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Abstract

Heterologous immunity refers to the phenomenon whereby a history of an immune response 

against one pathogen can provide a level of immunity to a second unrelated pathogen. Previous 

investigations have shown that heterologous immunity is not necessarily reciprocal, such as in the 

case of vaccinia virus (VACV). Replication of VACV is reduced in mice immune to a variety of 

pathogens, while VACV fails to induce immunity to several of the same pathogens, including 

lymphocytic choriomeningitis virus (LCMV). Here we examine the lack of reciprocity of 

heterologous immunity between VACV and LCMV and find that they induce qualitatively 

different memory CD8 T cells. However, depending on the repertoire of an individual host, 

VACV can provide protection against LCMV simply by experimentally amplifying the quantity of 

T cells cross-reactive with the two viruses. Thus, one cause for lack of reciprocity is differences in 

the frequencies of cross-reactive T cells in immune hosts.
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Introduction

A history of infection with one pathogen can alter the host’s immune response to a second 

unrelated pathogen in either a beneficial or detrimental manner. This heterologous immunity 

can result in either a substantial reduction or else an increase in pathogen titer, often with 

alterations in pathology and disease course. The mechanisms behind heterologous immunity 

vary, but it often involves T cells, stimulated either by epitopes cross-reactive between 

viruses or else altered by a change in environmental cytokines. Of note is that the protection 

conferred by heterologous immunity is not necessarily reciprocal. Immunity to pathogen A 
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being protective against pathogen B does not guarantee that the immunity to pathogen B will 

protect against pathogen A. For example, a history of infection of mice with lymphocytic 

choriomeningitis virus (LCMV), Pichinde virus (PICV), murine cytomegalovirus (MCMV), 

influenza A virus (IAV), or Bacillus Calmette-Guerin (BCG) provides a certain level of 

heterologous protective immunity against vaccinia virus (VACV) in the form of reduced 

organ viral titer by one to two log PFU early (day 3–4) after infection (Chen et al., 2003; 

Mathurin et al., 2009; Selin et al., 1998). However, a prior history of VACV infection does 

not protect against subsequent challenge with LCMV, MCMV or PICV (Selin et al., 1998).

Protection against VACV in LCMV-immune mice is mediated by both CD8 and CD4 T 

cells through IFNγ. IFNγ-producing CD8 and CD4 T cells are recruited in LCMV-immune 

mice into the site of VACV infection (Chen et al., 2001; Selin et al., 1998), and anti-IFNγ-

treated or IFNγ receptor (R) knock-out (KO) LCMV-immune mice are not protected against 

VACV (Selin et al., 1998). Adoptive transfers of LCMV-immune splenocytes protect 

against VACV infection, and this protection is reduced by depleting either the CD8 or the 

CD4 T cells in the donor cell population (Selin et al., 1998). In vivo cytokine assays show 

that, however, most of the IFNγ-producing T cells in LCMV-immune mice early after 

VACV challenge are CD8 T cells (Mathurin et al., 2009), and that LCMV epitope-specific T 

cells in adoptively transferred populations selectively proliferate in response to VACV 

infection (Kim et al., 2002; 2005).

Cross-reactive T cells are thought to be involved in immune protection against VACV in 

this system. T cells specific for the LCMV epitopes NP205–212, GP34–41, and GP118–125 may 

proliferate after VACV challenge, with the specificity of the responding T cells depending 

on the individual mouse (Kim et al., 2005). Subsets of T cells specific to each of these three 

LCMV epitopes cross-react with a single VACV epitope, A11R198–205, and A11R198–205-

specific T cell lines from LCMV-immune mice can bind to both VACV A11R198–205 and 

LCMV GP118–125 or GP34–41 tetramers (Cornberg et al., 2010). Structural studies defining 

the nature of cross-reactivity have been done between the LCMV GP34–41 and the VACV 

A11R198–205 epitopes (Z. T. Shen et al., 2013), and GP34–41/A11R198–205 cross-reactive cell 

lines proliferate in response to VACV infection in vivo and provide protective immunity 

(Cornberg et al., 2010). It should be pointed out, however, that this type of cross-reactive 

response is not seen in all mice. Because of variations in the private specificity of the 

LCMV-immune CD8 T cell memory pool, some mice preferentially utilize cross-reactive 

responses against the NP205–212 or GP118–125 epitopes, and sometimes cross-reactivity is not 

seen against any of those epitopes, thereby demonstrating the complexity of heterologous 

immunity (Kim et al., 2005).

Despite this demonstration of cross-reactive T cells, a history of a VACV infection did not 

provide protective heterologous immunity to LCMV or to other tested viruses, yet four 

different viruses and BCG each provided protective immunity against VACV. We question 

here whether the protective immunity in this system is purely dependent on T cell cross-

reactivity or whether other factors are involved – factors that may explain the lack of 

reciprocity in protective immunity. There are substantial biological differences between the 

VACV and LCMV infections. VACV replicates preferentially in the peripheral organs while 

LCMV replicates primarily in the lymphoid organs. IFNγ very effectively inhibits VACV 
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replication in mice (Harris et al., 1995; Karupiah et al., 1993; Liu et al., 2004), and 

frequencies of IFNγ-producing memory CD8 T cells can correlate directly with protection 

against VACV (Moutaftsi et al., 2009). LCMV is not as sensitive to IFNγ (van den Broek et 

al., 1995); rather, LCMV is controlled mostly by contact-dependent perforin-mediated 

cytotoxicity without a need for IFNγ, yet perforin or Fas cytotoxicity plays little role in the 

clearance of VACV (Kägi et al., 1995; Walsh et al., 1994). Further, the number of cytolytic 

CD8 T cells correlates directly with target killing and the control of infection in the LCMV 

system (Ganusov et al., 2011).

