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Severe disease associated with cytomeg-
alovirus (CMV) infection is still a major
problem in patients who undergo trans-
plantation. Support of the patients’ im-
mune defense against the virus is a major
goal in transplantation medicine. We have
used the murine model of CMV (MCMV) to
investigate the potential of a cell-based
strategy to support the humoral antiviral
immune response. Immunocompetent
C57BL/6 mice were infected with MCMV,
and memory B cells from the immune
animals were adoptively transferred into

T-cell– and B-cell–deficient RAG-1�/�

mice. Following MCMV infection, a virus-
specific IgG response developed within
4 to 7 days in the recipient animals.
Concomitantly, a significant reduction in
viral titers and DNA copies in several
organs was observed. In addition, the
memory B-cell transfer provided long-
term protection from the lethal course of
the infection that is invariably seen in
immunodeficient animals. Transfer of
memory B cells was also effective in
protecting from an already ongoing viral

infection, indicating a therapeutic poten-
tial of virus-specific memory B cells.
T cells were not involved in this process.
Our data provide evidence that a cell-
based strategy to support the humoral
immune response can be effective to com-
bat infectious pathogens in severely im-
munodeficient hosts. (Blood. 2007;110:
3472-3479)

© 2007 by The American Society of Hematology

Introduction

Cytomegalovirus (CMV) viremia and disease are a major cause of
morbidity and mortality following hematopoietic stem cell trans-
plantation (HSCT).1,2 The most feared complication is CMV
pneumonia, which is still associated with high mortality.3 Preemp-
tive therapy using antiviral drugs can reduce the incidence of
early-onset CMV disease but is associated with substantial toxicity
and development of late-onset CMV disease.4,5 In addition, drug-
resistant virus strains might develop.6

CMV replication in patients who underwent transplantation
arises as a result of lack of immune control. Thus, bridging the
period of immunodeficiency by passive transfer of the most
important immune functions is a goal in transplantation medi-
cine. Reports from the murine CMV model (MCMV) had
established the importance of CD8 T cells for control of primary
infection as well as latency.7,8 Based on these findings, clinical
protocols were developed whereby CD8 T-cell clones were
cultured from the transplant donor and transferred to the patient
after transplantation.9-11 This strategy has proved effective in the
prevention of reactivation and treatment of CMV infection that
is unresponsive to antiviral therapy.12 However, the MHC
restriction of CD8 lymphocytes and the need to expand these
cells in vitro makes this procedure cumbersome, and a limited
number of patients has been treated so far. In addition, CD4�

cells seem to be important for the long-term survival of the
transferred CD8 cells.9 More recently, CMV-specific CD8�

T cells have been purified from the blood of stem cell transplant
donors and infused directly into patients.13

Measures have also been taken to support the humoral arm of
the immune system. Again, data from the murine model of CMV
have clearly demonstrated an important role of antibodies in
protecting against a primary infection as well as reactivation or
reinfection.14,15 In contrast to T-cell transfer, support of the
humoral immune system in patients has been limited to applica-
tion of intravenous immune globulin (IVIG) or hyperimmune
products. However, even after more than 20 years of extensive
use of this treatment either prophylactically and/or therapeuti-
cally, uncertainty about benefits for the prevention of CMV
infection and disease is evident.16 Reasons are manifold but
might include, among others, use of different products,17 dosing
regimens, and schedule. To our knowledge, cell-based strategies
to support the humoral immune response in patients who
underwent bone marrow transplantation (BMT) or HSCT have
not been explored.

In a mouse model, we have recently shown that virus-specific
B cells that are adoptively transferred into immunodeficient
hosts can be stimulated to antibody production by antigen alone;
T-cell help is not required.18 This finding suggested the possibil-
ity of prophylaxis and/or therapy of viral infections in T-cell–
deficient hosts by transfer of specific memory B cells. Here, we
examine the protective capacity of adoptively transferred memory
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B cells from MCMV infection and disease in immunodeficient
recipients.

Materials and methods

Mice

C57BL/6 (B6) and CD8��/� mice were obtained from Charles River
Laboratories (Sulzfeld, Germany). B6 RAG-1�/� (RAG�/�) mice were
obtained from Irmgard Förster (University Munich). All mice were
maintained under specific pathogen-free conditions and used between 8 to
14 weeks of age. All experiments were conducted in accordance with
institutional guidelines for animal care and use.

