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    During normal primary T cell responses, naive T 
cells are induced to proliferate and diff erentiate, 
giving rise fi rst to an eff ector pool and then to a 
long-lived memory population ( 1, 2 ). The size of 
the antigen-specifi c memory T cell pool is typi-
cally larger than the naive population from which 
they are derived, but in addition to their elevated 
frequency, memory T cells exhibit multiple qua-
litative advantages over their naive counterparts 
with respect to their functional versatility, speed 
of response, and capacity to migrate to multiple 
sites besides lymphoid tissues ( 1, 2 ). 

 Aside from this standard pathway, however, 
there is accumulating data that memory pheno-
type T cells can arise from naive T cells via ho-
meostatic mechanisms without activation of the 
T cell by foreign antigen. This has been well 
studied in situations of extreme lymphopenia, 
as induced by irradiation or genetic T cell defi -

ciency, which induces homeostatic proliferation 
(HP) of naive T cells ( 3 – 5 ). In addition, there is 
also evidence that HP can occur within unprimed 
neonatal mice ( 3 – 9 ). T cell HP in the lympho-
penic environment is thought to be driven by 
reduced competition for limiting resources, in-
cluding IL-7 and low-affi  nity TCR ligands ( 3 – 5, 
10, 11 ), and can be further infl uenced by other 
cytokines ( 12 – 15 ). 

 HP memory cells resemble conventional 
memory cells in many of their phenotypic and 
functional traits. After HP, T cells display nu-
merous phenotypic markers that are similar to 
those of true antigen-driven memory cells, such 
as increased CD44, LFA1, Ly6C, and CD122 
expression ( 3 – 5, 16, 17 ). Antigen-driven mem-
ory cells display increased sensitivity to antigen 

CORRESPONDENCE  

 Ross M. Kedl: 

 ross.kedl@uchsc.edu 

 OR

Stephen C. Jameson: 

 james024@umn.edu

 Abbreviations used: BFA, 

brefeldin A; gB, glycoprotein B; 

GF, germ free; HP, homeostatic 

proliferation; SPF, specifi c 

pathogen free; VM, virtual 

memory. 

  C. Haluszczak, A.D. Akue, and S.E. Hamilton contributed 

equally to this paper.  

 The antigen-specifi c CD8 +  T cell repertoire 
in unimmunized mice includes memory 
phenotype cells bearing markers 
of homeostatic expansion 

  Catherine   Haluszczak ,  1    Adovi D.   Akue ,  2    Sara E.   Hamilton ,  2   
 Lisa D.S.   Johnson ,  2    Lindsey   Pujanauski ,  1    Lenka   Teodorovic ,  1   
 Stephen C.   Jameson ,  2   and  Ross M.   Kedl   1   

  1 Integrated Department of Immunology, University of Colorado Health Science Center, Denver, CO 80045 

  2 Laboratory Medicine and Pathology, Center for Immunology, University of Minnesota, Minneapolis, MN 55455   

 Memory T cells exhibit superior responses to pathogens and tumors compared with their 

naive counterparts. Memory is typically generated via an immune response to a foreign 

antigen, but functional memory T cells can also be produced from naive cells by homeo-

static mechanisms. Using a recently developed method, we studied CD8 T cells, which are 

specifi c for model (ovalbumin) and viral (HSV, vaccinia) antigens, in unimmunized mice and 

found a subpopulation bearing markers of memory cells. Based on their phenotypic markers 

and by their presence in germ-free mice, these preexisting memory-like CD44 hi  CD8 T cells 

are likely to arise via physiological homeostatic proliferation rather than a response to 

environmental microbes. These antigen-inexperienced memory phenotype CD8 T cells 

display several functions that distinguish them from their CD44 lo  counterparts, including a 

rapid initiation of proliferation after T cell stimulation and rapid IFN- �  production after 

exposure to proinfl ammatory cytokines. Collectively, these data indicate that the unprimed 

antigen-specifi c CD8 T cell repertoire contains antigen-inexperienced cells that display 

phenotypic and functional traits of memory cells. 
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 29, 30 ], vaccinia virus B8R-K b /TSYKFESV [reference  31 ], 
and HSV-1gB-K b /SSIEFARL [reference  32 ]) to isolate anti-
gen-specifi c CD8 +  T cells, from unimmunized normal B6 
mice. Spleen and/or LN cells were isolated as previously de-
scribed ( 33 ) and stained with PE-labeled tetramer in the pres-
ence of azide to block internalization of the TCR. After 
tetramer staining, the cells were incubated with anti-PE mag-
netic beads. After separation on a magnetic column, the cells 
were stained and gated so as to most eff ectively capture all 
tetramer-stained CD8 +  T cells and eliminate noise ( Fig. 1 A ).  
We confi rmed that this tetramer enrichment approach was 
reliable at capturing antigen-specifi c cells by adoptively trans-
ferring either positive (column bound) or negative (fl ow 
through) fractions of B8R/K b -stained spleen cells into 
RAG  � / �   hosts ( Fig. 1 B ). After immunization of these trans-
fer recipients, B8R-specifi c T cells were only detectable in 
the RAG  � / �   mice transferred with the positive column frac-
tion ( Fig. 1 B ), confi rming that all antigen-specifi c T cells 
were contained within this fraction. 

 Analysis of the population of tetramer-bound T cells from 
unprimed animals showed several interesting properties. First, 
depending on the epitope, the total number of antigen-specifi c 
CD8 +  T cells detected in these unprimed animals averaged 
 � 170 (OVA-specifi c T cells) – 1,070 (B8R-specifi c T cells) 
cells per mouse spleen ( Fig. 1, C and D ), a frequency which is 
signifi cantly higher than that observed for antigen-specifi c 
CD4 +  T cells using a similar method ( 27 ) but is in line with re-
cent studies of CD8 T cells using a similar method of naive 
T cell isolation ( 28 ). Second, in contrast to our expectations 
that antigen-specifi c cells in unimmunized animals would all 
be of naive phenotype, a signifi cant percentage of these CD8 +  
T cells expressed high levels of CD44 ( Fig. 1, A and C ), a phe-
notype which is typically associated with antigen-experienced 
eff ector or memory CD8 T cells. The percentage of CD44 hi  
cells varied from as little as 10% of OVA-specifi c CD8 +  T cells 
to 30 – 40% of all HSV-1 – specifi c CD8 +  T cells ( Fig. 1, C and E ). 
Changes in cell isolation approaches, tetramer staining condi-
tions, and gating schemes were evaluated to determine whether 
such CD44 hi  tetramer binding cells were artifacts, but the 
population was reliably observed under various protocols 
(Fig. S1, available at http://www.jem.org/cgi/content/full/
jem.20081829/DC1; and see Materials and methods). There-
fore, a signifi cant percentage of antigen-inexperienced T cells 
in an unprimed host expressed a phenotypic marker usually as-
sociated with activation or memory. 

