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Constitutive CD70 Impairs CD8 T Cell Memory  

Abstract 

Chronic infection results in continuous formation and exhaustion of effector CD8 T cells and 

in failure of memory CD8 T cell development. Expression of CD70 and other molecules that 

provide co-stimulation to T cells is maintained during chronic infection. To analyze the 

impact of constitutive CD70-driven co-stimulation, we generated transgenic mice expressing 

CD70 specifically on T cells. We show that CD70 promoted accumulation of CD8 T cells 

with characteristics strikingly similar to exhausted effector CD8 T cells found during chronic 

infection. CD70 on T cells provided co-stimulation that enhanced primary CD8 T cell 

responses against influenza. In contrast, memory CD8 T cell maintenance and protection 

against secondary challenge with influenza was impaired. Interestingly, we found no effect on 

the formation and maintenance of either effector or memory CD4 T cells. We conclude that 

constitutive expression of CD70 is sufficient to deregulate the CD8 T cell differentiation 

pathway of acute infection reminiscent of events in chronic infection. 
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Introduction 

CD8 T cells significantly contribute to immune responses that resolve acute viral infection. 

Activation of naïve CD8 T cells involves proliferation and differentiation into antigen-specific 

effector CD8 T cells. These effector CD8 T cells acquire effector functions such as the 

production of immune stimulatory IFN-� and cytolytic agents that enables them to eliminate 

virally infected cells. The effector CD8 T cell population contracts upon antigen clearance, 

and the remaining CD8 T cells that survive in the absence of antigen provide enhanced 

protection against secondary challenge (1,2). 

CD8 T cell differentiation is perturbed during chronic infection and this becomes apparent in 

exhaustion of effector function and in lack of memory development (3,4). Upon re-

stimulation, virus-specific CD8 T cells in chronic lymphocytic choriomeningitis virus 

(LCMV) models display poor proliferation and cytotoxicity and low IL-2 and IFN-� 

production (4). CD8 T cell exhaustion has been associated with up-regulated levels of 

inhibitory molecules such as PD-1 and IL-10 on CD8 T cells of HIV and hepatitis C virus 

patients as well as on CD8 T cells in experimental infection models with chronic LCMV (5-

7). Blockade of PD-1 or IL-10R-mediated signals in chronic LCMV infection establishes 

pathogen clearance, showing that these inhibitory molecules are involved in development of 

CD8 T cell exhaustion (8-10). The underlying mechanism why memory CD8 T cells fail to 

develop during chronic infection, however, is less well understood. Low expression of IL-7R� 

and IL-2/15R� on CD8 T cells during chronic infection indicates inefficient maintenance on 

homeostatic cytokines in the absence of antigen (3,11). Indeed, transfer of antigen-specific 

CD8 T cells of chronically infected animals to naïve animals results in disappearance of 

transferred CD8 T cells. This shows that removal of antigen is insufficient to restore memory 

formation (3). 
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The persistence of pathogens during chronic infection results in continual triggering of Toll-

like receptors that constitutively up-regulate expression of co-stimulatory molecules and 

production of pro-inflammatory cytokines. One of the up-regulated pathways of co-

stimulation is mediated through CD70 and CD27. CD70 is the unique ligand of the TNF 

receptor superfamily member CD27 that is expressed on naïve CD4 and CD8 T cells (12,13). 

CD70 induced triggering of CD27 enhances the proliferative capacity of T cells and the 

acquisition of effector functions, such as the production of IFN-� (14-16). Primary and 

secondary CD8 T cell responses against influenza infection as well as secondary responses 

against acute LCMV infection are impaired in the absence of CD27, demonstrating that CD70 

driven co-stimulation is important for in vivo immune responses (17,18). Expression of CD70 

is restricted under homeostatic conditions but upon infection such as with influenza or acute 

LCMV it is found on mature DCs and activated B and T lymphocytes (17,19). In contrast to 

transient expression of CD70 in acute infection, constitutive expression of CD70 occurs in 

chronic HIV-1 infection and chronic autoimmune disease (20-22). The constitutive CD70 

expression is primarily detected on T cells (20-22). To dissect the effects of constitutive 

expression of CD70 specifically on T cells, we generated transgenic (Tg) mice expressing 

CD70 under a T-cell specific promoter. We found that constitutive expression of CD70 on T 

cells drives antigen-dependent formation of CD8 T cells that strikingly resemble the 

phenotype of effector CD8 T cells during chronic infection. In particular, CD70-driven co-

stimulation resulted in enhanced primary CD8 T cell responses, but impaired memory CD8 T 

cell responses against acute influenza infection. This demonstrates that constitutive expression 

of CD70 de-regulates CD8 T cell differentiation compatible with events in chronic infection 

and identifies CD70 as a target for intervention in HIV-1 and other chronic diseases. 
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Results 

CD70 on T cells regulates peripheral T cell homeostasis 

To study the impact of persistent CD70 expression on T cells as described in chronic 

infections (22), we generated Tg mice that express CD70 under control of the human CD2 

promoter (Fig. 1 A). This resulted in expression of CD70 protein on T cells, but not on other 

cell types (Fig. 1 B). Because the transgene expression of CD70 was low on heterozygous Tg 

T cells, we generated homozygous Tg mice, displaying T cell-specific CD70 expression at 

higher levels than heterozygous Tg mice (Fig. 1 B). The levels of CD70 on T cells of 

homozygous Tg mice were comparable to expression of CD70 on T cells during chronic 

infection (22). This prompted us to use homozygous Tg mice throughout the study. 

The CD70 transgene was expressed early during development of T cells within the thymus, 

and was present on all thymocyte subsets (unpublished data). In WT mice, CD27 is expressed 

on thymocytes as well as on T cells (12). In contrast, CD70 Tg mice did not have expression 

of CD27 on thymocytes, indicating that CD70 induced triggering and shedding of CD27 

within the thymus (unpublished data). Interestingly, this did not induce apparent changes in 

thymocyte development, and thymocyte subsets were similar in size in WT and CD70 Tg 

mice (Fig. 1 C).  

