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Chapter 1

respiratory viruses
Respiratory viruses are a major cause of acute respiratory tract infections. Most 
affected are children younger than 5 years of age and elderly [1]. Several viruses 
cause respiratory disease, with influenza virus, parainfluenza virus, adenovirus, rhi-
novirus and respiratory syncytial virus being the most prevalent [2]. Although vac-
cination has proven to be an effective way to prevent infection, it still is a challenge 
to design new, safe and protective vaccines against some viruses [3]. In addition, 
for example, current influenza virus vaccines provide protection against homologous 
strains only, and since influenza virus changes constantly, the vaccine needs to be 
updated yearly [4]. At last but not least, the emergence of new respiratory viruses in 
the past decade, like severe acute respiratory syndrome (SARS) and pandemic in-
fluenza virus, further highlights the necessity for new vaccines, which in turn requires 
fundamental research to better understand the immunopathogenesis of respiratory 
virus infections, allowing the development of new drugs and vaccines that protect 
against these viruses in the future.  

Mouse Models to study respiratory virus infeCtion
The induction of immune responses to respiratory viruses is complex and involves 
several organs and cells, and therefore, it is nearly impossible to mimic this whole 
process in vitro. Mice are the smallest animal model that resemble humans and are 
often animals of choice for respiratory virus research, since many tools for analysis 
are available and consequently, lots of basic principles have been studied in depth. 
Furthermore, mice are easy to breed and housing is relatively inexpensive [5, 6]. 
Mouse models have a long-standing history in the field of respiratory viruses and are 
nowadays still widely used, particularly for influenza virus and respiratory syncytial 
virus (RSV), to test candidate drugs, vaccines and to study fundamental aspects of 
infection and host responses. 

Influenza virus
Already more than sixty years ago, the susceptibility of mice to influenza virus has 
been tested experimentally [7] and at the moment, mice are still the primary ani-
mal model for influenza virus research [6]. Since influenza virus is not a natural 
mouse pathogen, most strains require prior adaptation by several passages in the 
lungs of this host. The mouse-adapted strains A/WSN/1933 (WSN; H1N1), A/Puerto 
Rico/8/1934 (PR8; H1N1), and the reassorted strain x31 (H3N2) that contains hem-
agglutinin (HA) and neuraminidase (NA) of A/Hong Kong/1/1968 on a PR8 back-
bone, are often used in mouse studies [6]. Intranasal administration of these viruses 
results in infection and the disease severity depends on the applied dose and the 
mouse strain used. Signs of disease include ruffled fur, weight loss, labored breath-
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ing, reduced activity and eventually death when a lethal dose is used [6, 8].    

RSV and pneumonia virus of mice (PVM)
Mouse models are also commonly used to study RSV infections. There is a special 
interest to model infections with this virus, since at the moment, there are no licensed 
vaccines or drugs available to prevent or treat severe RSV infections, respectively. 
Despite numerous efforts, designing a safe and effective RSV vaccine still remains 
a challenge [9]. When studying RSV infections in the mouse model, the BALB/c 
strain is most frequently used because these mice are most permissive for human 
RSV [10]. However, RSV is not a natural rodent pathogen and administration of a 
high inoculum results in minimal disease [10]. Still, infection does induce migration 
of leukocytes to the murine lung [11] and furthermore, several laboratories have de-
veloped methods to induce severe RSV infection in BALB/c mice. For example, after 
immunization with formalin-inactivated (FI) RSV or with vaccinia virus that expresses 
the RSV G protein, RSV infection causes more severe disease [11]. Although these 
models have helped to better understand the immune responses evoked by RSV, 
there is a clear need for a better model to study severe RSV infection in mice [12]. 
The groups of Rosenberg and Domachowske have therefore undertaken studies 
with the natural rodent pathogen PVM [12]. PVM is closely related to RSV and be-
longs to the same subfamily of pneumoviruses [13]. It was originally isolated from 
the lungs of mice [14], and infection with a low dose results in severe pulmonary 
disease. Several aspects of severe human RSV infection are present in PVM in-
fected mice, like severe inflammation, edema and recruitment of granulocytes [12]. 
Increasingly more groups have therefore started to use this virus as a model to study 
immune responses elicited by respiratory viruses. 

iMMune responses to respiratory viruses
Since many pathogens try to enter via the respiratory tract, the lungs are equipped 
with a plethora of defense mechanisms designed to avoid infection. Defense strate-
gies of the host can be broadly divided into two lines: the innate and the adaptive 
immune response [15]. 

Innate immune responses
The innate immune system provides immediate protection against invading viruses. 
When pathogens enter the airway, they can get trapped in the mucus layer that 
contains antimicrobial proteins and peptides that promote viral clearance. Viruses 
that escape this first line of defense can be recognized by pattern recognition recep-
tors (PRRs) expressed on alveolar macrophages, dendritic cells (DCs) and epithelial 
cells in the airways. These receptors discriminate between ‘self’ and ‘non-self’ and 
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thereby mediate recognition of invading viruses. Best described is the family of the 
Toll-like receptors (TLRs) that recognize a wide range of microbial products. TLR3, 
7/8, and 9 are known to play a key role in viral recognition by binding to double-
stranded (ds) RNA, single-stranded (ss) RNA and unmethylated CpG DNA, respec-
tively. Other PRRs important for viral recognition are the RIG-I-like receptors (RLRs), 
including RIG-I and melanoma differentiation-associated gene-5 (MDA-5) that rec-
ognize 5´triphosphate RNA and dsRNA, respectively. The binding of these PPRs 
to their respective ligands results in the production of many genes that promote an 
antiviral state. An important group of proteins produced are the type I interferons 
(IFNs). These proteins bind to the IFN receptor in an autocrine and paracrine fashion 
and thereby generate a feed-forward loop. The IFNs induce production of proteins 
that inhibit viral replication, they activate natural killer (NK) cells and macrophages, 
they induce upregulation of MHC class I and II and they increase immunoprotea-
some activity. Activated PRRs also induce expression of several cytokines and che-
mokines that attract predominantly neutrophils and NK cells to the respiratory tract 
(Figure 1, middle panel). While the role of neutrophils during respiratory virus infec-
tion is not completely clear, the role of NK cells is increasingly better understood, 
and described in more detail in the next section. The secreted cytokines also induce 
maturation of DC´s and after having travelled to the lymph node (LN), these DC’s 
can initiate adaptive immune responses (Figure 1, middle panel) [15-17]. 

NK cells
NK cells play an important role in the eradication of pathogens and tumors [18]. Hu-
mans that lack NK cells especially suffer from various herpesvirus infections, how-
ever, NK cells also respond to several other pathogens, like influenza virus, Listeria 
monocytogenes and human immunodeficiency virus (HIV) [18]. Although NK cells 
are classically defined as killers, many studies now have shown that they exert sev-
eral other functions [19]. For example, they interact with DC’s and thereby influence 
the outcome of the adaptive immune response [20], they influence the CD8+ T cell 
response after infection [21, 22], and they produce several different cytokines and 
thereby skew the immune system during infection [19].
 NK cells express a repertoire of germline encoded activating and inhibitory 
receptors that enable them to discriminate between ‘healthy-self’ and ‘non-healthy-
self’. Most of the activating receptors ligands are cell-encoded proteins, although 
some receptors bind pathogen-encoded proteins. The best studied inhibitory recep-
tors are the self-MHC class I specific receptors. These receptors include members 
of the killer-cell immunoglobulin-like receptors (KIRs) in humans, members of the 
Ly49 family in mice, and the CD94/NKG2A heterodimers in both species. Although 
less frequently studied, NK cells also express a variety of inhibitory receptors that 
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Figure 1. Immune responses to respiratory virus infections. Illustrations depict the presence and 
influx of leukocytes into the lung-draining lymph node (LN), the lung airways and parenchyma in the ab-
sence of infection (left panel), upon respiratory virus infection during the innate response (middle panel), 
and after induction of the adaptive response (right panel). Adapted with permission from Kohlmeier and 
Woodland, 2009 [16].

recognize non-MHC class I ligands [23]. When NK cells interact with potential target 
cells, an immunological synapse is formed. The net outcome of this interaction is 
determined by a balance of signals received through the inhibitory and activating 
receptors (Figure 2). In a normal situation, ‘healthy’ cells express ligands for both 
the activating and inhibitory receptors, and this delicate balance prevents NK cells 
from responding (Figure 2A). When activating ligands are upregulated, the balance 
is disturbed and this induces NK cell activation (Figure 2B). Upregulation of endog-
enously-encoded activating ligands is called ‘induced-self’. Detection of pathogen-
encoded ligands is called ‘non-self’ recognition [24]. In addition to upregulation of 
activating ligands, NK cell activation is also triggered when inhibitory ligands are ab-
sent or downregulated, for example when viruses down-regulate cell surface MHC 
class I expression to avoid T cell recognition (Figure 2C) [25]. This ‘missing self’ 
hypothesis was originally proposed by Kärre and collegues [26]. 
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Figure 2. NK cell activation is determined by a balance of activating and inhibitory signals. NK cells 
express a variety of activating and inhibitory receptors that interact with their respective ligands on target 
cells and transmit stimulatory and inhibitory signals, respectively. (A) Normal target cells are tolerated due 
to a balance of activating and inhibitory signals. (B) Upregulation of activating ligands on the target cell 
leads to increased stimulatory signals and results in killing of the target cell. (C) Downregulation of inhibi-
tory ligands on the target cell disrupts the altered balance, resulting in killing of the target cell.

NK cells are an abundant population in the lungs [27], and several studies have been 
performed to address their role during respiratory virus infections. One of the first re-
ports showed that NK cell depletion in mice and hamsters during ‘sublethal’ influenza 
virus infection results in increased mortality [28]. NK cells were depleted with the 
anti-asialo GM antibody, however, later studies have shown that this antibody also 
depletes activated CD8+ T cells [29]. A more recent study from Mandelboims group 
showed that the activating receptor NKp46 recognized influenza virus HA and Send-
ai virus haemagglutinin-neuraminidase (HN) and this interaction resulted in NK cell-
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mediated killing of infected cells [30]. They furthermore showed that NKp46-deficient 
mice died of ‘sublethal’ influenza infection, which further supported an important role 
for NKp46-mediated NK cell activation in control of influenza virus infection [31]. Re-
markably, the recognition of influenza virus HA by NK cells seems to drive evolution 
of H3N2 in humans, since older influenza virus isolates are better recognized by NK 
cells than new isolates [32]. NK cells also have been studied in RSV infected mice. 
The group of Openshaw showed that NK cell numbers increased in the lungs of RSV 
infected mice, and these NK cells were an early source of IFNγ [33]. Activation of NK 
cells by IL-12 treatment reduced RSV-enhanced disease in mice [34]. In addition, 
NK cell depletion during RSV infection in mice resulted in Th2 skewing and allergic 
lung disease [35]. In contrast, Welliver et al. could barely detect NK cells in the lungs 
of children with fatal RSV or influenza virus infection, although one could argue that 
NK cells might have been gone at the time that these infections induced death [36]. 
Taken together, these observations suggest that NK cells play an important role in 
defense against respiratory viruses. 

Adaptive immune responses
The adaptive immune response induced upon respiratory virus infection is patho-
gen-specific, but during primary infection, takes several days to develop. The ini-
tiation of an adaptive immune response starts when mature antigen-bearing DC’s 
migrate to the lung draining LN, which occurs within 48 hours of infection (Figure 1, 
middle panel). Here they present viral peptides in the context of MHC class I and II to 
CD8+ and CD4+ T cells, respectively. Only few T cells contain T cell receptors (TCRs) 
specific for the presented viral antigens, and these T cells undergo clonal expansion 
in the LN. The antigen-specific T cells appear in the lungs 6-7 days after infection, 
and their migration depends on certain chemokine receptors (Figure 1, right panel). 
Effector CD8+ T cells recognize infected cells that present virus-derived peptides 
on MHC class I molecules, and this cognate interaction results in cytokine produc-
tion and killing of infected cells. Depending on the cytokine milieu, virus-specific 
CD4+ T cells can differentiate into Th1, Th2 or Th17 subtypes, or they can become 
regulatory T cells [37]. These T cells subsets produce distinct sets of cytokines and 
thereby influence the quality of the immune response. Virus-specific CD4+ T cells 
furthermore help to drive differentiation of B cells in the LN’s. B cells are the second 
type of immune cells that mediate adaptive immunity. They produce virus-specific 
antibodies, and although these are known to be especially important during second-
ary infections, studies have indicated that antibodies play a role also during primary 
infections [15, 16, 38].
 After resolution of the infection, most of the virus-specific T cells undergo 
apoptosis. However, some of the virus-specific cells characterized by IL-7 recep-
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tor expression are retained as memory cells [39, 40], and these cells mount recall 
responses to secondary infections. Plasma cells migrate to the bone marrow (BM) 
and produce virus-specific antibodies. These antibodies can prevent secondary in-
fections through viral neutralization, they induce activation of cells through the FcR, 
and they can activate complement [15, 16, 38]. Next to the T and B cells that are 
classically known to be responsible for memory responses, recent literature shows 
that NK cells have adaptive features. NK cells mediate antigen-specific contact hy-
persensitivity in response to several haptens, and provide protection in immunized 
mice after viral challenge [41, 42]. In the murine cytomegalovirus (MCMV) model, NK 
cells undergo ‘clonal-like’ proliferation [43], contraction, and showed robust expan-
sion during secondary infection [44].  
 

outline of this thesis
Although several reports have shown that NK cells help to control respiratory virus 
infections, relatively little is known about the dynamics of NK cell responses follow-
ing intranasal respiratory virus infection. In chapter 2 we show kinetics of NK cell 
migration and proliferation following influenza virus infection, and partly decipher the 
signals that induce NK cells migration to the airways. In chapter 3 we study proper-
ties of long-lived NK cells from respiratory virus infected mice. We study aspects of 
their maintenance, their ability to react against respiratory virus infections, and their 
virus-specificity. In chapter 4 we decipher the dual role of CD8+ T cells in PVM infect-
ed mice, which can cause immunopathology but also can provide protection. Using 
a variety of gene-deficient mice, we study the combined role of PA28 and the immu-
noproteasome subunits β5i/LMP7 and β2i/MECL-1 in the generation of peptides that 
bind to MHC class I molecules in chapter 5. In chapter 6 we study responsiveness 
of NK cells of immunoproteasome deficient mice, which have lower surface MHC 
class I levels. We furthermore study whether immunoproteasome-deficient cells are 
NK cell dependent rejected upon adoptive transfer into naïve or influenza virus-
infected wild-type recipient mice. In chapter 7 we discuss our findings in relation to 
relevant literature. 
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abstraCt
Natural killer (NK) cells are innate lymphocytes that play an important role in control 
of viral infections. Although it is well-established that infection leads to a substantial, 
local increase in NK cell numbers, little is known about the mechanisms that trig-
ger their proliferation and migration. We here investigated the dynamics of NK cell 
responses to intranasal respiratory virus infection. We found that NK cell numbers 
increased in the airways following influenza virus infection. However, instead of at 
the site of infection or in the draining lymph nodes (LN), NK cells proliferated in the 
bone marrow (BM) and the spleen. Deletion of CCR2 impaired migration of part of 
the NK cells to the site of infection, indicating a role for CCR2 in NK cell attraction. 
From our data we infer that respiratory virus infection induces NK cell migration from 
central compartments like the BM and spleen to the airways, and this migration is 
partly CCR2-dependent. NK cell emigration from the central compartments probably 
induces their proliferation at these sites, to effect their replenishment. 
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NK cells provide early control of viral infections by killing infected cells and by cyto-
kine production. Their decision to kill a target cell is based on the ratio of activating 
and inhibitory ligands expressed on the target cell surface that are recognized by 
NK cell receptors [1]. Both upregulation of activating ligands and down-regulation 
of inhibitory ligands result in NK cell mediated killing [1]. Virus-infected cells often 
upregulate activating ligands, and therefore are prone to NK cell-mediated killing 
[2]. Activating ligands are either of cellular origin, e.g. NKG2D-ligands [3], or are 
pathogen-encoded [2]. Well-known pathogen-encoded ligands recognized by acti-
vating receptors are M157 and hemagglutinin (HA), which are expressed on the cell 
surface of murine cytomegalovirus (MCMV) or influenza virus infected cells, respec-
tively [4-8]. 
 Although viral infections often lead to enhanced NK cell numbers at the site 
of infection, it is not always clear whether this is the result of increased migration, 
proliferation, or a combination of the two [9]. During murine cytomegalovirus (MCMV) 
infection, NK cell migrate macrophage inflammatory protein 1α (MIP-1α)-dependent 
to the liver [10, 11] and there undergo vigorous proliferation [12]. In contrast, in vac-
cinia virus infected mice, NK cell numbers increase in the peritoneum, but do not 
show a dramatic proliferation at this site. Instead, their accumulation depends on G 
protein-coupled receptor-mediated migration [13]. NK cell proliferation does not only 
lead to increased cell numbers, but can also affect NK cell quality if selective prolif-
eration of certain NK cells subsets takes place. For example, during MCMV infection, 
mostly Ly49H+ NK cells proliferate, enhancing their numbers at the site of infection 
[12].
 NK cells are present in both lymphoid and non-lymphoid organs, however in 
mice, the lungs contain the highest proportions of NK cells [14] and several studies 
have addressed their role during respiratory virus infections. NK cells migrate to the 
lungs of respiratory syncytial virus (RSV) and influenza virus infected mice where 
they produce cytokines and kill infected cells [15-17]. Influenza virus-encoded HA is 
recognized by the NK cell activating receptor NKp46 leading to killing of influenza 
virus infected cells [4]. Although NKp46-/- mice are more susceptible to influenza 
virus infection, similar numbers of NK cells accumulated in the lungs of influenza 
virus infected NKp46-/- and wild-type (wt) mice, indicating that NKp46 probably does 
not mediate NK cell migration or induce proliferation at the site of infection [16].The 
mechanisms of NK cell migration and/ or proliferation in response to respiratory virus 
infections are presently unknown. 
 In the current study, we have determined the kinetics of NK cell expansion, 
contraction and survival in response to respiratory virus infection.  Surprisingly, we 
find that not the lung or draining lymphoid tissues but the BM and spleen are the 
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primary sites of NK cell proliferation during infection. We furthermore show that pro-
portions of NK cells migrate CCR2-dependent during influenza virus infection. 

Material and Methods

Mice and infection 
C57BL/6 were purchased from Charles River and CCR2-/- on a C57BL/6 background 
from Jackson. C57BL/6.SJL (CD45.1) and CD45.1.2 mice (F1 of C57BL/6 x C57BL/6.
SJL) were bred in house under standard conditions. Mice were used between 7-17 
weeks of age. Intranasal (i.n.) infections with RSV or influenza virus were performed 
as described in Chapter 4. All animal experiments were approved by the Committee 
on Animal Experiments of the University of Utrecht.

5-bromo-2’-deoxyuridine (BrdU) incorporation
To measure in vivo proliferation, 0.8 mg/ml BrdU (Sigma Aldrich) was added to the 
drinking water of naïve and infected mice during the first 6 days of infection. The 
drinking water was protected from light exposure and changed daily. Mice were sac-
rificed after 14 days, and organs were harvested. BrdU pulses were given by admin-
istration of BrdU intraperitoneal (i.p) (0.8 mg in 200 ul PBS) and i.n. (0.8 mg in 50 ul 
PBS), after short isofluorane anesthesia. The mice were sacrificed 1 hour later and 
organs were harvested.  

Sample collection and tissue preparation
Mice were sacrificed by i.p. injection of sodium pentobarbital and lymphocytes were 
obtained from the spleens, mediastinal lymph nodes (MLN), livers, BM and lungs 
or bronchoalveolar lavage (BAL). BM cells were obtained by flushing the femurs 
and tibiae. Lungs and liver were perfused with PBS before excision. Lungs were 
minced and incubated in PBS containing collagenase (2.4 mg/ml; Roche Applied 
Science) and DNase (1 mg/ml; Roche Applied Science) for 30 minutes at 37°C. 
Single-cell suspensions were prepared by passage through cell strainers and lym-
phocytes were isolated using lympholyte-M (Cederlane) according to manufacturer’s 
instructions. Liver lymphocytes were prepared as described [33], with the exception 
that lympholyte-M (Cederlane) was used for density separation.   Single cell suspen-
sions of spleen and MLN were prepared using cell strainers. Red blood cells were 
removed from the spleen and BM by ammonium chloride lysis. BAL was performed 
as described in Chapter 4.

Antibodies and flow cytometry
Surface staining was performed for at least 20 minutes at 4 0C in the presence of 
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Fc-block (2.4G2). For intracellular staining with anti-Ki-67, cells were fixed with 2% 
paraformaldehyde for 20 minutes at room temperature, and intracellular staining 
was performed in the presence of 0.5% saponine in PBS for 1 hour at 4 0C. For intra-
cellular staining of BrdU, cells were fixed, permeabilized overnight in 0.5% saponine, 
and stained for 1 hour at 4 0C. Fluorochrome-conjugated antibodies were purchased 
from eBioscience [CD49b (DX5), TCRβ (H57-597), NK1.1 (PK136), CD27 (LG.7F9), 
NKp46 (29A1.4), CD45.2 (104), CD45.1 (A20)], anti-BrdU (PRB1) was obtained from 
Molecular Probes, anti-Ki-67 (B56) from BD Biosciences, and anti-CCR2 (475301) 
from R&D Systems. Samples were measured on a FACSCalibur or FACSCantoII 
(BD Biosciences) and analyzed with FlowJo software (Tree Star).

Monocyte chemotactic protein-1 (MCP-1) ELISA
Levels of MCP-1 were determined in 1 ml of BALF (BAL fluid; supernatant of cen-
trifuged BAL) by standard ELISA using clone 4E2 and biotinylated 2H5, both pur-
chased from eBiosciences, as coating and detection antibody, respectively, accord-
ing to manufacturer’s instructions. Recombinant MCP-1 (biolegend) was used as a 
standard. 

Generation of mixed BM chimeras. 
Mixed BM chimeric mice were made as previously described [34]. In brief, CD4- and 
CD8- depleted BM cells of CD45.1 (wt) and CCR2-/- were 1-to-1 mixed and 107 cells 
were transferred intravenously (i.v.) to lethally irradiated CD45.1.2. acceptor mice. 
Reconstituted mice were left for at least 42 days and then influenza virus infected 
as described. 
 

results

Influenza virus infection induces NK cells influx into the airways
To determine the kinetics and phenotype of NK cell responses to respiratory virus 
infection, we infected C57BL/6 mice i.n. with mouse-adapted influenza virus strain A/
HK/x31 (H3N2). Infection induced influx of NK cells into the airways (Figure 1A and 
B). Relative proportions of NK cells peaked between day 3 and 5, and then declined. 
To assess the maturation state of NK cells in different organs of influenza virus in-
fected mice, CD27 and CD11b expression on these cells was measured. NK cells 
are divided into distinct subsets, based on their CD27 and CD11b expression. Typi-
cally, the BM mostly contains immature CD11b-CD27+  and CD11b+CD27+ NK cells, 
the lungs mostly mature CD11b+CD27- NK cells, and NK cells in the spleen have an 
intermediate phenotype [18, 19]. Surprisingly, the phenotype of BAL NK cells did not 
match with that in the lung and seemed to reflect an intermediate phenotype of BM 
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Figure 1. Infl uenza virus infection 
induces infl ux of NK cells into the 
airways. C57BL/6 mice were infect-
ed i.n. with infl uenza virus, and the 
presence and phenotype of NK cells 
(TCRβ-DX5+NK1.1+) in the BAL was 
determined by fl ow cytometry at the in-
dicated days post-infection. (A) Repre-
sentative FACS plots showing NK cells 
as percentages of TCRβ- lymphocytes. 
(B) Percentages NK cells of total lym-
phocytes in the BAL. (C) CD27 and 
CD11b expression on NK cells (TCRβ-

DX5+NKp46+) isolated from the indicat-
ed organs 2,5 days after infl uenza virus 
infection. Results are shown as mean ± 
s.e.m with six mice per group.