 Antigen-specifi c T cells from an unprimed host are both 

CD44 hi  and CD44 lo  

 It was plausible that a population of CD44 hi  CD8 T cells is 
simply prone to nonspecifi c tetramer binding. As an initial 
test of this premise, we isolated T cells from a RAG  � / �  gBT-1 
TCR transgenic mouse, which was specifi c for an HSV-1 
glycoprotein B (gB) peptide ( 32 ), using K b  MHC tetramers 
loaded with the OVA, B8R, or HSV-1 peptides. Two obser-
vations are noteworthy from these experiments. First, the 
B8R- or OVA- loaded tetramers failed to isolate any cells at 

stimulation leading to a more rapid proliferative response and 
enhanced cytotoxic and cytokine-producing eff ector func-
tions ( 18, 19 ). Similarly, HP memory cells display prolifera-
tive responses, increased eff ector cytokine production, and an 
acquisition of cytotoxic functions that are signifi cantly ele-
vated compared with naive T cells ( 3 – 5, 16, 17 ). This in-
creased functionality of HP memory cells is signifi cant, as 
demonstrated by the fact that HP memory cells can provide a 
substantial degree of protective immunity against infectious 
challenge ( 17 ). Besides their enhanced functional responses, 
antigen-driven memory cells can traffi  c outside of traditional 
secondary lymphoid tissues ( 20 – 22 ) and, indeed, may even 
show a preference for circulating within peripheral tissues, 
particularly under infl ammatory conditions ( 21, 23 ), although 
whether this also applies to HP memory cells has not been 
extensively studied. Finally, memory CD8 T cells also display 
innate-like functions, including their capacity (similar to NK 
cells) for production of IFN- �  in response to stimulation by 
IL-12 and IL-18 ( 24, 25 ). 

 The representation of HP memory T cells in the bulk 
memory T cell pool within a normal unmanipulated host is 
unclear. Analysis of naive mice (i.e., animals which have not 
been deliberately immunized) consistently shows an abun-
dant population of memory phenotype T cells, which can 
amount to 15 – 20% of total CD8 T cells. This population is 
typically assumed to be the result of T cell activation and for-
mation of memory in response to environmental antigens. 
However, a memory CD8 T cell population is also present in 
unprimed animals housed under gnotobiotic (germ free [GF]) 
conditions ( 26 ), which are free of what would be considered 
a dominant source of environmental antigens. This suggests 
that at least some memory phenotype cells in unprimed mice 
might be HP memory cells generated during physiological 
lymphopenia. Importantly, little is known about the antigen 
specifi city of endogenous memory phenotype T cells or their 
ability to engage in primary immune responses. 

 Using a novel technique recently developed by ourselves 
( 27 ) and others ( 28 ), we have isolated the pool of antigen-
specifi c CD8 +  T cells from unimmunized hosts and fi nd evi-
dence not only for naive antigen-specifi c cells but also for 
memory phenotype T cells within this pool. These cells bear 
cell surface markers typical of HP memory cells and are de-
tected in GF as well as specifi c pathogen-free (SPF) animals. 
We present evidence suggesting that these preexisting mem-
ory-like CD8 T cells represent a novel additional arm of the 
immune repertoire capable of participating in the primary 
immune response. 

  RESULTS  

 Isolation of naive antigen-specifi c T cells from 

an unprimed host 

 We ( 27 ) and others ( 28 ) recently devised a method for isolat-
ing antigen-specifi c CD4 +  T cells from the normal T cell 
repertoire in an unprimed animal. Using a modifi ed approach 
to this method, we used class I MHC tetramers loaded with 
various peptide antigens (OVA-K b /SIINFEKL [references 
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  Figure 1.     Quantitation and characterization of antigen-specifi c CD8 +  T cells from unprimed mice.  (A) Gating scheme for FACS analysis of 

peptide/MHC tetramer binding cells isolated by magnetic bead sorting. Left dot plots show a representative gating strategy used to identify CD8 +  T cells 

isolated by magnetic bead column after tetramer staining. After this gating strategy, the cells were then analyzed as displayed in the right dot plots and 

show the general phenotype of the tetramer and CD44 staining profi le. Numbers in top and bottom right quadrants indicate the percentage of tetramer +  

cells that are either CD44 hi  or CD44 lo , respectively. (B) As shown in the fl ow diagram, B6 spleen cells stained with the B8R tetramer were subjected to 

magnetic bead separation. The fl ow through and bound fraction were then injected into separate RAG  � / �   hosts, which were subsequently immunized 

with the B8R peptide plus poly-I:C and anti-CD40. 7 d after immunization, peripheral blood (depicted) and spleen (not depicted) were analyzed by B8R 

tetramer staining. The results shown are representative of six mice from three independent experiments. (C) Splenocytes from unprimed B6 mice were 

isolated using MHC tetramers loaded with the indicated peptides. Numbers outside the parentheses indicate the total number of cells in the mouse with 

the phenotype in that quadrant. Numbers inside the parentheses indicate the percentage of cells, out of all tetramer +  cells, that are either CD44 hi  or 

CD44 lo . (D) Scatter plot shows the distribution of total tetramer +  cell numbers per spleen as isolated by the indicated MHC tetramer, one mouse spleen per 

data point. Horizontal lines show the mean value of the dots displayed. (E) The frequency of CD44 lo  and CD44 hi  cells within tetramer binding CD8 T cells 

from unprimed mice is shown for the indicated tetramers. The results shown are representative of at least 10 independent experiments, with the staining 

results pooled from four independent experiments showing 11 mice for the B8R tetramer, 9 mice for the OVA tetramer, and 6 mice for the HSV-1 tetramer. 

Error bars show SD.   
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all from the RAG  � / �  gBT-1 mouse ( Fig. 2 A ).  Second, stain-
ing with the HSVgB tetramer detected both CD44 lo  and  hi  
gB-specifi c CD8 +  T cells within the RAG  � / �  gBT-1 host. 
These CD44 hi  TCR +  cells are typically seen in TCR trans-
genic mice on a RAG-expressing background and their pres-
ence is usually attributed to the expression of endogenous  �  
chains, whereas our data indicate that they are also detected 
in situations where a monoclonal TCR is used. More impor-
tantly, this CD44 hi  population does not bind nonspecifi cally 
to MHC tetramers, as indicated by the lack of binding to 
OVA or B8R tetramers. We therefore concluded that the 
interaction of our tetramers with either CD44 lo  or CD44 hi  
T cells is antigen specifi c and that CD44 hi  T cells do not have 
an increased propensity to nonspecifi cally bind to class I 
MHC tetramers. 

 As a further confi rmation of this conclusion, we deter-
mined whether the tetramer-positive cells were staining in a 
peptide-selective manner by simultaneously staining the cells 
with two diff erent tetramers (PE and APC labeled) loaded 
with either the same or diff erent peptides. Consistent with 
our prediction, antigen-specific cells isolated using both 
B8R-PE –  and B8R-APC – labeled tetramers were found 
to bind both tetramers, whereas cells enriched using both 
HSV-1-PE and B8R-APC tetramers did not demonstrate 
any degree of double tetramer staining ( Fig. 2 B ). Addition-
ally, both CD44 hi  and  lo  cells were present within the tetra-
mer +  fraction ( Fig. 2 C ). These data reinforce the conclusion 
that the interaction of our tetramers with either CD44 lo  or 
CD44 hi  T cells is indeed antigen specifi c. 

