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Rare cases of stable allograft acceptance after discontinuation of immunosuppression are often accompanied
by macrochimerism (> 1% donor cells in blood) or microchimerism (< 1% donor cells in blood). Here, we have
investigated whether persistence of donor cells is the cause or the consequence of long-lasting CTL unresponsiveness. We found that engraftment of splenocytes bearing a single foreign MHC class I–restricted epitope
resulted in lifelong donor cell microchimerism and specific CTL unresponsiveness. This status was reversed
in a strictly time- and thymus-dependent fashion when the engrafted cells were experimentally removed. The
results presented herein show that microchimerism actively maintains CTL unresponsiveness toward a minor
histocompatibility antigen by deleting the specific repertoire and thus excluding dominant, T cell extrinsic
mechanisms of CTL unresponsiveness independent of systemically persisting donor cell antigen.
Introduction
Abundant literature has correlated donor cell chimerism with
graft acceptance and T cell unresponsiveness in various clinical
and experimental settings (1–12). This includes chimerism combined with skin acceptance in freemartin cattle and mice (1, 4, 6),
tolerance to liver grafts in mice (5), and a steadily increasing number of cases where allograft acceptance after liver or kidney transplantation in humans remained stable when immunosuppression
was discontinued (2, 3, 7, 10, 12). Whether chimerism maintains
T cell unresponsiveness or whether it is merely a consequence
thereof, however, remains controversial (2, 8, 9, 12–15). Among the
supporters of the former hypothesis, it remains an open question
whether microchimerism (< 1% donor cells in blood) is sufficient
to maintain CTL unresponsiveness or whether macrochimerism
(> 1% donor cells in blood) is required.
To date, graft acceptance and T cell unresponsiveness have been
explained by a variety of mechanisms (16, 17). They can be grouped
into dominant, T cell extrinsic mechanisms, including regulatory T
cells and antigen presentation by immature DCs, and into recessive,
T cell intrinsic mechanisms, such as ignorance, anergy, and deletion
(17, 18). The latter (clonal deletion of antigen-specific immune cells)
has long been discussed (19, 20) as an explanation for unresponsiveness to antigens expressed in fetal (21, 22) and neonatal life (23).
Initially brought up by Owen in his groundbreaking work on freemartin cattle (20), this concept was later fostered by studies on repetitive antigen application and also by observations of a persistent viral
infection (24, 25). Yet, CTL unresponsiveness against identical viral
epitopes was transient when induced by treatment with nonpersisting peptide (26), suggesting without directly demonstrating a critical
role for persisting antigen in maintenance of unresponsiveness.
Insight into the role of donor cell chimerism in transplantation tolerance is important for future refinements of clinical
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organ transplantation protocols (13, 27). In the present study,
we therefore set out to analyze the causal relationship between
donor cell persistence and specific CTL unresponsiveness as well
as the underlying mechanisms. For this purpose, we made use of
a well-established and molecularly defined model of lymphohematopoietic cell engraftment across a strong minor histocompatibility (miH) antigen mismatch in adult mice (28, 29). We used
donor splenocytes of transgenic H8 mice constitutively expressing the H-2Db-restricted GP33 epitope (amino acids 33 to 41) of
the lymphocytic choriomeningitis virus (LCMV) glycoprotein. The
engraftment of H8 splenocytes in C57BL/6 (B6) mice has previously been shown to elicit CTL unresponsiveness as measured by
in vitro and functional in vivo readouts for antigen-specific T cells.
It was also noted at the time that the administration of the corresponding MHC class I binding peptide resulted in only transient
CTL unresponsiveness whereas the same functional status was
long-lived when induced by the engraftment of H8 donor cells.
This was correlated with the relatively short in vivo half-life of peptides as compared with H8 donor cells persisting in the host for at
least 60 days, lending support to the hypothesis that persisting H8
cells may help to maintain CTL unresponsiveness (4, 29). It was,
however, not possible at the time to discriminate between antigen
persistence as an epiphenomenon of CTL unresponsiveness and
antigen persistence as an active principle for the maintenance of
CTL unresponsiveness (4, 12, 29). Nor had the mechanisms been
studied that led to CTL unresponsiveness in this experimental
setting. Here we addressed these 2 key questions and found that
specific CTL unresponsiveness was irreversible when foreign antigen persisted systemically at macro- or even microchimeric levels.
