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Abstract 

 

While the functional plasticity of memory CD4
+
 T cells has been studied extensively, less is known 

about this property in memory CD8
+
 T cells. Here we report the direct measurement of plasticity by 

paired daughter analysis of effector and memory OT-I CD8
+
 T cells primed in vivo with ovalbumin. 

Naïve, effector and memory OT-I cells were isolated and activated in single-cell culture then, after the 

first division, their daughter cells were transferred to new cultures with and without IL-4; expression 

of IFN-and IL-4 mRNAs was measured 5 days later in the resultant subclones. Approximately 40% 

of clonogenic memory CD8
+
 T cells were bipotential in this assay, giving rise to an IL-4

-
 subclone in 

the absence of IL-4 and an IL-4
+
 subclone in the presence of IL-4. The frequency of bipotential cells 

was lower among memory cells than naïve cells but markedly higher than among 8-day effectors. 

Separation based on high or low expression of CD62L, CD122, CD127 or Ly6C did not identify a 

phenotypic marker of the bipotential cells. Functional plasticity in memory CD8
+
 T-cell populations 

can therefore reflect modulation at the level of a single memory cell and its progeny. 

 

Baz et al. Quantitative assessment of the functional plasticity of memory CD8+ T cells 

Graphical abstract 

 

Whereas naïve CD8+ T cells lose the ability to change cytokine profile when they differentiate into 

effector cells, a substantial fraction of memory cells primed in the same response display functional 

plasticity. Tailoring of immune function can therefore continue in the secondary response at the 

level of the individual memory cell.
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Introduction 

 

There is currently much interest in determining whether memory T cells are programmed to express 

functions activated during priming, or whether they can retain functional plasticity in response to new 

conditions when challenged [1]. Primary CD4
+
 T-cell populations have been shown to lose functional 

plasticity with extended culture in Th1 or Th2 polarizing conditions in vitro [2, 3]. This loss of 

plasticity is associated with positive and negative regulatory loops that maintain the polarized gene 

expression profile as well as heritable epigenetic modifications to transcription factor and effector 

genes [4]. In memory CD4
+
 T-cell responses, on the other hand, there is evidence both for 

maintenance of the gene expression profile of the primary effector population and for functional 

plasticity, depending on re-activation conditions [5-9].   

 Although activated CD8
+
 T cells typically display a type 1 cytokine profile and cytolytic 

activity, primary activation in the presence of IL-4 leads to development of poorly cytolytic, type 2 
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cytokine-producing cells at high efficiency [10, 11]. To determine whether naïve CD8
+
 T cells were 

plastic, we used paired daughter analysis in which individual CD8
+
 T cells were activated and their 

daughters were then separated and cloned in the presence or absence of IL-4. The data showed that 

most naïve peripheral CD8
+
 T cells gave rise to subclones with different cytokine profiles depending 

on their exposure to IL-4 during cloning and were therefore multipotential [12]. Others have 

demonstrated plasticity of CD8
+
 T-cell surface phenotype using a similar approach [13]. We further 

showed that effector CD8
+
 T cells from lungs of influenza virus-infected mice also displayed 

functional plasticity, although at lower frequency than naïve CD8
+
 T cells [14]. Others have reported 

conversion of in vitro-polarized CD8
+
 T cells of several phenotypes into cells producing alternate 

cytokines following adoptive transfer in vivo [15, 16] and we have demonstrated plasticity of CpG 

methylation and expression of CD8a in effector CD8
+
 T cells following IL-4 polarization in vitro 

[17]. However, while there is evidence for maintenance of cytokine profiles [18], quantitative studies 

of functional plasticity in memory CD8
+
 T cells have not yet been reported.  

 We have now used paired daughter analysis to quantify the functional plasticity of memory 

CD8
+
 T cells, using IL-4-induced IL-4 expression as the indicator. This approach has the advantage 

over population studies that it distinguishes cellular plasticity from preferential survival, activation or 

proliferation of cells already primed to express the alternate properties. We show that, under the 

conditions used here, the plasticity of in vivo-primed memory populations was closer to that of naïve 

CD8
+
 T cells and markedly higher than that of primary effector populations activated in the same 

response in vivo. This suggests that many memory CD8
+
 T cells can modulate their function in 

response to new signals received during challenge. 
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Results 

 

Effector and memory CD8
+
 T cells are generated in an adoptive transfer model 

To enable direct comparison of in vivo-activated effector and memory CD8
+
 T cells of the same 

specificity, OVA257-264 peptide-specific TCR transgenic OT-I cells (CD45.2) were adoptively 

transferred into congenic CD45.1 recipient mice; the mice were then immunized one day later with 

irradiated OVA-coated CD45.1 splenocytes. Activated OT-I cells defined by the phenotype 

CD45.2
+
CD8

+
CD44

high
CD62L

low
 were detected in draining LN by day 4 after priming, reached 

maximum number and percentage (of all OT-I cells) on day 4 – 5 and declined to baseline by day 17 

(Fig. 1A). Changes in total OT-I cell numbers followed similar kinetics (data not shown). At day 5, 

the activated OT-I population contained effector cells able to degranulate in response to antigen (as 

indicated by surface CD107 expression) and cytolytic T-lymphocyte precursors able to lyse OVA-

expressing target cells in an antigen-specific manner following expansion in vitro (Fig. 1B, C). 

