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CTL mediate anti-viral immunity via targeted exocytosis of cytolytic granules containing

perforin and members of the granzyme (grz) serine protease family. Here, we provide the

first analysis of grzA protein expression by murine anti-viral CTL. During the progression

of influenza A virus infection, CTL expressed two divergent cytolytic phenotypes: grzA�B1

and grzA1B1. CTL lacked grzA expression during the initial rounds of antigen-driven

division. High levels of grzA were expressed by influenza-specific CTL early post infection

(day 6), particularly in tissues associated with the infected respiratory tract (broncho-

alveolar lavage, lung). Following resolution of influenza infection, a small population of

memory CTL expressed grzA. Interestingly, individual influenza A virus-derived epitope-

specific CTL expressed different levels of grzA. The grzA expression hierarchy was

determined to be KbPB1703 5 DbF262 5 KbNS21144DbNP366 5 DbPA224 and inversely corre-

lated with CTL magnitude. Therefore following influenza infection, a CTL cytolytic hier-

archy was established relating to the different profiles of antigen expression and relative

immunodominance. Analysis of CTL grzA expression during influenza virus immunity

has enabled a more detailed insight into the cytolytic mechanisms of virus elimination.
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Introduction

CD81 CTL are critical for limiting and eventual clearing of viral

infection. Naı̈ve CTL encounter virus-derived peptides, presented

in the context of MHC class I glycoproteins (pMHCI) on the

surface of antigen-presenting DC, within LN draining the infected

tissue. Once activated naı̈ve CTL undergo a program of

proliferation and subsequent acquisition of effector function that

includes expression of cytotoxic proteins and the capacity to

secrete pro-inflammatory cytokines. A major pathway by which

CTL clear virus infection is the targeted exocytosis of granules

containing various cytolytic proteins, including the pore-forming

protein perforin (pfp), and members of the granzyme (grz) serine

protease family, towards the infected cell [1]. Once delivered, pfp

and grz act synergistically to initiate programmed cell death by

both caspase-dependent and independent pathways [2].

The most well-characterised CTL cytolytic effector protein is

grzB. Mouse grzB cleaves substrate proteins resulting in classical

apoptotic death characterised by mitochondrial depolarisation,

nuclear fragmentation, and DNAse activation. Naı̈ve CTL

express grzB early after antigen encounter [3, 4], with both

increased mRNA and protein expression correlating with

progressive cell division [5–7]. Although effector CTL express

abundant levels of grzB protein at the peak of the response [8],

this is largely turned off as the CTL population contracts into

memory [9–12]. Given its important role in CTL-mediated killing,

many viruses have evolved strategies that target and disable grzB

function [13]. In the face of such inhibitors, presumably other grz

family members must be utilised if CTL killing is to proceed upon

virus infection.
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Similar to grzB, grzA is a well-characterised member of the grz

protease family although it mediates cell death via distinct

pathways [14]. Although the role of grzA in CTL killing is less

well defined than that of grzB, grzA-deficient mice demonstrate

increased susceptibility to ectromelia virus infection [15], high-

lighting grzA participation in immunity to natural host–pathogen

interactions. Recently, an intriguing function for grzA in eliciting

inflammation has been described. Metkar et al. provide evidence

that both mouse and human grzA stimulate monocytic cells to

secrete proinflammatory cytokines [16]. The study of grzA may

therefore yield insights into the broader biological roles of the grz

family.

Single virus-specific CTL display distinct and heterogeneous

patterns of pfp and grz mRNA transcripts after in vitro and in vivo

activation [8, 12, 17, 18]. Heterogenous patterns of effector

mRNA expression are thought to reflect independent regulatory

mechanisms. This was supported by a recent analysis showing

that grzB mRNA is expressed earlier than grzA message [7].

Although grzA transcription has been studied extensively, grzA

protein expression by murine CTL remains to be described.

Studies of human virus-specific CTL have demonstrated signifi-

cant grzA expression [19–21]; however, the limited availability of

reagents, particularly for murine grz, has restricted this type of

analysis for the different cytolytic proteins. Therefore, it is

currently unknown whether the transcriptional heterogeneity

characteristic of virus-specific CTL is indeed reflected in distinct

expression profiles for the corresponding cytolytic proteins. Using

a recently described anti-murine grzA antibody [22], we exam-

ined grzA and grzB co-expression within murine influenza A

virus-specific CTL. Interestingly, there is considerable hetero-

geneity that can be related to the various pMHCI complexes that

drive influenza A virus CTL clonal expansion and determine

response magnitude.