In some systems heterologous immunity has been suggested to be due solely to the non-

specific activation of memory T cells by pathogen-elicited cytokines, which induce the 

memory cells to make IFNγ (Yager et al., 2009) or express the receptor NKG2D (Chu et al., 

2013), which enables them to kill stress ligand-expressing cells. Perhaps VACV might be 

better at activating and being susceptible to such mechanisms than other viruses, rendering it 

very susceptible to heterologous immunity.

In this report we question why a history of VACV infection does not protect against LCMV 

and ask whether the properties or the number of their memory cells can explain this lack of 

reciprocity in heterologous immunity. The hypothesis to be tested was that the non-

reciprocal nature of heterologous immunity was due either to qualitative or quantitative 

differences in the memory T cell populations. We conclude that this is mostly a consequence 

of the number and private specificity of the memory CD8 T cell population in VACV-

infected mice.

Materials and Methods

Mice and viruses

C57BL/6 male mice between 5–6 weeks of age were purchased from the Jackson Laboratory 

(Bar Harbor, ME). Mice received the first inoculum when they reached at least 6–7 weeks of 

age. LCMV, Armstrong strain, was propagated in baby hamster kidney BHK21 cells (Welsh 

et al., 1976; Welsh and Seedhom, 2008). VACV, Western Reserve strain, was propagated in 

L929 cells (Yang et al., 1989). Recombinant VACV expressing LCMV glycoprotein 

(VACV-GP) was kindly provided by Dr. J. Lindsay Whitton (Whitton et al., 1988). Mice 

were infected with 5×104 PFU LCMV, 106 PFU wild type VACV, or 5×106 PFU VACV-

GP intraperitoneally, and were considered immune after 6 weeks post infection. A higher 

inoculum of VACV-GP was used than of wild type VACV because the recombinant virus 

was less virulent. Experiments were done in compliance with the Animal Welfare Act and 

the National Institutes of Health guidelines for the ethical care and use of animals in 

biomedical research according to protocols approved by the Institutional Animal Care and 

Use Committee of UMMS.

Cell lines

Vero cells (African green monkey kidney epithelial cell line; ATCC) were maintained in 

minimum essential medium (MEM; Life Technologies) supplemented with 10% fetal calf 

serum (FCS; Sigma), 2 mM Penicillin/Streptomycin (Pen/Strep; Gibco) and 2 mM L-
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glutamine (L-glu; Gibco). DC2.4 cells (Z. Shen et al., 1997) are a dendritic cell line 

maintained in RPMI-1640 (Gibco) supplemented with 10% FCS, 2 mM Pen/Strep, 2 mM L-

glu, non-essential amino acid (Gibco) and 10 mM HEPES (Gibco).

Dendritic cell (DC) immunization

Cultured immortalized dendritic cells DC2.4 were split 1:4 on the day before immunization. 

Trypsin-dispersed DC2.4 cells (at 107 cells/ml) were pulsed with 5mM filter-sterilized 

A11R198–205 peptide in FCS in a 37°C water bath for 40 min with tapping every 10 min. 

Pulsed DC2.4 cells were washed 4 times with 50 ml of Hank’s Balanced Salt Solution 

(HBSS) and counted. Twenty-five million A11R198–205-pulsed DC2.4 cells were 

administered subcutaneously on the upper right abdomen. HBSS was used as a control for 

the injection.

Plaque assay

Harvested splenocytes were homogenized in 1 ml of media, spun at 2000 rpm for 20 min at 

4°C, and the supernatants were stored at −80 °C. Monolayers of Vero cells were set up 

overnight in 6-well plates by seeding 2×105 cells/well. Organ homogenates (100 µl) and 10-

fold dilutions were gently mixed onto and incubated with the monolayer in 1 ml of media 

for 1.5 hrs at 37 °C, 5% CO2. Plates were then overlaid with 4 ml of a 1:1 mixture of 1% 

SeaKem-ME agarose in distilled water and 2X EMEM supplemented with 6% FCS, 5 mM 

Pen/Strep, 5 mM L-glu, and 1% Fungizone (Gibco). After 4 days, plates were stained with 

0.02% neutral red in the agarose mixture above. Plaques were counted the following day.

Surface staining

Splenocytes in suspension were washed in staining buffer (1% FCS in PBS), blocked with 

anti-CD16/32 (clone 2.4G2; Fc block), and stained with combinations of anti-CD4 (clone 

RM4–5), anti-CD8α (clone 53–6.7), anti-CD44 (clone IM7), anti-CD62L0 (clone MEL-14), 

anti-CD127 (clone A7R34), anti-KLRG1 (clone 2F1), anti-CD27 (clone LG.3A10), anti-

CD43 (clone 1B11), anti-Vα2 (clone B20.1), anti-Ly5.1 (clone A20), or anti-Thy1.1 (clone 

HIS51) for 20 min at 4°C. Stained cells were fixed with CytoFix (BD Biosciences) for 5 min 

at 4°C, washed, and stored at 4°C until data collection by LSRII (BD Biosciences). Data 

were analyzed by FlowJo software (TreeStar).

