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Summary
The basis of antiviral protection by memory cytotoxic T lymphocytes (CTL) was investigated
in vivo and in vitro using lymphocytic choriomeningitis virus (LCMV) and recombinant vaccinia
viruses expressing the LCMVglycoprotein (vacc-GP) or -nucleoprotein (vacc-NP) . The widely
replicating LCMV with a tendency to persist induced solid long-term protective memory. The
poorly replicating vaccinia recombinant viruses revealed in the vaccinated host that the antiviral
capacity of the secondary immune T cell response and the protection against lethal LCM was
dependent upon the immunizing antigen and its dose. Protection against lethal choriomeningitis
is less sensitive to assess memory because it depends upon high levels of CTL precursors (p)
and/or on an activated state of memory CTL. In contrast, antiviral protection measured as the
capacity of the primed host to reduce virus titers after challenge infection correlated with elevated
CTLp frequencies after immunization with live LCMV or recombinant vaccinia virus expressing
the major LCMV epitope . CTLp frequencies were constantly increased up to 70 d for LCMV
immune mice, but rapidly decreased a few weeks after immunization with low dose vaccinia
recombinant virus. For example, mice primed with 2 x 106 plaque-forming units (PFU) of
vacc-NP, or 2 x 102 PFU, or 2 x 106 PFU of vacc-GP were antivirally protected on day 7
but not after day 30 when CTLp could not be measured any longer in vitro. However, greater
priming doses of vacc-NP (10 4 or 2 x 10 6 PFU) as well as LCMV (2 x 10 2 PFU) induced
elevated levels of CTLp and antiviral protection for 60 d or longer. Adoptive transfer experiments
of immune spleen cells into syngeneic recipients without addition of antigen demonstrated that
maintenance of the antiviral protective capacity of the transferred cells depended on the presence
of viral antigen . Thus, antiviral protection by memory CTL may be rather short-lived since it
is based on activated T cells continuously stimulated by persisting antigen. This is best achieved
by high immunizing antigen doses yielded either by widely replicating viruses or high doses
of poorly replicating recombinant vaccines .

mmunological memory is one of the key characteristics of
the immune system, and evidence for T or B cell memory

has been collected for many years (for reviews see references
1-3) . Although immunological memory as defined opera-
tionally has been studied widely, there is relatively little known
about the molecular and cellular basis of this phenomenon.
Its nature has been explained in several ways . First, memory
may reflect either numerically increased precursor frequen-
cies (4) or second, a qualitatively altered differentiation state
of memory T or B cells as compared with naive cells (5-9) .
Third, memory may simply represent repeated restimulation
by crossreactive environmental antigens (3, 10) or antigen
persistence that continuously drives T or B cell responses
(11-14) . These three mechanisms may all apply.

Studies on antigen persistence and its role in maintaining

memory have revealed an important role ofantigen-antibody
complexes on follicular dendritic cells for B cell memory (11,
14) . Older studies showing that T cell memory may be short-
lived (15-19) have recently been corroborated by transfer studies
using the cytotoxic T cell response to the male H-Y antigen
or Th cell function specific for a carrier protein . This study
implied a role for antigen persistence in the maintenance of
T cell memory (20) .

Immunological memory is the basis for vaccines against
infectious agents or their toxins . The question of whether
antigen persistence or other factors maintain memory T cells
is therefore not only ofgreat interest in general, but also rele-
vant to the rational design of vaccines . The experiments
presented here were aimed at analyzing the basis of antiviral
protective cytotoxic T cell memory in mice using lympho-
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cytic choriomeningitis virus (I)CMV)t . Recovery from and
protection against acute infection with LCMV are almost ex-
clusively dependent on virus-specific CTLs (21, 22) . Nor-
mally, antibodies do not play a major role (23, 24) in this
process. Also, protection against immunopathologically medi-
ated lethal LCM induced by intracerebral infection (25, 26)
is usually strictly CTLdependent. There exists a clear corre-
lation between immunizing LCMV antigen, mouse H-2
MHChaplotype, and the capacity of mice to generate LCMV
specific CTLs mediating protection from LCM (27, 28) . For
BALB/c (H-2d) mice, nucleoprotein (NP) (aa118-132) is the
majorCTL target, whereas glycoprotein (GP)-specific CTLs
are found only at low frequencies (28-30). CTL memory to
viruses including LCMV has been analyzed by several groups
(31-35), but the potential role of persisting antigen, (24, 36)
has not been formally analyzed as yet.
The experiments presented here were aimed at assessing

protective memory in the vaccinated host itself and comparing
it with memory analyzed in vitro or in adoptive transfer ex-
periments. We had argued before (37) and presented some
evidence (17) indicating that virus-specific crossreactive T help
may be very short-lived in the vaccinated host, which might
explain why primed crossreactive T help may not be able to
improve antibody responses to new virus variants.

This study therefore compared in the vaccinated host in
vivo the protective capacity and duration of T cell memory
with the induction and maintenance of elevated CTLp fre-
quencies after infection of mice with either well-replicating
LCMV or the poorly replicating recombinant vaccinia viruses
(38-40) expressing the LCMVglycoprotein (vacc-GP) or the
LCMVnucleoprotein (vacc-NP) (28, 41). Since in contrast
to LCMV, vaccinia virus replicates only to a rather limited
extent in adult mice (42), the latter virus permitted an ap-
proximate titration of the vaccine. In fact, after the intrave-
nous infection of mice with 2 x 106 PFU of the tyrosine
kinase negative variant, we have not been able to isolate de-
tectable (>10 3 PFU/g organ) virus from any of the organs
tested . The limited antigen reservoir initially provided by the
immunizing recombinant vaccinia viruses may therefore be
expected to decline over time and drop below levels neces-
sary for maintenance of protective T cell memory. This is
not readily seen in LCMVimmune mice since even low doses
of LCMV are shown to replicate to very high titers and since
despite efficient elimination, LCMV has been shown to often
persist in mice (23, 24, 36, 43, 44).
The experiments here show that depending upon the de-

tection assay used, antivirally protective memory T cells as-
sessed in vivo correlated with CTLp detected by limiting di-
lution assays in vitro. Under conditions where the immunizing
antigen seemed limited, protective memory T cells declined
rapidly within a few weeks. Thus, long-term antivirally pro-
tective T cell memory against LCMV in a vaccinated host
itself seems to be driven by persisting antigen. This conclu-
sion was supported by adoptive transfer experiments showing

1 Abbreviations used in this paper: GP, glycoprotein; LCMV, lymphocytic
choriomeningitis virus; NP, nucleoprotein ; p, precursor.
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that in the absence ofantigenic restimulation, antivirally pro-
tective T cell memory declined rapidly within a week.

