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Abstract

Ag presentation to CD8+ T cells often commences immediately after infection, which facilitates 

their rapid expansion and control of infection. Subsequently, the primed cells undergo rapid 

contraction. We report that this paradigm is not followed during infection with virulent Salmonella 
enterica, serovar Typhimurium (ST), an intracellular bacterium that replicates within phagosomes 

of infected cells. Although susceptible mice die rapidly (~7 days), resistant mice (129×1SvJ) 

harbor a chronic infection lasting ~60–90 days. Using rOVA-expressing ST (ST-OVA), we show 

that T cell priming is considerably delayed in the resistant mice. CD8+ T cells that are induced 

during ST-OVA infection undergo delayed expansion, which peaks around day 21, and is followed 

by protracted contraction. Initially, ST-OVA induces a small population of cycling central 

phenotype (CD62LhighIL-7RαhighCD44high) CD8+ T cells. However, by day 14–21, majority of 

the primed CD8+ T cells display an effector phenotype (CD62LlowIL-7RαlowCD44high). 

Subsequently, a progressive increase in the numbers of effector memory phenotype cells 

(CD62LlowIL-7RαhighCD44high) occurs. This differentiation program remained unchanged after 

accelerated removal of the pathogen with antibiotics, as majority of the primed cells displayed an 

effector memory phenotype even at 6 mo postinfection. Despite the chronic infection, CD8+ T 

cells induced by ST-OVA were functional as they exhibited killing ability and cytokine production. 

Importantly, even memory CD8+ T cells failed to undergo rapid expansion in response to ST-OVA 

infection, suggesting a delay in T cell priming during infection with virulent ST-OVA. Thus, 

phagosomal lifestyle may allow escape from host CD8+ T cell recognition, conferring a survival 

advantage to the pathogen.
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The CD8+ T cells are stimulated when peptides from endogenously derived Ags 

(intracellular bacteria, viruses, or tumors) are presented on MHC class I molecules (1). 

During viral (lymphocytic choriomeningitis virus) or intracellular bacterial (Listeria 
monocytogenes (LM))4 infections, Ag presentation has been shown to occur rapidly within, 

but not after, the first few days of infection (2–6), implying that the programming for CD8+ 

T cell memory development occurs early after infection. Within the first week of infection, 

CD8+ T cells undergo >5000-fold expansion and differentiation into effectors that mediate 

specific cytotoxicity (by perforin- and Fas-dependent pathways) toward infected cells (7–9). 

Indeed, the generation of massive clonal burst size has been shown to be necessary for 

generation of CD8+ T cell memory (10). The vast majority (>95%) of Ag-specific CD8+ T 

cells activated at the onset of the immune response die by apoptosis, and only a small 

portion of those T cells survives (<5%) for extended periods (11–13). These long-lived 

memory T cells possess the unique ability to respond rapidly and specifically to pathogens 

(14, 15). This paradigm of CD8+ T cell differentiation and memory has evolved mainly from 

intracellular pathogens that induce an acute infection, such as lymphocytic choriomeningitis 

virus and LM infection models (14).

Memory CD4+ and CD8+ T cells have been segregated phenotypically and functionally into 

effector memory and central memory populations based on the expression of CD62L and 

CCR7 (16–18). Tissue-homing effector memory T cells (CD62LlowCCR7−) are capable of 

immediate effector function, whereas the lymph node-homing central memory T cells 

(CD62LhighCCR7+) are devoid of effector activity in vitro (18), but proliferate profoundly in 

vivo and differentiate into effector cells after antigenic encounter (19). Several recent reports 

have confirmed the presence of distinct effector vs central memory T cell subsets (20, 21), 

and have shown that effector memory T cells selectively extravasate into nonlymphoid 

compartments (22, 23) to provide a first line of defense against pathogens. Both of the 

subsets of memory cells are present in the blood and spleen (14).

Salmonella enterica, serovar Typhimurium (ST), is a highly virulent pathogen that induces 

gastroenteritis in humans. In C57BL/6J strain of mice, ST (strain SL1344) induces a lethal 

infection even when used at doses as low as 102 i.v., and 100% of mice die within 7 days of 

infection. In contrast, ST induces a chronic, but nonlethal, infection in 129SvJ or B6.129F1 

mice in which the infection is usually cleared around day 60–90. Although CD8+ T cells 

have been considered to play an essential role mainly during viral infection models, they 

also play an important role in mediating protection against intracellular bacteria such as LM 

(24–26), Mycobacterium tuberculosis (27), and ST (28, 29). In this study, we have 

kinetically evaluated the relative differentiation, fate, and function of CD8+ T cells primed 

during infection of mice with virulent LM and virulent ST. To measure CD8+ T cell 

response specifically, we generated recombinant LM and ST expressing the same Ag, OVA. 

Our results reveal that the programming for the timing and degree of CD8+ T cell 

differentiation, expansion, and contraction is flexible, which is governed to a large extent by 

pathogen-specific interactions with the host.

4Abbreviations used in this paper: LM, Listeria monocytogenes; BCG, bacillus Calmette-Guérin; BHI, brain-heart infusion; ML, 
minimal Luria-Bertani; ST, Salmonella enterica, serovar Typhimurium.
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Materials and Methods

Bacterial strains

rST expressing the gene for OVA (ST-OVA) was generated by electroporating the plasmid 

pKK-OVA (30, 31) carrying the full-length OVA, into virulent ST SL 1344. Plasmid DNA 

(10–100 ng) was introduced into ST by electroporation (32). ST was grown in ML medium 

supplemented with 1 mg/l 2,3-dihydroxybenzoic acid and 0.5 g of glucose/L. Bacteria were 

washed and resuspended in Luria-Bertani (ML) medium (1/100 diluted in distilled water), 

and plasmid DNA was introduced (1–5 μl of TE, 10 mM Tris-HCl (pH 8), and 0.1 mM 

EDTA) into the bacterial suspension in a precooled electroporation cuvette (0.2 cm). 