Viruses

The MCMV strain Smith (ATCC VR-1399) was a gift from M. Reddehase
(University Mainz). The construction of MCMV157luc is described in
Document S1 (available on the Blood website; see the Supplemental
Materials link at the top of the online article). Virus was propagated and
purified as described.19 Virus titer was determined by end-point titration
using indirect immunofluorescence. Briefly, serial dilutions of viral prepara-
tions were used to infect mouse embryonic fibroblasts (MEFs) that had been
seeded in 96-well plates (15 000 cells/well). Three days later, cells were
fixed with ethanol and infected cells were stained and quantified using the
monoclonal antibody Croma101, which is specific for the viral immediate
early protein 1 of MCMV.20

Detection of MCMV-specific IgG

Sera from mice were analyzed at a 1:100 dilution by enzyme-linked
immunosorbent assay (ELISA) for virus-specific IgG. For antigen prepara-
tion, MEFs were infected with a multiplicity of infection of 0.02 for
96 hours and cell lysates were prepared. Lysates were coated at a
concentration of 5 �g/mL onto ELISA plates. Lysates from noninfected
cells served as control antigen. For in vitro neutralization, serial dilutions
of sera (100 mL, dilution in naive RAG�/� serum) were incubated with
1200 pfu MCMV157luc for 1 hour. The mixture was added to 12 000 ST-2
cells in 96-well plates and incubated for 4 hours. Culture medium was
changed and infection continued for 24 hours. Thereafter, cells were lysed
in 100 �L Glo lysis buffer and 30 �L was used to measure luciferase
activity.

Quantitation of infectious virus and MCMV DNA copies in
organs

Organs were harvested and snap frozen in liquid nitrogen. For determina-
tion of virus titer, organs were thawed, weighed, and homogenized. Serial
dilutions of the organ homogenates were used to infect MEFs in quadrupli-
cate on 96-well plates using centrifugal enhancement.19 Three days later,
virus titer was determined. The limit of detection was 10 to 100 pfu/100 mg
organ. Organ DNA was isolated using the Wizard genomic DNA purifica-
tion kit (Promega, Mannheim, Germany) according to the manufacturer’s
instructions. Real-time polymerase chain reaction (PCR) was performed on
an ABI Prism 7700 (Applied Biosystems, Weiterstadt, Germany). Primers
and probe for the detection of MCMV were based on the MCMV ie1/4 exon
4 sequence (forward primer: 5�-TGCCATACTGCCAGCTGAGA-3�;
reverse primer: 5�-GGCTTCATGATCCACCCTGTT-3�; and probe:
5�-CTGGCATCCAGGAAAGGCTTGGTG-3�).21 The limit of detection
was 10 MCMV genome copies.

Flow cytometry, cell sorting, and adoptive transfer of B
lymphocytes

Single-cell suspensions of spleens from infected mice were stained with
PE-conjugated anti-CD19 and FITC-conjugated anti-CD8 and anti-CD4
antibodies (all antibodies from BD Biosciences, Basel, Switzerland).
CD19� cells were isolated using a MoFlo cell sorter (Cytomation, Freiburg,

Germany) and analyzed for purity by flow cytometry using a FACSCalibur
(Becton Dickinson, Heidelberg, Germany). Purified CD19� B cells
(106 to 11 � 106) were adoptively transferred into the tail vein of RAG�/�

mice. On day 6 after transfer, RAG�/� mice were infected with 1 � 105

plaque forming units (pfu) MCMV intraperitoneally. Sera were analyzed at
different time points and organs were taken 21 to 28 days after infection.
When B cells were transferred from B6 mice, CD4� and CD8� T cells were
depleted by administration of 1 mg each of the monoclonal antibodies
YTS169.4.2 and YTS191.1.222 3 to 4 days after B-cell transfer. Fluorescence-
activated cell sorting (FACS) analysis was used to confirm absence of
T cells in the recipient animals.