Reconstitution of the endogenous donor cell–specific T cell repertoire required the engrafted cells to be experimentally removed.
This reconstitution of CTL responsiveness after a phase of unresponsiveness was strictly thymus- and time-dependent, suggesting
clonal deletion of the donor cell–specific T cell repertoire as the
responsible mechanism of CTL unresponsiveness.
Results
Long-lasting donor cell chimerism. Systemic persistence of donor cells
was compared after adoptive transfer of miH-disparate, H8-trans-
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to microchimerism (1% of peripheral
blood cells) was crossed. Moreover, preliminary data suggest that donor cells
persisted not only in blood but also
in the parenchyma of various organs,
including lung, liver, spleen, thymus,
and lymph nodes (data obtained on
day 168 after transfer not shown).
Chimerism-induced antigen-specific CTL
unresponsiveness at multiple levels. To
assess GP33-specific CTL responsiveness in chimeric recipient mice, these
mice were challenged with LCMV 28,
45, or 300 days after engraftment of
H8 splenocytes. The GP33-specific
response was measured directly ex
vivo 8 days later (Figure 2A). The CTL
response against a second but donor
cell–independent target, i.e., the LCMV
nucleoprotein-derived (NP-derived)
epitope NP396, served as an internal
positive control. LCMV-infected control mice without cell engraftment
Figure 1
Long-lasting chimerism after adoptive transfer of H8 splenocytes and its detection. (A) Sex-matched, mounted a vigorous CTL response
CFSE-labeled splenocytes from H8 transgenic (filled circles) or control B6 mice (open circles) were against both epitopes. The NP396transferred to B6 recipient mice. CFSE-positive cells in the recipient’s blood were quantified at the specific response in H8 chimeric mice
indicated time points by flow cytometry. Symbols represent the mean ± SD of 4–16 mice per group was of equivalent strength, but GP33and time point. (B) B6 splenocytes (3.3 × 104) were mixed with titrated numbers of H8 splenocytes specific lytic activity remained undeas indicated. DNA was isolated from the different cell mixtures and used as template for H8-specific tectable at all time points tested, even
PCR analysis. (C) Blood samples were collected at the indicated time points to measure CFSEwhen peptide restimulation was carpositive cells by flow cytometry and to extract DNA. Two-fold serial dilutions of isolated DNA (in
ried out in the presence of exogenous
wild-type B6 DNA) were performed and used as templates for H8-specific PCR analysis. One repIL-2 (ruling out CTL anergy; data not
resentative experiment of 3 is shown.
shown). Notably, 45 and 300 days
after engraftment of H8 splenocytes,
genic, or syngeneic B6 splenocytes to sex-matched B6 recipients. chimerism was still detectable by PCR (Figure 2B, same mice).
Both transferred cell populations were fluorescently labeled with To distinguish between different possible phenotypes of CTL
CFSE. Flow cytometric analysis over the first 60 days after trans- dysfunction (18, 31), we also assessed binding of MHC class I
fer revealed no apparent differences in donor cell levels between tetramer complexes (Figure 2C) by LCMV immune splenocytes
the 2 experimental groups (Figure 1A). At later time points, detec- of chimeric mice and production of IFN-γ in response to in
tion by flow cytometry became unreliable, apparently due to the vitro peptide restimulation (Figure 2D). Twenty-eight days after
limited half-life of the fluorescent dye. Homogenous fluorescence engraftment of H8 donor cells, neither of these alternative readof the entire transferred cell population ruled out cell division as outs detected GP33-specific CD8+ T cells. Following the pattern
an important mechanism (not shown). We therefore established a of primary ex vivo cytotoxicity (Figure 2A), NP396-specific CTL
PCR protocol to detect H8-transgenic donor cells in blood of recip- responses of H8 chimeric mice were unimpaired or even slightly
ient mice. To assess the sensitivity of this assay, titrated numbers of higher than those of control mice, probably due to the lack of
H8 splenocytes were mixed with fixed numbers of B6 splenocytes competition by GP33-specific CTLs.