Results

Detection of grzA expression by CTL following
influenza A virus infection

To determine the extent of grzA and grzB co-expression within

influenza-specific CTL, C57BL/6 (B6) mice were infected i.n. with

1� 104 PFU A/HKx31 (X31) and lymphocytes isolated 10 days after

infection. This time point represents the peak of CD81 T-cell

magnitude during primary X31 infection. GrzA expression by CD81

T cells was not detected in uninfected hosts (data not shown). GrzA

expression, relative to cells stained with an isotype control antibody,

was detected within both splenic CD81 and CD8� populations

(Fig. 1A). The CD8�grzA1 population is presumably NK cells [22].

Interestingly, CD81grzA1 CTL were always a subset of CD81grzB1

influenza A virus-specific CTL (Fig. 1B). In an effort to distinguish

grzA1 from grzA� CTL based on the expression of other activation

molecules, a panel of surface molecules associated with CTL

activation; CD62L, CD69, CD25, CD27, CD127, CD43, killer cell

lectin-like receptor G-1 (KLRG-1), was examined for co-expression

with either grzB or grzA. Indicative of an effector phenotype, the
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Figure 1. Detection of grzA expression by CTL following influenza A virus infection. B6 mice were infected i.n. with 1�104 PFU X31 influenza A
virus. (A) The spleen was harvested 10 days following infection and the expression of grzA versus CD8 determined for total spleen cells by staining
with an isotype control antibody or anti-grz A antibody. (B) grzA versus grz B determined for CD81 T cells. The expression of CD62L (62L), CD69 (69),
CD25 (25), CD27 (27), CD127 (127), CD43 (43), and KLRG-1 was examined for (C) grzB or (D) grzA-expressing CD81 cells. (E) BAL was harvested at day
7 following X31 infection and the percentage of grzA1 or grzB1 CD81 T cells that co-expressed CD43, KLRG-1 or CD27 was determined. Data show
mean 7 SEM (n 5 3–6 mice).
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majority of grzA1 and/or grzB1 CTL, in the spleen at day 10,

displayed a CD62Llow, CD69low, CD25low, CD27high, CD127low to high,

CD43 low to high, KLRG-1low to high phenotype (Fig. 1C and D). No

major difference between the grzA1 and grzB1 CTL was observed.

This was also the case at early (day 7) time points in the respiratory

tract (Fig. 1E).

Differential expression of grzA versus grzB during
CD81 T-cell division

GrzA expression during initial rounds of CD81 T-cell division was

examined. Previously, grzB expression has been associated with

increased CD81 T-cell division [5–7]. To enable the detection of

antigen-specific CD81 T-cell division, CFSE-labelled CD81 H-2Kb 1

OVA amino acid residues 257–264 (KbOVA257)-specific T cells (OT-I)

were adoptively transferred into mice that had been i.n. infected

with 1� 104 PFU X31-OVA 3 days previously. In these mice,

transferred OT-I will divide in response to the abundantly expressed

KbOVA257 presented in the mediastinal LN (MLN) that drains the

infected lung [7]. Prior to transfer, OT-I did not express grzA or grzB

(Fig. 2A). Seven days following X31-OVA infection, transferred OT-I

expressed abundant levels of grzA and grzB (Fig. 2B). For division

analysis, MLN were harvested�64 h following OT-I transfer and the

expression of grzA and/or grzB was determined. In accordance with

previous reports [5–7], grzB expression was detected in dividing

OT-I that had undergone multiple (43) divisions (Fig. 2C).

Surprisingly, grzA expression was not observed within OT-I that

had undergone up to six divisions and was detected only in CFSE-

negative cells (host cells) (Fig. 2D). Overall, the proportion of grzA1

OT-I was significantly (po0.001) lower than the proportion of grzB1

OT-I for cells that had undergone 1–6 divisions (Fig. 2E).

Kinetics and localisation of grzA and grzB expressing
CTL

To gain further insight into the regulation of grzA by influenza A

virus-specific CTL, the kinetics of grzA (and grzB) expression was

determined at early (day 6), peak (days 8–9), and late (days 14–17)

time points after infection. CTL were harvested from all sites

associated with pulmonary infection: MLN, bronchoalveolar lavage

(BAL), and lung. Lymphocytes were stained with a panel of

tetrameric Db or Kb MHC class I molecules loaded with peptides

representing the major influenza-derived epitopes presented in the

B6 model of infection: H-2Db 1 nucleoprotein amino acid residues

366–374 (DbNP366), H-2Db 1 acid polymerase amino acids 224–233

(DbPA224), H-2Kb 1 polymerase B amino acids 703–711 (KbPB1703),

H-2Db 1 alternative reading frame polymerase B amino acids 62–70

(DbF262) and H-2Kb 1 non-structural protein 2 NS2114–121

(DbNS2114). At early, peak, and late time points two major cytolytic

subsets of influenza A virus-specific CTL (grzA�B1 and grzA1B1)

