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1. ABSTRACT

Mouse mammary tumor virus (MMTV) has
developed a strategy of exploitation of the immune
response. It infects dendritic cells and B cells and requires
this infection to establish an efficient chronic infection.
This allows transmission of infection to the mammary
gland, production in milk and infection of the next
generation via lactation. The elaborate strategy developed
by MMTV utilizes several key elements of the normal
immune response. Starting with the infection and activation
of dendritic cells and B cells leading to the expression of a
viral superantigen followed by professional superantigen-
mediated priming of naive polyclonal T cells by dendritic
cells and induction of superantigen-mediated T cell B cell
collaboration results in long-lasting germinal center
formation and production of long-lived B cells that can
later carry the virus to the mammary gland epithelium.
Later in life it can induce transformation of mammary
gland epithelium by integrating close to proto-oncogenes
leading to their overexpression. Genes encoding proteins of
the Wnt-pathway are preferential targets. This review will
put these effects in the context of a normal immune
response and summarize important facts on MMTV
biology.
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2. INTRODUCTION

Pathogens have developed strategies of sabotage,
stealth and exploitation to better survive in the hostile
environment (1). In recent years, much has been learnt
about the interaction of mouse mammary tumor virus
(MMTV) with the immune system. In fact, the virus
induces an extremely strong T cell-dependent B cell
response due to expression of a gene in its long terminal
repeat that encodes a superantigen produced in infected
cells. The effect of the superantigen is to induce a strong T
cell-mediated immune response. This exaggerated
response, however, does not lead to the elimination of the
virus in most muse strains but in the fixation of integrated
viruses in long-lived memory and effector B cells
(plasmocytes) and later also in T cells. Surprisingly, this
response is required for efficient long-term infection of the
host and therefore, MMTV exploits the immune response.
In addition, the virus also uses the strategies of sabotage
and stealth the latter being a result of the superantigen-
mediated immune response. It uses the classical
consequences of an immune response such as induction of
anergy in responsive T cells (stealth) infection of dendritic
cells and long-term survival in effector and memory B cells
(sabotage). The virus serves as an excellent model to study
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T cell-dependent immune responses as well as the innate
immune response. In addition, as it can induce mammary
carcinomas after integration in the proximity of proto-
oncogenes, thereby inducing their overexpression it
represents as a good model for cancer. MMTYV biology has
led to the description of a variety of host proto-oncogenes
highly relevant for basic research and cancer biology.

From the discovery of spontaneous mammary
tumors in mice to the description of an extrachromosomal
transmission of the susceptibility it took nearly 80 years (2,
3). After the description of milk-transmission from mothers
to babies it was called Bittner agent (4). To convince the
research community of the retroviral origin of this agent
required extensive studies as non-tumor-bearing mice also
showed expression of these retroviruses as a consequence
of integration of proviruses into the germline and the
presence of MMTYV strains with low oncogenicity (5). But
finally the retroviral induction of mammary carcinomas
was accepted. It again took many years to discover that the
immune system plays a role in this transmission (6), and
only in the 90’ies the role of the immune system was
understood (For reviews see (7-9). The current knowledge
on how MMTYV exploits the immune response and how it is
stabilized in long-lived B cells and T cells before infecting
the final target, the mammary gland, is described in this
review. As citing all the relevant articles would overcharge
this review, the author is referred to the following reviews
for older citations (9-11).

3. STRUCTURE, EXPRESSION AND
TRANSMISSION OF THE VIRUS
Morphologically, due to its  acentric

nucleocapsid, MMTYV is classified as a B-type retrovirus
with immature A type particles with a diameter of 85 nm
and mature particles of 105 nm are generated. These
particles contain a pair of polyadenylated capped positive
strand 8.5 kb long RNA molecules as well as the reverse
transcriptase and integrase proteins to produce viral cDNA
and to integrate it into the host DNA. Once integrated, three
major mRNA molecules are produced (9kb encoding gag-
protease-pol, 3.6 kb encoding env, 1.7 kb encoding the
superantigen ORF (open reading frame). The longest
mRNA molecules encodes the classical retroviral genes gag
(pl0, p21, p27, pl4), protease, cleaved from the gag-
protease precursor pl10, p13), pol and integrase (cleaved
from the gag-protease-pol precursor pl160). As for other
retroviruses, the pol and protease genes can only lead to
functional proteins by changing the reading frame via
mechanisms of slipping at stem loop structures or
pseudoknots leading to 4 fold lower expression of protease
and 20 fold lower expression of pol proteins than gag
proteins. The 3.6 kb mRNA encodes env (cleaved from the
p73 precursor into the membrane bound gp36 and gp52)
(12). The gp52 determines host specificity for infection of
epithelia, dendritic cells and B cells (13, 14). In addition,
the nonclassical 1.4 kb mRNA encodes the superantigen
(Orf) but a role for the env mRNA molecule has recently
been found (15). The open reading frame protein is
encoded in the 3’ long terminal repeat. Several other
sometimes minor mRNA molecules were found with
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known or unknown function. A doubly spliced mRNA has
been characterized encoding a 301 amino acid protein with
rev-like functions (16). It increases gag protein production.
In the LTR a hormone-responsive element is found
allowing increased virus production during lactation in
response to glucocorticoids.

MMTV preferentially infects mouse epithelial
(mammary gland, salivary gland, sebaceous gland, male
reproductive organs) and lymphoid tissues (dendritic cells,
B cells, later in infection also T cells, (14, 17-20). Most
efficient infection occurs via milk but sporadic cases of
transmission via biting have been observed. Transmission
via sperm is not clearly shown (21, 22). Recently, infection
of other species such as monkey and man has been
described (23).

Different viruses share about 97-98% amino acid
homology whereas homology for the orf, superantigen
proteins is lower (82.5%) with a highly variable stretch at
the 3’end of the coding region (last 63-114 nucleotides, see
below) (24).

There exist many integrated MMTVs (mtv-loci)
in the genome of laboratory and wild mice, which are
mostly not able to produce infectious viral particles. An
example of endogenous copies after digestion of DNA with
Pvull is shown. This enzyme cuts once inside most of the
mtv loci and therefore generates 2 bands per locus in
Southern blots probed with full-length MMTV probes.
Frequent mutations in env genes rendering the loci
nonproductive are found, whereas nearly all orf genes
remained functional. Endogenous copies are, as expected,
transmitted following Mendelian transmission routes.
Several fully functional Mtv-loci have been described: mzv-
1, mtv-2, mtv-3 and mtv-4, mtv-48) and several of these loci
can form infectious virus particles. When outbred Swiss
mice, which transferred infectious MMTV(SW) virus into a
BALB/c mouse colony were analyzed a new mitv-locus,
mtv-53, was found that deleted the same T cell populations
as the infectious copy and had the same predicted amino
acid sequence (Figure 1). Most likely this endogenous copy
can in some cases form infectious virus particles as not all
the mice carrying the mtv-locus show virus expression in
milk. Care has to be taken with these loci as even embryo-
derived mice raised in a germ-free environment can
transmit infectious viruses. Special care has to be taken in
addition, with the use of foster mothers, which can carry
such viruses. At least two recent isolates (MMTV(SW) and
MMTV(SIM)) have been introduced into the SPF BALB/c
mouse strain using outbred Swiss foster mothers (25-27). In
the case of MMTV(SW) the endogenous copy miv-53 is
most likely responsible for this transmission (Figure 1).

4. SUPERANTIGENS

In classical T cell immune responses, there is
only about 1 T cell in a million that can recognize a
particular MHC/peptide complex. For superantigens, the
frequencies can be as high as 30%. Superantigens are
microbial proteins that bind to major histocompatibility
complex (MHC) class II molecules and stimulate T cells
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Figure 1. Comparison of endogenous mtv-loci from BALB/c, DBA/1 and outbred Swiss mice. This Swiss mouse colony was
used to derive SPF mouse colonies by embryo transfer and forster nursing. It introduced MMTV(SW) into the SPF-derived
BALB/c mice. A Southern blot after Pvull digestion of genomic DNA is shown. It cuts once inside the mtv-loci and generates 2
bands depending on the integration site per mtv-locus. The new mtv-53 locus is indicated to the left and the known mtv-loci to
the right and the perfect correlation with deletion of T cells expressing TCR Vbeta 6, which is also deleted by the infectious
MMTV(SW). Sequences of mtv-53 and MMTV(SW) were identical indicating a high likelihood that this new endogenous mtv

locus can form sporadically infectious particles.

via interaction with the lateral side of the Vbeta domain of
the T cell receptor (TCR). They have been characterized
from many different bacterial strains (staphylococci,
streptococci, mycoplasma, mycobacteria, yersinia etc.),
rhabdoviruses (rabies) as well as retroviruses (MMTYV,
MuLV, HERV-K). Also a plant lectin with TCR Vbeta
specificity has been found. Analysis by mutagenesis and
co-crystallization showed that they all bind to the lateral
side of MHC class II molecules and the TCR complex with
high affinity. In some cases the peptide bound to the MHC
can influence the TCR reactivity and only a proportion of
the TCR Vbeta expressing T cells responds. For most
cases, the peptide does not seem to play a major role.
Therefore superantigens often bypass antigen-specificity
and imitate a cognate antigen for a superantigen. They can
either be secreted (bacterial exotoxins), part of the nuclear
capsid (rabies) or be produced after infection and
integration (MMTYV).
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5. THE STRUCTURE
SUPERANTIGEN (ORF)

