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Abstract
Cytotoxic T lymphocytes and natural killer cells utilize the perforin/granzyme cytotoxic pathway
to kill virally-infected cells and tumors. Human regulatory T cells also express functional
granzymes and perforin and can induce autologous target cell death in vitro. Perforin-deficient
mice die from excessive immune responses after viral challenges, implicating a potential role for
this pathway in immune regulation. To further investigate the role of granzyme B in immune
regulation in response to viral infections, we characterized the immune response in wild-type,
granzyme B deficient, and perforin deficient mice infected with Sendai virus. Interestingly,
granzyme B deficient mice, and to a lesser extent perforin deficient mice, exhibited a significant
increase in the number of Ag-specific CD8+ T cells in the lungs and draining lymph nodes of
virally infected animals. This increase was not the result of failure in viral clearance since viral
titers in granzyme B-deficient mice were similar to wild-type mice and significantly less than
perforin-deficient mice. Regulatory T cells from WT mice expressed high levels of granzyme B in
response to infection, and depletion of regulatory T cells from these mice resulted in an increase in
the number of Ag-specific CD8+ T cells, similar to that observed in granzyme B-deficient mice.
Furthermore, granzyme B-deficient regulatory T cells displayed defective suppression of CD8+ T
cell proliferation in vitro. Taken together these results suggest a role for granzyme B in the
regulatory T cell compartment in immune regulation to viral infections.

Introduction
Cytotoxic CD8+ T cells and NK cells utilize granzyme (Gzm) and perforin (Prf) molecules
packaged in cytotoxic granules to kill virally-infected cells and tumors. Gzms are known to
activate target cell apoptosis through caspase-dependent and independent pathways1, while
Prf is implicated in the delivery of these cytotoxic molecules into target cells2. Among the
Gzm family, GzmB, which cleaves target proteins after aspartate residues, has the strongest
proapoptotic function2 resulting in DNA fragmentation and rapid loss of membrane
integrity. While perforin deficient (Prf1−/− ) mice are susceptible to a variety of viruses and
tumor models, GzmA (Gzma−/−) or GzmB-deficient (Gzmb−/−) mice show variable
resistance to viral and tumor challenges3–7. This can be explained by the redundancy of
granzymes, while there is no redundant molecule for perforin. When mice are deficient in
both GzmB and GzmA they exhibit greater susceptibility to certain pathogens compared to
Gzma−/− or Gzmb−/− mice8–9.

Address correspondence and reprint requests to Dr. James W. Verbsky, Department of Pediatrics, 8701 Watertown Plank Road,
Medical College of Wisconsin, Milwaukee, WI 53226. jverbsky@mcw.edu.
Disclosures
The authors have no financial conflict of interest.

NIH Public Access
Author Manuscript
J Immunol. Author manuscript; available in PMC 2012 December 15.

Published in final edited form as:
J Immunol. 2011 December 15; 187(12): 6301–6309. doi:10.4049/jimmunol.1100891.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



While the role of Prf and Gzms in viral clearance is well-defined, recent evidence suggests a
paradoxical role for this pathway in immune regulation, as demonstrated by the human
disease Hemophagocytic Lymphohistiocytosis (HLH). Patients with HLH exhibit
uncontrolled immune responses after viral infections evidenced by elevated levels of
proinflammatory cytokines, subsequent activation of macrophages, phagocytosis of
hematopoietic cells, and tissue damage10–12. All genetic mutations underlying primary HLH
are in proteins that are critical for either the functional degranulation of cytotoxic granules
(e.g. SAP, Munc13-4, Lyst, Rab27A, Syntaxin 11), or the delivery of their cytotoxic
contents into target cells as is the case in Prf deficiency10;12. Prf1−/− mice infected with
lymphocytic choriomeningitis virus (LCMV) or murine cytomegalovirus (MCMV) develop
a HLH-like syndrome due to uncontrolled expansion of Ag-specific CD8+ T cells, and
excessive production of the proinflammatory cytokines IFN-γ and TNF-α9;13. While
persistence of Ags due to failure in viral clearance likely contributes to the exaggerated
immune response, the possibility remains that Prf and other components of the cytotoxic
granule pathway may be involved in regulating CD8+ T cell responses. This possibility is
further supported by recent evidence that GzmB and Prf can be used by T regulatory (Treg)
cells to regulate immune responses.