 T cells isolated by tetramer binding respond to specifi c 

antigen stimulation in vivo 

 Confi dent in the specifi city of our tetramer staining method, 
we next determined whether both CD44 lo  and CD44 hi  tetra-
mer +  cells were capable of responding to peptide stimulation. 
B6 mice were injected i.v. with either the B8R or HSV-1 
peptide. 2 h later the mice were killed, half of the spleen 
cells from each peptide-injected mouse were stained with the 
K b /B8R tetramer, and the other half were stained with the 
K b /HSVgB tetramer. The B8R- and HSV-1 – specifi c cells 
were then isolated as before on the magnetic columns and 
the resulting cells were analyzed for CD69 expression. Both 
CD44 hi  and CD44 lo  B8R-specifi c T cells isolated from the 
B8R peptide-injected mice showed an increase in CD69 ex-
pression ( Fig. 3 A ).  In contrast, cells isolated from the same 
B8R peptide-injected mice using the HSV-1 tetramer did 
not show increased CD69 expression ( Fig. 3 A ). The recip-
rocal results were true for HSV-1 peptide-injected mice. Not 
all tetramer-staining T cells increased expression of CD69 
in response to peptide challenge (the frequency of CD69 +  
cells was  � 30 – 40% of the tetramer binding pool). This may 
be a result of incomplete peptide distribution and/or specifi c 
T cell activation within the 2 h stimulation or may refl ect 
a true inability of some tetramer binding T cells to respond 
to the dose of antigen used. Importantly, however, CD44 hi  
T cells were activated at least as effi  ciently as CD44 lo  cells 

  Figure 2.     Specifi c tetramer staining of endogenous CD44 hi  CD8 T 

cells.  (A) Tetramer staining and magnetic bead sorting was performed on 

spleen cells from B6 and RAG  � / �   gBT-1 mice using the indicated tetra-

mers. Numbers in the plots indicate percentage of cells in that quadrant 

after having been gated as shown in  Fig. 1 A . The results shown are repre-

sentative of at least three independent experiments using a total of six 

mice from each strain. (B) Splenocytes from unprimed B6 mice were iso-

lated using both PE- and APC-labeled MHC tetramers loaded with the 

indicated peptides, as described in the Materials and methods. Dot plots 

show all B220  �  CD3 + CD8 +  events from either the fl ow through or col-

umn-bound fractions as indicated. Numbers in each quadrant indicate 

the percentage of total CD8 +  cells in that quadrant. (C) Cells analyzed in B 

were further gated as indicated in the left dot plot and analyzed as shown 

in the right dot plots. Numbers in the top and bottom quadrants indicate 

the percentage of all tetramer +  events that are either CD44 hi  or CD44 lo , 

respectively. The results for B and C are representative of 15 mice from at 

least fi ve independent experiments.   

within the appropriate tetramer binding population, suggesting 
that the preexisting tetramer +  CD44 hi  pool include bonafi de 
antigen-reactive cells. The isolation of OVA-, HSV-1 – , or 
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B8R-specifi c T cells from vaccinia virus – challenged mice 
demonstrated a similar fi nding; although cells isolated with 
the B8R tetramer show signs of antigenic stimulation, T cells 
isolated from the virus challenged host with the HSV-1 or 
OVA tetramers show no signs of overt antigen stimulation 
(Fig. S2, available at http://www.jem.org/cgi/content/full/
jem.20081829/DC1). Collectively, these results further sup-
port the conclusion that both CD44 hi  and CD44 lo  cells isolated 
with a given peptide MHC tetramer demonstrate specifi city 
for that peptide – MHC complex. 

 Antigen-responsive cells are present in both the CD44 hi  

and CD44 lo  CD8 +  T cell pools of unprimed mice 

 Standard models of adaptive immunity would predict that 
foreign antigen-specifi c T cells in an unprimed animal would 
be exclusively of naive phenotype (i.e., CD44 lo ). In contrast, 
the data discussed in the previous section indicates that anti-
gen-specifi c precursors should be present in both the CD44 lo  
and CD44 hi  (memory phenotype) populations of CD8 +  
T cells in an unprimed animal. To test this hypothesis using a 
method not infl uenced by the use of tetramer sorting, we 
sorted total CD8 +  T cells from unprimed animals based only 
on their CD44 expression ( Fig. 3 B ). CD44 lo  and CD44 hi  
populations were then transferred into separate RAG  � / �   hosts 
and the recipients immunized with B8R peptide together 
with adjuvants. After immunization, B8R-specifi c T cells 
were readily identifi ed in mice transferred with either CD44 lo  
or CD44 hi  precursors ( Fig. 3 B ), suggesting that specifi c pre-
cursors are present in both pools. We therefore concluded 
that antigen specifi c precursors are present in both the CD44 lo  
and CD44 hi  fractions of CD8 +  T cell in unprimed mice. 

 Antigen-specifi c CD44 hi  CD8 T cells are found 

in unprimed GF mice 

 We postulated two possible explanations for the existence of 
antigen-specifi c CD44 hi  T cells in unimmunized animals. 
First, these cells may be authentic antigen-experienced mem-
ory T cells that fortuitously cross-react on the peptide – MHC 
complex used for tetramer-based isolation. Previous studies 
have shown that the memory CD8 T cell pool specifi c for one 
pathogen may contain cells reactive to an unrelated pathogen 
(a response called heterologous memory) ( 34, 35 ). Alterna-
tively, the memory-like cells we detected in unimmunized 
animals may be antigen inexperienced, having been generated 
from the naive T cell pool through homeostatic mechanisms. 
Conversion from naive to functional memory phenotype cells 
occurs in response to induced lymphopenia ( 16, 17, 36 ) but 
has also been reported to occur in physiological circumstances 
of lymphopenia, such as in neonatal mice ( 7, 9 ). To begin dis-
tinguishing these possibilities, we analyzed the antigen-spe-
cifi c T cell pool in gnotobiotic (GF) mice. These animals are 

  Figure 3.     Foreign antigen-reactive CD44hi CD8 T cells found in 

unprimed SPF mice.  (A) B6 mice were injected i.v. with 400 mg of either 

B8R or HSV-1 peptide. 2 h later, the mice were killed, half of the spleen 

cells from each peptide-injected mouse were stained with the B8R/K b  

tetramer, and the other half were stained with the HSVgB/K b  tetramer. 

B8R- and HSV-specifi c T cells from either peptide-challenged mice and 

from control mice were then isolated by magnetic column and analyzed 

for CD44 and CD69 expression on all tetramer-staining cells. Numbers in 

the top quadrants represent the percentage of CD69 +  cells of all 

B220  �  CD8 + CD3 + tetramer +  cells shown. The results shown are representa-

tive of six mice for each treatment group from three independent experi-

ments. (B) As shown in the schematic, CD8 +  T cells from unimmunized B6 

mice were sorted based on their expression of CD44. CD44 hi  and CD44 lo  

cells were transferred into separate RAG  � / �   mice, which were subse-

quently immunized with the B8R peptide in conjunction with poly-I:C and 

anti-CD40. 7 d after immunization, the spleen cells from each transferred 

and immunized host were stained with the indicated tetramers. The 

K b /OVA tetramer was used as a staining control as shown. Numbers above 

each gate represent the percentage of tetramer-staining T cells out of 

total CD8 +  T cells. The numbers in parentheses indicate the total number 

of tetramer-staining cells per mouse after immunization. The results 

shown are representative of eight total recipient mice from two indepen-

dent experiments.   
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eign antigen-driven response. We therefore sought to more 
comprehensively determine whether the phenotype and func-
tion of the CD44 hi  tetramer +  cells was more consistent with 
foreign antigen experience or with HP. B8R-specifi c T cells 
were isolated from unprimed B6 mice and stained for a vari-
ety of markers known to be diff erentially expressed on naive 
and activated/memory T cells. As a control for a phenotype 
representative of antigen-driven activation, B8R-specifi c cells 
were simultaneously isolated from mice challenged 4 d previ-
ously with vaccinia virus. B8R-specifi c cells from vaccinia-
challenged mice displayed a classical activation phenotype, 
uniformly expressing high levels of CD44, LFA1, VLA4, 
Ly6C, and CD122 ( Fig. 5 A ).  A signifi cant population of cells 
also expressed CD69 and CD25, which is indicative of ongo-
ing antigenic stimulation as would be expected in mice only 
4 d after vaccinia challenge. This phenotype was similar to pep-
tide-immunized mice as well, though the peptide-challenged 
mice displayed a slightly advanced time course of activation 
compared with viral challenge (Fig. S3, available at http://
www.jem.org/cgi/content/full/jem.20081829/DC1). The 
specifi c CD44 hi  CD8 T cells isolated from unprimed mice 
expressed noticeably increased levels of CD122, LFA1, and 
Ly6C but were low for CD69 and CD25, which is consistent 
with a memory (rather than eff ector) phenotype ( 16, 17, 36 ). 

raised in sterile conditions and lack culturable gut fl ora. In 
contrast to the SPF animals, which are colonized by a diverse 
gut fl ora, the T cell pool of GF mice should be unbiased by 
exposure to commensal or environmental microbes. 