for extraction of DNA and PCR analysis. Approximately 1 H8 cell
Experimental removal of donor cells. To study the fundamental quesin 3.3 × 104 B6 splenocytes (0.003%) was reliably detected by this tion of whether chimerism is the cause or a consequence of CD8+
method (Figure 1B), matching the sensitivity of similar protocols T cell unresponsiveness, we developed 2 independent protocols to
applied in clinical and experimental transplantation medicine (11, experimentally remove the engrafted H8 cells from B6 recipients
30). By this method, H8 donor cells remained detectable for more (Figure 3 and Supplemental Figure 1; supplemental material availthan 700 days after grafting (Figure 1C and data not shown). To able online with this article; doi:10.1172/JCI26565DS1). The first
distinguish between macro- and microchimerism, DNA isolated protocol (illustrated in Figure 3A) was based on adoptive transfer
from recipient blood was serially diluted in wild-type B6 DNA on day 28 (Figure 3B) or day 700 of splenocytes from B6 × BALB/b
before H8-specific PCR analysis. The number of 2-fold template F1 mice infected with LCMV 10 days before (d10-LCMV-F1). The
dilution steps necessary to reach the detection limit of the PCR test GP33-specific CTLs in the transferred d10-LCMV-F1 cells cleared
was compared with the percentage of CFSE-positive cells as mea- the grafted H8 cells to below detection levels of flow cytometry
sured by flow cytometry (Figure 1C). Both methods supported the (Figure 3B) and PCR (Figure 3C) within days 7 and 29, respecnotion that around 45–100 days after transfer of 5 × 107 miH-dis- tively (earlier time points not tested). Due to the multiple BALB/b
parate H8-transgenic splenocytes, the arbitrary border of macro- miH differences, d10-LCMV-F1 cells were themselves efficiently
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Figure 2
H8 chimerism-induced antigen-specific CTL unresponsiveness. (A–D) Sex-matched H8 splenocytes were adoptively transferred to B6 mice.
At the indicated time points (A) or 28 days after transfer (C and D), recipient and control mice without cell transfer were infected with LCMV.
(A) At 8 to 9 days after infection with LCMV, splenocytes were tested for GP33-specific (filled circles) and NP396-specific (filled triangles) CTL
activity in a standard primary ex vivo CTL assay. Uncoated EL-4 target cells (open circles) are shown at the highest effector to target ratio.
Each line represents an individual mouse. One representative experiment of 3 (day 45) or 2 (day 300) is shown. (B) DNA was isolated from
blood samples taken from chimeric recipients on days 45 and 300 as shown in Figure 2A. The presence of H8 chimerism was confirmed by
H8-specific PCR analysis. (C) Frequencies of GP33- and NP396-specific CD8+ T cells in spleen 8 days after LCMV infection were enumerated
using MHC class I H-2DbGP33 (black bars) and H-2DbNP396 (white bars) tetramers. (D) Splenocytes from the same mice as in C were tested
for IFN-γ production upon restimulation with GP33 or NP396 or without restimulation. Representative FACS plots are shown, and bars indicate
the mean ± SD of 3 mice (C and D).

cleared from the recipient (Figure 3D). This ensured that no transferred GP33-specific reactivity or other LCMV-specific immunity remained in the recipient that could have interfered with the
subsequent assessment of endogenous GP33-specific CD8+ T cell
responsiveness (Supplemental Figure 2). Transfer of infectivity
together with d10-LCMV-F1 effector cells was also excluded since
the recipient mice were primed against neither LCMV NP396 nor
GP33 epitopes (Supplemental Figure 2).
A second, alternative protocol was also used to remove H8 donor
cells from chimeric mice to confirm and extend the conclusions
reached with the first protocol. It was based on adoptive transfer
of male splenocytes from GP33-specific TCR transgenic mice to
female recipients. Further details with a schematic description and
validation are provided in Supplemental Figure 1.