Treg cells are a subset of CD4+ T cells that have been shown to control the immune response
to auto-, allo-, pathogen-derived, and tumor Ags14–17. They account for 5–10% of CD4+ T
cells in the periphery, constitutively express CD2518–20, and utilize a variety of mechanisms
to suppress immune responses, including cytotoxicity through the Prf/Gzm pathway21–23.
Two recent reports have demonstrated that murine CD4+CD25+ Treg cells upregulate GzmB
in response to TCR activation, and can suppress proliferation of CD4+CD25− T cells and
LPS-activated B cells in a GzmB-dependent manner24–25. Furthermore, CD4+CD25− T cells
that overexpress the physiologic GzmB inhibitor serine protease inhibitor 6 (Spi6) are
resistant to Treg cell suppression26–29. Additionally, in vitro activated human Treg cells have
been shown to differentially upregulate Gzms, and display Prf-dependent cytotoxicity
against a variety of autologous target cells including mature and immature dendritic cells,
CD14+ monocytes, and activated CD8+ and CD4+ T cells21.

These studies implicate the Gzm/Prf pathway in immune regulation, possibly through the
Treg cell compartment. Since little is known about the role of GzmB in immune regulation
following viral infections, we set out to characterize the immune response of wild-type
(WT) mice, Gzmb−/− mice, and Prf1−/− mice to Sendai Virus (SeV). SeV is a mouse
parainfluenza type I virus that causes severe descending bronchiolitis in rodents30–32.
Resolution of primary SeV infection is strictly CD8+ T cell-dependent33;34, and infection of
WT C57BL/6 mice with SeV is known to elicit a potent CD8+ T cell response that is almost
exclusively directed at a single Kb-restricted nucleoprotein epitope (NP 324–332)35–38. This
allows the use of a class I tetramer loaded with NP 324–332 to characterize Ag-specific
CD8+ T cell responses to SeV infection. Using this model, we found that SeV-infected
Gzmb−/− mice displayed great weight loss compared with WT mice that correlated with an
increase in the number of Ag-specific CD8+ T cells despite efficiently clearing the virus.
Furthermore, this phenotype was Treg cell-dependent suggesting that GzmB is important for
the ability of Treg cells to regulate Ag-specific CD8+ T cell responses.

Materials and Methods
Mice

WT C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor, ME). Prf1−/−

mice containing the “Kagi” mutation3 and Gzmb−/− mice39 were a kind gift from Timothy J.
Ley, and were backcrossed for eleven generations onto the C57BL/6J strain. The Gzmb−/−

mice were the Gzmb−/−-Cre mice, and thus only Gzmb−/− was deficient. Foxp3EGFP mice

Salti et al. Page 2

J Immunol. Author manuscript; available in PMC 2012 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



contain a bicistronic FoxP3 locus that express GFP under the control of the endogenous/
enhancer elements of FoxP3, a transcription factor required for the development and
function of Treg cells16. Foxp3EGFP mice were a kind gift from Talal A. Chatila (University
of California-Los Angeles) and were crossed to Gzmb−/− mice and Prf1−/− mice. All mice
were bred and housed under specific pathogen-free conditions, and all experiments were
conducted in accordance with the guidelines of the institutional Animal Research Committee
at the Medical College of Wisconsin.

Viral infection
Male mice of 6–12 weeks of age were anesthetized with ketamine and xylazine, and
inoculated intranasally with 6×104 PFU of SeV (Fushimi strain, ATCC) in 30μl of PBS.
This dose was used since preliminary experiments with 2×105 PFU resulted in excessive
mortality in Prf1−/− mice. Individual mice were weighed before and every day after
infection. Percentage of baseline weight loss was calculated using the following formula:
[weight/weight at day 0] * 100%.

Lung SeV titer
Lungs were harvested from mice sacrificed at day 10, flash frozen in liquid nitrogen, then
homogenized in TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA) to extract
RNA. cDNA was synthesized from 4 μg of RNA using QuantiTect Reverse Transcription
cDNA synthesis kit (Applied Biosystems, Foster City, CA), and SeV nucleocapsid gene
expression was measured by real-time quantitative PCR using Taqman PCR Master Mix
(Applied Biosystems). The primers and probes were developed in Dr. Michael Holtzman’s
laboratory at Washington University in St. Louis40. The gapdh house keeping gene was
detected in the cDNA samples using Gapdh primers and probe (Applied Biosystems).
Construct standard curves were used for quantification as previously described32.