The BM and spleen are the primary sites of NK cell proliferation during respira-
tory virus infection.
To determine whether the infl ux of NK cells into the airways might be due to en-
hanced proliferation or to enhanced recruitment from other organs, we studied 
whether NK cells proliferated in response to respiratory virus infection.  We fi rst sup-
plied BrdU continuously in the drinking water of mice over the course of the infection 
(day 1-6). Mice were sacrifi ced 2 weeks after infection and BrdU incorporation by 
NK cells was determined by fl ow cytometry. We found an increased percentage of 
BrdU+ NK cells in spleen and BM of infected compared to the uninfected animals 
(Figure 2A). Thus, although infection induced NK cell proliferation, two weeks after 
the infection, hardly any BrdU+ NK cells were found in the lungs. To determine the 
site of proliferation more precisely, we performed a kinetic experiment where we ad-
ministered BrdU i.p. and i.n. to uninfected and infl uenza virus infected mice. Organs 
were harvested one hour later to determine BrdU incorporation. Strikingly, hardly any 
BrdU incorporation was detected in NK cells recovered from the lungs and the BAL 

and spleen NK cells (Figure 1C). Taken together, infl uenza virus infection induces 
the infl ux of both CD11b+CD27+ and CD11b+CD27- NK cells into the airways.
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Figure 2. Respiratory virus infection induces NK cell proliferation in the BM and spleen, but barely 
at the site of infection. (A) C57BL/6 mice were infected (inf) with RSV or left uninfected (uninf). BrdU 
was added to the drinking water from day 1-6, and administered i.n. and i.p. at day 1.5 p.i. Fourteen days 
later, NK cells (NK1.1+TCRβ-) from the BM, spleen and lung were analyzed for intracellular BrdU content. 
(B-E) C57BL/6 mice were infected i.n. with infl uenza virus, and BrdU was administered i.n. and i.p. 1 hour 
before being sacrifi ced at the indicated days post infection. (B) Percentages of BrdU+ NK cells (TCRβ-

NK1.1+NKp46+) in the indicated organs and (C), representative FACS plots showing BrdU staining on NK 
cells isolated from the BM of mice that had not received BrdU (upper plot), or that had received BrdU and 
were uninfected (left plot) or infected (d3 p.i., right plot). (D) Percentages of Ki-67+ NK cells recovered 
from the BM and spleen (upper plot) or lung and BAL (lower plot). (E) Graphs show the percentage of 
total NK cells or BrdU+ NK cells in the four indicated subsets in the spleen (left plot) and BM (right plot) 
isolated from infl uenza virus infected mice 4,5 days p.i. Results are shown as mean ± s.e.m with 2-6 mice 
per group and BrdU and Ki-67 staining have been performed at least 3 times showing similar results. 
Statistical analysis was performed using a Mann-Whitney U test. *, P<0.05.
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(Figure 2B, C), whereas a high number of BrdU+ NK cells were present in the BM at 
day 3 post-infection (p.i.). The lack of BrdU incorporation was unlikely to be due to a 
lack of recovery of proliferating NK cells or inaccessibility of the cells for BrdU, since 
T cells in these organs had incorporated BrdU in their DNA (data not shown). We 
also determined the expression levels of the proliferation marker Ki-67, which is ex-
pressed in all phases of the cell cycle. We found that in particular the BM and spleen 
harbored high frequencies of Ki-67+ NK cells, which were even further increased 
upon infection (Figure 2D, E). We also noted a small increase of Ki-67+ cells in the 
BAL and lung at day 5 p.i.
 Our data so far could not rule out that respiratory viral infection mainly in-
duced enhanced development of NK cells in the BM. We therefore examined the 
maturation status of dividing NK cells by measuring CD27 and CD11b expression. 
The expression profile of BrdU+ NK cells resembled that of total NK cells, suggesting 
that both immature and mature NK cells proliferated in the BM (Figure 2F). Taken 
together, these data indicates that respiratory virus infection induces NK cell prolif-
eration primarily in the BM and spleen. 

NK cells migrate CCR2-dependent during influenza virus infection. 
Our results thus far have shown that upon influenza virus infection, NK cells prolifer-
ated mostly in the spleen and BM. Increased NK cell numbers in the airways were 
therefore probably the result, at least in part, of migration. During Listeria monocyto-
genesis infection, monocytes proliferate in the BM and emigrate CCR2-dependent 
into the blood [20]. Quantifying levels of the CCR2-ligand MCP-1 in the BAL, we 
found that this cytokine was abundantly expressed during influenza virus infection 
(Figure 3A). Remarkably, expression of CCR2 was most prominent on NK cells in 
the BM and spleen, and barely detectable on NK cells in the lungs (Figure 3C). Dur-
ing influenza virus infection, frequencies of CCR2+ NK cells increased in the BAL, 
and at the same time declined in the spleen (Figure 3B). To study the role of CCR2 
for NK cell migration during influenza virus infection, we constructed mixed CCR2-

/- (CD45.2):wt (CD45.1) BM chimeric mice. Upon influenza virus infection of these 
mice, more wt (CD45.1) than CCR2-/- (CD45.2) NK cells migrated to the BAL at day 
3 and day 5 p.i (Figure 3D, E, F). Surprisingly, relative numbers of CCR2-/- and wt NK 
cells did not change in the lung (after collecting the BAL) over the course of the in-
fection. We furthermore noticed a small accumulation of CCR2-/- NK cells in the BM, 
and although differences were small, every single mouse displayed this increased 
ratio compared to the spleen at day 5 p.i. (Figure 3G). Based on CD27 and CD11b 
expression, none of the organs analyzed showed accumulation of CCR2-/- or wt NK 
cells of a specific subset (data not shown). In conclusion, our results show that a 
proportion of NK cells migrate CCR2-dependent during influenza virus infection.                                   
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Figure 3. NK cells migrate CCR2-dependent to the BAL during infl uenza virus infection. (A) The 
presence of MCP-1 in the BALF of infl uenza virus infected mice was determined by ELISA at the indicated 
days post-infection. (B) CCR2 expression on NK cells from the spleen and BAL of infl uenza virus infected 
mice at the indicated days post-infection. (C) Representative FACS plots showing CCR2 expression on 
NK cells (TCRβ-NK1.1+DX5+) recovered from the indicated organs of naïve mice. (D-G) Mixed BM chi-
meric mice were constructed by injecting a mix of BM from CCR2-/- (CD45.2) and C57BL/6.SJL (CD45.1) 
into lethally irradiated CD45.1.2. recipients. After 6-8 weeks, mice were infected with infl uenza virus or 
left uninfected. (D) Representative FACS plots showing CD45.1 and CD45.2 staining of NK cells (TCRβ-

NK1.1+) recovered from the indicated organs 5 days p.i. (E-G) Ratio of CD45.2 (CCR2-/-) /CD45.1 (wt) NK 
cells calculated by dividing absolute numbers of CD45.2+ NK cells by absolute numbers of CD45.1+ (wt) 
NK cells. (E) Ratio of CD45.2/CD45.1 NK cells recovered from the indicated organs at the indicated days 
p.i. (F, G) Ratio of CD45.2/CD45.1 NK cells in the indicated organs 5 days after infl uenza virus infection 
(F), and connecting lines show the ratio of a single mouse in the spleen and BM (G). Representative re-
sults of two independent experiments (except for fi gure A and C, where one experiment was performed) 
are shown with 4-6 mice per group. Statistical analysis was performed using a Mann-Whitney U test. *, 
P<0.05. 
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disCussion
Although it is well-established that NK cells play an important role in immune protec-
tion to viral infection, relatively little is known about the kinetics of NK cell responses 
to most viral pathogens. In the current study we investigated the response of NK 
cells to respiratory viral infections. We found that upon infection, frequencies of NK 
cells increased in the airways, however, NK cells did not detectably proliferate there.  
Instead, proliferation occurred preferentially in the BM. We furthermore showed that 
NK cell migration during influenza virus infection involved a CCR2-dependent mech-
anism.
 Previous studies on interactions between NK cells and influenza virus in-
fected cells, by the group of Mandelboim, have shown that NK cells recognized 
influenza virus HA through the activating receptor NKp46, which led to target cell 
killing [4]. Mice that lacked NKp46 died more readily of influenza virus infection than  
mice, despite similar increases in NK cells numbers in the lungs [16].  These data 
suggested that NKp46 ligation leads to activation but not proliferation. Our finding 
that NK cells hardly proliferated in the lungs upon intranasal influenza virus infection 
further confirms this proposition. In contrast, stimulation of the activating receptor 
Ly49H through MCMV m157 led to selective proliferation of Ly49H positive NK cells 
after infection [12]. These different outcomes of receptor ligation might have resulted 
from differences in the signal pathways used by Ly49H and NKp46, which signal 
through the adaptor protein DAP12 [21] and the FcϵRIγ and CD3ζ [22], respectively.
 Our finding that respiratory virus infection triggered proliferation of NK cells 
in the BM resembles previous findings during bacterial infection, where monocytes 
emigrated CCR2-dependent from the BM into infected tissue, and subsequently pro-
liferated in the BM to induce their replenishment [20, 23]. CCR2 was essential for 
emigration out of the BM, while migration into the site of infection depended on other 
mechanisms [23, 24]. Our data using mixed BM chimeric mice indicated that part 
of the NK cells relied on CCR2 for migration to the BAL following influenza virus 
infection (Figure 3C-E), however, based on our findings we can not discern whether 
CCR2 plays a role in emigration of NK cells from the BM, in immigration into the BAL 
or in both processes. 
 Although several previous studies addressed the effects of CCR2 or MCP-1 
deficiency during influenza virus infection, none of these focused on NK cells [25-
27]. Nevertheless, our data showing CCR2-dependent NK cell migrations during 
lung infection are not unprecedented. While resting human NK cells barely respond 
to MCP-1, short-term activation induces CCR2 upregulation and enhances MCP-1 
responsiveness [28-31]. Likewise, NK cells isolated from peripheral blood of naïve 
mice fail to express the CCR2 receptor (data not shown), while a prominent propor-
tion of splenic and BM NK cells from naïve mice display this chemokine receptor 
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(Figure 3C). Moreover, a recent report showed that NK cells migrated in a CCR2-de-
pendent manner to the lungs in a mouse model of invasive aspergillosis, where they 
participated in pathogen clearance [32]. The results presented in this manuscript 
further indicate that NK cells migrate in a CCR2-dependent manner during respira-
tory virus infection.  
 Interestingly, although part of the NK cells relied on CCR2 to migrate to the 
BAL during respiratory virus infection, migration to the lungs was CCR2-independent 
(Figure 3E). Analyzing the expression of CD11b and CD27 on NK cells from the BAL 
and lung, we found that BAL NK cells are phenotypically different from lung NK cells 
(Figure 1C). In addition, NK cells from the lungs of naïve mice barely express the 
CCR2 receptor (Figure 3C). Combining these findings, we postulate that NK cells 
migrate chemokine-dependent from the spleen and BM to the lungs, and that a 
proportion of NK cells expressing the appropriate chemokine receptors, like CCR2, 
further migrate to the BAL and the cells lining the bronchi. 
 In conclusion, we here showed that NK cells responding to influenza virus 
infection barely proliferated at the site of inflammation, but were attracted from re-
mote storage sites, mainly the BM and spleen, in a CCR2-dependent manner. 
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abstraCt
Natural killer (NK) cells are involved in the early defense against invading patho-
gens. Although traditionally known as innate lymphocytes, recent literature suggests 
that NK cells show adaptive traits and can mount antigen-specific recall responses 
several months after primary antigen encounter. In the current study, we determined 
the properties of NK cells responding to respiratory virus infection. Following adop-
tive transfer of NK cells from naïve and respiratory virus infected donor mice, we 
found that a proportion of these cells became long-lived and migrated to the bone 
marrow (BM) of recipient mice. In the BM, they proliferated both homeostatically and 
in response to virus infection. We conclude that the BM is not only a site of NK cell 
development but also an important site of proliferation for long-lived mature NK cells, 
thus, may play a role in the maintenance of antigen-experienced long-lived NK cells. 
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introduCtion 
NK cells are innate lymphocytes that provide early protection against viral infection 
and tumor growth. The activation status of NK cells is determined by a balance of 
signals delivered through their activating and inhibitory receptors [1]. Upon activa-
tion, NK cells can kill target cells and produce cytokines that tune the immune re-
sponse. Although being part of the innate immune system, recent studies indicated 
that at least a proportion of NK cells is not short-lived [2], and acquires a memory-like 
phenotype [3-5]. Although NK cells are known to lack gene rearrangement of their 
receptors, they express a variety of germ-line encoded receptors for recognition of 
target cells. For example, in some mouse strains, the stochastically expressed ac-
tivating receptor Ly49H recognizes the murine cytomegalovirus (MCMV) encoded 
protein m157 [6-9]. Infection with MCMV induces preferential proliferation of Ly49H 
positive NK cells [10] that subsequently gain adaptive traits and are able to respond 
during recall infection [4]. Another study using RAG1-/- mice showed that NK cells 
mounted antigen-specific adaptive responses to a variety of haptens and viral anti-
gens, and these memory responses persisted for at least 4 months [11]. Although it 
has been shown that antigen-specific NK cell are sustained for a long time [4, 11], it 
is currently unknown how these long-lived NK cells are maintained and where they 
reside. This may be at the site of the former infection or at a more central location, 
with the possibility to rapidly re-locate to the site of (re-)infection. 
 NK cells play a pivotal role in the control of several virus infections, includ-
ing respiratory viruses. Intranasal infections of mice with respiratory syncytial virus 
(RSV) or influenza virus leads to influx of NK cells in the lungs [12-14].  Gene-
deficient mice that lack the NK cell activating receptor NKp46 show enhanced sus-
ceptibility to influenza virus infection [14] and, during RSV infection, lung NK cells 
produce cytokines and are cytotoxic [13]. Moreover, NK cell depletion prior to RSV 
infection skews the CD4+ T cell response towards a T helper 2 phenotype, which is 
associated with immunopathology [15].    
 In the current study, we used an adoptive transfer model to study long-lived 
NK cells from respiratory virus infected mice. We demonstrate that these mature 
long-lived NK cells migrate to the BM where they undergo both homeostatic and 
infection-induced proliferation. 
 

Material and Methods

Mice and infection
C57BL/6 mice were purchased from Charles River. C57BL6.SJL (CD45.1) and 
CD45.1.2 mice (F1 of C57BL/6 x C57BL/6.SJL) were bred in house under standard 
conditions. Mice were used between 7-17 weeks of age. Intranasal (i.n.) infections 
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with RSV or influenza virus were performed under light isofluorane anesthesia as 
described in Chapter 4. All animal experiments were approved by the Committee on 
Animal Experiments of the University of Utrecht.

BrdU incorporation
To measure in vivo proliferation, mice were shortly anesthesized with isofluorane, 
BrdU (Sigma Aldrich) was administrated i.n. (0.8 mg in 50 ul PBS) and intraperito-
neal (i.p.; 0.8 mg in 200 ul PBS), mice were sacrificed 1 hour later and organs were 
harvested.  

Sample collection and tissue preparation 
Mice were sacrificed by i.p. injection of sodium pentobarbital and lymphocytes were 
obtained from the spleens, mediastinal lymph nodes (MLN), livers, BM and lungs. 
BM cells were obtained by flushing the femurs and tibiae. Lungs and liver were per-
fused with PBS before excision. Lungs were minced and incubated in PBS contain-
ing collagenase (2.4 mg/ml; Roche Applied Science) and DNase (1 mg/ml; Roche 
Applied Science) for 30 minutes at 37°C. Single-cell suspensions were prepared by 
passage through cell strainers and lymphocytes were isolated using lympholyte-M 
(Cederlane) according to manufacturer’s instructions. Liver lymphocytes were pre-
pared as described [29], with the exception that lympholyte-M (Cederlane) was used 
for density separation.   Single cell suspensions of spleen and MLN were prepared 
using cell strainers. Red blood cells were removed from the spleen, BM and blood 
by ammonium chloride lysis. 

Antibodies and flow cytometry
Surface staining was performed for at least 20 minutes at 4 0C in the presence of 
Fc-block (2.4G2). For intracellular staining of BrdU, cells were fixed with 2% para-
formaldehyde for 20 minutes at room temperature, permeabilized overnight in 0.5% 
saponine, and stained for 1 hour at 4 0C. Fluorochrome-conjugated antibodies were 
purchased from eBioscience [CD49b (DX5), TCRβ (H57-597), NK1.1 (PK136), CD27 
(LG.7F9), NKp46 (29A1.4), CD45.2 (104), CD45.1 (A20)] and anti-BrdU (PRB1) was 
obtained from Molecular Probes. Samples were measured on a FACSCalibur or 
FACSCantoII (BD Biosciences) and analyzed with FlowJo software (Tree Star).

NK cell isolation, cell labeling and adoptive transfer 
NK cells were enriched from cell suspensions of peripheral organs (lung, liver, 
spleen) of naïve mice or mice that were infected with RSV or influenza virus 2-4 
weeks earlier, using an NK-cell isolation kit (Miltenyi Biotec). For adoptive trans-
fer, 0.3-0.7 x 106 purified cells were injected intravenously (i.v.) into recipient mice. 
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In some experiments, prior to transfer, cells were labeled by incubation with 5 uM 
CFSE (Invitrogen) in PBS at room temperature for 10 minutes. CFSE was quenched 
with FCS and cells were washed twice with PBS before injection. 
 

results

Generation of long-lived NK cells in influenza virus infected mice
In the current study, we set out to determine whether long-lived NK cells are induced 
upon influenza virus infection. We infected mice with influenza virus, and 2 weeks 
later, NK cells purified from the periphery (lung, liver, and spleen) were adoptively 
transferred into naïve congenic mice (Figure 1A). We could still recover these NK 
cells from recipient mice up to 4-5 weeks after transfer (Figure 1B), indicating that 
they were long-lived. Surprisingly, adoptively transferred NK cells from naïve mice 
also survived in recipients for at least 4-5 weeks (data not shown). Transferred NK 
cells preferentially homed back to their site of origin (Figure 1C). We furthermore 
assessed CD27 and CD11b expression on transferred and endogenous NK cells. 
These markers are used to subdivide mouse NK cells into four subsets with differ-
ent functions and properties. Most immature are the CD11b-CD27- NK cells, and 
maturation continues as cells become CD11b-CD27+, CD11b+CD27+, and finally 
CD11b+CD27- [16, 17]. Compared to endogenous NK cells, transferred NK cells 
show a more mature phenotype in all organs examined (Figure 1D, E, and data not 
shown). Thus, a proportion of adoptively transferred NK cells survive for at least 4-5 
weeks in recipients. 

Long-lived NK cells proliferate homeostatically in the BM
Since adoptively transferred NK cells can still be recovered from recipients after 
several weeks, we assessed whether these NK cells undergo homeostatic prolifera-
tion. We transferred carboxyfluorescein diacetate succinimidyl ester (CFSE) labeled 
peripheral NK cells from the liver, spleen and lungs of influenza virus infected mice 
into congenic recipient mice. Analysis of CFSE contents 4-5 weeks later showed that 
only a small percentage of NK cells recovered from the peripheral organs of the ac-
ceptor mice, i.e. lung, liver and spleen, had undergone division (Figure 2B), and of 
those that had divided, most had undergone not more than one division (Figure 2A). 
In contrast, most of the transferred NK cells recovered from the BM had undergone 
multiple divisions (Figure 2A). Similar results were seen when cells of RSV infected 
or naïve mice were transferred (Supplementary Figure S1). To address the question 
whether long-lived NK cells indeed proliferate in the BM instead of preferentially 
homing back there after division, we transferred peripheral NK cells from influenza 
virus infected mice and 4-5 weeks later we gave a BrdU pulse for one hour. When 
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Figure 1. Generation of long-lived NK cells. CD45 congenic mice were infected with infl uenza virus and 
2-3 weeks later, NK cells purifi ed from the periphery (lung, liver and spleen [spln]) were transferred into 
naïve CD45 congenic mice. (A) Schematic overview for generation of long-lived NK cells. (B) FACS plot 
show examples of NK cell gating (TCRβ-NK1.1+; upper plot), and donor NK cell gating (CD45.2+; lower 
plot) in recipient lung cells 3 weeks after transfer. (C) Peripheral or BM donor CD45.2 NK were transferred 
and recipients were sacrifi ced 3 weeks later. Graph shows the percentage of CD45.2 donor cells of total 
NK cells recovered from the indicated organs of recipient mice. (D, E) CD27 and CD11b expression on 
transferred or endogenous NK cells (TCRβ-NK1.1+) isolated from the spleen or BM of recipient mice. (D) 
Representative FACS plots of splenocytes gated on transferred (CD45.2+) or endogenous (all) NK cells 
and (E) graphs showing the percentage of NK cells in the four indicated subsets in the spleen (left plot) or 
BM (right plot). Results are shown as mean ± s.e.m. and are representative for at least two independent 
experiments. Statistical analysis was performed using a Mann-Whitney U test. **, P<0.01.
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Figure 2. Long-lived NK cells proliferate homeostatically in the BM. (A-B) NK cells enriched from 
peripheral organs (lung, liver, spleen) of infl uenza virus infected CD45.2 mice, 2 weeks after infection, 
were labeled with CFSE and transferred into CD45.1.2 mice. CFSE profi les of transferred NK cells were 
determined 4-5 weeks later. (A) Representative CFSE profi le of transferred NK cells in the BM (dotted 
line) and lung (solid line). (B) Percentages of divided transferred NK cells in the organs indicated. (C) 
Recipients of peripheral NK cells received BrdU i.p. and i.n. 4-5 weeks after transfer, 1 hour before being 
sacrifi ced. Depicted are percentage of BrdU+ of transferred NK cells in the indicated organs of individual 
recipient mice. Results are representative from at least two independent experiments. Statistical analysis 
was performed using a Mann-Whitney U test. *, P<0.05 **, P<0.01.