OF THE MMTV

The superantigen is a type II glycoprotein, which
is anchored in the membrane and therefore has its
polymorphic COOH-terminus at the outside of the cell (28-
32). The orf gene has 5 in frame start codons but
superantigen mRNA starting at the second ATG has
reduced functions and the shorter forms do not act as
superantigens (28, 33, 34). A potential function of these
shorter forms has not yet been described. Several furin-
sensitive sites have been detected just outside of the
transmembrane region and in the middle of the molecule
but it is not clear whether these cleavage products have
biological function. The presence of different cleavage
products was detected in cells and association with MHC
class II molecules was detected (35-37). Evidence for a role
of cleavage for superantigen function was found (38).
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Figure 2 A) Predicted superantigen structure. The transmembrane region is indicated in light blue. The nucleotide sequence
shows 5 conserved initiation codons allowing the formation of superantigen proteins with shorter NH2 protein sequences (arrows
left with amino acid position (aa)). Five potential N-linked glycosylation sites are indicated with black stars. The three furin
cleavage sites (RARR, RGKR) are marked with arrows from the right with the indicated amino acid positions. At the COOH-
terminal end the highly polymorphic is indicated (yellow). B) The MMTVs and mtv's, TCR Vbeta specificities and amino acid
sequences of the polymorphic COOH terminal sequences of representative members of the 7 described families are indicated.
Dashes represent sequences identical to the MMTV(SHN) sequence, dots stand for single amino acids lacking in comparison to
this sequence introduced to achieve better alignment. Always the sequence of the upper member is indicated when two members
are listed. The second member differs from the first in 6-9 amino acids in this COOH-terminal sequence whereas the rest of the
molecule shows high sequence homology. Sequences were from (24-26, 32, 63, 64, 108, 109).

Indirect evidence for a superantigen function of cleaved
molecules came from the ability of transferring
superantigens in the absence of cell contact from cell to cell
(28, 39, 40).

So far 7 families of ORF/superantigen proteins
have been described varying as described above strikingly
in the sequence at the COOH terminus. 21-38 highly
polymorphic amino acids have been found correlating well
with the TCR Vbeta specificity. The predicted structure of
the superantigen is shown in Figure 2 A, the COOH-
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terminal predicted amino acid sequence of selected
members of the 7 superantigen families in Figure 2 B.
Chimeric superantigens carry the TCR specificity in this
polymorphic region and antibodies specific for COOH-
terminal peptides block superantigen function (28, 39, 40).

6. NORMAL T-DEPENDENT IMMUNE RESPONSES
After infection with classical pathogens or

injection of antigens in adjuvant subcutaneously, several
waves of T cell activation have been observed in the
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draining lymph node. Especially the introduction of
intravital microscopy and the use of adoptively transferred
naive TCR transgenic T cells have provided the tools to
study the different phases of an immune response in situ
(41, 42). Similar processes occur in Peyer’s patches but this
review will only focus on the best-characterized lymph
node reaction. The different steps are illustrated in Figure
3. Within 30 minutes of injection, T cells in the paracortex
of the lymph node interact shortly with dendritic cells and
receive partial activation signals as detected by
upregulation of the early activation marker CD69.
Approximately 18 hours later, tissue-resident dendritic cells
carry the antigens to the lymphoid tissues. This leads to
prolonged T cell-dendritic cell interactions with a duration
of several hours. During this process activated dendritic
cells present pathogen/immunogen-derived peptides in the
context of their MHC class II molecules Figure 3A,1. This
interaction has been called synapse 1. T cells enter into cell
cycle and differentiate into effector T cells. Depending on
the signals they receive from the dendritic cells (cytokines,
co-stimulation, antigen) they differentiate into cytokine-
secreting effector cells with TH1 or TH2 bias. They also
upregulate expression of co-stimulation molecules such as
CDA40, Ox40L, etc.

During this phase of the immune response, B
cells become activated T-cell independently in the cortex as
well as the paracortex of the lymph node by the
pathogen/immunogen (Figure 3A1, (41, 43, 44). It has
recently been shown that B cells require interaction with
pathogens/immunogens through surface immunoglobulins
as well as toll-like receptors (TLR3) to induce an efficient
immune response (45). B cells internalize immunoglobulin-
bound antigens and process them in early endosomes to
peptides to be presented in the context of MHC class II
Figure 3B. The efficiency of presenting proteins for which
their immunoglobulin is specific is about 10.000 times
higher than presentation of peptides of other proteins for
which their immunoglobulin is not specific (46). This
guarantees that the ensuing T cell-B cell interaction only
helps B cells that are specific for the immunogen. Activated
B cells migrate to the cortical-paracortical boundary. About
three days after antigen encounter, the differentiated CD4 T
cells change their migration pattern and localize to the
boundary of the cortex/paracortex where antigen-primed B
cells are found. This is achieved by upregulation of the
chemokine receptor CXCRS5 that directs them to the
paracortical-cortical junction as well as to the later forming
germinal centers where the chemokine CXCL13, the ligand
of CXVRS, is produced (47). In the border between cortex
and paracortex, T cells can interact with B cells and will
provide cognate help if the peptide presented originally by
dendritic cells and now by B cells is the same. This
prolonged interaction is an important checkpoint to assure
that only B cells recognizing the immunogen are induced to
switch isotypes, somatically hypermutate to increase the
affinity of their immunoglobulin and initiate germinal
center formation. This interaction is called synapse 2.

At this stage B cells have to decide between
differentiation into either plasmablasts, plasma cells or
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memory B cells. B cells can directly differentiate into
plasmablasts, switching their isotype, migrating to the
medulla and secreting large amounts of mostly low affinity
IgM or switched isotypes (43). Alternatively, 1-3 activated
B cells can induce the formation of germinal centers in the
cortex Figure 3B2. There, B cells quickly divide as
apoptosis-sensitive centroblasts in the dark zone of the
germinal center Figure 3C. Their susceptibility for
apoptosis induction is partially explained by the
downregulation of the survival molecule Bcl-2. They
induce isotype switching and affinity maturation, stop
dividing and become centrocytes. At this stage there is
another checkpoint. The centrocytes compete for
recognition and endocytosis of their antigen from the local
follicular dendritic cells in the light zone of the germinal
center and receive for a second time cognate help from the
antigen-specific follicular T cells. This step is called
synapse 3 and assures that affinity maturation does not
change antigen-specificity. This step is thought to be of
importance to avoid autoimmunity. After receiving the
required signals from the follicular helper T cells, Bcl-2 is
re-induced allowing survival. Therefore, in the absence of
help developing B cells die if they do not receive the
appropriate signals within time.

In this third synapse, B cells differentiate into
memory B cells as well as short and long-lived plasma cells
depending on co-stimulation signals. Plasma cells are often
returning to the bone marrow after leaving the draining
lymph node (Figure 3B) to continue antibody secretion life-
long whereas memory B cells recirculate or remain in the
draining lymph node prepared to differentiate efficiently
into centroblasts after second antigen encounter.

7. LIVE CYCLE OF MMTV, EXPLOITING THE T
CELL-DEPENDENT B CELL IMMUNE RESPONSE

7.1. Transmission of infectious MMTV

MMTYV is transmitted from mother to babies via
milk during the first two weeks after birth before the
stomach acidifies (Figure 4A) (3, 48, 49). In milk large
amounts of MMTV can be found (about 10 - 10'?
particles/ml). Due to the neutral pH viruses pass the
stomach unaffected and can enter via the dome region into
the Peyer’s patches (50). Less efficiently, they can also
enter in other sites along the small intestine. Although it
has never been formally shown, it is likely that they enter
through M cells, which are specialized in sampling luminal
components. These cells are not sheltered from the gut
lumen by mucus and have hence easier access to
commensals and pathogens. It has been speculated that
they enter through occasional breaches in the epithelial
layer. The structure of the follicle-associated epithelium is
shown in (Figure 4B,C). Note the distribution of the
CD1 Ic positive dendritic cells in the FAE: In this region B
cells and dendritic cells are accumulated (Figure 4B,C).