Antibodies
Fluorochrome-labeled antibodies were utilized according to the manufacturers’
recommendations as follows: Pacific Blue anti-CD4 (RM4-5), Pacific Orange anti-CD8a
(5H10), and R-PE anti-Granzyme B (GB12) were from Invitrogen Life
Technologies(Carlsbad, CA); PE-Cy7 anti-CD11c (HL3), PE-Cy7 anti-IFN-γ (XMG1.2),
PE-Cy7 anti-CD25 (PC61) were from BD PharMingen (San Diego, CA); PE-Cy5.5 anti-
CD19 (eBio1D3), PE anti-CD62L (MEL-14), PE-Cy7 anti-NK1.1 (PK136) were from
eBioscience (San Diego, CA); Alexa 700 anti-CD44 (IM7) was from Biolegend (San Diego,
CA); functional grade Rat IgG1 (HRPN) was from Bio X Cell (West Lebanon, NH). PC61
(anti-CD25 mAb) and 2C11 (anti-CD3 mAb) hybridomas were purchased from the
American Tissue Culture Collection (Manassas, VA), and Abs were generated and purified
from tissue-cultured supernatants.

Flow cytometry
Lungs and draining lymph nodes were harvested at indicated time points. Lungs were
minced, and digested at 37°C for 60 min in media containing DMEM supplemented with
10% FBS, 1% glutamine, 1% non essential amino acids, 1% sodium pyruvate, 1% penicillin/
streptomycin, 10 mM HEPES (Invitrogen Life Technologies), 250 U/ml collagenase I, 50 U/
ml DNase I (Worthington Biomedical, Lakewood, NJ), and 0.01% hyaluronidase (Sigma-
Aldrich, St. Louis, MO). During the last 15 min of incubation time, EDTA (Fisher
Scientific, Hanover Park, IL) was added to the medium to a final concentration of 2 mM.
After digestion, single-cell suspensions were obtained by passing the cell mixture through a
40μm cell strainer, then erythrocytes were removed by hypotonic lysis. Recovered cells
were then enumerated for total cell count and stained for cell surface markers. Ag-specific
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CD8+ T cells were detected using a MHC-peptide tetramer specific for SeV nucleoprotein
NP324–332 provided by the National Institute of Allergy and Infectious Disease Tetramer
Core Facility (Bethesda, MD). Intracellular staining for GzmB was conducted using BD
Cytofix/Cytoperm and BD Perm/Wash buffers (BD Biosciences, San Jose, CA) according to
the manufacture’s recommendations. To detect intracellular IFN- γ, cells isolated from
infected lungs were incubated with 50 ng/ml PMA (Sigma-Aldrich), 500 ng/ml ionomycin
(Sigma-Aldrich), and 10 mg/ml brefeldin A (Sigma-Aldrich) for 4 h at 37°C and stained as
described earlier. Samples were analyzed on an LSRII (BD Biosciences) and FlowJo
software (Tree Star, Ashland, OR). A minimum of 1×106 live cell events were collected per
sample.

Treg cell depletion with a blocking anti-CD25 mAb
Mice were depleted of Treg cells by intraperitoneal injection of 300μg of anti-CD25 (PC61)
mAb (or rat IgG1 control Ab) at day -3 and day -1 of SeV infection. This mAb is known to
antagonize Treg cell function and results in a reduction in the number of CD4+ CD25+ Treg
cells in the peripheral lymphoid tissues41–42.

CD8 + T Suppression assays
CD4+ T cells were enriched from whole splenocytes by magnetic cell sorting using CD4
Microbeads and MACS columns (Miltenyl Biotec Inc., Auburn, CA), and CD4+EGFP+ Treg
cells were further purified by cell sorting using a FACS ARIA (BD Biosciences). CD8+ T
cells were isolated by cell sorting. Cell purity was more that 97% for all experiments. T-cell
depleted splenocytes (TdS) were irradiated with 5000 rad. Purified cell populations were
suspended in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS), 1%
glutamine, 1% non essential amino acids, 1% sodium pyruvate, 1% penicillin/streptomycin,
and 10 mM HEPES. 5×104 CD8+ T cells were added to each well in flat-bottom microtiter
plates, and were cultured in the presence of 1.5 x105 APCs and 5μg/ml of anti-CD3 Ab, with
either WT or Gzmb−/− Treg cells to achieve the indicated suppressor cells to target cells
ratios (S:T). Cultures were incubated for 72 h at 37°C with 5% CO2, pulsed with 0.2 μCi/
well [3H] thymidine for an additional 18 h, harvested onto fiber filtermats using a Micro96
harvester (Skatron), and counted.