 Use of the tetramer enrichment protocol revealed a notable 
population of antigen-specifi c CD8 T cells binding B8R/K b  
or OVA/K b  tetramers in unimmunized GF B6 splenocytes 
( Fig. 4 A ), which in absolute numbers were similar to SPF B6 
animals analyzed in the same experiments ( Fig. 4 B ).  Critically, 
the tetramer-bound populations from GF animals also con-
tained a population of CD44 hi  cells that were present at similar 
frequencies to those found in SPF mice ( Fig. 4, C and D ). 
These studies cannot rule out the contribution of nonmicro-
bial antigens in appearance of these memory phenotype CD8 
T cells. However, our data do suggest that the presence of 
CD44 hi  antigen-specifi c pool in unprimed animals does not 
require exposure to environmental microbes and, hence, is 
unlikely to arise from the cross-reactive response to patho-
gens characteristic of heterologous memory ( 34, 35 ). 

 CD44 hi  T cells in unprimed mice bear the phenotypic 

signature of HP 

 These data lead us to speculate that the presence of the CD44 hi  
tetramer +  T cells might be the result of HP rather than a for-

  Figure 4.     Foreign antigen-specifi c CD44hi CD8 T cells are found in GF mice.  Spleen and LNs were collected from B6 mice maintained in GF versus 

SPF conditions and subjected to tetramer enrichment using B8R/K b  and OVA/K b  tetramers. (A) Dot plots show representative tetramer staining of the col-

umn-bound pool gated on CD3 + CD8 +  B220/CD4  �   cells. (B) The total numbers of tetramer-bound CD8 T cells detected in unprimed SPF and GF mice com-

piled from three independent experiments ( n  = 9 for both SPF and GF mice). The graph shows mean and SD. (C) Representative data showing phenotype 

of column-bound cells. The data are gated on dump  �   CD3 + CD8 +  T cells and show CD44 versus tetramer staining for cells from SPF and GF animals. Per-

centages are of tetramer-bound cells. (D) Mean percentage of CD44 hi  and CD44 lo  phenotype cells detected in unprimed SPF and GF mice within the indi-

cated tetramer +  population. Numbers refl ect mean and SD, with the data compiled from nine mice in each group.   
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( Fig. 5 A ). This protein (also called CD49d) is a component of 
the integrins VLA-4 and LPAM and is typically expressed at 
high levels on antigen-stimulated eff ector and memory CD8 
T cells ( 23, 37 – 41 ) ( Fig. 5 A ). Interestingly, we saw similarly 
low expression of  � 4-integrin on memory CD8 T cells pro-
duced via HP. Conventional and HP memory CD8 T cells 

The CD44 hi  population in GF mice also expressed elevated 
levels of CD122, which is similar to cells from SPF mice 
(Fig. S4 B). Together, these data reinforce the designation of 
the preexisting tetramer +  CD44 hi  pool as memory-like. 

 Unexpectedly, we found that tetramer binding CD44 hi  cells 
in unimmunized animals expressed low levels of  � 4-integrin 

  Figure 5.     Phenotypic analysis of CD44hi and CD44lo tetramer-bound T cells from unprimed mice.  (A) B8R-specifi c T cells were isolated by 

tetramer staining and magnetic bead separation from the spleens of both unprimed and day-4 vaccinia virus – challenged mice. The cells were stained with 

CD44 and the indicated activation markers. The data shown is gated as in  Fig. 1 A  and shows all B220  �  /CD8 + /CD3 + /tetramer +  events. Numbers in each 

quadrant indicate the percentage of B8R tetramer +  cells within that quadrant. The results shown are representative of eight mice from four independent 

experiments. (B) Naive OT-I CD8 T cells were transferred into either irradiated B6 mice (to generate HP memory cells) or LM-OVA – infected mice (to gener-

ate  “ true ”  memory cells). At least 30 d later, the donor OT-I cells (identifi ed using OVA/K b  tetramer) were assessed for their expression on  � 4-integrin. For 

comparison,  � 4-integrin on bulk endogenous CD8 T cells is shown, as is isotype control staining. These data are representative of at least three experi-

ments with two to three mice per group. (C) B8R-specifi c CD8 +  T cells isolated by magnetic bead separation, as in A, from an unprimed B6 (top contour 

plots) were compared with the CD8 +  spleen cells from a gBT-1RAG  � / �   mouse (bottom contour plots) with respect to the activation markers shown. Cells 

were gated on all CD8 + /B220  �  /CD3 + /tetramer +  events.   
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isolated from either LN or spleen (Fig. S4 B and S5). In addi-
tion, low expression of  � 4-integrin was also observed on the 
CD44 hi  pool of CD8 +  T cells isolated from unmanipulated 
RAG  � / �   TCR transgenic gBT mice ( Fig. 5 C ). Again, the 
T cells in these mice are all specifi c for the HSVgB and cannot 
express endogenous receptors because of the RAG defi ciency 
and so cannot respond to environmental antigens. Therefore, 
the phenotype of these cells must arise via a mechanism inde-
pendent of antigen/TCR stimulation. In summary, the anti-
gen-specifi c pool of CD44 hi  T cells in unprimed WT mice, 
which is similar to those in TCR transgenic RAG  � / �   hosts, 

were generated from naive OT-I T cells by adoptive transfer 
into LM-OVA – infected or lymphopenic mice, respectively, 
as previously described ( 17 ). Although antigen-driven mem-
ory OT-I T cells display elevated levels of  � 4-integrin (com-
pared with bulk polyclonal CD8 T cells), HP memory OT-I 
cells show markedly reduced  � 4-integrin expression ( Fig. 5 B ). 
Hence, by this marker, the tetramer binding CD44 hi  cells 
in unprimed animals resembled HP memory CD8 T cells 
( Fig. 5, A and B ; and Figs. S4 and S5, available at http://www
.jem.org/cgi/content/full/jem.20081829/DC1). This pattern 
of  � 4-integrin expression was observed on specifi c T cells 

  Figure 6.     During primary stimulation, antigen-specifi c CD44 hi  CD8 T cells respond more quickly than CD44 lo  CD8 T cells.  (A) Unprimed B6 

mice, or mice challenged with vaccinia virus 30 d earlier, were injected i.v. with 300  μ g B8R peptide and BFA 2 h before spleen harvest as described in the 

Materials and methods. The B8R-specifi c T cells were isolated by tetramer staining and magnetic bead sorting as described in  Fig. 1 , except that BFA was 

included in all buffers. The cells were stained for surface markers and intracellular IFN- �  as previously described ( 52 ). (B) B6 mice were immunized with 

100 mg B8R peptide and 50 mg of anti-CD40 antibody at the indicated times before the harvest of their spleen cells. As in A, the mice were injected with 

B8R peptide and BFA 2 h before being killed, and their B8R-specifi c T cells were isolated by tetramer staining and magnetic bead sorting. The cells were 

stained for surface markers and intracellular IFN- �  as previously described ( 52 ). The contour plots shown were gated on all CD8 + B220  �   tetramer +  T cells. 