Removal of H8 donor cells leads to reemergence of GP33-specific CTL precursors. With these tools in hand, we went on to analyze whether H8
donor cells at macro- or microchimeric levels maintained the recipient’s GP33-specific CTL unresponsiveness. As described above, we
established H8 chimerism by adoptive transfer of 5 × 107 CFSElabeled H8 splenocytes to sex-matched B6 recipients. These donor
cells were then experimentally eliminated from the recipients by
adoptive transfer of d10-LCMV-F1 cells on day 28 (macrochimeric
mice) or day 700 (microchimeric mice). Controls were left chimeric. The disappearance of grafted H8 cells was monitored for each
individual mouse by H8-specific PCR analysis and, in addition, by
158

flow cytometry for early time points (Figure 3, B and C, and data
not shown). Mice were challenged with LCMV 5 to 6 weeks after
d10-LCMV-F1 cell transfer. GP33- and NP396-specific cytotoxic
responses were monitored in a primary ex vivo CTL assay 8 days
after challenge (Figure 4A). As expected, all mice exhibited high
NP396-specific CTL activity, and control mice transfused only
with H8 splenocytes and not with d10-LCMV-F1 cells mounted no
detectable GP33-specific response (Figure 4A; compare also Figure
2A). Unresponsiveness was found even when the same splenocytes
from LCMV-challenged H8 chimeric mice were restimulated in
vitro for 5 days with GP33 in the presence or absence of exogenous
IL-2 (not shown). MHC class I tetramer binding and intracellular
IFN-γ staining after peptide restimulation supported this notion
(Figure 4B). Importantly, when H8 donor cell chimerism had been
eliminated before LCMV challenge, GP33-specific CTL reactivity
was restored (Figure 4A). The physical presence and functionality
of GP33-specific CTLs were verified by MHC class I tetramer binding and IFN-γ production upon in vitro restimulation with peptide
(Figure 4B). Analogous results were obtained using the alternative
protocol (Supplemental Figure 1) to remove the grafted H8 cells
(Supplemental Figure 3). Together, these results demonstrate that
H8 donor cells at macro- but also at microchimeric levels maintain
GP33-specific T cell unresponsiveness.
Reemergence of GP33-specific CTL precursors is strictly thymus and
time dependent. The CD8+ T cell unresponsiveness found here was
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Figure 3
Protocol used for termination of chimerism by adoptive transfer of LCMV-specific CTLs. (A) Euthymic (B6) or thymectomized (B6TX) mice (black)
were transfused with sex-matched H8 splenocytes (blue). This resulted in permanent mixed chimerism, represented by endogenous (black) and
donor (blue) cells. Either 28 or 700 days later, recipients were additionally transfused with splenocytes from B6 × BALB/b F1 mice that had been
infected with LCMV 10 days previously (red, d10-LCMV-F1). GP33-specific d10-LCMV-F1 CTLs eliminated H8 donor cells in an H-2Db-restricted
manner. BALB/b miH epitopes expressed by the transferred cells elicited a BALB/b-specific response, rejecting the transferred d10-LCMV-F1
cells within 7 days. At different time points after transfer of d10-LCMV-F1 cells, recipients were challenged with LCMV, and endogenous GP33specific and NP396-specific CTL responses were measured 8 days later. (B) B6 recipients of CFSE-labeled H8 splenocytes were transfused i.v.
with d10-LCMV-F1 (B6 × BALB/b) splenocytes (open diamonds) or were left untreated (filled circles). The percentage CFSE-positive lymphocytes in blood was determined by flow cytometry. Symbols represent the mean ± SD of 3 mice. (C) DNA from blood of H8 donor cell recipients
was isolated before (day 23) and after (day 57) transfer of d10-LCMV-F1 cells on day 28 and from control H8 donor cell recipients without d10LCMV-F1 transfer for H8-specific PCR analysis. (D) CFSE-labeled d10-LCMV-F1 (B6 × BALB/b) (filled triangles) or control B6 splenocytes (filled
diamonds) were adoptively transferred to sex-matched B6 recipients, and the percentage of CFSE-positive lymphocytes in blood was determined
by flow cytometry. Symbols represent the mean ± SD of 4 mice. One representative experiment of 3 (B and C) or 2 (D) is shown.

distinct from anergy (tetramer-positive CD8+ T cells without lytic
capacity) (31), and restoration of reactivity after removal of donor
cells ruled out any dominant-negative mechanism independent of
persisting antigen. We therefore speculated that (a) GP33-specific
unresponsiveness in H8 chimeric mice was initially established
by peripheral clonal deletion, and (b) therefore, the reappearance
of CTL reactivity after removal of the engrafted H8 cells should
depend on thymic selection of new CD8+ precursor T cells. If this
were the case, GP33-specific unresponsiveness should also have

been induced after transfer of sex-matched H8 splenocytes into
thymectomized B6 (B6TX) mice whereas some dominant-negative
mechanisms of T cell tolerance have been reported to depend on
a functional thymus (32). In contrast, the reappearance of GP33specific CD8+ T cell responsiveness upon removal of the engrafted
cells should only have been observed in thymus-competent mice.