Statistical analysis
Student’s unpaired t test (for comparison of two groups), or one-way or two-way ANOVA
(for comparison of multiple groups) followed by Tukey’s multiple comparison test were
performed using Prism software (Graph Pad, San Diego, CA) to determine significance.
Unless otherwise stated, all data are presented as mean ± SEM.

Results
SeV infection and viral clearance in Gzmb−/− mice and Prf1−/− mice

To examine the role of GzmB in SeV infection, we infected WT mice, Gzmb−/− mice, and
Prf1−/− mice with SeV. SeV infection in mice induces an acute inflammatory response
accompanied by significant weight loss32. Gzmb−/− mice infected with SeV lost more
weight and took longer to recover than WT mice (Fig. 1A). In comparison, Prf1−/− mice
exhibited the greatest weight loss. H&E-stained lung sections from all mice showed peri-
bronchial lymphocyte-rich inflammatory infiltrates, as well as dispersed areas of alveolitis
and capillary congestion. Sheets of apoptotic bronchiolar epithelium desquamating into the
lumen indicating more severe pathology were observed in Prf1−/− mice and, to a lesser
extent, in Gzmb−/− mice, but not WT mice (data not shown).
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We next determined if the absence of GzmB affects viral clearance by measuring viral titers
from total lung homogenate by quantitative real-time RT-PCR at day 10 of infection. The
results of this assay have been shown to correlate with viral plaque assay and expression of
SeV proteins as detected by western blotting32. Prf1−/− mice displayed a significant increase
in viral titers compared with WT mice, consistent with the well-established role of Prf in
viral clearance. Gzmb−/− mice, on the other hand, exhibited similar viral titers to WT mice at
both 7 and 10 days after infection, indicating that GzmB is not essential for clearance of SeV
(Fig. 1B).

Expansion of CD8+ T cell compartment in the lungs of Gzmb−/− mice and Prf1−/− mice in
response to SeV infection

While Gzmb−/− mice did not appear to have a defect in SeV clearance, they clearly exhibited
a less favorable outcome to infection, likely due to immune-mediated pathology. To address
whether GzmB has a role in regulating anti-viral immune responses, we characterized the
magnitude of Ag-specific CD8+ T cell responses in the lungs and draining lymph nodes of
these mice. Upon infection with SeV, CD8+ T cells in the lungs of Gzmb−/− and Prf1−/−

mice underwent a significant expansion compared to WT mice, with a concomitant decrease
in the percentages of CD4+ T cells (Fig. 2A, left panel). This was confirmed by determining
absolute numbers of CD4+ and CD8+ T cells in the lungs following infection (Fig. 2A, right
panel). Furthermore, Gzmb−/− mice, and to a lesser extent Prf1−/− mice, exhibited a
significant increase in the percentages of Ag-specific CD8+ T cells at day 10 of infection
(Fig. 2B–C). Similar results were obtained when absolute cell counts were analyzed (data
not shown). There was no statistically significant differences in the percentages or absolute
numbers of CD19+ cells (B-cells), CD11c+ cells (dendritic cells), or NK1.1+ cells (NK cells)
(data not shown).

We also examined the Ag-specific CD8+ T cell response in the para-tracheal draining lymph
nodes of infected mice. In contrast to the lungs, there was no relative expansion of CD8+

cells in the draining lymph nodes of Gzmb−/− mice or Prf1−/− mice and total lymphocyte
numbers in the draining lymph nodes of these mice were comparable to those of WT mice
(data not shown). There was, however, a definite increase in the percentages and absolute
numbers of Ag-specific CD8+ T cells in the draining lymph nodes of Gzmb−/− mice but not
Prf1−/− mice (Fig. 2B–C and data not shown). The percentages and absolute numbers of
other cell types (CD19+ cells, CD11c+ cells, and NK1.1+ cells) were comparable to those of
WT mice (data not shown).