The CD70 transgene was detected on T cells in spleen, peripheral lymph nodes (pLNs) and 

BM of CD70 Tg mice (unpublished data). The levels of CD27 were reduced on T cells within 

these tissues compared to WT mice (unpublished data), indicating that the CD70 transgene 

has engaged its ligand. We analyzed whether CD70 on T cells impacted the formation of 

effector memory (EM) T cells similar to CD70 on DCs and B cells (14,25). Therefore, the 

profile of CD44 and CD62L expression was determined on CD4 and CD8 T cells. CD44 and 

CD62L characterize distinct T cell populations in mice, and CD44lowCD62Lhigh T cells are 

defined as naïve T cells, CD44highCD62Lhigh T cells as central memory (CM) T cells and  
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Figure 1. CD70 on T cells induces 
effector CD8 T cell formation. (A) The 
schematic representation depicts the 
construct used to generate the CD70 Tg 
mice. The cDNA of murine CD70 was 
cloned into the EcoRI site of a plasmid 
containing the human CD2 promoter and 
the human CD2 locus control region 
(LCR). Approximately 12 kb of the 
plasmid containing the CD2 promoter 
elements and the CD70 cDNA was 
isolated using digestion with KpnI and 
XbaI. (B) The expression of CD70 was 
analyzed on T cells within the blood of 
WT and heterozygous and homozygous 
CD70 Tg animals. (C) The composition 
of thymocyte subsets was determined as 
a percentage of the total thymocyte 
population in WT and CD70 Tg mice 
(DN: double negative, DP: double 
positive, SP: single positive). (D) The 
expression of CD44 and CD62L was 
analyzed on CD4 T cells (top row) and 
CD8 T cells (bottom row) from spleen of 
WT, CD70 Tg, CD27-/- and CD70 Tg x 
CD27-/- mice to analyze the percentage of 

naïve, central memory (CM) and effector memory (EM) T cells. (E, F) The absolute number of (E) 
EM CD4 T cells and (F) EM CD8 T cells in spleen, pLNs, BM and liver of WT, CD70 Tg, CD27-/- 
and CD70 Tg x CD27-/- mice was determined. (G) The absolute number of EM CD8 T cells, as 
determined by low expression of CD62L and high expression of CD44, was followed in time within 
the spleen of WT and CD70 Tg mice. (H) The absolute number of EM, CM, and naïve CD4 T cells 
(left panel) and CD8 T cells (right panel) was determined within the spleen of WT and CD70 Tg 
animals through FACS analysis of CD44 and CD62L expression. CM denotes central memory T 
cells and EM denotes effector memory T cells. Results shown apply to mice that were 8 wks of age 

unless stated otherwise. Error bars indicate standard deviation of 3 individual mice. � denotes 

p<0.05 and �� denotes p<0.005. Results are representative of at least 3 separate experiments. 
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CD44highCD62Llow T cells as EM T cells (26). CD70 Tg mice had higher percentages as well 

as absolute numbers of EM T cells within the CD8 compartment, but not within the CD4 

compartment of the spleen (Fig. 1, D-H). The absolute number of EM CD8 T cells, in contrast 

to that of EM CD4 T cells, was also increased within the liver and BM, but not the pLNs (Fig. 

1, E and F). We observed that the absolute number of EM CD8 T cells within the spleen of 

CD70 Tg animals steadily increased with age, as occurred in WT animals (Fig. 1G). In 

contrast to EM CD8 T cells, the size of all CD4 T cell populations and of naïve and CM CD8 

T cell populations were not changed in CD70 Tg mice compared to WT mice (Fig. 1H). 

Crossing the CD70 Tg mice onto CD27-/- background completely reversed the memory T cell 

phenotype to WT and CD27-/- levels (Fig. 1, D-F), showing that EM CD8 T cell formation is 

mediated by CD70-CD27 signaling. Thus, CD70 expression is functional on T cells and 

induces increased EM differentiation of CD8 T cells.  

 

Constitutive CD70 induces CD8 T cells that resemble exhausted effector CD8 T cells 

We analyzed the phenotype of EM CD8 T cells in CD70 Tg mice to examine how CD8 T cell 

differentiation under constitutive CD70 co-stimulation related to that of chronic infection. We 

observed that EM CD8 T cells of CD70 Tg mice had reduced levels of IL-7R� and enhanced 

levels of CD69 and PD-1 compared to those of WT mice (Fig. 2, A and B). This was not 

observed on other CD4 and CD8 T cell populations (unpublished data). The low expression of 

IL-7R� indicates maintenance of EM CD8 T cells independent of the homeostatic cytokine 

IL-7 (27), while high expression of CD69 and PD-1 indicate recent stimulation on antigen 

(28). Antigen-driven proliferation displays a much higher turn-over as compared to cytokine-

driven homeostatic proliferation of memory CD8 T cells (29). Therefore, to establish whether 

T cell proliferation was enhanced during constitutive CD70 co-stimulation, we analyzed the 

expression of Ki-67, which is expressed by cycling cells. The expression of Ki-67 was up- 
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Figure 2. CD8 T cells under 
constitutive CD70 triggering 
display an exhausted 
phenotype. (A) Histograms 
show the expression of CD69, 
PD-1 and IL-7R� on EM CD8 
T cells of spleen of WT (top 
row) and CD70 Tg animals 
(bottom row). (B) The 
percentage of EM CD8 T cells 
that express CD69, PD-1 and 
IL-7R� within spleen of WT 
and CD70 Tg animals was 
determined. (C) The 
percentage of CD4 and CD8 T 
cell subsets of spleen of WT 
and CD70 Tg that undergo 

cell division was analyzed using intracellular staining for Ki-67. CM denotes central memory 
T cells and EM denotes effector memory T cells. (D) Dotplots show intracellular staining for 

IFN-� and IL-10 on splenocytes gated for CD8 T cells of WT (left panel) and CD70 Tg mice 
(right panel) that had been stimulated for 5 hrs with PMA and ionomycin. (E) The percentage 

of CD8 T cells of spleen of WT and CD70 Tg that co-produce IFN-� and IL-10 upon 5 hrs of 
PMA and ionomycin stimulation was determined. (F) The expression of CD44 and CD62L 
was analyzed on CD8 T cells of spleen from WT, CD70 Tg, OTI and CD70 Tg x OTI mice 
(left panel). Insets in upper left corner represent average percentage of EM CD8 T cells +/- 
standard deviation. The absolute number of CD44+CD62L- EM CD8 T cells in spleen, pLNs, 
BM and liver of WT, CD70 Tg, OTI and CD70 Tg x OTI mice was examined (right panel). 
(G) CD8+CD44+CD62L- splenocytes were sorted to obtain EM CD8 T cells. The expression 
levels of T-bet, Eomes and Blimp-1 were analyzed in EM CD8 T cells of WT and CD70 Tg 
mice using quantitative PCR. Results shown apply to mice that were 8 wks of age. Error bars 

indicate standard deviation of 3 individual mice. � denotes p<0.05 and �� denotes p<0.005. 
Experiments were performed at least 3 times with identical results. 
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regulated in EM CD8 T cells of CD70 Tg mice compared to WT mice (Fig. 2 C). EM CD4 T 

cells and naïve and CM CD8 T cells of CD70 Tg mice also had elevated expression levels of 