Intracellular cytokine staining (ICS)

Splenocytes were stimulated on 96-well U-bottomed plates with 1 µg/ml (1 µM) synthetic 

peptide GP33–41 (KAVYNFATC), GP34–41 (AVYNFATC), GP118–125 (ISHNFCNL), 

GP276–286 (SGVENPGGYCL), NP396–404 (FQPQNGQFI), NP205–212 (YTVKYPNL) 

(Kotturi et al., 2007), or A11R198–205 (AIVNYANL) (Kim et al., 2005), 10 U/ml human 

recombinant IL-2 (BD Biosciences) and 1 µl/ml of GolgiPlug (BD Biosciences) for 5 hrs at 

37 °C, 5% CO2 as described (Brehm et al., 2002). Anti-CD3ε (250ng/ml; clone 145–2C11) 

was used in place of peptides as positive controls. After Fc-block and surface staining as 

described above, cells were fixed and permeabilized with CytoFix/CytoPerm (BD 

Biosciences) for 20 min at 4°C. Cells were then washed twice with 1X Perm/Wash buffer 

and stained with anti-IFNγ (clone XMG1.2), anti-TNF (clone MP6-XT22) and anti-IL-2 
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(clone JES6-5H4) for 25 min at 4°C. Washed samples were analyzed on an LSRII within 5 

days. To assess the accumulation of lytic granules, samples were stimulated with GP33–41 

peptide for 4–6 days, and stained with anti-human Granzyme B (clone GB12) after fixation 

and permeabilization.

Proliferation assay with CFSE

Splenocytes were labeled with 2 µM carboxyfluorescein succinimidyl ester (CFSE) in warm 

HBSS at 2×107 cells/ml for 15 min at 37°C with tapping every 5 min. Labeled splenocytes 

were washed in HBSS and counted. The Ly5.1 P14 CD8 T cell frequency of each mouse 

was determined by flow cytometry. Equal numbers of P14 memory CD8 T cells and 

supplementary naïve splenocytes were stimulated with GP33–41 on a 96-well plate for 4–6 

days. Proliferated populations were surface-stained and analyzed by LSRII.

Statistical analysis

Student’s t test was calculated using Excel or Prism. Data were presented with mean and 

standard error of the mean (SEM).

Results

Memory CD8 T cells from VACV-GP-immune mice display phenotypes of stronger 
proliferative recall potential

Memory T cells of different qualities can be generated by different infections or 

vaccinations due to differences in cytokines environments and antigen abundance or 

persistence (Mueller et al., 2010; Pillai et al., 2011; Tewari et al., 2004). If these memory T 

cells were to be re-activated during a subsequent infection with a heterologous agent, they 

may influence the host response and disease outcome differently. To see if memory CD8 T 

cells generated from LCMV and VACV infections were of different qualities, P14 TCR 

transgenic mouse splenocytes containing 1–3×104 CD8 T cells were adoptively transferred 

into C57BL/6 mice, which were then inoculated i.p. with either 5×104 PFU LCMV strain 

Armstrong or 5×106 PFU recombinant VACV-GP on the same day. Six weeks or more later, 

P14 memory CD8 T cells were analyzed from the spleen using their congenic marker 

Thy1.1 in phenotypic and functional assays so that similar transgenic T cells activated in the 

context of two different infections were examined.

Killer cell lectin-like receptor G1 (KLRG1) signaling in CD8 T cells impairs proliferation, 

and its expression correlates with proliferative incapacity of antigen-experienced CD8 T 

cells (Gründemann et al., 2006; Voehringer et al., 2001). CD127, the IL-7 receptor, is 

important for homeostatic proliferation of memory CD8 T cells (Schluns et al., 2000). The 

combination of KLRG1 and CD127 has been used to classify memory CD8 T cells: 

CD127hi KLRG1lo as long-term memory T cells, CD127hi KLRG1hi as effector memory T 

cells, and CD127lo KLRG1hi as terminally differentiated effectors (Belz and Kallies, 2010). 

In both LCMV- and VACV-GP-immune hosts, over 50% of the memory P14 CD8 T cells 

expressed a long-term memory phenotype (CD127hi KLRG1lo) at 7 weeks post infection 

(Fig. 1a). However, a higher proportion of P14 memory CD8 T cells from LCMV-immune 

mice was KLRG1hi (both CD127hi and CD127lo), suggesting that LCMV-immune memory 
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T cells may have a lower proliferative potential. The phenotype of the memory population 

changed over time, and over 90% of P14 memory CD8 T cells from both immune groups 

displayed the long-term memory phenotype at 23 weeks post infection (data not shown).

The pattern of activation markers on memory CD8 T cells has been shown to correlate with 

recall response potential in terms of accumulation at the site of infection and IL-2 

production (Hikono et al., 2007), and the phenotypes of cells exhibiting recall response 

potential from high to low are as follows: CD27hi CD43lo > CD27hi CD43hi > CD27lo 

CD43lo. In LCMV-immune mice, there was a lower frequency of P14 memory CD8 T cells 

that expressed the higher recall potential phenotype (CD27hi CD43lo), and about 50% 

expressed the lower recall potential phenotype (CD27lo CD43lo) at 6 weeks post infection 

(Fig. 1b). On the other hand, about 60% of P14 memory CD8 T cells from VACV-GP-

immune mice expressed the higher recall potential phenotype and relatively small 

percentage of cells were of the lower recall potential phenotype. Both groups had a 

relatively low percentage of CD27hi CD43hi P14 memory CD8 T cells, but over time the 

frequency of these cells gradually increased while the frequency of lower recall potential 

P14 memory CD8 T cells declined.