Materials and Methods
Mice. BALB/c (H-2d) were purchased from the Institut fur

Zuchthygiene (Zurich, Switzerland) . Mice were immunized intra-
venously by injecting 200 PFU of the LCMV WE isolate . Immu-
nizations with recombinant vaccinia viruses (vacc-NP, vacc-GP) were
given intravenously with the virus doses indicated in the separate
experiments.

Viruses.

	

The LCMV WE isolate (24) was used in this study.
Recombinant vaccinia virus expressing the LCMVGP (vacc-GP)
was a gift from D. Bishop, Oxford University. The LCMVNP
recombinant vaccinia virus (vacc-NP) has been described in detail
earlier (28, 38, 39, 45) .

Viral Titers .

	

Four mice per group immunized with the indi-
cated virus doses were challenged intravenously with 200 PFU of
LCMV WE after various time intervals. 3 d later, the LCMV titers
in the spleens were measured in a plaque assay (46) . Control mice
were primed with vaccinia virus (2 x 106 PFU) not expressing
LCMV antigens.

Protection against Lethal LCM.

	

Four to five mice per experimental
group were challenged intracerebrally after different time intervals
with a lethal dose (either 10" or 102 PFU in 30 /Al) of LCMV WE.
The incidence of lethal LCM was registered over a time period of
3 wk and the mean time to death ± SEM ofeach group was cal-
culated .

Protective Capacity ofImmune Spleen Cells.

	

Mice immunized at
various time points with 100 PFU of LCMV WE or the indicated
vacc-NP doses served as donors for immune spleen cells . Single spleen
cell suspensions were prepared and the indicated numbers of cells
were injected in 0.4 ml balanced salt solution (BSS) into syngeneic
recipients . Some of the recipients were infected intravenously with
100 PFU of LCMV WE 1 d before adoptive transfer to permit
virus to replicate and viral antigen to be expressed . Others were
infected at various time points after the transfer of immune lym-
phocytes. To test the protective capacity of the transferred spleen
cells, the virus titers in the recipients' spleens were measured on
day 4 after challenge infection, i.e., when the recipients' endoge-
nous LCMVspecific immune response had not yet developed .

Limiting Dilution Assays .

	

Single spleen cell suspensions from
two to three mice per group were prepared . 10 5 immune spleen
cells per well were placed into 24 wells of a round-bottomed tissue
culture microtiter plate and titrated in eight steps of twofold dilu-
tions. Total spleen cell numbers (3 x 105 /well) were held constant
by adding irradiated syngeneic normal spleen cells . After stimula-
tion with 2 x 10" LCMVinfected peritoneal macrophages for 7 d,
each individual culture was tested in a "Cr-release assay on H-2
matched target cells infected with LCMV or left uninfected as con-
trols . The percentages of 24 cultures in one dilution step that were
negative for LCMVspecific cytotoxicity were measured and logarith-
mically plotted against the number of responder cells (see Fig. 2
A). The cutoff to consider a well positive was determined by sub-
jecting vaccinia-immune spleen cells to the same procedure and cal-
culating the mean cpm from 24 cultures plus three times the SD .
CTLp were read from the graph at 37% negative wells (47, 48) .

Results

T Cell Memory Assessed by Protection Against Choriomenin-
gitis after Intracerebral Challenge Infection . The influence of
the immunizing dose, the time between immunization and
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infection and the challenge dose on the protective capacity
of vacc-NP and vacc-GP against lethal LCM disease was in-
vestigated in BALB/c (H-2d) mice. These mice generate a
dominant LCMVNP-specific and only a very weak GP-specific
CTL response (28) . Antiviral and immunopathological re-
sponses in both normal mice and mice vaccinated with vacc-GP
or vacc-NP are mediated by cytotoxic CD8+ T cells and not
antibodies as could be shown by treatment with anti-CD8
mAbs (25, 30) . Four to five mice were vaccinated with var-
ious doses of vacc-NP or vacc-GP and challenged intracerebrally
after different time intervals with two doses of LCMV WE
(Table 1) . The mortality rate and the mean time to death
was then registered .
At a time interval of 10 d between priming and challenge

infection, immunization with the two doses (2 x 106 and
2 x 104 PFU) of vacc-NP protected mice against both
LCMV challenge doses. Vacc-GP-immune mice were never
fully protected against any challenge dose, but 25-40% of
the mice survived the LCMV challenge infection (Table 1) .
Vaccinia virus-immunized control mice all succumbed to le-
thal LCM. A shift of 1-2 d in the mean times to death was
seen in vacc-GP-immune groups, indicating a low level of
immunization causing more rapidly developing im-
munopathology. Similar results were seen 20 d after vaccina-
tion . At a time interval of 100 d between priming and chal-
lenge infection, immunization with 2 x 106 PFU of
vacc-NP could not protect against an LCMV dose of 104
PFU, whereas the same immunizing dose resulted in protec-
tion of 80% of the animals that were challenged with a lower
LCMV dose of 10 2 PFU (Table 1, bottom) . It is noteworthy

day 10

LCMV 102

	

100
Vacc-NP 2 x 10 6

	

100
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that (except for vacc-GP 2 x 106 PFU day 10 primed mice)
an acceleration by 2-3 d of the average time to death was
observed in high dose challenged mice (i .e ., 5 .0 + 0.5 d for
vacc-NP primed mice day 100 vs . 7-8 d in controls), indi-
cating that vaccination did have an accelerating effect on
progression ofdisease even if it did not protect (Table 1) . Thus,
immunization with low doses and/or less immunogenic vac-
cines resulted in diminished protection that lasted for a shorter
time . Note, however, that antiviral protection is not an abso-
lute readout parameter but also depends upon the LCMV
challenge dose. Accordingly, protection against lower chal-
lenge doses tended to be longer-lasting than against high chal-
lenge doses . Also it must be stated that protection against
lethal LCM depends upon a markedly accelerated immune
response when compared with normal mice, as has been shown
earlier (23, 49) .