Ki-67, but to a lesser extent (Fig. 2 C). This indicates that naïve, CM and EM CD8 T cell 

populations may all contribute to the generation of EM phenotype CD8 T cells in CD70 Tg 

mice. The unaltered Ki-67 levels of naïve and CM CD4 T cells and the marginally increased 

Ki-67 levels of EM CD4 T cells in CD70 Tg mice correspond with the absence of CD70-

driven EM CD4 T cell formation. The expression profile of EM CD8 T cells of CD70 Tg 

mice is reminiscent of that of pathogen-specific CD8 T cells in chronic LCMV or HIV-1 

infection: i.e. low levels of IL-7R� (30), high levels of Ki-67 (31,32), and high levels of 

activation-induced molecules including CD69 (31) and PD-1 (5,6). Thus, co-stimulation 

through CD70 enhances the formation of CD8 T cells that phenotypically resemble antigen-

dependent and rapidly proliferating effector CD8 T cells in chronic infection. 

Up-regulation of inhibitory molecules is another distinctive feature of CD8 T cells of chronic 

infections (5-10). We observed up-regulation of the inhibitory molecule PD-1 on EM CD8 T 

cells of CD70 Tg mice (Fig. 2, A and B). Therefore, we also analyzed WT and CD70 Tg CD8 

T cells for the intracellular expression of the inhibitory cytokine IL-10 after short-term PMA 

and ionomycin stimulation (Fig. 2, D and E). CD8 T cells of both CD70 Tg and WT animals 

produced IFN-�, but CD8 T cells from CD70 Tg animals uniquely co-produced IL-10 (Fig. 2, 

D and E). Although EM CD8 T cell numbers were increased, we did not observe enhanced 

IFN-� production in CD8 T cells of CD70 Tg mice compared to WT mice (Fig 2, D and E). 

This shows that CD8 T cells that are continually stimulated through CD70 have up-regulated 

levels of inhibitory molecules that in chronic infection have been shown to induce CD8 T cell 

exhaustion (8-10). 

To examine whether the constitutive CD70-driven activation of CD8 T cells was indeed 

antigen-dependent, we generated OTI Tg mice co-expressing the CD70 transgene. The CD8 T 
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cells of OTI Tg mice contain a Tg TCR that specifically recognizes the MHC class I H-2Kb 

restricted ovalbumin peptide OVA257-264 SIINFEKL (33), an antigen that they normally do not 

encounter. We found that the enhanced EM phenotype of the CD8 T cell compartment of 

CD70 Tg mice was dependent on TCR triggering, as shown by comparable percentages and 

absolute numbers of EM CD8 T cells of OTI Tg mice and CD70 x OTI Tg mice (Fig. 2. F). 

Higher levels of EM CD8 T cells were present within spleen, BM and liver but not the pLNs 

of CD70 Tg mice compared to CD70 x OTI Tg mice (Fig. 2F). Thus, recognition of 

environmental antigens is required for CD70 to drive formation of CD8 T cells with an EM 

phenotype. 

We next analyzed whether transcription factors involved in CD8 T cell development were 

differentially expressed in EM CD8 T cells during constitutive CD70-driven co-stimulation. 

We observed that, in contrast to T-bet, Eomes and Blimp-1 were strongly up-regulated in EM 

CD8 T cells of CD70 Tg mice compared to those of WT mice (Fig. 2 G), as has been 

previously described for exhausted effector CD8 T cells (34). Taken together, our data shows 

that constitutive signaling through CD70 and CD27 accelerates antigen-driven formation of 

CD8 T cells that acquire a phenotype similar to exhausted CD8 T cells.  

 

Poly-functional cytokine responses are impaired under CD70 driven co-stimulation 

Exhausted CD8 T cells in chronic infection produce low levels of cytokines such as IFN-�, 

IL-2 and TNF-� and display poor cytotoxicity upon re-stimulation (4). Poly-functional 

analysis of CD8 T cells in HIV-1 patients has shown that in particular the ability to produce 

multiple cytokines such as IFN-�, TNF-� and IL-2 simultaneously is impaired (35). Reduction 

of the poly-functional CD8 T cell response correlates with poorer effector function of CD8 T 

cells on a per cell basis (35). Since we found up-regulation of the inhibitory molecules PD-1 

and IL-10 on CD8 T cells of CD70 Tg animals, we examined the poly-functional T cell  
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Figure 3. Constitutive CD70-driven co-stimulation compromises the poly-functional 

cytokine response of CD4 and CD8 T cells. The intracellular expression of IFN-�, TNF-� 
and IL-2 was analyzed in CD4 T cells and CD8 T cells of spleen from WT and CD70 Tg 

animals upon 5 hr PMA and ionomycin stimulation. (A) Dotplots were gated on IFN-� 
producing CD4 T cells or CD8 T cells and display the intracellular expression of TNF-� 
and IL-2 of representative WT and CD70 Tg mice of 12 and 30 wks of age. (B) Pie charts 

show the average percentage of IFN-�-producing CD4 or CD8 T cells of WT and CD70 Tg 
mice that express only TNF-�, only IL-2, both TNF-� and IL-2 or neither TNF-� and IL-2. 
Graphs display results of 2 independent experiments with 3-5 mice per group. The 
reduction of TNF-� and IL-2 expression in CD70 Tg compared to WT mice are significant 
for CD4 T cells at 12 wks (p<0.005) and 30 wks (p<0.005) and for CD8 T cells at 30 wks 
(p<0.05). 
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response in WT and CD70 Tg mice. We observed that the IFN-�-producing CD4 and CD8 T 

cell populations of CD70 Tg mice were less poly-functional than WT mice upon stimulation 

with PMA and ionomycin (Fig. 3, A and B). In particular, the ability of CD4 and CD8 T cells 

to co-produce TNF-� and IL-2 together with IFN-� was hampered (Fig. 3, A and B). The 

effect was more pronounced within the CD4 T cell population and increased with age within 

both the CD4 and CD8 T cell population (Fig. 3, A and B). This shows that constitutive 

expression of CD70 on T cells induces exhaustion in CD4 and CD8 T cells. 

