
309 that elicit the activity of nTreg cells, which normally function to
310 suppress autoimmune reactivity to self-antigens (proteins). In
311 this regard, it is pertinent to remark that HCV_G1_p7_794 is com-
312 prised of epitopes that are homologous to those found in hun-
313 dreds of human proteins. This suggests that the autoimmune
314 response to a large number of proteins is inhibited by a single
315 or limited number of nTreg cell clones, responsive to a common
316 peptide sequence, rather than a large number of clones each
317 responsive to a unique sequence in a single protein only. The oli-
318 goclonality of the Treg cell response to HCV_G1_p7_794 and its
319 human analogue is a matter of ongoing investigation.

320The majority of individuals in our patient population were
321infected with HCV genotype 1, the derivation of HCV_G1_p7_794.
322The addition of HCV_G1_p7_794 to PBMC cultures derived from a
323single HCV genotype 3-infected patient, however, also resulted in
324a marked increase in CD3+CD4+FoxP3+CD25+ cells (Supplemen-
325tary Fig. 2). It is pertinent to note, in this regard, that HCV geno-
326type 3 encodes a peptide sequence: LALLVLLLPQRAYAW, which
327exhibits HCV_G1_p7_794 homology.
328Conceivably, other viral pathogens that cause chronic disease,
329e.g., herpes simplex, Epstein-Barr, human immunodeficiency and
330cytomegalovirus, also avoid or reduce Teff cell responses by
331exploiting similarity to self and activating nTreg cells [29,30].
332Indeed, recent analyses indicated that Epstein-Barr virus and
333cytomegalovirus contained fewer T cell epitopes and exhibited
334higher cross-reactivity with the human genome than did either
335Ebola or Marburg virus [14]. Ebola and Marburg viruses, on the
336other hand, were composed of significantly fewer peptide
337sequences that were cross-reactive with human and expressed
338a larger number of predicted T cell epitopes. Thus, viruses that
339cause acute disease and viruses such as HCV, which adapt to
340humans and cause chronic infection, may differ substantially in
341terms of their Treg cell epitope content.
342Although immunosuppression by Treg cells is readily
343demonstrated in mice, demonstrating the suppressor activity of
344human CD3+CD4+CD25+FoxP3+ Treg cells has proven problematic
345[31]. Recent studies indicate that the nature of the responder T
346cells (CD4+CD25! vs. CD4+CD25low) and the ratio of Treg cells to
347responder cells exerts significant effects on the outcome of the
348suppression assays [32,33]. Nonetheless, the HCV_G1_p7_794
349responsive Treg cells suppressed the mitogenic response of cells
350derived from HCV-infected patients in the experiments reported
351here despite the fact that the CD3+CD4+FoxP3! responder cells far
352outnumbered CD3+CD4+CD25+FoxP3+ suppressor cells among
353total PBMCs by a greater than 10:1 ratio.
354Notably, the addition of HCV_G1_p7_794 alone to PBMC
355cultures derived from HCV-infected (Ab+VL+) patients failed to
356induce cell proliferation despite a marked (3- to 4-fold) increase
357in CD3+CD4+CD25+FoxP3+ cell number. This finding indicates
358that HCV_G1_p7_794 induces the conversion of conventional
359CD4+FoxP3! T cells to Treg cells, i.e., infectious tolerance, a sugges-
360tion supported by studies demonstrating the inability of nTreg cells
361to proliferate in response to their cognate antigen in vitro [34]. Fur-
362thermore, in contrast to Ab+VL+ PBMCs cultured in medium alone,
363only a minority of CD3+CD4+FoxP3+ cells cultured in the presence
364of HCV_G1_p7_794 expressed CD304 (neuropilin), which is
365expressed by a subset of FoxP3+ Treg cells in humans and associated
366specifically with nTreg cells in mice [21,22]. While it has been sug-
367gested alternatively that the expanded Treg cell population in
368chronic, HCV-infected patients is composed of cells phenotypically
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Table 2. JanusMatrix analysis.

