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Summary

The antigenic proteins of Mycobacterium tuberculosis (Mtb) have been defined. We used 

synthetic peptides of secreted antigens, early secreted antigenic target 6 (ESAT-6) and cultural 

filtrate protein-10 (CFP-10), of Mtb and characterized the immune response in context of HLA 

genes. Humanized mice lacking endogenous class II molecules but expressing various human DR 

and DQ HLA transgenes singly or as a haplotype were used to study the HLA-mediated immune 

response to peptides. Our observations showed that the overall response to the promiscuous 

ESAT-6 31-45 peptide may be dependent on the HLA haplotype rather than a single DR or DQ 

molecule. Further, our data showed that HLA transgenes generated a highly variable TH response 

to this promiscuous peptide. This provides an explanation for the variability of the bacillus 

Calmette-Guerin (BCG) vaccine. Our data highlights the use of HLA transgenic mice for 

determining the pathogenicity or therapeutic nature of a peptide in the context of HLA alleles.
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Introduction

Major histocompatibility Complex (MHC) encodes for the HLA class II genes, the most 

polymorphic genes in the human genome. HLA class II molecules on antigen presenting 

cells are responsible for antigen presentation to CD4+ T cells and generate an immune 

response to pathogens. Recently it was suggested that CD4 T cells, positively selected on the 

basis of class II alleles, are predetermined to generate a specific immune response (1). 

Accordingly, HLA class II alleles may also determine variability in generating a response to 

infectious agents. We are exposed to many microbes, some beneficial and other pathogenic. 

Evolutionarily, class II alleles that confer resistance to infections or clear infections 
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efficiently are selected. Thus HLA polymorphism has been associated with susceptibility to 

various infectious agents.

Mycobacterium tuberculosis (Mtb) is a pathogen that has been able to evade the immune 

system and cause Tuberculosis (TB) in some individuals. Tuberculosis (TB) is a leading 

health problem in the world, specially developing countries. Despite availability of the 

vaccine, approximately 2 million deaths occur every year (http://www.who.int/tb/en/) 

making it one of the leading causes of death due to infectious agent. Thus there is a need to 

understand the host-pathogen interaction and resulting immune response for vaccine 

development. The host factors that determine the susceptibility or resistance to TB are not 

clear. There are studies showing the HLA-DR2/DQ6 haplotype with susceptibility to 

develop tuberculosis in many populations while other have shown the presence of 

DRB1*04/DQB1*03 and DRB1*14, DRB1*16 (2-5). One study has suggested that HLA-

DQ alleles with homozygous Aspartic (Asp) acid at codon 57 are associated with pulmonary 

tuberculosis (6). Even though no specific HLA allele indicative of disease resistance or 

susceptibility in all ethnic populations has emerged, the studies suggest a role of HLA class 

II alleles in pathogenesis.

Mycobacterium tuberculosis secretes proteins that have been suggested to be involved in 

generating an immune response. These proteins have been tested for potential vaccine 

candidates. The major secretory antigens of Mtb are Ag-85, early secreted antigenic target 6 

(ESAT-6) and cultural filtrate protein-10 (CFP-10). Among the major antigens, ESAT-6 and 

CFP-10 show the most reactivity and are involved in T cell activation as well as macrophage 

inhibition (7), suggesting epitopes from these proteins may be promiscuous in HLA binding 

and presentation. Immunodominant epitopes of ESAT-6 and CFP-10 and their HLA 

restriction has recently been defined (8). Response to CFP-10 has been significantly 

associated with the presence of DR15 (9) while DQ polymorphism at codon 57 is associated 

with susceptibility to pulmonary TB in a population (6). In humans it is difficult to 

determine the role of HLA molecules in vivo due to genetic complexity. We have previously 

shown that these HLA transgenic (Tg) mice recognize the same epitopes of Antigen85 as 

human cell lines, making them valuable for the determination of epitopes for generating 

vaccines (10, 11). In this study we have used humanized mice expressing specific HLA 

transgenes to determine reactivity by various HLA molecules to EAST-6 and CFP-10 

epitopes.