were detected and the proportion of grzA�B1 versus grzA1B1 CTL

was compared at each time point and across the different organs. At

the early time point (Fig. 3A), the proportion of grzA1B1 CTL,

compared with grzA�B1 CTL, was significantly increased in the BAL

(po0.01) and lung (po0.01), but not in the MLN where the two

subsets were equivalently represented. This distribution was unique

to the early time point as at the peak of the CD81 T-cell response, a

significant increase in the proportion of grzA�B1 CTL, compared

with grzA1B1 CTL, was detected in the MLN (po0.05), BAL

(po0.01), and lung (po0.05) (Fig. 3B). This was also the case at

the late time point (po0.01) (Fig. 3C). In summary, the data illustrate

enrichment for grzA1B1 CTL early in the infected respiratory tract,

while at the peak and late time points, this is reversed, with grzA�B1

CTL being the dominant cytolytic CTL subset.

Characterisation of memory CTL expressing grzA
and grzB

Following resolution of influenza infection, CTL contract into a

memory pool that is maintained in both the lymphoid and

peripheral tissue. Although previous reports have demonstrated

that influenza-specific memory CTL express little grzB protein

[8], this has not been determined for grzA. The expression of

grzA and/or grzB by splenic or lung-resident influenza A virus-

specific memory CTL was assessed. The proportion of memory

CTL that expressed grzB (po0.01) was significantly increased in

the lung compared with the spleen. In contrast, grzA-expressing

memory CTL were represented equivalently in both the spleen

and the lung (Fig. 4A). Effector memory CTL are associated with

EC

CFSE

gr
zB

D

gr
zA

CFSE

%
 o

f c
el

ls
un

de
rg

oi
ng

 1
-6

 d
iv

is
io

ns

grzA grzB

***

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

gr
zB

grzA

0.44 0.042

0.05899.5

104

103

102

101

100

100 101 102 103 104

104

103

102

101

100

100 101 102 103 104

104

103

102

101

100

100 101 102 103 104

gr
zB

grzA

104

103

102

101

100

100 101 102 103 104

A

12.3 56.7

1.6829.4

BOT-I
pre-transfer

OT-I
day 7 post transfer

grzB grzA
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cytotoxic function and display a CD62Llow phenotype [23]. In the

lung (Fig. 4B) and spleen (data not shown), both grzB1 and

grzA1 memory CTL expressed a CD62Llow phenotype.

The expression of grzA varies for CTL specific for
different virus-derived epitopes

So far, we have examined the expression of grzA and/or grzB by a

pooled population of influenza A virus-specific CTL with varied

pMHCI epitope specificities. To analyse the response in more detail,

we determined grzA and/or grzB expression by the distinct

influenza-epitope-specific CTL. In the BAL 10 days after primary

infection, a comparable level of grzB was observed for individual

influenza-specific CTL (Fig. 5A). This was also the case in the spleen

(data not shown). In contrast, grzA expression varied significantly

between individual CTL of differing specificities (Fig. 5B and C). A

significantly lower proportion of DbNP366- and DbPA224-specific CTL

expressed grzA compared with KbPB1703 (po0.01), DbF262

(po0.05), and KbNS2114-specific CTL (po0.05) (Fig. 5B). The

increased proportion of grzA1B1 CTL within the KbPB1703-

(po0.01), DbF262- (po0.05), and KbNS2114-specific CTL (po0.05),

relative to DbNP366- and DbPA224-specific CTL, was also detected

in the spleen (Fig. 5C). Therefore, the cytolytic hierarchy

of the individual influenza A virus-specific populations was

KbPB1703 5 DbF262 5 KbNS2114 4 DbNP366 5 DbPA224. The propor-

tion of grzA1B1 CTL within the KbPB1703-specific CTL population

was also significantly (po0.05) increased relative to DbNP366-specific

CTL at a later (day 14–16) time point (Fig. 5D). To further probe

the distinct expression of grzA by different epitope-specific CTL, we

examined responses following X31-OVA infection. KbOVA257-speci-

fic CTL displayed a similar proportion of grzA1B1 CTL to KbPB1703-

specific CTL and was significantly (po0.001) increased relative to

DbNP366-specific CTL (Fig. 5E). Therefore, within a responding anti-

viral CTL population, CTL specific for different virus-derived

epitopes express different levels of grzA.