Description ICS # Cross-reactive  
epitopes per ICS

# Human proteins containing  
cross-reactive epitopes

HCV_G1_p7_794a WPLLLLLLALPQRAYAQ 5.0 264
Human p7_794b PLLLLLLSLPPRA 4.0 325
HCV_G1_NS4b_1941c AARVTQILSSLTITQLLKRLHQWI 6.0 28

aHuman homologue; highly conserved sequence derived from hepatitis C virus, genotype 1.
bAnalogue; sequence found in multiple human proteins.
cValidated promiscuous, Teff cell ICS derived from hepatitis C virus, genotype 1 [17].
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JanusMatrix                   

Fig 1. (left) JanusMatrix separates the amino acid sequence of T cell 
epitopes into TCR-facing residues (epitope) and HLA binding cleft-facing 
residues (agretope), then compares the TCR face to other putative T cell 
epitopes. 

•  Intrinsic characteristic of TCR, i.e., each single TCR can potentially interact with different 
peptide-MHC complexes.  

•  Critical to many aspects of T cell biology, including positive and negative selection.  
•  Involved in heterologous immunity. Immune response can be “preset” based on prior exposure 

to cross-reactive epitopes.  
•  Can have positive or negative (e.g., leading to pathology) effects. 

Background 

Homology with the human genome represents a novel means by which viruses that seek to establish chronic infections escape human immunity 
and ensure their survival. Better classification of viral epitopes as either effector or regulatory T cell activating will improve the design of vaccines 
against chronic viruses. 

Reference databases available include:  
•  Human genome (HG) 
•  Human gut microbiome (HM)  
•  Human pathogens (HP) 

(bacteria and viruses)  

Cross-reactive peptides: 
•  Are predicted to bind the same MHC allele. 
•  Share same/similar T cell-facing residues. 

 

TCR cross-reactivity prediction: 
•  Given a protein or peptide, T cell epitopes are 

identified based on MHC contacts (P1, P4, P6, P9) 
using EpiMatrix. 

•  JanusMatrix searches for potentially cross-reactive 
TCR by screening TCR-facing residues (P2, P3, P5, 
P7, P8) against a preloaded, EpiMatrix-processed 
reference databases. 
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A) Peptides documented as IL-10-positive in IEDB have 
significantly higher potential for Human Genome (HG, 
above) and Human Microbiome (HM, below) cross-reactivity 
as measured by Janus Matrix. B) Peptides documented as 
IL-4-positive in IEDB have significantly lower potential for HG 
and HM cross-reactivity as measured by Janus Matrix. 

T cell 

In Roman mythology, Janus is the god of beginnings and 
transitions, of gates, doors, doorways, endings, and time. He 
is usually portrayed as a two-faced god, looking both to the 
future and the past. 

Cross-Reactivity 

Janus Score Predicts Cytokine Release 

Can identify TCRs that recognize epitopes 
from pathogens and also homologs from 

Self and Commensals 

The Context of Immune 
Response can tip the balance 

from inflammation to 
regulation 

Predicted Treg-activating HIV and HCV sequences possess TCR faces shared by numerous human proteins  
Epitope networks are shown, illustrating the abundance of TCR faces one HCV and one HIV peptide share with the human genome 
as determined by JanusMatrix analysis. The HIV and HCV source peptides are represented by green diamonds, their constituent 9-
mer epitopes by gray squares, their cross-conserved partners in the human genome by blue triangles, and the source human 
proteins by light purple circles. In the HIV peptide (right) a single cross-conserved epitope can be found in 32 different HLA class I 
alleles; several additional 9-mer epitopes are cross-conserved with 12 other HLA sequences (source protein orange highlight). 

Background 
Vaccines against many pathogens that cause chronic infection 
are unavailable, due largely to effective immunoevasive 
mechanisms. A novel escape mechanism observed in chronic 
viral infection is suppression of viral-specific effector CD4+ 
and CD8+ T cells by stimulating regulatory T cells (Tregs) 
educated on host sequences during tolerance induction. A 
significant epitope property that is beginning to gain wider 
attention is homology with host sequences. Viral epitopes with 
substantial homology to self may activate Tregs that suppress 
protective inflammatory responses and thereby enable viral 
persistence. 
  