METHODS

Transgenic mice

The generation of mice carrying human HLA transgenes, DQ8 (DQA1*0301/DQB1*0302), 

DQ6 (DQA1*0103/DQB1*0601), DR4 (DRB1*0401 and *0402), and DR3 (DRB1*0301) 

mice have been described previously and all mice have been characterized and published 

(12, 13). All mice are endogenous class II knockout (AEo). In addition to single Tg mice, 

double transgenic mice expressing DR and DQ genes, DR3/DQ8, DR4/DQ8, and DR3/DQ6 

were also used. Double Tg mice were generated by mating single Tg mice and selecting for 

the presence of both alleles. Thus all strains have the same background except for the HLA 

gene construct. Mice of both sexes (8-12 weeks of age) used in this study were bred and 
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maintained in the pathogen-free Immunogenetics Mouse Colony at the Mayo Clinic, 

Rochester, MN in accordance with the Animal Use and Care Committee. All the 

experiments included littermate controls and were carried out with the approval of the 

Institute's Animal use and care committee.

Peptides

Peptides were synthesized and purified at Mayo Clinic Peptide Facility ESAT-6 amino acid 

(aa) 31-45, EGKQSLTKLAAAWGG and 46-60, SGSEAYQGVQQKWDA CFP-10 aa 

16-30, GNFERISGDLKTQID and 41-55 GQWRGAAGTAAQAAV

T cell proliferation Assay

Mice were immunized with 200 μg of peptide emulsified 1:1 in CFA (Difco) intradermally 

at the base of the tail and one hind footpad. Ten days post-immunization, draining lymph 

nodes/ spleen were removed and cultured in vitro. Lymph node cells (LNCs) (1×106) were 

cultured in HEPES-buffered RPMI 1640 containing 5% heat inactivated horse serum and the 

antibiotics streptomycin and penicillin in 96-well flat bottom tissue culture plates. Cells 

were challenged by adding 100μl of RPMI medium (negative control), Con A (20 μg/ml, 

positive control) and native collagen (50 μg/ml). The cells were incubated for 48 h at 37° C. 

During the last 18 h the cells were pulsed with 3H-thymidine (1μCi/well). At the end of the 

assay, the cells were harvested using a plate harvester and incorporated radioactivity was 

determined using an automated counter (Micrebeta, Perkin Elmer Wallac). Results are 

depicted as stimulation index (S.I.). A S.I. value of 2 was taken as cut off for positive 

response.

In other experiments, splenic cells from mice primed with ESAT-6 31-45 were also cultured 

with LPS (10ug/ml) and supernatants were collected for measuring cytokines.

Measurement of cytokines

Capture ELISA was done for measuring cytokines IFN-γ (TH1), IL-10 TH2), IL-17 and 

IL-12 (p40) (TH17) using kits according to manufacturer's instructions (BD Pharmingen).

Statistical analysis

All significances were calculated using Student's t test or T test with unequal variance. A P 

value of <0.05 was considered significant.

RESULTS AND DISCUSSION

Bacillus Calmette Guerin (BCG) has been used for vaccination against TB for more than 50 

years but its poor efficacy in some populations has generated a need for developing new 

vaccines. Antigenic proteins of Mycobacterium tuberculosis, ESAT-6 and CFP-10, have 

been shown to elicit an immune response in tuberculosis patients (14). The TH1 dependent 

production of IFN-γ has been suggested to protect against TB. A screening of ESAT-6 

derived overlapping peptides showed that human CD4+ T cell lines produced IFN-γ in 

response to challenge with peptides encompassing aa 22-65(15). However, the proliferation 

data was not consistent, as not all patients sharing a HLA haplotype generated response to 
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the ESAT-6 peptides. For a vaccine to be successful, the antigen has to be a promiscuous 

binder and immunogenic. In humans, due to linkage disequilibrium between HLA-DR and 

DQ alleles, it is difficult to determine the role of the HLA genes. To overcome this issue, we 

used mice expressing a single HLA transgene or HLA haplotype to determine the immune 

response to ESAT-6 and CFP-10 derived peptides. Our previous study has shown that 

transgenic mice generate a similar response to BCG-derived antigen85 suggesting transgenic 

mice to be a good model to study epitopes for vaccines for TB.