Electroporation was done once at 2.5 kV in a gene pulser (Bio-Rad). Immediately after the 

pulse, the cells were gently resuspended in ML medium described above and allowed to 

grow for 1 h at 37°C before plating on ML medium agarose plates containing ampicillin (10 

μg/ml). Single colonies were used to inoculate liquid cultures that were incubated at 37°C 

under constant shaking in brain-heart infusion (BHI) medium (Difco Laboratories). 

Expression of OVA by ST-OVA was confirmed by Western blot analysis using an anti-OVA 

mAb. At mid-log phase (OD600 = 0.8), bacteria were harvested and frozen at −80°C (in 20% 

glycerol). CFU were determined by performing serial dilutions in 0.9% NaCl, which were 

spread on BHI-streptomycin agar plates.

OVA-expressing LM (LM-OVA), as described previously (33), was grown to OD600 nm = 

0.4. The bacteria were grown in BHI medium (Difco Laboratories), supplemented with 50 

μg/ml streptomycin (Sigma-Aldrich). At mid-log phase (OD600 = 1.0), bacteria were 

harvested and frozen in 20% glycerol and stored at −80°C. CFUs were determined by 

performing serial dilutions in 0.9% NaCl, which were spread on BHI-streptomycin agar 

plates.

Enumeration of OVA expression

OVA expression was determined by ECL detection system. LM-OVA and ST-OVA were 

grown in BHI liquid culture. In case of LM-OVA, the supernatant corresponding to ~108 

bacteria was subject to ammonium sulfate precipitation (45%) and the pellet was dissolved 

in the SDS-PAGE sample buffer (0.1 M Tris-HCl (pH 6.8), 6% SDS, 30% glycerol, 15% 2-

ME, and 0.01% bromphenol blue) and heated in a boiling water bath for 5 min before 

loading on the 10% SDS-PAGE gel. In case of ST-OVA, 108 bacteria were resuspended in 

PBS and sonicated. The supernatant was subject to ammonium sulfate precipitation (45%), 

and the pellet was dissolved in SDS-PAGE sample buffer, heated in a boiling water bath for 

5 min, and loaded on the SDS-PAGE gel. The gel was equilibrated with the transfer buffer 

(25 mM Tris, 175 mM glycine in 20% methanol) and blotted electrophoretically onto the 

polyvinylidene difluoride membrane at 50 V for 3 h. The blot was blocked with 1% 

skimmed milk in PBS for 14–16 h at 4°C. After thorough washing (0.1% Tween 20 in PBS), 

the blot was incubated for 1 h with the polyclonal anti-OVA Abs in PBS containing 

skimmed milk. After thorough washing, the blot was incubated for 1 h with the secondary 

anti-mouse Ab conjugated to HRP. The membrane was washed and incubated with the 

Lumilight substrate solution. The polyvinylidene difluoride membrane was attached to the x-

ray film and exposed for 1 min.
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Mice and immunizations

C57BL/6 and 129×1SvJ mice were obtained from The Jackson Laboratory. B6129F1 mice 

were generated in house in our experimental animal facility by mating 129×1SvJ female 

mice with C57BL/6 male mice. OT-1 TCR transgenic mice were obtained from The Jackson 

Laboratory. Mice were maintained at the Institute for Biological Sciences (National 

Research Council of Canada) in accordance with the guidelines of the Canadian Council on 

Animal Care. For immunization, frozen stocks were thawed and diluted in 0.9% NaCl. Mice 

were inoculated with 1 × 103 organisms suspended in 200 μl of 0.9% NaCl, via the lateral 

tail vein (i.v.). In some experiments, mice were injected first with 104 OT-1 CD8+ T cells 

(i.v.) and challenged a few days later with LM-OVA or ST-OVA (103, i.v.).

Assessment of bacterial burden

Single-cell suspensions were obtained from the spleens of infected mice in RPMI 1640. An 

aliquot of the suspension was lysed with water for 30 s, and then evaluated for the numbers 

of viable bacteria. CFUs were determined by plating 100-μl aliquots of serial 10-fold 

dilutions in 0.9% saline on BHI plates, as above.

Assessment of Ag presentation

Spleen cells were obtained from donor OT-1 transgenic mice and stained with CFSE (34). 

Briefly, spleen cell suspensions were prepared, and RBC was removed by ammonium 

chloride treatment. Spleen cells were resuspended in PBS (20 × 106/ml), and an equal 

volume of CFSE (5 μM in PBS) was added. After 8 min at room temperature, equal volume 

of FBS was added for quenching. After 1–2 min at 4°C, cells were washed with HBSS. 

CD8+ T cells were purified, as described above, and 5 × 106-purified CD8+ T cells were 

injected into recipient congeneic B6.129F1 mice via the lateral tail vein in 200 μl of HBSS. 

Recipient mice were preinjected with PBS, LM, LM-OVA, ST, and ST-OVA. At different 

time intervals, recipient mice received OT-1 CD8+ T cells. Spleens were removed from the 

recipient mice, and spleen cells were evaluated for the presence of donor CD8+ T cells (OVA 

tetramer+) and the reduction in CFSE intensity.

Assessment of the fate and phenotype of Ag-specific CD8+ T cells

At various time intervals after infection, aliquots (10 × 106) of spleen cells were incubated in 

200 μl of PBS plus 1% BSA (PBS-BSA) with anti-CD16/32 at 4°C. After 10 min, cells were 

stained with PE-H-2Kb OVA257–264 tetramer and various Abs (anti-CD8, anti-CD62L, anti-

IL-2Rα, anti-IL-7Rα, anti-CD69, and anti-CD44) for 30 min at room temperature. All Abs 

were obtained from BD Biosciences. PE-H-2Kb OVA257–264 tetramer was obtained from 

Beckman Coulter. Cells were washed with PBS, fixed in 0.5% formaldehyde, and acquired 

on BD Biosciences FACS Canto analyzer.