Kinetics ofAnti-LCMV Protection Assessed by Virus TiterReduc-
tion . The antivirally protective capacity of vaccinated mice
was analyzed as follows : BALB/c mice were immunized with
various doses of vacc-NP (Fig. 1) and challenged intravenously
with 200 PFU of LCMV WE after different time intervals .
LCMVimmune mice served as positive controls with optimal
protection, and vaccinia-immune mice as negative controls .
3 d after the challenge infection, LCMV titers were measured
in spleens. The antivirally protective capacity of vaccination
with the two high doses of vacc-NP was extensive, causing
about a 1,000-fold reduction of viral titers, and was com-
parative with LCMVimmune mice when monitored during
a time interval of 56 d (Fig . 1 A) . In contrast, BALB/c mice
immunized with a low dose of vacc-NP (2 x 102 PFU)

Table 1 .

	

Effects of Virus Vaccine, of Vaccination Dose, and of Time after Vaccination on Susceptibility to LCM

Challenge infection with 102 PFU LCMV

day 20

	

day 100

100

	

100
100

	

80 (7.0 ± 0.5)

Groups of four to five BALB/c mice were primed intravenously with the indicated doses of LCMV and vaccinia viruses on day 0 and challenged
on the given days thereafter with 10^ or 102 PFU of LCMV-WE intracerebrally. Data represents survival after challenge infection. Time to death
was monitored every 12 h and the mean times to death ± SEM are given in parentheses ; percent lethality was determined on day 21 after challenge
infection . All deaths occurred before day 11 .

Priming
infection (PFU) day 10

Challenge infection with 10 4 PFU LCMV

day 20 day 100

/05
LCMV (102) 100 100 100
Vacc-NP (2 x 106 ) 100 100 0 (5 .0 ± 0.5)
Vacc-NP (2 x 10') 100 100 ND
Vacc-GP (2 x 106 ) 40 (7 .0 ± 1 .0) 25 (5 .7 ± 0.3) ND
Vacc-GP (2 x 10') 0 (6 .0 ± 0.5) 0 (7 .0 ± 0.5) ND
Vaccinia (2 x 10 6 ) 0 (7 .4 ± 0.4) 0(7.0±0.5) 0(8.0±0.5)
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Figure 1 .

	

Antiviral protection after immunization with various doses
of vacc-NP (A) or vacc-GP (B) . Four BALB/c (H-2d) mice per group were
immunized intravenously with 2 x 10 6	2 x 104 (-C-), or 2 x
102 PFU (-0-) of vacc-NP and vacc-GP, respectively. Two additional
groups of four mice were immunized with 200 PFU of LCMVWE
(--A-) or 2 x 106 PFU of vaccinia (-*--) as controls . After various time
intervals, the mice were challenged intravenously with 100 PFU ofLCMV.
3 d later, the spleens were removed and the virus titers were determined
(46) . The loglo values of virus titers per gram of spleen are indicated .

were protected when challenged 7 d after immunization, but
not at 14 d or later.

Vaccination with various doses of vacc-GP (Fig . 1 B) re-
vealed that immunization with a high dose of vacc-GP in-
duced efficient antiviral protection on day 7 . This protection
decreased with the vaccination dose and with time. No pro-
tection was measured after 56 d as indicated by high virus
titers in mice vaccinated with all immunizing doses of vacc-
GP. Thus, again the immunizing dose and the quality of the
antigen influenced the antiviral protective capacity, depending
upon the time after vaccination .

Analysis ofthe Kinetics ofCytotoxic Anti-LCMV-speck CTLp
Frequencies. There is experimental evidence from several
model systems that immunological memory correlates with
increased CTLp frequencies (1, 4) . Therefore, limiting dilu-
tion assays were performed with spleen cells ofBALB/c mice
immunized with vacc-NP, vacc-GP, wild-type vaccinia virus,
or LCMV WE (Fig . 2 A and see Materials and Methods).
Priming with 2 x 106 or 2 x 104 PFU of vacc-NP induced
LCMVNP-specific CTLp frequencies decreasing eight- or
threefold, respectively, between day 28 and days 50 or 90 (Fig.
2 B) .

Priming with LCMV resulted in 3-10-fold higher overall
frequencies that did not decline with time ; e .g ., CTLp were
determined on day 170, yielding a frequency of 1:5 x 10 3
for 2 x 102 PFU LCMV primed mice (data not shown) .
Immunization with a low vacc-NP dose (2 x 10 2 PFU) or
a high vacc-GP dose (2 x 106 PFU) did not induce any de-
tectable LCMVspecific CTLp above background levels 30 d
or later after priming. For technical reasons, frequencies of
<1:105 could not be measured reliably (4, 50) . But note that
anti-LCMV protection measurable in vivo after immuniza-
tion with 2 x 102 PFU of vacc-NP on day 7 was specific
since vaccination with an irrelevant vaccinia virus failed to
protect (Fig . 1 A) .
Needfor Antigen to Maintain Antivirally Protective T Cell

Memory Demonstrated by Adoptive Transfer.
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Kinetics of CTLp frequencies of mice primed with various
doses of vacc-NP or vacc-GP. BALB/c (H-2a) mice were primed intrave
nously with 2 x 106 PFU vacc-GP (-*-), 2 x 10 2	2 x 104
(-0-), or 2 x 106 (-&-) PFU of vacc-NP; 2 x 10 2 PFU of LCMV
(-A,), or 2 x 106 PFU of wild-type vaccinia virus

	

After different
time intervals, the CTLp frequencies were determined in the spleens by
limiting dilution analysis (47, 48) in 7-d cultures in medium conditioned
with 10% con A supernatant . (A) Representative plot for the determina-
tion of CTLp frequencies on day 28 (see also Materials and Methods) .
(B) CTLp frequencies of the individual experimental groups are plotted .