 

CD70 enhances effector CD8 T cell responses against influenza 

Stimulation through CD70 on APCs quantitatively and qualitatively enhances CD8 T cell 

responses against acute viral infection (18,36). We were interested whether constitutive CD70 

on T cells was also able to enhance CD8 T cell responses. For this purpose, WT and CD70 Tg 

mice were intranasally infected with the influenza virus A/PR8/34 and as a measure of disease 

the body weight of the mice was monitored. The decrease in body weight upon influenza 

infection was less severe and resolved at earlier time points in CD70 Tg mice than in WT 

mice (Fig. 4 A). In addition, the viral loads of CD70 Tg mice were reduced compared to those 

of WT mice at day 10 (Fig. 4 B), but not at day 7 or 14 (unpublished data). To measure the 

magnitude of CD8 T cell responses, we employed tetramer staining of peripheral blood cells. 

Within the blood influenza-specific CD8 T cells peak at higher levels in CD70 Tg mice than 

in WT mice, but levels of influenza-specific CD8 T cells of CD70 Tg mice return to WT 

levels when infection is resolved (Fig. 4 C). At the peak of the CD8 T cell response against 

influenza CD70 Tg mice also contained higher numbers of tetramer+ CD8 T cells than WT 

mice within the spleen, and mediastinal LN (mLN), but not within the lungs (Fig. 4 D). 

Moreover, higher numbers of CD8 T cells in spleen of CD70 Tg mice than of WT mice 

produced IFN-� upon peptide re-stimulation (Fig. 4 E). Production of granzyme B and IFN-�  
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Figure 4. Enhanced primary CD8 T cell responses develop against influenza in CD70 
Tg mice. WT and CD70 Tg mice were intranasally infected with the influenza virus 
A/PR8/34. (A) The body weight of WT and CD70 Tg mice was followed in time after 
primary influenza infection. (B) Viral loads within the lungs of WT and CD70 Tg mice 
were examined upon primary influenza infection at day 10. (C) The percentage of tetramer+ 
CD8 T cells within the blood of influenza infected WT and CD70 Tg mice was followed in 
time. (D) The absolute numbers of tetramer+ CD8 T cells were determined within lungs, 
spleen and mLN of WT versus CD70 Tg mice at day 10 of primary influenza infection. (E) 

The absolute numbers of IFN-� producing CD8 T cells were determined in WT and CD70 
Tg spleen of influenza-infected mice upon 5 hr re-stimulation with influenza-specific 
peptide and IL-2. Results shown apply to mice that were 12 wks of age at the start of the 

experiment. Error bar indicates standard deviation of 8 individual mice. � denotes p<0.05 

and �� denotes p<0.005. Comparable experiments with similar results were performed 3 
times. 
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upon peptide re-stimulation was not different between lung-derived CD8 T cells of WT and 

CD70 Tg animals corroborating the tetramer analysis of the lungs (unpublished data). We 

have no direct evidence for involvement of CD8 T cells in the increased anti-viral response of 

CD70 Tg mice, although the enhanced CD8 T cell response in CD70 Tg mice correlates with 

improved clinical performance and viral clearance. As the influx of granulocytes, monocytes 

or macrophages within the lungs was not enhanced and antibody responses were not 

improved in CD70 Tg mice (unpublished data), this strongly suggests that the increased anti-

viral response is due to the enhanced CD8 T cell response. 

CD70 did not induce further up-regulation of PD-1 expression on tetramer+ CD8 T cells, and 

did not trigger IL-10 production by CD8 T cells upon peptide re-stimulation (unpublished 

data). Analysis of co-production of IFN-�, TNF-� and IL-2 upon peptide re-stimulation did 

not reveal differences in the poly-functional response between WT and CD70 Tg CD8 T cells 

of spleen and lungs (unpublished data). Taken together, this shows that constitutive CD70 on 

T cells provides co-stimulation, and does not induce T cell exhaustion in a setting of acute 

infection. 

 

Constitutive CD70 induces waning of CD8 T cell memory against influenza 

Differentiation pathways of effector and memory CD8 T cells separate early after infection. 

At the peak of the CD8 T cell response KLRG-1 identifies short-lived effector CD8 T cells 

(SLECs) and IL-7R� identifies memory precursor effector CD8 T cells (MPECs) (27,37). 

Therefore, we analyzed these fractions within influenza-specific CD8 T cells at day 10 after 

primary influenza infection within the blood. We found that constitutive expression of CD70 

enhanced the generation of SLECs as well as MPECs (Fig. 5 A). This indicates that CD70 has 

a positive effect on memory formation through the generation of larger numbers of memory 

precursors.  
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Figure 5. Constitutive 
expression of CD70 induces 
waning of the memory CD8 
T cell population over time. 
(A) The absolute number of 
tetramer+ CD8 T cells was 
determined within the blood 
at day 10 of primary 

influenza infection. Based on expression of IL-7R� and KLRG1 the absolute number of IL-
7R�lowKLRG1high short-lived effector cells (SLECs) and IL-7R�highKLRG1low memory 
precursor effector cells (MPECs) was determined within the tetramer+ CD8 T cell population. 
(B) Absolute numbers of total, IL-7R�lowKLRG1high short-lived effector cell (SLEC) 
phenotype and IL-7R�highKLRG1low memory phenotype tetramer+ CD8 T cells are shown at 
day 30 after primary infection with HKx31. (C) Long-term follow up is shown of the 
percentage of tetramer+ CD8 T cells within the blood after primary influenza infection with 
HKx31 in WT and CD70 Tg mice. (D) Absolute numbers of tetramer+ CD8 T cells were 
determined within blood, mLN, spleen and lungs of WT and CD70 Tg mice at day 57 after 
primary infection with HKx31. (E) Absolute numbers of spleen-derived CD8 T cells that 

produce IFN-� upon 5 hr re-stimulation with peptide and IL-2 were determined in WT and 
CD70 Tg mice that had been infected with HKx31 for 57 days. Results shown apply to mice 
that were 12 wks of age at the start of the experiment. Error bars indicate standard deviation 

of 5-8 individual mice. � denotes p<0.05 and �� denotes p<0.005. Comparable experiments 
with similar results were performed 3 times. 