Presence of Asp57 reduces response to the immunodominant peptides of ESAT-6 and 
CFP-10

First we tested if DQ molecule carrying Asp 57, DQ6, or not , DQ8, show any difference in 

reactivity to ESAT-6 and CFP-10 peptides. Binding of ESAT-6 and CFP-10 peptides has 

been described (6). Mice were immunized with individual peptides and splenic cells were 

harvested and challenged in vitro with the peptides. DQ8 mice mounted a strong response in 

a recall challenge to the 2 immunodominant peptides ESAT-6 encoding aa 31-45 and 46-60 

in vitro while DQ6 mice showed a response to ESAT-6- 31-45 only (Figure 1). Our studies 

are in confirmation of the previous report showing β57-Asp HLA-DQ molecules have 

reduced binding to ESAT-6-46-60 (6). Interestingly, the CFP-10 peptides encompassing aa 

16-30 and 41-55 did not generate any response by DQ6 mice although DQ8 mice did mount 

a strong response to the latter peptide suggesting it is not a promiscuous peptide.

HLA-DR alleles can present ESAT-6 immunodominant epitope

Response to CFP-10 has been associated with DR alleles and ESAT-6 can be presented by 

both DQ and DR molecules (16). Since in humans DQ8 occurs in linkage with DR4, we 

tested the T cell response in DRB1*0401 and DRB1*0402 mice. In addition, DR3 mice 

were used as a control. Interestingly, both DR4 subtypes presented ESAT-6 derived 31-45 

peptide while DR3 mice generated a very mild response with significant differences with 

*0401 and *0402 mice, P<0.001 and P<0.04 respectively (Figure 1). The other peptides 

were not presented by any DR Tg mice except CFP-10 derived 41-60 peptide, that was 

presented by the DRB1*0401 mice. However, due to variability in proliferation data, we did 

not find any significant difference. ESAT-6 51-70 has been previously shown to be 

immunogenic for DRB1*04 individuals (17). Based on our data it would appear that this 

immunogenic peptide may lay in the region spanning aa 60-70. This data suggests that some 

ESAT-6 and CFP-10 derived peptides may be promiscuous for presentation by various HLA 

alleles.

Cytokine response to ESAT-6 is HLA dependent

As ESAT-6- 31 was the one peptide that was promiscuous in generating an immune 

response, we chose this peptide to further explore the type of response, TH1 (IFN-γ), TH2 

(IL-10) and TH17 (IL-12(p40) and IL-17), generated by transgenic mice (Figure 2). Even 

though ESAT-6-31-45 was presented by all the HLA transgenes, the cytokine response 

varied among the transgenic mice. DQ6 mice generated a TH17 response with very little 

IFN-γ while DQ8 mice produced more of a mixed response; both IFN-γ as well as IL-17 

were produced by DQ8 mice. Both strains produced low levels of IL-10.
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Among the DR transgenic mice, DR3 mice produced more of a mixed response with 

production of all cytokines, TH1/TH17/TH2, though IFN-γ levels produced by DR3 were 

significantly higher than both *0401 and *0402 mice, P<0.04 and P<0.06 respectively. On 

the other hand, both strains of DR4 (*0401 and *0402) mice produced more of a TH17 

response with much lower of IL-10 and IFN-γ as compared to DR3 mice. IFN-γ levels 

produced by DR4 mice were 3 to 7 times lower than DR3 mice. However, due to variability 

in production of cytokines by individual mouse, differences in other cytokines were 

significant among the strains. ESAT-6-specific IFN-γ secreting CD4 T cells have been 

correlated to clinical phenotype in humans and they decline following a successful 

therapeutic outcome (18). This data suggests that ESAT-6-31-45 peptide may be a target for 

vaccination. All mice produced IFN-γ in response to the immunodominant ESAT-6-31-45 

except DQ6, the latter may be able to resolve infection via production of TH17.