Assessment of intracellular IFN-γ in Ag-specific CD8+ T cells

Aliquots of spleen cells (10 × 106/ml) were stained with anti-CD8 Ab and 

H-2KbOVA257–264 tetramer for 30 min, as described above. Cells were then washed, 

reconstituted in R8 medium (RPMI 1640 plus 8% FBS), plated into 96-well plates (2 × 106/

well), and stimulated with OVA257–264 peptide (1 μg/ml) in the presence of GolgiStop (BD 
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Biosciences). After 1 h, cells were harvested, washed, permeabilized, and stained for 

intracellular IFN-γ using the IFN-γ staining kit (obtained from BD Biosciences). Cells were 

acquired on a BD Biosciences FACS Canto analyzer.

Assessment of cell cycling

Cell cycling was evaluated according to the protocol of Tough and Sprent (35) using the BD 

Biosciences BrdU staining kit. Three days before the harvesting of spleens from infected 

mice, BrdU was provided (0.08%) in the drinking water every day. Spleens were harvested, 

single-cell suspensions were prepared, and aliquots of spleen cells (10 × 106/ml) were 

stained with anti-CD8 Ab and H-2KbOVA257–264 tetramer for 30 min, as described above. 

After staining, cells were washed, permeabilized, and incubated with DNase for 30 min at 

37°C. Cells were then stained with anti-BrdU Ab on ice for 30 min, washed, fixed in 0.5% 

formaldehyde, and acquired on a BD Biosciences FACS Canto analyzer.

Assessment of in vivo cytolytic activity

In vivo cytolytic activity of Ag-specific CD8+ T cells was enumerated, according to the 

protocol of Barber et al. (36). Donor spleen cell suspensions were prepared, and RBC was 

lysed by ammonium chloride treatment. Cells were stained with the dye PKH26 (4 μM) and 

split into two aliquots. One aliquot was stained with low concentration of CFSE (0.5 μM) 

and incubated in R8 medium. The second aliquot was stained with 10× CFSE (5 μM) and 

incubated with OVA257–264 peptide (10 μg/ml) in R8 medium. After 30 min of incubation, 

the two aliquots were mixed 1:1 and injected (20 × 106/mouse) into recipient mice that were 

infected previously with LM-OVA or ST-OVA. PBS-injected recipient mice served as 

controls. At 24 h after the donor cell transfer, spleens were removed from recipients, and the 

relative numbers of peptide-pulsed vs control donor cells were enumerated, according to 

previously published equation (36).

Results

ST-OVA induces chronic infection

We first determined the relative rate of proliferation of virulent LM-OVA and ST-OVA by 

measuring the time taken by the bacteria to cause doubling of OD and CFUs in vitro (Fig. 

1A). By this analysis, the doubling time for ST-OVA was ~26 min in comparison with 46 

min in case of LM-OVA. Thus, ST-OVA proliferated approximately twice as rapidly as LM-

OVA. Normal C57BL/6J mice succumb within 7 days even to a low dose (102) of ST given 

i.v. (Fig. 1B). In contrast, 129SvJ mice resist infection with low doses of ST-OVA and 

develop a chronic infection that lasts ~2 mo (Fig. 1B). We generated F1 mice by mating 

C57BL/6 males with 129SvJ female mice and used these mice (B6.129F1) for further study. 

This was done for two reasons: first, infection of B6.129F1 mice with low doses of ST-OVA 

or LM-OVA was not lethal (Fig. 1C); second, we could also follow the fate of transgenic 

OVA-specific OT-1 CD8+ T cells in F1 mice as OT-1 cells (of B6 origin) survived very well 

in these mice. Within the first few days of infection, LM-OVA-infected F1 mice exhibited 

increased bacterial burden in the spleen and the infection was cleared by day 5–7 (Fig. 1C). 

ST-OVA also grew rapidly in mice, and similar bacterial burden was noted in the spleens of 

LM-OVA- and ST-OVA-infected mice at day 2 (~104). Although LM-OVA burden declined 
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subsequently, ST-OVA continued to grow profoundly (~105 CFU at day 10–14) and the 

infection was gradually cleared. At day 90, ST-OVA burden was undetectable in any 

lymphoid or nonlymphoid organs (spleens, lymph nodes, mesenteric lymph nodes, lungs, or 

liver) (data not shown).

We also measured the relative expression of OVA by ~108 LM-OVA and ST-OVA. This was 

achieved using ECL-based detection system. LM-OVA expresses truncated OVA (aa 134–

387), whereas ST-OVA expresses the full-length OVA. Western blot analysis revealed the 

expression of OVA in both LM-OVA and ST-OVA, but not in parental controls LM and ST 

(Fig. 1D). Furthermore, the expression of OVA in LM-OVA appeared to be lesser than that 

expressed by ST-OVA. OVA secreted by LM-OVA was detectable only in the culture 

supernatant and not within the cytoplasm of the bacteria. In case of ST-OVA, OVA was 

detectable only in the cytosol of the bacteria, but not in the culture supernatant (data not 

shown).

Delayed Ag presentation during ST-OVA infection

We evaluated the onset, duration, and extent of T cell activation during LM-OVA and ST-

OVA infection models. OT-1 TCR transgenic CD8+ T cells were transferred at different time 

intervals after infection of recipient mice, and the proliferation of OT-1 cells was enumerated 

by determining the reduction in the expression of CFSE. As is evident in Fig. 2A, LM-OVA 

induces massive T cell proliferation during the first 4 days with nearly all the transferred 

cells having undergone cell division. In contrast, there was little evidence of T cell 

proliferation in ST-OVA-infected mice within the first 4 days. T cell proliferation in LM-

OVA-infected mice was drastically curtailed after the first week of infection, whereas T cell 

proliferation in ST-OVA-infected mice was moderately increased during the second and third 

week of infection, followed by a gradual reduction thereafter (Fig. 2B). In the ST-OVA 

infection model, T cell proliferation increased appreciably only when the transferred donor 

OT-1 cells were kept in the recipient mice for >4 days (Fig. 2C).