Long-lived NK cells proliferate mostly in the BM after respiratory virus infec-
tion
As transferred NK cells from respiratory virus infected mice survived for at least 4-5 
weeks in recipients, we wondered whether these NK cells would display virus-spec-
ifi city and protect against respiratory virus infection. To address these questions, 
CD45.2 mice either were left untreated (control group), or received peripheral NK 
cells from naïve, RSV or infl uenza virus infected mice CD45.1 mice, and were then 
infected with infl uenza virus 10 days later. Although transferred NK cells were still 
present in recipients (Figure 3A), no signifi cant differences in weight-loss (Figure 3B, 
C) or viral loads (Figure 3D) were detected between NK cell transferred and control 
mouse groups. A similar lack of protection against viral infection was detected in 
mice that had received BM derived, instead of peripheral NK cells (data not shown). 
Thus, at least in our model, respiratory virus-induced long-lived NK cells fail to pro-
vide detectable protection against respiratory virus infection. 
 We have shown recently that NK cells proliferate upon respiratory virus in-
fection (Chapter 2). To determine whether long-lived NK cells proliferate in response 
to respiratory virus infection, we transferred CFSE labeled peripheral NK cells from 
infl uenza virus infected CD45.2 mice into CD45.1.2 recipients that were infected with 

comparing BrdU incorporation of transferred NK cells in different organs, we almost 
exclusively detected BrdU+ NK cells in the BM (Figure 2C). Thus, long-lived NK cells 
proliferate homeostatically in the BM. 
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Figure 3. Long-lived NK cells proliferate in the BM after respiratory virus infection. (A-D) CD45.1+ 
NK cells isolated from the lung, liver and spleen of naïve, infl uenza virus (Flu) and RSV infected (3 weeks 
p.i.) mice were transferred to recipient mice that were infected with infl uenza virus 10 days later. The in-
fected control group did not receive NK cells (no NK). (A) Representative FACS plots (gated on NK cells) 
showing gating of CD45.1 donor NK cells in the liver of recipient mice of indicated groups. (B) Body weight 
of acceptor mice as percentage of their initial weight. Results are shown as mean ± s.e.m. for 3-4 mice per 
group. (C) Body weight at day 5 p.i. (data from (B)) (D) Infl uenza virus titer in the right lung determined by 
Q RT-PCR. (E, F) NK cells enriched from peripheral organs (lung, liver, spleen) of infl uenza virus infected 
CD45.2 mice, 3-4 weeks after infection, were labeled with CFSE and transferred into CD45.1.2 mice. 
Recipient mice were left uninfected or infected 10-13 days later with infl uenza virus (E and F) or RSV 
(F) and sacrifi ced at day 7 (E) or 4 (F) p.i. CFSE profi les of transferred NK cells in different organs were 
determined. Depicted are percentages of divided, transferred NK cells in the indicated organs (E) or in 
the BM (F) of individual recipient mice. Results are representative of two independent experiments (E), or 
have been repeated by transferring BM donor NK cells instead of peripheral NK cells which gave similar 
results (A-D) . Statistical analysis was performed using a Mann-Whitney U test. *, P<0.05 **, P<0.01.
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influenza virus 10 days later. Analyses of CFSE profiles of transferred cells 7 days 
after infection of recipient mice, showed a dramatic increased proportion of divided 
transferred NK cells in the BM of infected compared to uninfected recipients (Figure 
3E). A similar infection-induced proliferative response was seen when adoptively 
transferred NK cells originated from a naïve donor mice (Figure S2). Transferred 
NK cells proliferated in RSV-infected mice to the same extent as in influenza virus 
infected mice (Figure 4B). From these data we infer that a proportion of transferred, 
mature NK cells migrated to the BM where they were maintained and able to prolifer-
ate in response to virus infection. 

disCussion
In the current study, we used an adoptive transfer model to generate mature long-
lived NK cells from respiratory virus-infected donor mice. We found that these long-
lived NK cells underwent both homeostatic and infection-induced proliferation in the 
BM. Thus, although the BM harbors high amounts of immature, developing NK cells, 
our data indicate that it is also the central site of proliferation for long-lived NK cells.
The transfer model used to determine NK cell fate was based on recent publica-
tions showing that NK cells can become long-lived after hapten, cytokine or viral 
exposure, suggesting an adaptive memory-like feature of these cells [3-5]. Following 
transfer from respiratory virus infected mice into naïve recipients, we were able to 
recover NK cells at least up until four - five weeks later, indicating that a proportion 
of the transferred cells were long-lived. Remarkably, a phenotypically similar long-
lived NK cell population could be recovered from mice that had received NK cells of 
uninfected mice (Figure S1), perhaps because the mouse colonies used here were 
maintained under standard conditions, thus not strictly pathogen-free. Transferred, 
long-lived NK cells that were recovered from recipient mice displayed a more mature 
phenotype then endogenous NK cells (Figure 1D, E). 
 Recent reports have shown that NK cells can mount recall-responses up to 
several months of sensitization [4, 18]. This adaptive trait requires the preservation 
of antigen-specific NK cells for a long period of time. The maintenance of immuno-
logical memory has been studied extensively for T and B cells and, in the absence 
of antigen, is believed to depend on survival signals, homeostatic proliferation or 
a combination of the two [19]. The BM plays a key role in preservation of immuno-
logical memory by being a niche for memory T cells and plasma cells [20-22]. Plas-
mablasts migrate in a CXCL12-responding manner to the BM and there dock with 
CXCL12-expression mesenchymal stromal cells [23, 24]. Memory CD4+ T cells are 
in close contact with IL-7 expressing stroma cells, where they are maintained in a 
low proliferative state and receive IL-7 to survive [21]. In contrast to the low prolifera-
tion level of plasmablasts and memory CD4+ T cells, memory CD8+ T cells undergo 
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substantial proliferation in the BM [25, 26]. In line with these classical cells of the 
adaptive immune system, we here show that a proportion of antigen-experienced 
NK cells migrate back to the BM to undergo homeostatic proliferation, possibly for 
the maintenance of an antigen-specific pool [11], although we failed to detect such 
a specificity. Interestingly, plasmablasts migrate to the BM in response to CXCL12, 
which has also been shown to be responsible for retention of NK cells in the BM [27, 
28]. Whether CXCL12 is also responsible for migration of long-lived NK cells to the 
BM remains to be identified.    
 We have recently shown that, during acute respiratory virus infection, NK 
cells proliferate mostly in the spleen and BM (Chapter 2). In the current study, we 
investigated whether and where long-lived NK cells proliferate during respiratory 
virus infection. We found that infection induced proliferation of long-lived NK cells, 
and that most of these dividing long-lived NK cells resided in the BM. Proliferation 
was not virus-specific, as adoptively transferred NK cells recovered from RSV or 
influenza virus infected mice proliferated to the same extent upon influenza virus 
infection of the recipients.  
 A recent publication from Paust et al. showed that adoptively transferred 
NK cells from influenza virus derived virus-like-particles immunized mice provided 
partial protection against lethal influenza challenge [11]. Memory NK cells were lo-
cated in the liver, although some memory NK cells were found to reside in the lungs. 
Memory responses were RAG-independent and virus-specific. These results differ 
from our data, showing that transferred NK cells do not enhance anti-viral resistance 
(Figure 3). Several variations in experimental set-up might account for the discrep-
ancy between the two studies. First, in the study from Paust et al., survival of mice 
was used as read-out, and differences between immunized and non-immunized 
mice became only apparent after 10-20 days, whereas we sacrificed the mice at 
day 5 post-infection (p.i). Other factors that might explain the differences include the 
number of transferred NK cells, NK cell isolation procedures, the usage of infected 
donors versus immunized donors, the different strains of influenza virus and different 
strains of donor and recipient mice used. 
 In conclusion, based on previous results (Chapter 2) and our current data, 
we propose the following model for NK cell responses to respiratory virus infection. 
Following virus entry and inflammation in the lungs, NK cells migrate in response 
to MCP-1 and other chemokines, from internal storage sites to the site of infection 
(Chapter 2). After becoming activated, NK cells participate in viral clearance and 
regulation of both innate and adaptive responses. After pathogen clearance, a pro-
portion of activated NK cells becomes long-lived and can migrate to the BM where 
they 1), undergo homeostatic proliferation; and 2), rapidly proliferate following re-
infection. Both proliferative processes lead to progenitor cells that migrate back out 
into the periphery, where they can quickly respond to new invading pathogens. 
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suppleMentary figures

Figure S1. Mature long-lived NK cells divide mainly in the BM. (A) NK cells enriched from periph-
eral organs (lung, liver, spleen) of uninfected CD45.1 mice were labeled with CFSE and transferred into 
CD45.1.2 mice. CFSE profi les of transferred NK cells were determined 4-5 weeks later. (B) NK cells 
enriched from lung, liver, spleen and BM of RSV-infected CD45.2 mice, 3-4 weeks after infection, were 
labeled with CFSE and transferred into CD45.1.2 mice. CFSE profi les of transferred NK cells were de-
termined 10 days later. Depicted are percentages of divided, transferred NK cells in the indicated organs 
of individual recipient mice. Statistical analysis was performed using a Mann-Whitney U test. *, P<0.05 
**, P<0.01.

Figure S2. Respiratory virus infection increases proliferation of mature long-lived NK cells in the 
BM. NK cells enriched from peripheral organs (lung, liver, spleen) of uninfected CD45.1 mice were la-
beled with CFSE and transferred into CD45.1.2 mice. Recipient mice were infected 13 days later with 
infl uenza virus or left uninfected, and sacrifi ced 7 days p.i. CFSE profi les of transferred NK cells were 
determined. Depicted are percentages of divided, transferred NK cells in the indicated organs of individual 
recipient mice. Statistical analysis was performed using a Mann-Whitney U test. **, P<0.01.
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abstraCt
Human and bovine respiratory syncytial viruses (RSV), as well as pneumonia virus 
of mice (PVM) are closely related viruses that belong to the Pneumovirus genus of 
the subfamily Pneumovirinae. These viruses display marked species specificities, 
and are important causes of severe respiratory disease in susceptible host species. 
So far, little is known about the dynamics of pneumovirus-induced immune respons-
es, which on the one hand provide protection against virus infection but, on the other 
hand, can cause severe pathology. A recent study identified T cells as important me-
diators both of viral clearance and immunopathology during primary infection of mice 
with PVM. Here we have examined why immune responses to PVM lead to severe 
pathology and whether vaccine-induced CD8+ T cell responses can provide protec-
tion against PVM-induced disease. We show that compared to influenza virus in-
fected mice, both the innate and adaptive immune responses are delayed following 
PVM infection, and that early activation of the innate immune response, as well as 
vaccine-induced or adoptively transferred PVM-specific CD8+ T cells, protect against 
virus-induced disease. From these data we infer that antigen-specific memory CD8+ 
T cells can compensate for defective early, innate immune responses during PVM 
infection, resulting in enhanced control of infection and diminished respiratory dis-
ease. Thus, CD8+ T cells may offer a promising target of a protective pneumovirus 
vaccine. 
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introduCtion
Pneumoviruses are an important cause of respiratory infections in various mam-
mals. Members of the pneumovirus genus include the well-characterized human 
respiratory syncytial virus (RSV), as well as bovine, ovine, caprine RSV and pneu-
monia virus of mice (PVM) [1]. Although highly similar, these viruses display a mark-
edly narrow host range and have evolved to subvert the immune response in their 
specific host, by applying common but host-adapted strategies. For example, the 
nonstructural (NS)1 and NS2 proteins of human RSV, bovine RSV and PVM inhibit 
the type I interferon response in their respective hosts only [2-8, 9]. Because of the 
high level of genetic similarity of the pneumoviruses and the use of similar immune 
evasion strategies, the mouse model of PVM infection has been proposed as an 
appropriate and accessible model in which to study specific aspects of the immu-
nopathogenesis of these viruses. Intranasal administration of a low PVM inoculum 
results in effective replication and severe respiratory disease in mice, with several 
hallmarks common to severe RSV disease in humans including severe inflamma-
tion, edema, and pulmonary influx of granulocytes [10]. 
 Although RSV is a major cause of severe respiratory disease in infants and 
elderly, there is still no licensed RSV vaccine available, and more knowledge of the 
factors leading to long-lasting protection against RSV is required [11].  For example, 
it is not completely understood why RSV re-infections occur despite the presence of 
neutralizing antibodies [12, 13]. Several studies have demonstrated the protective 
role of antibodies against RSV infection [12, 14, 15], in particular in infants during 
prophylactic administration of palivizumab, an RSV-neutralizing monoclonal anti-
body [16]. On the other hand, antibodies induced in formalin inactivated (FI)-RSV 
vaccinated children failed to protect, and a recent study showed that these non-
neutralizing antibodies were a consequence of inadequate affinity maturation [17]. 
Also the precise role of T cells during RSV infection is not fully understood. Several 
transfer and depletion studies have shown that RSV-specific CD8+ or CD4+ T cells, 
although reducing viral loads, also cause pathology in RSV infected mice [18-21]. In 
addition, both CD4+ and CD8+ T cells cause pathology in neonatally sensitized mice 
infected with RSV [22]. Conversely, in murine models of RSV vaccine-enhanced 
disease, CD8+ T cells protect against pathology or eosinophilia [23-25]. Neverthe-
less, CD8+ T cells induced by a recombinant vaccinia virus expressing the RSV 
M2 gene induced only short-term protective immunity [26], whereas CD8+ T cells 
induced following intranasal RSV infection provided long-lived protection [27]. Fur-
thermore, CD8+ T cells in the lungs of RSV infected mice were found to be function-
ally impaired [28], although such a lack of function has also been suggested to be a 
general hallmark for CD8+ T cells in the lungs [29]. Thus overall, it is still not entirely 
clear whether pneumovirus vaccines should preferentially target the humoral and/or 
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the cellular arms of the immune system.
 A recent study by Frey et al. showed that in PVM infected mice, T cells 
are indispensable for viral control, but also are important mediators of infection-
associated pathology [30]. This observation raises the question of whether a vac-
cine targeting the CD8+ T cell response would be safe. We here show that the early 
innate immune response is dramatically delayed in PVM-infected mice compared to 
influenza virus infected mice. Early viral control, by early activation of the innate im-
mune system, prevented severe PVM-induced disease. Furthermore, PVM-specific 
CD8+ T cells, induced either by vaccination or adoptively transferred, protect against 
PVM-induced disease. Taken together, our results show that a vaccine targeting 
CD8+ T cell activation is safe in the PVM model, which may provide a new focus for 
pneumovirus-vaccine development. 

Material and Methods

Mice and infection 
Age-matched 7-10 week old female BALB/c mice were purchased from Charles Riv-
er. RSV strain A2 and PVM strain J3666 were used throughout. PVM was passaged 
in mice to retain full pathogenicity and RSV strain A2 was grown in BSC-1 cells. RSV 
was concentrated by polyethylene glycol 6000 precipitation, and stored at -80°C with 
25% sucrose. For both viruses, plaque assays on BSC-1 were performed to deter-
mine the viral titer of the stocks. Mice were infected with 5 x106 pfu RSV in 50 μl, with 
25 pfu PVM in 30 μl or co-infected with a mix of 5 x106 pfu RSV and 25 pfu PVM in 
55 μl. Influenza virus infections (A/HK/x31; H3N2) were performed with 105 50% egg 
infective dose in 30 μl PBS as described [36]. All animal experiments were approved 
by the Committee on Animal Experiments of the University of Utrecht.

Sample collection and tissue preparation
Mice were sacrificed by intraperitoneal (i.p.) injection with sodium pentobarbital. For 
bronchoalveolar lavage (BAL), the thorax was opened and the trachea exposed. A 
small aperture was made with scissors, a small tube (0.965 mm polyethylene tub-
ing, Becton Dickinson) attached to a syringe was inserted and fastened with a knot 
using suture thread. BAL was collected by three times lavage with 1 ml PBS contain-
ing 10 μM EDTA. In some experiments, the first lavage was used for microscopic 
cell counting or cytokine measurements. After BAL, lungs were perfused with PBS, 
excised, minced and incubated in PBS containing collagenase (2.4 mg/ml; Roche 
Applied Science) and DNase (1 mg/ml; Roche Applied Science) for 30 minutes at 
37°C. Single-cell suspensions were made by passage through cell strainers and 
lymphocytes were isolated using lympholyte-M (Cederlane) according to manufac-
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turer’s instructions. In some experiments, the right lung was placed in 1 ml TRIzol 
(Invitrogen) for mRNA isolation. 

Flow cytometry
Surface staining was performed for at least 20 minutes at 40C in the presence of 
Fc-block (2.4G2). Fluorochrome-conjugated antibodies were purchased from eBio-
science [CD69 (H1.2F3), CD49b (DX5), TCRβ (H57-597), NKp46 (29A1.4), CD62L 
(MEL-14), IFNy (XMG1.2), CD8 (53-6.7), CD11c (N418), CD19 (MB19-1), CD4 
(RM4-5), MHC-II (m5/114.15.2)] and from BD Pharmingen [Siglec-F (E50-2440)]. 
MHC class I tetramers were made in collaboration with Prof. Dr. D. Busch (Tech-
nische Universität München, Munich, Germany). In short, H2-Kd heavy chains and 
human β2m were refolded in the presence of either NP147-155 (TYQRTRALV), M282-90 
(SYIGSINNI) or P261-269 (CYLTDRARI), from influenza virus, RSV and PVM, respec-
tively. All peptides were purchased from GenScript. For IFNγ measurements, BAL 
cells were either placed in V-bottom 96-wells plates and 1:1 incubated with YACS 
(for NK cell activation) or with P261-269 peptide (2 μM) in a total volume of 100 μl in 
RPMI containing 10% FCS and 10 μM monensin. Surface markers were subse-
quently stained as described, cells were fixed with 2% paraformaldehyde for 20 min-
utes at room temperature, and intracellular staining was performed in the presence 
of 0.5% saponine for 1 hour at 4 0C. For tetramer staining, BAL or lung cells were 
incubated for 1 hour at 4 0C with 1 μg tetramer. Subsequent staining of different cell 
surface markers was performed as described.  Flow cytometry was performed with 
a FACS Calibur or Canto II (BD Biosciences) and data were analyzed using FlowJo 
software (Tree Star). 

Vaccine preparation
For preparation of peptide-loaded bone marrow-derived dendritic cells (DCp), bone 
marrow (BM) cells were obtained from mouse femurs and tibiae, depleted of red 
blood cells by lysis with NH4Cl, and then grown in complete medium (RPMI [Gibco], 
10% FCS (Lonza), glutamax (Gibco), penicillin/streptomycin (Gibco) and 30 μM 
β-mercaptoethanol) complemented with 15% GM-CSF (derived from culture super-
natants of the cell line X63Ag). After 6 days of culture, cells were stimulated with 100 
ng/ml LPS o/n, harvested and incubated with 2 μM P261-269 peptide for 1 hour at 37 
°C. Peptide-loaded BMDC were washed thoroughly with PBS to remove LPS, and 
mice then were immunized with 5 x 106 cells, injected intravenously (i.v.) into the 
tail veins in 200 μl PBS. Preparation of FI-PVM was adapted from Kim et al. [37]. In 
brief, 1 ml aliquots of PVM (250.000 pfu/ml) were incubated with formalin (1:4000 
final concentration) for 72 hours at 37 °C. After ultracentrifugation (60 min, 50,000 x 
g), pellets were resuspended in 300 μl PBS, 300 μl alum (Imject Alum, Pierce) was 
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added according to manufacturer’s instructions and mice were immunized were by 
injection of 100 μl FI-PVM subcutaneously (s.c.). Immunized mice were infected with 
PVM, 3-5 weeks after administration of DCp or FI-PVM.  

Quantitative real-time PCR 
Total RNA was isolated from the right lung using TRIzol (Invitrogen) according to 
manufacturer’s instructions. Equal volumes containing 1 μg of total RNA in maximum 
were used to produce cDNA with the iScript cDNA Synthesis Kit (Bio-Rad Labora-
tories) according to the manufacturer’s instructions. For PVMSH RT-PCR, primers 
and probes were adapted from Garvey et al. [39]. Reactions were performed in 25 
μl containing 5 μl cDNA (10x diluted), 12,5 μl TaqMan Universal PCR Master Mix 
(Applied Biosystems), 0.9 μM primers (5’-GCCTGCATCAACACAGTGTGT-3’, and 
5’-GCCTGATGTGGCAGTGCTT-3’, Invitrogen), 0.25 μM probe (FAM-CGCTGATA-
ATGGCCTGCAGCA-TAMRA, Applied Biosystems) and milliQ. RT-PCR was per-
formed in an iCycler (Bio-Rad Laboratories) with the following cycling parameters: 
95 °C for 10 minutes, followed by 45 cycles of 95 °C for 15 s and 60 °C for 60 s. The 
PVM SH gene was cloned into pCR2.1 (Invitrogen) and serially diluted to create a 
standard curve that was used to calculate copy number per right lung. RT-PCR for 
IL-4, IFNγ and GAPDH were performed using the TaqMan Gene Expression Assays 
(Applied Biosystems) Mm00445259, Mm00801778 and Mm99999915, respectively, 
according to the manufacturer’s instructions. Relative expression of IL-4 and IFNγ 
normalized against GAPDH were calculated using the Pfaffl method [40], and a fixed 
point from the standard curve was used as calibrator.   

Multiplex bead-based assay
The presence of IL-4 and IFNγ in the BALF (supernatant of centrifuged BAL) was 
measured with a multiplex bead-based assay. Fluoresceinated microbeads coated 
with capture antibodies for IL-4 (BVD-1D11) and IFN-γ (AN-18) were added to 50 μl 
of BALF and incubated overnight at 4 °C. Cytokines were detected with the biotinyl-
ated antibodies IFNγ (XMG1.2) and IL-4 (BVD6-24G2), and PE-labeled streptavidin. 
Fluorescence was measured using a Luminex model 100 XYP (Luminex, Austin, TX, 
USA).  All antibodies for this assay were purchased from BD Biosciences.

Adoptive transfer of CD8+ T cells
Naïve and PVM infected (day 14 post-infection; p.i.) donor mice were sacrificed, 
lungs, spleens and MLNs were harvested, single cells were made by passage 
through cell strainers, and red blood cells were removed by ammonium chloride 
lysis. Cells were stained with PE-labeled antibodies against CD19, CD4, MHC-II 
and NKp46 as described (without Fc-block), negative selection was performed using 
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BD Influx (BD Biosciences). For both groups, around 5 x 106 CD8+ cells in 200 μl in 
PBS were injected i.v. into every acceptor mouse. These mice were subsequently 
infected with PVM as described above. 

results

Delayed influx of NK cells into the airways of PVM infected mice 
Recent studies have shown that PVM inhibits type I and III interferon responses, 
and that PVM infected mice display impaired chemokine production during the first 
days of infection [3, 4]. To determine whether the suppressive effects on cytokine 
and chemokine production have further consequences for the development of innate 
immune responses, we studied the dynamics of the natural killer (NK) cell response 
in PVM infected mice. For comparison, we used influenza virus infected mice since 
it is known that in this model NK cells are functional and play an important role in 
virus control [31]. We intranasally infected mice with either influenza virus or PVM 
and measured the proportions of NK cells in the BAL by FACS analysis. A large influx 
of NK cells was present as already as early as day 2 p.i. and declining thereafter in 
influenza virus infected mice, In contrast, in the airways of PVM infected mice, the 
peak of NK cells was seen at day 6-8 p.i. with very little NK cells present at earlier 
time points (Figure 1A, Figure 3C). Subsequently, the levels of NK cells declined. As 
seen in influenza virus infected mice, NK cells in PVM infected mice displayed an 
activated phenotype (high CD69) and produced IFNγ upon stimulation ex vivo (Fig-
ure 1B, C). Thus, activated NK cells migrated into the airways of PVM infected mice, 
however, with delayed kinetics compared to influenza virus infected mice. 

CD8+ T cell kinetics in PVM infected mice
In both RSV and PVM infected mice, a large proportion of CD8+ T cells responding 
to infection have been shown to be functionally impaired [28, 32]. Analysis of BAL 
for the presence of CD8+ T cells in the airways of PVM infected mice showed that 
the relative proportions of CD8+ T cells in the airways of PVM infected mice strongly 
increased over time, and from day 10 onwards, approximately 60% of lymphocytes 
in the BAL were CD8+ T cells (Figure 2A). In influenza virus infected mice the propor-
tions of CD8+ T cells that migrated into the airways were considerably lower than in 
PVM infected mice, and the levels dropped over time when levels in PVM infected 
mice were rising (Figure 2A). Quantification of virus-specific CD8+ T cells with MHC 
class I tetramers containing immunodominant H2-Kd restricted epitopes from either 
PVM (P261-269 [32]) or from influenza virus (NP147-155 [33]) demonstrated that NP147-155-
specific CD8+ T cells were detectable at day 6 p.i., and levels increased until day 
8 p.i. when a plateau was reached (Figure 2B). In PVM infected mice, the BAL did 
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Figure 1. Delayed NK cell re-
sponse in PVM infected mice. 
BALB/c mice were infected intrana-
sally (i.n.) with infl uenza virus A/HK-
x31 or PVM, and the presence and 
activation of NK cells in the BAL was 
determined by fl ow cytometry at the 
indicated days p.i. (A) Percentages 
NK cells (TCRβ-DX5+) of total lym-
phocytes in the BAL. (B) Mean fl uo-
rescence intensities (MFI) of CD69 
expression on NK cells in the BAL. 
(C) Percentage of IFNγ producing 
NK cells in the BAL after ex vivo 
restimulation with YAC cells (1:1) 
in the presence of monensin for 6h. 
Results are shown as mean ± s.e.m 
for 3 mice per group.

not contain any P261-269-specifi c CD8+ T cells at day 6 p.i., and only a small popula-
tion of P261-269-specifi c CD8+ T cells was detected at day 8 p.i. (Figure 2B, C). The 
relative proportions of P261-269 tetramer+ CD8+ cells further increased untill day 10 p.i. 
after which levels remained high (Figure 2B, C).  Thus, comparing the two infec-
tions, the infl ux of PVM specifi c CD8+ T cells was considerably delayed compared 
to that of infl uenza virus specifi c CD8+ T cells. To determine whether the CD8+ T cell 
were functional, we measured IFNγ production in virus-specifi c CD8+ T cells after 
ex vivo re-stimulation, by intracellular cytokine staining. In PVM infected mice the 
proportion of IFNγ+ CD8+ T cells was low at day 8 p.i. This is consistent with the low 
levels of P261-269-specifi c CD8+ T cells detected at this time. From day 10 onwards, 
a clear population of IFNγ+ CD8+ T cells was detected (Figure 2D, E). Our fi nd-
ings are in agreement with Claassen et al. [32], who found that the percentage of 
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Figure 2. CD8+ T cell kinetics in PVM and infl uenza virus infected mice. BALB/c mice were infected 
i.n. with infl uenza virus A/HK-x31 or PVM. (A) Frequencies of total CD8+ T cells as percentage of lympho-
cytes in the BAL determined by fl ow cytometry at the indicated days p.i. (B) Frequencies of virus-specifi c 
CD8+ T cells in the BAL were determined by staining with MHC class I tetramers loaded with P261-269 (PVM 
tet) or NP147-155 (Flu tet), and tetramers loaded with M282-90 (RSV tet) were used to measure background 
staining. Shown are percentages of virus-specifi c CD8+ cells in the BAL of PVM (right graph) or infl uenza 
virus (left graph) infected mice (CD62L-tetramer+), after subtraction of background staining (frequency 
of unrelated CD62L-RSV tet+ cells). (C) Representative FACS plots of (B), gated on CD8+ cells showing 
the percentage of PVM tet+ or RSV tet+ CD62L- cells at the indicated days p.i. (D, E) BAL cells from PVM 
infected mice were restimulated ex vivo for 6 hours in the presence of monensin with or without P261-269 
peptide. (D) Representative FACS plots showing frequencies of IFNγ+CD8+ cells after peptide restimula-
tion, and (E), corresponding graphs showing the results of individual mice (background frequencies in the 
absence of peptide are subtracted).  Results are pooled from two independent experiments.