(C) B6 splenocytes were harvested from unprimed animals and tetramer enrichment was performed (using both B8R/K b  and HSV-1/K b  tetramers). Tetra-

mer +  and tetramer  �   CD8 T cells were both sorted into CD44 hi  and CD44 lo  populations, each was CFSE-labeled, and the cells were stimulated in vitro on 

antigen (B8R and HSV peptide)-pulsed splenocytes. 2 or 3 d later (as indicated), the proliferation of the tetramer +  (solid lines) and tetramer  �   (dashed 

lines) pools were assessed by CFSE dye dilution. (D) Compiled data from three experiments performed as in C, showing the frequency of CFSE-diluted 

responder cells on day 3 after stimulation. Error bars show SD.   
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T cells from the same animals isolated by MHC tetramers of 
an unrelated antigen (unpublished data). However, by this 
60-h time point, there was a substantial increase in the frac-
tion of B8R/K b  tetramer binding CD44 hi  T cells, making it 
diffi  cult to determine whether the responding cells were de-
rived from the original CD44 hi  or CD44 lo  pool. In addition, 
although we did not observe this problem in the analysis of 
B8R-specifi c T cells from the vaccinia-immune hosts, it was 
formally possible that the increased degree of TCR stimula-
tion provided by the peptide+adjuvant immunization facili-
tated a greater loss of antigen-responsive cells as a result of 
TCR down-regulation ( 44 ). 

 To avoid these concerns, we fi rst isolated tetramer bind-
ing CD44 lo  and CD44 hi  CD8 T cells (from unprimed ani-
mals) and then tested their response to antigen stimulation in 
vitro. Specifi c CD8 T cells were enriched by tetramer-based 
isolation, and these cells were FACS sorted into tetramer +  
(and tetramer  �  ) CD44 lo  and CD44 hi  populations. These were 
labeled with CFSE and stimulated in vitro with peptide-
pulsed APC. Both CD44 lo  and CD44 hi  populations responded 
to stimulation, but we consistently observed a greater fraction 
of CD44 hi  cells undergoing proliferation in these assays 
( Fig. 6, C and D ). These data confi rm that tetramer bind-
ing cells are competent to functionally respond to the specifi c 
peptide – MHC molecule and suggest that tetramer bind-
ing CD44 hi  cells can proliferate more effi  ciently than their 
CD44 lo  counterparts. 

 Tetramer binding CD44 hi  CD8 T cells from unprimed animals 

rapidly produce IFN- �  in response to innate immune cues 

 Previous studies have indicated that antigen-driven memory 
CD8 T cells have the capacity to display certain innate im-
mune functions. Specifi cally, in the absence of TCR engage-
ment, memory CD8 T cells effi  ciently produce IFN- �  in 
response to TLR and cytokine stimulation ( 24, 25, 45 ). Re-
ceptors for IL-12 and IL-18 are up-regulated on memory 
phenotype CD8 T cells and binding of these cytokines leads 
to production of IFN- �  ( 24, 25, 45 ). This rapid production 
of IFN- �  has been shown to play an important role in the 
early resistance to bacterial infection ( 24 ). To investigate 
whether antigen-specifi c CD44 hi  CD8 T cells in unprimed 
mice could also perform this function, we cultured spleno-
cytes from B6 mice with IL-12, IL-18, and IL-2, conditions 
which have been previously shown to stimulate IFN- �  se-
cretion from antigen-driven memory CD8 T cells ( 24 ). After 
the 18-h stimulation period, B8R/K b  tetramer enrichment 
was performed followed by immediate intracellular staining 
for IFN- � . We found that when cultured with IL-2 alone, 
CD8 T cells produced little IFN- �  ( Fig. 7 A ), but with the 
addition of IL-12 and IL-18 we observed robust IFN- �  pro-
duction by CD44 hi  (but not CD44 lo ) B8R/K b  tetramer bind-
ing CD8 T cells ( Fig. 7, A and B ).  The same IFN- �  
production pattern was observed when bulk CD8 T cells 
were examined, confi rming that this response is not antigen 
specifi c. These fi ndings demonstrate that antigen-specifi c 
CD44 hi  CD8 T cells from unimmunized animals are capable 

display a phenotype (CD122 hi , LFA-1 hi , Ly6C hi , or  � 4-integ-
rin low ) consistent with their being derived from homeostatic, 
rather than foreign antigen-mediated, expansion. 

 Enhanced functional reactivity of CD44 hi  T cells isolated 

from unprimed animals 

 As discussed earlier, memory and naive CD8 T cells diff er not 
only in their phenotype but also in their functional properties. 
Enhanced functional reactivity is a hallmark of both antigen-
experienced and HP memory CD8 T cells ( 16, 17, 36 ). 
Hence, we sought to test the functional capacity of antigen-
specifi c CD44 hi  cells from unprimed mice. 

 In initial experiments, we studied the response of endog-
enous CD44 hi  and CD44 lo  CD8 T cells after in vivo antigen 
stimulation. Unprimed mice were injected i.v. with the B8R 
peptide to provide an acute TCR stimulus for all B8R-spe-
cifi c T cells, which is analogous to the addition of peptide in 
an in vitro intracellular cytokine staining assay. This was fol-
lowed 30 min later by i.v. injection of brefeldin A (BFA) to 
facilitate retention of intracellular cytokines ( 42, 43 ). As a 
positive control, this procedure was also performed on mice 
possessing a functional pool of memory B8R-specifi c T cells, 
having been challenged 30 d earlier with vaccinia virus. 2 h 
after initial peptide injection, the B8R-specifi c T cells were 
isolated by magnetic bead sorting in the continued presence 
of BFA and then were stained and analyzed to detect intracel-
lular IFN- �  in the CD44 hi  and  lo  B8R-specifi c T cells. In 
keeping with published data on conventional and HP mem-
ory cells ( 16, 17, 36 ), the majority of memory B8R-specifi c 
T cells from the vaccinia immune mice readily stained posi-
tive for both tetramer and IFN- �  ( Fig. 6 A ).  In contrast, 
however, the CD44 hi  antigen-specifi c T cells from unprimed 
mice did not. These data indicate that the lack of IFN- �  pro-
duction from the B8R-specifi c T cells in the unprimed host 
was due neither to a failure of the peptide to provide an ade-
quate TCR stimulus in vivo nor to a failure to isolate the 
unprimed T cells as a result of down-regulation of the TCR 
( 44 ). These data suggested that antigen-specifi c CD44 hi  
T cells diff er from other memory CD8 T cell populations in 
that they do not make eff ector cytokines, such as IFN- � , im-
mediately upon TCR stimulus. 

 We next reasoned that perhaps the antigen-specifi c 
CD44 hi  T cells would convert to IFN- �  – producing eff ectors 
after antigen priming more rapidly that their antigen-specifi c 
CD44 lo  counterparts. We therefore immunized mice with 
B8R peptide and anti-CD40 antibody (as an adjuvant) at 
various time points before isolation of the specifi c cells by 
B8R/K b  tetramer sorting. Again, analogous to the addition 
of peptide in an in vitro intracellular cytokine staining assay, 
mice were injected i.v. with peptide 2 h before harvest, fol-
lowed 30 min later by injection of BFA. The B8R-specifi c 
T cells were isolated and were again stained and analyzed to 
detect intracellular IFN- �  in the CD44 hi  and  lo  B8R-specifi c 
T cells. By 60 h after immunization, IFN- �  production could 
be induced selectively in the CD44 hi  pool ( Fig. 6 B ). This re-
sponse was specifi c because IFN- �  was not produced by 
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novel population of antigen-specifi c T cells within the 
unprimed T cell repertoire (in computing, VM describes a 
form of working memory, based on alternative utilization of 
existing space). Our fi ndings diff er from those of a recent 
publication by Obar et al. ( 28 ), who used very similar ap-
proaches to study antigen-specifi c CD8 T cells in the un-
primed repertoire yet concluded that these cells were all of 
naive phenotype. Those authors did observe a range in CD44 
expression among tetramer binding cells specifi c for VSV-
N/K b  or M45/D b  (the main specifi cities studied in that re-
port;  Fig. 1 ) ( 28 ), but other phenotypic markers (such as 
LFA-1 expression levels) did not suggest a memory pheno-
type. However, it is clear from our data that the frequency of 
VM cells varies greatly within any given specifi city ( Fig. 1, 
C – E ). That being said, our preliminary studies on cells iso-
lated from unprimed mice using VSV-N/K b  and M45/D b  
tetramers indicates the presence of VM CD8 T cells, which 
is similar to the other epitopes studied here (unpublished 
data). The discrepancy between our fi ndings and those of 
Obar et al. ( 28 ) may either refl ect the natural variation in VM 
frequency within the M45 and VSV-N – specifi c T cells or 
refl ect diff erences in our methods and/or analysis of tetramer 
binding T cell isolation. 