7.2. Infection of dendritic cells and B cells

Underneath the M cells Peyer’s patch B cells and
dendritic cells are found, which are readily infected by
MMTYV (Figure 5). As retroviruses require cell division for
integration into the host DNA, it was a puzzle for a long
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Figure 3. Stages of a normal T-cell-dependent B cell response. A) Antigen-presenting dendritic cells (DC) (yellow) enter the
paracortex (P) of the draining lymph node from the periphery via lymphatic vessels and can transfer their antigen also to local
DC. If they are issued from an infection they show an activated phenotype allowing priming of an effector T cell response. T and
B cells are activated independently (1). T cells in the paracortex, B cells in the B cell follicles in the cortex (C). T cells make
prolonged interaction with the dendritic cells to become effectors. This interaction has been termed synapse 1. B cells migrate to
the cortical-paracortical junction after activation. B) Around day 3 after encountering DC, primed T cells migrate to the cortical-
paracortical boundary to interact with B cells presenting the same peptide as the originally priming DC. This interaction is called
synapse 2 and leads to two waves of B cell differentiation. They can differentiate directly into isotype switched plasmablasts
migrating to the medulla (M) secreting IgM or switched isotypes of low affinity and being exported into the periphery or dying
locally (2). They have a short lifespan. Alternatively, 1-3 B cells can initiate the formation of germinal centers (GC) in B cell
follicles (3). There, they rapidly proliferate as centroblasts in the dark zone of the GC to reach 10.000 cells, switch their isotype
and mutating their variable Ig regions. To survive they have to stop proliferating, take up their antigen from local stromal cells
(follicular dendritic cells) in the light zone of the GC and receive a second time cognate help from T cells to rescue them from
cell death and differentiate into long-lived memory or plasma cells. This interaction is called synapse 3. Long-lived plasma cells
home to spleen or bone marrow (4) where they can survive life-long in niches. C) Germinal center formation. Lymph node
sections were labeled with a follicular-dendritic cell-specific marker M2.
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FAE
Figure 4. A. Natural transmission of MMTV from mother
to babies. Infected mothers transmit MMTYV to their babies
during the first two weeks after birth. During lactation large
amounts of viruses are produced through the action of
steroid hormones. The mouse shown has a large mammary
tumor but transmission occurs long before tumors appear.
B). Histological sections of small intestine showing a
Peyer's patches, the entry site for naturally transmitted
MMTV. The follicle-associated epithelium (FAE) is
indicated by arrows C. Immunohistological staining of
dendritic cells in Peyer's patch and FAE (CD11c-positive
dendritic cells are red). The dotted line indicates the FAE.

MHC W

ﬂDC

TLR4,
others?

TLR4
others?

Figure 5. Activation and infection of dendritic cells and B
cells. MMTV binds TLR 4 amongst other receptors. This
interaction leads to activation of B cells and dendritic cells.
A contribution of Ig crosslinking by MMTV has been
observed (not shown). These interactions most likely allow
entry into cell cycle and infection of the host cells.

time how naive B cells and dendritic cells can become
infected. There are two scenarios that could explain this
problem: 1) the positive strand RNA molecules introduced
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by the virus could be transcribed and form small amounts
of superantigen and 2) MMTYV induces B and dendritic cell
activation with induction of cell cycle in a proportion of
them. Experimental evidence for the second scenario has
been obtained (51-53). Naive B cells become activated
upon incubation with MMTYV (51). A large proportion of B
cells can be activated by MMTV and show expression of
co-stimulatory molecules such as CD86. It was then shown
that one of the MMTYV receptors allowing B and dendritic
cell infection is the toll-like receptor TLR4 also known as
LPS receptor (52),(54). Other MMTV receptors have been
characterized and little is known on their role in B cell
activation (55, 56). Similarly, dendritic cells are activated
by TLR4-MMTV interaction (53). Recent evidence also
showed that dendritic cells can enter cell cycle upon
activation explaining how B and T cells can become
infected by MMTV. As described above, full B cell
activation requires three signals: 1) immunoglobulin
crosslinking, 2) TLR signals, and 3) later on CD40L signals
from T cells to fully differentiate into antibody-secreting
cells. MMTV may have found a strategy to induce classical
B cell activation in the early phases of the immune
response. Only the Ig crosslinking was lacking so far as
classically only a very small proportion of B cells has a
sufficiently high affinity IgM on the cell surface to
recognize a single protein. This last point was recently
addressed, when we could show that MMTYV can interact
with intermediate affinity with about 10% of peripheral B
cells via their immunoglobulin (Finke and Acha-Orbea,
unpublished observations) which closes the circle of the
three activation steps required for optimal B cell activation
provided by MMTV (for CD40L see below).

MMTV infection leads to the accelerated
maturation of B cell follicles. In normal mice, B cell
follicles have an immature appearance on day 11 after birth
but after MMTYV infection they mature much quicker and
allow the required superantigen response already shortly
after birth (Figure 6).

7.3. Superantigen-mediated induction of helper T cells
Evidence for endogenous loci encoding
superantigens came from the observation that MHC class 11
I-E expressing mouse strains clonally delete whole families
of specific TCR expressing T cells in the thymus during
negative selection of autoreactive T cells. The major reason
for this MHC class II I-E dependency turned later out to be
a better efficiency of I-E to present most superantigens than
I-A. Among the less efficient presenters a clear hierarchy
for presentation via MHC class II I-A isotypes has been
observed: I-Ak>I-Ab>I-Ad>>I-As>>>]-Aq. For the so far
described MMTV superantigens [-E was always a more
efficient presenter that I-A. Some superantigens are more
efficient than others to associate with I-A and also I-A%-
binders have been described (Figure 7) (57, 58). Several
MMTYV superantigens do not even lead to thymic deletion
of the superantigen-responsive T cells in the absence of I-E.

Soon thereafter, it was shown that the classical
mls (minor lymphocyte stimulating) loci also show such a
superantigen activity. Mls loci are sequences in the genome
encoding proteins, which induce very strong mixed
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MMTYV, d11

Naive, d11

IgD/PNA |

—

VCAM-1

Figure 6. Accelerated maturation of Peyer's patches after
MMTYV infection. Peyer's patches of BALB/c mice fed on
wild type or MMTV(SW) infected mothers from birth were
stained with IgD. Germinal center B cells in the germinal
centers (GC) are IgD-, B cells outside GC IgD+. Note the
better developed B cell follicles and early formation of GC
in infected mice. In the second part of the Figure the
superantigen-reactive Vbeta6+ T cells are labeled in blue.
They accumulate after MMTYV infection. In the lowest part
the faster appearance of ICAM-1, a marker for mature B
cell follicles, shows accelerated maturation of B cell
follicles in infected mice.
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Figure 7. Distribution of mt#v-loci in commonly used
mouse strains. In yellow the mitv-loci that express
superantigens that can be presented by I-E and to a lesser
extent by I-A, in light blue the strictly MHC class II I-E-
dependent mtv-loci are shown. Black indicates mouse
strains lacking MHC class II I-E. Expression of the
indicated loci is indicated in dark blue with a + sign.
Adapted with permission from (9).

lymphocyte reactions. They induced even stronger
responses than MHC differences but were called minor as
the unique place “major” was already taken by the MHC
(59). It only later turned out that the 4 described
endogenous loci (misa,b,c,d) actually were encoded by
endogenous copies of MMTV (Figure 8). In this
nomenclature small letters indicate differences and in the
figure, the tip of the arrow means that T cells of this Mls-
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type are stimulated by antigen-presenting cells of the other
Mis type. The nomenclature was complicated by the fact
that the different mls genes were often present as
independently segregating loci in different chromosomal
localizations (60). Later, when it became clear that these
were independently segregating loci and not alleles and
they were subsequently named mis-1a or b, mls-2a or b etc
with a being the stimulatory and b the non-stimulatory
allele (60). Initial mapping studies and the observation of
multiple loci with stimulatory and non-stimulatory
functions in different mouse strains led to the idea that mls
loci were retroviral insertions (61). Unfortunately from the
start, mtv-loci were excluded despite the observed linkage
correlation until mistakes in the mapping were corrected in
the early 90ies. Then it was finally shown that mls loci
were endogenous copies of MMTV (62-67). Their
integrated copies were named mtv’s followed by a dash and
a number (mtv-1 to mtv-54 with several gaps). In laboratory
mouse strains there are 2-9 endogenous copies found, in
wild mice 0-20. T cells of strains not having deleted the
responsive T cells will mount a very strong mixed
lymphocyte reaction towards Mls-different antigen-
presenting cells as most of the T cells expressing one of
several Vbeta family members will recognize the
superantigen. Mouse strains expressing mtv-loci delete
superantigen-reactive T cells in the thymus (57, 62-64, 67-
72). A strong expansion of superantigen-responsive CD4
and to a lesser extent CD8 T cells is observed. As many as
30% of peripheral T cells can respond to a single mtv
difference, compared to 1-5% for allo-responses differing
at the whole MHC. Therefore mouse strains expressing
several m#v genes can have large holes in their T cell
repertoire due to thymic deletion of T cells expressing
superantigen-specific TCR Vbeta regions..

As described above, many different MMTV
strains and mt#v-loci have been characterized and many of
the infectious and integrated forms have been sequenced,
especially the open reading frame sequences. The
sequences revealed large homology between the different
strains (<97%) except for the 3’ region of the long terminal
repeat which was very heterogeneous (24). It turned out
that it is this polymorphism that explains the superantigen
activity and TCR specificity of the different endogenous
and exogenous MMTVs and m#v’s. In Figure 2 the strain
distribution of these endogenous mtv-loci, their I-E
dependence and their TCR specificities for commonly used
mouse strains is given. The characteristics of some selected
MMTYV strains is illustrated in Table 1.