Methods and Results 
We designed an immunoinformatic algorithm, JanusMatrix, to 
identify such epitopes. For a pathogen-derived epitope, the 
algorithm searches the human genome for the same T cell 
receptor (TCR) face in 9mers that can bind human leukocyte 
antigens (HLA). Using JanusMatrix, we screened a wide 
range of human-host viruses for TCR-face similarity to self 
and discovered that chronic viruses generally appear more 
human-like than viruses that cause acute infection. We also 
discovered a promiscuous class II epitope located within non-
structural hepatitis C virus (HCV) protein p7 that exhibits 
homology with hundreds of human sequences. The epitope 
induces an increase in CD4+CD25+FoxP3+ Treg number and 
function in peripheral blood leukocyte cultures derived from an 
HLA-diverse cohort of HCV-infected patients, but not in 
cultures derived from patients who spontaneously cleared 
HCV or from non-infected individuals. Similar patterns have 
been observed in HIV. 
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265 lating in the peripheral blood of chronically-infected patients,
266 confirmed in the current study (Fig. 2), provided an initial indica-
267 tion of the role of Treg cells in the pathogenesis of chronic hepa-
268 titis C [2,3,5,11]. It remained unclear until recently, however,
269 whether this increase represented the HCV epitope-specific
270 response of Treg cells or the nonspecific consequence of chronic
271 inflammation and liver disease [7].
272 The ability of HCV-derived epitopes to stimulate Treg cell
273 responses is well documented; epitopes associated with both
274 structural and non-structural HCV proteins have been reported
275 [20,26]. Using HLA class II-peptide tetramer complexes, other
276 investigators quantified and characterized the response of Treg

277 cell specific for single HCV epitopes [20,26]. The study described
278 herein is the first, however, to identify a promiscuous HCV pep-
279 tide sequence (HCV_G1_p7_794) that exhibits extensive human
280 homology and the ability to elicit a Treg cell response in a wide,
281 HLA-diverse human population, such as the infected patient pop-
282 ulation shown in Table 1. Unlike the Treg cell epitopes described
283 previously, HCV_G1_p7_794 is an ICS composed of multiple
284 HLA binding motifs, able to bind a number of DRB1 alleles. Unfor-
285 tunately, this precludes construction of an HLA-peptide tetramer
286 complex and quantitation of the HCV_G1_p7_794 responsive
287 cells. In accord with the literature, HCV_G1_p7_794 added to
288 PBMCs cultures derived from HCV-infected patients, but not
289 non-infected individuals or patients who cleared infection,
290 induced a marked increase in CD3+CD4+FoxP3+ cells [20,26]. In
291 addition to expressing CD25, the vast majority of Treg cells

292expressed CD39, a marker that distinguishes FoxP3+ Treg cells
293from activated Teff cells that transiently express FoxP3 [6,19].
294In contrast to HCV_G1_p7_794, the human peptide analogue
295(p7_794) elicited a significant increase in CD3+CD4+FoxP3+ cells
296in PBMC cultures derived from non-infected individuals with no
297evidence of prior HCV exposure, as well as HCV-infected patients.
298This finding is congruent with the suggestion that viral epitopes
299with human homology influence the pathogenesis of chronic HCV
300by activating pre-existing, cross-reactive nTreg cells [11]. Indeed,
301an extensive homology between the HCV polyprotein and pro-
302teins that comprise the human proteome is well documented
303[27,28]. JanusMatrix, a bioinformatics algorithm that interrogates
304potential T cell epitopes from both their HLA-binding and TcR-
305facing aspects, confirmed the existence of significant homology
306between HCV_G1_p7_794 and proteins that compose the human
307proteome. The results of this analysis demonstrate the potential
308efficacy of JanusMatrix in identifying pathogen-encoded epitopes
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Fig. 3. HCV_G1_p7_794 suppresses the proliferation of PBMCs derived from
HCV-infected patients. CSFE-labelled, Ab+VL+ PBMCs were cultured with
medium alone, or medium containing anti-CD3, HCV_G1_p7_794, or anti-CD3
and HCV_G1_p7_794. Cells were collected after 5 days; proliferation was
estimated by flow cytometry as a loss in fluorescence intensity. Data were
obtained in a single experiment representative of two HCV-infected patients (A).
PBMCs obtained from the three patients (#229, #261, #265) were cultured 5 days
in the presence of anti-CD3 or 20 ng/ml IL-2 with or without HCV_G1_p7_794;
cell proliferation was estimated by [3H]-thymidine incorporation during the last
18 h of incubation (B).
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Fig. 2. HCV_G1_p7_794 fails to elicit an increase in CD3+CD4+FoxP3+ cells
among PBMCs derived from non-infected individuals. (A) PBMCs obtained
from infected patients (Ab+VL+, n = 4), patients who cleared infection (Ab+VL!,
n = 6) and non-infected controls (Ab!VL!, n = 4) were cultured with medium
alone, HCV_G1_p7_794 or HCV_G1_NS4b_1941. Cells were collected after 5 days
and were analysed by flow cytometry. ⁄Significantly different: ⁄p = 0.014;
⁄⁄p <0.001. (B) PBMCs obtained from Ab+VL+ patients (n = 4) and Ab!VL! controls
(n = 4) were cultured in the presence or absence of the human p7_794 analogue.
Significantly more CD3+CD4+FoxP3+ cells were recovered from PBMCs cultured
with the analogue than from medium alone: ⁄p = 0.001; ⁄⁄p = 0.048.
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265 lating in the peripheral blood of chronically-infected patients,
266 confirmed in the current study (Fig. 2), provided an initial indica-
267 tion of the role of Treg cells in the pathogenesis of chronic hepa-
268 titis C [2,3,5,11]. It remained unclear until recently, however,
269 whether this increase represented the HCV epitope-specific
270 response of Treg cells or the nonspecific consequence of chronic
271 inflammation and liver disease [7].
272 The ability of HCV-derived epitopes to stimulate Treg cell
273 responses is well documented; epitopes associated with both
274 structural and non-structural HCV proteins have been reported
275 [20,26]. Using HLA class II-peptide tetramer complexes, other
276 investigators quantified and characterized the response of Treg