An alternative way of evaluating Ag presentation is to determine the overall increase in the 

numbers of transferred OT-1 cells after transfer into the infected hosts at different time 

intervals. We infected mice with ST-OVA on day 0 and transferred naive OT-1 transgenic 

CD8+ T cells simultaneously, or at various time points thereafter. We reasoned that the 

expansion of OVA-specific CD8+ T cells in a host in a short interval (even if it is delayed) 

would reflect a clonal burst. In contrast, if a long interval is required to generate peak 

numbers of OVA-specific CD8+ T cells, then a clonal burst may not be occurring, and may 

suggest gradual accumulation. CD8+ T cells induced during ST-OVA infection required at 

least 2 wk between days 7 and 21 for optimal expansion, suggesting a lack of clonal burst 

(Fig. 3). In the absence of the donor OT-1 cells, no endogenous tetramer+ cells are detectable 

in the ST-OVA-infected recipients (data not shown). So, the tetramer+ cells are exclusively 

of the donor origin.

Delayed and gradual priming of CD8+ T cells during infection with ST-OVA

We then evaluated the relative expansion and contraction of OVA-specific CD8+ T cell 

response over prolonged periods after transfer of OT-1 cells only at day 0 of infection. As is 
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evident in Fig. 4, LM-OVA infection induced rapid priming of OVA-specific CD8+ T cells as 

the response peaked around day 7 of infection, which was followed by an equally rapid and 

massive contraction. There was a ~10-fold reduction in the numbers of OVA-specific CD8+ 

T cells from day 7 to day 21. In contrast, ST-OVA infection induced a delayed CD8+ T cell 

response, which was miniscule at day 7, peaked only at day 21, and underwent a protracted 

phase of contraction subsequently. From day 21 to day 60, there was only a 2-fold reduction 

in the numbers of OVA-specific CD8+ T cells.

Unique differentiation program of CD8+ T cells during ST-OVA infection

We evaluated the differentiation of OVA-specific CD8+ T cells kinetically during LM-OVA 

and ST-OVA infection models by measuring the relative distribution of CD62L vs CD44 

expression among OVA-specific CD8+ T cells. Similar to viral infection models, the 

majority of naive OVA-specific CD8+ T cells activated during LM-OVA infection 

differentiated early into effectors (CD62LlowCD44high). At subsequent time intervals, the 

relative numbers of effector phenotype cells decreased, which correlated with an increase in 

the numbers of central phenotype cells (CD62LhighCD44high) (Fig. 5A). In contrast, ~70% 

of naive OVA-specific CD8+ T cells induced during ST-OVA infection differentiated mainly 

into a central phenotype (CD62LhighCD44high) initially. However, after 2 wk of infection, 

OVA-specific CD8+ T cells displayed an overwhelming effector phenotype 

(CD62LlowCD44high), and the primed cells persisted in an effector state for prolonged 

periods (>90 days). We also evaluated the expression of various activation markers (IL-2Rα, 

CD69, and IL-7Rα) on OVA-specific CD8+ T cells during their differentiation. OVA-

specific CD8+ T cells induced by LM-OVA expressed increased levels of IL-2Rα and CD69 

before, but not after, day 7 (Fig. 5B). Correlating with activation, the expression of IL-7Rα 
on OVA-specific CD8+ T cells was reduced during the rapid effector phase. In contrast, ST-

OVA induced a delayed up-regulation of IL-2Rα and CD69 expression, and down-regulation 

of IL-7Rα expression in OVA-specific CD8+ T cells, correlating with delayed CD8+ T cell 

activation. The OVA-specific CD8+ T cells induced by ST-OVA also remained in an 

activated state for a relatively longer duration. Interestingly, while the CD8+ T cells induced 

by ST-OVA maintained their CD62Llow status, there was a progressive increase in the 

numbers of cells expressing high levels of IL-7Rα, indicating their transition to the effector 

memory stage.

We also measured the expansion and contraction of OVA-specific CD8+ T cell response in 

the peripheral blood of mice. In this study, again, rapid expansion and contraction of CD8+ T 

cell response were noted in LM-OVA-infected mice, whereas a delayed expansion and 

contraction of CD8+ T cell response were noted in case of ST-OVA-infected mice (Fig. 6A). 

We also evaluated the distribution of central vs effector phenotype of OVA-specific CD8+ T 

cells in the peripheral blood of infected mice (Fig. 6B). The results were similar to what was 

noted for the spleen, except that the differences were more dramatic in the relative 

distribution of central vs effector phenotype cells induced by LM-OVA vs ST-OVA. In the 

long-term (day 180), the OVA-specific CD8+ T cells induced during ST-OVA infection did 

not show any signs of differentiation back into the central phenotype, long after clearance of 

ST-OVA.
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Considering the chronic infection induced by ST-OVA, we determined whether the OVA-

specific CD8+ T cells in this infection model were undergoing apoptosis continuously. 

Apoptosis in CD8+ T cells was evaluated by measurement of binding of annexin V to OVA-

specific CD8+ T cells. During LM-OVA infection, OVA-specific CD8+ T cells underwent a 

rapid phase of apoptosis, which peaked ~day 5 and was short-lived (Fig. 6, C and D). On 

other hand, ST-OVA induced a relatively delayed, but prolonged, phase of apoptosis.