Measurement of organ luciferase activity

Organs were harvested and directly homogenized in Glo Lysis Buffer
(Promega) using an Ultra Turrax T25 (IKA-Werke, Staufen, Germany).
Homogenates were centrifuged at 4°C for 5 minutes at 16000g, and protein
concentration was determined in the supernatant using a BCA Protein Assay
Kit (Perbio Science, Bonn, Germany). Glo lysis buffer (30 �L) containing
15 �g protein lysates was transferred into white 96-well LIA plates (Greiner
Bio-one, Frickenhausen, Germany). Per well, 50 �L assay buffer (15 mM
KH2PO4, 25 mM glycylglycine, 1 M MgSO4, 0.5 M EGTA, 5 mM ATP,
1 mM DTT) was added. Injection of 50 �L D-luciferin (P.J.K., Kleinbitters-
dorf, Germany) solution per well (in 25 mM glycylglycine, 1 M MgSO4,
0.5 M EGTA, 2 mM DTT, and 0.05 mM D-Luciferin) and detection of
chemiluminescence were performed by a Centro LB 960 Luminometer
(Berthold Technologies, Bad Wildbad, Germany). MicroWin2000 Software
(Mikrotek Laborsysteme, Overath, Germany) was used for analysis.

In vivo bioluminescence imaging

Shaved mice were injected intravenously with 0.5 mg D-luciferin in 200 �L
PBS and immediately anaesthetized using isoflurane. Two minutes after
luciferin injection, bioluminescence was recorded over a 300-second
integration period by a cooled CCD camera system (Hamamatsu C4742–
98; Hamamatsu Photonics, Okayama City, Japan). Anesthesia was main-
tained during imaging by nose cone delivery of the anesthetic. SimplPCI
Software (Compix, Cranberry Township, PA) was used for acquisition and
images were processed in ImageJ (Wayne Rasband; National Institutes of
Health, Bethesda, MD). Relative intensities of transmitted light from the in
vivo bioluminescence were represented as pseudocolor imaging. Correspond-
ing gray scale photographs and color luciferase images were superimposed
using Adobe Photoshop software (Adobe Systems, San Jose, CA).

Results

Activation of MCMV-specific memory B cells following adoptive
transfer into mice lacking T and B lymphocytes

To generate MCMV-specific memory B cells, immunocompetent
B6 mice were infected with 105 pfu of MCMV Smith intraperitone-
ally for 60 days. At this time point, no infectious virus was
detectable in blood, indicating complete clearance from this
compartment (data not shown). From donor animals, CD19� small
resting B cells were isolated via cell sorting, resulting in a B-cell
fraction that in general was more than 99% pure.18 Individual
RAG�/� mice were infused with 5 � 106 purified B cells from
naive or from MCMV-infected donors. Ten days later, the animals
were challenged by intraperitoneal injection of 1 � 105 pfu MCMV.
Sera from adoptively transfused animals were analyzed for MCMV-
specific IgG at days 10, 13, and 21 after challenge. MCMV-specific
IgG was clearly detectable at day 10 in mice that had received
memory B cells but not in mice that had received no B cells or
B cells from naive donors (Figure 1A). In general, MCMV-specific
IgG titers in RAG�/� mice transferred with memory B cells
reached antibody levels on day 21 that were 2- to 4-fold lower than
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in B6 immune donors (data not shown). Mice that were adoptively
transferred with memory B cells but not challenged with virus after
transfer did not produce MCMV-specific IgG, indicating that the
IgG titer was not a result of antibody production from contaminat-
ing plasma cells in the transferred cell population (data not shown).
Animals that received B cells from naive donors did not produce
MCMV-specific IgG, indicating that MCMV did not stimulate
antibody production independent of T cells in a nonspecific or
polyclonal way. The situation with regard to T-cell–independent
activation of memory B cells and kinetics of IgG production was
similar to our previous study, in which we used nonreplicating
human CMV (HCMV) particles as an antigenic stimulus.18

Virus titer in spleens, lungs, and salivary glands was determined
at day 28 after infection. Virus titers in lungs and spleens from
animals that had received memory B cells were reduced by 3 to
4 logs and were below the detection limit of our experimental
system (100 pfu) (Figure 1B). In the salivary gland, virus titers
were reduced by more than 1 log, which is in agreement with data
showing that in the salivary gland antibodies are ineffective for the
clearance of virus.15 The reduction of viral titers could have been
secondary to the presence of virus-neutralizing antibodies in the
tissue homogenates or a substantial decrease in viral load. To
distinguish between these possibilities, viral DNA load was
determined by quantitative real-time PCR. MCMV DNA copies
were also drastically reduced in lungs and spleens of animals that
had received memory B cells but not in animals that were
substituted with no cells or naive B cells. In the salivary gland, the
reduction in DNA copies was less pronounced (Figure 1C). The
protective potential of memory B cells from lethal CMV disease
was also determined (Figure 1D). The result was clear cut. By day
65, all animals that had received naive B cells or no cells had
succumbed to the infection, whereas all animals that had received
memory B cells were alive.