Constitutive CD70 Impairs CD8 T Cell Memory  

The development of memory is a cardinal feature of CD8 T cell responses against acute 

infection and transient CD70-driven co-stimulation has been shown to enhance memory CD8 

T cell responses against influenza and acute LCMV infection (17,18). To examine the effect 

of constitutive CD70 co-stimulation on memory CD8 T cell responses, we did a long-term 

follow-up of tetramer+ CD8 T cells after influenza infection. Remarkably, at day 30 CD70 Tg 

mice contained less total and less memory phenotype influenza-specific CD8 T cells than WT 

mice within the blood (Fig. 5 B). The number of SLECs at this time-point is very low, which 

corresponds with viral clearance in both WT and CD70 Tg mice (Fig. 5B). Follow-up of 

tetramer+ CD8 T cells within the blood of WT and CD70 Tg mice beyond 30 days revealed a 

steady decline in the number of influenza-specific memory CD8 T cells that was much more 

pronounced in CD70 Tg mice (Fig. 5 C). Around day 60 percentages and absolute numbers of 

influenza-specific memory CD8 T cells within the blood were about 3 to 5-fold lower in 

CD70 Tg mice compared to WT mice (Fig. 5, C and D). Within all other tissues examined 

such as the lungs, mLN and spleen, we detected only very low numbers of influenza-specific 

memory CD8 T cells within CD70 Tg mice (Fig. 5 D). WT animals contained significantly 

more influenza-specific CD8 T cells within the mLN and in particular within the spleen than 

CD70 Tg animals (Fig. 5 D). Also peptide re-stimulation revealed strongly decreased 

numbers of IFN-�-producing influenza-specific CD8 T cells in the spleen of CD70 Tg mice 

compared to WT mice (Fig. 5 E). Thus, despite higher primary effector CD8 T cell responses 

and higher levels of MPECs, maintenance of memory CD8 T cells under constitutive CD70 

co-stimulation is severely compromised. 

 

Recall of influenza-specific CD8 T cells is reduced under constitutive CD70 

Reduced maintenance of influenza-specific memory under constitutive CD70-driven co-

stimulation may result in compromised secondary responses upon re-challenge with influenza 
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virus. Therefore, WT and CD70 Tg mice were sequentially infected with the influenza virus 

strains A/PR8/34 and HKx31. The use of serologically distinct virus strains excludes 

interference by influenza-specific antibodies (38). CD70 Tg animals had more pronounced 

weight loss and higher viral loads at day 8 upon secondary influenza infection than WT 

animals (Fig. 6, A and B). Although CD70 Tg mice underwent more severe disease, similar to 

WT mice they were able to recover and cleared the influenza virus by day 12 (Fig. 6 B). This 

indicates that in stark contrast to primary CD8 T cell responses, secondary CD8 T cell 

responses are impaired through constitutive CD70 triggering. Indeed, percentages of 

influenza-specific CD8 T cells within the blood were reduced in CD70 Tg mice compared to 

WT mice early but not late in the secondary response (Fig. 6 C). Enumeration of influenza-

specific CD8 T cells by tetramer staining at day 8 after re-challenge also showed a severe 

reduction in absolute numbers within blood and spleen, but not within lungs of CD70 Tg mice 

compared to WT mice (Fig. 6 D). This difference was not apparent or strongly reduced in all 

compartments at day 12 after re-challenge (Fig. 6 D). This shows that recall CD8 T cell 

responses are delayed in CD70 Tg mice, which reflects the reduced memory maintenance in 

these mice. The numbers of IFN-�-producing CD8 T cells upon peptide re-stimulation were 

also reduced within the spleen of CD70 Tg mice at day 8 (Fig. 6 E). Within the lungs we did 

not detect differences in cytokine or granzyme B producing CD8 T cells, reflecting the 

numbers of tetramer+ CD8 T cells at this site (unpublished data). Thus, maintenance of 

memory CD8 T cells is impaired, and therefore, secondary CD8 T cell responses are delayed 

but not abolished under constitutive CD70-driven co-stimulation. 
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Figure 6. Reduced memory CD8 T cell responses develop against influenza in CD70 
Tg mice. WT and CD70 Tg mice were intranasally infected with influenza virus HKx31 
and 51 or 61 days later with the serologically distinct influenza virus A/PR8/34. (A) The 
body weight of WT and CD70 Tg mice was followed in time after the secondary influenza 
infection. (B) Viral loads within the lungs of WT and CD70 Tg mice were examined at day 
8 and 12 after the secondary influenza infection. (C) The percentage of tetramer+ CD8 T 
cells was determined within the blood of WT and CD70 Tg mice at the indicated time-
points after secondary influenza infection. (D) The absolute numbers of tetramer+ CD8 T 
cells were determined within blood, spleen and lungs of WT versus CD70 Tg mice at day 8 
(left panel) and 12 (right panel) of the secondary influenza infection. (E) The absolute 

numbers of IFN-� producing CD8 T cells were determined upon 5 hr re-stimulation with 
influenza peptide and IL-2 in WT and CD70 TG spleen of mice that had undergone a 
secondary influenza infection for 8 days. Results shown apply to mice that were 12 wks of 
age at the start of the experiment. Error bars indicate standard deviation of 5-8 individual 

mice. � denotes p<0.05 and �� denotes p<0.005. Comparable experiments with similar 
results were performed 3 times. 
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Constitutive CD70 reduces CD4 T cell memory but does not impair CD4 T cell help 

In the absence of CD4 T cell help primary CD8 T cell responses are normal, but secondary 

CD8 T cell responses are severely compromised (39). To examine whether CD70 impaired 

CD4 T cell help, we analyzed the CD4 T cell response against influenza. Spleens of WT and 

CD70 Tg animals contained equal numbers of influenza-specific CD4 T cells at the peak of 

the response (Fig. 7, A and B). At late time-points after infection the percentage of influenza-

specific CD4 T cells in spleens of CD70 Tg mice had declined about 4-fold below those of 

WT mice (Fig. 7, A and B). This shows that CD4 and CD8 T cells respond similarly in that 

they are unable to maintain their memory population, but that CD70 co-stimulation does not 

induce helpless CD8 T cell responses through elimination of CD4 T cells.  