The P14 memory CD8 T cells from LCMV- and VACV-GP-immune hosts were therefore 

phenotypically different, but in ways that did not seem to explain the lack of reciprocity in 

the heterologous immunity. The analysis by surface markers suggested that memory T cells 

from VACV-GP-immune mice were more capable of recall responses and should 

theoretically have the capacity to protect well against subsequent LCMV infections. On the 

other hand, it is possible that partially activated effector cells with poorer proliferative 

potential were of greater significance to heterologous immunity to VACV.

More memory CD8 T cells from LCMV-immune mice are multiple-cytokine producers

To evaluate the effector functions of the memory CD8 T cells, splenocytes from LCMV- 

and VACV-GP-immune mice were examined by ICS after in vitro stimulation with GP33–41 

synthetic peptide. The majority of Thy1.1 P14 memory CD8 T cells from both immune 

groups were able to produce IFNγ and TNF upon peptide stimulation (Fig. 2). A greater 

proportion of P14 memory CD8 T cells from LCMV-immune mice than those from VACV-

GP-immune mice produced three cytokines, IFNγ, TNF and IL-2, in the same cells. More 

P14 memory CD8 T cells from VACV-GP-immune mice produced IFNγ alone when 

stimulated. The cytokine production profile revealed that LCMV infection generated a 

subset of memory CD8 T cells of more versatile effector functions than that generated by 

VACV infection. We thus questioned whether this ability to produce IL-2 might have given 

the LCMV-induced memory T cell population a proliferative advantage on challenge.

Memory CD8 T cells from both immune groups proliferate and produce granzyme B upon 
stimulation in vitro

To compare the proliferative responses to re-stimulation in vitro, CFSE-labeled splenocytes 

from LCMV- and VACV-GP-immune mice were stimulated with GP33–41 peptide in a 96-

well plate for 4–6 days. The frequency of Ly5.1 P14 memory CD8 T cells was higher in the 

LCMV-immune host than in the VACV-GP-immune host. Therefore, using the frequency 
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determined for each mouse prior to CFSE-labeling, the P14 memory CD8 T cells were 

plated in equal numbers along with supplementary naïve splenocytes to make up equal total 

number of cells in each well. After peptide stimulation, P14 memory CD8 T cells from both 

LCMV- and VACV-GP-immune mice proliferated, and the frequencies of CFSE-diluted 

P14 memory CD8 T cells in both immune groups were above 80% by day 6 of in vitro 

stimulation (Fig. 3a).

Upon re-stimulation, memory cells produce granzyme B in vesicles in preparation for target 

cell killing. The accumulation of lytic granules in memory CD8 T cells was evaluated along 

with the in vitro proliferation experiment. Peptide stimulation caused similar proportions of 

P14 memory CD8 T cells from the LCMV- and the VACV-GP-immune mice to produce 

granzyme B after 4 days (Fig. 3b). At day 6 post stimulation, over 80% of P14 memory CD8 

T cells in both groups have accumulated granzyme B.

Thus, despite some differences in marker phenotypes and cytokine profiles, P14 memory 

CD8 T cells from LCMV- and VACV-GP-immune hosts responded to re-stimulation with 

similar levels of proliferation and granzyme B accumulation in vitro.

Greater number of potentially cross-reactive memory CD8 T cells in LCMV-immune mice

The magnitude of a T cell response is influenced by the number of antigen-specific T cells 

present at the time of infection. If cross-reactive memory CD8 T cells mediate heterologous 

immunoprotection between LCMV and VACV, the number of potentially cross-reactive 

memory CD8 T cells in the immune mice may be critical. On average, there were about 

1.2×104 A11R198–205-specific memory CD8 T cells in a VACV-immune mouse per spleen 

(Table 1), and we know from previous studies that not all of these would be cross-reactive to 

one of the three cross-reactive LCMV epitopes (Cornberg et al., 2010; Kim et al., 2005; Z. 

T. Shen et al., 2013). The directly tested A11R198–205 epitope specific T cell frequency in 

mice immune only to LCMV is low and variable, averaging about 0.1% (supplementary Fig. 

1A). Nevertheless, the virus-specific memory CD8 T cell frequency potentially cross-

reactive was higher in the LCMV-immune than in VACV-immune mice. Combining the 

CD8 T cell populations that recognize the three cross-reactive epitopes GP34–41, GP118–125 

and NP205–212, there are approximately 1.2×105 potentially cross-reactive CD8 T cells per 

LCMV-immune spleen. However, due to the phenomenon of private specificity, only a 

fraction of these potentially cross-reactive cells may actually cross-react and respond during 

heterologous infection. Nevertheless, there are still 10 times more memory CD8 T cells that 

may potentially cross-react with VACV in the LCMV-immune mice. The lower number of 

potentially cross-reactive memory CD8 T cells in VACV-immune mice may be one of the 

reasons why a history of VACV infection is not protective during subsequent LCMV 

infection.