Accelerated clearance of ST-OVA does not influence contraction or phenotype of CD8+ T 
cells

We reasoned that removal of ST-OVA with antibiotics after the peak response (day 30) may 

influence the contraction or phenotype of primed OVA-specific CD8+ T cells. To this end, 

we administered ciprofloxacin (1 mg/ml) into the drinking water of one group of mice from 

day 30 onward. Water was changed twice per week with fresh antibiotic. Antibiotic 

treatment resulted in accelerated clearance of the ST-OVA (Fig. 7A). At day 75 or 95, no 

bacterial burden was detectable even in mice not treated with antibiotic. We also evaluated 

burden in the lungs, liver, and mesenteric lymph nodes, and failed to detect any ST-OVA in 

these organs (data not shown). Even when the entire organs were plated, no CFU were 

detectable. The antibiotic treatment was continued regardless to eliminate as much as 

possible any residual bacteria. Interestingly, antibiotic treatment did not have any influence 

on the numbers of OVA-specific CD8+ T cells (Fig. 7B). Similarly, no effect was noticeable 

on the phenotype of OVA-specific CD8+ T cells (Fig. 7, C and D). In this study, again, the 

CD8+ T cells induced by ST-OVA differentiated progressively into an effector memory 

phenotype because they maintained the CD62Llow status, while the numbers of cells 

expressing IL-7Rα increased. Thus, treatment of mice with antibiotic continuously for 150 

days (from day 30 till day 180) had no influence on the contraction or the phenotype of 

primed OVA-specific CD8+ T cells.

Cycling of CD8+ T cells during ST-OVA infection

We determined the relative proliferation of OVA-specific CD8+ T cells induced by LM-OVA 

vs ST-OVA by measuring the incorporation of BrdU that had been provided in the drinking 

water 3 days previously. OVA-specific CD8+ T cells induced by LM-OVA displayed massive 

proliferation at day 7 after infection with nearly all OVA-specific CD8+ T cells incorporating 

BrdU (Fig. 8). This massive Ag-induced burst of proliferation was over rapidly, and was 

followed by a low level (~5–10%) homeostatic proliferation of OVA-specific CD8+ T cells. 

In contrast, OVA-specific CD8+ T cells induced by ST-OVA displayed a continual phase of 

cycling in the first 3 wk of infection. However, beyond the third week, the proliferation of 

OVA-specific CD8+ T cells was not sustained at high levels despite the persistence of ST-

OVA. For example, the proliferation of OVA-specific CD8+ T cells was reduced to ~30% at 

day 30 in comparison with ~80% at day 15. By day 60, the OVA-specific CD8+ T cells 

induced by ST-OVA displayed a low level of cycling (~10%), which was similar to the 

proliferation of OVA-specific CD8+ T cells induced by LM-OVA at later time points.

Function of primed CD8+ T cells

We determined the expression of intracellular IFN-γ in OVA-specific CD8+ T cells induced 

by LM-OVA and ST-OVA. The majority of OVA-specific CD8+ T cells induced by LM-OVA 
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expressed IFN-γ early on (Fig. 9). In case of ST-OVA, slightly reduced numbers of IFN-γ -

secreting CD8+ T cells were detectable at day 7, possibly due to incomplete differentiation 

of cells. Subsequently, the expression of intracellular IFN-γ was similar in CD8+ T cells 

induced by LM-OVA or ST-OVA. At day 130, the numbers of IFN-γ -secreting OVA-

specific CD8+ T cells evoked by ST-OVA were moderately reduced.

We also measured the cytolytic activity of CD8+ T cells in a physiological setting using the 

recently developed assay that measures in vivo killing of target cells (36, 37). On day 7 after 

LM-OVA infection, CD8+ T cells displayed high cytolytic activity toward specific targets, 

resulting in complete elimination of specific targets within 24 h (Fig. 10). The extent of this 

cytolytic response was reduced at subsequent time intervals as only ~30% of specific targets 

were eliminated within 24 h. In contrast, ST-OVA did not induce any significant cytolytic T 

cell response at day 7. At day 14, low-level response was detectable, which became 

persistently potent at subsequent time intervals.

Response of memory CD8+ T cells to rechallenge

We sought to determine whether the OVA-specific memory CD8+ T cells induced by LM-

OVA and ST-OVA exhibit differences in their expansion in response to antigenic stimulation 

in vivo. To this end, we purified CD8+ T cells on day 130 after infection of mice with LM-

OVA and ST-OVA. The percentage of OVA tetramer+ cells among the purified CD8+ T cells 

of LM-OVA- and ST-OVA-infected mice was 3 and 1.5%, respectively. These cells were 

transferred into naive recipients that were then challenged with LM-OVA or ST-OVA, and 

the expansion of the transferred OVA-specific memory CD8+ T cells was measured at 

various time intervals. Memory CD8+ T cells induced by LM-OVA proliferated rapidly in 

response to LM-OVA challenge with ~40% of all CD8+ T cells being OVA specific at day 5 

after challenge (Fig. 11A). In contrast, the same LM-OVA-generated OVA-specific memory 

CD8+ T cells exhibited a delayed and muted expansion in response to ST-OVA challenge. 

Therefore, as with naive CD8+ T cells, memory CD8+ T cells also respond to ST-OVA with 

delayed and protracted kinetics. Memory CD8+ T cells that were induced by ST-OVA also 

proliferated upon challenge with LM-OVA, with ~5% of all CD8+ T cells being OVA 

specific at day 5 after challenge (Fig. 11B). However, this proliferation was much weaker in 

comparison with the proliferation of memory CD8+ T cells induced by LM-OVA.