protection may be explained by long-lived memory T cells
and/or by persisting antigen that maintains CTLs activated
at low levels . To evaluate the role of persistence of viral an-
tigen in T cell-mediated antivirally protective memory, adop-
tive transfer experiments were carried out (Table 2) . BALB/c
mice were immunized as indicated with 2 x 106 PFU of
vacc-NP, 2 x 106 PFU of vaccinia, or 10 2 PFU of LCMV.
At different time intervals after immunization, the spleens
were removed and 101 immune spleen cells were adoptively
transferred into syngeneic recipients (Table 2, Expt . 1) . The
recipients were infected intravenously with 200 PFU of LCMV
on the day before (to enable the virus to replicate and induce
immunogenic antigen before cell transfer [27]) or on various
days after transfer. 4 d after infection, i .e., before the endoge-
nous antiviral response had developed, LCMV titers were mea-
sured in the recipients' spleens . Vacc-NP-immune spleen cells
from mice vaccinated 28 d previously reduced virus titers about
200-fold . 77-d immune cells reduced titers only by 10-fold
if recipient mice had been infected with LCMV on the day
before adoptive transfer (reduction by a factor of about 100
from 6 x 106 to 3 x 104 PFU/g spleen or by a factor of
about 10 from 2 x 106 to 2 x 105 PFU/g spleen on day
28 or 77, respectively) . The protective effect was markedly
decreased when recipient mice were challenged only on day
14 after transfer (about a 30-fold reduction from 2 x 106
to 9 x 104 vs . no reduction from 5 x 106 to 6 x 10 6
PFU/g spleen on day 28 or 77, respectively) . To test whether
spleen cells still contained replicating LCMV, an aliquot con-
taining about 107 spleen cells was injected in 30 /1 into the
footpads of a normal mouse (23, 28) . Typically, this detec-
tion assay is more sensitive than plaqueing ; it detects one
replicating unit of LCMV (which is equivalent to about 2-5
PFU in 30 ,.l of test material) . LCMV. initiates a local infec-
tion and induces a specific CTL response that causes the
footpad to dramatically swell after days 7-8 after infection
into the footpad (23, 26) . No footpad swelling was detected,
suggesting that less than 10 replicating LCMV particles per



Table 2 .

	

Antiviral Protection Mediated by Adoptively-transferred Spleen Cells: Influence of Type of Vaccine and of Time between
Adoptive Transfer and Challenge Infection

' BALB/c mice were immunized intravenously with 2 x 10 2 PFU LCMV-WE or 2 x 106 PFU vacc-NP . Immune cells were transferred after
the indicated times of vaccination of donors .
t Recipient mice were challenged with 2 x 10 2 PFU of LCMV-WE 1 d before, or the indicated days after transfer of immune cells intravenously .
Virus titers were determined 96 h after challenge infection in four to five individual mice per group . Mean ± SEM were determined .
S Level of infection was below the detection level of 2.7 logto PFU/g spleen .

108 spleen cells could have been transferred . The same test
did not reveal LCMV in any of the spleen cell populations.

In contrast to vacc-NP-immune cells, the 28-d LCMV
immune spleen cells conferred maximal antiviral protection
irrespective of the time when the challenge infection was given
on the day before (day -1) or +14 (Table 2, Expt. 1) . The
protective capacity of 77-d LCMVimmune spleen cells from
mice primed with 2 x 102 PFU of LCMV still provided
maximal antiviral protection ifrecipients were challenged with
LCMV on the day before, but importantly, not when chal-
lenged 14 d later. Thus 77 d after vaccination, LCMV and
vacc-NP-immune spleen cells "parked" for 14 d in a previ-
ously uninfected recipient completely failed to control virus
spread in the spleen . This strongly suggests that absence of
viral antigen in recipient mice resulted in loss ofthe antiviral
protective capacity of the transferred immune spleen cells .
The kinetics of loss of antiviral protection adoptively trans-
ferred by immune spleen cells was evaluated in greater detail
by varying the timing of the challenge infection and by trans-
ferring different numbers of cells (Table 2, Expt. 2) . After
adoptive transfer, 8 x 107 immune spleen cells (90 d im-
mune) were antivirally protective in hosts challenged 1 d later
(104-fold virus titer reduction from 8 x 10 6 in controls to
<6 x 10 2 PFU/g spleen), less so in hosts challenged 5 d
later (virus titer reduction by a factor of about 100 from 2
x 10 7 in controls to 3 x 105 PFU/g spleen in transfused
mice), and least active 7 d later (virus titer reduction by a
factor of 10 from 2 x 107 in controls to 2 x 106 PFU/g
spleen) . Eight times fewer cells, i .e., 107 LCMVimmune
spleen cells transferred excellent protective capacity to recipients
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challenged on day +1, but not to those challenged on day
+5 or day +7 after cell transfer (Table 2, Expt. 2) .

Discussion
In immunized mice, virus-specific CTL-mediated antiviral

protection declined with time after immunization . The type
of vaccine strongly influenced the duration ofthe protection .
If replication of the vaccine was limited, the duration of an-
tiviral protection depended upon the vaccine dose. This is
revealed in Fig. 1 B by decreased antiviral capacity of vacc-
GP-immunized mice as a function of immunizing dose and
time . The same phenomenon can be seen with the lowest
dose of vacc-NP (2 x 102), whereas the two higher doses
probably reflected antigen saturating conditions over the time
period tested . A similar correlation is found for a short time
period in the induction of LCMVNP-specific CTLp (Fig .
2 B) . Note, however, that CTLp frequencies of mice im-
munized with two higher doses of (2 x 104 or 2 x 106
PFU) vacc-GP were below detection level after more than
28 or 40 d . Thus, the antiviral protective potential in vivo
correlated with in vitro-measurable CTLp frequencies . The
small decline with time in CTLp frequencies of mice primed
with 2 x 104 or 2 x 106 vacc-NP (Fig . 2 B) did not
influence the measurable antiviral protection as assessed in
vivo by reduction of challenge virus titers . Maximal antiviral
protection was measured despite reduced CTLp frequencies
in recombinant vaccinia virus-primed mice when compared
with LCMV(2 x 102 PFU) primed mice that exhibited ten
times higher CTLp frequencies. This reflects the fact that

Expt .