After infection of dendritic cells, superantigen is
expressed at their cell surface bound to MHC class IT and T
cells expressing the corresponding Vbeta chain are
activated as in classical immune responses by the
professional antigen presenting cells leading to perfect
synchronized activation of superantigen-reactive T cells.
(Figure 9) (73). As dendritic cells become activated by
MMTV they will upregulate co-stimulation molecules, may
enter into cell cycle, integrate virus and produce more of
the superantigen at the cell surface. Then they can prime a
polyclonal, superantigen-driven CD4 T cell response
characterized by the TCR Vbeta of the amplifying T cell
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Table 1. Characteristics of the best described infectious MMTYV strain

MMTV Vbeta- I-E depen- | Extent of [ CD4 T cell deletion in | Half-maximal deletion | Tumori-genicity,
strain specificity dence stimulation  after | blood, % of reactive T cells | in blood or lymph node | months

injection in weeks
MMTV(C3H) 14,15 + +/- 75 8 High, 6-12
MMTV(SW) 6,7,8,1,9 ++ 95 5-6 Low, > 1 year
MMTVJYG)
MMTV(SHN) 7,8,14 - ++ 75 12 High, 6-9
MMTV(C4) 2 - ++ 95 6 Intermediate, 10-12
MMTV(FM) 2,8,14 - ++ 90 <8 ND
MMTV(SIM) 4 + ++ 95 5-6 High, 6-12

Characteristics of the best described infectious MMTYV strains after infection of BALB/c mice (neonatal or after injection into
adult mice). -: I-E-independent; +: I-E-dependent; +/-: weak stimulation; ++: strong stimulation of superantigen-reactive T cells
after subcutaneous injection (day 4-6) (25-27, 63, 64, 108, 109, 111-114).

a
Mis-12, -2b, -3b

c —_—
Mis-22 and/or -32 Ce

NS

b
Mis-10, -2b and -3b

Figure 8. Classical summary of mls interaction (60). The
four classical Mls-phenotypes mls a,b,c,d are shown.
Arrows indicate in which direction strong mixed
lymphocyte reactions are induced. The tip of the arrow
points to the strain that vigorously responds to antigen
presenting cells from the other strain.

repertoire. The responding T cells will mostly differentiate
into THI1 cells secreting interferon-gamma. As a
consequence infected B cells will preferentially switch their
switch towards IgG2a in the first phase of the immune
response. A proportion of T cells differentiate into TH2
cells, which is important for the germinal center reaction
(74). Chronic responses are predominated by IgGl
isotypes.

Several genetic experiments have shown the key
role of T cell-dependent B cell activation for establishing
chronic infection: Mice lacking the following genes or cells
show an absence of a superantigen response and hence only
inefficiently allow chronic infection: 1) Absence of
superantigen-presentation or lack of T or B cells: MHC
class II or invariant chain-deficient mice or mice with
MHC haplotypes not presenting superantigens. T and B
cell-deficient mice (75); IgM-deficient mice, rag-deficient
mice, nude mice, CD4-deficient mice (6, 75, 76). 2) mice
lacking the TCR Vbeta-expressing T cells required for
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superantigen recognition (TCR transgenic mice, mice
carrying endogenous copies of the infectious MMTV with
the same TCR specificity) (13, 77). 3) Mice lacking key co-
stimulation signals: CD40 or CD40L deficient mice (78).

7.4. Formation of germinal centers and long-lived
memory cells

After superantigen priming by infected dendritic
cells, T and B cells form the synapse 2 in the cortical-
paracortical border. This interaction again is formed
between superantigen presenting infected B cells and
superantigen-specific T cells (Figure 10A). Except for the
high frequency of reactive cells this interaction is fully
equivalent to the events in classical immune responses
described above. Between day 5 and 7 after virus injection
large numbers of extrafollicular plasmablasts are observed
in the medulla representing the extrafollicular B cell
response not having passed through germinal centers.
These cells have switched isotypes (IgG2a) and secrete
large quantities of polyclonal immunoglobulins since all
infected B cells receive superantigen-mediated help (17,
79) (80). These cells home to a variety of peripheral organs
and carry integrated copies of MMTV (81). A few days
later, germinal centers are formed. The majority of
follicular T cells express the superantigen-specific Vbeta
chain and give superantigen-mediated help to infected B
cells independently on their antigen-specificity.
Immunohistological stainings illustrating this point are
shown in Figure 10 B. During this interaction, weak
neutralizing antibody responses are generated suggesting
preferential infection of virus-specific B cells (74, 82). This
may rely on the fact that B cells with low affinity for viral
envelope may receive a stronger activation signal leading to
entry into cell cycle. At this stage the preferential help to
infected B cells leads to a striking increase of infected B
cells in the lymph node. Most but not all activated B cells
now carry integrated proviral copies. Very few T cells are
infected at this stage. Germinal centers last for several
months (79). Follicular helper T cells select plasma cells
and memory B cells, which now are long-lived virus
carriers. As in classical responses, the response contracts
but for the life-span of the mice a few percent of infected
long-lived B cells are found in the B cell repertoire. In a
later phase of the MMTV-induced immune response,
infected T cells are also found. It has been shown that
infected B or T cells can lead to infection of other subsets
showing their capacity of forming infectious virus live-long
(19, 83).
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MMTV Vbheta- [-E Extentof CD4T Half- Tumori-
strain specifi- depend- stimuelation cell maximal  genicity,
city ENCE after deletion  deletion  months
injection inblood,  inblood
% of or lymph
rcactive T node in
cells weeks
MMTV(C3H) 14,15 B e 75 8 High,
6-12
MMTV(SW) 6,7, - ++ 935 -6 Low,
MMTV(IYG) 81,9 > | year
MMTWV(SHN) 7.8, 14 - ++ 75 12 High,
6-9
MM TW(C4) 2 - +t 95 6 Intermediate,
10-12
MMTV(FM) 2,8, 14 - ++ Q0 <§ ND
MMTV(SIM) 4 3 b 95 5-6 High,
6H-12

Figure 9. T cell priming by MMTYV superantigens. A) After infection of DC, superantigens and co-stimulation molecules are
expressed by DC (CD80, CD86, CD40 as well as others). The superantigen associates with MHC class II and interacts with
constitutively CD28 expressing CD4+ T cells expressing the corresponding TCR Vbeta. This interaction corresponds to synapse
1 in Figure 2A. (B). Activated T cells induce the expression of other co-stimulation molecules such as CD40L, which interact
with CD40 expressed by DC.

Superantigen-
TCR ¢ ba £~ wVbeta/MHC class II
MHC class Il CD28-CD80/CD86

A
CD40L etc.
TCR
MHC class Il CDA40 etc.
B

Figure 10. Around day 3 T cells form the synapse 2 with activated B cells in the paracortical-cortical region of the lymph node.
This again is induced by superantigen interactions. T cells secrete cytokines such as interferon g to induce isotype switching in B
cells to IgG2a. Co-stimulation via CD40-CD40L is crucial at this step. As in classical response, direct differentiation into IgG2a
secreting plasmablasts around day 5-7 after virus encounter is induced as well as formation of germinal centers. B) B cells from
germinal centers as described in Figure 2 but again superantigen not antigen is driving rescue of plasma cells or memory cells
independently on Ig specificity of the B cells. Germinal centers appear only a week after termination of the extrafollicular
response. a NP-specific immune response. CD3+ T cells in blue, proliferating centroblasts in light red. IgD in brown) b) PNA
staining of MMTV-induced germinal centers 22 days after virus injection. IgD (brown), proliferation (red), germinal center
(PNA, blue) c) same as b) but blue indicates staining for CD3+ T cells. d) same as b) but blue indicates staining for
superantigen-reactive TCR Vbeta 6+ T cells. Note that most T follicular T cells express the superantigen-reactive TCR.
Reproduced with permission from (79)).
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Co-stimulation
(CD40-CD40L)

Figure 11. Deletion of superantigen-reactive T cells after
MMTYV injection in adult BALB/c mice. In the draining
popliteal lymph node the strong expansion of superantigen-
reactive T cells is observed starting around day 5, peaking
on day 6-7 and slowly decreasing thereafter. It takes around
60 days to return to pre-injection levels and slowly
decreases thereafter. In non-draining lymph nodes a
reduction is seen as soon as 4 days and continues thereafter
steadily until 90-95% of superantigen reactive T cells are
deleted. Note that even after 220 days a clear difference
between draining and non-draining lymph nodes is
observed.

7.5. Fate of superantigen-reactive T cells

At the peak of the response, superantigen-
responsive, activated T cells have expanded dramatically.
They represent 10-50% of the T cells in the lymph node
(25). As in classical responses, these numbers contract after
the peak of the response (Figure 11). In nondraining lymph
nodes and spleen the percentages slowly decrease leading
to peripheral deletion of T cells carrying the superantigen-
responsive TCR Vbeta. The remaining T cells became
anergic and therefore cannot be restimulated to secrete
cytokines or to proliferate after restimulation. It was shown
that the surviving T cells express CD25, a marker for
regulatory T cells (84). The deletion in the draining lymph
node, however, is much slower indicating an ongoing
immune response. It takes many months until their
percentages reach levels observed in nondraining lymphoid
organs, and there are indications that these calls can be
restimulated in vivo.
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7.6. Transmission to the mammary gland

The final target of infection is the mammary
gland epithelium. For efficient infection of these cells a
functional immune system is required. Mice lacking an
efficient superantigen-mediated T-cell B cell interaction or
crucial co-stimulation molecules cannot efficiently transfer
the infection to the mammary gland. T cells and CD4 or
CD8+ T cells can transfer infection to exocrine organs such
as the mammary gland and to the other lymphocyte subsets.
It is not clear which cells transfer the virus to the mammary
gland (19).