DC(A11R)-immunization boosts A11R–specific memory and confers heterologous 
immunoprotection

To examine whether the number of potentially cross-reactive memory CD8 T cells is critical 

for protection during heterologous infection between LCMV and VACV, we increased the 

number of A11R198–205-specific memory CD8 T cells in a VACV-immune mice by 
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dendritic cell immunization and tested whether the higher number of cross-reactive memory 

CD8 T cells may confer protection against LCMV. Immortalized DC2.4 cells were pulsed 

with A11R198–205 peptide, irradiated, and administered to mice subcutaneously (s.c). Seven 

days later, pulsed DC-immunized and mock-immunized (HBSS-injected) mice were 

infected i.p. with 106 PFU wild type VACV. After 6 weeks, mice were screened for 

A11R198–205-specific memory CD8 T cell frequency in the blood. Peptide-pulsed DC-

priming greatly increased the frequency of A11R198–205-specific memory CD8 T cells in the 

VACV-immune mice to 1.2% on average, with the highest reaching 6.9% of CD8 T cells in 

one of the experiments (Fig. 4a). The frequency of A11R198–205-specific memory CD8 T 

cells in control VACV-immune mice was less than 0.1%, and DC-immunization without 

VACV infection did not generate an appreciable number of A11R198–205-specific memory 

CD8 T cells. A similar increase of the frequency of A11R198–205-specific memory CD8 T 

cells (to an average about 1.3%) was observed in spleens of DC-immunized VACV-immune 

mice in a separate experiment. Those mice were sacrificed before the removal of the spleens 

and, therefore, not challenged with LCMV. The phenotype of A11R198–205-specific memory 

CD8 T cells from the spleens was analyzed in one of the experiments, and variations of 

phenotypic marker (CD27, CD43, CD62L, CD127, KLRG-1) expression and cytokine 

(IFNγ , TNF and IL-2) production were found even within the same group. However, the 

overall differences in phenotypes between DC-VACV and VACV alone groups were not 

statistically significant.

Immune mice were subsequently challenged i.p. with 5×104 PFU LCMV Armstrong. Viral 

titer and virus-specific T cell response were evaluated at 6 days post LCMV infection. 

Protection was determined for each experiment separately. Mice were considered protected 

when their LCMV titers in the spleen at day 6 post infection were lower than three times the 

standard deviation and at least half a log below the geometric mean LCMV titer (i.e. the 

arithmetic average of the log 10 titers) in the VACV-immune control group. Fig. 4b shows 

an individual representative experiment, where 25% of the mice in the DC-immunized 

VACV-immune group were protected and had lower LCMV titers at day 6 post infection.

The same experiment depicted in Fig. 4a and b was repeated several times, and the 

comprehensive analysis of all the experiments showed that among the DC-immunized 

VACV-immune mice that achieved a higher A11R198–205-specific memory CD8 T cell 

frequency prior to challenge, about 38% had reduced LCMV titer after challenge (Fig. 4c). 

The elevated A11R198–205-specific memory CD8 T cell frequency prior to challenge may 

have contributed to the protection against LCMV infection because none of the control 

VACV-immune mice, whose A11R198–205-specific memory CD8 T cell frequencies were 

low (<0.05% in the blood), had reduced LCMV titers after challenge. However, a high pre-

bleed frequency did not guarantee immune protection from LCMV challenge. The 

phenomenon of private specificity probably plays an important role in governing which 

immune T cell population can respond to the cross-reactive LCMV epitopes and protect 

against heterologous LCMV infection.
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Virus-specific CD8 T cell response correlates with protection against LCMV

Given the complexities of heterologous immunity where only a subset of T cells specific to 

one epitope cross-reacts with another epitope, and where different mice have different 

patterns of cross-reactivity due to the private specificity of their T cell repertoire (Cornberg 

et al., 2010; Kim et al., 2005), a different approach was needed to analyze these data. We 

therefore used, the Fisher’s exact test, a classic human epidemiological tool to analyze risk, 

or, in this case, protection from infection. We compared, within the DC-immunized VACV-

immune groups, the net A11R198–205-specific memory CD8 T cell frequency (after 

background subtraction) at day 6 post LCMV challenge between mice that were protected 

during LCMV infection and those that were not. We found that mice with 0.59% or more of 

their CD8 T cells specific to A11R198–205 were significantly more likely to be protected 

against LCMV infection than those with less than 0.59% (Fig. 5a). The segregation was 

more obvious when all mice regardless of their history of infection were included in the 

analysis (Fig. 5b). The animals that were protected during LCMV infection had 0.59% or 

higher frequency of CD8 T cells that were A11R198–205-specific at day 6 post LCMV 

infection.

We questioned whether f the production of IL-2 may play a part in protection. Therefore, 

IL-2 analysis of the T cell response was included at day 6 post LCMV infection in some of 

the experiments. We found that, however, the overall frequency of IL-2+ A11R198–205-

specific CD8 T cells was lower in the protected animals (average 1.0%) than in the 

unprotected ones (average 1.6%), which were similarly DC-immunized and VACV-infected. 

The frequency of IL-2+ A11R198–205-specific CD8 T cells may reflect the ongoing CD8 T 

cell response to the LCMV infection but does not explain protection because mice protected 

by the DC-VACV regimen showed similar frequency of IL-2+ A11R198–205-specific CD8 T 

cells as the unprotected HBSS controls.

We next questioned how this boosting of the A11R198–205-specific response in a VACV 

infection would affect the hierarchy of the T cell responses to LCMV epitopes in the 

VACV-immunized mice protected or not protected against LCMV infection. The responses 

to the major LCMV-specific epitopes GP34–41, GP118–125, NP205–212, NP396–404 and 

GP276–286 at day 6 post LCMV infection were evaluated. Proportional response was 

calculated by dividing the percentage of a specific response by the sum of all the major 

epitope-specific responses. DC-immunized VACV-immune mice that were protected during 

LCMV infection surprisingly mounted a significantly higher proportional response not to the 

cross-reactive epitopes but instead to the highly immunodominant NP396–404 epitope (Fig. 

