]XXX-LIAI

1-12-04

Science

Understanding autoimmunity: a subdominant virus epitope that mimics a self-antigen can accelerate but not initiate disease

Steter Tropfen Höhlt den Stein (steady drop will hollow any stone) – German Proverb

Urs Christen*, Kurt H. Edelmann#,*, Dorian B. McGavern#, Tom Wolfe, Bryan Coon, Michael B. A. Oldstone# and Matthias G. von Herrath
Department of Developmental Immunology

La Jolla Institute for Allergy and Immunology

10355 Science Center Drive

San Diego, CA 92121 USA

Tel: 1858-558-3671/Fax: 3579

(matthias@liai.org)

and

#Division of Virology

Department of Neuropharmacology

The Scripps Research Institute

10666 North Torrey Pines Road

La Jolla, CA 92037 USA

Tel: 1-858-784-8054/Fax: 9981

(mbaobo@scripps.edu)

* Equal Contribution

Keywords: Cross-reactivity, autoimmunity, molecular mimicry, LCMV, diabetes

Summary


One hypothesis for understanding the etiology of autoimmune diseases is molecular mimicry between self and foreign (infectious) ligands. Utilizing genetic and immunologic approaches in a transgenic model of H-2Db-restricted virus-induced type 1 diabetes (T1D), we document that infection of prediabetic mice with a virus expressing a H-2Kb-restructed mimic-ligand to a self-epitope present on (-cells, while unable to generate enough autoaggressive CD8 lymphocytes to initiate disease, can nevertheless accelerate development of diabetes. Expansion of subdominant H-2Kb-restricted autoaggressive CD8 lymphocytes was followed by trafficking of such antigen-specific T cells into the islets as visualized in situ by tetramer stains. Diabetes did not occur in H-2Kb deficient transgenic mice. Thus, the primary ‘antigenic sin’, in this case a virus which is essential to initiate disease, is removed by the host’s immune system prior to a second viral insult, which by itself cannot initiate disease, but is able to accelerate the ongoing autoimmune process resulting in clinically overt T1D. These results might explain the frequent epidemiological association of infectious events with clinical manifestations of autoimmune disease.

(172 words)

Introduction

Heterologous virus infections have typically been considered positive enhancers of overall immune health through the repeated activation of cross-reactive memory T cells.  Via this mechanism immunity to one organism can provide an advantage to the host in combating new infections without severely diminishing immune memory to the first organism.  The benefits of heterologous infections to the immune system, however, carry with them a potential downside- that a secondary infection may in fact encourage the expansion of self-reactive subdominant T cells generated during previous infections leading to elevated risk for autoimmune disease.

Although epidemiological evidence by multiple investigations has linked several virus infections to human autoimmune diseases like type 1 diabetes (T1D) {Menser, 1978 #366;Notkins, 1984 #22;Yoon, 1990 #21} and multiple sclerosis (MS) {Fujinami, 1985 #398},it is mechanistically unclear how these infectious agents would cause autoimmunity. Molecular mimicry is one hypothesis for how an infection could cause autoimmune disease in genetically susceptible individuals.  This hypothesis postulates that cross-reactions with ‘foreign’ (infectious) ligands during host defense activate autoaggressive lymphocytes or, conversely, that components of anti-viral responses recognize autoantigens thus initiating an autoimmune process. Evidence for this concept [reviewed in {Ringrose, 1999 #750}] involved the demonstration of T lymphocytes or antibodies cross-reactive with host proteins {Srinivasappa, 1986 #108;Fujinami, 1985 #398}. For example, T lymphocyte clones recovered from patients with multiple sclerosis (MS) recognized both, viral epitopes as well as self (myelin) ligands {Wucherpfennig, 1995 #441}. Further, in human type 1 diabetes (T1D), Honeyman and colleagues have found a significant link between the occurrence of rotavirus infections in young children and emergence of islet antibodies {Honeyman, 2000 #374}. 
The development of murine animal models of autoimmunity has helped to provide evidence for molecular mimicry in autoimmune disease.  One example is the association between infection and autoimmunity found in immune responses to Coxsackie virus and diabetes {Tian, 1994 #400;Horwitz, 1998 #376;Serreze, 2000 #375} Definitive proof that mimicry can play a role in the development of disease was obtained in two animal models that both involve persistent viral infections. In the herpes virus-induced keratitis model, true cross-reactivity between an HSV-1 epitope and an ocular protein is required for disease development {Panoutsakopoulou, 2001 #752}. In another model, engineered viral (Theiler’s virus, TEMV) recombinants showed that expression of modified (‘mimic’) myelin components by a virus in the central nervous system could lead to enhanced disease and demyelination {Miller, 2001 #753;Katz-Levy, 1999 #407}.