 OT-I cells with an activated/memory phenotype (CD45.2
+
CD8

+
CD44

high
) were detected in 

spleens of recipient mice for at least one year after priming (data not shown). At day 60 these cells 

displayed several properties of memory T cells. First, compared to naïve cells, most expressed 

elevated levels of the memory cell markers CD44, CD122 and Ly6C, and most were 

CD127
high

CD62L
high

 (Fig. 2A). Second, they expressed memory T-cell functions when stimulated 

with anti-CD3 mAb for 4 h in vitro, including up-regulation of IL-2 mRNA (data not shown) and 

degranulation (Fig. 2B). Third, recipient mice rejected the OVA-expressing EG.7 thymoma when 

challenged three months after adoptive transfer of OT-I cells and OVA priming (Fig. 2C). 

 In the following experiments, OT-I cells isolated shortly after the peak of the primary response 

at day 8 and at least 60 days after in vivo priming with OVA-coated splenocytes were used as a source 

of effector and memory CD8
+
 T cells respectively. 
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Naïve, effector and memory CD8
+
 T-cell populations differ in their responsiveness to IL-4 

To measure the functional plasticity of CD8
+
 T cells, we took advantage of the observation that naïve 

CD8
+
 T cells activated in neutral or type 1-polarizing conditions generate progeny that rarely express 

IL-4 whereas most of those exposed to IL-4 during activation in vitro generate IL-4-producing 

progeny [11, 12]. Effector and memory OT-I populations activated in the adoptive transfer model 

described above did not contain detectable IL-4 mRNA ex vivo (data not shown). 

 Purified naïve (defined as CD44
lo
CD62L

hi
) and in vivo-primed effector (CD44

hi
CD62L

lo
) and 

memory (CD44
hi
CD62L

hi
) OT-I cells from this model were activated in single-cell cultures with 

immobilized mAb to CD3, CD8 and CD11a (hereafter abbreviated as anti-CD3/8/11a Ab) and IL-2 in 

the presence or absence of IL-4. This clonal system supports development of CD8
+
 T-cell clones from 

naïve cells at high efficiency [11, 12], allows responsive cells to be quantified and reduces cross-

regulation by endogenous cytokines which counteract IL-4 in bulk cultures. When clones had 

developed 5 days later, their size was estimated and clones of a range of sizes were analyzed for 

expression of CD3, IFN- and IL-4 mRNA by two-round nested RT-PCR (Table 1). Cloning 

efficiency and average clone size were highest for naïve cells, intermediate for memory cells and 

lowest for effector cells. CD3 and IFN- mRNAs were detected in all tested clones. Consistent with 

our earlier analyses [12, 14], most clones generated from naïve cells in the presence of IL-4 expressed 

IL-4 mRNA (mean of 96% compared with 8% in the absence of IL-4), whereas only 19% of clones 

derived from effector cells expressed IL-4 under these conditions. Surprisingly, 84% of memory cell 

clones expressed IL-4 in the presence of IL-4, compared with 7% in its absence. These data suggested 

that the functional plasticity of in vivo-activated OT-I memory cells was higher than that of primary 

effectors from the same response and approached the levels observed here in naïve OT-I cells and in 

WT CD8
+
 T cells [12, 14]. 
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Paired daughter analysis demonstrates the existence of bipotential CD8
+
 memory T cells 

It was possible that the high frequency of IL-4 expression among memory cell-derived clones 

described above reflected selective expansion of pre-existing IL-4-expressing memory cells in the 

presence of IL-4, rather than reprogramming of IL-4-negative cells. We therefore used paired 

daughter analysis [12, 14] to measure directly the plasticity of individual memory cells. 

 Single purified naïve, effector and memory cells were cultured with anti-CD3/8/11a Ab and IL-

2 (Fig. 3A). After the first division, individual daughter cells were transferred by micromanipulation 

to new wells and cultured with or without IL-4. Five days later the number of cells per subclone was 

estimated and pairs of subclones generated from the same parent cell were assayed for expression of 

CD3, IFN- and IL-4 mRNA (Table 2). The initial cloning efficiency of memory cells was 

intermediate between that of naïve cells and of effector cells (p <0.0001 for each two-way 

comparison), as observed above (Table 1). After daughter cell transfer, both cloning efficiency and 

mean subclone size were generally lowest for memory cells. All tested subclones contained detectable 

CD3 mRNA and most contained IFN- mRNA. Very few subclones of any cell type expressed IL-4 

mRNA in the absence of IL-4 exposure but, for subclones grown in the presence of IL-4, the 

frequency of IL-4 expressers was highest among those derived from naïve cells and lowest among 

those derived from effector cells (Table 2). Analysis of cytokine co-expression (Fig. 3B) showed that 

all IL-4
+
 subclones also expressed IFN- whether or not they were grown in the presence of IL-4. 