5c). The mice displayed a significantly lower proportional response to NP205–212 and 

GP118–125 (Fig. 5d), and the proportional responses to GP34–41 and GP276–286 were not 

significantly different between groups (Fig. 5e). In this regard, the response of the DC-

immunized VACV-immune mice that were not protected during LCMV infection resembled 

that of the control VACV-immune mice, which were similarly not protected during LCMV 

infection.
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Discussion

The purpose of this study was to find out why heterologous immunity, the immunity that can 

be developed to one pathogen after a host had been exposed to a different unrelated 

pathogen, is not necessarily reciprocal. In this case, considering VACV and LCMV, 

heterologous immunity could be boosted simply by increasing the number of potentially 

cross-reactive T cells, as increasing the number of A11R198–205-specific memory CD8 T 

cells by peptide-pulsed DC immunization rendered at least some of the VACV-immune 

mice more resistant to LCMV infection. This is consistent with studies examining 

heterologous immunity between LCMV and the distantly related arenavirus, PICV. These 

two viruses have highly cross-reactive Kb-restricted NP205–212 epitopes that share 6 of 8 

amino acids in common (Brehm et al., 2002). LCMV induces better protective immunity 

against PICV that does PICV against LCMV (Selin et al., 1998), but there are more 

NP205–212-specific T cells in the LCMV memory pool than in the PICV memory pool 

(Brehm et al., 2002), perhaps contributing to this dichotomy. One of course cannot rule out 

the differences in TCR repertoires and affinities in these immune populations (Cornberg et 

al., 2010; 2006), but that was beyond the scope of the present study.

Sometimes the simplest explanation is the correct explanation, as the above results seem to 

indicate. However, one can easily hypothesize other mechanisms for a lack of reciprocity in 

heterologous immunity, and these might be important in other viral combinations. There 

certainly is reason to believe that the quality of memory cells rather than just quantity could 

be very different in host immune responses to different viruses. In fact, we showed here that 

the GP33–41 -specific P14 transgenic memory CD8 T cells generated from LCMV and 

LCMV GP-expressing recombinant VACV (VACV-GP) infections were phenotypically 

different, but these differences could not be readily connected to the differences in 

heterologous immunity. The phenotypes of the memory CD8 T cells generated from LCMV- 

and VACV-GP-infected mice were compared using adoptively transferred P14 CD8 T cells 

with a congenic marker so that the memory generated in cells with identical T cell receptors 

in two different infection environments might be compared. The observation that LCMV 

infection generated more memory CD8 T cells that produce multiple cytokines, including 

IL-2, may provide a partial explanation why LCMV-specific CD8 T cells are efficient in 

eliminating VACV-infected targets. However, the memory CD8 T cells generated by 

VACV-GP infection displayed a phenotype of higher recall potential (CD27hi CD43lo) and 

less proliferative incapacity (KLRG1lo), seemingly at odds with their inability to reduce 

LCMV viral titer. Further experiments showed that the memory CD8 T cells from both 

LCMV- and VACV-GP-immune hosts could proliferate well and produce granzyme B upon 

in vitro re-stimulation, ultimately arguing against a relative inability to function properly. Of 

note is that the phenotypes of the VACV immunodominant epitope B8R20–27-specific 

memory CD8 T cells generated by VACV-GP and WT VACV infections were similar, with 

comparable frequencies of multiple cytokine-producing cells and similar composition of 

cells of different recall potential phenotypes, as indicated by their expressions of CD27 and 

CD43 (data not shown). We also questioned whether the memory cells induced after DC 

priming were qualitatively different in protected animals than in non-protected animals. We 

found that the overall frequency of IL-2+ A11R198–205-specific CD8 T cells was slightly 
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lower in the protected animals (average 1.0%) than in the unprotected ones (average 1.6%), 

but this likely just means that the presence of higher levels of antigen was continuing to 

stimulate the T cells, rather than reflecting on any intrinsic T cell deficiency.

Resident effector memory T cells have been reported to be important for protection against 

VACV in parabiotic studies (Jiang et al., 2012), and the enhanced effector function of 

LCMV-immune T cells resembles that of effector memory cells. This would potentially 

make cross-reactive LCMV-specific memory T cells better at mediating heterologous 

immunity as compared to the cross-reactive VACV-specific T cells with a more resting 

central memory cell phenotype.

There certainly could be other reasons for the lack of reciprocity in heterologous immunity. 

For example, it may be that a large virus, such as VACV, which encodes more than 200 

proteins and perhaps many hundreds of epitopes, would more likely encode an epitope that 

could engage some T cells in a memory pool than would a small virus, such as LCMV, 

which encodes only four proteins. We doubt that we have exhausted the identification of all 

cross-reactive epitopes between LCMV and VACV and are, in fact, somewhat surprised that 

to date we have identified 3 cross-reactive epitopes encoded by the small virus and only one 

by the large complex virus. We would still argue that it might be easier for a small virus to 

escape the restraints of heterologous immunity, and we suggest that heterologous immunity 

may have put selective pressure that contributed to large viruses encoding so many proteins 

to interfere with antigen processing and T cell surveillance. Nevertheless, in the case 

mentioned above, the lack of reciprocity in heterologous immunity could still be due to the 

frequencies of cross-reactive epitopes. Other explanations for the lack of reciprocity in 

heterologous immunity may relate to the direct properties of viruses to induce or be sensitive 

to anti-viral cytokines. VACV is more sensitive than LCMV to IFNγ (van den Broek et al., 

1995), and LCMV is relatively poor at inducing IL-12, which induces IFNγ (Orange and 

Biron, 1996). LCMV is regulated more by perforin-dependent cytotoxicity (Kägi et al., 

1995; Walsh et al., 1994). Indeed, we have hypothesized that the IFNγ-sensitive VACV may 

induce IL-12 that enhances the environmental levels of IFNγ, thereby effectively controlling 

the VACV infection. In fact some reports have suggested that certain cytokines may non-

specifically activate memory T cells to produce IFNγ without a need for T cell cross-

reactivity (Yager et al., 2009), and in this manner they could provide some resistance to a 

virus like VACV. We have not ruled out that this may contribute some component to the 

ability of LCMV immunity to protect against VACV, but in this report we focused on why 

VACV did not protect against LCMV.