Discussion

The general paradigm of differentiation, expansion, and contraction of CD8+ T cells has 

been derived mainly from several infection models in mice (14, 19). According to this 

model, Ag presentation occurs within, but not after, the first few days of infection (2–4), 

resulting in the generation of a potent CD8+ T cell response, which peaks at ~7 days 

postinfection. This is followed by an equally rapid and massive attrition of the primed cells 

(>90%), which is complete by 2–3 wk (14). The current model of CD8+ T cell 

differentiation is that CD8+ T cell responses peak at day 7 after infection regardless of the 

nature of the pathogen. Because pathogens vary in their intracellular habitat, replication rate, 

virulence mechanism, type of infection caused, and the nature of inflammation induced, we 

surmised that some of these factors may have an impact on the differentiation program of 
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CD8+ T cells. By cloning the gene for OVA into LM and ST, we have comparatively 

evaluated CD8+ T cell responses against the same protein expressed by these intracellular 

bacteria. Our data show that the CD8+ priming and differentiation program is highly 

sensitive to modulation by the pathogen life style.

Both CD4+ and CD8+ T cells are important for effective clearance of intracellular bacteria 

such as LM (24), ST (28, 38), and M. tuberculosis (27). The Ag presentation, CD8+ T cell 

differentiation, and memory following infection with virulent ST have not been addressed 

previously. Although both LM and ST survive within APCs, they exhibit differences in their 

intracellular life style (39). LM escapes from the phagosome and proliferates in the cytosol 

of infected cells (40). In contrast, ST replicates inside the phagosome that poses a hostile 

and changing environment characterized by poor nutrient content, progressive decrease of 

the pH, and delivery of antibacterial peptides and lysosomal enzymes (41). Such bacteria 

appear to have evolved impressive strategies to adapt to and eventually resist these hostile 

conditions, thus exhibiting a state of metabolic adaptation to the imposed stress (42, 43). The 

delay in CD8+ T cell priming during ST-OVA infection appears to be related to its 

phagosomal life style. We have reported previously that another intracellular bacterium, 

Mycobacterium bovis (bacillus Calmette-Guerin (BCG)), which also resides within 

phagosomes, induces delayed CD8+ T cell priming (33). However, with BCG the delay in 

CD8+ T cell priming may be attributable to the very low replication rate of the bacterium 

(doubling time >24 h) (44, 45). As ST replicates (doubling time 26 min) even faster than 

LM, the delay in CD8+ T cell priming could not be due to the replication rate of the 

bacterium. Furthermore, on day 2 after infection, the bacterial burden of LM-OVA- and ST-

OVA-infected mice was similar. Thus, ST-OVA-infected mice fail to mount a prompt CD8+ 

T cell response despite the rapid increase in pathogen load. Several other mechanisms could 

account for the delayed and muted T cell activation during ST infection. Because clonal 

expansion of T cells after Ag presentation is governed to a large extent by the local cytokine 

milieu (46), it is possible that ST infection does not generate a cytokine milieu that is 

necessary for massive clonal expansion of primed T cells. ST infection has been shown to 

result in potent immune suppression (47, 48), which could also influence the clonal 

proliferation of T cells in vivo.

Both LM-OVA as well as ST-OVA express high levels of OVA; however, the expression of 

OVA by ST-OVA appears to be higher. Furthermore, OVA is secreted by LM-OVA, whereas 

in case of ST-OVA it is not secreted. It may be speculated that this may influence T cell 

priming; however, it has been previously reported that the timing, expansion, and contraction 

of CD8+ T cell response are similar for secreted and nonsecreted Ags (49). Similarly, in our 

previous study with BCG-OVA, delayed and muted CD8+ T cell priming was noted even 

when OVA was secreted. When the overall response to ST infection is assessed, based on 

CD62L down-regulation on all endogenous CD8 T cells, it was noted that CD8 T cell 

activation after ST infection occurs only beyond day 7. This suggests that Ag presentation is 

generally delayed to ST Ags. Because one can expect that ST would have both secreted and 

nonsecreted self Ags, our observations suggest that the delayed T cell response to ST-OVA is 

not a result of nonsecretion.
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A surprising finding is that even memory CD8+ T cells (generated after LM-OVA infection) 

are unable to proliferate rapidly when adoptively transferred into recipient mice and 

challenged with ST-OVA infection. This raises an important question: how can vaccine-

induced memory CD8+ T cells facilitate protection against a pathogen whose Ags are 

sequestered from being processed and presented in the context of MHC class I molecules? In 

such a scenario, irrespective of the number of memory T cells generated, they will not be 

able to expand into effectors rapidly. Thus, vaccine formulations against such pathogens will 

need to consider other strategic ways of enhancing Ag presentation.

However, despite the phagosomal residence of ST, Ag presentation, albeit delayed, does 

occur. Recently, many potential routes of cross-presenting phagosomal Ags on MHC class I 

molecules have been suggested (50, 51). Dendritic cells may pick up exogenous Ag from 

dying APCs and present it to CD8+ T cells (52). ST does induce rapid death of macrophages 

and dendritic cells (53, 54). It is, however, not clear how efficient cross-priming is in 

comparison with the classical Ag-processing pathway (55). Our data indicate that the 

primary CD8+ T cell response induced by ST-OVA is not potent in magnitude. First, the 

numbers of OVA-specific CD8+ T cells after ST infection never achieve the magnitude seen 

after an acute LM or other viral infections. Second, at day 7 after infection, the majority of 

the primed cells do not display an effector phenotype, suggesting a weaker stimulation. 

Third, the CD8+ T cell response seems to be mainly CD4+ T cell dependent (our 

unpublished data). Many other reports also suggest that CD8+ T cell responses are more 

dependent on CD4+ T cells in cases of immunization with weaker immunogens (56–59).