Expression of grzA by CTL specific for a given epitope, but

presented in different infectious contexts, was also examined. In

response to HSV-1, the majority of CTL are specific for H-2Kb 1

glycoprotein B amino acid residues 498–505 (KbgB498) [24]. By

utilising a recombinant WSN-gB influenza A virus, the impact of
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different viral infections (HSV-1 versus influenza A virus) on grzA

expression by KbgB498-specific CTL can be determined. Both HSV-1

and influenza A virus infection induced similar levels of grzA1B1

expression within KbgB498-specific CTL (Fig. 5F). Therefore, distinct

epitope-specific CTL display unique cytolytic profiles, independent

of the infectious viral context. Finally, to determine if there was a

correlation between grzA expression and immunodominance hier-

archies, the magnitude of each epitope-specific CTL population was

determined. The hierarchy of CTL magnitude was DbNP366 4
DbPA224 4 KbPB1703 4 DbF262 4 KbNS2114 in the spleen (Fig. 5G).

Interestingly, this inversely correlated with the observed grzA

expression hierarchy, with the exception that DbPA224-specific CTL

do not express higher grzA than DbNP366-specific CTL. The larger

the CTL population, the less likely it is to express high levels of grzA.

Discussion

Here, we describe the expression of grzA by cytolytic CTL

populations with the progression of influenza A virus infection. At

early time points, grzA1B1 CTL were the dominant population,

particularly in the infected respiratory tract (BAL, lung).

Conversely, at the peak of CTL magnitude and at later time

points, CTL expressing only grzB represented the major cytolytic

CTL population. These data support the notion that the different

grz family members are regulated independently. Previous

analysis of effector mRNA expression has demonstrated that

there is heterogeneity of grz/pfp expression within virus-specific

CTL, with little evidence of effector mRNA co-expression [7, 8,

12, 25]. To date, this heterogeneity has not been examined at the

protein level for murine virus-specific CTL. Independent grz

regulation is observed for resting murine NK cells that contain

abundant grzA protein but little grzB [22]. Our analysis

demonstrated that grzA was expressed only together with grzB

in all of the virus-specific CTL populations examined. Co-

expression of grzA with grzB was also the case for in vitro

activated human PBMC [21]. Conversely, for human CTL induced

by smallpox vaccination, grzB1 CTL were a subset of the grzA1

population [20]. The disparity in grz expression between human

and murine CTL may be indicative of interspecies differences

exhibited by the grz proteins. Human and murine grzA are

structurally divergent [26] and as such possess different cytotoxic

capacities [27]. This is also the case for grzB, where the human

and murine proteins display dissimilar cytotoxic function, modes

of cell death and unique substrate specificities [27, 28]. The

specialised functions of human versus murine grz likely occur due

to the unique immune evolutionary pressures faced by each

species. However, murine grzA protein expression is clearly

tightly regulated and its expression by anti-viral CTL is elicited by

signals distinct to those required to elicit grzB expression alone.

Interestingly, we observed that different influenza A virus-

specific CTL contained varied levels of grzA protein. Thus, CTL

display a unique cytolytic hierarchy that is reflective of their

epitope-determined differentiation status. A comparable situation

is observed for CTL cytokine production during influenza A virus

infection [29]. Determining why some CTL express high levels of
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grzA, while others do not, may shed insight into the role of grzA

during virus infection. Increased grzA expression by a subset of

influenza epitope-specific CTL did not correlate with reported

TCR avidities or reflect a distinct effector cytokine pattern

[29–31]. For example, although DbNP366- and DbPA224-specific

CTL display significantly different cytokine patterns and TCR

avidity [29, 30], expression of grzA was similar. In contrast,

although DbPA224- and KbPB1703-specific CTL display similar

cytokine profiles [29, 31], grzA was differentially expressed.

Instead, here we observed an inverse correlation between grzA

expression and the magnitude of the epitope-specific response.

Co-expression of more than one grz family member has been

shown to increase cytotoxic activity in vitro [32]. This would

imply that CTL expressing higher levels of grzA are more potent

killers. Therefore, the inverse correlation between magnitude and

grzA could imply that the smaller ‘‘subdominant’’ CTL sets

compensate for their diminished prevalence and elicit more

potent cytolytic killing via co-expression of grzA and grzB.