 An important issue is how this memory phenotype pool 
arises in unprimed animals. By standard models, the expecta-
tion would be that this pool represents cells primed by foreign 
antigens encountered in the environment such as microbes or 
food antigens. Given such a scenario, one might anticipate 
that the endogenous memory CD8 T cells would be unlikely 
to show specifi city for the nominal antigens studied in this 
paper (including OVA, B8R, and HSV epitopes) because their 
repertoire would be expected to be focused on the priming 
antigens. In contrast, we reliably found memory phenotype 
CD8 T cells in unprimed animals for all of the foreign pep-
tide – MHC ligands studied, and such cells were present at 
 � 10 – 30% of the total tetramer-bound pool. These data sug-
gest that the antigen specifi city of VM T cells has similar 
diversity to the naive pool, arguing against the bias expected 
by reactivity to an environmental antigen. 

 Along the same lines, we consider it unlikely that VM 
cells are products of heterologous immunity, at least in the 
context in which this term is typically applied ( 34, 35 ). Het-
erologous immunity has been used to refer to the overlap in 
the reactivity of antigen-specifi c T cells responding to distinct 
pathogens. This response arises because the pool of T cells re-
sponding to epitopes from one pathogen will sometimes in-
clude T cells that are cross-reactive with epitopes produced 
by a diff erent pathogen. Such responses can lead to improved 
responses to a second microbe as a result of preexisting mem-
ory against the fi rst. However, because these responses in-
volve fortuitous cross-reactivity between distinct epitopes, 
they often lead to dramatic changes in immunodominance of 
the immune response ( 34, 35 ). In contrast, in our studies, the 
precursor frequency of VM T cells responding to nominal 
foreign antigens was in proportion to the frequency of naive 
phenotype precursors, suggesting the absence of a severe bias 

of producing the eff ector cytokine IFN- �  in response to in-
nate cytokine stimulation, and such cells may therefore be 
able to participate in both innate and adaptive phases of the 
primary immune response. 

  DISCUSSION  

 Collectively, our studies indicate that the peptide – MHC-
specifi c CD8 T cell repertoire within an unprimed host con-
tains both the predicted naive phenotype pool and a memory 
phenotype population. Furthermore, our data indicate that 
these cells are distinct from their naive phenotype counter-
parts in their proliferative and cytokine production capacity. 

 The existence of memory-like T cells in nonimmunized 
animals has long been known. However, this is the fi rst dem-
onstration, to our knowledge, that the pool contains cells 
specifi c for (and reactive to) nominal foreign antigens. We 
propose the term  “ virtual memory ”  (VM) to describe this 

  Figure 7.     Antigen-specifi c CD44hi CD8 T cells make IFN- �  in 

response to innate cytokine stimulation.  Spleen cells from B6 mice were 

cultured for 18 h in the presence of either IL-2 or a mixture of IL-2, IL-12, 

and IL-18. BFA was added for the last 4 h of culture. Cells were then sub-

jected to tetramer enrichment using B8R/K b  tetramers. (A) Representative 

staining of either bulk CD8 T cells (top) or B8R/K b  tetramer binding CD8 T 

cells (bottom) for IFN- � . (B) The percentage of IFN- �  +  cells in the CD44 hi  

and CD44 lo  compartments of bulk CD8 T cells or B8R/K b -specifi c CD8 T 

cells. Each symbol represents an independent sample ( n  = 5), and the data 

are compiled from three experiments. Horizontal lines show the mean 

values of each group.   
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it correlates with the greater propensity of CD8 T cells to 
undergo HP compared with the CD4 pool ( 3 – 5, 12, 49 ). 

 Regardless of how VM CD8 T cells are generated, it is 
important to consider their potential signifi cance for immune 
competence. Within the unprimed antigen-specifi c T cell 
pool, the majority of cells are naive phenotype, with VM 
T cells accounting for only 10 – 30% of the population. How-
ever, upon in vitro stimulation with antigen, VM CD8 
T cells exhibit more robust proliferation compared with their 
naive counterparts ( Fig. 6 ). In addition, VM CD8 T cells 
produce IFN- �  in response to the proinfl ammatory cytokines 
IL-12 and IL-18, behaving similarly to conventional CD8 
memory T cells ( Fig. 7 ). These properties suggest that VM 
CD8 T cells may participate in both innate and adaptive im-
mune responses during a primary immune response. In addi-
tion, the proliferative advantage of VM T cells may give them 
a competitive advantage during priming. Competition among 
T cells has been well described ( 50 – 52 ), although the molec-
ular basis for this competition is yet to be fully elucidated 
( 52 ), and it is interesting to speculate that VM CD8 T cells 
may increase their proportional representation during an im-
mune response. In addition, the fact that we observed vari-
ability in the frequency of VM CD8 T cells depending on the 
peptide – MHC ligand studied is noteworthy because the rela-
tive frequency of VM cells within an antigen-specifi c pool 
may infl uence aspects of the response (such as immunodomi-
nance). Finally, if VM CD8 T cells are indeed generated by 
homeostatic mechanisms, their functional relevance may be 
especially tailored to situations where the size of the naive 
T cell pool is limited. It is interesting to note that young 
mice, although lymphopenic, contain a high proportion of 
memory phenotype CD8 T cells compared with adult ani-
mals ( 6, 53 ). Neither the specifi city of these cells, nor their 
similarity to VM T cells has been assessed, but it is tempting 
to propose that such cells may contribute to CD8 T cell – me-
diated immune responses in the neonate. Further studies will 
be required to determine the contribution of VM CD8 
T cells to the eff ector and memory populations after priming 
in young and adult animals. 

 In summary, our data suggest that the unprimed T cell 
pool contains cells that bear phenotypic and functional traits 
of memory CD8 T cells and that appear to arise via homeo-
static mechanisms. Participation of these cells will need to be 
considered in understanding the nature of the primary im-
mune responses and protective immunity against pathogens. 