 When the IL-4 expression data for daughter pairs were aligned (Fig. 3C), only three of the four 

possible outcomes were observed: (1) both daughters gave rise to IL-4-negative subclones (-/-), (2) 

both gave rise to IL-4-positive subclones (+/+) or (3) the daughter in IL-2 gave rise to an IL-4-

negative subclone and its sister in IL-2+IL-4 gave rise to an IL-4-positive subclone. The fourth 

possibility (+/-) was not observed.  The data suggest that parent cells which gave rise to -/- subclones 
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were committed to an IL-4-nonproducer phenotype, while parents that gave rise to +/+ subclones were 

already committed to IL-4 production, eg due to IL-4 exposure during priming or, in the case of naïve 

cells, because they were responsive to an IL-4-independent trigger of IL-4 production. Cells that gave 

rise to an IL-4-negative subclone in the absence of IL-4 and an IL-4-positive subclone in the presence 

of IL-4 were considered bipotential (functionally plastic); their frequency was highest among naïve 

cells, intermediate among memory cells and lowest among effector cells (Table 2) (p <0.0001 for each 

two-way comparison). 

 The bipotential cell frequencies obtained by paired daughter analysis followed the same 

hierarchy suggested by the clonal studies in Table 1, although numerically lower for all three 

populations, particularly for memory cells. Memory cells also yielded lower cloning efficiencies and 

mean clone sizes in the paired daughter protocol than in clonal studies, suggesting they may be less 

able to withstand micromanipulation and re-culture than the daughters of naïve and effector cells.  

 

Bipotential memory cells lack a distinctive cell surface phenotype 

Memory cells in the model used here were phenotypically heterogeneous (Fig. 2A). To investigate 

whether IL-4-responsive (bipotential) cells could be distinguished from other cells in the memory 

pool, CD45.2
+
CD8

+
CD44

high
 cells from spleens of adoptively transferred and OVA-primed mice were 

separated based on high or low expression of CD62L, CD122, CD127 or Ly6C, and cloned in the 

presence or absence of IL-4. Cloning efficiencies and clones sizes were generally comparable for cells 

expressing high or low levels of each marker (Table 3). For all markers tested, both high and low 

expressing populations gave rise to IL-4-positive clones at markedly higher frequency in the presence 

of IL-4 than in its absence (although we observed an unexpectedly high frequency of IL-4-positive 

clones in cultures of Ly6C
low

 cells in IL-2 alone). The proportion of IL-4-responsive cells was not 
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significantly different between high and low expressing cells (p >0.05), suggesting that functionally 

plastic cells could not be distinguished using the markers examined here. 

 

Memory cells display functional plasticity in vivo 

To test the functional plasticity of memory populations in vivo, memory OT-I cells isolated 6 months 

after priming were transferred into RAG-1-deficient mice with IL-4-secreting or control non-secreting 

OVA-expressing EG.7 tumor cells. Control RAG-1-deficient mice received OT-I cells from naïve 

mice with IL-4-secreting or non-secreting EG.7 tumor cells. Effector OT-I cells were recovered from 

pooled draining LN and spleens 5 days later and assayed for IFN- and IL-4 mRNA (Fig. 4). In two 

independent experiments, IL-4 mRNA was detected in the progeny of both memory and naïve cells 

but only in populations from mice that received IL-4-expressing tumor cells, whereas IFN- mRNA 

levels were similar in the presence and absence of IL-4. The data support the conclusion that memory 

cells activated in this system retain functional plasticity in vivo.  
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Discussion 

 

Here we show that some in vivo-primed, type 1-polarized memory CD8
+
 T cells retain the capacity to 

express IL-4 when re-activated in the presence of IL-4. This functional plasticity was demonstrated 

both in single-cell cloning experiments in vitro and in response to a tumor challenge in vivo. Using 

paired daughter analysis to quantify IL-4-responsive cells, we further show that the frequency of these 

cells in the memory CD8
+
 T-cell population studied here is substantially higher than in the 

corresponding effector population and closer to that of naïve CD8
+
 T cells. 

 The use of paired daughter analysis was critical to show that the detection of IL-4-producing 

cells was due to de novo induction of IL-4 rather than selective expansion of pre-existing IL-4-

producing memory cells. This protocol showed definitively that many single memory cells were 

bipotential: in about 42% of pairs, the daughter cultured without IL-4 generated a subclone that did 

not express IL-4 and the daughter cultured with IL-4 generated a subclone that expressed IL-4; the 

converse result was not obtained. This estimate of bipotential cell frequency among memory cells is 

significantly higher than that obtained for effector cells (6.1%) and nearer to that of naïve cells 

(73.5%) in parallel analyses. The bipotential cell frequency was also lower among effector CD8
+
 T 

cells isolated from the lung parenchyma of influenza virus-infected mice than among naïve LN CD8
+
 

T cells in our earlier study [14]. 