We thus established H8 donor cell chimerism in euthymic (B6)
and in B6TX mice and subsequently terminated chimerism by
adoptive transfer of d10-LCMV-F1 cells. When euthymic mice were
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Figure 4
Thymus- and time-dependent reemergence of antigen-specific CTL
precursors after removal of H8 donor cells. (A) Sex-matched H8
splenocytes were transferred to B6 recipients. Chimerism was either
allowed to persist or was terminated at the indicated time point by
transfer of d10-LCMV-F1 splenocytes. Forty-two or 35 days after termination of H8 chimerism, i.e., on day 70 or 735 after initial H8 cell
transfer, respectively, mice were challenged with LCMV. Specific CTL
activity was measured 8 days after infection in a primary ex vivo CTL
assay on GP33-coated (filled circles), NP396-coated (filled triangles),
and uncoated (open circles) EL-4 target cells. Effector and target cells
were incubated for 5 hours (day 70) or 20 hours (day 735). The longer incubation time of 20 hours was necessary to detect the lower
response in these old mice. Each line represents an individual mouse.
(B) MHC class I H-2DbGP33 tetramer binding and GP33-specific IFN-γ
production on gated CD8+ cells from the same mice as in A after LCMV
challenge on day 735. (C) Four weeks after transfer of H8 splenocytes
into euthymic or thymectomized recipients, chimerism was eliminated
in all animals by an additional transfer of d10-LCMV-F1 splenocytes.
At 14 or 42 days after this second transfer, mice were infected with
LCMV. GP33-specific (filled circles) and NP396-specific (filled triangles) CTL activities were measured 8 days later in a standard primary
ex vivo CTL assay on peptide-coated or noncoated (open circles) EL-4
target cells. One representative experiment of 3 is shown.

additional support for thymic education of GP33-specific cells as
the mechanism underlying reemergence of CTL responsiveness.

challenged with LCMV 14 days later, only marginal GP33-specific CTL responses were elicited while NP396-specific responses
were within normal ranges (Figure 4C). GP33-specific responses
became considerably stronger when euthymic chimeric recipients
of d10-LCMV-F1 cells were allowed to rest for 42 days or longer
before LCMV challenge (Figure 4C and data not shown). Importantly, reappearance of GP33-specific CTL responsiveness was not
observed in thymectomized recipients (Figure 4C). Analogous
findings were made when chimerism was terminated by the alternative protocol (Supplemental Figure 3). Thus, induction of CTL
unresponsiveness was thymus independent and was maintained
by persisting chimerism. In contrast, restoration of GP33-specific
CTL responsiveness was strictly thymus and time dependent and
occurred only after elimination of chimerism, suggesting clonal
deletion as the underlying mechanism. In addition, the time window needed for restoration of CTL responsiveness after termination of chimerism resembled the kinetics observed after lethal irradiation (Supplemental Figure 4). This correlative evidence provides
160

Discussion
To our knowledge, the present report is the first to formally show
that donor cell chimerism represents the active principle for maintenance of T cell unresponsiveness and not only a consequence
thereof. Moreover, we found that even microchimeric levels of
donor cells can suffice in this function.
These insights are of pivotal importance because they indicate
that not only macrochimerism but also microchimerism should
be considered an important parameter and probably a worthy
goal for improved clinical transplantation protocols. A number
of regimens are clinically effective in inducing short-term T cell
unresponsiveness, among them total body irradiation, antibodymediated T cell depletion, blockade of costimulation, and antimitotic chemotherapy in various combinations (27). Long-term
graft acceptance represents, however, an even more delicate task
that seems to require somewhat different strategies. It is therefore
important to understand the mechanisms for maintenance of T
cell unresponsiveness and not only the mechanisms operating in
the establishment of T cell unresponsiveness.