Effect of adoptively transferred B cells in the absence of NK
cell help

During the first few days of infection, immunocompetent B6 mice
control MCMV replication through an effective response of natural
killer (NK) cells.23,24 In immunodeficient B6 RAG�/� mice, the NK
cell number is even increased compared with normal B6 mice.25

Therefore, it was conceivable that the protection from MCMV
infection by memory B cells was operating only after the initial
virus replication was controlled by NK cells and that higher virus
titers would overwhelm the protective effect of memory B cells.
The activation of MCMV-specific NK cells in B6 mice is exclu-
sively mediated by the virally encoded m157 protein, a ligand of
the Ly49H activation receptor on B6 NK cells.26,27 Deletion of the
m157 gene from the MCMV genome results in increased virulence
of the virus. Thus, for the subsequent experiments we used a
recombinant MCMV (MCMV157luc) in which the gene coding for
the m157 protein was replaced by an open reading frame coding for
the firefly luciferase under the control of the HCMV IE-promoter/
enhancer. In agreement with published work,26,28 we observed
increased virulence of this virus resulting in shorter survival times
of 20 to 30 days in B6 RAG�/� mice (data not shown). When
recipient B6 RAG�/� mice were challenged with MCMV157luc,
we observed a similar reduction in titers of infectious virus as well
as DNA copies as in challenge infections using the wild-type
virus (Figure 2). Thus, MCMV-specific memory B cells exert a
protective effect also in the absence of m157-induced NK-cell
cytotoxicity.

T cells do not contribute to the control of MCMV replication by
memory B cells

T cells are extremely effective in eliminating infected cells and
could potentially contribute to the control of virus infection in our

Figure 1. Antibody responses and protection against lethal MCMV infection by
memory B cells adoptively transferred in RAG�/� mice. (A) IgG anti-MCMV
antibody responses in RAG�/� mice adoptively transferred with 5 � 106 naive B cells
(�), 5 � 106 B cells from MCMV-infected mice (�), or no cells (Œ). Antibody titers
(serum dilution, 1:100) at different time points after MCMV intraperitoneal infection
with 105 pfu MCMV-Smith strain are shown (mean � SEM of 3 mice/group). (B)
MCMV titers and (C) viral DNA copies in lung, spleen, and salivary gland 28 days after
MCMV infection of RAG�/� mice transferred with B cells from MCMV-infected mice
(�), with naive B cells (�), and no cells (Œ). Median values are shown. The dashed
line in panel B indicates detection limit. (D) Survival curve of 5 RAG�/� mice/group
adoptively transferred with B cells from MCMV-infected mice (�), naive B cells (�),
and no cells (- -Œ- -). Mice that received memory B cells were protected against lethal
MCMV infection for more than 100 days (P � .005).

Figure 2. Memory B cells protect from MCMV dissemination in the absence of a
functional NK-cell response. (A) MCMV titers and (B) viral DNA copies in lung,
spleen, and salivary gland 21 days after infection with 105 pfu MCMV157luc. Results
from RAG�/� mice adoptively transferred with 5 � 106 B cells from MCMV-infected
mice (�) or with 5 � 106 naive B cells (�) are shown (median values of 5 mice/group
are indicated as lines). In all recipient animals, CD4� and CD8� T cells were depleted
2 days after transfer by application of the appropriate monoclonal antibodies to
exclude contribution of T cells to reduction in viral load. There were significantly
reduced virus titers in lung and salivary gland in the memory B-cell group (P � .01)
and significantly reduced viral DNA copies in all organs (P � .01 for lung and salivary
gland, P � .05 for spleen).
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experiments.7,29 To exclude a potential impact of incidentally
cotransfused T cells on reduction of viral load in the recipients, we
initially used depleting antibodies (Figure 2 legend). Depletion of
CD8� and CD4� T cells did not abolish protection of memory
B cells, making it highly unlikely that the observed reduction in
viral load was mediated by T cells. To completely rule out a
contribution of cytotoxic T cells in the control of MCMV infection
in our experimental setting, we generated donor memory B cells in
B6 CD8 knockout mice (CD8��/�) and adoptively transferred
these cells into RAG�/� recipients. In addition, CD4� T cells were
depleted in the recipients 4 days after cell transfer by administra-
tion of a depleting antibody.22 Of note, B6 CD8��/� mice
consistently developed higher antiviral and neutralizing antibody
titers after infection with MCMV Smith than normal B6 mice (data
not shown), which is in agreement with data on other viral
systems.30