 Both the absolute and relative functional plasticity of effector and memory T cells are likely to 

depend on the nature and dose of the immunogen, TCR affinity, T-cell precursor frequency, division 

number and other variables. We have, however, obtained qualitatively similar results in another model 

in which endogenous, rather than adoptively transferred, T cells are primed by a replicating, rather 

than a non-replicating, immunogen in a different mouse strain. Intraperitoneal injection of DBA/2 

mice with HLA-CW3-transfected P815 tumor cells preferentially activates endogenous TCR V10-
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bearing CD8
+
 T cells specific for the HLA-CW3170-179 epitope leading to tumor clearance over 12 – 15 

days [19, 20]. Using either anti-V10 mAb or H-2K
d
/CW3170-179 tetramers to purify the responding 

cells, paired daughter analysis of these type 1-polarized effector and memory CD8
+
 T cells showed 

that 30 – 35% of memory cells were bipotential, compared with 0 – 12% of day-12 effector cells (K. 

Buttigieg, P. Groves, A. Kelso, unpublished observations). 

 Memory CD8
+
 T cells are phenotypically and functionally heterogeneous. High and low 

expression of the LN homing receptor CD62L (and CCR7) distinguishes central and effector memory 

CD8
+
 T cells, which differ in circulation, location and expression of immediate effector functions 

[21]. Memory cells can also be subdivided based on expression of CD122 (IL-2R) and CD127 (IL-

7R), which are required for homeostatic proliferation and survival of most memory cells, and Ly6C, 

which is associated with LN homing of central memory CD8
+
 T cells [22, 23]. However, separation of 

memory CD8
+
 T cells expressing high or low CD62L, CD122, CD127 or Ly6C did not enrich or 

deplete IL-4-responsive cells in the system used here. Work is continuing to search for phenotypic 

markers of plasticity among memory CD8
+
 T cells that would assist in their molecular 

characterization. 

 Our findings have implications for understanding the development and regulation of 

immunological memory. Memory CD8
+
 T cells have been postulated to arise directly from effector 

cells that survive the contraction phase after antigen clearance and/or from precursor memory cells 

that diverge from the effector pathway during the primary response, for example by asymmetric 

division of the earliest responding cells [24-27]. The fate of individual CD8
+
 T cells activated during 

the primary response is influenced by many intrinsic and extrinsic factors that drive activation and 

repression of gene expression and establish heritable epigenetic modifications that coordinate and 

stabilise these transcriptional programs [4, 28]. As epigenetic modifications would be expected to 

favour re-expression of the cell’s original effector functions by its progeny when challenged [29-31], 
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our data at first glance support the idea that functionally plastic memory cells are not derived directly 

from primary effector cells but instead represent a distinct lineage of less differentiated cells. 

 There is, however, growing evidence that some activated CD4
+
 and CD8

+
 T cells retain 

epigenetic plasticity [8, 16, 17]. For example, we reported recently that IL-4-induced down-regulation 

of surface CD8 during primary CD8
+
 T cell activation was associated with re-methylation of the 

CD8a locus but that IFN- could reverse this effect in some CD8
low

 cells, promoting CD8 re-

expression and CD8a demethylation in their progeny [17]. Therefore, functional plasticity in memory 

CD8
+
 T cells may reflect persistent epigenetic plasticity, even when memory cells develop directly 

from effectors. Bivalent histone modifications in key regulatory genes (such as Tbx21 and Gata3) that 

poise T cells for rapid gene expression or repression in response to external signals offer one 

mechanism that could underlie the functional plasticity of memory T cells [8, 28, 32, 33]. 

 In conclusion, our data directly demonstrate that functional plasticity in memory populations 

can reflect modulation at the level of a single memory CD8
+
 T cell and its progeny, rather than by 

selective recruitment from a heterogeneous memory cell pool. The evolutionary importance of 

plasticity among memory CD8
+
 T cells is unknown but, in principle, it would allow the continued 

tailoring of immune function during secondary responses, as shown here in the response to an IL-4-

expressing tumor in vivo. Understanding of the regulation and molecular basis of this plasticity may 

therefore present opportunities to reprogram ineffective or pathogenic recall responses in the memory 

phase. 
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Materials and Methods 

 

Mice 

Specific pathogen-free C57BL/6 (CD45.2), B6.SJL/J-Ptprc
a 
(CD45.1) and RAG-1

-/-
 mice (Animal 

Resources Centre, Perth, WA, Australia) and OT-I (243.2) TCR-transgenic mice [34] (provided by 

W.R. Heath, The Walter and Eliza Hall Institute of Medical Research, Victoria, Australia) were used 

at 5–10 weeks of age. All animal experiments were approved by the QIMR Animal Ethics Committee. 