PVM specifi c IFNγ-producing CD8+ T cells were lower than the percentage of P261-269 

tetramer-stained CD8+ T cells on day 8 (Figure 2B, E) although there was consider-
able variation between individual mice and between experiments. We conclude that 
while large quantities of CD8+ T cells migrate into the airways of PVM infected mice, 
the infl ux of virus-specifi c CD8+ T cells is delayed compared to that in infl uenza virus 
infected mice.
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Figure 3. Early immune activation and diminished weight-loss and viral loads in RSV and PVM 
co-infected mice. Mice were infected i.n. with RSV (stars), PVM (circles), or with a mixture of the two 
viruses (co-infection; squares) containing the same pfu as used in single infections. 3 mice per group 
were sacrifi ced on the indicated days p.i. (A) Body weight of individual mice as percentage of their initial 
weight. Mice that had lost over 20% of their original weight were sacrifi ced. (B) PVM virus titers in the 
right lung determined by Q RT-PCR and converted to PVM-SH copy numbers per right lung. The dotted 
line indicates the detection limit. (C) NK cells (DX5+NKp46+TCRβ-) as percentage of lymphocytes in the 
BAL. (D) CD8+ cells as percentage of lymphocytes in the BAL. (E) Frequency of P261-269-specifi c CD8+ 

cells in the BAL at day 9 p.i., determined by tetramer staining and calculated as described in the legends 
to Figure 2. RSV and PVM co-infections have been performed 7 times, with similar results as measured 
by weight-loss.

Activation of the innate immune system during PVM infection protects against 
pathology
The data presented thus far have shown that both NK and CD8+ T cell responses to 
PVM infection are delayed when compared to these in infl uenza virus infected mice, 
most likely due to a lack of cytokine and chemokine production early after PVM in-
fection as shown recently [3, 4]. This raises the question of whether early activation 
of the innate immune system during PVM infection would provide protection against 
cell-mediated pathology in a later phase of infection. To activate the innate immune 
system in PVM infected mice at an early stage p.i., we co-infected mice with both hu-
man RSV and PVM. RSV is a human pathogen and the strain used in our lab barely 
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Figure 4. A CD8+ T cell-targeting vaccine provides protection against PVM. Mice were immunized 
i.v. with P261-269-loaded BMDCs or left untreated, and infected i.n. with PVM 3-5 weeks later. 4-5 mice per 
group were sacrifi ced on days 5, 8 and 14 after PVM infection. (A, B) Frequencies of P261-269-specifi c CD8+ 

cells in the BAL at day 14 p.i. determined by tetramer staining, as described in the legends to Figure 2. 
(A) Representative FACS plots (gated on CD8+ cells), and (B) corresponding graphs showing results for 
individual mice. (C) Body weight of individual mice as percentage of their initial weight. (D) Total numbers 
of cells in the BAL at days 8 and 14 p.i. (E) Virus titer in the right lung determined by Q RT-PCR and con-
verted to PVM-SH copy numbers. Data are pooled from two independent experiments, with 4-5 mice per 
group. Statistical analysis was performed using a Mann-Whitney U test. *, P<0.05
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causes weight-loss in mice. In addition, RSV induces an early infl ux of NK cells (Fig-
ure 3C), which indicates the induction of a robust innate immune response. Striking-
ly, mice infected with both PVM and RSV were completely protected from pathology, 
while mice infected with PVM alone showed severe weight-loss after day 6 (fi gure 
3A). In co-infected mice PVM did replicate, although lower PVM viral loads were 
detected than in mice infected with PVM alone (Figure 3B). In both mouse groups, 
PVM was still detected up until day 10 p.i. Quantitative analysis of NK cell responses 
in the BAL showed that RSV and PVM co-infection induced a robust early infl ux of 
NK cells into the airways (Figure 3C). The dual infected mice lacked the massive 
infl ux of CD8+ T cells that was seen in the airways of PVM infected mice (Figure 3D), 
although PVM-specifi c CD8+ T cells were present in co-infected mice (Figure 3E). 
Thus, early activation of the immune system during PVM infection resulted in lower 
viral loads and prevented serious disease following a lethal challenge. 

Figure 5. PVM infected mice immunized with a CD8+ T cell-targeting vaccine show a Th1-skewed 
immune response. Mice were immunized i.v. with P261-269 peptide-loaded BMDCs, or s.c. with FI-PVM, 
and infected i.n. with PVM 3-5 weeks later. (A) Relative expression of IFNγ (upper graph) or IL-4 (lower 
graph) mRNA in the lungs 5 days after PVM infection, determined by Q RT-PCR.  (B) Level of IFNγ (up-
per graph) or IL-4 (lower graph) in the BAL fl uid on day 5 p.i., determined by luminex. (C) FACS plots 
showing an example of CD11c and Siglec-F staining on BAL cells of immunized mice 14 days after PVM 
infection. Gated are the eosinophils (CD11c-Siglec-F+) as described [38]. (D) Frequencies of eosinophils 
in the BAL of individual immunized mice 14 days after PVM infection, determined by fl ow cytometry. Data 
are pooled from two independent experiments. Statistical analysis was performed using a Mann-Whitney 
U test. *, P<0.05
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Figure 6. PVM-specifi c CD8+ 
T cells provide protection 
against PVM infection. CD8+ 
T cells enriched from the 
lungs, spleen and MLN’s of 
PVM infected (day 14 p.i.) or 
naïve donor mice were trans-
ferred i.v. into recipient mice 
that were subsequently infect-
ed with PVM and sacrifi ced at 
day 7 p.i. (A) Representative 
FACS plots of gated CD8+ 
cells showing P261-269-specifi c 
T cells (CD62L-PVM tet+) in 
the lungs of mice that received 
CD8+ T cells of PVM infected 
(right) or naïve (left) donors. 
(B) Frequencies of P261-269-
specifi c CD8+ cells in the 
lungs, determined by tetramer 
staining. (C) Body weight of 
individual mice as percentage 
of their initial weight at the in-
dicated days p.i. (D) Virus titer 

Protection by PVM-specifi c CD8+ T cells
It has been shown recently that in PVM infected mice, T cells are responsible for 
viral clearance, but are also involved in the pathology seen following infection [30]. 
As indicated, in PVM and RSV co-infected mice, PVM specifi c CD8+ T cells were 
present but did not cause substantial pathology (Figure 3). To determine whether 
PVM-specifi c memory CD8+ T cells confer protection against infection, mice were 
immunized with GM-CSF-expanded bone marrow-derived dendritic cells (BMDCs) 
loaded with the PVM epitope P261-269 (DCp) and then challenged with PVM. Higher 
levels of antigen-specifi c CD8+ T cells were detected in the BAL of immunized mice 
compared to non-immunized controls (Figure 4A, B). Moreover, over the duration of 
the infection, immunized mice lost less weight (Figure 4C), displayed signifi cantly 
reduced total-cell infl ux in the BAL, and viral loads were signifi cantly lower than in 
non-immunized mice (Figure 4C-E). 
 We investigated the effect of DCp treatment on the Th1 and Th2 response 
following subsequent infection, since it has been reported that vaccination with a 
formalin inactivated preparation of PVM in mice elicits an enhanced Th2 immune 
response upon PVM infection [34]. All mice receiving DCp developed a Th1-skewed 
immune response as determined by quantifying the levels of IFNγ and IL-4 mRNA in 
the lungs of PVM infected mice that had been immunized with either P261-269-loaded 

in the right lung determined by Q RT-PCR and converted to PVM-SH copy numbers. Statistical analysis 
was performed using a Mann-Whitney U test. *, P<0.05
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DC or FI-PVM (Figure 5A). DCp-immunized mice displayed elevated levels of IFNγ 
RNA in the lungs, whereas substantially more FI-PVM immunized mice developed a 
Th2-skewed response, as indicated by the relatively high levels of IL-4 (Figure 5A). 
Although low, cytokine levels in the BAL reflected the mRNA levels in the lungs (Fig-
ure 5B). Moreover, 2 out of 4 mice vaccinated with FI-PVM developed eosinophilia, 
whereas no eosinophilia was measured in mice vaccinated with BMDCs (Figure 5C, 
D). 
 Treatment with P261-269-loaded DC stimulates PVM-specific CD8+ T cells 
specific only for one epitope. To further study the protective capacity of the total 
PVM-specific CD8+ T cell response, which targets multiple epitopes, we adoptively 
transferred CD8+ T cells from PVM infected or uninfected mice into recipient mice 
that were then infected with PVM. At day 7 p.i. a clear population of P261-269-tetramer+ 
cells was detectable in the lungs of mice that had received CD8+ T cells of PVM-
infected donors, but not in the lungs of recipients that had received naïve CD8+ T 
cells (Figure 6A, B). In addition, recipients receiving immune cells from infected mice 
showed significantly reduced weight-loss and viral load (Figure 6C, D). These results 
indicate that PVM-specific CD8+ T cells can provide protection against PVM infec-
tion. 

disCussion
There is an increasing interest in using the natural mouse pathogen PVM to mimic 
and study severe pneumovirus infections. We have used this system to study the 
activation of the innate immune system, as detected by NK cell influx, and the role of 
CD8+ T cells in conferring protection against disease. Influx of NK cells into the BAL 
in PVM infected mice was markedly delayed when compared to influenza virus or 
RSV infected mice. Also the influx of CD8+ T cells in PVM infected mice was delayed 
compared to that in influenza virus infected mice. However, from day 10 p.i. on-
wards, extremely high numbers of CD8+ T cells were present in the airways of PVM 
infected mice, coinciding with disease. The delayed immune activation seen in the 
PVM infected mice is consistent with the recent observation that the nonstructural 
proteins of PVM (NS1 and NS2) inhibit type I and type III interferon responses [3, 4]. 
As a consequence, inflammation in the airways of PVM infected mice is still limited 
at day 3 p.i. However, at day 6 p.i., high levels of chemokines and cytokines such as 
MCP-1, RANTES, MIP-1α and IL-15 are produced [3, 4], which are likely to attract 
NK cells to the airways, as well as CD8+ T cells, as shown by Frey et al. [30].
 From findings described above it may be postulated that evasion of the in-
nate immune system may allow PVM to replicate uninterrupted, to high levels, which 
then evokes an excessive and damaging immune response. Co-infection of mice 
with PVM and RSV caused rapid activation of the innate immune system with the 
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robust influx of NK cells seen with RSV infection of mice and which indicates the in-
duction of a proper innate immune response. Strikingly, mice infected with both PVM 
and RSV were completely protected from disease (Figure 3). PVM was still able to 
replicate, although to a lesser extent than in mice infected with PVM alone. PVM was 
eliminated at day 14 p.i., most likely by the adaptive immune system. Taken together, 
these data suggest that it is the early innate viral control that enables T cell mediated 
viral clearance in the absence of pathology. 
 A similar observation has been made in murine cytomegalovirus infected 
mice, where the CD8+ T cell response is also influenced by the ability of the innate 
immune system to control the viral load [35]. In this case, NK cells reduce the viral 
load already early after infection and thereby diminish the production of high quanti-
ties of immunosuppressive type I interferon that otherwise would inhibit the subse-
quent CD8+ T cell response [35].
 The finding that CD8+ T cells cause pathology in the PVM-mouse model 
[30], has raised questions about the use of a vaccine designed to stimulate a pneu-
movirus-specific CD8+ T cell response. However, we show that PVM infected mice 
immunized with BMDCs pulsed with the PVM P261-269 CD8+ T cell epitope prior to 
challenge displayed a Th1-skewed immune response and reduced viral loads (Fig-
ure 4). Similarly, transfer of CD8+ T cells isolated from PVM infected mice, which are 
targeted to a broad range of epitopes, demonstrated a reduced weight-loss and viral 
load in treated animals following challenge with infectious virus (Figure 6). Thus the 
data presented here demonstrate that not the presence or absence of a response is 
key but the timing of the response following infection.
 Based on the data presented here and the results from other groups study-
ing the PVM system [3, 4, 30], we assume that when PVM infects the murine lung, 
it effectively evades the early innate immune response by inhibition of type I and 
III interferon responses and most likely by other yet unknown mechanisms [3, 4]. 
PVM thereby replicates unnoticed to high viral titers. This high viral load triggers 
the immune system to produce large quantities of cytokines and chemokines that 
subsequently attract many lymphoid cells. Among these are the T cells which enter 
the lung relatively late in infection, but in large numbers where they effectively kill 
virus infected cells. However, due to excessive viral load, this results in considerable 
pathology. Thus, the lack of early activation of the innate immune system, leads to T 
cell mediated pathology in this pneumovirus system. Triggering the innate immune 
system at the time of PVM infection leads to control of the viral load and thereby 
prevents T cell mediated pathology. In addition, when PVM-specific CD8+ T cells are 
present at an earlier stage of the primary infection, for example, due to vaccination or 
T cell transfer, they have the ability to lower the viral load and reduce pathology. 
 



62

Chapter 4

In conclusion, we have shown that following PVM infection, early reduction of viral 
load is essential for prevention of severe pathology, and that this can be mediated by 
PVM-specific CD8+ T cells. This raises the possibility that the rational design of vac-
cines that protect against pneumoviral infections should also consider the inclusion 
of components to stimulate a rapid CD8+ T cell response.
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abstraCt
Proteasomes play a fundamental role in the processing of intracellular antigens 
into peptides that bind to MHC class I molecules for presentation to CD8+ T cells. 
Three IFN-γ-inducible catalytic proteasome (immuno)subunits as well as the IFN-
γ-inducible proteasome activator PA28 dramatically accelerate the generation of a 
subset of MHC class I-presented antigenic peptides. To determine whether these 
IFNγ-inducible proteasome components play a compounded role in antigen pro-
cessing, we generated mice lacking both PA28 and the immunosubunits β5i/LMP7 
and β2i/MECL-1. Analyses of MHC class I cell surface levels ex vivo demonstrated 
that PA28-deficiency reduced the production of MHC class I-binding peptides both in 
cells with and without immunosubunits, in the last cells further decreasing an already 
diminished production of MHC ligands in the absence of immunoproteasomes. In 
contrast, the immunosubunits but not PA28 appeared to be of critical importance for 
the induction of CD8+ T cell responses to multiple dominant influenza and Listeria-
derived epitopes. Taken together, our data demonstrate that PA28 and the prote-
asome immunosubunits use fundamentally different mechanisms to enhance the 
supply of MHC class I-binding peptides; however, only the immunosubunit-imposed 
effects on proteolytic epitope processing appear to have substantial influence on the 
specificity of pathogen-specific CD8+ T cell responses.
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introduCtion
Cells continuously turn-over their intracellular proteins, leaving short peptides of 
which a small percentage is translocated into the endoplasmic reticulum (ER) and 
binds to MHC class I molecules for display on the cell surface.  Here, they can be 
recognized by CD8+ T cells, allowing these cells to react to intracellular pathogens.  
Previous studies have shown that the kinetics and efficiency of epitope processing 
from pathogen-derived antigens play an important role in both CD8+ T cell activation 
[1-4] and their ability to recognize infected cells [5-7]. The production of most MHC 
class I-presented peptides starts with the proteolysis of mature proteins or defective 
ribosomal products by the proteasome, an abundant cellular protease. Proteasomes 
consist of a catalytic core particle (20S) and one or more regulatory complexes.  In 
most cells, the enzymatic activity of the 20S particle is exerted by three constitutively 
expressed subunits, β1, β2 and β5 [8]. In contrast, lymphoid cells and cells exposed 
to cytokines such as type I interferons [9], TNF-α [10] and IFNγ [11, 12] express three 
facultative, homologous subunits, induced (i) β1i/LMP2 (low-molecular-mass poly-
peptide), β5i/LMP7 and β2i/MECL-1 (MECL-1, multicatalytic endopeptidase com-
plex-like-1), which replaced the constitutive subunits in newly assembled so called 
immunoproteasome complexes.  Cytokine-exposure further upregulates the expres-
sion of the proteasome regulator PA28αβ (PA28) [13], which is found at enhanced 
quantities also in professional APC (pAPC) [14-16], as well as that of many other 
proteins involved in antigen processing.  
 Both immunosubunit and PA28 expression are IFNγ-inducible, suggesting 
that these components of the proteasome system play an important role in immune 
recognition of infected host cells.  A variety of studies have shown that incorpora-
tion of the immunosubunits β1i/LMP2, β5i/LMP7 and β2i/MECL-1 changes the 20S’ 
cleavage preferences and enhances the proteasome-mediated generation of a sig-
nificant number of antigenic peptides [17].  This is most clear in cells lacking β5i/
LMP7, where a defect in peptide supply leads to reduced MHC class I cell surface 
levels [18]. The immunosubunit-induced changes of proteasome-mediated epitope 
production have clear effects on the fine specificity of CD8+ T cell responses to intra-
cellular pathogens. Thus, mice lacking β1i/LMP2, β5i/LMP7 and/or β2i/MECL-1 fail 
to mount CD8+ T cell responses to epitopes that are inefficiently generated by the 
constitutive proteasome subunits, probably because epitopes that are presented at 
relatively late time points after infection fail to prime CD8+ T cell responses [1]. Nev-
ertheless, the absence of immunosubunits does not impair the responses against 
other epitopes that are made by constitutive proteasomes and mice lacking either 
β1i/LMP2, β5i/LMP7 or β2i/MECL-1 or both β5i/LMP7 and β2i/MECL-1, despite par-
tially impaired CD8+ T cell responses, are capable of resolving infections with intra-
cellular pathogens [19, 20]. Thus, the inducible proteasome subunits do not seem to 
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play an essential role in immune protection. Instead, a recent study suggested that 
immunoproteasomes may serve primarily to remove protein aggregates, accumulat-
ing due to interferon-induced oxidative stress [21].
 The effects of PA28 on antigen processing and CD8+ T cell responses are 
less clear.  The PA28 α and β subunits form a heptamer [22] that attaches to the 20S 
particle and activates this in vitro, leading to an enhanced turn over of short peptide 
substrates and an increase in double cleavages in polypeptide substrates [23,24].  
In vitro studies, in which polypeptide substrates were digested with 20S proteasome/
PA28 complexes, PA28αβ-gene-deficient cells or cells transfected with PA28α and 
or PA28β encoding vectors were used, indicated that PA28 enhanced MHC class 
I presentation of several antigenic peptides [17, 25], but that effects of PA28 were 
confined to specific MHC class I alleles [26]. Mice lacking PA28 did not show clear 
defects in CD8+ T cell responses to influenza virus or viral resistance [25], however, 
were not analyzed for CD8+ T cell responses or resistance to any other pathogen. 
Notably, peritoneal macrophages of these mice failed to upregulate MHC class I 
cell surface expression following IFNγ treatment [27]. Such defects in MHC class I 
upregulation were not observed in mouse embryonal cells of these gene-deficient 
mice [28].  Taken together, these studies suggest that the effects of PA28 on antigen 
processing and immune reponses are rather mild.
 Although cytokine-exposed cells in infected tissues as well as professional 
antigen presenting cells usually express both immunosubunits and PA28, the effects 
of PA28 or immunosubunits on MHC class I antigen processing and CD8+ T cell re-
sponses have been studied separately so far. Thus, it is unknown whether these two 
types of IFNγ-inducible proteasome components have synergistic, additive or per-
haps largely overlapping roles in antigen processing. To dissect the effects of PA28 
on peptide production by immuno- versus constitutive proteasomes, we quantified 
20S/PA28-mediated peptide liberation from a model substrate in vitro, and crossed 
PA28 gene-deficient [25] with β5i/LMP7+β2i/MECL-1 gene-deficient mice [29] and 
quantified proteasome-mediated production of MHC class I ligands and CD8+ T cell 
responses in the different proteasome component-deficient strains.
 

Materials and Methods

Cells
MEC-PA28 and T2 cells were cultured as described [6, 32].  LPS blasts were ex-
panded by stimulation of splenocytes with 30 μg/ml LPS in RPMI with 10% FCS, 
glutamax, antibiotics and 30 μM β-mercaptoethanol.
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Mice
C57BL/6 mice were purchased from Charles River. C57BL/6  β5i/LMP7+β2i/MECL-
1 gene-deficient [29] and PA28αβ gene-deficient mice [25] were maintained by in-
house breeding. PA28+β5i/LMP7+β2i/MECL-1 gene-deficient mice were generated 
by crossing PA28-/- with β5i/LMP7+β2i/MECL-1-/- mice. All animal experiments were 
performed with age-matched mice and approved by the Committee of Animal Ex-
periments of the University of Utrecht.

Infection and immunization of mice
Infections with recombinant Listeria monocytogenes (rLM) and immunizations with 
peptide-pulsed dendritic cells (DC) were performed as described [1]. For infection 
with influenza virus strain HKx31, mice were anesthetized with isofluorane and then 
infected intranasally (i.n.) with 5x104 hemagglutination units in 30 μl PBS. 

Western blot analysis
Presence of PA28, β5i/LMP7 or β2i/MECL-1 was analyzed by Western blotting as 
described [6, 35].

Antibodies and flow cytometry
Monoclonal antibodies (Abs) used in this study included fluorochrome- or biotin-con-
jugated anti-mouse H2-Kb (clone AF6-88.5) and anti-mouse H2-Db (clone 28-14-8), 
fluorochrome-conjugated anti-mouse CD8α (clone 53-6.7), anti-mouse CD19 (clone 
MB19-1), anti-mouse CD4 (clone RM 4-5), anti-mouse IFNγ (clone XMG1.2) and an-
ti-mouse B220 (clone RA3-6B2). Immunofluorescence staining and FACS-analyses 
of specific cell subsets were performed as described [35].

Intracellular cytokine staining
Mice were sacrificed at the time points specified in the figure legends and spleens 
or BAL collected. Percentages of E1B192-200-, NP366-374 - or PA224-233 -specific CD8+ T 
cells and  LLO189-201-specific CD4+ T cells were determined by intracellular cytokine 
staining and FACS analysis as described [1].

Peptides
The synthetic polypeptide AYRPPNAPILSTLPETTVVRRRGRSPRRRTPS (HBV 
subtype ayw, cAg amino acids 131–162) was synthesized by Dr. P. Henklein of the 
Charité, Humboldt University, Berlin.