In addition to their cytotoxic function, CD8+ T cells are efficient producers of antiviral
cytokines such as IFN-γ. Therefore, we investigated the ability of Ag-specific CD8+ T cells
from the lungs of WT mice, Gzmb−/− mice, and Prf1−/− mice to produce IFN-γ. Ag-specific
CD8+ T cells from all mice produced IFN-γ in response to PMA/ionomycin stimulation to a
similar magnitude (Fig 3A). However, Gzmb−/− mice displayed a relative increase in the
percent and number of IFN-γ+ CD8+ T cells due to the underlying expansion of Ag-specific
CD8+ T cells in these mice.

To determine whether GzmB plays a role in regulating the activation state of immune
effector cells, we investigated the expression of memory-activation markers CD44, CD62L,
and CD25 on CD8+ T cells in SeV-infected mice. Not surprisingly, similar to what has been
described in WT mice43, almost all Ag-specific CD8+ T cells in the lungs of Gzmb−/− mice
were of the effector memory (CD44hiCD62Llo) phenotype (data not shown). Interestingly,
there was a significant increase in the percentage of CD25+Ag-specific CD8+ T cells in the
lungs of Gzmb−/− mice compared to WT mice (Fig. 3B). This phenotype was even more
pronounced in the draining lymph nodes where up to 60% of Ag-specific CD8+ T cells in
Gzmb−/− mice expressed high levels of CD25 (Fig. 3B). On the other hand, CD25
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expression in Treg cells and conventional CD4+ T cells was not significantly affected by the
lack of GzmB. Taken together, these data argue that GzmB has a role in regulating the
magnitude and activation status of Ag-specific CD8+ T cell responses to SeV.

Expression patterns of GzmB in lymphocytes in the lungs and draining lymph nodes of
SeV-infected mice

To further investigate the source of GzmB responsible for regulating Ag-specific CD8+ T
cell activation/expansion, we examined the expression pattern of GzmB in the lungs and
draining lymph nodes of Foxp3EGFP mice during SeV infection. Not surprisingly, at day 10,
GzmB was expressed in the majority of NK cells (NK1.1+ cells), Ag-specific CD8+ T cells,
and to a lesser extent, non Ag-specific CD8+ T cells isolated from the lungs of WT mice
(Fig. 4A–B) and Prf1−/− mice (data not shown). Interestingly, while only a limited
percentage of conventional CD4+ T cells expressed GzmB, a significantly larger percentage
of Treg cells in the lungs of infected mice upregulated GzmB (Fig. 4A–B). In the draining
lymph nodes, around 55% of Ag-specific CD8+ T cells and 5–10% of Treg cells expressed
GzmB, with minimal expression in conventional CD4+ T cells (Fig. 4B). Indeed, when
absolute counts were analyzed there were roughly equal numbers of GzmB+ Treg cells and
GzmB+ Ag-specific CD8+ T cells in the draining lymph nodes of WT mice (Fig. 4C).

Treg cells are recruited to the lungs of infected mice
We next examined the kinetics of lymphocyte recruitment to the lungs, and GzmB
expression by these cells in response to SeV infection. At day 7, we observed a doubling in
the absolute numbers of FoxP3+ Treg cells in the lungs of WT mice in both WT mice and
Gzmb−/− mice (Fig. 5A), indicating that these molecules probably do not play a significant
role in the expansion or contraction of Treg cells. Expression of GzmB in WT Treg cells also
peaked at day 7, with a high percentage of Treg cells in the lung expressing GzmB (Fig. 5C).
Increased numbers of CD4+ and Ag-specific CD8+ T cells were first detected in the lungs at
day 7 and continued to increase at day 10 (Fig. 5A–B). Significantly more Ag-specific CD8+

T cells were detected in the lungs of Gzmb−/− mice at day 10.