 

Purification, adoptive transfer and priming of OT-I cells 

OT-I cells were prepared by passing pooled OT-1 spleens and axillary, brachial, inguinal and lumbar 

LN through stainless steel mesh, red blood cell lysis with 0.9% NH4Cl and centrifugation on Ficoll-

Paque (Amersham Biosciences, SA, Australia). CD8
+
 T cells were enriched by magnetic depletion 

using mAb to MHC Class II (M5114), CD19 (HB305) and CD4 (GK1.5), and goat anti-rat IgG-

coated magnetic beads (QIAGEN, Victoria, Australia). Purity was 70–85% CD8
+
V2

+
V5

+
 cells, 

determined by incubation with phycoerythrin (PE)-conjugated anti-V2 (B20.1), anti-V5.1,5.2-

biotin (MR9-4) and anti-CD8-fluorescein isothiocyanate (FITC) (53-6.7) mAb with streptavidin-PE-

Cy5 (all from Becton Dickinson, NSW, Australia) and analysis using a FACSCalibur with CellQuest 

version 3.1f software (Becton Dickinson). Recipient B6.SJL/J-Ptprc
a
 mice received 1 – 2x10

6
 OT-I 

cells intravenously in 200 L saline, 24 h before priming with sex-matched OVA-coated splenocytes. 

 OVA-coated splenocytes were prepared as described [35] with modifications [36] by incubating 

naïve adult B6.SJL/J-Ptprc
a
 spleen cells with 10 mg/mL OVA (Sigma, NSW, Australia) for 10 min at 

37°C then irradiating at 3000 cGy. Mice were injected with 40x10
6
 OVA-coated splenocytes in 200 

L saline subcutaneously at the base of the tail. 
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Analysis and purification of naïve, effector and memory cells by flow cytometry 

Naïve OT-I cells were purified from pooled inguinal, aortic and axillary LN of untreated OT-I mice 

based on the phenotype CD8
+
CD62L

high
 (MFI >200, >95% of population) and CD44

low 
(lowest 15% 

of CD45.2
+
CD8

+
CD62L

high
 population). Effector OT-I cells were purified from draining (inguinal and 

lumbar) LN of B6.SJL/J-Ptprc
a
 mice following adoptive transfer and priming, based on the phenotype 

CD45.2
+
CD8

+
CD44

high
 (MFI >200, >90%) and CD62L

low
 (MFI <10, 10% of CD45.2

+
CD8

+
CD44

high
 

cells). Memory OT-I cells were purified from spleens of B6.SJL/J-Ptprc
a
 mice following adoptive 

transfer and priming, by depleting MHC Class II
+
, CD19

+
 and CD4

+
 cells then analyzing or sorting 

CD45.2
+
CD8

+
CD44

high
 (MFI >200, >90%) cells. Where indicated, memory OT-I cells were further 

separated as follows:  CD62L
high

 (MFI >200, 60% of the population) and CD62L
low

 (MFI <100, 10%); 

CD122
high

 (MFI >150, 30%) and CD122
low

 (MFI <50, 6%); CD127
high

 (MFI >150, 10%) and 

CD127
low 

(MFI <50, 10%); Ly6C
high

 (MFI >100, 80%) and Ly6C
low

 (MFI <10, 4%). 

 The following mAb were used: anti-CD45.2-FITC or -allophycocyanin (104), anti-CD8-PE-

Cy5 (53-6.7), anti-CD44-biotin (IM.7), anti-CD62L-PE or -FITC (MEL-14) mAb and streptavidin-

PE-Cy7 (Becton Dickinson), and anti-CD62L-FITC, anti-CD122-FITC, anti-CD127-FITC or anti-

Ly6C-FITC (BioLegend, San Diego, USA). Lymphocytes were gated on forward/side scatter with 

dead cell exclusion using PI (Calbiochem, Victoria, Australia). Positive mAb staining was defined 

with reference to isotype control Ab staining. Cells were sorted using a MoFlo cytometer 

(DakoCytomation, Glostrup, Denmark) with Summit software V4.3 (DakoCytomation) or analyzed 

using a FACSCalibur with CellQuest version 3.1f software (Becton Dickinson).  

 

Assays for cytolytic function 
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All cultures were performed in Dulbecco’s modified Eagle’s medium supplemented with 5% heat-

inactivated FCS, 2 mM glutamine, 5x10
-5 

M 2-mercaptoethanol, 100 U/mL penicillin and 100 g/mL 

streptomycin (complete DMEM). To measure degranulation, cells were restimulated in vitro with 

immobilized anti-CD3 mAb (145-2C11, coated at 1 g/mL for effector cells and 10 g/mL for 

memory cells) in the presence of FITC-labeled mAb to CD107a and CD107b mAb (BioLegend) or 

isotype control Ab, and brefeldin A (10 g/mL) (Sigma). After 4 h, cells were washed and analyzed 

by flow cytometry. 