Despite the existence of these models, firm evidence for roles for molecular mimicry in human autoimmune diseases has been difficult to pin down as often concurrent infections correlating with the onset of autoimmune disease have failed to be proven as the causative agent of the disease.  Our studies presented here using heterologous infections help to explain this phenomenon and identifies roles for such concurrent infections in not the causation of autoimmunity but rather in the enhancement of autoimmune disease.  We investigated whether primed autoaggressive lymphocytes would be sufficiently responsive to mimic ligands that would likely be recognized with lower avidity and asked whether their activation and expansion might require not only a cross-reactive epitope, but also repeated stimulation and/or an already established local inflammatory environment (‘fertile field’ {von Herrath, 2003 #748}) in the target organ to cause clinical disease.  We hypothesized that the  result would be the augmentation of autoaggressive cross-reactive T lymphocytes in the target organ above a certain threshold {Sevilla, 2000 #369}, so that major tissue injury would develop and that such an event could be the result of the combined effect of a few to several immunological cross-reactive viruses.  Using the RIP-LCMV-NP transgenic mouse model for autoimmune diabetes {Oldstone, 1991 #32}, the outcome of our present study clearly demonstrates that this can indeed occur.  Our studies show that the infectious agent essential for initiating the autoimmune process can be cleared by the host immune response prior to the secondary heterologous virus infection, which is responsible for the disease acceleration. The result is acceleration of diabetes development if the secondary infection occurs during the pre-diabetic phase, but no disease in healthy, unprimed animals.  
[Seems like this level of detail of the model is not needed- can be referenced]
The RIP-LCMV-NP transgenic mouse model allows for precise tracking of autoaggressive CD8 lymphocytes, without introducing T cell receptor transgenic populations in vivo so to avoid to artificially skew the frequency of naïve T lymphocyte precursors towards one specificity. In these mice, which express the nucleoprotein (NP) from lymphocytic choriomeningitis virus (LCMV) as a transgene in pancreatic -cells as well as the thymus, LCMV-specific autoaggressive CD8 and CD4 lymphocytes are induced by infection with LCMV {von Herrath, 1994 #11}. This leads to an initial systemic anti-viral response that clears the LCMV infection and initiates destruction of -cells. Diabetes is manifested by hyperglycemia, hypoinsulinemia and CD8 and CD4 lymphocyte infiltration into the islets of Langerhans. Importantly, the full autoimmune process in the islets develops after the systemic anti-viral response has receded and  virus has been cleared and only then spreads to other islet antigens (insulin and GAD). Thymic expression of the viral (self)-protein leads to elimination of the majority of the LCMV-NP-specific autoreactive CD8 lymphocytes resulting in a slower disease development requiring both CD4 and CD8 lymphocytes {von Herrath, 1994 #11}. Viral infection of the pancreas but not the islets is essential for LCMV-NP-specific lymphocytes to cause disease demonstrating the importance of a local inflammatory environment for islet destruction that requires both perforin and IFN( {Seewaldt, 2000 #145}. One can easily envision a similar scenario in humans affected by T1D: We know that many islet antigens are expressed in the thymus, consequently numbers of autoreactive lymphocytes are low and viral infections that affect the pancreas among other organs are not infrequent. Using RIP-LCMV-NP transgenic mice, we were in an ideal position to ask the question, whether an additional second virus expressing a mimic of the LCMV-NP epitope could initiate disease or enhance ongoing autoimmunity. 

