
die eerder in hun leven een primaire HCMV infectie hebben gehad en waarbij het virus 
vervolgens latent aanwezig blijft, en van twee patiënten die een niertransplantatie hebben 
ondergaan gevolgd door een primaire HCMV infectie. Dan identificeren we de HCMV-
specifieke CD8+ T cellen en onderzoeken we of deze cellen GrM eiwit tot expressie brengen. 
In gezonde latent-geïnfecteerde mensen zien wij GrM expressie in HCMV-specifieke CD8+ 
T cellen die circuleren in het bloed. Daarnaast is GrM aanwezig in HCMV-specifieke CD8+ 
T cellen die onstaan na een primaire HCMV infectie in niertransplantatie patiënten. Dit 
betekent dat deze HCMV-specifieke CD8+ T cellen gebruik kunnen maken van de anti-HCMV 
mechanismen van GrM om een HCMV infectie tegen te gaan en/of HCMV reactivatie te 
voorkomen.
 Naast CD8+ T cellen zijn er meerdere soorten cytotoxische immuuncellen die een 
belangrijke rol spelen in de immuunrespons tegen HCMV infecties. Hoofdstuk 6 beschrijft 
GrM eiwit expressie in de verschillende subsets van cytotoxische immuuncellen (NK cellen, 
CD4+ T cellen, CD8+ T cellen, en γδT cellen) in een groot cohort van gezonde mensen en 
stamceltransplantatie patiënten. Omdat er grote variatie zit in types peptide-presenterende 
MHC eiwitten die herkend worden door de T cellen tussen verschillende mensen kijken we 
naar totale T cel populaties in plaats van naar HCMV-specifieke T cellen. Uit onze studie 
blijkt dat er meer GrM-positieve CD4+ T cellen aanwezig zijn in gezonde mensen die HCMV 
latent bij zich dragen vergeleken met gezonde mensen die nog niet geïnfecteerd zijn geraakt 
met HCMV. Patiënten die HCMV reactivatie krijgen na stamceltransplantatie hebben ook 
meer GrM-positieve CD4+ T cellen dan stamceltransplantie patiënten die geen HCMV 
reactivatie ervaren. Daarentegen hebben stamceltransplantatie patiënten met HCMV 
reactivatie minder GrM-positieve NK cellen. Dit zou kunnen betekenen dat bij patiënten die 
een stamceltransplantatie ondergaan een lager aantal GrM-positieve NK cellen (onderdeel 
van het “snelle” aangeboren immuunsysteem), en daarmee dus verlies van directe GrM-
gemedieerde anti-HCMV mechanismen, kan leiden tot HCMV reactivatie. In respons op de 
reactivatie ontstaan er meer GrM-positieve CD4+ T cellen (onderdeel van het “langzame” 
aangepaste immuunsysteem), die belangrijk zijn om de HCMV infectie onder controle te 
krijgen.

Therapeutische toepassingen

Het onderzoek beschreven in dit proefschrift kan uiteindelijk in de toekomst bijdragen 
aan nieuwe en verbeterde klinische behandelingen voor kanker en virusinfecties. Het 
identificeren van nieuwe granzym substraten levert mogelijke nieuwe aangrijpspunten op 
voor nieuwe medicijnen. Het gebruik van granzymen als direct medicijn is problematisch, 
omdat granzymen ook andere functies hebben die schadelijke systemische effecten kunnen 
veroorzaken. Op dit moment is het nog niet mogelijk om granzymen zo te modificeren dat ze 
efficiënt naar de plek van de kanker of virusinfectie lokaliseren en alleen daar hun functie uit 
te oefenen. Echter, granzym-producerende cytotoxische immuuncellen voeren hun functies 
wel specifiek uit op de plaats van de kanker of virusinfectie. Daarom is het manipuleren van 
het immuunsysteem om meer granzymen te produceren in de cytotoxische immuuncellen 
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een veelbelovende klinische toepassing om de antikanker en antivirale functies van deze 
cellen te verbeteren. Nu is het nog lastig om kunstmatig kanker-specifieke cytotoxisch 
immuuncellen te produceren. Het is al wel mogelijk om virus-specifieke cytotoxische 
immuuncellen te produceren of te isoleren uit het bloed van mensen en die genetisch te 
veranderen. Het zou daarom interessant zijn om in deze cellen de productie van granzymen 
te verhogen om daarmee de antivirale functie te verbeteren en vervolgens deze cellen in 
een patiënt te brengen om efficiënt virusinfecties tegen te gaan.
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Dit proefschrift zou nooit tot stand gekomen zijn zonder de steun en hulp van anderen en nu 
is het moment om iedereen daarvoor te bedanken.

Als eerste wil ik mijn begeleiders van mijn Master stages bedanken; Ankie van Gorp en 
Paul Coffer bij Immunologie (UMCU), en Suzan Rooijakkers en Jos van Strijp bij Medische 
Microbiologie (UMCU). Niet alleen hebben jullie mij geleerd om goed onderzoek uit te 
voeren maar ook het enthousiasme en de spanning van experimenten doen. Daarmee 
hebben jullie een belangrijke basis gelegd voor mijn uiteindelijke PhD project.