 To assay cytolytic activity, draining LN cells from OVA-primed mice were re-stimulated in 

vitro with 10 g/mL OVA257-264 peptide SIINFEKL and 20 U/mL human recombinant interleukin-2 

(rIL-2; NIH AIDS Research and Reference Reagent Program, Germantown, MD) in complete DMEM 

at 37C° in 5% CO2 for 5 days then centrifuged on Ficoll-Hypaque. EL4 target cells were incubated 

with or without 20 g/mL SIINFEKL peptide, labeled with 100 Ci Na
51

CrO4 (Amersham, NSW, 

Australia), washed and 2x10
3
 cells added to round-bottom 96-well plates (BD Falcon, NSW, 

Australia) with triplicate serial dilutions of effector cells in 200 L complete DMEM [36]. After 

incubation for 4.5 h at 37°C in 5% CO2, supernatants were assayed for -emission in 96-well 

Lumaplates (Perkin Elmer, Australia). Percent specific lysis was calculated as: 100 x [(mean sample 

cpm – mean spontaneous cpm)/(mean maximal cpm – mean spontaneous cpm)]. Maximal cpm 

corresponds to target cell lysis with 10% sodium dodecyl sulfate; spontaneous cpm corresponds to 

target cell lysis without effector cells. 

 

Tumor protection experiments 

Naïve OT-I cells (1 – 2x10
6
) were adoptively transferred intravenously into B6.SJL/J-Ptprc

a
 mice. 

One day later, recipient mice were primed by injection of 40x10
6
 OVA-coated splenocytes in 200 L 

saline subcutaneously at the base of the tail. Three months later, control (unprimed) and primed 
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recipient mice were challenged with 5x10
6
 cells of the OVA-expressing EL-4 tumor EG.7 [36] 

subcutaneously at the base of the tail. Tumor size was monitored every three days and mice were 

culled when tumors reached 10 mm x 10 mm.  

 

Clonal and paired daughter analyses of CD8
+
 T cells 

Terasaki microwells were coated with protein G-purified mAb to CD8 (53.6; 10 g/mL), CD11a 

(I21/7.7; 5 g/mL) and CD3 (145-2C11; 2 g/mL for effector cell cultures or 10 g/mL for naïve 

and memory cell cultures, unless otherwise indicated) [12]. For cloning experiments, single purified 

naive, effector or memory OT-I cells were deposited using the single-cell deposition unit attached to a 

FACS Vantage (Becton Dickinson) into the Ab-coated wells containing complete DMEM and 20 

U/mL human rIL-2 with or without 100 U/mL IL-4 (ProsPec-Tany TechnoGene, Rehovot, Israel). 

After 5 days, all wells were screened for clones and the cell number per clone was estimated 

microscopically. Cloning efficiency was defined as the percentage of single cells cultured that formed 

clones. 

 For paired daughter analysis, single naïve, effector or memory cells were deposited as above 

into anti-CD3/8/11a Ab-coated Terasaki wells containing complete DMEM with IL-2. After 2 days, 

wells were checked for viable cells and, where a parent cell had divided once, individual daughters 

were transferred by micromanipulation using a drawn-out capillary pipette into new Ab-coated 

Terasaki wells, one cell with IL-2 and one with IL-2 plus IL-4 as above [12]. Five days later, wells 

were screened for subclones and cell numbers per subclone were estimated.  

 RNA was obtained from clones and subclones by lysis with Nonidet P-40, reverse-transcribed 

and PCR-amplified in two rounds of 40 and 30 cycles with nested primers [12]. Products were 

agarose-electrophoresed and visualized by ethidium bromide DNA staining. Each PCR run included a 



 

 

 

This article is protected by copyright. All rights reserved. 

   18 

dilution series of cloned cDNAs for CD3, IFN- and IL-4 and a minimum of six negative control 

(water) samples. The sensitivity of each reaction was ≤10
-16

 g cDNA. 

 

Re-activation of memory CD8
+
 T cells in vivo and analysis by real-time PCR 

Memory or naïve OT-I cells were co-injected with 40x10
6
 cells of the IL-4-secreting or control 

(empty vector) EG.7 tumor [36, 37] into RAG-1
-/-

 mice subcutaneously at the base of the tail. After 5 

days, CD8
+ 

CD44
high

CD62L
low

 OT-I cells were purified from pooled draining LN and spleens, and 

triplicate samples of 1000 cells were lysed with Nonidet P-40. Following mRNA extraction and 

cDNA synthesis, 2-microglobulin (2M), IFN- and IL-4 cDNAs were quantified using real-time 

PCR as described [20]. Absolute cDNA copy numbers were determined by reference to standard 

curves generated with known copy numbers of cloned cDNAs and expressed as 2M units [(target 

gene copy number/2M copy number) x10
4
]. 

 

Statistical analysis 

Data were analyzed by unpaired t-test or Fisher’s exact test (Prism 4.02 software package, GraphPad 

Software 1) and differences were considered significant when p<0.05. 
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Figure Legends 

 

Figure 1. Activation of effector CD8
+
 T cells in vivo. B6.SJL/J-Ptprc

a
 mice were adoptively 

transferred with 1 – 2x10
6
 naïve OT-I cells and primed one day later with 40x10

6
 irradiated OVA-

coated B6.SJL/J-Ptprc
a
 splenocytes. (A) At the indicated times after priming, CD45.2