Results

Challenge of unprimed, naïve animals with viruses that mimic (-cell epitopes fails to induce autoimmune diabetes

Unprimed, healthy RIP-LCMV-NP mice were infected with viruses that expressed lower avidity CD8 epitopes that mimic the known LCMV-NP (Armstrong strain) epitopes that are transgenically expressed in (-cells. When RIP-LCMV-NP mice were infected with Pichinde virus (PV) that contains a lower avidity CD8 epitope [Kb-restricted PV-NP(205)] that shares 6 out of 8 amino acids (aa) with the LCMV-NP(205) epitope {Brehm, 2002 #700} they never developed T1D. In contrast, >95% of the LCMV-Armstrong (LCMV-Arm) infected RIP-LCMV-NP mice turned diabetic within 2 to 4 months (figure 1A). Further, mice infected with a LCMV-NP(396) cytotoxic T lymphocyte (CTL) escape variant (LCMV-Arm-Var), which contains a single aa substitute of phenylalanine by leucine at position 403 that renders this epitope unrecognizable, never developed diabetes (fig 1A). These data suggest that upon infection of RIP-LCMV-NP mice with LCMV-Arm, diabetes is induced by antigen-specific CD8 lymphocytes to the Db-restricted LCMV-NP(396) higher avidity epitope {von Herrath, 1994 #11}.

(it would be good to show all avidities and epitope frequencies, where applicable with refs, for figure 1: NP(396) = is NOT dominant in NP thymic expressor mice, NP (205), NP (118), NP-Past (118)),

The avidity of the PV-NP (205) mimic peptide-complex was approximately 100-fold lower in cytotoxicity assays {Brehm, 2002 #700} than LCMV-NP(396). This resulted in the inability of PV to induce any detectable primary CTL response to LCMV-Arm NP(205) in RIP-LCMV-NP (H-2b) mice and more than a 100-fold lower number of NP(118)-specific CTL precursors in RIP-LCMV-NP (H-2d) mice after LCMV-Past-infection {Whitton, 1989 #754}, an observation which is well in agreement with the complete lack of disease. Thus, these studies show that a naturally occurring molecular mimic is unable to activate a sufficient number of naïve autoaggressive lymphocytes to cause clinical disease, even if the infecting virus is tropic to the pancreas and induces local inflammation of the target organ {von Herrath, 1997 #38;Christen, 2003 #723}. Since it is clear from the current and previous studies that a critical number of primary CD8 ‘driver’ CTL is required for initiating a diabetogenic process {Sevilla, 2000 #369}, molecular mimicry becomes a less likely mechanism for initiating disease.
A lower avidity mimic ligand to (-cell epitope can accelerate an ongoing autoimmune process to cause clinical disease

We therefore asked the question, whether an ongoing, already established autoaggressive process would be sensitive to enhancement by mimicry when PV-infection is used to induce a NP cross-reactive response during the pre-diabetic phase {Brehm, 2002 #700}. As described earlier {Brehm, 2002 #700}, immunity to PV exhibits clear cross-reactivity on the level of a PV subdominant epitope PV-NP(205) to the subdominant LCMV-NP epitope LCMV-NP(205). Indeed, as shown in figure 1B, PV-infection administered one month after the initial autoimmunity-initiating LCMV-infection critically accelerated T1D in RIP-LCMV-NP mice (80% versus 20% at 6-10 weeks of age). In contrast, infection with PV alone did not result in clinical diabetes. Importantly, the PV-infection had to occur at a time, when islet destruction was already ongoing (initiated by LCMV-infection 4 weeks earlier), since the reverse scenario, when PV was given first followed by secondary PV- or LCMV-infection, did not result in high incidence of T1D (0-20%). This observation shows that PV can enhance LCMV-induced T1D in RIP-LCMV-NP mice when given after but not before initiation of islet destruction by LCMV-NP(396) specific CTL. In order to better understand the precise role and importance of LCMV/PV-NP(205)-specific crossreactive CTL in these different infection scenarios, we analyzed their numbers following primary and secondary PV- and LCMV-infections, respectively.


Figure 2A shows the frequencies of IFN-producing CD8 lymphocytes in response to the dominant LCMV Db-restricted LCMV-NP(396) and LCMV-GP(33) peptides, the LCMV cross-reactive subdominant Kb-restricted LCMV-NP(205) peptide and the PV dominant PV-NP(38) peptide after primary LCMV- or PV-infection and following secondary PV-infection. As expected, primary and secondary PV-infections expanded the dominant PV-NP(38)-specific population. Furthermore, as described earlier {von Herrath, 1994 #11}, infection of RIP-LCMV-NP mice with LCMV alone results in high numbers of GP(33) specific CTL, but lower numbers of LCMV-NP(396) CTL, since this mouse line expresses LCMV-NP in the thymus in addition to the pancreas resulting in thymic negative selection of a significant proportion of NP-specific CTL. The slower development of disease as compared to RIP-LCMV-GP transgenic mice {von Herrath, 1994 #11} can be attributed to this fact. Important for our present investigation is that secondary PV-infection in LCMV-infected RIP-LCMV-NP mice strongly and selectively expanded the LCMV-NP(205)-specific CTL, but none of the other LCMV-specific populations [LCMV-GP(33) and LCMV-NP(396)]. This finding implies that PV-NP(205)-specific CTLs alone are not sufficient to cause or precipitate diabetes in RIP-LCMV-NP mice but are important for the acceleration of disease observed after secondary PV infection.