In vitro digestion assays
PA28 was purified from 2 x 109 MEC-PA28 cells [6], grown in the absence of tetra-
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cycline, as described [30]. Constitutive and immuno-20S proteasomes were purified 
from 6–8x108 T2 and T2 LMP2+7 cells, respectively, as described [32]. The purity 
of the preparates was checked by Coomassie-stained SDS-PAGE and was >90%. 
In total, 20 µg of HBV 32-mer polypeptide, 3 µg of purified proteasomes and 1.5 
µg of purified PA28 were incubated in 300 µl assay buffer (20 mM Hepes/KOH, pH 
7.8, 1 mM dithiothreitol) at 37°C for the time periods specified in the figure legends. 
Digestions in the absence of PA28 were performed in assay buffer containing 20 
mM Hepes/KOH, pH 7.8, 2 mM MgAc2, and 1 mM DTT. Samples of the digestion 
reactions were frozen at -20°C until analysis by RP-HPLC and mass spectrometry, 
as described [30].
 

results

PA28 and immunosubunits have synergistic effects on 20S-mediated peptide 
products liberation in vitro
Previous studies have shown that PA28 enhances the proteasome-mediated pro-
duction of different antigenic peptides [6, 30, 31], but neither directly compared the 
effects of PA28 versus immunosubunits on 20S-mediated fragmentation of sub-
strates, nor determined the effects of PA28 on the cleavage profile of constitutive 
versus immunoproteasomes. To test how PA28 modulated the activity of constitu-
tive versus immunoproteasomes, we digested a synthetic polypeptide derived from 
the hepatitis B virus core antigen (HBV cAg)  (Figure 1A) with purified constitutive 
and immunoproteasome complexes, in the presence or absence of PA28. Peptide 
products were analyzed by RP-HPLC and online mass spectrometry. As shown 
previously, cleavage of the HBV polypeptide by constitutive proteasomes liberated 
the peptides Ser141-Val149 and Ser141-Arg152 [32].  Even higher quantities of the same 
two fragments and, in addition, the fragments Ser141-150 and Ser141-Arg151 [32] were 
found in the digests of immunoproteasomes. Remarkably, the presence of PA28 in 
the digests dramatically enhanced the efficiency of liberation of the 141-149 frag-
ment by both constitutive and immunoproteasomes, and of 141-150 by immunopro-
teasomes (Figure 1B) (note the difference in time scale between upper and lower 
panel).  The presence of PA28, however, did not enhance the generation of frag-
ments 141-151 and 141-152 by either constitutive or immunoproteasomes (Figure 
1B). Thus, PA28 enhanced the generation of a subset of 20S double cleavage prod-
ucts only and failed to confer new cleavage specificities to the 20S complex, which 
was most evident from the finding that PA28 enhanced the liberation of 141-150 by 
immunoproteasomes but did not enable constitutive proteasomes to generate this 
fragment. Notably, as the set of peptides produced by immunoproteasomes seems 
more diverse (Figure 1) and better suited for MHC class I binding [18, 33] than that 
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Figure 1. Kinetic analysis of the effects of PA28 and immunosubunits on generation of HBV cAg 
131-162 cleavage products. (A) Amino acid sequence of the HBV cAg131-162 polypeptide substrate. 
Arrows indicate dominant cleavage sites of constitutive or immunoproteasomes [32]. (B) HBV cAg131-
162 was incubated with constitutive or immunoproteasomes of T2 or T2 + β1i/LMP2+β5i/LMP7 cells, in 
the absence or presence of a four-molar excess of PA28, purifi ed from induced MEC-PA28 cells [6], as 
indicated. Digestion products were separated by RP-HPLC and identifi ed by mass spectrometry. Accu-
mulation of different peptide products over time of digestion is shown. HBV cAg131-162 incubated with 
PA28 without proteasomes was not degraded. Data are representative of two independent experiments.

Generation of a gene-defi cient mouse strain lacking PA28 and immunosubunit 
expression
To be able to determine the respective and potentially compounded roles of the 
IFNγ inducible catalytic subunits and PA28 in MHC class I antigen processing, β5i/
LMP7+β2i/MECL-1 double-gene defi cient mice [29] were crossed with PA28αβ-
double gene-defi cient mice [25]. Because 20S complexes containing β1i/LMP2 
assemble ineffi ciently in the absence of β5i/LMP7 [34], lymphoid - and cytokine-
exposed cells of β5i/LMP7+β2i/MECL-1-defi cient mice contain predominantly con-
stitutive proteasomes. Homozygous mice lacking the genes coding for PA28α, 
PA28β, β5i/LMP7 and β2i/MECL-1 were identifi ed by PCR (data not shown) and 
defi ciency of these proteasome components was confi rmed by immunoblot analyses 

produced by constitutive proteasomes, it is possible that PA28 further enhances the 
immunoproteasome-mediated generation of MHC class I ligands. 
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Figure 2.  Absence of PA28 and immunosubunit 
expression in gene-defi cient mouse strains. Sple-
nocytes of indicated mouse strains were extracted, 
the lysates were separated by SDS/PAGE, and β5i/
LMP7, β2i/MECL-1, PA28α and PA28β were detected 
by western blotting. Equal loading was confi rmed by 
Ponceau S staining. Data are representative of one 
experiment.

PA28-defi ciency does not alter the ratios of CD4+:CD8+ T cell subsets 
Previous studies have shown that, compared to wild-type (wt) C57BL/6 mice, mice 
lacking the immunosubunit β2i /MECL-1 display an enhanced relative ratio of CD4+ 
to CD8+ T cells in the spleen [29, 35, 36]. Comparing the cellular composition of 
the spleens of the different gene-defi cient mouse strains (Figure 3A), we found re-
duced frequencies of CD8+ T cells in β5i/LMP7+β2i/MECL-1-defi cient compared to 
wt mice, consistent with these previous studies. In addition, PA28-/- mice showed 
slightly diminished frequencies of CD8+ T cells in comparison to wt C57BL/6 mice, 
but no clear differences were discernible between β5i/LMP7+β2i/MECL-1-/- and 
PA28+β5i/LMP7+β2i/MECL-1-/- mice (Figure 3A). Frequencies of splenic CD4+ T 
cells were similar in wt, PA28-/- and PA28+β5i/LMP7+β2i/MECL-1-/- mice, whereas in 
β5i/LMP7+β2i/MECL-1-/- mice the numbers of CD4+ T cells were slightly decreased 
(not shown).  Expressed as ratios, we detected increased CD4+:CD8+ ratios in β5i/
LMP7+β2i/MECL-1-/- and PA28+β5i/LMP7+β2i/MECL-1-/- mice in comparison to wt 
or PA28-defi cient mice, both in the spleen (Figure 3B) and in the lymph nodes (not 
shown), whereas CD4+:CD8+ T cell ratios in the thymus were similar in all groups 
(Figure 3B), consistent with Caudill et al. [29]. Thus, the increased CD4+:CD8+ T cell 
ratios in mice defi cient for the immunosubunits (and PA28) are found only in the sec-
ondary lymphoid organs. They probably are caused by effects of β2i/MECL-1 on ho-
meostatic expansion [35], and are not affected by the presence or absence of PA28.

PA28 and immunosubunits play an additive role in the generation of MHC 
class I ligands
H2b cells that lack PA28 or β5i/LMP7 expression display diminished amounts of cell 

Figure 2.  Absence of PA28 and immunosubunit 
expression in gene-defi cient mouse strains.
nocytes of indicated mouse strains were extracted, 
the lysates were separated by SDS/PAGE, and β5i/
LMP7, β2i/MECL-1, PA28α and PA28β were detected 
by western blotting. Equal loading was confi rmed by 
Ponceau S staining. Data are representative of one 
experiment.

(Figure 2). The PA28+β5i/LMP7+β2i/MECL-1 gene-defi cient mice did not show any 
phenotypic characteristics or abnormalities in growth or fertility.
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Figure 3. Effects of PA28 and immunosubunits on CD4+:CD8+ T cell ratios in lymphoid tissues of 
uninfected mice. (A) CD8+ T cells were detected in the spleens of C57BL/6 wt, PA28-/-, β5i/LMP7+β2i/
MECL-1-/- and PA28+β5i/LMP7+β2i/MECL-1-/- mice by staining with anti-CD8α mAb and FACS analysis. 
Frequencies of CD8 T cells as percentage of total lymphocytes are shown (data show mean plus SEM, 
n=3 mice per group, and are representative of two independent experiments). (B) CD4+:CD8+ T cell ratios 
in the spleen and the thymus of C57BL/6 wt, PA28-/-, β5i/LMP7+β2i/MECL-1-/- and PA28+β5i/LMP7+β2i/
MECL-1-/- mice. Data show mean + SEM, n=3 mice per group, and are representative of two independent 
experiments. FACS gating strategy for detection of CD4 (or CD8) positive cells is shown in Supplemen-
tary Figure S2.

surface MHC class I molecules, indicating that both these proteasome components 
play an important role in the production of MHC class I ligands [18, 26, 29, 35, 
33, 37]. As PA28 increases the production of only a subset of the peptides that 
are liberated by proteasomes (Figure 1) and immunosubunit incorporation changes 
the proteasomal cleavage profi le to support the production of MHC class I ligands 
[18, 29, 35], it is possible that PA28 further enhances the positive effects of the im-
munosubunits on MHC class I antigen processing.  To address this possibility, we 
compared the MHC class I cell surface levels on splenocytes of wt and the different 
proteasome component-defi cient mice. As expected, we found that defective im-
munosubunit expression resulted in reduced cell surface expression of MHC class I 
H2-Kb and Db molecules on splenocytes, such as B cells (Figure 4A) and T cells (not 
shown), and also on bone marrow-derived dendritic cells (BMDCs; not shown). The 
absence of PA28 led to a reduction of MHC class I cell surface expression on immu-
noproteasome-positive splenic B cells, for H2-Kb to 14.3 % of that on wt cells and, 
surprisingly, reduced the already diminished MHC class I cell surface expression on 
β5i/LMP7+β2i/MECL-1-/- cells even further (Figure 4), with 18.8 % (Table 1). These 
similar reductions in MHC class I cell surface levels for PA28-defi cient cells with and 
without immunoproteasomes argue against a compounded role of PA28 and immu-
nosubunits in MHC class I antigen processing. Thus, PA28 enhances the generation 
of MHC class I-binding peptides by constitutive and immunoproteasomes equally. 
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Figure 4. Role of immuno-
subunits and PA28 in the 
production of MHC class I 
ligands. (A) Splenocytes of 
uninfected mice and mice, in-
fected 8 days earlier with rLM, 
were stained with anti-B220 
and a conformation-dependent 
anti-H2-Kb mAb. Data show 
mean + SEM, n= 2-4 mice per 
group, and are representative 
of 2-4 independent experi-
ments. FACS gating strategy is 
shown in Supplementary Fig-
ure S1. (B) Unstimulated and 
LPS-stimulated splenocytes of 
uninfected mice were stained 
with anti-CD19 and anti-H2-Kb 
mAbs. MFI of H2-Kb staining on 
B cells are shown (data show 
mean + SEM; n=3-5 mice per 
group, and are representa-
tive of 2-4 independent ex-
periments). (C) Upregulation of 
MHC class I H2-Kb cell surface 
levels on B220+ splenocytes of 
rLM-infected mice compared to 
uninfected mice (left panel) or 
on LPS-stimulated compared 
to unstimulated  B220+ spleno-
cytes (right panel). Data show 
mean ± SD, n=2-4 mice per 
group and are representative 
of 2 independent experiments.

L. monocytogenes, administered intravenously (i.v.), infects the mouse spleen and 
liver, leading to the recruitment of immune effector cells and cytokine secretion in 
these tissues. This, in turn, enhances the expression of the components of the MHC 
class I antigen processing pathway [38, 39] and therewith the demand for MHC class 
I ligands. To determine whether a potentially compounded role of PA28 and immu-
nosubunits in antigenic peptide production is detectable under such conditions, we 
analyzed MHC class I cell surface expression on splenic B cells of the different gene-
defi cient mice, 8 days after i.v. infection with rLM. Indeed, the mean fl uorescence 
channels detected for MHC class I (Kb) on splenocytes of rLM-infected mice were 
consistently higher than those on cells of uninfected mice, measured in the same 
experiment (Figure 4A).  Upregulation of MHC class I expression was detected for 
all mouse groups. Thus, despite the lack of expression of immunosubunits and/or 
PA28, cells are able to upregulate MHC class I cell surface expression in response 
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Table 1. Reduced MHC class 
I expression on lymphoid 
cells lacking PA28. aRelative 
amounts of MHC class I mole-
cules on PA28-defi cient unstimu-
lated (unstim) or LPS-stimulated 
B cells of uninfected or infected 
(inf) PA28-/- mice on C57BL/6 
or C57BL/6 β5i/LMP7+β2i/ME-
CL-1-defi cient background, ex-
pressed as percentage of MHC 
class I expression on similarly 

to external stimuli, although wt B cells upregulated MHC class I markedly more ef-
fi ciently than either PA28-/-, β5i/LMP7+β2i/MECL-1-/- or PA28+β5i/LMP7+β2i/MECL-
1-defi cient cells (Figure 4C). Consistent with the observations on splenocytes of 
uninfected mice, PA28-defi ciency diminished MHC class I cell surface expression on 
both immunoproteasome positive and -defi cient cells, again to approximately similar 
extents (Figure 4A and Table 1). To further verify these fi ndings, MHC class I expres-
sion on splenocytes stimulated with LPS in vitro was compared to that on unstimu-
lated B cells, analyzed ex vivo. As shown in Figure 4B and 4C, LPS-treatment led to 
a similar upregulation of MHC class I Kb and Db (not shown) cell surface expression 
as cytokine exposure, with the highest levels reached for cells of wt mice and the 
lowest upregulation observed on cells lacking both the immunosubunits and PA28. 
Again, PA28-defi ciency reduced the relative quantities of H2Kb and Db molecules on 
immunoproteasome-positive and immunoproteasome-defi cient cells similarly (Fig-
ure 4B, Table 1). The cell surface levels of MHC class II and CD19 molecules were 
similar for gene-defi cient and wt cells (not shown), indicating that PA28 does not 
interfere with cell surface traffi cking of glycoproteins in general. Furthermore, H2-Kb 
levels on immunosubunit and PA28-defi cient LPS blasts were restored upon over-
night incubation with synthetic ova257-264 peptide (not shown), indicating that overall 
generation of MHC class I molecules was not impaired, but that the reduced expres-
sion of Kb (and Db) in mice defi cient for one or more of the inducible components of 
the proteasome must be attributed to defects in the supply of peptides that bind MHC 
class I with high affi nity. Taken together, these data show that both the immunosub-
units and PA28 play an important role in proteasome-mediated production of high 
affi ne MHC class I ligands and that PA28 potentiates the production of MHC class I 
ligands by immunoproteasomes and constitutive proteasomes similarly. Moreover, 
the effects of PA28 and the immunosubunits are additive, indicating that they use 
different, largely non-overlapping mechanisms to enhance proteasome-mediated 
generation of MHC class I ligands. 

treated B cells of  wt or β5i/LMP7+β2i/MECL-1-defi cient mice. MHC class I expression was measured by 
immunofl uorescence staining and FACS analysis. Data are representative of 2-4 experiments with 3-5 
mice per group.



78

Chapter 5

Figure 5. Effects of PA28 and 
immunosubunits on T cell re-
sponses to rLM- and Infl uenza-
derived antigens. C57BL/6 wt, 
PA28-/-, β5i/LMP7+β2i/MECL-
1-/- and PA28+β5i/LMP7+β2i/
MECL-1-/- mice were infected with 
(A) 5x103 rLm-E1, (B) 5x104 HA 
units infl uenza virus strain HKx31  
or (C) 1x105 rLM-ova or (D) im-
munized i.v. with PA224-233-pulsed 
BM DC. A-D, antigen-specifi c, 
IFNγ-producing CD4+ and CD8+ T 
cells were quantifi ed. FACS gat-
ing strategy is shown in Supple-
mantary Figure Figure S2. (A, C), 
Eight days after rLM-infection, fre-
quencies of E1B192-200- or ova257-264 
-specifi c CD8+ T cells or LLO189-

201-specifi c CD4+ T cells were de-
termined in the spleen by staining 
for CD8+ or CD4+ and intracellular 
IFNγ. B, Percentages of NP366-374 
and PA224-233 specifi c CD8+ T cells 
in the BAL, seven days after In-
fl uenza infection. D, Percentages 
of PA224-233-specifi c CD8+ T cells 
in the spleen, seven days after 
injection of peptide-pulsed DC. 
Background responses measured 
in the absence of stimulating pep-
tides were subtracted. Data show 
mean + SEM and are representa-
tive of 2-4 experiments with n=2-8 
mice per group (A-C) or values for 
individual mice, representative of 
1 experiment (D).

PA28-defi ciency has no dramatic effects on pathogen-specifi c CD8+ T cell re-
sponses 
While the proteasome immunosubunits are known to shape the immunodominance 
hierarchy of pathogen-specifi c CD8+ T cell responses [1, 4, 40, 41], the effects of 
PA28 on the specifi city of CD8+ T cell responses are less clear. To determine whether 
PA28-defi ciency diminishes the ability of wt or β5i/LMP7+β2i/MECL-1-defi cient mice 
to mount T cell responses, control C57BL/6, PA28-/-, β5i/LMP7+β2i/MECL-1-/- and 
PA28+β5i/LMP7+β2i/MECL-1-/- mice were infected with a recombinant L. monocyto-
genes strain secreting the p60E1 model antigen (rLM-E1) [1], with rLM-ova [42] or 
with infl uenza virus strain HKx31. Quantifi cation of CD8+ T cell responses to rLM epi-
topes in the spleen, 8 days after infection, showed that rLM-E1-infected mice lacking 
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β5i/LMP7 and β2i/MECL-1 failed to respond to the immunoproteasome dependent 
epitope E1B192-200  (Figure 5A), consistent with our previous data [1]. In contrast, mice 
that lacked PA28 but expressed the immunosubunits mounted clearly detectable 
E1B192-200-specific responses (Figure 5A) that did not significantly differ in magni-
tude from the responses detected in wt mice (Mann Whitney, two tailed, 95% C.I). 
Thus, PA28 does not play a critical role in processing of the immunoproteasome-de-
pendent epitope E1B192-200. After rLM-ova-infection, all mice responded vigorously to 
the immunoproteasome-independent ova257-264 epitope (Figure 5C), with insignificant 
difference in frequencies of ova-specific CD8+ T cells between PA28-deficient and 
PA28-positive mouse groups. Thus, PA28 is not required for the activation of ova-
specific CD8+ T cells. In these experiments, frequencies of CD4+ T cells responding 
to the listeriolysin O–derived epitope LLO189-201 were similar in all mouse groups, 
indicating all mice had been infected and responses to this CD4+ T cell epitope were 
not affected by the absence or presence of immunosubunits and/or PA28 (Figure 5A 
and not shown). 
 Responses to the influenza virus HKx31-derived NP366-374 and PA224-233 epi-
topes were quantified 7 days after infection, in the bronchioalveolar lavage (BAL) 
(Figure 5B). Although all mice responded to NP366-374, we failed to detect PA224-233–
specific CD8+ T cell responses in mice deficient for β5i/LMP7+β2i/MECL-1, as ex-
pected [40]. The absence of a PA224-233–specific response could not be explained 
by defects in the T cell repertoire, as β5i/LMP7+β2i/MECL-1-deficient mice showed 
PA224-233–specific CD8+ T cell responses comparable to wt mice that were immunized 
with GM-CSF expanded BM-derived DCs loaded with synthetic PA224-233 peptide 
(Figure 5D). PA28-/- mice showed a robust response to PA224-233 comparable to the 
response in wt C57BL/6 mice. 
 Taken together, we find that in contrast to the immunosubunits, PA28 has 
no dramatic qualitative effects on the size of CD8+ T cell responses mounted against 
several dominant influenza virus- and rLM-derived epitopes.  

disCussion
Stimulation of cells with pro-inflammatory cytokines or IFNγ upregulates the expres-
sion of the proteasome immunosubunits and of PA28. Although the immunosubunits 
are known to play an important role in epitope processing and to shape the immu-
nodominance hierarchy of pathogen-specific CD8+ T cell responses, the impact of 
PA28 on immune defense still remains enigmatic. We here demonstrate that both 
the proteasome immunosubunits and PA28 fulfill a central function in the production 
of MHC class I ligands in vivo.  Importantly, we find that spleen-derived lymphoid 
cells of mice that are gene-deficient for PA28 display lower MHC class I expression 
levels than wt mice, and observe a similar reduction in MHC class I levels on cells 
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of PA28+β5i/LMP7+β2i/MECL-1-deficient mice, in comparison to mice gene defi-
cient for the immunosubunits only (Figure 4, Table 1).  These differences in MHC 
class I cell surface levels become even more apparent after infection of the different 
mouse strains with rLM, a pathogen that targets the spleen (Figure 4) and induces 
the secretion of Th1 cytokines, or after stimulation of B cells from uninfected wt or 
proteasome component-deficient mice with LPS, in cell culture (Figure 4).  Thus, 
PA28 plays an important role in the production of MHC class I binding peptides in 
lymphoid cells. Hence, in quantitative terms, PA28 is the second most important 
component of the proteasome system that contributes to the production of MHC 
class I ligands, surpassed only by β5i/LMP7,  whose absence is responsible for the 
reduction in class I levels observed in mice that lack β5i/LMP7+β2i/MECL-1 [29, 35].   
Although β2i/MECL-1 (and β1i/LMP2) play an important role in the processing of a 
variety of epitopes [35, 36, 43], their effects are not substantial enough to influence 
overall MHC class I expression [35].  Thus, both the proteasome immunosubunits 
and PA28 should be considered as integral components of the MHC class I antigen 
processing machinery. They play an important role in the production of high-affinity 
peptides required to maintain the basal MHC class I cell surface levels on lymphoid 
cells, as well as in providing additional ligands to stabilize newly synthesized MHC 
class I molecules following cytokine exposure. 
 The finding that PA28-deficiency leads to reduced MHC class I cell surface 
levels both on immunoproteasome-positive and -negative cells, on which MHC ex-
pression is diminished already due to the absence of immunosubunits (Figure 4), 
indicates that the effects of the immunosubunits and PA28 are additive. Thus, these 
proteasome components enhance the production of different MHC class I ligands.  
This is consistent with the different working mechanisms of PA28 and the catalytic 
immunosubunits. PA28 binds to the 20S complex, leading to coordinated double 
cleavages and apparently thereby an enhanced generation of MHC class I ligands 
[23], whereas the immunosubunits change the 20S cleavage site preferences. In 
particular the replacement of the constitutive subunit β5 by β5i/LMP7 leads to en-
hanced cleavage at the C-terminus of hydrophobic residues, which are critical an-
chors for binding to MHC class I molecules [33].  In addition, enhanced proteolytic 
activity in the presence of immunoproteasomes may lead to enhanced antigenic 
peptide generation [21], although our previous studies failed to show any differences 
in kinetics of presentation of two immunoproteasome-independent epitopes between 
rLM-infected β5i/LMP7+β2i/MECL-1-deficient and -sufficient DC in vitro [1]. 
 Remarkably, deficiency of PA28+β5i/LMP7+β2i/MECl-1 reduces MHC class 
I expression only to approximately 53 % on unstimulated cells compared to wt and 
these levels can still be upregulated by exposure to LPS or cytokines. Thus, IFNγ-
induced expression of other components of the antigen processing pathway such as 
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of β1i/LMP2 (which however poorly assembles into 20S complexes in the absence 
of β5i/LMP7 [44]) or of aminopeptidases may lead to the production of additional 
peptides that stabilize the newly synthesized MHC class I molecules on stimulated 
PA28+β5i/LMP7+β2i/MECL-1-deficient cells. Alternatively, the increase in numbers 
of cell surface MHC class I /peptide complexes may result from enhanced synthesis 
of MHC class I heavy chains and thus a renewed balance between gain and loss of 
MHC class I molecules, complexed with low affinity peptides, from the cell surface.  
In support of this, addition of synthetic ova257-264 to LPS blast cultures restores the 
H2-Kb levels on PA28+β5i/LMP7+β2i/MECL-1-deficient cells to nearly wt levels (not 
shown), indicating that MHC class I molecules traffic to the cell surface also in cells 
that lack these proteasome components. 
 Importantly, in contrast to the profound effects of immunosubunits on the 
generation of specific epitopes and the fine-specificity of pathogen-specific CD8+ 
T cell responses, the contributions of PA28 to peptide presentation had little im-
pact on the sizes of the responses to influenza virus- and rLM-derived epitopes. 
Taken together, all of four dominant CD8+T cell epitopes tested triggered robust re-
sponses in PA28-deficient mice. Previous studies have shown that PA28 enhances 
20S-mediated processing of the ovalbumin-derived ova257-264 epitope [27, 45].  How-
ever, our data do not show any significant differences in responses to this epitope in 
PA28-deficient compared to PA28-positive mice (Figure 5). Thus, reduced ova257-264 
presentation in the absence of PA28 has no or only minor effects on CD8+ T cell 
activation.  This contrasts to the dramatic reduction in size of CD8+ T cell responses 
in immunoproteasome-deficient mice to immunoproteasome-dependent epitopes, of 
which two (E1B192-200 and PA224-233) were included in this study. 
 It has been suggested that the hsp90 chaperone provides an alternative 
pathway for epitope supply to MHC class I molecules in cells that lack PA28 expres-
sion, and also in PA28-positive lymphoid cell lines unless stimulated with IFNγ [27]. 
More recent studies however demonstrated that hsp90 binds proteasome-generated 
protein fragments to protect these from further degradation, and makes such frag-
ments available for MHC class I loading [46, 47].  Thus, hsp90 acts downstream of 
the proteasome, which was confirmed also for PA28-deficient cells [28].  Also our 
finding that MHC class I expression levels are reduced on PA28-deficient compared 
to wt spleen cells implies that any compensatory effects of hsp90 on the peptide pool 
available for MHC class I binding in the absence of PA28 are partial at most, and is 
consistent with the notion that the hsp90 pathway does not produce new MHC class 
I ligands but enhances the presentation of peptides that are produced by the protea-
some. 
 Taken together, we here show that both PA28 and the immunosubunits play 
an important and additive role in proteasome-mediated processing of intracellular 
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proteins into peptides that bind to MHC class I molecules.  The role of PA28 in 
the production of class I ligands is much greater than expected, based on previous 
studies [25].  We showed previously that the early kinetics of MHC class I antigen 
processing following infection are strongly influenced by the immunosubunits and 
determine the immunogenicity of individual antigenic peptides [1]. Similar to the im-
munosubunits, also PA28 enhances MHC class I presentation of specific epitopes 
(like ova257-264) at early time points after infection. Nevertheless, consistent with pre-
vious findings [25], our analyses of rLM and influenza virus-specific CD8+ T cell re-
sponses indicate that the effects of PA28 on antigen processing do not have any 
dramatic effects on the size and fine specificity of CD8+ T cell responses to these 
pathogens. Remarkably, a recent study showed that, like immunoproteasomes, also 
PA28 is involved in degradation of oxidized proteins. Therefore, these components 
of the proteasome system may also play a role also beyond antigen processing and 
immune recognition, in cellular adaptation to oxidative stress [21, 48].
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suppleMentary figures

Figure S1. Gating strategy for detection of MHC class I expression on B cells. Shown are B cells in 
the spleen of an uninfected wt mouse. Red blood cell-depleted spleen cell suspensions were stained with 
PE-conjugated anti-CD19 antibody and APC-conjugated anti-H2-Kb antibody. (A) Representative FACS 
plot with gating on live lymphocytes. (B) Gating of PE-positive B cells within the live gate. (C) Kb expres-
sion on CD19-positive B cells. 