+
CD8

+
CD44

high 

CD62L
low

 (activated OT-I) cell numbers and percentages among CD45.2
+
CD8

+
 (OT-I) cells were 

determined in draining LN by flow cytometry. Results are shown for one of two independent 

experiments as the arithmetic mean ± SD for 3 mice per time point. (B) At day 5 after priming, 

activated OT-I cells were purified from draining LN and assayed for degranulation by restimulation 

with anti-CD3 Ab in the presence of FITC-labeled anti-CD107a and anti-CD107b Ab (top panel) or 

isotype control Ab (lower panel) and brefeldin A, and analysis by flow cytometry. Representative 

histograms are shown for one of 3 samples. The percentage of positive cells defined by the indicated 

gate is shown. (C) At day 5 after priming, draining LN cells were restimulated in vitro with 

SIINFEKL peptide and IL-2 for 5 days then assayed for lytic activity in a 
51

Cr-release assay with 

SIINFEKL-loaded or control EL-4 target cells. Results are shown from one of two experiments as 

mean ± SD for 5 mice where cells from each mouse were assayed separately in triplicate. 

 

Figure 2. Phenotype and function of memory CD8
+
 T cells. (A) Representative staining with mAb to 

CD44, CD62L, CD122, CD127 or Ly6C is shown for CD8
+
 LN cells from untreated OT-I mice (left 

panels) and CD45.2
+
CD8

+ 
spleen cells of B6.SJL/J-Ptprc

a
 mice adoptively transferred with naïve OT-I 

cells, primed one day later with irradiated OVA-coated splenocytes and analyzed 60 days after 

priming (right panels). (B) Purified memory (CD45.2
+
CD8

+ 
CD44

high
) cells were assayed for 

degranulation by restimulation with anti-CD3 Ab in the presence of FITC-labeled anti-CD107a and 

anti-CD107b Ab (left panel) or isotype control Ab (right panel). Representative histograms are shown 
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for one of 3 samples. The percentage of positive cells defined by the indicated gate is shown. (C) 

OVA-coated splenocyte primed (n=10) or control unprimed (n=10) recipient B6.SJL/J-Ptprc
a
 mice 

were challenged with 5x10
6
 EG.7 cells 3 months after adoptive transfer of naïve OT-I cells. Mice 

were culled when tumors reached 10 mm x 10 mm size.  

 

Figure 3. Paired daughter analysis to quantify IL-4 responsiveness of naïve, effector and memory 

CD8
+
 T cells. (A) Paired daughter analysis protocol. (B) CD3, IFN- and IL-4 mRNA expression by 

all tested subclones grown from daughters in IL-2 or IL-2+IL-4 as described in Table 2. Each row 

represents an expression pattern (filled, RNA positive; empty, RNA not detected). The number of 

subclones with each pattern is shown to the right of each row. Data are pooled from at least 3 

independent experiments. (C) IL-4 mRNA expression by paired daughter subclones from B. Figures 

indicate the number of naïve, effector or memory parent cells which gave rise to a subclone pair with 

the indicated IL-4 expression pattern.  

 

Figure 4. Functional plasticity of memory CD8
+
 T cells in vivo. Purified naïve OT-I LN cells (4x10

4
 

in experiment 1, left; 5x10
4
 in experiment 2, right) or memory OT-I cells (5x10

3
; 10

4
) from spleens of 

B6.SJL/J-Ptprc
a
 mice 60 days after priming with irradiated OVA-coated splenocytes were adoptively 

transferred into RAG-1
-/-

 recipients with 40 x 10
6
 control or IL-4-secreting EG.7 tumor cells. Five 

days later, effector cells were purified from pooled LN and spleens and analyzed for IL-4, IFN- and 

2M mRNA by real-time PCR. Results of two independent experiments are shown, expressed as 

mean ± SD 2M units. Dotted line, threshold of IL-4 mRNA detection (0.3 units); ND, not detected. 
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Table 1. Clonal assessment of IL-4 responsiveness of naïve, effector and memory CD8
+
 T cells

a
             

Cell type Naive Effector Memory 

Conditions IL-2 IL-2+IL-4 IL-2 IL-2+IL-4 IL-2 IL-2+IL-4 

No. cells cultured 576 576 576 576 576 576 

Cloning efficiency 74 ± 15 74 ± 15 31 ± 5 36 ± 11 40 ± 4 60 ± 15 

Clone size 236±86 256±90 154±87 232±81 175±87 179±92 

No. clones 

analyzed 

74 74 102 107 53 62 

Size of analyzed 

clones 

280±150 290±160 160±120 170±120 220±90 250±110 

% CD3
+
 clones 100 100 100 100 100 100 

% IFN-
+
 clones 100 100 100 100 100 100 

% IL-4
+
 clones 8 ± 6 96 ± 4 8 ± 4 19 ± 6 7 ± 5 84 ± 15 

a) Purified naïve, effector (8 days after priming in vivo) and memory (3 months after priming in vivo) 