CD4 T cell help includes signaling through CD40L and IL-2 (40-43). Therefore, we analyzed 

expression of these molecules on CD4 T cells of WT and CD70 Tg mice. CD4 T cells under 

constitutive CD70 driven co-stimulation up-regulated IL-2 and CD40L upon re-stimulation 

with PMA and ionomycin, although levels of CD40L were higher and levels of IL-2 were 

lower compared to WT mice (Fig. 7, C and D). The lower levels of IL-2 may represent 

functional exhaustion of EM-type CD4 T cells in CD70 Tg mice. However, this was not 

observed in influenza-specific CD4 T cells of CD70 Tg mice at the peak of the response (Fig. 

7, A and E). Thus, we have no evidence that constitutive triggering through CD70 impairs 

CD4 T cell help. 
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Figure 7. Normal primary but reduced memory CD4 T cell responses develop in 
CD70 Tg mice. (A) Dotplots display intracellular IFN-� and IL-2 expression of CD4 
T cells upon 5 hr re-stimulation of splenocytes with influenza virus at day 10 and 119 
after primary influenza infection. Insets represent average percentage of cells within 
quadrant +/- standard deviation. 
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Figure 7 Continued. (B) The percentage of IFN-� producing CD4 T cells of total CD4 T 
cells is shown upon 5 hr re-stimulation of splenocytes of WT and CD70 Tg animals with 
influenza virus. Splenocytes were isolated after 10 (left panel) or 119 days (right panel) of 
primary influenza infection. (C) CD40L expression was examined on CD4 T cells of WT 
and CD70 Tg mice after 5 hr stimulation with PMA and ionomycin (left panel). 
Representative histograms of individual WT and CD70 Tg mice display CD40L expression 
under medium (gray line) and PMA and ionomycin conditions (black line) on CD4 T cells 
(right panel). (D) IL-2 expression was analyzed on CD4 T cells of WT and CD70 Tg mice 
by intracellular cytokine staining after PMA and ionomycin stimulation (left panel). 
Representative histograms of individual WT and CD70 Tg mice show IL-2 expression in 
CD4 T cells upon PMA and ionomycin re-stimulation (right panel). (E) IL-2 expression of 
CD4 T cells was determined after 5 hr re-stimulation with influenza virus of splenocytes 
from WT and CD70 Tg mice that had been infected with influenza virus for 10 days. 
Results shown apply to mice that were 12 wks of age at the start of the experiment. Error 

bars indicate standard deviation of 3-8 mice. � denotes p<0.05. Experiments were repeated 
at least once with similar results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion 

In the present study we have investigated the impact of constitutive expression of the co-

stimulatory molecule CD70 on T cells. CD70 on APCs acts as a co-stimulatory molecule and 

induces EM CD8 T cell formation with enhanced effector function (14,15). We have observed 

that CD70 on T cells is functional as well and induced co-stimulation that resulted in EM 

CD8 T cell differentiation and in enhanced primary CD8 T cell responses against influenza. T 

cells are non-APCs that in mice do not present antigens to other T cells. This indicates that 

CD8 T cells acquire TCR stimulation separate from CD70-driven co-stimulation and that this 

similar to TCR and CD70-triggering by the same APC induces EM CD8 T cell 

differentiation. Indeed, in-trans co-stimulation of CD8 T cells by CD70 has been observed by 

others using soluble CD70 Ig constructs (36). On APCs co-delivery of CD70 and MHC class 

II molecules to the immunological synapse with T cells occurs, underlining the hypothesis 
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that co-expression of MHC class II and CD70 is required for CD4 T cell activation (44). We 

did not find that CD70 on T cells significantly enhanced EM formation of CD4 T cells. 

Constitutive expression of T cell specific CD70 did not enhance numbers of EM CD4 T cells 

within spleen, BM and at peripheral sites such as the liver. Although CD70 on T cells 

enhanced influenza-specific CD8 T cell responses, it did not enhance virus-specific CD4 T 

cell responses against primary influenza infection. In contrast, CD70 on B cells and DCs 

mediates differentiation of naïve CD4 T cells into Th1-type T cells that produce IFN-� 

(14,16). Possibly, CD4 T cell activation requires a single APC to provide TCR stimulation 

and CD70 co-stimulation. 

The size and activation state of other leukocyte populations are affected in the CD70 Tg mice 

as has been described for CD70 Tg mice that express CD70 on B cells (14). Specifically, the 

levels of B cells but not of other APCs such as monocytes and macrophages are decreased in 

CD70 Tg mice. Remaining B cells, monocytes and macrophages in CD70 Tg mice express 

enhanced levels of MHC class II, indicating an elevated activation state ((14) and unpublished 

data). This is the indirect consequence of enhanced IFN-� signaling in CD70 Tg mice ((14) 

and unpublished data). Importantly, formation of EM CD8 T cells is not altered in the absence 

of IFN-�, indicating that enhanced EM CD8 T cell formation occurs directly through CD70-

driven co-stimulation rather than indirectly through enhanced activation of APCs ((14) and 

unpublished data).  

Little is known on how co-stimulation through CD70 and CD27 affects the differentiation 

pathway of naïve CD8 T cells into effector and memory cells. Here, we showed that 

introduction of CD70 enhances the formation of effector memory phenotype CD8 T cells. 

Based on further analysis using molecules that are expressed on effector cells such as CD69 

and PD-1 and molecules that are present on memory cells such as IL-7R�, it can be argued 

that these cells are effector rather than effector memory CD8 T cells. Antigen is required for 
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the formation and maintenance of effector CD8 T cells (29). We observed that CD70 required 

antigen to induce CD8 T cell differentiation. Antigen-driven proliferation of CD8 T cells is 

tightly linked with differentiation into effector-phenotype T cells. We do not know whether 

CD70 on T cells induces naïve, CM or EM CD8 T cells to differentiate into effector CD8 T 

cells. However, analysis of Ki-67 expression showing elevated proliferation of naïve, CM and 

EM CD8 T cells may indicate that all of these populations are stimulated to generate effector 

CD8 T cells under constitutive expression of CD70.  