At day 5 after memory B-cell transfer from CD8��/� donors,
mice were infected with MCMV157luc virus. The use of
MCMV157luc enabled us to monitor the course of the infection by
bioluminescence imaging of living animals in real time (Figure
3A). In this type of assay, differences in emitted light correlate with
relative differences in virus titer, enabling noninvasive detection of
viral replication and distribution over the course of infection.31

Progression of infection was monitored on days 3, 7, and 10 after
infection to determine sites of infection and relative amounts of
reporter virus. In mice that received naive B cells, luciferase
activity was detected at day 3 and greatly increased until day 10
(Figure 3A). The distribution of the luciferase signal was typical for
the multiorgan involvement that occurs following infection of a

immunodeficient host. Similar luciferase activity was found in
infected RAG�/� mice that did not contain B cells. In contrast,
animals that received memory B cells showed little biolumines-
cence at day 10 after infection, indicating efficient control of virus
dissemination (Figure 3A).

To correlate the in vivo bioluminescence data with virus
titers in organs, animals were killed on day 18 after infection
and virus titer was determined in selected organs, again using
a luciferase-based assay. The relative amount of luciferase
activity determined in organ homogenates can serve as a marker
for viral DNA burden since it directly correlates to infectious
titers of recombinant virus and/or DNA copies as determined by
real-time PCR31 (Figure S1). In mice that received memory
B cells, a highly significant reduction in viral titers of 2 to 3 logs
was observed in all organs, including the salivary gland (Figure
3B). All mice that received naive B cells succumbed to the
infection between days 18 to 29 after infection, whereas transfer
of memory B cells protected from lethal CMV disease (Figure
3C). Importantly, at day 113 after memory B-cell transfer, none
of the protected animals contained CD4� lymphocyte numbers
that exceeded those found in RAG�/� mice, indicating that
CD4� T cells were completely removed by our experimental
strategy (data not shown). Antibodies capable of neutralizing
MCMV in an in vitro assay were found only in animals that had
received memory B cells (Figure 3D).

To evaluate long-term protection of memory B cells, the
recipient animals were analyzed for viral load by bioluminescence
assay 100 days after viral challenge. At this time point, none of the
animals showed detectable bioluminescence signals, indicating a

Figure 3. Memory B cells protect from systemic dissemination of MCMV without contribution of NK or T lymphocytes. RAG�/� mice were adoptively transferred with
5 � 106 naive B cells or 5 � 106 B cells from MCMV-infected CD8��/� mice, treated with depleting anti-CD4 antibodies and infected 5 days after cell transfer with 105 pfu
MCMV157luc. (A) Bioluminescence imaging of 5 mice/group at 3, 7, and 10 days after infection. Images were obtained from a 5-minute acquisition, and a pseudocolor scale
shows relative photon flux for each image. For comparison, a representative B6 mouse and a B6-RAG�/� mouse infected and imaged in parallel are displayed. (B) Relative
organ viral load in 5 to 6 RAG�/� mice transferred with memory B cells (�) or naive B cells (�) 18 days after infection. Luciferase activity was measured in organ homogenates
and luciferase relative light units (RLU)/15 �g protein are shown. The relative viral load was lower in the memory B-cell group for all organs (P � .005). (C) Survival curve of
6 RAG�/� mice/group adoptively transferred with B cells from MCMV-infected mice (- - -) or with naive B cells ( ). Mice that received memory B cells showed a significantly
prolonged survival (P � .001). One animal died of a MCMV-unrelated cause. (D) Neutralizing antibody activity in sera of RAG�/� mice transferred with memory B cells (�) or
naive B cells (�). The neutralizing antibody activity was measured in vitro on ST-2 cells using MCMV157luc. The luciferase RLU values after infection with 1.2 � 103 pfu
MCMV157luc preincubated with sera are shown. Median values are connected as solid (memory B cells) or dashed (naive B cells) lines.
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highly efficient long-term control of viral replication (data not
shown). In addition, all recipient animals produced MCMV-
specific antibodies at titers that were comparable with the levels
found at day 11, which is in agreement with our previous results on
the longevity of IgG production after antigenic stimulation of
memory B cells18 (data not shown). When animals were rechal-
lenged with 105 or 106 pfu of virus at this late time point (100 days)
after the first virus inoculation, we did not detect an increase in
bioluminescence signal 10 days after the second challenge infec-
tion (data not shown). These results indicated that the level of
immunity that is provided by a single infusion of memory B cells is
sufficient to control repeated exposures to the virus over long
periods of time.