In the present model, loss of CTL reactivity was T cell intrinsic
(as defined in the Introduction). It seems likely to result from
clonal deletion (33, 34) and not from anergy (35–37) or from T cell
extrinsic mechanisms (reviewed in refs. 16, 38). Considering that
the induction of CTL unresponsiveness was unaffected in thymusincompetent recipients, central tolerance seemed unlikely to play a
key role in these early events. In contrast, peripheral clonal deletion
of the specific CD8+ T cell repertoire appeared to be sufficient for
inducing CTL unresponsiveness. The mechanisms thereof were,
however, not the subject of our study. We were primarily interested
in understanding the mechanisms operating to maintain CTL unresponsiveness. Following the induction of T cell unresponsiveness,
donor cells persisting at initially macrochimeric and later at microchimeric levels prevented the reemergence of GP33-reactive naive
thymic emigrants for more than 700 days. Accordingly, thymecto-
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mized recipients failed to recover GP33-specific CTL reactivity even
when the engrafted H8 cells were experimentally removed. It was
therefore impossible to dissect whether H8 donor cells maintained
specific CTL unresponsiveness of recipient mice by acting primarily at the stage of thymic negative selection or predominantly via
peripheral clonal deletion of new thymic emigrants. A contribution of both mechanisms to maintenance of CTL unresponsiveness
appears, however, very likely.
As for the initial induction of T cell unresponsiveness (see above),
anergy seems also excluded as a mechanism for the maintenance of
this status that could not be reversed by in vitro restimulation in
the presence of exogenous IL-2 (36, 37). Moreover, specific CD8+ T
cells were not even physically detectable by MHC class I tetramer
binding. Reappearance of CTL responsiveness in vivo upon removal of the H8 donor cell population rules out antigen-independent,
T cell extrinsic mechanisms, among them suppressor or regulatory
CD8+ or CD4+ T cells, that may, however, contribute to transplantation tolerance in experimental and clinical settings with higher
antigenic complexity (16, 17, 38–41). Similarly, mechanisms based
on T cell regulation cannot explain the thymus dependence of
reemerging GP33-specific CTL responsiveness after elimination
of H8 donor cells. In contrast, thymus dependence, the kinetics of
reappearing GP33-specific reactivity after removal of the H8 donor
cell population (resembling repopulation after lethal irradiation),
and, notably, also the naive status of the reemerging GP33-reactive repertoire suggest that microchimerism maintained CTL
unresponsiveness via clonal deletion of donor cell–specific CD8+
T cells. Whether GP33-specific precursor CTLs were physically
deleted or whether unresponsiveness resulted from an irreversible
functional inactivation of these cells, e.g., as a result of “veto cell”
activity (39) by H8 cells, can, however, not be determined if these
functionally deleted cells persisted at a frequency below the detection level of MHC class I tetramers.
While providing a mechanistic proof of principle, low levels of
microchimerism as in our study may be less efficient in protecting
against graft rejection in clinical organ transplantation. These settings commonly involve many more CTL and T helper cell determinants or even disparate major histocompatibility antigens. It
will therefore be important to carry out analogous studies (i.e.,
the removal of chimerism) in antigenically more complex systems,
possibly involving immunosuppressive therapy to induce CTL
unresponsiveness. Under such conditions, long-term graft acceptance after withdrawal of immunosuppression may depend on a
variety of additional mechanisms for maintenance of graft-specific
tolerance (e.g., regulatory T cells and anergy of certain T cell specificities). Accordingly, multiple parameters may likely be needed to
predict the safe withdrawal of immunosuppression in clinical settings, a clinically important issue that has not been addressed in
our study. In summary, lymphohematopoietic chimerism appears
to represent 1 key mechanism for maintenance of specific CTL
unresponsiveness. Therefore, persisting donor cells even at the
microchimeric level should be considered an important goal on
the way to optimized allograft acceptance even under reduced or
discontinued immunosuppression.
Methods
Mice and adult thymectomy. B6, BALB/b, and H8 mice were obtained from the
Institut für Labortierkunde (University of Zurich, Zurich, Switzerland). H8
mice had a pure B6 background. All mice were kept under specific pathogen–free conditions throughout the experiments. For adult thymectomy

of B6 mice, animals were anesthetized and the thymus made accessible by
supraclavicular incision of skin and sternum followed by blunt dissection. A
sharp suction pipette was then inserted, and each individual thymus lobe was
removed by suction under visual control. Mice were used for experiments no
earlier than 14 days after thymectomy. All animal experiments were ethically
approved and authorized by the Kantonales Veterinäramt Zürich (Zurich,
Switzerland) in accordance with the Swiss laws on animal protection.