We showed that EM CD8 T cells under constitutive CD70-driven co-stimulation have a 

phenotype remarkably similar to antigen-specific CD8 T cells in HIV-1 infection and other 

chronic infections. EM phenotype CD8 T cells that develop during constitutive CD70 

triggering expressed inhibitory molecules that are involved in the induction of T cell 

exhaustion in chronic infection such as PD-1 and IL-10. These molecules functionally impair 

effector CD8 T cells in chronic infection, resulting in low production of IL-2 and IFN-� and 

poor cytotoxicity, and this prevents pathogen clearance (8-10). The level of cytokine 

production on a per cell basis and the number of cytokines, importantly IFN-�, TNF-�, and 

IL-2, co-produced by individual cells are major determinants of the strength of CD8 T cell 

responses (45). Comparison of IFN-�-producing CD4 and CD8 T cells of CD70 Tg mice with 

those of WT mice revealed reduced ability to co-produce TNF-� and IL-2 indicative of 

functional exhaustion. The induction of functional impairment of T cells likely requires the 

presence of persistent antigen. In the absence of persistent antigen, such as during influenza 

responses, we did not observe that constitutive CD70-driven co-stimulation resulted in CD8 T 

cell exhaustion. Introduction of CD70 in acute influenza infection did not induce PD-1 and 

IL-10 up-regulation (unpublished data). Moreover, poly-functional analysis of the spleen and 

lung-resident influenza-specific CD8 T cells did not reveal functional exhaustion during 

primary and secondary responses (unpublished data).  
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Survival of CD8 T cells in chronic infection depends upon continuous stimulation through 

persistent antigen (29). Antigen-dependent survival of CD8 T cells in chronic infection likely 

requires contribution of signals from inflammatory cytokines and co-stimulatory molecules. 

We hypothesize that CD70 provides such signals and enables antigen-dependent maintenance 

of CD8 T cells and that this developmental pathway may ultimately result in T cell 

exhaustion. We reported previously that CD70 drives progressive effector T cell formation 

that eventually results in depletion of T cells (46). Progressive accumulation of EM CD8 T 

cells also occurred in CD70 Tg mice with CD70 on T cells, although not as dramatic as in 

CD70 Tg mice with CD70 on B cells. This may reflect expression levels of CD70, which are 

higher in B cell CD70 Tg mice or cell-specific expression of the CD70 transgene. Taken 

together with our current results, this provides a strong argument that exhaustion and 

depletion of T cells that prevent viral clearance in HIV-1 infection and other chronic 

infections result from CD70-driven immune activation. 

We have shown that constitutive signaling through CD70 and CD27 is detrimental for long-

term CD8 T cell-dependent immunity as it prevents formation of memory CD8 T cells. In 

striking resemblance, the antigen-specific T cell population in chronic infection such as with 

LCMV does not contain a memory T cell subset that survives independently of antigen (3). 

The reason for the lack of memory T cells in chronic infection is unknown and this may result 

from impaired development or from elimination of memory CD8 T cells. We did not observe 

that CD70 induced preferential effector cell differentiation or impaired memory development 

during acute infection with influenza. Rather CD70 enhanced formation of memory 

precursors early in the primary response. We were also unable to find evidence that CD70 

impaired CD4 T cell responses that provide essential help for memory CD8 T cell responses 

against viruses including influenza (39,47). CD4 T cell removal in chronic LCMV infection 

results in exacerbation of disease (4), indicating that CD4 T cell help is functional during 
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chronic infection as well. This argues against defective development of memory CD8 T cells 

through CD70 signaling and in chronic infection. Indeed, some evidence indicates that 

elimination of memory CD8 T cells underlies the memory defect. Although FASL and FAS 

normally do not mediate T cell apoptosis upon acute infection, this pathway of T cell 

apoptosis was observed upon acute influenza infection in CD70 Tg mice (48), and recently, it 

has been proposed that FASL and FAS contribute to apoptosis of antigen-specific T cells in 

chronic infection (49-51). It will be interesting to analyze whether FASL and FAS also 

remove memory T cells upon triggering through CD70 and in chronic infection. However, it 

needs to be mentioned that blockade of FASL and FAS-dependent apoptosis has also been 

shown as a mechanism of CD70 to enhance memory CD8 T cell responses (52). 

Impairment of CD8 T cell memory through CD70 signaling is in striking contrast to earlier 

findings that demonstrated that CD70 enhanced memory CD8 T cell responses. Ablation of 

CD70-driven co-stimulation using CD27-/- mice resulted in reduced primary and secondary 

CD8 T cell responses against influenza and reduced secondary responses against acute LCMV 

(17,18). A major difference with these studies is the expression of CD70 that in acute LCMV 

and influenza infection is found transiently on low percentages of APCs and T cells (17,19). 

Signaling through CD70 and CD27 is regulated through expression of CD70, and thus, 

differences in the expression level of CD70 and in the window of CD70 expression may 

influence the outcome of immune responses. Constitutive high levels of CD70 expression 

such as in CD70 Tg animals and in chronic infection may result in over-stimulation of CD4 

and CD8 T cells and consequently immuno-pathology. Indeed, in striking contrast to acute 

LCMV, CD27-/- mice are protected against chronic LCMV infection (53). The secretion of 

copious amounts of IFN-� and TNF-� by CD4 T cells that was attributed to CD70-driven co-

stimulation resulted in disruption of the production of neutralizing antibodies (53). Also, 

memory CD8 T cell development during chronic LCMV was restored in the absence of CD27 
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signaling, but this was considered secondary to the development of a neutralizing antibody 

response (53). Our experimental setup prevents that neutralizing antibodies contribute to the 

secondary response against influenza, demonstrating that CD70-induced immuno-pathology 

includes impairment of memory CD8 T cell formation. Thus, under high and constitutive 

expression levels such as occur in chronic infection, CD70 impairs rather than enhances 

memory CD8 T cell responses. 

In conclusion, CD70 is functional as a co-stimulatory molecule on T cells, and enhances 

effector CD8 T cell mediated-immune responses, but abrogates long-term protection through 

impairment of CD8 T cell memory. Peptide immunization in the presence of soluble CD70 

results in strong primary and secondary responses (36). These adjuvant properties of CD70 

have fueled the idea that co-stimulation through CD70 and CD27 can be harnessed as a 

strategy to break tolerance in the treatment of tumors (54). However, defective maintenance 

of long-term memory after constitutive CD70-driven co-stimulation warrants caution 

regarding the strength and duration of the therapeutic use of CD70 in vaccination strategies. 

Moreover, our results indicate that treatment of chronic infection or chronic auto-immune 

disease may benefit from blockade rather than activation of the co-stimulatory CD70-CD27 

axis. 

 

Materials and Methods 

Generation of Tg mice. 