Voormalig promotor en begeleider, Prof. J.A. Kummer. Beste Alain, vijf jaar geleden werd ik 
van de gang bij Microbiologie geplukt om onverwachts bij jouw te gaan solliciteren. Jij zocht 
een AIO en ik een AIO-project en uiteindelijk ben ik begonnen aan een spannend project 
over proteases en protease inhibitors in hoofd-hals tumoren. Helaas is het anders gelopen 
dan van tevoren gedacht en ben jij vertrokken naar het St. Antonius Ziekenhuis. Bedankt 
voor de kans die jij mij hebt gegeven om bij de Pathologie te komen en dat je uiteindelijk 
co-promotor bent.

Mijn promotor, Prof. P.J. van Diest. Beste Paul, ondanks dat je niet direct betrokken was bij 
mijn project, ben ik je wel dankbaar voor de mogelijkheid om even naar Baltimore, voor mij 
ook wel bekend als “gangster paradise”, te gaan en natuurlijk om bij de Pathologie te blijven 
met een nieuw project bij Niels.

Co-promotor en begeleider Dr. N. Bovenschen. Beste Niels, toen ik begon als AIO had ik 
nooit gedacht dat ik uiteindelijk aan jouw project zou gaan werken. Lang geleden had je 
eens gezegd dat er ooit een tijd zou komen dat ik aan granzymen zou gaan werken. Niks is 
minder waar. Ineens was je groepsleider en ik kon meteen in jouw project stappen. Samen 
hebben we nieuwe functies van granzymen uitgezocht, wat een nieuwe kijk geeft op hoe 
het immuunsysteem omgaat met virusinfecties. Naast mooie publicaties, hebben we ook 
mooie congresbezoeken gehad, met als hoogtepunt Vancouver qua locatie en Nürnberg qua 
congres. Bedankt voor alles!

Daarnaast wil ik alle (oud-)collega’s van onze onderzoeksgroep bedanken voor alle hulp, 
discussies en overige bijkomstigheden. Pieter, jij zat al aan het eind van je PhD project, maar 
ik heb wel genoten van de tijd op het lab en natuurlijk alle borrels. En superbedankt dat 
ik paranimf bij jouw mocht zijn. Roel, ik kon altijd bij jouw terecht want jij wist echt alles, 
een soort van alwetend labtechnisch orakel. Jammer dat je uiteindelijk naar een andere 
onderzoeksgroep ging, maar gelukkig was je altijd dichtbij. Razi, vlak voordat je vertrok, heb 
je nog veel voor mij gepipeteerd wat tot mooie figuren heeft geleidt. En ik mis nog steeds 
de vele fantastische discussies die we op het lab hebben gevoerd. Ka Wai, jij hebt me nog 
heel erg geholpen op het eind van mijn project. Ondanks dat alle lastige kloneringen nog 
niet in dit proefschrift kunnen staan, heb ik je hulp erg gewaardeerd. 謝謝. Sanne, jij hebt 
in mijn laatste jaar zo ontzettend veel data gegenereerd dat je er in kon verdwalen en het 
heeft geleid tot een mooi hoofdstuk. Ik ben je daar erg dankbaar voor. Annette, jammer dat 
je vaak zo ver weg zat op de 2de verdieping, maar gelukkig was je nog wel regelmatig op ons 
lab waar het natuurlijk veel gezelliger was. Veel succes met je project. Stefanie, je hebt een 
grote bijdrage geleverd aan verschillende artikelen, maar vooral bedankt voor de leuke tijd 
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samen, het leuke congres in Ghent, en alle wetenschappelijke en/of zinloze discussies waar 
we ons uren mee konden bezig houden!

Ook buiten de afdeling heb ik de nodige hulp gehad; Emmanuel Wiertz (Medische 
Microbiologie, UMCU), Ingrid Schellens, Debbie van Baarle (Immunologie, UMCU), Ester 
Remmerswaal, Ineke ten Berge (AMC), Mahendran Botlagunta, Venu Raman (Johns Hopkins 
University School of Medicine, Baltimore, USA). Bedankt voor alle hulp en discussies.

De velen studenten die bij ons zijn geweest. Ten eerste Karlijn, ik heb jouw zelf mogen 
begeleiden, maar helaas hebben we net niet direct een verband kunnen maken tussen 
granzymen en EBV replicatie. Ik hoop dat je meer geluk hebt gevonden na deze stage. 
Leonne, jij hebt als student bij Niels fantastische proeven gedaan wat vervolgens een goede 
basis was voor mijn PhD project. Robert T. en Astrid, ik heb jullie niet begeleid maar jullie 
hebben uiteindelijk wel bijgedragen aan één van mijn hoofdstukken. 