Vaccination of
donor mice'
(No . cells
transferred)

Time after
vaccination

(days)

Challenge

- 1

Viral titers (log 10 PFU/g spleen)$
infection of recipient mice with respect to cell

+ 1 + 5 + 7

transfer on day

+14

1 Vacc (108 ) 28 6.8 ± 0 .1 ND ND ND 6.3 ± 0.3
Vacc-NP (108 ) 28 4.5 ± 0.1 ND ND ND 4.8 ± 0.1
LCMV (10 8 ) 28 <2.7s ND ND ND <2.7

Vacc (10 8 ) 77 6.2 ± 0.1 ND ND ND 6.7 ± 0.2
Vacc-NP (10 8 ) 77 5 .3 ± 0.1 ND ND ND 6.8 ± 0.2
LCMV (10 8 ) 77 <2.7 ND ND ND 6.7 ± 0.1

2 Vacc (8 x 10 7 ) 90 ND 6.9 ± 0.1 7 .2 ± 0.2 7.2 ± 0.2 ND
LCMV (8 x 10 7 ) 90 ND <2.8 5.4 ± 0.2 6.3 ± 0.1 ND
LCMV (10 7 ) 90 ND 3.7 6.8 ± 0.3 6 .8 ± 0.2 ND



with a given challenge dose of LCMV, the scale of protec-
tion measurable by the virus titer reduction assay is limited
and that therefore experimental conditions cannot reveal the
existent, more substantial difference . However, the more po-
tent protection is revealed in the protection assay against lethal
LCM (compare 2 x 106 vacc-NP in 104 vs . 102 PFU LCMV-
challenged mice, Table 1) . The role of stimulating antigen
in the maintenance of T cell memory was in addition shown
by adoptive transfer of memory CTLs. Efficiency of trans-
ferred protection depended upon the presence of stimulating
antigen in the recipients . If stimulating antigen was absent
or not provided within 7-14 d after cell transfer, protective
CTL memory declined rapidly to undetectable levels .
Thus, antigen dependence of antivirally protective immune

T cells was shown in the original host without disruption
of the structures of lymphoid organs and without forcing
memory T cells to recirculate and home under experimental
conditions, but was also shown in adoptive transfer experi-
ments. Taken together, our results show a remarkable corre-
lation between the existence of memory T cells as defined
by both in vitro (CTLp) and in vivo (antiviral protection)
assays. Apparently and understandably, the method of assaying
for protection against lethal LCM was less sensitive for de-
tecting T cell memory than for measuring virus titer reduc-
tion in spleens. Once a sufficient number of choriomeningeal
cells are infected, the immunopathology will be lethal . There-
fore, protective memory against LCM needs to be very efficient
and quick to be protective . Besides the need for high levels
of CTLp, this may require relatively high levels of activation
as well . For assaying memory in the spleen, the need for acti-
vation may be less than for memory T cells that have to recir-
culate to mediate effector functions in the choriomeninges
for LCM. Collectively, the results thus demonstrate that an-
tiviral protection in vivo reflects primed T cell populations
that are continuously driven and activated by persisting
antigen .
What are the limitations of the presented experiments and

of these interpretations? The presented and many earlier ex-
periments clearly show that the sensitivity of the readout
systems chosen obviously determines what generally is called
"CTL memory". Accordingly, CTL memory assessed as ca-
pacity to prevent LCM is relatively short-lived because the
assay is insensitive (see Table 1) . This is because LCMV in-
fects choriomeningeal cells rapidly and extensively without
CTL having a chance of eliminating virus promptly, except
when present and activated during, or briefly after, an acute
systemic infection . Paradoxically, and as has been shown in
a previous study (30) CTL memory may even be able to ac-
celerate LCMV under certain circumstances . The assessment
of antiviral protection by virus titer reduction is usually a
more sensitive parameter and obviously in most instances,
the most relevant one to validate vaccine-induced immuno-
logical memory. This parameter, but also CTLp determina-
tions in vitro, revealed rapid decline ofvacc-GP-induced CTL
memory when antigen is limiting . Since LCMVGP codes
for a minor T cell epitope in H-2d mice, this finding is not
surprising . The primary cytotoxic T cell response in H-2d
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mice against LCMVNP is at least 30-100 times stronger than
against LCMVGP (28) . Accordingly, the antivirally protec-
tive T cell response induced in H-2d mice by vacc-NP vs .
vacc-GP (Fig . 2) revealed a substantial difference of detect-
able CTLp in favor of NP.
One may argue that had the virus titer reduction been mea-

sured 1-2 d later even lower levels of CTL memory could
have been detected, but the interference of the recipients' own
immune response (even after low level irradiation) would com-
plicate the possible benefits ofthis prolonged protocol. Oper-
ationally, any lack of acceleration of virus elimination is bio-
logically meaningful and signals absence of protective T cell
memory and/or absence of activated T cells.

The findings obtained by adoptive transfer experiments are
limited by the uncertainties of whether transferred cells recir-
culate and home properly under the chosen experimental con-
ditions (8, 19, 20, 51) . However, since 28-d LCMV or vacc-
NP-immune spleen cells were able to confer high levels of
protection irrespective of whether recipients were infected
with LCMV on day -1 or day +14, there was no obvious
limitation to recirculation or homing by the recipient . Also,
this was not caused by transfer of virus, because we were
not able to detect LCMV or vacc-NP in the transferred spleen
cells, nor in the uninfected recipients above the stated detec-
tion levels of about 50-100 infectious units per spleen (or
5 x 102-10 3 PFU/g of spleen) . However, these findings
cannot exclude that infectious virus below this detection level
was transferred.

Collectively, the presented results suggested that protec-
tive memory cytotoxic T cells are T cell populations con-
tinuously activated by persisting antigen . Therefore, the pre-
viously reported modulations of various surface molecules
on naive or memory T cells may reflect physiologically acti-
vated T cells, rather than specially defined memory T cell
sets . Support for such an assumption may also be deduced
from recent work showing that modulation of CD45R is
not unidirectional but that so called memory T cells can re-
vert to the phenotype of naive T cells (52) . However, and
this is important in view ofprevious studies on memory, simple
lack of space (19) for adoptively transferred memory T cells
may not be invoked to explain the differing, strictly antigen-
dependent kinetics of adoptively transferred protection shown
here .