Figure S2. Gating strategy for detection of antigen-specifi c IFNγ-positive T cells. Shown are LLO196-

201-reactive CD4+ T cells in the spleen of an rLM-infected β5i/LMP7+β2i/MECL-1-/- mouse. After 6 hrs of 
stimulation with LLO196-201 peptide, cells were stained with APC-conjugated anti-CD4 antibody. Intracel-
lular IFNγ was detected with PE-conjugated anti-IFNγ antibody. (A) Representative FACS plot with gating 
on live lymphocytes. (B) Gating of APC-positive CD4+ T cells within the live gate. (C)  IFNγ-positive CD4+ 
T cells as percentage of total CD4+ T cells in the live gate.
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abstraCt
Natural killer (NK) cells are part of the innate immune system and contribute to the 
eradication of virus infected cells and tumors. NK cells express inhibitory and activa-
tion receptors and their decision to kill a target cell is based on the balance of signals 
recieved through these receptors. MHC class I molecules are recognized by inhibi-
tory receptors, and their presence during NK cell education influences the respon-
siveness of peripheral NK cells. We here demonstrate that mice with reduced MHC 
class I levels on lymphoid cells, due to deficiency of immunoproteasomes, have 
responsive NK cells in the periphery, indicating that the lower MHC class I levels 
do not alter NK cell eduction. Following adoptive transfer into wild-type (wt)  recipi-
ents, immunoproteasome-deficient splenocytes are tolerated in naive but rejected 
in virus-infected recipients, in an NK cell dependent fashion. Together, these results 
indicate that expression of reduced MHC class I levels is sufficient to protect these 
cells from rejection by wt NK cells, but this tolerance is broken by infection, inducing 
an NK cell-dependent rejection of immunoproteasome-deficient cells. 
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introduCtion 
NK cells are part of the innate immune system and play a role in the eradication 
of viruses and tumors. NK cells express a variety of germ-line encoded inhibitory 
and activating receptors that interact with their respective ligands on target cells [1]. 
Upon interaction with a potential target cell, the NK cell’s decision whether to attack 
this cell is determined by the sum of signals received through these receptors [2]. 
MHC class I molecules are recognized by inhibitory receptors, and therefore, NK 
cells attack cells that lack cell surface MHC class I [3]. This ‘missing self’ hypothesis 
would imply that NK cells from mice that lack MHC class I expression, like β2m- or 
TAP-deficient mice, reject their own cells. This is, however, not the case because 
developing NK cells are educated in a MHC class I-dependent process called ‘li-
censing’ or ‘disarming’, resulting in responsive NK cells in the periphery [4, 5]. NK 
cells from mice that lack MHC class I expression are therefore hyporesponsive [6, 
7]. The recognition of MHC class I by murine NK cells is largely dependent on inhibi-
tory receptors of the Ly49 family [8]. The responsiveness of peripheral NK cells is 
thus determined by presence of MHC class I on the target cell, and by expression of 
Ly49 on the NK cell. This responsiveness is tunable like a rheostat, thus, changes in 
strength of inhibitory signals during education quantitatively tune NK cell activity [9-
11]. Consequently, mice that express different types and combinations of MHC class 
I alleles have functionally different NK cells as more inhibitory signals during educa-
tion result in increasingly responsive NK cells [9, 12]. Joncker et al. showed that NK 
cell responsiveness correlated with the number of inhibitory self-MHC 
 The ‘missing self’ hypothesis dictates that NK cells kill cells that lack self-
MHC class I on the cell surface. This principle is important for NK cell mediated erad-
ication of viruses that down-regulate MHC class I of the host cell to avoid CD8+ T cell 
recognition [13]. Brodin et al. studied to what extent MHC class I down-regulation 
was required on the target cell to induce NK cell mediated killing [14]. Varying MHC 
class I levels on cells derived from TAP-/- mice by incubation with different concentra-
tions of peptide, they found that rejection occurred when MHC class I levels dropped 
below 20%. In addition, cells from MHC class I hemizygous mice, which displayed 
strongly reduced MHC class I levels, were not rejected by wild-type (wt) NK cells. 
These results indicate that MHC class I levels are normally present in excess, and 
that a large reduction of surface MHC class I is required to induce NK cell mediated 
killing. 
 The expression level of MHC class I molecules on the cell surface is influ-
enced, amongst others, by peptide supply. Upon peptide binding to MHC class I 
in the endoplasmic reticulum, a stable complex is formed that is transported to the 
cell surface. The proteasome is the major proteolytic enzyme complex that is re-
sponsible for the degradation of proteins into peptides that bind to MHC class I mol-
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ecules. Most cells express the constitutive proteasome that contains three subunits 
with catalytic capacity, namely β1, β2 and β5. However, in lymphoid cells and cells 
exposed to cytokines during inflammation (e.g. IFNγ) [15] these proteolytic subunits 
are replaced by their homologues immunosubunits, β1i/LMP2, β2i/MECL-1 and β5i/
LMP7 to form the so called immunoproteasome. Immunoproteasomes have altered 
cleavage site preference that enhances the generation of a significant number of 
antigenic peptides [16-18]. Mice that are deficient for immunoproteasomes therefore 
express reduced levels of MHC class I on the cell surface, which is mainly due to the 
absence of iβ5/LMP7 that causes a defect in peptide supply [19].
 Since the responsiveness of peripheral NK cells is influenced by the pres-
ence of MHC class I during education, we here set out to determine whether immu-
noproteasome-deficient mice, that express lower levels of surface MHC class I, have 
responsive NK cells in the periphery. And furthermore, since cells with reduced sur-
face MHC class I are prone to NK cell mediated rejection, we also assessed whether 
immunoproteasome-deficient cells are NK cell-dependently rejected after transfer 
into wt recipients. 
 Previous studies have shown that transferred immunoproteasome-deficient 
CD8+ T cells could barely be recovered from virally-infected recipients [20, 21]. A de-
tailed study from Moebius et al. showed that immunoproteasomes are essential for 
survival of T cells in infected mice, and this explains the disappearance of transferred 
immunoproteasome-deficient T cells in infected recipients [21]. They excluded a role 
for NK cell-mediated rejection by showing that transferred immunoproteasome-de-
ficient CD8+ T cells can be recovered from uninfected recipients. We here used a 
different approach to study whether NK cells reject transferred immunoproteasome-
deficient cells in infected recipients. 
 In the present study we found that immunoproteasome-deficient mice have 
responsive NK cells in the periphery. We furthermore found that transferred immu-
noproteasome-deficient splenocytes were tolerated in wt recipients. However, upon 
infection of recipients, immunoproteasome-deficient cells were rejected and we 
showed that this was NK cell-mediated. Thus, immunoproteasome-deficient spleno-
cytes are NK cell-dependent rejected only in infected, but not in naïve recipients. 
 
 

Materials and Methods

Mice, infection and poly(I:C) stimulation
C57BL/6.SJL (CD45.1), CD45.1.2 (F1 of B6 x B6.SJL), RAG-1-/- and β5i/LMP7-/-β2i/
MECL-1-/- mice [22] were maintained by in-house breeding under standard conditions 
and were used between 7-14 weeks of age. RAG1-/- mice were crossed with β2i/
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MECL-1+β5i/LMP7 gene-deficient mice to generate β5i/LMP7+β2i/MECL-1+RAG1 
gene-deficient mice.  PSMB8 (iβ5/LMP7)-deficiency was detected by PCR, using the 
oligonucleotides 5’- GGACCAGGACTTTACTACGTAGATG-3’ on PSMB8 or  5’-CC-
GACGGCGAGGATCTCGTCGTGA-3’ on the neomycin cassette as forward and 
the PSMB8-specific oligonucleotide 5’-CTTGTACAGCAGGTCACTGACATCG-3’ as 
reverse primer. To detect PSMB10 (iβ2/MECL-1)-deficiency, the oligonucleotides 
5’-CAGAGAGAAACACGTGACAGACTGG-3’ on PSMB10 or 5’- CCGACGGCGAG-
GATCTCGTCGTGA-3’ on the neomycin cassette were used as forward and the 
PSMB10-specific oligonucleotide 5’- CAGGACAGGTGTGGTTCCAGGAGC-3’ as 
reverse primer. RAG1-deficiency was verified by flow cytometry, using an anti-TCRβ 
and anti-CD19 antibody. Infection with influenza virus (A/HK/x31; H3N2) was per-
formed intranasally (i.n.) under light isofluorane anesthesia with 105 50% egg infec-
tive dose in 30 µl PBS as described [23]. For stimulation in vivo, mice were injected 
i.v. with 100 μg poly(I:C) in PBS 24 h before sacrifice. All animal experiments were 
approved by the Committee of Animal Experiments of the University of Utrecht.

Cell isolation, staining and flow cytometry
Mice were sacrificed by cervical dislocation, spleens were excised, leukocytes were 
obtained by pressing through a 70 μM cell strainer (BD Biosciences), and red blood 
cells were removed by ammonium chloride lysis. Staining of surface markers with 
the indicated antibodies was performed in the presence of Fc block (2.4G2) for at 
least 20 minutes on ice. For intracellular staining, cells were fixed with 2% para-
formaldehyde for 20 minutes at room temperature, and intracellular staining was 
performed in the presence of 0.5% saponine for 1 hour at 4 0C. Antibodies were 
purchased from eBioscience [anti-CD49b (DX5), -CD27 (LG.7F9), -CD11b (M1/70), 
-CD11c (N418), -H2-Kb (AF6-88.5.5.3), -CD19 (MB19-1), -NKp46 (29A1.4), -CD45.2 
(104), -IFNγ (XMG1.2), -CD69 (MB19-1)] or from Biolegend [anti-LAMP-1 (1D4B), 
-TCRβ (H57-597), -CD45.1 (A20)]. Samples were measured on a FACSCantoII (BD 
Biosciences) and analyzed with FlowJo software (Tree Star). 

Ex vivo stimulation of NK cells
High protein binding EIA/RIA plates (Costar) were left uncoated or were o/n coated 
with anti-NKG2D (10 μg/ml) and anti-NKp46 (10 μg/ml) in PBS, and ~0.5x106 sple-
nocytes from RAG1-/- or from RAG1-/-β5i/LMP7-/-β2i/MECL-1-/- mice were incubated 
on these plates in the presence or absence of 10 μg/ml IL-2. For CD69 measure-
ments, cells were incubated for 6 hours, and for LAMP-1 and IFNγ measurements, 
cells were incubated for 2 hours in the absence of and an additional 6 hours in the 
presence of 10 μM monensin and 1,25 μg LAMP-1. 
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Adoptive transfer
Splenocytes of CD45.1 and β5i/LMP7-/-β2i/MECL-1-/- mice were mixed and ~15 x 
106 cells were transferred i.v. into CD45.1.2. recipients that were untreated, NK cell 
depleted, or infl uenza virus infected as indicated. NK cells were depleted by intra-
peritoneal (i.p.) (day -1 and day 4) and intravenous (i.v.) (during adoptive transfer) 
administration of 25 μl anti-asialo GM1 antisera (Wako) in 200 μl in PBS. Recipi-
ents were sacrifi ced 8 days after adoptive transfer, and the recovery of CD45.1 and 
CD45.2 cells was measured by fl ow cytometry as described.   
 

results

Proteasome immunosubunit defi ciency leads to reduced MHC class I expres-
sion
During development, NK cell education depends on interactions between MHC class 
I molecules and NK cell-expressed inhibitory receptors. It has been shown previous-
ly that mice defi cient for immunoproteasomes express reduced levels of cell-surface 
MHC class I molecules [19, 24, 25]. To investigate whether immunoproteasomes, by 

Figure 1. Effect of immunoproteasome-defi ciency on constitutive expression and activation-in-
duced upregulation of MHC class I molecules. Splenocytes of untreated or poly(I:C) treated RAG1-

/- and RAG1+β5i/LMP7+β2i/MECL-1-/- (RAG1-/-IS-/-) mice were analyzed for the expression of H2-Kb on 
DCs (CD11chiCD11bint). (A) Representative histogram of untreated mice showing H2-Kb expression on 
DCs. (B) H2-Kb mean fl uorescent intensity (MFI) on DCs of individual mice. Data are representative of 
two independent experiments, n= 4-6 mice per group. Statistical analysis was performed using a Mann-
Whitney U test. *, P<0.05
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reducing MHC class I expression, alter NK cell education, we used β2i/MECL-1+β5i/
LMP7-deficient mice bred onto a RAG1-deficient background (RAG1-/-), which have 
relatively high numbers of NK cells.  Consistent with previous data in immunocom-
petent wt and β2i/MECL-1+β5i/LMP7/deficient mice, amounts of MHC class I H2-Kb 
molecules expressed on splenic dendritic cells (DCs) and other lymphoid cells of 
RAG1-/-β2i/MECL-1-/-β5i/LMP7-/- mice were considerably lower than those on DCs of 
RAG1-deficient controls (Figure 1A, B and data not shown).  Infection of mice with 
Listeria monocytogenes upregulates MHC class I expression in infected tissue [24, 
25]. In line with these findings, treatment of RAG1-/- and RAG1-/-β2i/MECL-1-/-β5i/
LMP7-/- mice with the immunostimulator poly(I:C) led to upregulation of  H2-Kb cell 
surface expression on DCs of  these mice (Figure 1B). However, upregulation of H2-
Kb in RAG1-/-β2i/MECL-1-/-β5i/LMP7-/- was reduced compared to that of RAG1-/- mice. 
The reduced ability of immunosubunit-deficient DCs to upregulate MHC class I cell 
surface expression reflect a defect in the supply of high affinity peptides available for 
binding to MHC class I molecules [25].

Responsiveness of peripheral NK cells in immunosubunit-deficient mice
The responsiveness of peripheral NK cells is quantitatively tuned by the number 
of MHC class I molecules that are present during NK cell development [9-11]. We 
therefore assessed the responsiveness of peripheral NK cells in immunosunit-defi-
cient mice, which have reduced MHC class I levels. We first measured some general 
aspects and consistently found that the numbers of NK cells in the spleens of RAG1-

/-β2i/MECL-1-/-β5i/LMP7-/- mice were significantly lower than in RAG1-/- mice (Figure 
2A). We furthermore analyzed CD27 and CD11b expression on NK cells from RAG1-

/-β2i/MECL-1-/-β5i/LMP7-/- and RAG1-/- mice to define their maturation status. The 
most immature NK cells are CD11b-CD27- (R1) and during maturation they become 
CD11b-CD27+ (R2), CD11b+CD27+ (R3) and finally CD11b+CD27- (R4), respectively 
[26, 27]. Comparing the two groups of mice, we found that the expression of these 
markers were highly comparable (Figure 2B, C). To assess the responsiveness of NK 
cells, we stimulated splenocytes from RAG1-/- and RAG1-/-β2i/MECL-1-/-β5i/LMP7-/-  
mice with plate-bound antibodies against NKp46 and NKG2D and measured CD69 
upregulation, the production of IFNγ, and degranulation using LAMP-1. Although 
the levels of CD69, IFNγ, and LAMP-1 were increased on antibody-stimulated NK 
cells, there were no significant differences between the two groups of mice (Figure 
2D-H). Furthermore, when IL-2 was added during incubation, NK cells from RAG1-

/- and RAG1-/-β2i/MECL-1-/-β5i/LMP7-/- mice upregulated CD69, IFNγ, and LAMP-1 
in a similar fashion (Figure 2D-H). Together, these results show that NK cells from 
RAG1-/-β2i/MECL-1-/-β5i/LMP7-/- and wt mice are similarly responsive. 
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Figure 2. Immunoproteasome-defi cient mice have responsive peripheral NK cells. (A-C) Spleno-
cytes of RAG1-/- and RAG1-/-β2i/MECL-1-/-β5i/LMP7 (RAG-/-IS-/-) mice were analyzed by fl ow cytometry (A) 
Frequencies of NK cells (DX5+NKp46+) as percentage of total lymphocytes. (B,C) Expression of CD11b 
and CD27 on DX5+NKp46+ NK cells. (B) Representative FACS plots and (C) graph showing percentages 
of subsets for individual mice for the regions indicated in (B). (D-H) Splenocytes of RAG1-/- and RAG1-/-

IS-/- mice were incubated on plates coated with anti-NKG2D and anti-NKp46, in the presence or absence 
of IL-2, or left unstimulated. Frequencies of IFNγ+, LAMP-1+ NK cells and CD69 mean fl uorescent intensity 
(MFI) on NK cells were determined by fl ow cytometry. (D) Representative FACS plots showing IFNγ+ and 
LAMP-1+ NK cells. (E-H) Bars showing the percentages of IFNγ+LAMP-1+ NK cells (E), IFNγ+ NK cells (F), 
LAMP-1+ NK cells (G), and CD69 MFIs on NK cells (H). Results are shown as mean ± S.E.M. Data are 
representative for 2 independent experiments with 6 mice per group. Statistical analysis was performed 
using Mann-Whitney U test. *, P<0.05
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Figure 3. Rejection of immunosubunit-defi cient cells in infl uenza infected mice. Splenocytes of con-
genic CD45.1 (wt) and β5i/LMP7+β2i/MECL-1-/- (IS-/-) mice were 1:1 mixed based on total cell numbers, 
and transferred i.v. into untreated or anti-asialo GM1 treated CD45.1.2 recipients, that were subsequently 
infected i.n. with infl uenza or left uninfected. Recipient mice were sacrifi ced 8 days later and spleens 
were analyzed. (A) Representative FACS plots showing gating strategies and percentages of recovered 
CD45.1+ (wt) and CD45.2+ (IS-/-) cells of CD19+ cells in the different groups: uninf – NK (uninfected, anti-
asialo GM treated), uninf (uninfected, untreated), inf – NK (infl uenza infected, anti-asialo GM treated), inf 
(infl uenza infected, untreated). (B) Representative FACS plots gated on TCRβ- cells showing staining for 
DX5 and NKp46 on splenocytes from untreated and anti-asialo GM treated mice. Cells in the gate are 
DX5+NKp46+ NK cells. (C) Ratio of CD45.2 (IS-/-)/ CD45.1 (wt) calculated by dividing absolute numbers of 
CD19+ CD45.2+ (IS-/-) cells by absolute numbers of CD19+ CD45.1+ (wt) cells. Results are representative 
for 2 independent experiments with 5-6 mice per group. Statistical analysis was performed using a Mann-
Whitney U test. **, P<0.01

NK cell-dependent rejection of immunosubunit-defi cient cells in infected re-
cipients
Several groups have previously reported that immunosubunit-defi cient cells are 
rejected after transfer into infected wt recipients [20, 21]. Here we investigated 
whether this rejection is caused by wt NK cells. Splenocytes of congenic wt CD45.1+ 
and CD45.2+ β2i/MECL-1-/-β5i/LMP7-/- mice were mixed and transferred i.v. into wt 
CD45.1.2 recipients that either had been treated with anti-asialo GM1 to deplete NK 
cells (Figure 3B) or had been left untreated. Subsequently, the recipients were in-
fected intranasally (i.n.) with infl uenza virus or were left uninfected. Eight days later, 
mice were sacrifi ced and percentages of donor-derived B cells were determined by 
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FACS analysis (Figure 3A). In uninfected recipient mice, the numbers of recovered 
immunosubunit-deficient CD45.2 B cells exceeded those of CD45.1 cells (Figure 
3C), which reflected the relatively high frequencies of B cells in β2i/MECL-1-/-β5i/
LMP7-/- mouse spleens. No significant differences in relative quantities of β2i/MECL-
1-/-β5i/LMP7-/- B cells were detected between NK cell depleted and undepleted naïve 
mice (Figure 3C) indicating that β2i/MECL-1-/-β5i/LMP7-/- B cells were tolerated by 
NK cells in naïve wt recipients. Conversely,  after infection with influenza virus, the 
relative proportions of recovered β2i/MECL-1-/-β5i/LMP7-/- cells were dramatically 
decreased in undepleted conpared to NK cell depleted mice (Figure 3C). Thus, al-
though tolerated by naïve recipients, a relatively high proportion of β2i/MECL-1-/-β5i/
LMP7-/- cells is rejected by NK cells in infected wt recipient mice.