7.7. Mammary tumors and B cell lymphomas

MMTYV does not carry an oncogene. It acts as an
insertional mutagen and due to the hormone-responsive
element in the LTR, steroid hormones induces higher
expression of neighboring genes. MMTV induces tumors
by integrating in the vicinity of proto-oncogenes inducing
their overexpression through their 3’LTR. In the early 80ies
genetic mapping approaches allowed the characterization of
regions where MMTV preferentially had inserted in
developing mammary carcinomas (85, 86). The findings
enforced the multi-stage cancer model. As most tumors are
mono- or oligoclonal these mapping approaches were
successful. At the time little was known about the
discovered genes. Nowadays, several of these are at the
center stage of cancer and developmental biology research.
The first integration site was called int-1 and it later turned
out that the gene was a close homolog of the drosophila
wingless gene, which coordinates wing development in
drosophila (87, 88). The gene was responsible for
producing a secreted gycoprotein acting on neighboring
cells. These interspecies comparisons showed that wnt
genes are important regulators of cancer and development.
In an effort to standardize the nomenclature the int-1 and
wnt gene names were fused together to yield the Wnt-1
gene. The Wnt pathway is involved in developmental
decision and is overexpressed in a variety of cancers.
Amongst the 7 int genes 3 are key elements of the Wnt
pathways highlighting the central role that this pathway
plays in cancer development (89). The int-2 gene turned out
to be a member of the fibroblast growth factor familyFGF3
and other members of this family were found close to
integration sites: int-8 (FGF8) and FGF2 (90). These two
pathways act in synergy for mammary cancer development
as elegantly shown that often integration in int-1 and in-2
regions leading to overexpression of the two genes are
found in MMTV-induced mammary tumors (91). The
characteristics of the known MMTV int sites are
summarized in Table 2. Many of these proto-oncogenes
have been shown to be important for human cancer
development.

Integration of MMTV was found up-or
downstream, sometimes even within these genes. Due to
the activities of enhancers and promoters in the LTR,
overexpression of these genes was routinely found. A role
for an env-encoded ITAM motif in mammary carcinoma
development was recently suggested (92).

MMTV rarely causes B cell lymphomas despite
the vigorous proliferation induced after integration in these
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Table 2. Proto-oncogenes activated by nearby insertion of MMTYV in the mammary gland epithelium

Gene Chromosomal location Gene function Expression pattern Frequency of integration
Int-1/wnt-1 15 Wnt pathway Adult testis, developing CNS 30-80%
Int-2/fgf-3 7 Growth factor Embryonic 5-65%
Int-3/Notch 4 17 Notch related protein Al tissues 20%
Int-4/wnt-3 11 Wnt pathway Embryonic, developing CNS 5%
Int-5/Cyp19 9 Aromatize Breast, Ovaries, Testis rare
Int-6/EIF3 11 Translation Al tissues 10%
Fgf-4/Hst 7 Growth factor Embryonic Less than10%
Wgf-8/AIGF 19 Growth factor Opvaries, testis, embryo 10%

wnt-10b 15 Wnt pathway Mammary gland, lung, uterus Unknown
Fgf-10 Growth factor Embryonic 10%

Based on (89, 115)

cells. Results indicate that transformation is actively
inhibited by lymphocyte infection. Negative regulatory
elements in the LTR were found, which can in part explain
this cell-specific protective effect of reduced susceptibility
of lymphocytes to be transformed. In thymomas and B
lymphocyte tumors, repeatedly small deletions in the LTR
were observed (93-96). An exceptional situation has been
found in SJL mice, which develop B cell lymphomas late in
life (97, 98). In these mice overexpression of mtv-29 has
been associated with lymphoma development.

7.8. Role of the superantigen response for infection

Having described the exaggerated immune
response to MMTV, an obvious question arose, whether
this response was helping to protect from infection or
whether the virus exploited the immune response to obtain
stable fixation in the host. The second possibility seemed
more likely as MMTYV encodes a superantigen in the LTR.
To address this question either MMTV transgenic mice or
congenic mice harboring a natural endogenous copy of an
infectious virus were used which clonally delete the
superantigen-reactive T cells in the thymus and hence are
not able to mount a superantigen response (99, 100).
Alternatively, mice expressing an MHC haplotype not able to
present MMTV superantigens were infected (I-E-dependent
superantigen in I-E-non-expressing mice) or virus transmission
was studied in B, CD4 or T cell-deficient mice (6, 58, 75, 101,
102). In all these models the superantigen was, as expected,
absent and the amplification of infected B cells did not take
place. As a consequence virus transmission to the next
generation was severely reduced despite the fact that infection
still occurred. In some mice transmission to the mammary
gland still occurs but less efficiently and at later time points. In
the majority of mice the virus is cleared although this has not
yet been convincingly shown. As mentioned above, MMTV
still can reach the mammary gland in a minority of mice even
in the absence of an immune response (103). Taken together,
MMTV exploits the immune response and the immune
response helps to fix the infection in long-lived memory B
cells and plasma cells. As infected lymphocytes can transmit
the virus to other lymphocytes and to epithelial cells, the
maintenance of an infected pool of lymphocytes is guaranteed
even after induction of anergy in the superantigen-responsive T
cell population.

7.9. Role of virus neutralization and mechanisms of
resistance to MMTYV infection

MMTYV infection induces a weak neutralizing

antibody response, which is not sufficient for blocking the
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mammary gland infection to virus strains expressing other
TCR specificities (74). Also even overexpressed
endogenous MMTYV does not induce complete tolerance for
induction of a neutralizing immune response and does not
lead to receptor interference (74, 104). As the superantigen
response is not favoring antigen-specific help and affinity
maturation for envelope-reactive antibodies is not selected
for, this response is not optimal. Two experimental
attempts have addressed the question whether an efficient
anti-MMTV neutralizing antibody response can prevent
transfer to the mammary gland. The first was based on the
observation that injection of higher virus doses induces a
stronger neutralizing antibody response (74, 82). Mice
injected with high MMTYV doses showed the classical even
enhanced lymph node response but transmission to the
mammary gland was severely impaired. This originally
difficult to interpret result made sense taking into
consideration the above described observation that strong
neutralizing responses would block mammary gland
infection. An alternative approach consisted in removing
the draining popliteal lymph node once virus infected cells
had populated the periphery. After removal of draining
lymph nodes, the original neutralizing response was lost
over time resulting in accelerating mammary gland
infection (82). These results also show that the continuous
presence of the draining lymph node is required to maintain
a neutralizing antibody response arguing against the
formation of sufficient long-lived plasma cells in the
limited bone marrow niches. This is most likely another
consequence of the superantigen response generating
plasma cells of many specificities.

Other mechanisms of resistance have been
described, few of which have been further analyzed. I/LNJ
mice have a single recessive gene that prevents from
MMTV susceptibility. It was shown that an increased
interferon production in these mice correlates with a strong
neutralizing antibody response preventing mammary gland
infection (105, 106). YBR/Ei mice can be normally
infected with MMTYV, but they clear MMTV infection
more efficiently infection than other mouse strains. In these
mice virus clearance is dependent on T cells leading to
reduced transmission (107).

8. CONCLUSIONS AND PERSPECTIVES
With the current knowledge on MMTYV biology,

it has teached us a great deal on how a retrovirus can
manipulate the immune response to achieve chronic



Immune response to MMTYV infection

infection in its host. Understanding its strategies it can
serve as an excellent tool for a better understanding of key
aspects of T cell dependent B cell activation, germinal
center development, development of extrafollicular B cell
responses and memory/plasma cell generation. On top of
serving as a tool for inducing B cell responses, the future
discoveries on the genetic factors protecting mice from
chronic infections may lead to discovery of genes as
important as the ones discovered through MMTYV biology
such as the notch/wnt-related molecules associated with
cancer development.

9. ACKNOWLEDGMENTS

We would like to thank the Swiss National
Science Foundation for financing our research and IFFA
CREDO, L’Arlabesque, France for providing outbred
Swiss mice used for foster nursing.