We further investigated, whether LCMV-NP(205)-specific CD8 lymphocytes would only be activated by the mimic epitope expressed by PV, if they had been primed previously by LCMV. Indeed, as shown in table 1, primary infection of C57BL/6 wildtype or RIP-LCMV-NP mice with PV induced no detectable CTL response to whole LCMV-NP or LCMV-NP(205) in accordance with the observed lack of disease (fig 1A), whereas PV-challenged LCMV-primed mice made clearly detectable recall responses to NP and LCMV-NP(205) as evidenced by killing assays (table 1) and ICCS for IFN( by flow cytometry (fig 2B). Well in agreement with the findings presented in figure 2, panels A and B, is the drastically increased number of LCMV-NP(205) CTL precursors in mice that received sequentially LCMV and then PV (fig 2D). Thus, expansion of LCMV-NP(205) cross-reactive subdominant CTL with lytic activity {Seewaldt, 2000 #145} and IFN production occurs after PV infection only in LCMV-immune mice.

Sequential infection with LCMV and PV results in accumulation of LCMV-NP(205) specific CTL in islets.

Histological examination using specific immunohistochemical staining for CD8 lymphocytes and selective H-2Kb-LCMV-NP(205)-tetramer staining on tissue sections for LCMV-NP(205) CD8 lymphocytes revealed that LCMV-NP(205) CTL were only in present in islets of mice with accelerated diabetes that had received the secondary PV infection. In contrast, islets of RIP-LCMV-NP mice infected only with LCMV harbored no LCMV-NP(205)-specific CTL (fig 3, lower right panel). The data displayed here indicate a frequency of about 2-4 LCMV-NP(205)-specific CTL per 100 infiltrating CD8 lymphocytes in sequentially infected mice, which reflect the frequencies displayed in figure 2A assessed by flow cytometry in peripheral lymphoid organs. Comparable frequencies of LCMV-NP-specific CD8 lymphocytes were obtained by flow cytometry of islet-derived lymphocytes (not shown).

As evident from the histology shown figure 3A, mice that had received the secondary infection with PV containing the LCMV-NP(205) mimic exhibited much increased lymphocytic infiltration and destruction of the islets of Langerhans (fig 3A, lower left panel). The difference in islet infiltration by CD8 lymphocytes in direct comparison to mice that had only been primed with the single LCMV infection (fig 3A, upper left panel) or to Kb deficient LCMV-infected RIP-LCMV-NP mice (fig 4B) is profound.

In addition, sequential infection of RIP-LCMV-NP mice with LCMV followed by PV expanded LCMV-NP(205)-specific CD8 lymphocytes systemically in the blood as well as locally in the pancreatic lymph node (PLN) as demonstrated by H-2Kb-LCMV-NP(205)-tetramer staining (fig 3B, left panels) and ICCS for IFN( (fig 3B, right panels). In particular, in the PLN, H-2Kb-LCMV-NP(205)-tetramer(+) CD8 lymphocytes expanded to a frequency of 4% after secondary PV infection, compared to a frequency of only 0.4% after single LCMV infection (fig 3B).

Activation of LCMV-NP(205)-specific CTL through molecular mimicry is absolutely essential for acceleration of diabetes and does not occur in mice genetically deficient in Kb.

Acceleration of diabetes following secondary PV-infection is dependent on the Kb-restricted cross-reactive NP(205)-specific response, as evidenced by the lack of disease acceleration after PV-infection in LCMV-primed RIP-LCMV-NP mice bred to the Kb-deficient background (figure 4A). Since the immune dominant H-2Db-restricted LCMV-NP(396) epitope is still presented in Kb-deficient mice, disease occurred after a single LCMV-infection (control). 