OT-I cells were cloned by culture of single cells with anti-CD3, -CD8 and -CD11a Ab in the 

presence of IL-2 or IL-2+IL-4. After 5 days, clone size was estimated and individual clones of a 

range of sizes were selected for analysis of CD3, IFN- and IL-4 mRNA expression by two-round 

nested PCR. Data are pooled from 3 independent experiments (mean + SD).
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Table 2. Paired daughter analysis of naïve, effector and memory CD8
+
 T cells to measure IL-4 

responsiveness
a
 

 Naïve cells Effector cells Memory cells 

Primary culture conditions IL-2 IL-2 IL-2 

No. parent cells cultured 1680 1800 2580 

% cultures with ≥2 cells on 

day 2  

68 (40 – 85) 39 (30 – 55) 60 (53 – 75) 

Secondary culture conditions IL-2 IL-2 + 

IL-4 

IL-2 IL-2 + 

IL-4 

IL-2 IL-2 + 

IL-4 

No. cells transferred on day 

2 

207 207 219 219 386 386 

% cells that subcloned by 

day 5 

72 70 67 62 37 34 

Mean subclone size on day 6 

± SD 

501 ± 285 437 ± 

285 

93 ± 65 115 ± 75 96 ± 87 86 ± 88 

No. subclones assayed by 

RT-PCR 

102 102 131 131 95 95 

% CD3
+ 

subclones  100 100 100 100 100 100 
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% IFN-
+ 

subclones  95 96 93 91 98 99 

% IL-4
+ 

subclones  3 76 3 9 2 44 

No. informative parent cells 102 131 95 

No. bipotential parent cells 

(frequency) 

75 (73.5%) 8 (6.1%) 40 (42.1) 

a) Single naïve, effector and memory OT-I cells were cultured with anti-CD38/11a Ab and IL-2. 

After the first division, individual daughter cells were transferred into new Ab-coated wells, one 

with IL-2 and the other with IL-2+IL-4. Expression of CD3, IFN- and IL-4 mRNA was analyzed 

in all clone pairs by two-round nested PCR. Informative parent cells were those that gave rise to 

CD3
+ 

subclones in both IL-2 and IL-2+IL-4. Bipotential parent cells were those in which the 

subclone grown in IL-2 was IL-4
-
 and the subclone grown in IL-2+IL-4 was IL-4

+
. Data are pooled 

from at least 3 independent experiments.
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Table 3. IL-4 responsiveness of memory CD8
+
 T cell subpopulations

a
 

Marker 

 High expression Low expression 

IL-2 IL-2 + IL-4 IL-2 IL-2 + IL-4 

CD62L No. cells cultured 420 420 360 360 

 Cloning efficiency (day 5) 38 ± 7 47 ± 4 28 ± 8 32 ± 12 

 Clone size ± SD 272 ± 322 360 ± 345 163 ± 208 190 ± 199 

 No. clones analyzed 62 61 60 65 

 % CD3
+
 clones 100 100 100 100 

 % IFN-
+
 clones 97 100 77 77 

 % IL-4
+
 clones 0 (0 – 0) 61 (46 – 71) 7 (0 – 16) 47 (38 – 61) 

CD122 No. cells cultured 240 240 240 240 

 Cloning efficiency (day 5) 67 ± 17 70 ± 0 77 ± 7 73 ± 11 

 Clone size ± SD 119 ± 66 151 ± 82 163 ± 81 158 ± 75 

 No. clones analyzed 57 59 59 55 

 % CD3 
+
 clones 100 100 100 100 

 % IFN- 
+
 clones 100 100 100 100 
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 % IL-4
+
 clones 9 (0 – 14) 83 (66 –100) 1 (0 – 3) 90 (73 – 87) 

Continued overleaf
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CD127 No. cells cultured 240 240 240 240 

 Cloning efficiency (day 5) 60 ± 7 76 ± 9 71 ± 7 76 ± 10 

 Clone size ± SD 136 ± 76 168 ± 90 160 ± 88 158 ± 112 

 No. clones analyzed 62 62 65 65 

 % CD3 
+
 clones 100 100 100 100 

 % IFN- 
+
 clones 100 98 100 100 

 % IL-4
+
 clones 1 (1 – 2) 79 (65 – 93) 7 (5 – 3) 89 (85 – 90) 

Ly6C No. cells cultured 300 300 300 300 

 Cloning efficiency (day 5) 55 ± 12 66 ± 1 40 ± 20 42 ± 3 

 Clone size ± SD 102 ± 81 128 ± 76 114 ± 75 144 ± 86 

 No. clones analyzed 62 61 60 65 

 % CD3 
+
 clones 100 100 100 100 

 % IFN- 
+
 clones ND ND ND ND 

 % IL-4
+
 clones 4 (0 – 7) 62 (30 – 84) 19 (13 – 26) 71 (59 – 91) 

a) Memory OT-I (CD8
+
CD45.2

+
CD44

high
) cells from pooled spleens of 5 –10 adoptively-transferred 

mice 60 days after priming were purified based on high or low expression of the indicated marker, 

then cloned by single-cell culture with anti-CD38/11a Ab in the presence of IL-2 or IL-2+IL-4. After 

5 days, expression of CD3, IFN- and IL-4 mRNAs was assayed in clones selected to match clone 

size between groups. Results are pooled from 3 independent experiments. 
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