Therapeutic transfer of memory B cells

The results shown thus far provided evidence that memory B cells,
when present before an infection occurs, provide protection against
MCMV. In the clinical situation, however, an active HCMV
infection is already ongoing when it is diagnosed. We therefore
tested whether memory B cells can also protect when given
therapeutically. RAG�/� mice were infected with MCMV157luc,
and memory B cells derived from CD8��/� donors were infused
3 days later. At this time point, all animals had developed an acute
infection as documented by bioluminescence imaging (Figure 4A).
Recipient animals were monitored for viral burden at days 4, 7, and
11 after transfer of memory B cells. The kinetic of virus replication
between days 0 and 4 after cell transfer was similar between
animals that received naive or memory B cells. In both groups of
animals, viral burden increased considerably. However, at days 7
and 11 after transfer, a drastic reduction in virus load was evident in
animals that received memory B cells compared with animals that
received naive cells (Figure 4A). The kinetic of clearance of virus
is consistent with the delay in IgG production after viral challenge
as shown in Figure 1. Viral titer in organs was reduced by 2 to
3 logs and was statistically highly significant in all organs tested
(data not shown). Thus, the transfer of memory B cells can be used
therapeutically to protect from an ongoing CMV infection.

Protection from MCMV infection by transfer of serum

The most plausible explanation for the effect of memory B cells
on the replication of MCMV is the production of protective
antibodies. To formally prove this hypothesis, we used serum
transfer. RAG�/� mice were infected with MCMV157luc for
3 days, and infection was confirmed by in vivo bioluminescence
imaging. On the same day, recipient animals received serum
from MCMV-immune or naive mice. Virus load was monitored
at days 4, 7, and 11 after transfer. In contrast to memory B cells,
passively transferred serum from immune mice had an immedi-
ate effect on viral replication. Already at day 4 after serum
transfer, bioluminescence signals were drastically reduced in
animals that had received immune serum and stayed low during
the observation period (Figure 4A). Determination of viral titers
in organs confirmed the bioluminescence data (data not shown).
Thus, transfer of serum from MCMV-immune animals had a
comparably protective effect against MCMV infection as trans-
fer of memory B cells, indicating that indeed the production of
IgG might represent the protective principle. In contrast to
memory B cells, antiviral activity provided by the serum
transfer waned over time. At day 55 after the viral challenge, we
observed extensive viral dissemination in all recipient animals

as detected by bioluminescence, and by day 60 all animals had
succumbed to the infection (Figure 4B).

Discussion

In this study, we have used a mouse model that mimics the clinical
situation shortly after transplantation of hematopoietic stem cells:
An immunosuppressed host, which is unable to mount an adaptive
immune response, is confronted with a pathogen—in this case
CMV. In this model system, we have studied the protective
potential of adoptively transferred pathogen-specific memory
B cells. Memory B cells, per se, do not have antiviral capacity since
they represent a resting cell type. It is only upon activation by
antigen that memory B cells acquire their antiviral function by
producing specific antibody. T-cell help is not required for this
process.18

The activation of adoptively transferred memory B cells into
antibody-secreting plasma cells occurred with similar kinetics
following viral infection as in our previous experiments using
intravenous application of nonreplicating antigen.18 Within 7 to
10 days after antigen administration, antibody peak titers were
reached in most animals and titers remained elevated for at least
100 days. Thus, the amplification of an initially low-dose viral
inoculum results in a fast and sustained memory B-cell response.
Concomitant with the production of antiviral antibodies, we
observed a drastic reduction in viral titers as well as viral DNA load
in several organs including spleen and lung. Perhaps more impor-
tantly, all animals that had received memory B cells were perma-
nently protected from the lethal course of the infection that is
inevitably occurring in untreated MCMV-infected RAG�/� animals.