In parallel to the lack of acceleration of diabetes in Kb-deficient mice and lack of enhanced islet infiltration (fig 4A and B), secondary infection with PV did not result in a strong expansion of NP(205)-specific CTL in Kb-/- mice (fig 2A, right column). This observation strengthens the argument that only previously primed (fig 2A, middle column, Kb expressing mice), but not unprimed NP(205)-specific CTL (figure 2A, right column, Kb-deficient mice) will strongly expand after PV infection and consequently accumulate in islets (fig 3A) and cause accelerated T1D. In conclusion, these studies pinpoint the acceleration of diabetes after PV infection to activation of CD8 lymphocytes restricted to the NP(205) epitope and primed previously by the primary LCMV infection. 

Discussion

In this study we have demonstrated that the expansion of previously primed autoaggressive T lymphocytes via heterologous viral infections and molecular mimicry can lead to acceleration of autoimmune disease in genetically predisposed hosts.  Earlier findings in our model systems indicate that there is a critical cut-off number of autoaggressive lymphocytes {Sevilla, 2000 #369}, beyond which clinical disease cannot develop. Therefore the cross-reactivity between an autoantigen and an infectious agent conferring molecular mimicry would have to be of sufficient strength or persistence in order to activate enough autoaggressive CTL to become clinically relevant and precipitate disease in a healthy non autoimmune pre-disposed individual.  Our current data supports this notion and further argues that the progression to autoimmunity by low affinity autoaggressive T cells is unlikely to occur in an individual that has no pre-existing islet damage (fig 1). 
However, 
CD8 lymphocytes specific for a subdominant mimicking component that are normally incapable to cause disease will very likely become dangerous if they encounter a ‘fertile field’ {von Herrath, 2003 #748}.  Such a scenario can easily be envisioned in the presence of a persistent infection where a chronic inflammatory milieu can drive the activation and expansion of cross-reactive T cells as occurs in animal models of HSV-I induced keratitis{Panoutsakopoulou, 2001 #752}  and in recombinant Theiler’s virus induced demyelination{Katz-Levy, 1999 #407}.  Our model differs significantly with these others in that we demonstrate an enhanced progression to autoimmune disease by two consecutive acute viral infections that are non-persistent and are completely resolved by the host.  In our case LCMV-NP(396)-specific CTL (fig 2) are essential to precipitate disease (fig 1) and contribute to providing an inflammatory milieu in the islets for subsequently arising PV-activated cross-reactive NP(205)-specific CTL during the pre-diabetic phase.  Indeed, in support of this argument, the reverse scenario in which PV is either given twice (fig 3) or given as a first infection followed by infection with LCMV second (data not shown) resulting in significant numbers of mimic activated NP(205)- but not NP(396)-specific CTL, respectively, does not result in accelerated diabetes.  These data corroborate earlier studies with the RIP-LCMV model that suggest that transient infection of the pancreas, as it occurs with LCMV, might be important as well for the subsequent accumulation of autoaggressive CTL and damage.  In agreement with this is the observation that LCMV-NP-specific lymphocyte lines grown in vitro and transferred in vivo into RIP-LCMV-NP recipients are unable to cause T1D, unless B7.1 is co-expressed on -cells {von Herrath, 1995 #6}. 
As mentioned above the order of virus infection affected autoimmune outcome.  This is potentially a very important complexity of the model system.  It demonstrates that not only is the combination of heterologous virus infections important, but also that the order in which the host gets the infection can alter autoimmune outcome.  

A major implication of these studies is that the infectious history of a patient becomes far more important in defining agents that potentially can induce autoimmunity or progress a preexisting autoimmune condition towards clinical disease. The primary antigenic sin, which might by itself be insufficient to cause clinically evident disease, would be followed by one or multiple secondary antigenic sins that cumulatively activate and expand a critical mass of autoaggressive T lymphocytes to rapidly destroy enough cells or tissue to result in disease. Molecular mimicry could be involved in some or all of the above steps. Coupled with a certain genetic predisposition and possibly other unrelated inflammatory events of the target organ, molecular mimicry can thus be a highly adverse and disadvantageous event, even if no disease and only sub-clinical autoimmunity would result in otherwise healthy, non-predisposed individuals. In the future, one should investigate, whether there is a significant time-wise association between certain infections and the development of clinical signs of autoimmune disease, which was for example demonstrated in young children that developed islet antibodies following rotavirus infection {Honeyman, 2000 #374}. Additionally, since autoreactive lymphocytes frequently exhibit an activated phenotype in patients but not healthy controls, these cells should be evaluated selectively for their ability to cross-react with microbial ligand candidates. Ideally, appropriate searches will take conformational as well as sequential homologies into account. Possibly, prevention of certain infections found to present self-antigenic mimics or therapies aimed at skewing the T cell hierarchy away from a known autoimmune predisposition could in this way decrease the incidence of autoimmunity.