disCussion
Previous studies have shown that defects in MHC class I antigen processing that 
reduce MHC class I cell surface expression, such as caused by for example a lack of 
β2m or tapasin, are accompanied by hyporesponsiveness of peripheral NK cells [6, 
7]. In the current study, we show that immunoproteasome-deficient mice, despite di-
minished MHC class I cell surface expression, have responsive peripheral NK cells.  
We furthermore show that adoptively transferred immunoproteasome-deficient sple-
nocytes are tolerated by wt NK cells in naïve mice, however, are rejected by NK cells 
in influenza virus infected mice. These data suggest that decreased MHC class I 
surface expression due to a lack of immunoproteasome expression, enhances the 
susceptibility of cells to NK cell mediated lysis in infected recipients. 
 We decided to assess the responsiveness of NK cells of immunoprotea-
some-deficient mice, since NK cells are educated in a MHC class I-dependent fash-
ion, and the level of MHC class I influences the NK cell responsiveness [9-11]. Al-
though immunoproteasome-deficient mice have lower MHC class I levels (Figure 1), 
they have normal responsive NK cells in the periphery (Figure 2 D-H). These results 
seem in contrast with the rheostat model, which states that the responsiveness of 
peripheral NK cell is tuned by the amount of inhibitory signals received during edu-
cation. Höglund’s group studied the quantitative aspect of NK cell education by us-
ing mice that expressed different MHC class I alleles [9, 10] and found a relation 
between the inhibitory input during education and NK cell function in the periphery. 
Joncker et al. showed that the number of receptors expressed for self-MHC class I 
on NK cells correlated with their responsiveness [11]. However, in a recent paper, 
Jonsson et al. studied education of Ly49A+ NK cells quantitatively by using a group 
of MHC congenic mice [28]. These mice expressed different MHC class I alleles on 
the same genetic background. By using Ly49A tetramers, they measured the affinity 
of these different MHC class I alleles for Ly49A, and compared this to educational 
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capacity. Although their results were largely concordant to the rheostat model, these 
authors showed that optimal NK cell education already occurred with moderate-
binding MHC class I ligands. Furthermore, H2-Dd and H2-Dk hemizygous mice, that 
showed a reduction in MHC class I levels of roughly 50%, had educated NK cells 
in the periphery, supporting a low saturation threshold for NK cell education. These 
findings are in agreement with our results in RAG1-/-β2i/MECL-1-/-β5i/LMP7-/- mice, 
where the decrease in MHC class I cell surface levels is approximately 50%, in the 
absence of immune stimulation.
 Since immunoproteasome-deficient mice express lower levels of MHC class 
I molecules on the cell surface, we also tested whether these cells are targets for NK 
cell-mediated rejection upon adoptive transfer into wt recipients. We found that im-
munoproteasome-deficient B cells of β2i/MECL-1+β5i/LMP7-deficient mice, which 
displayed an approximately 30% reduction in MHC class I levels, were tolerated by 
NK cells in wt C57BL/6 mice. This is in line with a report by Brodin et al., showing 
that cells of different types of MHC class I hemizygous mice, which have up to 60% 
reduced MHC class I levels, are tolerated by wt NK cells [14]. In these studies, NK 
cell-mediated rejection occurred only when MHC class I levels dropped below 80% 
of their original level. 
 Recent studies suggested that adoptively transferred immunoproteasome 
deficient T cells failed to survive in infected recipients [20, 21]. To test whether NK 
cells are responsible for this loss, we adoptively transferred immunoproteasome-
deficient splenocytes into NK cell depleted and untreated recipients, which were 
subsequently infected with influenza virus. Although immunoproteasome-deficient 
cells were tolerated in naïve recipients, our results show a NK cell-dependent re-
jection in infected recipients (Figure 3C). This finding complements the study by 
Moebius et al., who tested different mechanisms for T cell loss, and concluded that 
immunoproteasomes were essential for survival and expansion of T cells in infected 
mice.  In these studies NK cell-mediated rejection was considered as unlikely, as 
transferred immunoproteasome-deficient CD8+ T cells were tolerated by uninfected 
recipients, and because also β1i/LMP2- and β2i/MECL-1- deficient T cells were lost, 
although to a lesser extent than β5i/LMP7-deficient cells. From these and our stud-
ies, we conclude that the reason for loss of immunosubunit-deficient cells in infected 
wt mice is complex and involves multiple mechanisms, including NK cell mediated 
rejection and survival/expansion disadvantage [21]. 
 Sun and Lanier have shown that β2m-/-:wt mixed BM chimeric mice lose tol-
erance upon MCMV infection, resulting in NK cell-mediated rejection of β2m-/- cells 
[29]. This result resembles our finding, although we detected NK cell-dependent 
rejection of an otherwise tolerated cell-population, while β2m-/- cells are rejected by 
NK cells in a naïve mouse. Although infection induces priming in the LN and thereby 
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renders NK cells fully functional [30], we doubt whether this as such leads to NK cell-
mediated rejection of an otherwise tolerated graft. NK cells attack cells according to 
the balance of activating and inhibitory ligands, thus, following either upregulation of 
activating or downregulation of inhibitory ligands [31]. We suggest that in immuno-
proteasome-deficient cells, upregulation of activating ligands proceeds as in wt cells 
while upregulation of MHC class I molecules is relatively poor (Figure 1), and thereby 
renders these cells susceptible to NK cell-mediated rejection. We are currently in the 
process of testing this hypothesis. 
 In conclusion, we here have shown that immunoproteasome-deficient mice, 
despite a lower abundance of cell surface MHC class I molecules, have normally 
responsive NK cells in the periphery. We furthermore showed that tolerance towards 
immunoproteasome-deficient splenocytes is broken upon infection. Elucidation of 
the underlying mechanism for infection-dependent rejection of immunoproteasome-
deficient cells is subject to further studies. 
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The lungs of normal healthy individuals harbor no resident bacteria or viruses and 
therefore are relatively sterile. A small number of immune cells survey the lung envi-
ronment for abnormalities like the presence of pathogens. When a respiratory virus 
succeeds in infecting the lungs, cascades of immune-responses are initiated with 
only one goal: removal of the pathogen. In this thesis, several fundamental aspects 
of immune responses to respiratory viruses have been studied, which will be dis-
cussed in this chapter. 

innate iMMune responses and viral evasion
The innate immune system usually is very effective in sensing viral infections. Upon 
respiratory virus infection, a variety of antiviral proteins are produced as a first line 
of defense. Interferons (IFNs) are an important family of such proteins and initiate 
an antiviral state that limits viral replication [1]. In order to survive, viruses have to 
fight these defense mechanisms, and they have successfully evolved a plethora of 
ways to do so [2]. For example, members of the paramyxoviruses have developed 
various strategies to evade IFN responses, mediated by their V, C or nonstructural 
(NS)-proteins [3]. The latter proteins are exclusively expressed by members of the 
pneumovirus subfamily. NS proteins act in a highly host-specific manner which in 
part may explain the narrow host-range of pneumoviruses [4, 5]. Using pneumonia 
virus of mice (PVM), a natural mouse pneumovirus, Buchholz et al. recently studied 
the role of NS1 and NS2 in vivo [6, 7]. Unlike wild-type (wt) PVM, PVM that lacked 
the NS proteins induced early chemokine and cytokine production in the lungs de-
tected at day 3 p.i. [6]. Mice infected with PVM that lacked NS1 and 2 displayed a 
3-log reduced viral load at day 6 p.i. [6]. From these studies it can be concluded that 
PVM, by inhibiting IFN production, and possibly by other mechanisms, succeeds in 
hiding from the body’s early immune defense mechanisms. In Chapter 4 we have 
shown that PVM infected mice also lack early natural killer (NK) cell responses, 
probably due to the absence of chemokines that normally induce NK cell migration 
to the site of infection. In Chapter 2 we showed that CCR2 is involved in NK cell 
migration to the bronchoalveolar lavage (BAL) during influenza virus infection, and 
indeed, at day 3 p.i., the ligand of this receptor, MCP-1 is not yet produced in the 
lungs of PVM infected mice [6]. 
 The absence of early chemokine- and cytokine-production during viral in-
fection, due to IFN inhibition as detected in PVM infected mice, might occur also 
during infections with other viruses that inhibit the IFN responses. In fact, virtually all 
viruses have evolved unique mechanisms to counteract IFNs [2]. In case of pneumo-
noviruses, both NS1 and NS2 were shown to antagonize the IFN system in various 
ways. For example, they have been shown to inhibit IFN induction by interacting 
with the pathogen recognition receptor (PRR) RIG-I, they inhibit the transcripition 



107

general disCussion

C
h

a
pt

er
 7

factor IRF-3 and thereby block production of several proteins including IFN, and they 
have been shown to degrade STAT2 and thereby block downstream IFN signaling 
[5, 8-12]. Pneumoviruses lacking the NS proteins are highly attenuated in vivo when 
used to infect their natural hosts, as shown for human respiratory syncytial virus 
(RSV), bovine RSV and PVM in humans, in cattle and in mice, respectively [6, 7, 13, 
14]. The mechanisms of action of the PVM NS proteins are currently unknown, but 
clear is that they allow PVM to successfully evade the early innate immune system 
(Chapter 4 and [6, 7]). Whether this overall delayed innate immune response is 
seen also during infection with viruses that block other parts of the IFN system prob-
ably depends on the effectiveness of inhibition and the proteins that are targeted. 
 In Chapter 4 we showed that NK cells were detected in the BAL of PVM in-
fected mice at day 6-8 after infection, coinciding with the production of large amounts 
of chemokines and cytokines as detected by Buchholz et al. [6]. Several studies 
have shown that NK cells help to limit pathology during respiratory virus infections 
[15-17]. Since NK cells migrate relatively late to the lungs of PVM infected mice, 
we determined the protective capacity of activated NK cells when adoptively trans-
ferred during the early phase of PVM infection. These adoptively transferred NK 
cells, however, did not provide protection in terms of weight loss and viral load (data 
not shown). Since we did not detect any early increase in numbers of NK cells in the 
BAL of mice that had received adoptively transferred NK cells, we assume that in 
the absence of chemokines early during PVM infection, no NK cells are attracted to 
the airways. Thus, triggering the early innate immune system, and thus therewith the 
production of chemokines and cytokines, is likely to induce early influx of NK cells to 
the lungs. Indeed, RSV and PVM co-infected mice displayed vigorous early NK cell 
responses in the BAL, however, depletion of NK cells in these mice did not result in 
weight-loss or increased viral loads (data not shown). These results indicate that in 
the absence of NK cells, other innate immune effector mechanisms can limit viral 
replication in RSV and PVM co-infected mice. 

adaptive iMMune responses: assistanCe froM the innate iMMune 
systeM
The innate immune system immediately reacts to infection and prevents exagger-
ated viral replication. This system, however, relies on general pathogen recognition 
principles and is typically not virus-specific. The adaptive immune system displays 
several basic characteristics that discriminate it from the innate immune system, 
including antigen-specificity, clonal expansion, long-lived progeny, and receptor re-
arrangements [1]. Receptor rearrangements create the possibility of having large 
repertoires of antigen-specific T cells, and clonal expansion results in having high 
numbers of antigen-specific cells to combat the infection. These hallmarks of adap-
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tive immunity are, however, time-consuming and therefore, it takes around a week 
to obtain adequate amounts of antigen-specific cells [1, 18]. The innate immune 
system is designed to control viral loads untill the adaptive immune system takes 
over. This tight cooperation of innate and adaptive responses ensures eradication of 
many pathogenic invaders. However, in Chapter 4 we showed that in case of PVM 
infection, this tight balance is disrupted due to viral evasion. Inhibition of the innate 
immune system allows the virus to multiply uncontrolled leading to high viral loads 
[6]. By the time virus-specific CD8+ T cells enter the lungs, 8-10 days post-infection, 
large parts of the lungs are infected. Since virus-specific CD8+ T cells are designed 
to kill virally infected cells, and since many cells are infected, they cause substan-
tial pathology. Depletion of T cells prevents pathology, however, also obstructs viral 
elimination [19]. Our data in Chapter 4 suggested that early innate immune activa-
tion during RSV and PVM co-infection resulted in a lower viral load, allowing final 
viral elimination by PVM-specific CD8+ T cells in the absence of pathology. We fur-
thermore showed that adoptively transferred PVM-specific CD8+ T cells prevented 
excessive PVM-induced disease. These results thus show that balanced coopera-
tions between innate and adaptive immune responses are essential for providing 
effective and controlled immune responses (Figure 1). 

Recent literature suggests that besides T and B cells, NK cells can mount adap-
tive antigen-specific responses [20-22]. In Chapter 3 we studied whether NK cells 
mounted antigen-specific immune responses against respiratory viruses. We found 
that adoptively transferred NK cells were remarkably long-lived, both when isolated 
from naïve and from virally-infected donor mice. We furthermore showed that these 
long-lived NK cells underwent homeostatic and virus-induced proliferation in the 
bone marrow (BM) of recipient mice, but did not find evidence of NK cells providing 
virus-specific protection or proliferation. 
 At the moment, only few studies have reported the existence of memory-
like NK cells and underlying mechanistic aspects are still poorly understood [20-23]. 
Lanier’s group [21] showed that NK cells displayed adaptive features in response 
to murine cytomegalovirus (MCMV) infection, which relied on the stochastically ex-
pressed, germ-line encoded Ly49H receptor that recognized MCMV’s M157. Von 
Andrian’s group [20, 22] showed that NK cells mounted antigen-specific adaptive re-
sponses to a variety of haptens and viral antigens, however, the responsible antigen-
specific receptors are currently unknown. 
 T and B cells, which are the classic cells of the adaptive immune system, 
undergo RAG-dependent receptor rearrangements, creating a large repertoire of 
cells with diverse antigen-specificities [1]. Upon antigen encounter in the lymph 
node, these cells rely on clonal proliferation to increase their starting frequencies 
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Figure 1. Dynamics of viral loads, innate and adaptive immune responses upon respiratory virus 
infection. (A) Respiratory virus infection induces activation of the innate immune system already within 
hours, and this innate response restrains the viral load during the first days of infection. After about a 
week, the adaptive immune system takes over and eradicates the virus. Thus, the combined action of the 
innate and adaptive immune system results in successful elimination of the virus. (B) In case of PVM in-
fection of the murine lungs, the innate immune system is not adequately triggered due to immune evasion. 
The virus can therefore replicate unnoticed reaching high viral loads. Eventually, these high viral loads 
trigger the innate immune system, however, only shortly before the adaptive immune system contributes 
to viral clearance. The adaptive response efficiently eliminates the virus, but since large parts of the lungs 
are infected, this results in substantial pathology.

[1]. During MCMV infection, Ly49H+ NK cells were also shown to undergo clonal-like 
proliferation at the site of infection [24], whereas the group of von Andrian did not 
assess proliferation of NK cells that mounted recall responses [20, 22]. In Chapter 
2 we showed that NK cells barely proliferated at the site of infection or in the drain-
ing lymph nodes during influenza virus infection. However, since the mechanisms 
for inducing ‘memory’ NK cells are not well-defined yet, it is possible that antigen-
experienced NK cells proliferate in another organ, or in small numbers in the DLN or 
lungs, and finally, it is possible that antigen-specific NK cells do not require replica-
tion. Future research will help to better understand memory-like NK cells. 
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Multi-organ Co-operation for the induCtion and MaintenanCe 
of iMMune responses
Although the respiratory viruses used in this thesis cause local infection, their clear-
ance depends on the combined action of many organs. Upon respiratory virus infec-
tion, the first line of innate defense is executed by local immune cells and epithelial 
cells [18]. They produce chemokines that attrack other immune cells from the circu-
lation [18]. In Chapter 2 we showed that NK cell migration is in part mediated by the 
chemokine receptor CCR2. MCP-1, one of the CCR2 ligands, is produced by epithe-
lial cells in response to viral infection [25]. NK cells probably migrated from internal 
storages, like the spleen and BM, to the site of infection. In Chapter 2 we furthermore 
showed that respiratory virus infection induced proliferation of NK cells in the BM 
and spleen, probably to replenish these emptied organs. Contrary to cells migrating 
to the airways, residential respiratory DC’s that have taken up antigen migrate out of 
the airways to the DLN, for the induction of the adaptive immune response [18]. They 
present antigen in the context of MHC class I and II molecules to T cells and thereby 
induce clonal proliferation of virus-specific T cells [1]. The clonally proliferated T cells 
then migrate to the site of infection to kill virally infected cells. After viral elimination, 
the immune responses in the lung return to homeostatis, however, a small fraction of 
the antigen-specific cells are sustained [18]. Many organs are again involved in the 
maintenance of these antigen-specific cells. Plasmablasts migrate to the BM where 
they produce high amounts of virus-specific antibodies [1]. They here rely on survival 
factors provided by stromal cells to survive [26, 27]. In the case of memory T cells, 
a distinction is made between central and effector memory cells, which express dif-
ferent homing receptors and have distinct effector functions [28]. Central memory T 
cells circulate in the lymphoid tissues, whereas effector memory cells reside at the 
site of former infection and in other non-lymphoid organs, and have the possibility to 
quickly respond upon re-infection [28]. Apart from their location in periphal tissues 
and secondary lymphoid organs, memory CD8+ T cells migrate to the BM to undergo 
homeostatic proliferation [29, 30], whereas memory CD4+ T cells migrate to the BM 
to provide help to activated B cells [31]. In Chapter 3 we showed that long-lived NK 
cells also migrated to the BM to undergo homeostatic proliferation. Currently, we do 
not know which signals induce proliferation of these long-lived NK cells. Memory 
CD8+ T cells rely on IL-7 and IL-15 for homeostatic proliferation [32-37], and CD4+ 
T cells on IL-7 [38]. NK cell homeostatic proliferation has been assessed on NK 
cells isolated from RAG-/- mice that were adoptively transferred to RAG-/-γc-/- mice 
backcrossed on an IL-7-/- or IL-15-/- background [39]. In addition to having a role in 
survival of naïve NK cells [33], IL-15 played a dominant role in survival of transferred 
NK cells [39]. Interestingly, when transferred into RAG-/-γc-/-IL-7-/- mice, NK cell prolif-
eration was reduced three-fold [39]. We showed that transferred long-lived NK cells 
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expressed the IL-7 receptor (IL-7R) almost exclusively on the CD27+CD11b- subset 
(data not shown). However, comparing endogenous to transferred long-lived NK 
cells, proportions of IL-7R+ NK cells were similar (data not shown). Still, these results 
do not exclude a role for IL-7-induced homeostatic proliferation and the characteriza-
tion of cytokines involved in long-lived NK cell homeostatis and proliferation will help 
to better understand these cells. 

iMMune proteCtion versus iMMune pathology
Since infections with pathogens can interrupt normal oxygen transport, the lungs are 
armed with a plethora of defense strategies to remove pathogens. When these im-
mune responses are well-balanced, they often succeed in eliminating the pathogen. 
As indicated in Figure 1, generally, early activation of the innate immune system 
controls the viral load, and final virus elimination, when causing no latent infection, 
can be mediated by the virus-specific CD8+ T cells. Although the immune system 
is essential for elimination of pathogens, it also often causes substantial pathology. 
This is particularly evident in PVM infected mice, where T cells cause pathology and 
possibly death [19]. However, in the absence of T cells, the virus cannot be elimi-
nated [19], which actually indicates the necessity of these cells. Understanding how 
to tune the immune system to avoid pathology is crucial for the development of new 
drugs and vaccines. 
 In order to avoid immune pathology and autoimmunity, the immune system 
is equipped with multiple checkpoints. For example, NK cells are educated by ac-
tivating and inhibitory ligands during development, ensuring that a genetic defect 
resulting in either the absence of inhibitory ligands, or upregulation of activating 
ligands, does not lead to NK cell-based autoimmunity [40, 41]. Humans or mice that 
lack cell surface MHC class I do therefore not suffer from NK cell-mediated autoim-
munity [42, 43]. When cells of such mice are transferred to wt recipients, however, 
they are effectively rejected by NK cells [44]. In Chapter 6 we studied whether wt 
NK cells rejected cells  with lower MHC class I expression due to the absence of im-
munoproteasomes. We showed that these immunoproteasome-deficient cells were 
tolerated upon adoptive transfer into wt recipients, however, upon influenza virus in-
fection, these adoptively transferred cells were NK cell-dependently rejected. Thus, 
infection induced a state of inflammation that resulted in an altered outcome of graft 
acceptance. Although we have not studied the underlying mechanisms, we postulate 
that it is the net result of two events (Figure 2). First, NK cells are primed during in-
fection, resulting in NK cells with increased sensitivity [45]. Second, we showed that 
upon inflammation, immunoproteasome-deficient cells upregulated MHC class I to a 
lesser extent than wt cells (Chapter 6). Since inflammation also causes upregulation 
of activating ligands [46], presumably in immunoproteasome-deficient cells as in wt 
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cells, an altered balance of activating and inhibitory ligands might account for the NK 
cell mediated attack of immunoproteasome-deficient cells in wt recipients (Figure 2). 
Taken together, these results clearly indicate that inflammation can cause unwanted 
responses that do not occur in the absence of infection, and show for the first time 
that inflammation can induce NK cell-mediated rejection of an otherwise tolerated 
graft. 

aniMal Models to study respiratory viruses
In this thesis we used three different respiratory viruses: RSV, PVM and influenza 
virus strain x31. Upon intranasal infection of mice, these viruses cause characteristic 
disease symptoms that vary in severity and illness kinetics. These differences are 
attributed, at least in part, to different immune evasion mechanisms. In Chapter 4 
we showed that PVM delayed the early innate immune responses in mice, whereas 
both RSV and influenza virus triggered robust early innate responses. Illness in PVM 
infected mice coincided with elevated numbers of chemokines and cytokines pro-
duced in the lungs, which were upregulated around day 6 p.i. [6]. Since viral immune 
evasion mechanisms often only function in the natural hosts, the choice of animal 
model is crucial when studying host-pathogen interactions. That said, human RSV 
is often used in mouse models to study fundamental aspects of immune responses 
evoked by this virus. Although some immune evasion mechanisms might be spe-
cies-specific, in Chapter 3 and 4 we showed that numerous immune cells migrated 
to the BAL of RSV infected mice, including high proportions of virus-specific cells. 
Thus, although it is not a natural mouse pathogen, RSV may still be a useful model 
to study a number of fundamental aspects of immune responses evoked by respira-
tory virus infections. 
 BALB/c is the strain of choice when studying RSV and PVM infections. In 
this thesis, we used both BALB/c and C57BL/6 mice, since knockout and congenic 
mice are mostly available on a C57BL/6 background. Comparing these two strains 
of mice, we found several differences upon respiratory virus infection, including dis-
similar NK cell influxes into the BAL upon influenza virus infection, and divergent cell 
influxes and chemokine production upon RSV infection. Furthermore, when assess-
ing the maturation status of NK cells using CD27 and CD11b expression [47, 48], we 
found that the proposed subdivision of NK cells in C57BL/6 mice is not applicable in 
BALB/c mice (data not shown). It is thus important to realize that the strain of mice 
can influence the experimental outcome. 
 In Chapter 5 and 6 we used several knockout mice, including RAG1-/-, 
RAG1-/-β2i/MECL-1-/-β5i/LMP-7-/- and β2i/MECL-1-/-β5i/LMP-7-/-. Knockout mice are 
often created using embryonic stem (ES) cells derived from 129 mice, and then 
backcrossed with C57BL/6 mice [49, 50]. Because offsprings are selected for ab-
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Figure 2. Adoptively transferred β2i/MECL-1-/-β5i/LMP7-/- cells are rejected by wt NK cells in in-
fected recipients. The decision of NK cells to kill target cells is based on the balance of signals (scale 
on the right) received trough their activating and inhibitory receptors that bind to their respective ligands 
on the targets cells resulting in activating (+) or inhibitory (-) signals, respectively. (A) Splenocytes of wt 
mice are tolerated by wt NK cells due to balanced signals. (B) Despite having lower MHC class I levels, 
β2i/MECL-1-/-β5i/LMP7-/- cells are tolerized by wt NK cells. (C) Both activating and inhibitory ligands are 
equally upregulated on wt target cells when adoptively transferred into infected recipients, and therefore 
are tolerated by primed wt NK cells. (D) β2i/MECL-1-/-β5i/LMP7-/- cells upregulate inhibitory ligands to a 
lesser extent than activating ligands when adoptively transferred to infected wt recipients, and in combina-
tion with the primed NK cells, this leads to NK cell-mediated killing of the β2i/MECL-1-/-β5i/LMP7-/- cells.

A

B

C

D
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sence of the gene of interest, regions flanking this gene in the knockout mouse are 
often derived from the original 129 strain. When comparing wt C57BL/6 with knock-
out mice, it should be considered that in very rare cases, observed differences might 
be caused by these flanking genes [49, 50]. Assessing the functionalities of NK cells 
from the various knockout mice in Chapter 6, we noticed that some of the knock-
out mice lacked Ly49I and NK1.1 expression on NK cells. β5i/LMP-7-/- mice were 
originally created using 129/OLA-derived ES cells [51], and β2i/MECL-1-deficient 
mice using 129/SvJ-derived ES cells [52]. Although 129 mice lack Ly49I and NK1.1 
expression [53, 54], the possibility that our knockout mouse still contain (part of ) 
chromosome 6 derived of the 129 strain, which encodes the NK killer gene complex, 
is highly unlikely since β2i/MECL-1 and β5i/LMP-7 are located on chromosome 8 
and 17, respectively. Careful examination revealed that indeed these knockout mice 
did not lack NK1.1 and Ly49I expression as such, but lacked expression of these 
molecules on NK cells only. Although there might be a role for immunoproteasomes 
in regulation of NK1.1 and Ly49I expression on NK cells, we currently do not under-
stand why some mice lacked NK cell-expressed NK1.1 and Ly49I while others did 
not. The mice used in Chapter 6 were selected for the presence of these receptors 
on NK cells. Still, our findings emphasize to keep the drawbacks of using knockout 
mice in mind. 