The immunologic control of MCMV is redundant and rests on
different cell types and immune effector functions.32 The question
therefore arises whether additional cell types, either resident in
RAG�/� mice or infused with the B-cell preparation, could have
significantly contributed to the reduction in viral titers and en-
hanced survival in the animals. In B6 mice, which represent a
MCMV-resistant mouse strain, NK cells carrying the Ly49H
receptor provide vital host innate immune defenses against the
virus by killing infected cells and producing cytokines (reviewed in
Jonjic et al33). The consequence of this response is a pronounced
reduction of viral titers in the spleen.24 This early reduction in viral
titer could conceivably assist a memory B-cell response that could
otherwise be overwhelmed by unrestricted viral replication early
after infection. However, our data clearly show that assistance from
Ly49H� NK cells is not a prerequisite for memory B cells to exert
their protective function. The more virulent m157 mutant virus,
which cannot be controlled by Ly49H� NK cells, was as efficiently
controlled by the transfer of memory B cells as the wild-type
MCMV Smith strain.

Potentially, primed CD8� cytotoxic T cells could have been
introduced into the recipient animals via contamination of the
memory B preparations. It has been demonstrated in numerous
studies that MCMV-specific CD8 T cells are highly efficient in
resolving productive infection in multiple organs following cell
transfer into infected immunodeficient recipients.7,32,34 However, in
our experimental setting neither the depletion of CD8� and CD4�

T cells in the recipients nor the use of CD8��/� mice as donors in
combination with depletion of CD4� cells in the recipient had an
impact on the protective capacity of transferred memory B cells,
indicating that T cells in general are not involved in the antiviral
effect exerted by the transferred memory B cells.
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The most plausible explanation for the efficient reduction of
viral burden by adoptive transfer of memory B cells is the
production of protective antibodies; in addition, that in the early
phase after infection, serum transfer from immune mice had a
similar protective capacity as memory B cells supports this
conclusion. The role of antibodies for the course of a MCMV
infection has not been analyzed in detail. In a previous study, it was
shown that virus clearance from a primary infection and establish-
ment of viral latency are indistinguishable between immunocompe-
tent and B-cell–deficient mice.15 It was concluded that antibodies
had no effect on the course of a primary infection. Our data do not
contradict this conclusion. The clearance of a primary infection in
immunocompetent animals is probably determined by the induc-
tion of a potent cytotoxic T-cell response that precedes formation of
protective antibodies. In such a situation, the effect of antibodies on
the course of the infection may be obscured by the fast cellular
response. However, in immunodeficient animals such as RAG�/�,
which cannot mount a T-cell response, the protective capacity of
antibodies becomes evident.

A number of findings have supported the role of B cells and/or
antibodies for the course of a MCMV infection. More indirect
evidence comes from findings that in seropositive immunocompe-
tent animals immune suppression by 	-irradiation or T-cell deple-
tion does not result in virus reactivation and dissemination.35,36 In
contrast, depletion of T lymphocytes and NK cells from B-cell–
deficient mice resulted in 100% recurrent infection.32 More direct
evidence for a protective role of antibodies is indicated by serum
transfer studies.14,15,35,37 In general, protection from a lethal chal-
lenge and/or reduction in viral titers in organs was observed.
However, these studies have used a protocol in which antibodies
were applied before the viral inoculum. Using such a regimen it is
difficult to discriminate between immediate neutralization of the
viral inoculum by circulating antibody and the effect of antibody on
the subsequent virus dissemination. The adoptive transfer of
memory B cells clearly demonstrates that pre-existing antibodies
are not required for protection from infection. In fact, even an
already ongoing infection can be controlled by therapeutic transfer
of memory B cells. Protection from an active infection is important
for the clinical situation since in patients who underwent HSCT,
HCMV disease develops from reactivation of latent virus (ie, the
infection is pre-existing).

The nature of the protective antibodies with respect to antigen
specificity and antiviral activity remains to be elucidated. Neutral-
ization of extracellular virus by antibodies—and the consequent
inhibition of viral dissemination—most probably represents an

important mechanism. MCMV is a highly complex virus, which,
according to computer predictions, codes for more than
60 glycoproteins.38 The number of virion-associated envelope
glycoproteins is unknown. Protective capacity has been reported
for polyclonal antibodies directed against glycoprotein B (gB), one
of the dominant antigens in the envelope.39 It should be noted,
however, that following transfer of memory B cells the titer of
serum antibodies that neutralized MCMV in an in vitro neutraliza-
tion assay was rather low, with 50% neutralization of input virus at
serum dilutions between 1:2 to 1:128 (Figure 3D). The induction of
only low titers of neutralizing antibodies following MCMV
infection has also been observed by others and seems to be a
hallmark of viruses with low cytopathic potential.40