Thus, strategies used to epidemiologically and clinically identify the causative agents during autoimmune disease manifestations should search for cross-reactive lymphocytes among primed autoreactive lymphocytes and could expect infections to enhance autoimmune disease via mimicry in predisposed individuals.
The second mechanism, which ensures that clinically relevant numbers of cross-reactive autoaggressive lymphocytes are activated after infection with viruses containing mimicking self-epitopes, is that already primed, subdominant CD8 lymphocytes can be triggered to sufficiently and rapidly expand and exert lytic effector functions much easier and in higher numbers than naïve CD8 lymphocytes (fig 2). This finding fits well with the notion that lower-avidity interactions of the TcR/MHC/peptide complex will strongly expand experienced, resting lymphocytes even if they are not sufficient to similarly expand naïve T lymphocytes and has been noted in elegant animal models of heterologous immunity {Brehm, 2002 #700}. We would therefore like to suggest that mimicry with infectious agents is most likely to play a pathogenetic role in pre-diabetic individuals at risk for developing T1D or other ongoing autoimmune conditions. 

At any rate, one can conclude that mere inflammation of the target organ as a primary event will not easily be sufficient to precipitate autoimmune disease, unless autoaggressive antigen specific T lymphocytes have been sufficiently expanded in numbers and activated. Our results shown here extend this concept to secondary viral infectious events and show that activation and expansion of additional autoaggressive T lymphocytes, for example by molecular mimicry, is essential. Indeed, infection of prediabetic RIP-LCMV mice by vaccinia virus (instead of PV) that does not exhibit LCMV-mimicking epitopes, did not result in accelerated disease (data not shown).
Figures and Tables:

Figure 1: Molecular Mimicry can accelerate but not initiate autoimmune diabetes.

Panel (A): Molecular mimicry is insufficient to prime naïve autoaggressive CD8 lymphocytes and cause autoimmune diabetes. RIP-LCMV-NP mice were infected with 105 pfu LCMV strain Armstrong (LCMV-Arm), LCMV-Arm CTL escape variant (LCMV-Arm Var) or Pichinde virus (PV). Peptide sequences of the subdominant LCMV-NP(205) epitope and dominant PV epitope that exhibit cross-reactivity of primed but not naïve lymphocytes (table 1) are shown. Precursor CD8 CTL (pCTL) determined to LCMV-NP on day 7 after infection are displayed and details for the method and controls are to be found in table 1. Panel (B): Primed autoaggressive cells can become activated via molecular mimicry and accelerate disease. RIP-LCMV-NP mice were infected with either 105 pfu LCMV-Arm or 105 pfu PV on day 0 and, as indicated, received a secondary inoculation with PV 28 days after the priming LCMV infection. For both studies (panels A and B), blood glucose values were determined at biweekly intervals. Mice with blood levels above 300mg/dl were considered diabetic. It is evident from these studies that secondary infection but not primary infection with PV can accelerate T1D development.

Figure 2: Lymphocytes Specific for the Mimicking Epitope PV-NP(205) are strongly expanded after sequential Infection with PV in LCMV primed mice.

Panel (A): RIP-NP and RIP-NP x H-2Kb -/- (Kb -/-) mice were infected with 105 pfu LCMV or PV. After 4 weeks the mice received a secondary infection of either LCMV or PV (105 pfu, ip). The frequency of epitope specific CD8 lymphocytes was determined by ICCS for IFN( after stimulation with LCMV-GP(33), LCMV-NP(396), PV-NP(205), or PV-NP(38) immediately before (upper panel) and at day 7 after secondary infection (lower panel). Assessment of diabetes was at week 8 after primary infection. [Mean values are displayed and numbers of mice per group are indicated in brackets]. 