10. REFERENCES

1. Brodsky, F. M.: Stealth, sabotage and exploitation.
Immunol Rev, 168, 5-11 (1999)

2. Crisp, D. Transpl Proc Soc London, 5, 348 (1854)

3. Staff of the Roscoe B Jackson Memorial Laboratory: The
existence of nonchromosomal influence in the incidence of
mammary tumors in mice. Science, 78, 465-466 (1933)

4. Bittner, J. J.: Some possible effects on nursing on the
mammary gland tumor incidence in mice. Science, 34, 162
(1936)

5. Bernhard, W.: Electron microscopy of tumor cells and
tumor viruses. A review. Cancer Res, 18, 491-509 (1958)
6. Tsubura, A., M. Inaba, S. Imai, A. Murakami, N. Oyaizu,
R. Yasumizu, Y. Ohnishi, H. Tanaka, S. Morii & S.
Ikehara: Intervention of T-cells in transportation of mouse
mammary tumor virus (milk factor) to mammary gland
cells in vivo. Cancer Res, 48, 6555-9 (1988)

7. Acha-Orbea, H.: Superantigens of mouse mammary
tumour virus: implications for diabetes? Diabetes Metab
Rev, 12, 111-9 (1996)

8. Acha-Orbea, H., D. Finke, A. Attinger, S. Schmid, N.
Wehrli, S. Vacheron, I. Xenarios, L. Scarpellino, K. M.
Toellner, I. C. MacLennan & S. A. Luther: Interplays
between mouse mammary tumor virus and the cellular and
humoral immune response. Immunol Rev, 168, 287-303
(1999)

9. Luther, S. A. & H. Acha-Orbea: Mouse mammary tumor
virus: immunological interplays between virus and host.
Adv Immunol, 65, 139-243 (1997)

10. Bentveltzen, P. & J. Hilgers: Murine mammary tumors.
In: Viral oncology. Ed: G. Klein. Raven Press, New York
(1980)

11. Nandi, N. & C. M. McGrath: Mammary neoplasms in
mice. Adv. Cancer Res., 17, 353-414 (1973)

12. Coffin, J. M.: Retroviridae and their replication. In:
Virology. Eds: B. N. Fields&D. M. Knipe. Raven Press,
New York (1996)

13. Held, W., G. A. Waanders, A. N. Shakhov, L.
Scarpellino, H. Acha-Orbea & H. R. MacDonald:
Superantigen-induced immune stimulation amplifies mouse
mammary tumor virus infection and allows virus
transmission. Cell, 74, 529-40 (1993)

1606

14. Vacheron, S., S. A. Luther & H. Acha-Orbea:
Preferential infection of immature dendritic cells and B
cells by mouse mammary tumor virus. J Immunol, 168,
3470-6 (2002)

15. Mustafa, F., M. Lozano & J. P. Dudley: C3H mouse
mammary tumor virus superantigen function requires a
splice donor site in the envelope gene. J Virol, 74, 9431-40
(2000)

16. Indik, S., W. H. Gunzburg, B. Salmons & F. Rouault: A
novel, mouse mammary tumor virus encoded protein with
Rev-like properties. Virology, 337, 1-6 (2005)

17. Held, W., A. N. Shakhov, S. Izui, G. A. Waanders, L.
Scarpellino, H. R. MacDonald & H. Acha-Orbea:
Superantigen-reactive CD4+ T cells are required to
stimulate B cells after infection with mouse mammary
tumor virus. J Exp Med, 177, 359-66 (1993)

18. Imai, S., J. Morimoto, Y. Tsubura, Y. Iwai, M.
Okumoto, Y. Takamori, A. Tsubura & J. Hilgers: Tissue
and organ distribution of mammary tumor virus antigens in
low and high mammary cancer strain mice. Eur J Cancer
Clin Oncol, 19, 1011-9 (1983)

19. Waanders, G. A., A. N. Shakhov, W. Held, O.
Karapetian, H. Acha-Orbea & H. R. MacDonald:
Peripheral T cell activation and deletion induced by transfer
of lymphocyte subsets expressing endogenous or
exogenous mouse mammary tumor virus. J Exp Med, 177,
1359-66 (1993)

20. Wajjwalku, W., M. Takahashi, O. Miyaishi, J. Lu, K.
Sakata, T. Yokoi, S. Saga, M. Imai, M. Matsuyama & M.
Hoshino: Tissue distribution of mouse mammary tumor
virus (MMTV) antigens and new endogenous MMTYV loci
in Japanese laboratory mouse strains. Jpn J Cancer Res, 82,
1413-20 (1991)

21. Moore, D. H. & J. A. Holben: Observations on the
question of horizontal transmission of mouse mammary tumor
virus. Cancer Res, 38, 2455-7 (1978)

22. Morimoto, J., S. Imai, Y. Tsubura & J. Hilgers: Horizontal
transmission of the mouse mammary tumor virus in cage
mates of the same and opposite sex of low and high mammary
cancer strain mice. Jikken Dobutsu, 34, 141-6 (1985)

23. Indik, S., W. H. Gunzburg, B. Salmons & F. Rouault:
Mouse mammary tumor virus infects human cells. Cancer Res,
65, 6651-9 (2005)

24. Brandt-Carlson, C., J. S. Butel & D. Wheeler: Phylogenetic
and structural analyses of MMTV LTR ORF sequences of
exogenous and endogenous origins. Virology, 193, 171-85
(1993)

25. Held, W., A. N. Shakhov, G. Waanders, L. Scarpellino, R.
Luethy, J. P. Krachenbuhl, H. R. MacDonald & H. Acha-
Orbea: An exogenous mouse mammary tumor virus with
properties of Mls-la (Mtv-7). J Exp Med, 175, 1623-33
(1992)

26. Maillard, 1., K. Ery, H. Acha-Orbea & H.
Diggelmann: A V beta 4-specific superantigen encoded by
a new exogenous mouse mammary tumor virus. Eur J
Immunol, 26, 1000-6 (1996)

27. Papiernik, M., C. Pontoux & S. Gisselbrecht: Acquired
Mis-1a-like clonal deletion in Mls-1b mice. J Exp Med,
175, 453-60 (1992)

28. Choi, Y., P. Marrack & J. W. Kappler: Structural
analysis of a mouse mammary tumor virus superantigen. J
Exp Med, 175, 847-52 (1992)



Immune response to MMTYV infection

29. Dickson, C., R. Smith & G. Peters: In vitro synthesis of
polypeptides encoded by the long terminal repeat region of
mouse mammary tumour virus DNA. Nature, 291, 511-3
(1981)

30. Donehower, L. A., B. Fleurdelys & G. L. Hager:
Further evidence for the protein coding potential of the
mouse mammary tumor virus long terminal repeat:
nucleotide sequence of an endogenous proviral long
terminal repeat. J Virol, 45, 941-9 (1983)

31. Knight, A. M., G. B. Harrison, R. J. Pease, P. J.
Robinson & P. J. Dyson: Biochemical analysis of the
mouse mammary tumor virus long terminal repeat product.
Evidence for the molecular structure of an endogenous
superantigen. Eur J Immunol, 22, 879-82 (1992)

32. Korman, A. J., P. Bourgarel, T. Meo & G. E. Rieckhof:
The mouse mammary tumour virus long terminal repeat
encodes a type II transmembrane glycoprotein. Embo J, 11,
1901-5 (1992)

33. Lambert, J. F., H. Acha-Orbea, E. Kolb & H.
Diggelmann: The 3' half of the mouse mammary tumor
virus orf gene is not sufficient for its superantigen function
in transgenic mice. Mol Immunol, 30, 1399-404 (1993)

34. Yazdanbakhsh, K., C. G. Park, G. M. Winslow & Y.
Choi: Direct evidence for the role of COOH terminus of
mouse mammary tumor virus superantigen in determining
T cell receptor V beta specificity. J Exp Med, 178, 737-41
(1993)

35. Hsu, P. N., P. Wolf Bryant, N. Sutkowski, B. McLellan,
H. L. Ploegh & B. T. Huber: Association of mouse
mammary tumor virus superantigen with MHC class II
during biosynthesis. J Immunol, 166, 3309-14 (2001)

36. Winslow, G. M., P. Marrack & J. W. Kappler:
Processing and major histocompatibility complex binding
of the MTV7 superantigen. Immunity, 1, 23-33 (1994)

37. Winslow, G. M., M. T. Scherer, J. W. Kappler & P.
Marrack: Detection and biochemical characterization of the
mouse mammary tumor virus 7 superantigen (Mls-1a).
Cell, 71, 719-30 (1992)

38. Winslow, G. M., T. Cronin, D. Mix & M. Reilly:
Redundant proteolytic activation of a viral superantigen.
Mol Immunol, 35, 897-903 (1998)

39. Acha-Orbea, H., L. Scarpellino, A. N. Shakhov, W.
Held & H. R. MacDonald: Inhibition of mouse mammary
tumor virus-induced T cell responses in vivo by antibodies
to an open reading frame protein. J Exp Med, 176, 1769-72
(1992)

40. Mohan, N., D. Mottershead, M. Subramanyam, U.
Beutner & B. T. Huber: Production and characterization of
an Mls-1-specific monoclonal antibody. J Exp Med, 177,
351-8(1993)

41. Catron, D. M., A. A. Itano, K. A. Pape, D. L. Mueller &
M. K. Jenkins: Visualizing the first 50 hr of the primary
immune response to a soluble antigen. Immunity, 21, 341-7
(2004)

42. Mempel, T. R., S. E. Heenrickson & U. H. von
Andrian: T-cell priming by dendritic cells in lymph node
occurs in three distinct phases. Nature, 427, 154-159
(2004)

43. MacLennan, I. C., A. Gulbranson-Judge, K. M.
Toellner, M. Casamayor-Palleja, E. Chan, D. M. Sze, S. A.
Luther & H. A. 44. Acha-Orbea: The changing preference

1607

of T and B cells for partners as T-dependent antibody
responses develop. Immunol Rev, 156, 53-66 (1997)