277 cell specific for single HCV epitopes [20,26]. The study described
278 herein is the first, however, to identify a promiscuous HCV pep-
279 tide sequence (HCV_G1_p7_794) that exhibits extensive human
280 homology and the ability to elicit a Treg cell response in a wide,
281 HLA-diverse human population, such as the infected patient pop-
282 ulation shown in Table 1. Unlike the Treg cell epitopes described
283 previously, HCV_G1_p7_794 is an ICS composed of multiple
284 HLA binding motifs, able to bind a number of DRB1 alleles. Unfor-
285 tunately, this precludes construction of an HLA-peptide tetramer
286 complex and quantitation of the HCV_G1_p7_794 responsive
287 cells. In accord with the literature, HCV_G1_p7_794 added to
288 PBMCs cultures derived from HCV-infected patients, but not
289 non-infected individuals or patients who cleared infection,
290 induced a marked increase in CD3+CD4+FoxP3+ cells [20,26]. In
291 addition to expressing CD25, the vast majority of Treg cells

292expressed CD39, a marker that distinguishes FoxP3+ Treg cells
293from activated Teff cells that transiently express FoxP3 [6,19].
294In contrast to HCV_G1_p7_794, the human peptide analogue
295(p7_794) elicited a significant increase in CD3+CD4+FoxP3+ cells
296in PBMC cultures derived from non-infected individuals with no
297evidence of prior HCV exposure, as well as HCV-infected patients.
298This finding is congruent with the suggestion that viral epitopes
299with human homology influence the pathogenesis of chronic HCV
300by activating pre-existing, cross-reactive nTreg cells [11]. Indeed,
301an extensive homology between the HCV polyprotein and pro-
302teins that comprise the human proteome is well documented
303[27,28]. JanusMatrix, a bioinformatics algorithm that interrogates
304potential T cell epitopes from both their HLA-binding and TcR-
305facing aspects, confirmed the existence of significant homology
306between HCV_G1_p7_794 and proteins that compose the human
307proteome. The results of this analysis demonstrate the potential
308efficacy of JanusMatrix in identifying pathogen-encoded epitopes
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Fig. 3. HCV_G1_p7_794 suppresses the proliferation of PBMCs derived from
HCV-infected patients. CSFE-labelled, Ab+VL+ PBMCs were cultured with
medium alone, or medium containing anti-CD3, HCV_G1_p7_794, or anti-CD3
and HCV_G1_p7_794. Cells were collected after 5 days; proliferation was
estimated by flow cytometry as a loss in fluorescence intensity. Data were
obtained in a single experiment representative of two HCV-infected patients (A).
PBMCs obtained from the three patients (#229, #261, #265) were cultured 5 days
in the presence of anti-CD3 or 20 ng/ml IL-2 with or without HCV_G1_p7_794;
cell proliferation was estimated by [3H]-thymidine incorporation during the last
18 h of incubation (B).
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among PBMCs derived from non-infected individuals. (A) PBMCs obtained
from infected patients (Ab+VL+, n = 4), patients who cleared infection (Ab+VL!,
n = 6) and non-infected controls (Ab!VL!, n = 4) were cultured with medium
alone, HCV_G1_p7_794 or HCV_G1_NS4b_1941. Cells were collected after 5 days
and were analysed by flow cytometry. ⁄Significantly different: ⁄p = 0.014;
⁄⁄p <0.001. (B) PBMCs obtained from Ab+VL+ patients (n = 4) and Ab!VL! controls
(n = 4) were cultured in the presence or absence of the human p7_794 analogue.
Significantly more CD3+CD4+FoxP3+ cells were recovered from PBMCs cultured
with the analogue than from medium alone: ⁄p = 0.001; ⁄⁄p = 0.048.
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309 that elicit the activity of nTreg cells, which normally function to
310 suppress autoimmune reactivity to self-antigens (proteins). In
311 this regard, it is pertinent to remark that HCV_G1_p7_794 is com-
312 prised of epitopes that are homologous to those found in hun-
313 dreds of human proteins. This suggests that the autoimmune
314 response to a large number of proteins is inhibited by a single
315 or limited number of nTreg cell clones, responsive to a common
316 peptide sequence, rather than a large number of clones each
317 responsive to a unique sequence in a single protein only. The oli-
318 goclonality of the Treg cell response to HCV_G1_p7_794 and its
319 human analogue is a matter of ongoing investigation.