Panel (B): Assessment of numbers of Kb-restricted LCMV-NP(205) specific lymphocytes after LCMV or PV infections by ICCS for IFN(. Splenocytes were harvested from mice that had received LCMV at day 0 and, for the PV group, PV at day 28 on day 35. ICCS was performed after 5-hour in vitro stimulation on the respective peptides. Mean values (+/- SEM) are displayed; (*) indicates data with a significant difference (p<0.05). 

Panel (C): Low amount of IFN production by NP(205) CTL after in vitro stimulation on the PV mimic. Number of NP specific lytic precursors following LCMV-NP(396) versus PV-NP(205) antigenic stimulation over 10 days. Precursor analysis was performed as described in our previous publications {von Herrath, 1995 #3267}. In addition to lytic activity, IFN production was assessed in the supernatant of each well and wells with IFN( levels in ELISA of > 0.05ng/ml were counted as positive. IFN( production was on average 13+/-3.5 ng/ml in LCMV-NP(396) stimulated cultures and 7.1+/- 3.1 ng/ml in PV-NP(205) stimulated cultures. This experiment was repeated 3 times and mean values (+/- SEM) are displayed; (*) indicates data with a significant difference (p<0.05). In the precursor assay, target cells were infected with a vaccinia virus expressing LCMV-NP (vv/NP) as described by us previously (28). For the 10-day in vitro stimulation, antigen presenting cells (peritoneal exudates macrophages from H-2b mice) were either coated with NP(396) peptide or infected with PV expressing the PV-NP(205) mimic [mNP(205)].

Figure 3: Sequential Infection with LCMV and PV results in accumulation of LCMV-NP(205)-specific CTL in islets.

RIP-NP mice were infected with 105 pfu LCMV. After 4 weeks one group of mice received a secondary infection of PV (105 pfu, ip). Left panels: Pancreata were harvested at week 3 after secondary infection and 6 (m tissue sections were stained for cellular infiltration with an anti-CD8 monoclonal antibody. Sections were counterstained with Hematoxylin. Right panels: Pancreata were harvested at day 5 after secondary infection and 6 (m tissue sections were cut and were stained for CD8 lymphocytes with a rhodamine-X conjugated anti CD8 antibody (red) and for LCMV-NP(205)-specific CD8 lymphocytes with allophyocyanine conjugated H-2Kb-LCMV-NP(205) tetramers (green). Note that only after sequential infection with LCMV followed by PV, LCMV-NP(205)-specific CD8 T lymphocytes (yellow) are found in the islets of Langerhans. 
Panel (A): 
Panel (B): Expansion of LCMV-NP(205)-specific CD8 lymphocytes in blood and pancreatic lymph node after secondary PV infection. Frequencies of LCMV-NP(205)-specific CD8 lymphocytes were determined by flow cytometry using H-2Kb-NP(205) tetramer staining (left panels) and by ICCS for IFN( expression after 5h in vitro stimulation with LCMV-NP(205) peptide.

Figure 4: H-2Kb is necessary for autoreactive LCMV-NP(205)-specific CD8 lymphocyte mediated acceleration of T1D. 

RIP-NP or RIP-NP x H-2Kb -/- mice were infected with 105 pfu LCMV or PV. After 4 weeks the mice received a secondary infection of PV (105 pfu, ip). 

Panel (A): Blood glucose was measured in weekly intervals and the percentage of diabetic mice at weeks 5 and 12 after infection with LCMV (=weeks 1 and 8 after secondary infection with PV) is displayed. The number of mice per group is indicated (n). 

Panel (B): Pancreata were harvested from 3-4 mice per group at week 3 after secondary infection with PV and 6 (m tissue sections were stained for cellular infiltration with an anti-CD8 monoclonal antibody. Sections were counterstained with Hematoxylin. Note the reduced infiltration rate of CD8 lymphocytes in RIP-NP x H-2Kb mice.

Table 1: Cytotoxic T cells specific for LCMV NP are found in LCMV immune but not naïve mice following Pichinde virus infection.


[image: image1]
Primary ex vivo cytotoxic T lymphocyte activities were determined 7 days after LCMV or PV infection as described in methods. Secondary in vitro stimulation was performed, where indicated using LCMV or PV infected irradiated APCs. 

Methods:

Transgenic Mouse Lines

The mouse line expressing the LCMV-NP (RIP-NP 25-3) was generated in H-2b C57Bl6/J and H-2d Balb/c mice using the RIP vector and cDNA clones for LCMV-NP and -GP.  RIP-NP 25-3 mice expressed the transgene in both their pancreatic SYMBOL 98 \f "Symbol"-cells and their thymus, but not in other tissues {von Herrath, 1994 #11}.  Screening was done by PCR as described by us previously {von Herrath, 1994 #11}.