Complementation between HLA-DQ and DR modulates immune response to peptides

We have previously shown that the interaction between HLA-DQ and DR genes can 

modulate immune response and phenotype of disease (19). Since in humans DR and DQ are 

expressed as a haplotype, we used Tg mice expressing this same haplotype and determined 

immune response to ESAT-6-31-45. DR*0401 and *0402 occur in linkage with DQ8. To 

understand the role of DR polymorphism we measured the response to the immunodominant 

ESAT-6 peptide in *0401/DQ8 and *0402/DQ8 mice. The haplotype positive *0401/DQ8 

mice generated a lower response compared to the single transgene positive parental strains 

(Figure 3A). Surprisingly, *0402/DQ8 mice did not generate any response to in vitro recall 

challenge with ESAT-6-31 peptide. This data suggested that the immune response to the 

immunodominant ESAT-6 derived peptide 31-45 is dependent on a haplotype rather than the 

individual DR or DQ alleles confirming that complementation between DR and DQ genes 

determines immune response. Next we determined if cytokine production is also modulated 

to this peptide. Both haplotype positive strains did not produce any TH17 cytokines (Figure 

3B). *0401/DQ8 mice produced high IFN-γ with very low levels of IL-10 while *0402/DQ8 

mice produced very low levels of IFN-γ with no IL-10. This data suggests that HLA 

haplotype needs to be considered for the immune response rather than a single HLA gene.

Mice immunized with ESAT-6 can generate TLR-4 mediated response

Toll-like receptor 4 (TLR4) is a ligand for bacterial protein lipopolysaccharide (LPS). We 

tested if transgenic mice immunized with ESAT-6 31-45 peptide still have the capability of 

generating a TLR4-mediated response. Splenic cells isolated from ESAT-6-primed mice 

were cultured with LPS and tested the supernatants for cytokines (Figure 4). Interestingly, 

even though DQ6 mice did not produce IFN-γ in response to ESAT-6 peptide, the TLR4-

mediated response was intact with high IFN-γ production. Both strains, DQ8 and DQ6, 

produced similar profile of cytokines. Similarly, all 3 DR transgenic mice tested produced 

all cytokines, however DR3 mice produced much higher IFN-γ and IL-12(p40) compared to 

both strains of DR4 mice.

An interaction between DR and DQ genes led to a change in TLR4-mediated cytokine 

profile as *0401/DQ8 and *0402/DQ8 mice produced much higher levels of IL-17, 

IL-12(p40) and IFN-γ while no IL-10 was produced in both strains (Figure 5). *0401/DQ8 
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mice produced significantly higher levels of pro-inflammatory IL-12 (P40) compared to 

*0402/DQ8 in response to LPS (Figure 5A). Interestingly, the presence of *0401/DQ8 

haplotype is associated with susceptibility to rheumatoid arthritis in humans and collagen-

induced arthritis in mice (12, 20) suggesting an infection may lead to heightened pro-

inflammatory conditions in *0401/DQ8 mice but in *0402/DQ8 mice. Even though all 

transgenics primed with ESAT6-31-45 peptide generated a similar response to LPS in vitro. 

We have recently shown that T cells from *0402 and *0401 mice can be driven to produce 

IFNγ (21) but kinetics of cytokine responses differ between the two molecules. In this study, 

ESAT-6-31 primed *0402 mice produced lower amounts of IFNg compared to *0401 

though the difference was not statistically different due to variability in individual mouse. 