ConClusion
Immune responses initiated upon respiratory virus infections are complex and in-
volve the concerted action of several organs and immune cells. Cooperation of sev-
eral arms of the immune system is required to ensure effective viral elimination. Ex-
cessive inflammation results in pathology, whereas inadequate immune responses 
lead to persistent infection. Increasing our understanding of how viruses evade these 
immune responses, and how the immune system takes counteracting measures, is 
crucial for the design of effective drugs and new, safe vaccines. 
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In this thesis we have used mice models to study fundamental aspects of innate and 
adaptive immune responses to respiratory virus infections. 

In Chapter 2 we studied NK cell migration and proliferation in response to respira-
tory virus infection. We found that despite a dramatic increase in quantities of NK 
cells at the site of infection, only a small number of NK cells proliferated in the air-
ways or draining lymph node. Instead, we found that upon respiratory virus infection, 
part of the NK cells migrated in a CCR2-mediated fashion to the site of infection, and 
that most NK cells proliferated in the spleen and BM. We therefore postulate that in 
response to respiratory virus infection, NK cells migrate from internal compartments 
to the airways, which in turn induces proliferation and replenishment of NK cells in 
these central compartments. 

In Chapter 3 we studied fundamental characteristics of long-lived NK cells of respi-
ratory virus infected mice. We found that adoptively transferred NK cells survived for 
a remarkably long time in recipient mice, regardless whether they originated from na-
ïve or respiratory virus infected donor mice. Long-lived NK cells had a mature phe-
notype and underwent homeostatic proliferation in the BM. In addition, respiratory 
virus infection induced antigen-aspecific proliferation of these long-lived NK cells in 
the BM. Thus our results show that long-lived NK cells migrate to the BM where they 
undergo homeostatic and infection-induced proliferation. 

Comparing NK cell kinetics in the airways of PVM and influenza virus infected mice 
we showed in Chapter 4, that NK cell responses were delayed after PVM infection. 
In addition, compared to influenza virus infected mice, we found a massive influx 
of CD8+ T cells in the lungs of PVM infected mice. Early activation of the innate im-
mune system following PVM infection, obtained by co-infection with RSV, provided 
protection against PVM-induced illness. PVM-specific CD8+ T cell, induced by prior 
vaccination or adoptively transferred, reduced weight loss and pathology. We there-
fore postulate that the early delay in innate immune responses in PVM infected mice 
results in uncontrolled viral replication and consequently in T-cell induced pathology. 
Early viral control by the innate immune system or memory CD8+ T cells diminishes 
the viral load at later time points, and therewith PVM associated pathology. 

By generating mice that lack both PA28 and immunosubunits β5i/LMP7 and β2i/
MECL-1, we studied the potentially compounded role of these cytokine-inducible 
proteasome components in Chapter 5. By measuring MHC class I cell surface lev-
els, we showed that mice lacking both PA28 and immunoproteasome subunits dis-
play lower MHC class I cell surface levels then mice lacking either PA28 or immu-
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noproteasome subunits. We therefore conclude that PA28 and the immunosubunits 
have additive roles in the generation of peptides that bind to MHC class I molecules, 
suggesting that they use fundamentally different mechanisms to enhance 20S pro-
teasome mediated generation of MHC calss I ligands.  

In Chapter 6 we first studied whether the lower MHC class I expression on cells 
of  immunoproteasome-deficient mice influenced NK cell education, and found that 
these mice had normally responsive NK cells in the periphery. Second, we studied 
whether immunoproteasome-deficient cells were targeted for NK cell-mediated kill-
ing. We showed that adoptively transferred immunoproteasome-deficient cells were 
tolerized by naïve recipients, while influenza virus infection induced NK cell-medi-
ated rejection of these transferred cells. Thus, we here show for the first time, that 
infection can induce NK cell-dependent rejection of an otherwise tolerated graft. 

In summary, our findings have furthered our knowledge of the dynamics of NK cell 
responses during respiratory virus infections and their potential to become long-
lived cells. Our studies contribute to our understanding of virus-host interactions 
during PVM infection in mouse models. Finally, our results increase our knowledge 
of fundamental aspects of NK cell-mediated killing, which helps to understand the 
‘indirect’ role of immunoproteasomes in ‘tolerance versus reject’ decisions by NK 
cells in transplanted hosts. 
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luChtweginfeCties
Iedereen heeft wel eens de griep of last van een verkoudheid en vaak worden deze 
ziektes veroorzaakt door virussen. Als een virus wordt ingeademd en de longcellen 
binnendringt (infecteert) gaat het zich vermenigvuldigen om meer virusdeeltjes te 
produceren die vervolgens buurcellen kunnen infecteren. Het virus ‘misbruikt’ de 
cellen van de gastheer om zichzelf te kunnen vermeerderen. Gelukkig heeft het 
lichaam allerlei manieren ontwikkeld om vermenigvuldiging te verminderen en om 
het virus zo snel mogelijk op te ruimen. 

aangeboren afweer
Als een longcel wordt geïnfecteerd neemt deze meteen allerlei maatregelen om 
vermenigvuldiging van het virus tegen te gaan. Bovendien worden stoffen uitges-
cheiden die afweercellen aantrekken en activeren. De eerste cellen die in de longen 
aankomen, zoals onder andere de ‘natural killer’ (NK) cellen, helpen om het virus te 
vernietigen door geïnfecteerde cellen te elimineren. De afweer cellen die altijd in de 
longen aanwezig zijn, de ‘alveolaire macrofagen’ en de ‘respiratoire dendritische cel-
len’, helpen ook mee aan de verwijdering van het virus. Deze cellen zijn verder ook 
belangrijk voor de activering van de verworven afweer. De combinatie van remming 
van vermenigvuldiging en eliminatie van geïnfecteerde cellen leidt tot een substan-
tiële vermindering van de hoeveelheid virus.

aangeleerde (verworven) afweer
De aangeboren afweer wordt meteen na het binnendringen van een virusdeeltje 
geactiveerd en is onmisbaar voor het in toom houden van de initiële groei van het vi-
rus. De aangeboren afweer is echter niet virusspecifiek en vaak is specifieke afweer 
noodzakelijk voor uiteindelijke uitroeiing van het virus. Als de dendritische cellen van 
de aangeboren afweer geactiveerd worden in de longen, migreren ze naar de lokale 
lymfe klieren om cellen van de verworven afweer te activeren, de T en B cellen. De 
dendritische cellen laten stukjes virus (peptiden) aan de T en B cellen zien, en alleen 
het kleine percentage cellen dat het virus herkent, zal geactiveerd worden en gaat 
delen. Door deze vermenigvuldiging ontstaat een relatief groot percentage virus-
specifieke cellen. Het duurt echter ongeveer een week voordat dit proces voltooid 
is en daarom is het effect van de aangeboren afweer ook pas later merkbaar. De 
virusspecifieke cellen van de verworven afweer kunnen het virus in veel gevallen 
helemaal opruimen. Virusspecifieke cellen van de verworven afweer vormen ook 
geheugen en zijn daarom bij een tweede infectie met eenzelfde virus sneller ter 
plaatse. Op dit principe berust vaccinatie. 
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herKenning van virus-geïnfeCteerde Cellen
Het is cruciaal dat de afweer onderscheid kan maken tussen een gezonde en een 
geïnfecteerde cel. In dit proefschrift is vooral gekeken naar ‘natural killer’ (NK) en 
T cellen.  Deze cellen gebruiken beide verschillende methoden om geïnfecteerde 
(long) cellen te herkennen. 
 NK cellen hebben verscheidene receptoren die zorgen voor activering of 
remming. Deze receptoren werken als sloten en de sleutels zitten op cellen die geïn-
fecteerd kunnen worden, zoals de longcellen. Er zijn verschillende soorten sleutels 
die in de sloten van NK cellen passen. Sommige sleutels zorgen voor activatie van 
de NK cellen, andere voor remming. Een NK cel scant met zijn sloten de longcellen 
af en op elke longcel binden sleutels met de sloten op de NK cel. Als er een over-
maat aan sleutels aanwezig zijn die zorgen voor activering van de NK cel, dan wordt 
de longcel geëlimineerd. Op het oppervlak van ongeïnfecteerde longcellen zijn net 
zoveel liganden (sleutels) aanwezig die remmende als activerende signalen geven, 
waardoor deze cellen niet geëlimineerd worden door NK cellen. Infectie kan ech-
ter leiden tot een grotere hoeveelheid activerende liganden (sleutels) en/of minder 
remmende liganden (sleutels). Netto zorgt dit voor eliminatie van de geïnfecteerde 
longcel. 
 T cellen gebruiken een andere methode om geïnfecteerde cellen te identifi-
ceren. Als een virus een longcel infecteert, wordt dit virus uiteindelijk in kleine stukjes 
(peptiden) geknipt door het zogenaamde proteasoom. Deze stukjes virus worden 
aan de buitenkant van de cel zichtbaar gemaakt op een eiwit genaamd ‘major histo-
compatibility complex’ (MHC). T cellen beschikken over een receptor (voelspriet) die 
deze stukjes virus op het MHC kunnen herkennen en dit leidt tot eliminatie van de 
geïnfecteerde cel door de T cel. 
  

interventie strategieën door virussen 
Als een virus de afweer van zijn gastheer niet ontwijkt, wordt hij meteen geëlimi-
neerd. Het is dus cruciaal voor een virus om de afweer op vele fronten te omzeilen. 
De evolutie heeft ervoor gezorgd dat zowel het virus als de gastheer vele strategieën 
hebben ontwikkeld om respectievelijk de afweer te omzeilen of om het virus op te 
ruimen. 
 Een voorbeeld van een dergelijke co-evolutie is begonnen bij sommige vi-
russen die MHC weghalen op het oppervlak van een geïnfecteerde cel. Zonder dit 
MHC kunnnen T cellen virus-geïnfecteerde cellen niet identificeren. Gelukkig heeft 
de afweer op zijn beurt weer een manier ontwikkeld om de afwezigheid van MHC op 
te merken. Doordat MHC op de longcellen remmende signalen aan NK cellen geeft, 
die wegvallen bij afwezigheid van MHC, zullen geïnfecteerde cellen toch gedetect-
eerd en geëlimineerd worden door NK cellen.
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in dit proefsChrift
In dit proefschrift zijn bepaalde aspecten van de afweer na luchtweginfecties gede-
taileerd onderzocht. Omdat de afweer complex is en samenwerking van verschil-
lende cellen en organen vereist, zijn muismodellen voor virale luchtweginfecties ge-
bruikt. Hiervoor werden virussen via de neus (intranasaal) toegediend en daarna is 
de afweer in de longen bestudeerd. 

In Hoofdstuk 2 is onderzocht hoe NK cellen naar de longen van influenza virus 
geïnfecteerde muizen migreerden. Alhoewel het aantal NK cellen toenam in de lon-
gen na een luchtweginfectie, bleek dat ze zich hier nauwelijks vermenigvuldigden. 
De NK cellen vermenigvuldigden zich wel elders in het lichaam na een luchtwegin-
fectie. Een gedeelte van de NK cellen bleek afhankelijk van het eiwit CCR2 te zijn 
om elders vanuit het lichaam naar de longen te migreren. 

In Hoofdstuk 3 is onderzocht of NK cellen virusspecifiek zijn en geheugen kun-
nen vormen. Hoewel NK cellen bekend staan als cellen van de aangeboren afweer, 
toont recente literatuur aan dat ze ook geheugen kunnen vormen. In tegenstelling tot 
de meeste cellen van de aangeboren afweer, liet dit onderzoek zien dat NK cellen 
inderdaad lang leefden. De NK cellen die lang leefden bleken zich te vermenigvul-
digen in het beenmerg. Tijdens een luchtweginfectie gingen deze langlevende NK 
cellen zich nog vaker delen in het beenmerg. Tot slot is gekeken of NK cellen ook 
betere bescherming geven tijdens een tweede infectie met hetzelfde virus, echter 
konden we hier geen bewijs voor vinden. Verder onderzoek zal duidelijk maken of 
NK cellen echt geheugen kunnen vormen na een luchtweginfectie.

In Hoofdstuk 4 is een virus onderzocht dat luchtweginfecties bij muizen vero-
orzaakt, genaamd ‘pneumonia virus of mice’ (PVM). Het virus lijkt op het humane 
respiratoir syncytiaal virus (RSV), echter heeft het zichzelf aangepast om specifiek 
muizen te kunnen infecteren. Als muizen met PVM geïnfecteerd werden, duurde het 
relatief lang duurde voordat NK cellen naar de longen kwamen. De vroege aangebo-
ren afweer leek dus vertraagd en door vroege activering van de afweer tijdens een 
PVM infectie kon ernstige ziekte worden voorkomen. Het onderzoek toonde verder 
aan dat T cellen relatief laat in de longen van PVM geïnfecteerde muizen aankwa-
men, maar wel in grote aantallen. Eerdere studies hadden beschreven dat T cellen 
ziekte veroorzaakten in de longen van PVM geïnfecteerde muizen. In het huidige 
onderzoek bleek echter dat de vroege aanwezigheid van virusspecifieke CD8+ T cel-
len juist zorgde voor een verminderd ziektebeeld en hoeveelheid virus. Wij denken 
daarom dat PVM de vroege afweer remt en daardoor ongeremd groeit in de eerste 
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dagen na infectie. Op het moment dat de virusspecifieke T cellen naar de longen 
komen, zijn zoveel cellen geïnfecteerd dat het elimineren van deze cellen zorgt voor 
ernstige ziekte. Vroege vermindering van de hoeveelheid virus, door activering van 
de vroege afweer, of door de aanwezigheid van virusspecifieke T cellen, zorgt dus 
voor vermindering van ziekte. 

In Hoofdstuk 5 is in detail gekeken naar componenten die belangrijk zijn voor de 
inductie van de verworven afweer. Het proteasoom is een enzymcomplex dat belan-
grijk is voor het genereren van virusfragementen (peptiden) die tentoongesteld wor-
den in het MHC en herkend kunnen worden door CD8+ T cellen. In o.a. afweer cellen 
en cellen in ontstoken weefsels ziet het proteasoom er anders uit dan in normale 
weefsels, doordat de knipplaatsen door zijn ‘immunosubunits’ vervangen zijn. Het 
zogenaamde immunoproteasoom knipt virussen (en andere eiwitten) op een andere 
manier dan het gewone proteasoom, waardoor peptiden worden gemaakt die beter 
binden aan MHC. Omdat peptiden belangrijk zijn voor de stabilisatie van MHC, zorgt 
dit voor meer MHC aan de buitenkant van de cel. Het proteasoom bevat verder een 
regulerende component die o.a. in afweercellen altijd aanwezig is, genaamd PA28. 
In hoofdstuk 5 is de rol van het immunoproteasoom en PA28 bestudeerd. Hier-
voor werden muizen gebruikt die ofwel het immunoproteasoom missen, of PA28, of 
beide. Door te kijken naar de hoeveelheid MHC op het oppervlak van afweer cellen 
uit deze muizen, zagen we dat beide een onafhankelijke rol hebben tijdens de pro-
ductie van peptiden. 

In Hoofdstuk 6 is gekeken wat voor effect de afwezigheid van het immunoprote-
asoom heeft op de werking van NK cellen. Het is bekend dat aanwezigheid van 
MHC tijdens de ontwikkeling van NK cellen ervoor zorgt deze cellen later functioneel 
zijn. Mensen en muizen die geen of minder MHC op het oppervlak van cellen heb-
ben, hebben daardoor niet- of minder-functionele NK cellen. Het huidige onderzoek 
toonde aan dat in afwezigheid van het immunoproteasoom, dat zorgde voor minder 
MHC op het celoppervlak van o.a. afweer cellen, NK cellen normaal functioneerden. 
In het tweede deel van de studie is gekeken of cellen zonder immunoproteasomen, 
met verminderde hoeveelheden MHC op het celoppervlak, afgestoten werden door 
NK cellen. Dit bleek niet het geval te zijn als de immunoproteasoom-deficiënte cellen 
getransplanteerd werden naar ongeïnfecteerde muizen. Echter, na influenza virus 
infectie werden deze immunoproteasoom-deficiënte cellen afgestoten door NK cel-
len. Infectie zorgde hier dus voor afstoting van een getolereerd transplantaat. 
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We kunnen concluderen dat de beschreven resultaten meer inzicht in het functio-
neren van de afweer tijdens een luchtweginfectie geven. Ze dragen bij aan onze 
kennis over hoe NK cellen migreren tijdens een luchtweginfectie en of ze geheugen 
kunnen vormen. We laten verder zien dat het cruciaal is om een goed functioner-
ende aangeboren afweer te hebben tijdens een luchtweg infectie. En tot slot laten 
we zien hoe een infectie kan zorgen voor afstoting van een transplantaat. De resul-
taten beschreven in dit proefschrift vergroten onze kennis over hoe transplantaat 
afstoting werkt en kunnen verder op verschillende fronten bijdragen aan de ontwik-
keling van vaccins en medicijnen voor het voorkomen, verminderen of behandelen 
van luchtweginfecties. 
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Er zijn vele mensen die ik wil bedanken voor het tot stand komen van mijn proef-
schrift. Ten eerste wil ik Alice en Dietmar bedanken voor de begeleiding. Bedankt 
voor alle nuttige en diepgaande discussies, het altijd snel en grondig nakijken van 
mijn ingeleverde stukken, bedankt voor alle ideeën en voor het helpen meedenken 
over mijn verdere carrière. Maar vooral ook voor het feit dat jullie altijd (en dan ook 
ALTIJD) klaarstonden als er problemen waren! Het maakte niet uit op welke dag en 
op welk tijdstip. Ik heb veel van jullie geleerd en zal deze kennis in de toekomst nog 
vaak toepassen. Verder wil ik ook Willem bedanken voor zijn begeleiding en het altijd 
voor me klaarstaan wanneer dat nodig was. 

Ik wil ook alle mensen uit de groep van Alice en Dietmar bedanken. Natascha, jij was 
er al vanaf het begin van mijn aio-tijd. Je hebt me veel geleerd, maar minstens zo be-
langrijk: mede dankzij jou heb ik hier echt een supertijd gehad! We hadden altijd lol 
samen. Op de kamer, op het lab, tijdens congressen en tijdens het meezingen met 
de muziek op het GDL. Hildegard, Chantal en Cornelis, jullie ook bedankt voor alle 
gezelligheid en hulp. Hildegard, je kwam als stagiaire en bent bij ons op de afdeling 
gebleven. Ik hoop dat je het hier ook in de toekomst naar je zin zult hebben. Chantal, 
ik wil je bedanken voor de leuke tijd en wens je nog veel succes voor de rest van je 
aio-tijd. Cornelis, bedankt voor alle dingen die je voor me hebt gedaan. 

Op de kamer van W440 was het altijd (te?) gezellig. Ik wil daarom mijn ‘roomies’ 
Eveline, Daphne, Martijn, Cornelis, Jeanine, Miriam, Natascha en alle studenten die 
bij ons op de kamer hebben gezeten, bedanken voor de gezelligheid. 

Het is ontzettend fijn om op een afdeling te werken waar iedereen zo graag bereid 
is je te helpen. Ik wil daarom ook IEDEREEN bedanken voor alle behulpzaamheid. 
Vooral Peter, voor het helpen waar nodig, Ger, Martijn, Rachel, Bram en Chantal 
voor het beantwoorden van alle vragen en voor de hulp bij het muizenwerk en de 
FACS. En Mariëlle voor alle hulp met regeldingetjes, bestellingen en nog veel meer. 

Ik wil ook alle collega’s bedanken voor de gezelligheid! De altijd interessante lunch-
gesprekken, de koekjesmiddagen. Volgens mij is het nergens zo gezellig als bij ons! 

Regelmatig was ik ook te vinden op het GDL. Tamara en Annemieke: ONTZETTEND 
bedankt voor de verzorging van mijn muizenfokken. Ik vond jullie goud waard! Jul-
lie stonden altijd voor me klaar, hoe lastig het ook was en jullie waren altijd bereid 
om een ‘last-minute’ verhuizing te doen. Ik wil ook de mensen van de infectie-unit 
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bedanken voor het verzorgen van mijn muizen en voor het helpen waar dat nodig 
was. In het bijzonder Gerard, Kiki, Wout en Rik, bedankt voor jullie hulp! Fred, Harry, 
Romy en Jannico: bedankt voor jullie behulpzaamheid en voor het altijd snel afhan-
delen van al mijn vragen. 

Ik ging regelmatig naar de journal clubs bij de groep van Louis Bont op het WKZ. 
Hier heb ik veel geleerd over de klinische kant van mijn onderzoek. De journal clubs 
waren ontzettend leerzaam en ik wil jullie hiervoor bedanken.

Verder wil ik Jolanda, Tanja, Chris, Laura en Marc bedanken voor het begeleiden 
van mijn stages. Ik vond mijn beide stages erg leuk en leerzaam. Hier heb ik de ba-
sis gelegd voor mijn werk als aio. 

Naast al het werken was er (soms) ook wat vrije tijd over. Als eerste wil ik natuurlijk 
‘de megjes’ bedanken voor alle gezelligheid. De gezellige avonden in het weekend, 
de weekendjes weg en NATUURLIJK het vertier op maandagmorgen :). En dan 
natuurlijk ook alle vrienden van VC Foës, mijn oude huisgenootjes, mijn oude studi-
egenootjes, de ‘vriendengroep van Jitse’ en Margaret.

Ook mijn volleybalteam: het was altijd erg leuk om op dinsdagavond een balletje te 
slaan! Hopelijk (maar waarschijnlijk niet…) blijft HEBBES nog lang voortbestaan. En 
natuurlijk wil ik ook mijn hardloopgroep bedanken. José, wat kun jij toch iedereen 
goed motiveren! Weer of geen weer! Eva, met jouw motivatie kun je alles aan, be-
dankt voor de gezellige uurtjes hardlopen.

Verder wil ik natuurlijk ook mijn ouders bedanken. Bedankt voor alle steun, alle hulp, 
zonder jullie was het zeker nooit gelukt! En ook niet te vergeten, de ouders van Jitse, 
Conny en Sjaak, bedankt voor alle hulp en begrip. Yvonne, Ralph én Lars: ruim een 
jaar geleden stond ik naast jou als paranimf, Yvonne. En nu mag jij mijn paranimf 
zijn, hoe uniek dat we dat voor elkaars kunnen zijn. Over een paar jaar is Ralph aan 
de beurt, en wie weet, misschien Lars wel over een jaar of dertig! Schoonbroertjes 
en -zusjes: allemaal bedankt voor de gezellige tijd! 

En last but zeker not least, Jitse. Bedankt voor alle hulp, begrip, steun en alles wat 
eigenlijk niet in woorden te beschrijven is. 





137

CurriCuluM vitae

CurriCuluM vitae
Mary van Helden werd geboren op 28 december 1982 te Grubbenvorst. Na het 
behalen van haar VWO diploma aan het ‘Dendron College’ in Horst, begon ze in 
2001 met de studie Moleculaire Levenswetenschappen op de Radboud Universiteit 
in Nijmegen. Haar eerste stage heeft ze gelopen bij Organon in Oss, onder begelei-
ding van Dr. Chris van Koppen, Jolanda Westland en Tanja van Achterberg. Ze heeft 
hier verscheidene mutanten van een receptor gemaakt en deze vervolgens op func-
tionaliteit bestudeerd. Voor haar tweede stage heeft ze antilichamen tegen ATPase 
subunits van de anammox bacterie gemaakt onder begeleiding van Dr. Marc Strous 
en Dr. Laura van Niftrik op de afdeling Microbiologie op de Radboud Universiteit in 
Nijmegen. Deze antilichamen heeft ze vervolgens gebruikt om het ATPase van deze 
bacterie zichtbaar te maken met behulp van elektronen microscopie. Dit tweede 
gedeelte van haar stage vond plaats onder begeleiding van Dr. John Fuerst op de 
afdeling ‘Microbiology & Parasitology’ op de ‘University of Queensland’ in Brisbane, 
Australië. Na het cum laude afronden van haar master is ze in 2007 begonnen als 
promovendus aan de Utrecht Universiteit onder begeleiding van Prof. Dr. Willem van 
Eden, Dr. Alice Sijts en Dr. Dietmar Zaiss bij de divisie Immunologie, op de afdeling 
Infectieziekten en Immunologie, aan de faculteit Diergeneeskunde. De resultaten 
van haar werk zijn beschreven in dit proefschrift. 