Alle (oud-)collega’s van het MRL/PRL met een aantal in het bijzonder. Karijn, ik bewonder 
nog steeds hoe jij je moederschap weet te combineren met je werk. Ik heb een hele leuke 
tijd met je gehad en dat bleek wel tijdens jouw (onverwachte emotionele) afscheidsborrel. 
Geert, meestal zo serieus tijdens het werk, maar ontzettend leuk als je minder serieus de 
AIO-kamer binnenloopt of tijdens de vele borrels en feestjes. Jouw humor is ongekend. En 
het was superleuk om paranimf bij jouw te zijn. Danielle, we hebben op zich niet veel gepraat 
op het lab, maar ik heb vooral een hele leuke tijd buiten het lab met je gehad, zoals tijdens 
de borrels, de Derrick, de Kostenkoper, en wie weet ooit nog eens de Hofman. En natuurlijk 
alle andere (oud-)labgenoten; Alexey, Amélie, Annelies, Aram, Arjan, Arnout, Cathy, Dionne, 
Elise, Folkert, Frank, Helen, Guus, Iordanka, Jacqueline, Jan, Jan Willem, Jeroen, Julia, Kelly, 
Laura, Laurien, Lieneke, Liesbeth, Lodewijk, Lucas, Marijn, Mariska, Marjolein, Michiel, 
Nikki, Pan, Petra vdG, Rianne,  Renée dB, Renée dV, Robert S., Stefan, Wendy, Vera, Vicky, 
Yvonne, en iedereen op de andere subafdelingen van de Pathologie, met name Chantal, 
Daphne, Dorine, Irma, Johan, Joyce, Marja, Patrick, Petra vdW, Roel G, Sabrina, en Willy.

Natuurlijk wil ik mijn familie bedanken voor de steun, ondanks dat jullie niet altijd wisten 
waar ik precies mee bezig was en ik te vaak te druk was; papa, mama, Mark, Janneke, 
Sophie, Rozemarijn, Erwin, Mariska, Kian, Richard, Tamarah, en opa en oma Verschoor. 
Mijn vrienden met in het bijzonder Maaike en Floor. Jullie waren ook bezig met promotie 
onderzoek, maar het was vooral leuk om veel anderen dingen te doen om daarbij even niet 
aan werk te denken.

En als laatste wil ik mijn beide paranimfen bedanken, Jolien en Çiğdem. Ondanks dat jullie 
niets met granzymen te maken hebben, zijn jullie wel erg belangrijk voor mij geweest zowel 
binnen als buiten het lab. Lieve Jolien, sinds we min of meer buren zijn geworden, kon jij 
het altijd opbrengen om bijna elke (zware) vroege ochtend met mij naar het lab te fietsen 
en ook weer ‘s avond terug naar huis, en daarbij al mijn verhalen aan te horen. Daarmee 
heb je een meer dan positieve inbreng op mijn werk gehad. Sevgili Çiğdem, seninle lab’da 
geçirdiğim vakitte ve özellikle çalışma saatleri sonrası çok eğlendim, Utrecht’teki birçok parti 
de dahil. Ve umarım ki gelecekte çok çok güzel zamanlar geçiririz. Şimdilik, bütün yardım ve 
desteğin için teşekkür ediyorum... Bedankt voor al die tijd samen!
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Curriculum Vitae

Robert van Domselaar was born on the 29th of July, 1984, in Utrecht, The Netherlands. He 
spent his youth in Ochten and graduated high school (VWO-atheneum) from the Christelijk 
Lyceum Veenendaal (CLV) in 2002. He obtained his Bachelor’s degree in Biomedical Sciences 
at Utrecht University in 2005, after which he started the Biomedical Science Master’s 
programme Biology of Disease at Utrecht University. He performed his first internship under 
supervision of dr. Ankie van Gorp and prof. dr. Paul Coffer at the department of Immunology 
at the University Medical Center Utrecht for 9 months. Here, he studied the protein kinase B 
(PKB) and phosphoinositide 3-kinase (PI3K) signaling pathways. Then, he started his second 
internship under supervision of dr. Suzan Rooijakkers and prof. dr. Jos van Strijp at the 
department of Medical Microbiology at the University Medical Center Utrecht. For 6 months, 
he worked on the mechanism of complement inhibition by the secreted Staphylococcus 
aureus protein Staphylococcal Complement Inhibitor (SCIN). He wrote his Master’s thesis 
entitled “The role of proteases and protease inhibitors in tumorigenesis” under supervision 
of prof. dr. Alain Kummer at the department of Pathology at the University Medical Center 
Utrecht and obtained his Master’s degree in 2007. In September 2007, he started his PhD 
training under supervision of prof. dr. Alain Kummer at the department of Pathology at the 
University Medical Center Utrecht where he studied the role of serine protease inhibitors 
and their target proteases in head and neck squamous cell carcinoma (HNSCC) tumor 
metastasis. In January 2009, when prof. dr. Alain Kummer left the department, he continued 
his PhD training within the department. Under supervision of dr. Niels Bovenschen, he 
studied the antiviral and anticancer functions of granzymes. These results are described in 
this thesis and published in several scientific journals.
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