The variability in response may be similar to what is observed in humans. A comparison of 

IFN-γ production in single and haplotype transgenic mice confirmed that DR molecules can 

modulate DQ-restricted response as *0402/DQ8 mice had much lower levels of IFN-γ as 

compared to DQ8 mice. A previous study has shown no difference in LPS-induced 

chemokine production in severe compared to limited TB patients (22).

Conclusion

While all the transgenic mice tested here generated a response to ESAT-6 31-45, only *0401 

and DQ8 mice generated a response to CFP-10 derived peptide 41-60. None of the mice 

generated response to CFP-10, suggesting it to be a weaker immunogenic peptide than 

ESAT-6. All mice produced IFN-γ in response to LPS although *0402 and *0402/DQ8 mice 

generated a much lower cytokine response. Our studies are in confirmation of the previous 

report that showed β57-Asp HLA-DQ molecules have reduced binding to ESAT-6-46-60 

and harbor a lower number of IFN-γ secreting T cells compared to β57Ala (6). Even though 

the TLR4-mediated response is generated via the innate immune system, it is indirectly 

under the control of class II molecules. In a comparison of sequences identified previously 

(15) and the present results, the common sequences in peptides generating a response are 

42-45 “AWGG”. Tryptophan is a strong binder for peptide pocket 1 of DR molecules (23) 

providing an explanation why this peptide is promiscuous and suggesting this peptide to be a 

good option for vaccine. Our data suggests that variability in efficacy to BCG, in part, may 

be due to the host genetic factors. HLA transgenic mice provide a powerful means to study 

the epitope that may generate protective immunity as well as define the pathogenic epitopes 

of Mtb. The humanized mice may also be a good tool to study the efficacy of various 

available and new drugs for tuberculosis.
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Fig 1. 
ESAT-6 31-45 is a promiscuous peptide. Lymph node cell proliferation to ESAT-6 and 

CFP-10 derived peptides in a recall response in vitro. Mice were primed with individual 

peptides, N=3/strain. Data are presented as Mean±SEM. S.I.= Stimulation Index.
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Fig 2. 
TH response to ESAT-6- 31-45 peptide is HLA dependent. Supernatants from the cultures 

with ESAT-6-31-45 were used for measuring IFN-γ (TH1), IL-10 (TH2) and IL-17 and 

IL-12(p40) (TH17) by ELISA. Data are presented as Mean±SEM
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Fig 3. 
Interaction between HLA-DR and DQ molecules in Haplotype transgenic mice modulates 

immune response to the immunodominant ESAT-6 31-45 peptide. A) Lymph node 

cellproliferation to ESAT-6-31-45 peptide in a recall response in vitro, N=2/strain. B) 

Supernatants from culture from were used to measure cytokine response. No Th17 response 

was detected in both strains. Data are presented as Mean±SEM. S.I. =Stimulation Index
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Fig 4. 
TLR4-mediated cytokine response in ESAT-6-31-45 primed mice. Splenic cells isolated 

from peptide primed mice were challenged in vitro with LPS and supernatants were used to 

measure cytokines by ELISA in A) DQ mice and B) DR mice. Data are presented as Mean

±SEM
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Fig 5. 
TLR4 mediated cytokine production is modulated by complementation between DR and DQ 

molecules in haplotype positive humanized mice. Splenic cells isolated from peptide primed 

mice were challenged in vitro with LPS and proliferation was measured. Supernatants were 

used to measure cytokines by ELISA. A) *0401/DQ8 and *0402/DQ8 mice produce IFN-γ 

in response to TLR4-mediated activation of cells. B) In vitro proliferation to LPS in 

ESAT-6-31 primed mice and C) Comparison of IFN-γ in single HLA transgene and 

haplotype positive mice. Data are presented as Mean±SEM.
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