It has been shown that the cross-reactive T cells from LCMV-immune mice can proliferate 

in vivo during acute VACV infection (Kim et al., 2005), but LCMV only minimally elicits 

proliferation of VACV-specific memory T cells at day 6 post infection (Kim et al., 2002). 

However, a more specific focus on the A11R198–205-specific CD8 T cells revealed their 

proliferative response upon LCMV infection. When CFSE-labeled whole splenocytes from 

VACV-immune mice were adoptively transferred into naïve congenic hosts that were 

subsequently infected with LCMV, only 0.5% of the donor splenocytes were A11R198–205-

specific by ICS at day 6 post LCMV infection, but all of the A11R198–205-specific CD8 T 

cells were CFSE low (data not shown), suggesting that the A11R198–205-specific memory 

Che et al. Page 11

Virology. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CD8 T cells that could still be detected at that time had proliferated during LCMV infection. 

Moreover, the expanded cross-reactive T cells could be detected when the T cells returned to 

homeostasis. In VACV-LCMV double immune mice, the number of cross-reactive 

A11R198–205-specific memory CD8 T cells at 9 weeks post LCMV infection was on average 

10 times higher than the number in VACV-immune mice (Supplemental Fig. 1).

This study shows that the number of potentially cross-reactive memory CD8 T cells can 

influence the outcome of heterologous infection, but for proper evaluation of the data one 

must take into consideration the profound influence of T cell private specificity on the 

generation of protective heterologous responses. This is because even though two epitopes 

may elicit cross-reactive T cell responses, only a subset of the epitope-specific T cells will 

be cross-reactive, and the proportion of the response that is cross-reactive will vary between 

individuals (Kim et al., 2005). A11R198–205-pulsed DC-immunization greatly increased the 

frequency of A11R198–205-specific CD8 T cells in VACV-immune mice. Although the 

frequency of A11R198–205-specific CD8 T cells before LCMV challenge did not definitively 

predict protection, the net frequency of A11R198–205-specific CD8 T cells generated by day 

6 post LCMV infection correlates with protection. This is consistent with the phenomenon 

of private specificity, where not every T cell population recognizing a cross-reactive epitope 

in one virus will react with the cross-reactive epitope in the heterologous virus. Therefore, a 

high frequency of A11R198–205-specific memory CD8 T cells before LCMV challenge may 

not necessarily be protective. It has been shown that a certain number of T cells is required 

to eliminate the infected targets and control viral spread. Calculation from a previous study 

suggested that 104 LCMV-specific effector CD8 T cells could reduce LCMV titer by 1.5 log 

and that 105 cells could eliminate the virus in the first 20 hours post inoculation (Ehl et al., 

1997). Our calculated cutoff of 0.59% CD8 T cells of A11R198–205-specificity that 

correlated with LCMV titer reduction falls within the range of that previous calculation. 

Therefore, both private specificity and the number of cross-reactive memory CD8 T cells 

determine the outcome of heterologous infection between LCMV and VACV.

The A11R198–205-pulsed DC-immunized VACV-immune mice that were protected from 

infection rather surprisingly had elevated levels of T cells specific to the immunodominant 

NP396–404 epitope of LCMV and not to the subdominant cross-reactive epitopes. Previous 

studies have shown that adoptively transferred NP396–404-specific CD8 T cells are the most 

effective, in comparison to GP276–286 and GP33–41-specific CD8 T cells, in clearing LCMV 

infection in mice (Gallimore et al., 1998). Thus, a situation that favored the generation of a 

higher NP396–404 response may well lead to more rapid clearance of LCMV. It is not clear 

why immunization with a cross-reactive epitope should stimulate a T cell response against a 

non-cross-reactive epitope. Though NP396–404 is certainly not as cross-reactive as 

NP205–212, GP34–41 or GP118–125 in LCMV-immune mice after VACV challenge (Kim et 

al., 2005), NP396–404-specific memory CD8 T cell frequency is often higher in the LCMV-

immune mice challenged with VACV and in VACV-immune mice challenged with LCMV 

(Supplemental Fig. 2), suggesting that there could be low levels of cross-reactivity. An 

alternative explanation, however, is that the high NP396–404 response is a consequence of 

better immune protection early on rather than the cause of it. High viral loads eliminate 

NP396–404-specific CD8 T cells by way of apoptosis (Richter et al., 2012; Wherry et al., 

2003; Zajac et al., 1998), so better immune protection early in infection would lead to 
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antigen levels too low to delete the NP396–404-specific T cells, whose frequencies would 

thus increase compared to the non-protected controls. Interpretation of these data is difficult, 

because the prolonged presence of antigen can both continue to stimulate antigen-specific T 

cell proliferation as well as drive T cells into exhaustion and apoptosis. Nevertheless, despite 

all the possibilities for different mechanisms regulating the non-reciprocal nature of 

heterologous immunity and variations in the anti-viral T cell responses, our data support the 

idea that the simplest mechanism, i.e., the numbers of potentially cross-reactive T cells in 

the memory pool, can best explain heterologous immunity between LCMV and VACV.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LCMV and VACV-GP infections generate memory CD8 T cells of different phenotype 
compositions
C57BL/6 mice that received Thy1.1 P14 splenocytes were infected i.p. with LCMV or 

recombinant VACV-GP. Splenocytes were analyzed for (a) CD127 and KLRG1 expression 

at week 7 post infection (p values = 0.0234, 0.0272 and 0.0183 respectively), and for (b) 