Several earlier studies have analyzed CTL memory against
LCMV (31-35) . In these studies, as in the present one, CTL
mediated protection has been found to function for more than
1 yr, i .e ., for life. The role of antigen persistence was dis-
cussed but not evaluated as a limiting factor. This was difficult
to achieve in the models used, either because LCMV was not
completely cleared or because too much antigen had accu-
mulated to become limiting. Both the poorly replicating vac-
cinia recombinant viruses and adoptive transfer experiments
could overcome this problem in this study. Persistence of virus
as a possible source of continuously stimulating antigen has
been invoked to explain memory for many viruses including
herpes zoster or herpes simplex (53, 54) . For other viruses
to which CTL memory is very long-lived, such as influenza
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virus, careful search has failed to reveal evidence for persis-
tence of viral genome (55) . However, this does not exclude
the possibility that viral antigen may be stored on special cells
or specialized structures yet to be defined in a class I-presentable
form with a long half-life . Such a possibility may be sug-
gested by a recent study showing that class I-associated pep-
tides may have a half-life of >200-600 h (56) . The results
showing that the in vivo antiviral protection specific for the
main T cell epitope is achieved with fewer PFU of vaccinia
recombinant virus and lasts for a considerably longer time
than found for the minor epitopes, may suggest that the
binding affinity of the peptide, together with its quantity,
may determine the crucial half-life of memory-promoting an-
tigen . Follicular dendritic cells have been shown to retain an-
tibody-antigen complexes to form antigen reservoirs for the
maintenance of B cell memory (11-13) . Replicating antigen
(including persisting virus) driven into the class I-associated
antigen processing pathway may be a prerequisite of antivirally
protective activated T cells . It remains to be seen whether
other forms of antigen and antigen depot may be processed
in a class I-associated form to maintain both CTLp and pro-
tective memory, as may be suggested by experiments with
OVA (57, 58) .

Besides very many examples to the contrary (1, 3, 10, 59-61)
there are nevertheless several studies that signal a relatively
short half-life for T cell memory, which is again crucially
dependent upon the sensitivity of the readout used. The im-
plication is that the more insensitive the test (e.g ., as a result
of measurements under oversaturating conditions or in pa-
rameter ranges where changes have no overt effect) the more
long-lasting T cell memory will appear . For example, studies
on T cell protection against Listeria (18) or T h cells specific
for bovine gamma globulin (15) for sheep RBC (16), for cross-
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We would like to thank Alana Althage for excellent technical assistance, Yvonne Deflorin for preparing
the manuscript, and Demetrius Moskophidis for valuable discussions .

The project was supported by Swiss National Science Foundation grants 31-32195.91 and 31-32179.91,
and by the Kanton Zurich . S. Oehen is supported by the Swiss National Science Foundation and by the
Holderbank Foundation .

Address correspondence to Rolf M. Zinkernagel, Institute of Experimental Immunology, Department
ofPathology, University of Zurich, Sternwartstr. 2, CH-8091 Zurich, Switzerland . S . Oehen is currently
at the University of San Diego, Cancer Center, 9500 Gilman Drive 0063, La Jolla, CA 92093 .

Receivedfor publication 17 January 1992 and in revised form 22 July 1992.

1. Cerottini, J.-C., and H.R . MacDonald . 1989 . The cellular basis
of Tcell memory. Annu . Rev. Immunol. 7:77 .

2 . Sanders, M.E ., M.W. Makgoba, and S . Shaw. 1988 . Human
naive and memory T cells : reinterpretation of helper-inducer
and suppressor-inducer subsets . Immunol. Today. 9 :195 .

3 . Beverley, P.C.L . 1990 . Is Tcell memory maintained by cross

1279

	

Oehen et al.

reactive stimulation? Immunol. Today. 11:203 .
4. Moskophidis, D., U. Assmann Wischer, M.M . Simon, and F.

Lehmann Grube. 1987 . The immune response of the mouse
to lymphocytic choriomeningitis virus . V High numbers of
cytolytic T lymphocytes are generated in the spleen during acute
infection . Eur. J. Immunol. 17:937 .



5. Akbar, A.N., L. Terry, A. Timms, P.C.L . Beverley, and G.
Janossy. 1988 . Loss of CD45R and gain of UCHL1 reactivity
is a feature of primed T cells . J. Immunol. 140:2171 .

6. Meuer, S.C ., R.E . Hussey, M. Fabbi, D. Fox, O. Acuto, K.A .
Fitzgerald, J.C. Hodgdon, J.P. Protentis, S.F. Schlossman, and
E.L . Reinherz . 1984 . An alternative pathway of T-cell activa-
tion : a functional role for the 50 kd T11 sheep erythrocyte
receptor protein. Cell. 36:897 .

7. Sander, B., S. Cardell, and E. Moller. 1991 . Interleukin 4 and
interferon gamma production in restimulated CD4' and
CD8' cells indicates memory type responsiveness . Scand. J.
Immunol. 33 :287 .

8. Mackay, C.R ., W.L . Marston, and L. Dudler. 1990 . Naive and
memory T cells show distinct pathways of lymphocyte recir-
culation . J. Exp. Med. 171:801.

9. Camp, R.L ., T.A . Kraus, M.L . Birkeland, and E. Pure . 1991.
High levels ofCD44 expression distinguish virgin from antigen-
primed B cells . J. Exp. Med. 173:763 .

10 . Wolcott, J.A ., C.J . Wust, and A. Brown. 1982 . Immuniza-
tion with one alphavirus cross-primes cellular and humoral im-
mune responses to a second alphavirus .J. Immunol. 129:1267.

11 . Tew, J.G ., R.P. Phipps, and T.E . Mandel . 1980 . The main-
tenance and regulation of the humoral immune response : per-
sisting antigen and the role of follicular antigen-binding den-
dritic cells as accessory cells. Immunol. Rev. 53:175 .