Treg cells suppress CD8+ T responses in a GzmB-dependent manner
Since Gzmb−/− mice exhibit a defect in regulating Ag-specific CD8+ T cell responses, and
since WT Treg cells express GzmB in vivo, we next tested whether depletion of WT Treg
cells results in an expansion in Ag-specific CD8+ T cells similar to that observed in
Gzmb−/− mice. Pre-treating WT mice with anti-CD25 mAb at days -3 and -1 of SeV
infection resulted in a significant decrease in the percentages of FoxP3+ Treg cell in the
lungs (data not shown) and the draining lymph nodes (Fig. 6A) of infected animals. This
reduction in the number of Treg cells led to a significant increase in the percentages of Ag-
specific CD8+ T cells in the lungs of these mice (Fig. 6B). Importantly, the increase in the
percentages of Ag-specific CD8+ T cells was more pronounced in Treg cell-depleted WT
mice than Treg cell-depleted Gzmb−/− mice, suggesting that the ability of Treg cells to
regulate Ag-specific CD8+ T cell responses is mediated in part by GzmB.

The above studies demonstrate a role for GzmB in regulating Ag-specific CD8+ T cell
responses in vivo, and suggest that this effect may be mediated by Treg cells. We next
directly tested whether GzmB is required for Treg cells to suppress CD8+ T cell proliferation
in vitro. WT Treg cells were able to efficiently suppress CD8+ T proliferation in a
dosedependent manner, while Gzmb−/− Treg cells displayed less suppression of CD8+ T cell
proliferation (Fig. 7). This supports our findings in the SeV model that Treg cells regulate the
immune responses to viral challenges in a GzmB-dependent manner.
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Discussion
In this study we characterized the role of GzmB in immune regulation in a model of viral
infection. Using the SeV model of acute respiratory bronchiolitis we demonstrated that
Gzmb−/− mice, despite having intact viral clearance, exhibited greater weight loss than WT
mice. This correlated with an expansion of Ag-specific CD8+ T cells in the lungs and
draining lymph nodes of these mice. We further characterized the expression of GzmB in
WT mice in this model and demonstrated that, in addition to CD8+ T cells and NK cells,
Treg cells are efficient producers of GzmB, suggesting that GzmB expression in Treg cells
may be required to inhibit the expansion of Ag-specific CD8+ T cells. In support of this,
depletion of Treg cells in WT mice produced an expansion in Ag-specific CD8+ T cells
similar to that observed in Gzmb−/− mice. Furthermore, Gzmb−/− Treg cells were deficient in
their ability to suppress CD8+ T cell proliferation in vitro.

Infection of Prf1−/− mice with LCMV, MCMV, and Respiratory syncytial virus (RSV) is
known to result in severe inflammatory responses with features of HLH along with failure to
clear viral challenges9;13;44;45. Depletion of CD8+ T cells, IFN-γ13, or TNF-α9 ameliorates
the increased mortality in these mice, arguing that CD8+ T cell-driven immune pathology is
responsible for the observed morbidity and mortality. One possible explanation for these
observations is that persistence of viral Ags, due to failure in viral clearance, results in
prolonged and excessive CD8+ T cell activation, cytokine production, and immune
pathology. However, in our model Gzmb−/− mice infected with SeV displayed viral titers
comparable to WT mice indicating that GzmB is not essential for SeV clearance. While this
is not surprising, due to redundancy in the antiviral roles of Gzms8;9;46, the expansion of
Ag-specific CD8+ T cells and the corresponding enhanced weight loss in Gzmb−/− mice
demonstrate a regulatory role for GzmB independent of its role in viral clearance.

These studies suggest that GzmB-expressing Treg cells contribute to the control of Ag-
specific CD8+ T cells. In our model, we observed a significant increase in the number of
Treg cells in the lungs of SeV infected mice. The majority of these cells expressed GzmB at
day 7, indicating that viral infection is a potent inducer of GzmB expression in Treg cells. In
addition, Treg cell depletion of WT mice with monoclonal antibodies to CD25 resulted in an
increase in the percentages of Ag-specific CD8+ T cells similar to that seen in untreated
Gzmb−/− mice. Finally, Gzmb−/− Treg cells demonstrated a reduced capacity to suppress
CD8+ T cell proliferation in vitro. Although a role for GzmB expressed by cells other than
Treg cells, such as Ag-specific CD8+ T cells and NK cells, cannot be ruled out, our data
suggests a specific immune-regulatory role for GzmB in the Treg cell compartment in
response to viral infection. Supporting these observations is the enhanced survival of
Gzmb−/− mice to syngeneic tumor challenges due to inability of Treg cells in these mice to
suppress effective CD8+ T and NK cell anti-tumor responses15. Similarly, FoxP3+ Treg cells
were shown to induce dendritic cell death in a Prf-dependent manner in tumor draining
lymph nodes, thereby limiting the onset of CD8+ T cell anti-tumor responses47.
Additionally, different groups have demonstrated that Treg cells are recruited to sites of
infection, and that immune responses specific to viruses are enhanced when CD4+CD25+

Treg cells are depleted in vivo4;48–50.