To generate CD70 Tg mice that express CD70 specifically on T cells a construct was created 

containing the cDNA of murine CD70 under the control of the human CD2 promoter (Fig. 1 

A). The CD70 cDNA was isolated by digestion with EcoRI from pcDNA3 plasmid (23), and 

then cloned into the EcoRI site of the hCD2 promoter plasmid (kindly provided by Dr. R. 

Meuwissen, NKI, Amsterdam). The hCD2 promoter plasmid also contains the locus control 
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region (LCR) of the human CD2 gene that confers T cell specific, copy-dependent and 

position-independent gene expression in transgenic mice. After linearization and removal of 

plasmid sequences by digestion with KpnI and XbaI the hCD2-mCD70 construct was injected 

into the pronuclei of fertilized oocytes of C57Bl/6 mice. A founder was identified by 

Southern blot analysis of tail DNA and mated with C57Bl/6 mice to obtain heterozygous 

CD70 Tg mice. These mice were backcrossed to create homozygous CD70 Tg mice. 

C57Bl/6/J, OTI Tg (from Jackson Lab.), CD27-/- (18) and homozygous CD70 Tg mice and 

homozygous CD70 Tg mice crossed with OTI Tg or CD27-/- mice were maintained at 

specific-pathogen free conditions at the animal department of the AMC (Amsterdam, 

Netherlands). Screening of the mice for CD70 Tg and OTI Tg expression was performed by 

flow cytometry of leukocytes from tail vein blood using anti-CD70 antibodies (3B9) and anti-

V�5 antibodies (MR9-4), respectively. CD27 genotype of the mice was screened using PCR 

on genomic DNA as described previously (18). Mice were used at 8-12 wks of age unless 

stated otherwise and within individual experiments mice were strictly age-matched. All 

animal experiments were performed according institutional and national guidelines.  

 

Antibodies. 

The following monoclonal antibodies from eBioscience were used: anti-CD3 (145-2C11), 

anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-CD27 (LG.3A10), anti-CD44 (IM7), anti-CD62L 

(MEL-14), anti-CD69 (H1.2F3), anti-CD70 (FR70), anti-B220 (RA3-6B2), anti-PD-1 

(RMP1-30), anti-IL-7R� (A7R34), anti-KLRG1 (2F1) and anti-CD40L (MR1). Anti-IFN-� 

(XMG1.2), anti-IL-2 (JES6-5H4), anti-IL-10 (JES5-16E3), anti-TNF-� (MP6-XT22) and anti-

Ki-67 (B56) were purchased from BD Biosciences. 
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Flow cytometry. 

Single cell suspensions were obtained from spleen, pLNs, lungs, liver and BM by grinding 

tissue over nylon filters (BD biosciences). Contaminating red blood cells were removed from 

these preparations using erylysis buffer (155 mM NH4Cl, 10 mM KHCO3, 1 mM EDTA). 

Absolute cell counts were determined by an automated cell counter (CasyCounter, Innovatis). 

Cells were stained with the indicated fluorochrome-conjugated or biotinylated primary 

antibodies in the presence of anti-CD16/CD32 block (2.4G2, kind gift of Louis Boon, 

Biosource BV) for 30 min at 4°C in PBS containing 0.5% BSA. In the case of biotinylated 

primary antibodies, cells were incubated with fluorochrome-conjugated streptavidin 

(eBioscience) for 30 min at 4°C in PBS containing 0.5% BSA. For staining of the nuclear 

antigen Ki-67 cells were fixed and permeabilized for 30 min at 4°C with fixation and 

permeabilization buffer (eBioscience). Expression was measured using Calibur or Canto flow 

cytometers (BD Biosciences).  

 

Intracellular cytokine staining. 

Splenocytes were stimulated with 10 ng/ml PMA (Sigma) and 1 �M ionomycin (Sigma) for 1 

hr. Then, 10 �g/ml brefeldin A (Sigma) was added to prevent cytokine release and after 4 hrs 

cells were harvested and stained with antibodies against CD4 and CD8. Next, cells were fixed 

and permeabilized using Cytofix/Cytoperm (BD Biosciences) and labeled for intracellular 

cytokines using specified antibodies. 

 

Quantitative PCR. 

RNA was extracted using the Invisorb Spin Cell RNA Mini Kit (Invitek), cDNA was 

synthesized using Superscript Reverse Transcriptase II (Invitrogen) and poly T oligos 

(Invitrogen), and quantitative real-time RT-PCR was performed on a Lightcycler (Roche). 
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Transcription levels were obtained using the Lightcycler FastStart DNA Master SYBR Green 

reagent kit (Roche) and the following primer sets for 18S (forward: 5’-

TCAAGAACGAAAGTCGGAGG-3’, reverse: 5’-GGACATCTAAGGGCATCACA-3’), T-

bet (forward: 5’-CAACAACCCCTTTGCCAAAG-3’, reverse: 5’-TCCCCCAAGCA 

GTTGACAGT-3’), Eomes (forward: 5'-TGGA CTACCATGGACATCCAGAA-3', reverse: 

5'-TTCTCTTGCAAGCGCTGTTGT-3') and Blimp-1 (forward: 5'-CCTCATCCCATGC 

TCAATCCA-3', reverse: 5'-GGACTACTCTCGT CCTTCATGCT-3'). Values are 

represented relative to that of 18S, with the lowest experimental value standardized at 1. 

 

Influenza infection. 

Mice were intranasally infected with 10x TCID50 of the H1N1 influenza A virus A/PR8/34 for 

analysis of primary immune responses. Heterotypic infection with 100x TCID50 of the H3N2 

influenza A virus HKx31 and 10x TCID50 of A/PR8/34 was performed to examine secondary 

responses. At fixed time intervals body weights of the infected mice were obtained as a 

measure of disease and blood samples were drawn from the tail vein to determine levels of 

influenza-specific CD8 T cells. At the indicated days after infection mice were sacrificed, and 

blood, spleen, mLN and lungs were collected for analysis. Viral loads within the lungs were 

quantified using qPCR as described (24). Influenza-specific CD8 T cells were enumerated 

using anti-CD8 antibodies and PE- or APC-conjugated tetramers of H-2Db containing the 

influenza-derived peptide NP366-374 ASNENMETM. 

 

Statistical analysis. 

Figures represent means and error bars denote standard deviation. Student’s T-test was used 

to analyze for statistical significance.  P < 0.05 was considered statistically significant. 
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