12 . Tew, J.G., and T.E . Mandel . 1979 . Prolonged antigen half-life
in the lymphoid follicles of specifically immunized mice . Im-
munology. 37:69.

13 . Tew, J.G ., M.H . Kosco, G.F. Burton, and A.K . Szakal . 1990.
Follicular dendritic cells as accessory cells . Immunol. Rev. 117:185 .

14 . Gray, D., and H. Skarvall . 1988 . B-cell memory is short-lived
in the absence of antigen. Nature (Lond.). 336:70 .

15 . Dresser, D.W. 1961. Astudy of the adoptive secondary response
to a protein antigen in mice . Proc. R . Soc. Lond. Ser. B Biol.
Sci. 154:398 .

16 . Cunningham, A.J ., and E.E . Sercarz . 1971 . The asynchronous
development of immunological memory in helper (T) and
precursor (B) cell lines. Eur. J. Immunol. 1:413 .

17 . Roost, H.P., S. Charan, and R.M . Zinkernagel . 1990 . Anal-
ysis ofthe kinetics of antiviral memory T help in vivo : charac-
terization ofshort lived cross-reactive T help. Eur. J. Immunol.
20:2547.

18 . Jungi, T.W. 1990 . Immunological memory to listeria mono-
cytogenes in rodents: evidence for protective T lymphocytes
outside the recirculating lymphocyte pool . J. Reticuloendothel.
Soc. 28:405 .

19 . Celada, F. 1971 . The cellular basis ofthe immunologic memory.
Prog. Allergy. 15:223 .

20. Gray,D., and P. Matzinger. 1991 . T cell memory is short-lived
in the absence of antigen. J. Exp. Med. 174:969 .

21 . Zinkernagel, R.M., and R.M . Welsh. 1976 . H-2 compatibility
requirement for virus-specific T cell-mediated effector func-
tions in vivo . I . Specificity of T cells conferring antiviral pro
tection against lymphocytic choriomeningitis virus is associated
with H-2K and H-2D. J. Immunol. 117:1495.

22 . Byrne, J.A ., and M.B.A. Oldstone . 1984 . Biology of cloned
cytotoxicT lymphocytes specific for lymphocytic choriomen-
ingitis virus : clearance of virus in vivo. J. Virol. 51:682 .

23 . Hotchin, J. 1962 . The biology of lymphocytic choriomenin-
gitis infection: virus induced immune diseases. Cold Spring
Harbor Symp. Quant . Biol. 27:479 .

24 . Lehmann-Grube, F. 1971 . Lymphocytic choriomeningitis virus.
Virol. Monogr 10 :1 .

1280

25 . Cole, G.A ., N. Nathanson, and R.A . Prendergast . 1972 . Re-
quirement for thetabearing cells in lymphocytic choriomenin-
gitis virus-induced central nervous system disease. Nature(Lon4
238:335 .

26 . Baenziger, J., H . Hengartner, R.M. Zinkernagel, and G.A .
Cole. 1986 . Induction or prevention of immunopathological
disease by cloned cytotoxic T cell lines specific for lympho-
cytic choriomeningitis virus. Eur. J. Immunol. 16:387 .

27 . Whitton, J.L ., P.J . Southern, and M.B.A . Oldstone . 1988 .
Analyses of the cytotoxic T lymphocyte responses to glyco-
protein and nucleoprotein components of lymphocytic cho-
riomeningitis virus. Virology. 162:321 .

28 . Hany, M., S. Oehen, M. Schulz, H. Hengartner, M. Mackett,
D.H.L . Bishop, and R.M . Zinkernagel . 1989 . Anti-viral pro-
tection and prevention of lymphocytic choriomeningitis or of
the local footpad swelling reaction in mice by immunisation
with vaccina-recombinant virus expressing LCMVWE nucleo-
protein or glycoprotein . Eur. J. Immunol. 19 :417 .

29 . Schulz, M., P. Aichele, M. Vollenweider, F.W. Bobe, F.
Cardinaux, H. Hengartner, and R.M. Zinkernagel . 1989 .
MHC dependent T cell epitopes of LCMV nucleoprotein and
their protective capacity against viral disease . Eur. J. Immunol.
19:1657.

30 . Oehen, S., H. Hengartner, and R.M . Zinkernagel . 1991 . Vac-
cination for disease . Science (Wash. DC). 251:195 .

31 . Volkert, M., and J.H . Larsen . 1965 . Studies on immunolog-
ical tolerance to LCM virus . 5 . The induction of tolerance to
the virus . Acta . Phorbol. Microbiol. Scand. 63 :161 .

32 . Johnson, E.D., and G.A . Cole . 1975 . Functional heterogeneity
oflymphocytic choriomeningitis virus-specific Tlymphocytes .
I . Identification of effector and memory subsets .J. Exp. Med.
141:866 .

33 . Jamieson, B.D ., and R. Ahmed. 1989 . T cell memory : long-
term persistence of virus-specific cytotoxic T cells.J. Exp. Med.
169:1993.

34 . Dunlop, M.B.C ., P.C . Doherty, R.M . Zinkernagel, and RY.
Blanden. 1976 . Secondary cytotoxic cell response to lympho-
cytic choriomeningitis virus. II . Nature and specificity of
effector cells . Immunology. 31 :181 .

35 . Volkert, M., O. Marker, and K. BroJorgensen. 1974 . Two
populations of T lymphocytes immune to the lymphocytic cho-
riomeningitis virus . J. Exp. Med. 139:1329 .

36 . Volkert, M., and C. Lundstedt. 1968 . The provocation of la-
tent lymphocytic choriomeningitis virus infections in mice by
treatment with antilymphocytic serum. J. Exp. Med. 327.

37 . Zinkernagel, R.M . 1990 . Antiviral Tcell memory? Curr. Top.
Microbiol. Immunol. 159:65.

38 . Panicali, D., S.W. Davis, R.L . Weinberg, andE. Paoletti . 1983 .
Construction of live vaccines by using genetically engineered
poxviruses : biological activity of recombinant vaccinia virus
expressing influenza virus hemagglutinine. Proc. Natl. Acad.
Sci. USA. 80:5364.