 MATERIALS AND METHODS 
 Mice and reagents.   6 – 12-wk-old female C57BL/6J mice were purchased 

from the National Cancer Institute. RAG  � / �  , RAG  � / �  gBT1 TCR transgenic 

mice, and RAG  � / �  OT-1 TCR transgenic mice were bred in the National 

Jewish Biological Resource Center or at the University of Minnesota Medical 

School. Spleen and LN cells from GF C57BL/6J mice were provided by 

S. Tonkonogy (Gnotobiotic Core of the Center for Gastrointestinal Biology 

and Disease, College of Veterinary Medicine, North Carolina State Univer-

sity, Raleigh, NC) using conditions described previously ( 54 ). GF mice were 

maintained in fl exible fi lm isolators under positive pressure and received auto-

claved food and water. Aerobic and anaerobic cultures of freshly collected fecal 

samples from each isolator were performed biweekly and were found to be 

in the repertoire of this pool. Second, VM CD8 T cells iso-
lated by tetramer sorting from unprimed animals displayed 
low expression of  � 4-integrin, this marker being expressed at 
levels lower than that of bulk CD8 T cells ( Fig. 5 ). In con-
trast, this marker is induced upon antigen stimulation and 
typically remains high on the ensuing memory population 
( 23, 40, 41, 46 ) ( Fig. 5 ). Thus, the  � 4-integrin lo  phenotype of 
VM cells is inconsistent with their pro duction by heterolo-
gous immunity, as classically defi ned ( 34, 35 ). It is worth not-
ing that a substantial proportion (50 – 70%) of bulk CD44 hi  
cells in unprimed mice express low levels of  � 4-integrin (un-
published data). This suggests that the majority of the mem-
ory phenotype cells in unprimed mice may also be generated 
as a result of HP. Finally, our studies using GF mice further 
argue against the model that the VM CD8 T pool in unprimed 
mice arises as a consequence of exposure to environmental 
microbes, although we cannot rule out the contribution of 
nonself antigens (e.g., components of food) in driving the 
generation of these cells. 

 The markers expressed by VM CD8 T cells (high expres-
sion of CD122, LFA-1, and Ly6C but low expression of  � 4-
integrin) are the same as those expressed by HP memory CD8 +  
T cells after production in a lymphopenic host ( 12, 16, 17, 36 ) 
( Fig. 5 ). Together with the breadth of VM antigen specifi cities 
( Fig. 1 ), these data are most consistent with VM cells being 
produced by homeostatic mechanisms rather than conven-
tional priming. In contrast, both antigen-experienced and HP 
memory CD8 T cells rapidly produce IFN- �  upon TCR 
stimulation ( 12, 16, 17, 36 ), whereas antigen-specifi c VM CD8 
T cells appear to be unable to respond in this way ( Fig. 6 ). At the 
same time, we could show that VM CD8 T cells were com-
petent to produce IFN- �  after stimulation with the proinfl am-
matory cytokines IL-12 and IL-18 ( Fig. 7 ). Hence, the 
functional properties of VM CD8 T cells may be distinct from 
either conventional or HP memory CD8 T cells. 

 This paper focuses exclusively on CD8 T cells. A mem-
ory-like pool of CD4 T cells in unprimed animals is also 
found, and it will be interesting to determine their specifi city 
and function. Previous studies using the tetramer pulldown 
approach ( 27 ) showed that the majority of antigen-specifi c 
CD4 T cells in the unprimed pool were of naive phenotype 
(CD44 lo ). Whether this represents a true distinction between 
CD4 and CD8 T cells will require more extensive study. 
However, it is interesting to note that Class II MHC-specifi c 
TCR transgenic RAG  � / �   animals typically have very few 
CD44 hi  T cells ( 27 ), whereas several Class I MHC-specifi c 
TCR transgenic RAG  � / �   mice ( Figs. 2 and 5 ) contain a 
clearly identifi able population of CD44 hi  T cells. In the ab-
sence of secondary TCRs, it seems likely that the appearance 
of CD44 hi  cells in such mice arises from HP. Indeed, the fact 
that Class I MHC-specifi c H-Y TCR transgenic RAG  � / �   
T cells do not contain a CD44 hi  pool ( 47 ), and that these 
T cells also fail to undergo HP in a lymphopenic environ-
ment ( 48, 49 ), supports that model. Although the basis for 
the diff erent incidence of memory-like cells in Class I MHC –  
versus Class II MHC – restricted TCR transgenics is unclear, 
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 In vivo and in vitro T cell activation assays.   Mice were either left as 

unimmunized controls or were immunized with B8R peptide and anti-

CD40 at various times before being killed. 2 h before being killed, the mice 

were injected with 300  μ g of either B8R peptide or HSV peptide. 30 min 

later, they were injected i.v. with 250  μ g BFA in 500  μ l PBS as previously 

described ( 42, 43 ). 1.5 h after BFA injection, the mice were killed and tetra-

mer-based enrichment was performed as described previously (except that 

BFA was included in all buff ers during the course of T cell staining and isola-

tion). After magnetic column isolation, the cells were stained with the re-

maining surface markers, as described in Tetramer staining and magnetic 

bead sorting, and then fi xed, permeabilized, and stained for intracellular 

IFN- �  as previously described ( 52 ). 

 For in vitro T cell activation assays, B6 splenocytes were fi rst subjected 

to tetramer-based enrichment, using both B8R/K b  and HSV-1/K b  tetramers 

to maximize the isolation of antigen-specifi c T cells from the spleens. Bound 

cells were then sorted by fl ow cytometry to generate four populations: tetra-

mer +  CD44 lo , tetramer +  CD44 hi , tetramer  �   CD44 lo , and tetramer  �   CD44 hi . 

The cells were labeled with CFSE and included with irradiated splenocytes 

(from B6.SJL animals) precoated with 1  μ M HSV and B8R peptides and 

with poly-I:C and anti-CD40 for 1 h at 37 ° C. Flow cytometric analysis was 

performed on days 2 and 3 of the culture, with gating on live CD45.2 +  cells 

representing the B6 responder cells. 

 In vitro cytokine stimulation assay.   Spleen cells from B6 mice were cul-

tured for 18 h in the presence of 10 U/ml of recombinant human IL-2 (Bio-

logical Resources Branch, NCI-Frederick) alone or with 10 ng/ml IL-12 

(a gift from Wyeth Pharmaceuticals) and 10 ng/ml IL-18 (Peprotech). Dur-

ing the last 4 h of culture, 2  μ l/ml BFA was added. After the culture period, 

cells were harvested and B8R/K b  tetramer enrichment was performed as de-

scribed previously. After enrichment, surface staining was performed fol-

lowed by fi xation, permeabilization, and intracellular staining for IFN- � . 

 Preparation of HP and true memory OT-I cells.   CD44 lo  (naive) CD8 +  

OT-I T cells were isolated from OT-I mice and adoptively transferred into 

B6 animals to generate memory populations. For true memory cells, naive 

OT-I T cells were transferred into normal B6 mice which were then infected 

with LM-OVA and left for  > 30 d to allow memory generation. To generate 

HP memory cells, naive OT-I cells were transferred into sublethally-irradi-

ated ( � 450 rads) B6 mice and left for  > 30 d to allow for expansion and dif-

ferentiation in response to lymphopenia. Expression of  � 4-integrin on these 

populations is indicated, as is an isotype control staining profi le. 

 Online supplemental material.   Fig. S1 demonstrates the tetramer isola-

tion of naive T cells using diff erent staining methods. Fig. S2 further supports 

the specifi city of the T cells isolated by tetramer staining and magnetic bead 

sorting based on their phenotype in response to viral challenge. Fig. S3 shows 

the phenotype of the cells isolated by tetramer staining and magnetic bead 

sorting from 0 – 4 d after peptide immunization. Fig. S4 provides additional 

evidence that VM cells are present within GF as well as within both LN and 

spleen in SPF mice. Fig. S5 shows additional data concerning the diff erence 

in VLA4 expression between memory T cells generated by antigen stimula-

tion or by homeostatic expansion. Online supplemental material is available 

at http://www.jem.org/cgi/content/full/jem.20081829/DC1. 
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negative. Peptides were ordered from Global Peptide, New England Peptide, 

or Invitrogen. Class I MHC tetramers were produced as previously described 

( 17, 50 ) or purchased from Beckman Coulter. Fluorochrome-conjugated an-

tibodies against CD8, CD44, B220, CD4, CD11b, CD69, CD25, CD49d 

( � 4-integrin), CD122, LFA1, and Ly6C were purchased from BD or eBiosci-

ence. Vaccinia virus (WR strain) was produced by infection of Vero cells as 

previously described ( 50 ). All mouse protocols were approved by the Institu-

tional Animal Use and Care Committees at National Jewish Health or the 

University of Minnesota. 