45. McHeyzer-Williams, M., L. McHeyzer-Williams, J.
Panus, R. Pogue-Caley, G. Bikah, D. Driver & M.
Eisenbraun: Helper T-cell-regulated B-cell immunity.
Microbes Infect, 5,205-12 (2003)

46. Pasare, C. & R. Medzhitov: Control of B-cell responses
by Toll-like receptors. Nature, 438, 364-8 (2005)

47. Lanzavecchia, A.: Antigen-specific interaction between
T and B cells. Nature, 314, 537-9 (1985)

48. Okada, T., M. J. Miller, 1. Parker, M. F. Krummel, M.
Neighbors, S. B. Hartley, A. O'Garra, M. D. Cahalan & J.
G. Cyster: Antigen-engaged B cells undergo chemotaxis
toward the T zone and form motile conjugates with helper
T cells. PLoS Biol, 3, 150 (2005)

49. Bevilacqua, G., A. Marchetti & R. Biondi:
Ultrastructural features of the intestinal absorption of
mouse mammary tumor virus in newborn BALB/cfRIII
mice. Gastroenterology, 96, 139-45 (1989)

50. Hainaut, P., C. Francois, C. M. Calberg-Bacq, D. Vaira
& P. M. Osterrieth: Peroral infection of suckling mice with
milk-borne mouse mammary tumour virus: uptake of the
main viral antigens by the gut. J Gen Virol, 64 ( Pt 12),
2535-48 (1983)

51. Karapetian, O., A. N. Shakhov, J. P. Krachenbuhl & H.
Acha-Orbea: Retroviral infection of neonatal Peyer's patch
lymphocytes: the mouse mammary tumor virus model. J
Exp Med, 180, 1511-6 (1994)

52. Ardavin, C., F. Luthi, M. Andersson, L. Scarpellino, P.
Martin, H. Diggelmann & H. Acha-Orbea: Retrovirus-induced
target cell activation in the early phases of infection: the mouse
mammary tumor virus model. J Virol, 71, 7295-9 (1997)

53. Burzyn, D., J. C. Rassa, D. Kim, I. Nepomnaschy, S. R.
Ross & 1. Piazzon: Toll-like receptor 4-dependent activation of
dendritic cells by a retrovirus. J Virol, 78, 576-84 (2004)

54. Rassa, J. C., J. L. Meyers, Y. Zhang, R. Kudaravalli & S.
R. Ross: Murine retroviruses activate B cells via interaction
with toll-like receptor 4. Proc Natl Acad Sci U S A, 99, 2281-6
(2002)

55. Jude, B. A., Y. Pobezinskaya, J. Bishop, S. Parke, R. M.
Medzhitov, A. V. Chervonsky & T. V. Golovkina: Subversion
of the innate immune system by a retrovirus. Nat Immunol, 4,
573-8 (2003)

56. Ross, S. R, J. J. Schofield, C. J. Farr & M. Bucan: Mouse
transferrin receptor 1 is the cell entry receptor for mouse
mammary tumor virus. Proc Natl Acad Sci U S A, 99, 12386-
90 (2002)

57. Golovkina, T. V., J. Dzuris, B. van den Hoogen, A. B.
Jaffe, P. C. Wright, S. M. Cofer & S. R. Ross: A novel
membrane protein is a mouse mammary tumor virus receptor.
T Virol, 72, 3066-71 (1998)

58. Dyson, P. J., J. Elliott, A. N. Antoniou & K. T. Corley:
Efficient presentation of endogenous superantigen by H-2Aq.
Eur J Immunol, 28, 1034-9 (1998)

59. Held, W., G. A. Waanders, H. R. MacDonald & H. Acha-
Orbea: MHC class 1I hierarchy of superantigen presentation
predicts efficiency of infection with mouse mammary tumor
virus. Int Immunol, 6, 1403-7 (1994)

60. Festenstein, H.: Pertinent features of M locus
determinants including revised nomentclature and strain
distribution. Transplantation, 18, 555-557 (1974)



Immune response to MMTYV infection

61. Abe, R. & R. Hodes: T cell recognition of minor
lymphocyte stimulating  (Mls) antigens. Annu. Rev.
Immunol., 7, 683-708 (1989)

62. Woodland, D., M. P. Happ, J. Bill & E. Palmer:
Requirement for cotolerogenic gene products in the clonal
deletion of I-E reactive T cells. Science, 247, 964-7 (1990)
63. Acha-Orbea, H. & E. Palmer: Mls--a retrovirus exploits
the immune system. Immunol Today, 12, 356-61 (1991)

64. Acha-Orbea, H., A. N. Shakhov, L. Scarpellino, E.
Kolb, V. Muller, A. Vessaz-Shaw, R. Fuchs, K.
Blochlinger, P. Rollini, J. Billotte & et al.: Clonal deletion
of V beta 14-bearing T cells in mice transgenic for
mammary tumour virus. Nature, 350, 207-11 (1991)

65. Choi, Y., J. W. Kappler & P. Marrack: A superantigen
encoded in the open reading frame of the 3' long terminal
repeat of mouse mammary tumour virus. Nature, 350, 203-
7 (1991)

66. Dyson, P. J., A. M. Knight, S. Fairchild, E. Simpson &
K. Tomonari: Genes encoding ligands for deletion of V
beta 11 T cells cosegregate with mammary tumour virus
genomes. Nature, 349, 531-2 (1991)

67. Marrack, P., E. Kushnir & J. Kappler: A maternally
inherited superantigen encoded by a mammary tumour
virus. Nature, 349, 524-6 (1991)

68. Woodland, D. L., M. P. Happ, K. J. Gollob & E.
Palmer: An endogenous retrovirus mediating deletion of
alpha beta T cells? Nature, 349, 529-30 (1991)

69. Frankel, W. N., C. Rudy, J. M. Coffin & B. T. Huber:
Linkage of Mls genes to endogenous mammary tumour
viruses of inbred mice. Nature, 349, 526-8 (1991)

70. Kappler, J. W., N. Roehm & P. Marrack: T cell
tolerance by clonal elimination in the thymus. Cell, 49,
273-280 (1987)

Kappler, J. W., U. D. Staerz, J. White & P. Marrack: Self-
tolerance eliminates T cells specific for MIls-modified
products of the major histocompatibility complex. Nature,
332, 35-30 (1988)

71. Kappler, J. W., T. Wade, J. White, W. Kushnir, M.
Blackman, J. Bill, N. Roehm & P. Marrack: A T cell Vbeta
segment that imparts reactivity to a class II major
histocokmpatibility complex product. Cell, 49, 263-271 (1987)
72. McDonald, H. R., R. Schneider, R. K. Lees, R. C. Howe,
H. A. Acha-Orbea, H. Festenstein, R. M. Zinkernagel & H.
Hengartner: T cell receptor Vbeta use predicts reactivity to
Misa-encoding antigens. Nature, 332, 40-45 (1988)

73. Baribaud, F., I. Maillard, S. Vacheron, T. Brocker, H.
Diggelmann & H. Acha-Orbea: Role of dendritic cells in the
immune response induced by mouse mammary tumor virus
superantigen. J Virol, 73, 8403-10 (1999)

74. Luther, S. A., I. Maillard, F. Luthi, L. Scarpellino, H.
Diggelmann & H. Acha-Orbea: Early neutralizing antibody
response against mouse mammary tumor virus: critical role
of viral infection and superantigen-reactive T cells. J
Immunol, 159, 2807-14 (1997)

75. Beutner, U., E. Kraus, D. Kitamura, K. Rajewsky & B.
T. Huber: B cells are essential for murine mammary tumor
virus transmission, but not for presentation of endogenous
superantigens. J Exp Med, 179, 1457-66 (1994)

76. Penninger, J. M., M. W. Schilham, E. Timms, V. A.
Wallace & T. W. Mak: T cell repertoire and clonal deletion
of Mtv superantigen-reactive T cells in mice lacking CD4
and CD8 molecules. Eur J Immunol, 25, 2115-8 (1995)

1608

77. Golovkina, T. V., A. Chervonsky, J. P. Dudley & S. R.
Ross: Transgenic mouse mammary tumor virus
superantigen expression prevents viral infection. Cell, 69,
637-45 (1992)

78. Chervonsky, A. V., J. Xu, A. K. Barlow, M. Khery, R.
A. Flavell & C. A. Janeway, Jr.: Direct physical interaction
involving CD40 ligand on T cells and CD40 on B cells is
required to propagate MMTV. Immunity, 3, 139-46 (1995)
79. Luther, S. A., A. Gulbranson-Judge, H. Acha-Orbea &
I. C. MacLennan: Viral superantigen drives extrafollicular
and follicular B cell differentiation leading to virus-specific
antibody production. J Exp Med, 185, 551-62 (1997)

80. Ardavin, C., P. Martin, 1. Ferrero, I. Azcoitia, F.
Anjuere, H. Diggelmann, F. Luthi, S. Luther & H. Acha-
Orbea: B cell response after MMTV infection:
extrafollicular plasmablasts represent the main infected
population and can transmit viral infection. J Immunol,
162, 2538-45 (1999)

81. Finke, D., F. Baribaud, H. Diggelmann & H. Acha-
Orbea: Extrafollicular plasmablast B cells play a key role in
carrying retroviral infection to peripheral organs. J
Immunol, 166, 6266-75 (2001)