Viruses and infections. LCMV strain WE was originally obtained from F.
Lehmann-Grube (Heinrich-Pette-Institut, Hamburg, Germany), and LCMV
strain Armstrong was originally provided by M.B.A. Oldstone (The Scripps
Research Institute, La Jolla, California, USA) (42). The LCMV strains WE
and Armstrong were propagated on L929 and BHK-21 cells, respectively, at
a low multiplicity of infection. For the individual experiments presented,
mice were infected i.v. with 200 PFU of one or the other LCMV strain.
Adoptive transfer protocols and fluorescent cell labeling. For adoptive transfer of spleen cells, single-cell suspensions were prepared from spleens of
donor mice, washed twice, and counted, and 5 × 107 cells were injected
i.v. in a volume of 500 µl balanced salt solution into recipient mice. For
fluorescent labeling, splenocytes were resuspended at about 5 × 107/ml in
RPMI medium without additives. Erythrocytes were lysed by adding an
equal volume of 1.66% ammoniumchloride/H2O solution and incubating for 3 minutes at room temperature. To stop the lysis process, RPMI
medium was added. After 2 washes with RPMI medium, splenocytes were
resuspended at 5 × 106 cells/ml PBS containing 2.5 µM CFSE (Invitrogen
Corp.) and incubated for 10 minutes at 37°C. After labeling, FCS was
added to a 1% final concentration. Cells were washed twice and injected
i.v. in 500 µl balanced salt solution.
Isolation of genomic DNA and detection of H8 chimerism by PCR. Samples
of whole blood (250 µl) were collected in heparinized collection tubes
(Fischer Scientific International). Erythrocytes were lysed by a 30- to 60minute incubation step in 10 ml blood lysis solution (140 mM NH4Cl, 17
mM TrisCl, pH 7.2) at room temperature. Cells were digested overnight
at 56°C in 750 µl proteinase K solution (50 mM TrisHCl, pH 8, 100 mM
EDTA, 100 mM NaCl, 1% w/v SDS, 400 µg/ml proteinase K). Genomic
DNA was precipitated with ethanol after proteins had been removed with
saturated NaCl solution and was resuspended in 30–40 µl Tris-EDTA buffer (10 mM TrisCl, 1 mM EDTA). For PCR reactions, 200 ng of genomic
DNA was used as template. A 434-bp product was amplified using primer
5′-GATCAGAACTCGGAGACG-3′ specific for the promoter region of the
H8 transgene and primer 5′-CTGACCAGTGCTAATATCCC-3′ specific for
LCMV-WE-GP nucleotides 124–143.
CTL assay and peptides. LCMV-specific primary ex vivo CTL responses
were assayed as described previously (43). Briefly, single-cell suspensions
were prepared from the spleens of mice at day 8 (unless stated differently)
after infection with 200 PFU LCMV and were used directly in a standard
51Cr-release assay. Target cells, unloaded or peptide pulsed (10 –6 M)
EL-4 cells (dimethylbenzanthrene-induced thymoma cells of B6 origin),
were incubated with the effector cells for 5 hours (unless stated differently). LCMV-derived GP33 (KAVYNFATM) and NP396 (FQPQNGQFI)
peptides were purchased from Neosystem Laboratoire.
Flow cytometry. For determination of antigen-specific or cytokine-producing CTL, we used purified monoclonal antibodies (BD Biosciences
— Pharmingen) specific for CD8α (53–6.7) or IFN-γ (XMG1.2). They were
conjugated to either FITC, PE, allophycocyanin, or biotin. StreptavidinTricolor was purchased from CALTAG Laboratories. Tetrameric complexes
containing biotinylated H-2Db, β2-microglobulin, and the relevant peptide
were generated and used for staining as previously described (44).
For intracellular staining of IFN-γ, 106 splenocytes were incubated for
6 hours at 37°C with 1 µg/ml of the specific peptide or with medium alone
in the presence of 10 U/ml IL-2 and 1 µg/ml Brefeldin A (Sigma-Aldrich).
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Staining of cell-surface antigen and intracellular antigens was performed
as described (45). Data were acquired on a FACScalibur flow cytometer
using Cell Quest Pro software version 4.0.2 (BD).
Statistics. Data were analyzed using GraphPad Prism 3.0cx (GraphPad
Software Inc.). All error bars represent mean ± SD.
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