Although the central and effector subsets of memory CD8+ T cells do exist, the pathway that 

CD8+ T cells undertake to differentiate into memory cells remains controversial. According 

to one model, naive CD8+ T cells acquire an effector phenotype rapidly, and some of the 

primed effectors gradually differentiate further into central memory cells (19). The second 

model proposes that naive CD8+ T cells differentiate first into the central phenotype cells 

(18, 60). When the stimulation is stronger, the cells differentiate further into effector cells 

and some effectors slowly differentiate back to the central phenotype. The third model 

indicates that both effector and central phenotype cells are distinct lineages in a 

differentiation pathway, and do not interconvert (61, 62). We previously showed that CD8+ T 

cells primed during BCG-OVA infection (63) differentiated directly into central phenotype 

and that the majority of the primed cells did not differentiate into effectors. It appeared that 

weaker stimulation would evoke primarily a central phenotype. After ST-OVA infection, we 

observed a small population of cycling cells displaying central phenotype at day 7, 

correlating to the potentially weak stimulation evoked. However, this was followed by a 

gradual development of effector phenotype cells from day 14 onward. After the peak 

effector T cell response, a gradual and progressive increase in the numbers of cells 

displaying an effector memory phenotype (CD62LlowIL-7Rαhigh) was noticeable. Even after 

accelerated pathogen clearance with antibiotics, such effector memory phenotype cells did 

not appear to differentiate further into the central memory phenotype. Thus, it is plausible 

that the central and effector phenotype cells represent separate lineages (62). However, the 

CD8+ T cell differentiation pathway may be sensitive to modulation by pathogens, and the 

specific interplay of host cells with varied pathogens may explain the occurrence of the 

different differentiation models.
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During ST-OVA infection, the numbers of OVA-specific CD8+ T cells peaked around the 

third week of infection, and their numbers did not increase further despite persistence of ST-

OVA. Removal of ST-OVA after day 30 with antibiotics did not change the numbers of OVA-

specific CD8+ T cells either. This was also noted with the BCG-OVA infection model (33). 

It is quite likely that a feedback mechanism operates to limit Ag presentation after the peak 

of effector T cell response (5). Primed T cells and inflammatory mediators would kill Ag-

bearing cells rapidly and curtail Ag presentation. Indeed, the cycling of OVA-specific CD8+ 

T cells during ST-OVA infection was reduced profoundly after the third week of infection, 

indicating a reduction in Ag presentation thereafter. Expression of CD69 in OVA-specific 

CD8+ T cells declined after day 30 of ST-OVA infection.

During acute or chronic viral infection models, it has been shown that primed CD8+ T cells 

are programmed to contraction immediately after day 7, and this contraction proceeds 

irrespective of pathogen persistence (6, 64). Our results suggest that while the contraction 

may be programmed, the onset and intensity of contraction may be pathogen dependent. The 

delayed contraction during ST-OVA or BCG-OVA infection (33, 63) may be related to the 

reduced stimulation that naive CD8+ T cells receive due to phagosomal residence of the 

pathogen. In case of ST-OVA, accelerated removal of ST-OVA by antibiotic treatment at day 

30 did not influence contraction. In case of BCG-OVA, contraction (albeit lesser in 

magnitude) occurred despite the persistence of the pathogen (33). It is thus not clear what 

microenvironmental factors maintain primed CD8+ T cells for a prolonged duration during a 

chronic infection (64).

In chronic viral infections, viral persistence induced the exhaustion of CD8+ T cells (65) or 

persistence of nonfunctional CD8+ T cells (66). Our results indicate that CD8+ T cells 

induced during chronic ST infection remain functional during the prolonged effector phase. 

In contrast to intracellular bacteria, viruses induce potent activation of CD8+ T cells, and 

chronic activation of CD8+ T cells in such infection models may readily induce 

nonfunctional CD8+ T cells. During ST-OVA infection, the reduced and delayed stimulation 

of CD8+ T cells may shield them from becoming nonfunctional rapidly.

Considering that pathogens such as ST proliferate rapidly, it is essential that the immune 

system mount a prompt T cell response to curtail pathogen expansion. Our study highlights 

that both the naive and memory CD8+ T cells do not respond rapidly to the rapidly growing 

ST. Considering that the susceptible mice die within 7 days of infection, a delay in T cell 

priming can be viewed as catastrophic. Relative to CD8+ T cells, CD4+ T cells have been 

shown to be intrinsically slow in responding to pathogens in general (67). We also noted a 

delayed down-regulation of CD62L in CD4+ T cells during ST infection (data not shown). 

Therefore, the immune system may have to rely solely on the innate immune compartment 

to curb ST burden for the first few weeks of infection. It may be envisaged that down-

regulation of innate immunity by host and/or pathogen factors can have more pronounced 

negative outcomes against rapidly growing phagosomal pathogens.
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FIGURE 1. 
ST-OVA induces a chronic infection in resistant mice. Liquid cultures of LM-OVA and ST-

OVA were set up in multiple flasks. At various time intervals, aliquots were removed for 

measurement of OD at 600 nm and bacterial burden (CFUs), as described in Materials and 
Methods (A). C57BL/6 and 129×1SvJ mice were infected i.v. with 102 ST-OVA, and the 

bacterial burden in the spleens was evaluated at various time intervals (B). B6129F1 mice 

were infected i.v. with 103 LM-OVA or ST-OVA, and the bacterial burden in the spleens was 

evaluated at various time intervals (C). Mean and SD of three mice per time point are 

indicated. The expression of OVA (D) by LM-OVA (lane 5) vs ST-OVA (lane 3) and the 

parental controls ST (lane 2) and LM (lane 4) was evaluated by ECL after Western blotting, 

as described in Materials and Methods. Figure is representative of three such independent 

experiments.
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FIGURE 2. 
Delayed and reduced Ag presentation in ST-OVA-infected mice. B6129F1 mice were 

infected with 103 LM-OVA or ST-OVA on day 0. Groups of mice were injected with CFSE-

labeled 106 OT-1 CD8+ T cells immediately, or at various time points after infection. Four 

days after the OT-1 transfer, spleens were removed from recipient mice, and the reduction in 

the expression of CFSE was evaluated in gated tetramer+ CD8+ T cells (A and B). In another 

set of experiments, spleens were removed from infected recipient mice in which CFSE-

labeled OT-1 cells were parked for 0, 4, 8, or 15 days (C). Mean percentage of splenic 