Extended activation may be required for grzA expression, given

that recently activated CTL did not express grzA within the first

seven rounds of division detected by CFSE dilution. The higher

expression of grzA by selected CTL subsets may therefore indicate

differences in the duration and timing of antigen presentation

throughout the course of infection. Finally, an intriguing possi-

bility for the varied grzA levels is that grzA expression reflects the

capacity of some CTL subsets to engage in effector functions other

than cytotoxicity. A very interesting recent report describes the

ability of grzA to induce proinflammatory cytokine production

[16]. Inflammatory cascades can have a deleterious impact

during influenza infection [33] and as such CTL subsets with

higher grzA levels may contribute to immunopathology rather

than protection. These possibilities remain to be investigated.

In conclusion, we have provided an in-depth assessment of

grzA expression during anti-viral immunity. The present analysis

shows, for the first time in a murine system, that grzA and grzB

protein expression profiles are divergent during the course of the

virus-specific CTL response. This is related to the different profiles

of pMHCI expression and relative CTL immunodominance. Of

interest would be to extend this type of analysis to other grz. For

example, grzK is implicated in anti-viral CTL immunity based on

transcriptional data [7, 8, 12, 34]. Investigation of cytolytic

protein expression by CTL will enable in-depth understanding of

these proteins that are critical for viral clearance.

Materials and methods

Mice and viral infections

B6 mice were bred and housed in the Department of Micro-

biology and Immunology animal facility at The University of

Melbourne. Naı̈ve mice (6–8 wk) were i.n. infected with 1�104

PFU of X31 or X31-OVA [35] or WSN-gB influenza A virus. For

HSV-1 infection, mice were inoculated with 1�106 PFU HSV-1

(KOS strain) in a region of scarified flank skin. All experiments

were performed in compliance with The University of Melbourne

Animal Experimental Ethics Committee guidelines.

Tissue sampling and single-cell preparations

MLN, spleen, BAL, and lungs were harvested from infected mice.

Spleen cell suspensions were prepared using a 40–70mm nylon cell

strainer (BD Falcon, MA, USA), followed by treatment with red cell

lysis buffer (0.14 M NH4Cl, 0.017 M Tris). MLN cell suspensions were

prepared by tissue dissociation using forceps. BAL samples were

treated with red cell lysis buffer. Lung tissue was digested in the

presence of 2 mg/mL of collagenase A (Roche, IN) at 371C for

30min, followed by dissociation through a 40–70mm nylon sieve

(BD Falcon) and treatment with red cell lysis buffer.

Tetramer, antibody, and intracellular staining

Single-cell suspensions were stained with fluorescent-conjugated

MHC class I tetramers for 1 h at room temperature in PBS containing

1% bovine albumin (Invitrogen) and 0.02% sodium azide (Sigma

Aldrich). Tetramers used were DbNP366, DbPA224, KbPB1703, DbF262,

and KbNS2114 for influenza A virus infection, KbOVA257 for X31-OVA

infection, and KbgB498 for HSV-1 infection. Surface staining was

performed with fluorescently conjugated anti-mouse CD8 (Clone

53–6.7: BD Biosciences), CD62L (Clone MEL-14: BD Biosciences),

CD69 (Clone HI.2F3: Biolegend), CD25 (Clone PC61: BD Bios-

ciences), CD27 (Clone LG.3A10: BD Biosciences), CD127 (Clone SB/

199: BD Biosciences), CD43 (Clone 1B11: Biolegend), or KLRG-1

(Clone 2F1: BD Biosciences). Samples were fixed and permeabilised

using the BD Cytofix/Cytoperm kit (BD Biosciences). Intracellular

grz staining was performed using anti-mouse grzA-PE/FITC (Clone

3G8.5: Santa Cruz Biotechnology) or isotype control; normal mouse

IgG2b-FITC (Clone SC-2857: Santa Cruz Biotechnology) and anti-

human grzB-APC (Clone MHGB05: Caltag) for 30 min on ice. Data

was acquired on a FACSCaliber (BD Immunocytometry Systems)

and analysed using Flow Jo software.

CFSE-labelling and adoptive transfer

LN were harvested from OT-I TCR transgenic mice [36] and

single-cell suspensions were prepared. CFSE labelling was

performed by incubating 107 cells/mL in PBS containing 1%

bovine albumin (Invitrogen), with 5 mM of CFSE (Invitrogen) at

371C for 10 min. Mice were i.v. injected with 2� 106 CFSE

labelled CD81 TCR transgenic T cells. At approximately 64 h post

transfer, MLN were harvested and analysed by flow cytometry.

Statistical analysis

All graphing and statistical analyses were performed using the

Prism graphing program. p-Values were calculated using a non-

parametric Mann–Whitney T test.
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