82. Finke, D., S. A. Luther & H. Acha-Orbea: The role of
neutralizing antibodies for mouse mammary tumor virus
transmission and mammary cancer development. Proc Natl
Acad Sci U S 4, 100, 199-204 (2003)

83. Dzuris, J. L., T. V. Golovkina & S. R. Ross: Both T and
B cells shed infectious mouse mammary tumor virus. J
Virol, 71, 6044-8 (1997)

84. Papiernik, M., M. do Carmo Leite-de-Moraes, C.
Pontoux, A. M. Joret, B. Rocha, C. Penit & M. Dy: T cell
deletion induced by chronic infection with mouse
mammary tumor virus spares a CD25-positive, IL-10-
producing T cell population with infectious capacity. J
Immunol, 158, 4642-53 (1997)

85. Peters, G., C. Kozak & C. Dickson: Mouse mammary
tumor virus integration regions int-1 and int-2 map on
different mouse chromosomes. Mol Cell Biol, 4, 375-8
(1984)

86. Nusse, R., A. van Ooyen, D. Cox, Y. K. Fung & H.
Varmus: Mode of proviral activation of a putative
mammary oncogene (int-1) on mouse chromosome 15.
Nature, 307, 131-6 (1984)

87. Nusse, R., A. Brown, J. Papkoff, P. Scambler, G.
Shackleford, A. McMahon, R. Moon & H. Varmus: A new
nomenclature for int-1 and related genes: the Wnt gene family.
Cell, 64,231 (1991)

88. van Ooyen, A. & R. Nusse: Structure and nucleotide
sequence of the putative mammary oncogene int-1; proviral
insertions leave the protein-encoding domain intact. Cell, 39,
233-40 (1984)

89. Popken-Harris, P., N. Kirchhof, B. Harrison & L. F. Harris:
Gene expression array analyses predict increased proto-
oncogene expression in MMTV induced mammary tumors.
Virus Res (2006)

90. Katoh, M.: WNT and FGF gene clusters (review). Int J
Oncol, 21, 1269-73 (2002)

91. Peters, G., A. E. Lee & C. Dickson: Concerted activation
of two potential proto-oncogenes in carcinomas induced by
mouse mammary tumour virus. Nature, 320, 628-31 (1986)
92. Katz, E., M. H. Lareef, J. C. Rassa, S. M. Grande, L. B.
King, J. Russo, S. R. Ross & J. G. Monroe: MMTV Env



Immune response to MMTYV infection

encodes an ITAM responsible for transformation of
mammary epithelial cells in three-dimensional culture. J
Exp Med, 201, 431-9 (2005)

93. Ball, J. K., L. O. Arthur & G. A. Dekaban: The
involvement of a type-B retrovirus in the induction of
thymic lymphomas. Virology, 140, 159-72 (1985)

94. Ball, J. K., H. Diggelmann, G. A. Dekaban, G. F.
Grossi, R. Semmler, P. A. Waight & R. F. Fletcher:
Alterations in the U3 region of the long terminal repeat of
an infectious thymotropic type B retrovirus. J Virol, 62,
2985-93 (1988)

95. Bhadra, S., M. M. Lozano & J. P. Dudley: Conversion
of mouse mammary tumor virus to a lymphomagenic virus.
J Virol, 79, 12592-6 (2005)

96. Gunzburg, W. H. & B. Salmons: Factors controlling the
expression of mouse mammary tumour virus. Biochem J,
283 (Pt 3), 625-32 (1992)

97. Tsiagbe, V. K., T. Yoshimoto, J. Asakawa, S. Y. Cho,
D. Meruelo & G. J. Thorbecke: Linkage of superantigen-
like stimulation of syngeneic T cells in a mouse model of
follicular center B cell lymphoma to transcription of
endogenous mammary tumor virus. Embo J, 12, 2313-20
(1993)

98. Zhang, D. J., V. K. Tsiagbe, C. Huang & G. J.
Thorbecke: Control of endogenous mouse mammary tumor
virus superantigen expression in SJL lymphomas by a
promoter within the env region. J Immunol, 157, 3510-7
(1996)

99. Golovkina, T. V., J. A. Prescott & S. R. Ross: Mouse
mammary tumor virus-induced tumorigenesis in sag
transgenic mice: a laboratory model of natural selection. J
Virol, 67, 7690-4 (1993)

100. Held, W., G. A. Waanders, A. N. Shakhov, L.
Scarpellino, H. Acha-Orbea & H. R. MacDonald:
Superantigen-induce immune stimuéation amplifies mouse
mammary tumor virus infecction and allows virus
transmission. Cell, 74, 529-540 (1993)

101. Beutner, U., B. McLellan, E. Kraus & B. T. Huber:
Lack of MMTYV superantigen presentation in MHC class II-
deficient mice. Cell Immunol, 168, 141-7 (1996)

102. Penninger, J. M., V. A. Wallace, E. Timms & T. W.
Mak: Maternal transfer of infectious mouse mammary
tumor retroviruses does not depend on clonal deletion of
superantigen-reactive V beta 14+ T cells. Eur J Immunol,
24, 1102-8 (1994)

103. Pobezinskaya, Y., A. V. Chervonsky & T. V.
Golovkina: Initial stages of mammary tumor virus infection
are superantigen independent. J Immunol, 172, 5582-7
(2004)

104. Dzuris, J. L., W. Zhu, D. Kapkov, T. V. Golovkina &
S. R. Ross: Expression of mouse mammary tumor virus
envelope protein does not prevent superinfection in vivo or
in vitro. Virology, 263, 418-26 (1999)

105. Case, L. K., A. Purdy & T. V. Golovkina: Molecular
and cellular basis of the retrovirus resistance in I/LnJ mice.
J Immunol, 175, 7543-9 (2005)

106. Purdy, A., L. Case, M. Duvall, M. Overstrom-
Coleman, N. Monnier, A. Chervonsky & T. Golovkina:
Unique resistance of I/LnJ mice to a retrovirus is due to
sustained interferon gamma-dependent production of virus-
neutralizing antibodies. J Exp Med, 197, 233-43 (2003)

1609

107. MacDearmid, C. C., L. K. Case, C. L. Starling & T. V.
Golovkina: Gradual elimination of retroviruses in YBR/Ei
mice. J Virol, 80, 2206-15 (2006)

108. Luther, S., A. N. Shakhov, I. Xenarios, S. Haga, S.
Imai & H. Acha-Orbea: New infectious mammary tumor
virus superantigen with V beta-specificity identical to
staphylococcal enterotoxin B (SEB). Eur J Immunol, 24,
1757-64 (1994)

109. Shakhov, A. N., H. Wang, H. Acha-Orbea, R. J.
Pauley & W. Z. Wei: A new infectious mammary tumor
virus in the milk of mice implanted with C4 hyperplastic
alveolar nodules. Eur J Immunol, 23, 2765-9 (1993)

110. Garside, P., E. Ingulli, R. R. Merica, J. G. Johnson, R.
J. Noelle & M. K. Jenkins: Visualization of specific B and
T lymphocyte interactions in the lymph node. Science, 281,
96-9 (1998)

111. Ignatowicz, L., J. Kappler & P. Marrack: The effects
of chronic infection with a superantigen-producing virus. J
Exp Med, 175,917-23 (1992)

112. Matsuzawa, A., H. Nakano, S. Sakamoto, T.
Yoshimoto & H. Nariuchi: Dramatic hyperplasia of mtv-2+
lymph node grafts in mtv-2- recipients and selective
stimulation of V beta 14+ T cells in recipients' lymph nodes
in the DDD mouse. J Immunol, 154, 1644-52 (1995)

113. Nishio, M., L. Xu, M. Sasaki, S. Haga, M. Okumoto,
N. Mori, N. H. Sarkar, H. Acha-Orbea, J. Enami & S. Imai:
Complete Nucleotide Sequence of Mouse Mammary
Tumor Virus from JYG Chinese Wild Mice: Absence of
Bacterial Insertion Sequences in the Cloned Viral gag
Gene. Breast Cancer, 1, 89-94 (1994)

114. Yoshimoto, T., H. Nagase, H. Nakano, A. Matsuzawa
& H. Nariuchi: A V beta 8.2-specific superantigen from
exogenous mouse mammary tumor virus carried by FM
mice. Eur J Immunol, 24, 1612-9 (1994)

115. Theodorou, V., M. Boer, B. Weigelt, J. Jonkers, M.
van der Valk & J. Hilkens: Fgf10 is an oncogene activated
by MMTV insertional mutagenesis in mouse mammary
tumors and overexpressed in a subset of human breast
carcinomas. Oncogene, 23, 6047-55 (2004)

Key Words: Provide a number of key words for indexing
purposes. MMTV, superantigen, cancer, B cell, T cell,
infection, germinal center, integration, transmission, mouse
strain, T cell receptor, neutralization, Review

Send correspondence to: Dr Hans Acha-Orbea, Dept. of
Biochemistry, University of Lausanne, Ch. des Boveresses
155, CH-1055 Epalinges, Switzerland, Tel: 4121 6925723,
Fax: 4121 6925705, E-mail: hans.acha-orbea@unil.ch

http://www.bioscience.org/current/vol12.htm