 Tetramer staining and magnetic bead sorting.   Tissues from mice (Spleen, 

LN, and ovary) were removed and collagenase was digested for 45 min as pre-

viously described ( 50 ). In the absence of collagenase digestion, antigen-specifi c 

T cells are poorly isolated from antigen-challenged hosts ( 55 ). Therefore, col-

lagenase treatment was typically used for isolating cells from both naive and an-

tigen-stimulated mice. However, qualitatively similar recovery of naive and 

VM populations was observed with or without inclusion of collagenase in the 

isolation procedure. Cells were resuspended in 500  μ l of sorting buff er (consist-

ing of 250  μ l 24G2 supernatant and 250  μ l HBSS containing 2% FCS and 0.2% 

azide to prevent internalization of the tetramer) per spleen. Cells were stained 

with tetramer and anti-CD8 for 60 min at 37 ° C. Cells were then washed, re-

suspended in HBSS plus azide, and stained with anti-PE – coupled MACS 

MicroBeads (Miltenyi Biotec) for 30 min rotating at 4 ° . Cells were then 

washed, resuspended in HBSS, and the tetramer +  cells isolated on a magnetized 

MACS column (Miltenyi Biotec) according to the manufacturer ’ s instructions. 

After elution, cells were centrifuged and resuspended in FACS buff er and 

stained for markers used to enhance gating of tetramer +  CD8 +  T cells (CD8 

and CD3 as a positive gate; B220 and, in some experiments, CD4 or CD11b 

as a dump gate), as well as with antibodies to determine activation status 

(CD44,  � 4-integrin, CD122, LFA-1, Ly6C, CD69, and CD25). 

 As an alternative isolation and tetramer binding protocol (used for  Figs. 4, 

7 , S1, S4 A, and S5), tetramer binding was performed at 4 ° C (rather than 37 ° C) 

and the cells were stained with fl uorochrome (PE or APC)-labeled tetramers at 

4 ° C for 60 min in the absence of anti-CD8 antibodies. Cells were incubated 

with MACS MicroBeads coupled to anti-PE and/or anti-APC and isolated as 

in the previous paragraph. In these experiments, fl uorescent anti-CD8 anti-

bodies were included with other stains after enrichment of tetramer-associated 

cells. For dual tetramer staining experiments, spleen cells were stained for 1 h 

with both PE- and APC-labeled tetramers. Cells were then incubated with 

both anti-PE and anti-APC MicroBeads, isolated on MACS columns as in the 

previous paragraph, and then stained with fl uorescent antibodies to CD8, CD3, 

and CD44 in various fl uorochrome combinations. In addition, cells were stain-

ing with a cocktail of antibodies (all conjugated to Pacifi c Blue) specifi c for 

B220, CD11b, CD11c, F4/80, and (in some experiments) CD4. Cells positive 

for this  “ dump ”  stain were excluded from further analysis. 

 Cells were analyzed on an LSRII (BD), Cyan ADP (Dako), or FACScan 

(BD) retrofi tted with a second laser (Cytek) to allow fi ve-color analysis. Data 

were analyzed using FlowJo software according to the gating strategy described 

in  Fig. 1 . 

 Immunizations.   Indicated mice were injected i.v. with 50 – 400  μ g of pep-

tide (B8R-TSYKFESV, OVA-SIINFEKL, or HSV-1-SSIEFARL). For the 

experiments shown in  Fig. 3 , mice were challenged with peptide in the ab-

sence of any adjuvant to avoid any non – antigen-specifi c infl uence of the ad-

juvant on CD69 expression. In other experiments, mice were injected with 

peptide together with 25 – 50  μ g of the anti-CD40 antibody FGK45 ( 33, 56, 57 ) 

or a combination of FGK45 and 50  μ g of poly-I:C (GE Healthcare). This ap-

proach uses the capacity of CD40 stimulation paired with poly-I:C, to act as 

a highly potent adjuvant for T cell responses ( 33, 56, 58, 59 ). For the experi-

ments in which we transferred enriched cells into RAG  � / �   hosts, we used 

CD40/poly-I:C as an adjuvant to give us the best opportunity at expanding 

the small numbers of antigen-specifi c cells transferred. For immunizations in 

which we required an adjuvant but wished to limit non – antigen-specifi c ad-

juvant eff ects, we used peptide in combination with CD40 alone. For viral 

challenge, mice were injected i.p. with 10 7  pfu of vaccinia virus strain WR. 
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Figure S1. Minimal impact of tetramer staining conditions on recovery of tetramer binding CD44hi cells from unprimed mice. Spleen and LN 
cells were isolated from unimmunized B6 mice and subjected to tetramer enrichment. In these experiments, tetramer binding was performed at either 4 
or 378C, as indicated, in the absence of anti-CD8 antibody. Cells were enriched using anti–PE-coupled magnetic particles, and the data shown are gated 
on CD3-positive events that were negative for the dump cocktail (CD11b, CD11c, F4/80, and B220). In this case, CD4 and CD8 were stained individually (as 
indicated) on the column-bound pool. Similar data were observed in a separate experiment.



2 

Figure S2. T cells identified by tetramer staining and magnetic bead isolation are antigen specific. B6 mice were challenged with VV-WR and, at 
the indicated time points, HSV-, Ova,- or B8R-specific T cells were isolated by tetramer staining and magnetic bead separation as described in Fig. 1. Far 
left dot plots in A and B show gating on all tetramer+ events and the right dot plots indicate the phenotype of either HSV or B8R tetramer + events with 
respect to the indicated markers. Only cells with the B8R tetramer from VV-challenged mice show signs of phenotypic activation. These data are repre-
sentative of 3 independent experiments.



3

Figure S3. Peptide immunization results in an activation phenotype of B8R-specific T cells similar to that observed following VV-WR chal-
lenge. B7 mice were immunized i.v. with 100 µg B8R peptide in combination with 50 µg of the anti-CD40 antibody FGK45. On the indicated time points, 
B8R-specific T cells were isolated from the spleens, as described in Fig. 1, and analyzed for their expression of the indicated activation markers. Data 
shown was gated on all CD8+B2202CD3+ events. Data is representative of three to four mice per time point from two independent experiments.



4 

Figure S4. Phenotype of CD44hi tetramer+ T cells from unprimed animals isolated from spleen and LN. (A) Spleen and LN cells were isolated from 
SPF or GF mice and isolated for binding to B8R/Kb or OVA/Kb tetramer as in Fig. 4. Cells were gated on dump-ve, CD3+CD8+tetramer+ve cells (for the te-
tramer indicated) and staining for CD44 and CD122 is shown. (B) LN and spleen cells were isolated, stained with B8R tetramer, and isolated by magnetic 
column separation as described in the Materials and methods and Fig. 5. The phenotype of all CD8+B2202CD3+tetramer+ events are shown with respect 
to the indicated markers. (VLA-4 indicates staining for a4-integrin). These data are representative of five independent experiments.



5

Figure S5. Expression of a4-integrin by antigen-driven versus HP memory OT-I T cells. HP and antigen-driven (true memory) OT-I CD8 T cells 
were generated after adoptive transfer of naive OT-I cells, as described for Fig. 5 B and the Materials and methods. At least 30 d after OT-I adoptive trans-
fer, spleen and LN cells were isolated and stained for flow cytometry. Data are gated on total CD8 T cells, with donor OT-I cells identified using Ova/Kb 
tetramer. Staining for a4-integrin is indicated. These data are representative of at least three experiments, with two to three mice per group.
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