39 . Mackett, M., G.L . Smith, and B. Moss . 1985 . The construc-
tion and characterization of vaccinia virus recombinants ex-
pressing foreign genes. In DNA Cloning. D. Glover, editor.
IRL Press Ltd., Eynsham, Oxon. pg. 191.

40 . Bennink, J.R ., J.W. Yewdell, G.L . Smith, C. Moller, and B.
Moss. 1984 . Recombinant vaccinia virus primes and stimu-
lates influenza haemagglutinin-specific cytotoxic T cells . Na-
ture (Lond.) . 311:578 .

41 . Romanowski, V., Y Matsuura, and D.H.L . Bishop. 1985 .
Complete sequence of the S RNA oflymphocytic choriomen-
ingitis virus (WE strain) compared to that of Pichinde

Cytotoxic T Cell Memory to LCMV Is Governed by Persisting Antigen



arenavirus . Virus Res. 3:101.
42 . Karupiah, G., B.E . Coupar, M.E . Andrew, D.B. Boyle, S.M .

Phillips, A. Mullbacher, R.V. Blanden, and I.A . Ramshaw.
1990 . Elevated natural killer cell responses in mice infected with
recombinant vaccinia virus encoding murine II,2J Immunol.
144:290 .

43 . Rowe, W.P. 1954 . Studies on pathogenesis and immunity in
lymphocytic choriomeningitis infection of the mouse. Naval
Medical Research Institute, Research Report NM 005048.14.01 .
12 :167 .

44 . Jamieson, B.D., T Somasundaram, andR. Ahmed. 1991 . Abro-
gation of tolerance to a chronic viral infection . J. Immunol.
147:3521.

45 . Chakrabati, S., K. Brechling, andB. Moss. 1985 . Vaccinia virus
expression vector : coexpression of galactosidase provides vi-
sual screening of recombinant virus plaques. Mol. Cell. Biol.
5:3403.

46 . Battegay, M., S. Cooper, A. Althage, J. Baenziger, H. Hen-
gartner, andR.M . Zinkernagel . 1991 . Quantification of lym-
phocytic choriomeningitis virus with an immunological focus
assay in 24 or 96 well plates. J. Virol. Methods. 33:191 .

47 . Wagner, H., C. Hardt, R. Bartlett, H. Stockinger, M. Rol-
linghoff, H. Rodt, andK. Pfizenmaier. 1981 . Frequency anal-
ysis of cytotoxic T lymphocyte precursors in chimeric mice:
evidence for intrathymic maturation of clonally distinct self-
major histocompatibility complex- and allo-major histocom-
patibility complex-restricted virus-specific T cells .J Exp. Med.
153:1517 .

48 . MacDonald, H.R., J.-C. Cerottini, J.-E. Ryser, J.L . Maryanski,
C. Taswell, M.B . Widmer, andKT Brunner. 1980 . Quantita-
tion and cloning of cytolytic T lymphocytes and their
precursors. Immunol. Rev. 51 :93.

49 . Cosulich, M.E ., A. Rubartelli, A. Risso, F. Cozzolino, and
A. Bargellesi . 1987 . Functional characterization of an antigen
involved in an early step of Tcell activation . Proc Natl. Acad.
Sci. USA. 84:4205 .

50 . Taswell, C. 1981 . Limiting dilution assays for the determina-
tion of immunocompetent cell frequencies . J. Immunol. 126:
1614 .

1281

	

Oehen et al .

51 . Sprent, J., and J.F.A.P. Miller. 1976 . Fate of H2-activated T
lymphocytes in syngeneic hosts . III . Differentiation into long-
lived recirculating memory cells . Cell. Immunol. 21 :314 .

52 . Bell, E.B., and S.M . Sparshott. 1990 . Interconversion ofCD45R
subsets of CD4 T cells in vivo . Nature (Lond.) . 348:163 .

53 . Fields, B.N . 1985 . Virology. Raven Press, Ltd. NewYork . Vol.
2 . pp. 1787-2063.

54 . Mims, C.A . 1987 . The Pathogenesis ofInfectious Disease. Ac-
ademic Press, Limited, London . 254-269.

55 . Eichelberger, M.C., M. Wang, W Allan, R.G . Webster, and
P.C . Doherty. 1991 . Influenz a virus RNAin the lung and lym-
phoid tissue ofimmunologicallyintact and CD4-depleted mice .
J Gen. Virol. 72 :1695.

56 . Tsomides, TJ ., B.D. Walker, and H.N . Eisen. 1991 . An op-
timal viral peptide recognized by CD8* T cells binds very
tightly to the restricting class I major histocompatibility com
plex protein on intact cells but not to the purified class I pro-
tein . Proc Natl. Acad. Sci. USA . 88:11276 .

57 . Carbone, F.R., and M.J . Bevan. 1989. Induction of ovalbumin-
specific cytotoxic T cells by in vivo peptide immunization .J.
Exp. Med. 169:603 .

58 . Carbone, F.R., N.A . Hosken, M.W. Moore, and M.J . Bevan.
1989 . Class I MHC-restricted cytotoxic responses to soluble
protein antigen. Cold Spring. Hark Symp Quant. Biol. 54 :551 .

59 . Hale, J.H . 1960 . Duration ofimmunity in virus diseases . Adv.
Immunol. 1:263 .

60 . Gray, D., and J. Sprent . 1990 . Immunological memory. Curr.
Top Microbiol. Immunol. 159:1 .

61 . Kwast, TH., J.G . Van der Olthof, and R. Benner. 1977 . Sec-
ondary delayed hypersensitivity to sheep red blood cells in mice:
a long-lived memory phenomenon . Cell. 34:385.

62 . Rosenberg, Z.F., and A.S . Fauci . 1990 . Immunopathogenic
mechanisms of HIV infection: cytokine induction of HIV ex-
pression . Immunol. Today. 11 :176 .

63 . Schulz, M., R.M. Zinkernagel, and H. Hengartner. 1991 . Pep-
tide induced antiviral protection by cytotoxic T cells. Proc. Natl.
Acad. Sci. USA. 88:991 .