A second mechanism of protection by antiviral antibodies could
be elimination of virus-infected cells. It seems likely that during
viral replication of the more than 60 virus-encoded glycoproteins, a
considerable fraction will be inserted into the plasma membrane of
infected cells. Among them are an unknown number of nonstruc-
tural proteins that will not be incorporated into virions. Antibodies
against these nonstructural proteins could mediate lysis of infected
cells via antibody-dependent cytotoxicity (ADCC). If this occurs
before infectious virus is released from the target cell, dissemina-
tion will be prevented. Antibodies that are directed against
nonstructural membrane proteins of MCMV and mediate ADCC
would be negative in a conventional in vitro neutralization assay
and thus could explain the low titers of virus-neutralizing antibod-
ies in the MCMV-infected mouse sera. Previous studies exploring
the protective capacity of MCMV-specific monoclonal antibodies
have also noticed the lack of correlation between protection and in
vitro neutralizing antibody titer, indicating that mechanism of
action in vitro and in vivo might be different.37

MCMV has been a valuable model for the pathogenesis of the
HCMV infection, and insights into the protective capacity of
MCMV-specific cytotoxic T cells have been successfully intro-
duced into the treatment of patients who underwent HSCT by
adoptive transfer of CD8� T cells.9,13 However, this treatment is
still far from being clinical routine. Attempts to support the
humoral immune response in patients who underwent HSCT have
been limited mainly to the administration of polyclonal IVIG. IVIG
has been extensively used in patients at risk for CMV disease.
However, even after more than 20 years of using this treatment
either prophylactically and therapeutically, uncertainty about effi-
cacy is evident (reviewed by Sokos et al16). As a result, the humoral
immune response as an important variable in the pathogenesis of
HCMV infection was dismissed. However, there are major caveats

Figure 4. Memory B cells and serum from infected mice protect from an existing MCMV infection. RAG�/� mice were infected with 105 pfu MCMV157luc. Three days
after infection naive B cells, B cells from MCMV-infected CD8��/� mice, sera from naive mice, or sera from immune mice (250 �L each) were transferred. (A) Bioluminescence
imaging of mice (3 representative mice from 5-6 mice/group are shown) for 14 days after infection. Images were obtained from a 5-minute acquisition and a pseudocolor scale
shows relative photon flux for each image. (B) Survival curve of 6 RAG�/� mice/group adoptively transferred with B cells from MCMV-infected mice ( ), naive B cells
( ), sera from naive mice (–�–), or sera from immune mice (–�–). Mice that received memory B cells or sera from immune mice showed a significantly prolonged
survival (P � .001) compared with naive B cells and naive sera, respectively.
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to this interpretation. Donor selection for IVIG is based on
anti-HCMV antibody titer in ELISA tests. It can be questioned
whether this is a valid assay format for biologically relevant
antibodies. For example, in human HCMV-convalescent sera there
is only a poor correlation between virus-neutralizing capacity and
ELISA titer.41,42 In addition, the conventional ELISA systems
specifically select for serum donors with high titers of antibodies
against internal proteins that will never reach the surface of
infected cells or represent virion components from the inner
structures of the particle. Such antibodies can be expected to have
little impact on direct virus neutralization or ADCC. Moreover, use
of different unstandardized IVIG preparations, all of which could
be expected to vary in their titer of biologically relevant HCMV-
specific antibodies, makes interpretation of the human studies
difficult at best.43 On the other hand, high titers of neutralizing
antibodies were found to correlate with absence of infectious virus
in plasma and protection from HCMV-disease in bone marrow
transplant recipients, supporting a role for antibodies in patients
who underwent transplantation.44

In conclusion, we have shown that the adoptive transfer of
memory B cells into immunodeficient hosts can protect from
MCMV-induced morbidity and mortality. Protection was accom-
plished by either prophylactic or therapeutic application of B cells.
Protection by memory B cells is long lasting and control was still
complete 100 days after transfer. This long-term control indicated
that escape from the antibody response did not occur. Since we
could previously show that activation of adoptively transferred
memory B cells is not restricted to CMV,18 it is conceivable that

this treatment strategy can be beneficial for a variety of different
infectious agents in patients who underwent transplantation, reduc-
ing the need for specific intervention against individual pathogens.
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