Viruses

LCMV Armstrong clone 53b, plaque-purified three times on Vero cells and stocks prepared by a single passage on BHK-21 cells, was used throughout experiments. Six- to ten-week-old mice were infected with a single dose of 1 x 105 plaque-forming units (pfu) i.p. {von Herrath, 1994 #11}.

Blood Glucose Values

Blood glucose was monitored with OneTouch Ultra at weekly intervals. Diabetes was defined as blood glucose values over 300 mg/dl {von Herrath, 1995 #6}.

Immunohistochemistry

Tissues were immersed in Tissue-Tek OCT (Bayer, Elkhart, IN), and quick-frozen on dry ice. Using cryomicrotome and sialin-coated Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA), 6- to 10-µm tissue sections were cut. Sections were then fixed with 90% ethanol at -20°C, and, after washing in PBS, an avidin/biotin-blocking step was included (Vector Laboratories, Burlingame, CA). Primary and biotinylated secondary antibodies (Vector Laboratories) were reacted with the sections for 60 min each, and color reaction was obtained by sequential incubation with avidin-peroxidase conjugate (Vector Laboratories) and diaminobenzidine-hydrogen peroxide. Primary antibodies used weas rat anti-mouse CD8a (Ly2) (Pharmingen, San Diego, CA).

CTL Assays

CTL activity for LCMV specific responses was measured in a standard 5 hr in vitro 51Cr release assay using syngeneic (MC57, H-2b) target cells infected with LCMV (MOI = 0.1). Secondary CTL assays were performed following splenocyte re-stimulation for 5-6 days with irradiated, syngeneic LCMV-infected peritoneal exsudate cells (PECs) {von Herrath, 1994 #3277}.

Flow Cytometry

For intracellular stains, single-cell suspensions were restimulated for 5 hours with 1 µg/ml MHC class I-restricted viral peptides, or 2g/ml anti-CD3 and anti-CD28 in the presence of brefeldin A (Sigma, St. Louis, MO). Cells were stained for surface expression of CD4 and CD8, fixed, permeabilized and stained for intracellular IFN-. Samples were acquired using a FACSCalibur (Beckton Dickinson and Co., San Jose, CA). 

In vitro re-stimulations  

For LCMV specific responses, memory splenocytes were cultured for 6-10 days on LCMV infected, irradiated, PECs. After culture, viable cells were collected and cells were incubated for 5h with peptide in the presence of Brefeldin A before staining for intracellular IFN( {von Herrath, 1995 #6}.

Precursor frequency analysis 

For precursor frequency analysis, spleen cells were harvested on day 60 after primary LCMV infection. These cells were diluted serially and cultivated in 96-well flat bottom plates in the presence of T-cell growth factor and syngeneic irradiated LCMV infected (103 pfu/ml) spleen cells (105/well). After 5-9 days, each well was assayed for CTL lysis (described above) on target cells that were uninfected or infected with LCMV or vaccinia viruses and expressed GP or NP. The fraction of positive cultures (lysis > 11%) was determined for each dilution {von Herrath, 1995 #6}.

In situ tetramer stains

Briefly, six micron fresh frozen sections are cut from the organs of interest and stained with a phycoerythrin-labeled MHC class I tetramer (1.0 g/ml) with 2% normal goat serum (NGS) and rat anti-CD8 antibody (0.5 g/ml). Staining with tetramer containing an irrelevant peptide is used as a negative control. Following an overnight incubation at 4(C, sections are washed in PBS and then fixed for 30 min at RT with PBS-buffered 2% formaldehyde. Sections are washed again in PBS and incubated for 3 hr at 4(C with polyclonal rabbit anti-phycoerythrin diluted 1:2500 in PBS with 2% NGS. Afterwards, sections are washed and incubated for 3 hr at 4(C with a Rhodamine Red X-conjugated donkey anti-rabbit antibody and a FITC-conjugated goat anti-rat antibody diluted 1:1000 in PBS with 2% NGS. (Rhodamine Red X)-positive and CD8 (FITC)-positive T lymphocytes are analyzed using a confocal microscope {McGavern, 2002 #614}. 
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