The increase in the number of Ag-specific CD8+ T cells in the lungs of Gzmb−/− mice
indicates that GzmB in Treg cells regulates either the initiation of Ag-specific CD8+ T cell
responses or the down modulation of terminal effector cells, or a combination of both. In
addition, preliminary data from our lab show a trend toward increased antigen specific CD8
cells and total CD8 cells in the lungs of Gzmb−/− 55 days after infection, suggesting that
control of the primary CD8+ T response may affect the magnitude of a memory
response(data not shown). So far, in vivo studies have been inconclusive about the exact
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nature of the targets of GzmB-Treg cell-mediated immune suppression. Tumor infiltrating
CD8+ T cells and NK cells in one model15, dendritic cells in another model47, and CD4+ T
cells (but not CD8+ T cells) in yet another model29 have all been implicated. In our SeV
model, Treg cells did not exhibit significant upregulation of GzmB until day 7. Additionally,
there were no significant differences in the numbers or percentages of dendritic cells or B
cells in either the lungs or the draining lymph nodes of Gzmb−/− mice. While this does not
preclude a regulatory role for GzmB in the priming of the immune response by means other
than inducing apoptosis of APCs or CD4 cells, we propose that GzmB has a direct down-
modulating effect on Ag-specific effector CD8+ T cells. Whether this effect occurs in the
lungs and/or the draining lymph remains to be seen. In support of this, the enhanced survival
of Gzmb−/− mice in the tumor challenge model15 was attributed to the direct decrease in
killing of CD8+ T cells and NK cells by tumor-infiltrating Treg cells deficient in GzmB. A
direct down-modulating effect on Ag-specific CD8+ T cells as they are expanding would
limit immune regulation to cells that are responsible for the observed immune-pathology
after allowing for initiation of effective anti-viral immune responses.

One interesting finding in these studies was that Gzmb−/− mice exhibited a significant
increase in the percentages of CD25+Ag-specific CD8+ T cells, which could result in
enhanced responsiveness to IL-2 and increased proliferation of these cells. This raises the
possibility that GzmB in Treg cells is responsible for down regulation of CD25 expression in
target CD8+ T cells, thereby allowing for selective down modulation of their responsiveness
to IL-2, which in turn is critical for their ability to produce IFN-γ and for their cytotoxic
function51–52. Indeed, WT CD4+CD25+ Treg cells were shown to suppress CD25 expression
and IFN-γ production in responding CD8+ T cells in co-culture studies53. How Treg cells
inhibit CD25 expression is unclear. Inhibition of APC function or induction of apoptosis in
APCs could limit the extent of CD8+ T cell activation and CD25 expression. Alternatively,
GzmB delivered directly to CD8+ T cells could affect expression of CD25 independently
from its proapoptotic function. This may explain the observation that Treg cells are able to
inhibit lymphocyte responses in a Prf independent manner24. Further investigations are
required to address these possibilities.