CD27 and CD43 expression at week 6 post infection (p values = 0.0002, 0.0106 and 0.0044 

respectively). Data are representative of at least two separate experiments at similar time 

points.
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Figure 2. Greater proportion of memory CD8 T cells from LCMV infection is capable of 
producing multiple cytokines upon re-stimulation
C57BL/6 mice that received Thy1.1 P14 splenocytes were infected i.p. with LCMV or 

recombinant VACV-GP. Splenocytes harvested at day 46 (weeks 6.5) post infection were 

analyzed for cytokine production by ICS after GP33–41 peptide stimulation for 5 hr. Data are 

representative of three separate experiments. (*) denotes statistical significance (p < 0.05) 

between groups.

Che et al. Page 17

Virology. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. P14 memory CD8 T cells from LCMV- and VACV-GP-immune mice proliferate and 
accumulate granzyme B uponin vitro stimulation
C57BL/6 mice that received Ly5.1 P14 splenocytes were infected i.p. with LCMV or 

recombinant VACV-GP. Splenocytes harvested at day 85 (week 12) post infection were 

labeled with CFSE and stimulated with GP33–41 peptide for 4–6 days. The numbers of Ly5.1 

P14 memory CD8 T cells were equalized for each well using supplementary naïve 

splenocytes. Cells were analyzed for (a) proliferation and (b) granzyme B accumulation. 

Data are representative of two separate experiments.
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Figure 4. Immunization with irradiated A11R198–205-pulsed DC2.4 increases the frequency of 
A11R198–205-specific CD8 T cells in VACV-immune mice and correlates with protection of some 
mice during heterologous LCMV challenge
C57BL/6 mice were immunized s.c. with A11R198–205-pulsed irradiated DC2.4 cells and 

infected i.p. with 106 PFU VACV after 7 days. (a) At week 6 post VACV infection, the 

frequency of A11R198–205-specific (CD44hi IFNγ+) memory CD8 T cells was measured in 

blood by ICS before i.p. challenge with 5×104 PFU LCMV Armstrong. (b) LCMV titer was 

determined in the spleen at day 6 post heterologous challenge. Mice with LCMV titers lower 

than three times the standard deviation and at least half a log below the geometric mean 

LCMV titer in the VACV-immune control group (dotted line) were considered protected. (c) 

Combined data from four similar experiments comparing LCMV titer at day 6 post infection 

to the frequency of A11R198–205-specific memory CD8 T cells in blood prior to LCMV 
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challenge suggested that high pre-bleed A11R198–205-specific CD8 T cell frequency could 

not guarantee immune protection during heterologous LCMV challenge.
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Figure 5. Epitope-specific CD8 T cell frequency at day 6 post LCMV infection correlates with 
protection
DC-immunized VACV-immune mice and controls were infected i.p. with LCMV. LCMV 

viral titer in the spleen and A11R198–205-specific CD8 T cell frequency were evaluated at 6 

days post LCMV infection. Mice with LCMV titers lower than three times the standard 

deviation and at least half a log below the geometric mean LCMV titer in the VACV-

immune control group were considered protected. Net A11R198–205-specific CD8 T cell 

frequency in the spleen between the protected and the unprotected animals in (a) DC-

immunized VACV-immune group (p = 0.0272) and (b) all groups (p = 0.0107) were 

analyzed by Fisher’s exact test. Dotted lines in each graph marked the 0.59% threshold 

frequency. (c-e) Proportional responses to LCMV epitopes were calculated from CD8 T 

cells responding to GP34–41, GP118–125, NP205–212, NP396–404 and GP276–286 at day 6 post 

LCMV infection by dividing the percentage of a specific response by the sum of the major 

specific responses. DC-immunized VACV-immune mice protected from LCMV infection 

displayed a significantly higher proportional response to NP396–404 (c) but lower 

proportional responses to NP205–212 and GP118–125 (d). Proportional responses to GP34–41 

and GP276–286 were not significantly different between groups (e). (*) denotes statistical 

significance (p < 0.05) between groups.
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Table 1
LCMV-immune mice possess a greater number and frequency of memory CD8 T cells 
that are specific for the cross-reactive epitopes between LCMV and VACV

C57BL/6 mice were inoculated with 5×104 PFU LCMV Armstrong or 106 PFU VACV. The frequencies of 

epitope-specific memory CD8 T cells were determined in the spleen of the immune mice after at least 8 weeks 

post infection by ICS.

VACV-immune LCMV-immune

Specificity: A11R198–205 GP34–41 GP118–125 NP205–212

17795 (0.09%) 147362 (1.0%) 22956 (0.15%) 30442 (0.20%)

20258 (0.16%) 45323 (0.49%) 10277 (0.11%) 14194 (0.15%)

5164 (0.06%) 50350 (0.5%) 25229 (0.26%) 35223 (0.35%)

8019 (0.09%) 30518 (0.77%) 16436 (0.41%) 5712 (0.14%)

8199 (0.09%) 93536 (1.2%) 38985 (0.50%) 22293 (0.29%)

Average: 11887 (0.1%) 73418 (0.8%) 22776 (0.3%) 21573 (0.2%)
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