CFSElow tetramer+ cells and SDs of three mice per time period is indicated.
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FIGURE 3. 
Absence of a CD8+ T cell clonal burst. B6129F1 mice were infected with 103 ST-OVA on 

day 0. Groups of mice were injected with 104 OT-1 CD8+ T cells immediately, or at various 

time points after infection. The percentage of tetramer+ CD8+ T cells was evaluated in the 

spleens of mice at various time intervals after ST-OVA infection. Mean numbers of splenic 

tetramer+ cells and SDs of three mice per time period are indicated.
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FIGURE 4. 
Delayed priming of CD8+ T cells. B6129F1 mice were injected with 104 OT-1 CD8+ T cells 

and challenged with 103 LM-OVA or ST-OVA i.v. within 3–7 days. At various time 

intervals, the relative numbers of H-2KbOVA tetramer+ CD8+ T cells were evaluated in the 

spleens of mice (A and B). Representative flow cytometric profile of CD44 vs tetramer+ 

cells at days 7 and 21 in LM-OVA and ST-OVA groups is indicated (A). Mean numbers of 

splenic tetramer+ cells and SDs of three mice per time period are indicated (B).
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FIGURE 5. 
ST-OVA induces a unique CD8+ T cell differentiation program. B6129F1 mice were injected 

with OT-1 cells and 103 LM-OVA or ST-OVA within 3–7 days, as described in Fig. 4. At 

various time intervals, spleens were removed and stained with various Abs and OVA 

tetramers. The relative induction of central (CD62LhighCD44high) vs effector 

(CD62LlowCD44high) phenotype cells (A), IL-2Rαhigh cells (B), CD69high cells (C), and 

IL-7Rαhigh cells (D) was evaluated on gated tetramer+ CD8+ T cells. Data are derived from 

analysis of individual spleens (n = 3) per time point. Figure is representative of three to five 

such experiments conducted.
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FIGURE 6. 
Profile of CD8+ T cells in the peripheral blood. B6129F1 mice were injected with OT-1 cells 

and 103 LM-OVA or ST-OVA within 3–7 days, as described in Fig. 4. At various time 

intervals, peripheral blood was collected and stained with anti-CD8 Ab and OVA tetramers. 

The percentage of tetramer+ cells within gated CD8+ T cells was evaluated (A). Cells were 

also stained with anti-CD62L and anti-CD44 Ab (B) and annexin V (C and D). Numbers in 

the figure indicate the percentages of cells within gated tetramer+ cells. Data are derived 

from analysis of peripheral blood (n = 3) per time point.
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FIGURE 7. 
Accelerated removal of ST-OVA does not influence the contraction or the phenotype of 

CD8+ T cells. B6129F1 mice were injected with OT-1 cells and 103 LM-OVA or ST-OVA 

within 3–7 days, as described in Fig. 4. From day 30 onward, one group of mice (n = 5) 

received ciprofloxacin antibiotic (1 mg/ml) in the drinking water continuously until day 180. 

The other control group (n = 5) received normal drinking water. Bacterial burden (A), the 

percentage of OVA tetramer+ CD8+ T cells (B), and the phenotype of OVA tetramer+ CD8+ 

T cells (C and D) were evaluated in peripheral blood by flow cytometry at various time 

intervals.
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FIGURE 8. 
Cycling of Ag-specific CD8+ T cells. B6129F1 mice were injected with OT-1 cells and 103 

LM-OVA or ST-OVA within 3–7 days, as described in Fig. 4. Three days before the harvest 

of spleens, BrdU (0.8 mg/ml) was incorporated into the drinking water of mice, which was 

changed daily. Spleen cells were stained with various Abs and OVA tetramers, followed by 

intracellular staining for BrdU. Numbers in the panels indicate the percentage of BrdU+ 

CD8+ T cells among the tetramer+ cells. Data are derived from analysis of individual spleens 

(n = 3) per time point.
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FIGURE 9. 
Intracellular IFN-γ expression in Ag-specific CD8+ T cells. B6129F1 mice were injected 

with OT-1 cells and 103 LM-OVA or ST-OVA within 3–7 days, as described in Fig. 4. At 

various time intervals, the numbers of IFN-γ-secreting tetramer+ CD8+ T cells were 

evaluated after stimulation of cells for 1 h with OVA257–264. Numbers in the panels indicate 

the percentage of IFN-γ-secreting CD8+ T cells among the tetramer+ cells. Data are derived 

from analysis of individual spleens (n = 3) per time point.
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FIGURE 10. 
In vivo cytolytic activity of Ag-specific CD8+ T cells. The 129×1SvJ mice were injected 

with 103 LM-OVA or ST-OVA. At various time intervals, peptide-pulsed and PKH26- and 

CFSE-labeled spleen cells from naive donor mice were injected into naive and infected 

recipients. Spleens were removed from recipients at 24 h posttransfer, and the relative 

numbers of peptide-pulsed vs control cells were enumerated in individual spleens. Data are 

derived from analysis of individual spleens (n = 3) per time point. Experiment is 

representative of three such experiments conducted.
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FIGURE 11. 
Response of memory CD8+ T cells to rechallenge. B6129F1 mice were injected with OT-1 

cells and 103 LM-OVA or ST-OVA within 3–7 days, as described in Fig. 4. At day 130, 

spleens were removed and CD8+ T cells were purified. A total of 3 and 1.5% of CD8+ T 

cells was tetramer+ from LM-OVA-infected (A) and ST-OVA-infected (B) spleens, 

respectively. Purified CD8+ T cells (5 × 106/mouse) were then injected into normal B6129F1 

mice that were challenged (104, i.v.) with LM-OVA or ST-OVA. At various time intervals, 

the percentages of tetramer+ CD8+ T cells were enumerated in the peripheral blood. Data are 

derived from three mice per group, and are representative of two such experiments 

conducted.
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