In summary, our findings identify a unique role for GzmB in regulating Ag-specific CD8+ T
responses in the context of viral infection. They also suggest that this role is mediated, in
part, by the Treg cell compartment.
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Figure 1. Response to SeV infection
A. Weight loss of WT, Gzmb−/−, and Prf1−/− mice infected with 6×104 PFU SeV depicted
as percent weight loss from baseline (n=50 for WT, 52 for Gzmb−/− mice, and 28 for
Prf1−/− mice). Significant differences in weight loss were detected at day 8 (WT vs. Prf1−/−,
p<0.01; WT vs Gzmb−/−, p<0.01), day 9 (WT vs. Prf1−/−, p<0.001; WT vs Gzmb−/−,
p<0.001; Prf1−/− vs. Gzmb−/−, p<0.05) and day 10 (WT vs. Prf1−/−, p<0.001; WT vs
Gzmb−/−, p<0.001; Prf1−/− vs. Gzmb−/−, p<0.001). Significance was determined by Two-
way repeated measures ANOVA. B. Viral RNA copy number in the lungs was determined at
days 7 and 10 by real-time RT-PCR for SeV nucleocapsid protein. (n=3–6 mice in each
group from 2 separate experiments, *, p<0.05).
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Figure 2. Expansion of CD8+ T cell compartment in the lungs of Gzmb−/− mice and Prf1−/− mice
in response to SeV infection
WT, Gzmb−/−, and Prf1−/− mice were infected with 6×104 PFU SeV and lungs analyzed by
flow cytometry. A. Left: Percent CD4+ and CD8+ T cells from live cell gate in the lungs
following SeV infection. Results from each experiment were normalized to WT, and data
presented as fold increase over WT samples. Right: Absolute cell count in the lungs
following SeV infection. B. Representative FACS plots demonstrating Ag-specific CD8+ T
cells in the lungs and draining lymph nodes of infected animals. The plots from the lymph
nodes were first gated on CD8+ T cells. C. Percent of CD8+ T cells that are tetramer positive
was determined in the lungs and draining lymph node following SeV infection, then
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normalized to WT mice (n=27 for WT mice, 29 for Gzmb−/− mice, and 6 for Prf1−/− mice,
**, p<0.01; and ***, p<0.001).
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Figure 3. Expression of IFN-γ and CD25 in Ag-specific CD8+ T cells in response to SeV infection
A. WT, Gzmb−/−, and Prf1−/− mice were infected with 6×104 PFU SeV, lymphocytes were
isolated from the lungs, stimulated with PMA/ionomycin, and IFN-γ was detected by
intracellular staining. Representative FACS plots showing IFN-γ expression in Ag specific
and non-Ag specific CD8+ T cells. FACS plots were gated on CD8 cells. B. The percent of
conventional CD4+ T cells, Treg cells, and Ag-specific and non Ag-specific CD8+ T cells
expressing CD25 was determined by flow cytometry (*, p<0.05; **, p<0.01; and ***,
p<0.001).
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Figure 4. GzmB expression in immune effector cells in response to SeV infection
WT Foxp3EGFP locus-tagged mice were infected with 6×104 PFU SeV and analyzed for
GzmB expression 10 days later. A. Representative histograms showing GzmB expression in
different cell populations in the lungs of an infected animal. Shaded histogram represents
background staining using Gzmb−/− mouse. B. Expression of GzmB was determined by flow
cytometry and depicted as the percent of each cell population expressing GzmB in the lungs
and draining lymph nodes. C. Absolute number of GzmB+ Tregs cells and GzmB+ Ag-
specific CD8+ T cells was determined from the draining lymph nodes (**, p<0.01; and ***,
p<0.001).
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Figure 5. GzmB-expressing Treg cells are recruited to the lungs in response to SeV infection
WT Foxp3EGFP mice were infected with 6×104 PFU SeV and analyzed for EGFP and GzmB
expression at days 3, 5, 7, and 10. A. Quantification of Tregs cell and conventional CD4+ T
cell numbers in the lungs. B. Quantification of total CD8+ T cell and Ag-specific CD8+ T
cell numbers in the lungs. C. Percent (Left), and absolute count of GzmB+ Tregs cells (Right)
in the lungs of infected animals (*, p<0.05; **, p<0.01; and ***, p<0.001).
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Figure 6. Depletion of Treg cells results in expansion of Ag-specific CD8+ T cells in the lungs of
WT mice in response to SeV infection
WT mice and Gzmb−/− mice were pre-treated with anti CD25 mAb (PC61) or isotype at
days -3 and -1, followed by infection with 6×104 PFU SeV. Lungs were analyzed for
EGFP+CD4+ Treg cells and Ag-specific CD8+ T cells 10 days later. A. Percent of Treg cells
in the draining lymph nodes of infected animals. B. Percent of Ag-specific CD8 cells in the
lungs of infected animals (n=6 mice per group) (*, p<0.05; and **, p<0.01).
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Figure 7. Tregs cells suppress CD8+ T cell proliferation in a GzmB-dependent manner
WT CD8+ T cells were cultured with WT or Gzmb−/− Treg cells in the indicated
suppressor:target ratios (S:T) and stimulated with soluble anti-CD3 mAb. Proliferation of
CD8+ T cells was assessed by [3H]thymidine incorporation at day 4. Data are the average of
9 replicates from 3 independent experiments normalized to CD8+ T cells proliferation
without added Treg cells (*, p<0.05; and **, p<0.01).
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