320The majority of individuals in our patient population were
321infected with HCV genotype 1, the derivation of HCV_G1_p7_794.
322The addition of HCV_G1_p7_794 to PBMC cultures derived from a
323single HCV genotype 3-infected patient, however, also resulted in
324a marked increase in CD3+CD4+FoxP3+CD25+ cells (Supplemen-
325tary Fig. 2). It is pertinent to note, in this regard, that HCV geno-
326type 3 encodes a peptide sequence: LALLVLLLPQRAYAW, which
327exhibits HCV_G1_p7_794 homology.
328Conceivably, other viral pathogens that cause chronic disease,
329e.g., herpes simplex, Epstein-Barr, human immunodeficiency and
330cytomegalovirus, also avoid or reduce Teff cell responses by
331exploiting similarity to self and activating nTreg cells [29,30].
332Indeed, recent analyses indicated that Epstein-Barr virus and
333cytomegalovirus contained fewer T cell epitopes and exhibited
334higher cross-reactivity with the human genome than did either
335Ebola or Marburg virus [14]. Ebola and Marburg viruses, on the
336other hand, were composed of significantly fewer peptide
337sequences that were cross-reactive with human and expressed
338a larger number of predicted T cell epitopes. Thus, viruses that
339cause acute disease and viruses such as HCV, which adapt to
340humans and cause chronic infection, may differ substantially in
341terms of their Treg cell epitope content.
342Although immunosuppression by Treg cells is readily
343demonstrated in mice, demonstrating the suppressor activity of
344human CD3+CD4+CD25+FoxP3+ Treg cells has proven problematic
345[31]. Recent studies indicate that the nature of the responder T
346cells (CD4+CD25! vs. CD4+CD25low) and the ratio of Treg cells to
347responder cells exerts significant effects on the outcome of the
348suppression assays [32,33]. Nonetheless, the HCV_G1_p7_794
349responsive Treg cells suppressed the mitogenic response of cells
350derived from HCV-infected patients in the experiments reported
351here despite the fact that the CD3+CD4+FoxP3! responder cells far
352outnumbered CD3+CD4+CD25+FoxP3+ suppressor cells among
353total PBMCs by a greater than 10:1 ratio.
354Notably, the addition of HCV_G1_p7_794 alone to PBMC
355cultures derived from HCV-infected (Ab+VL+) patients failed to
356induce cell proliferation despite a marked (3- to 4-fold) increase
357in CD3+CD4+CD25+FoxP3+ cell number. This finding indicates
358that HCV_G1_p7_794 induces the conversion of conventional
359CD4+FoxP3! T cells to Treg cells, i.e., infectious tolerance, a sugges-
360tion supported by studies demonstrating the inability of nTreg cells
361to proliferate in response to their cognate antigen in vitro [34]. Fur-
362thermore, in contrast to Ab+VL+ PBMCs cultured in medium alone,
363only a minority of CD3+CD4+FoxP3+ cells cultured in the presence
364of HCV_G1_p7_794 expressed CD304 (neuropilin), which is
365expressed by a subset of FoxP3+ Treg cells in humans and associated
366specifically with nTreg cells in mice [21,22]. While it has been sug-
367gested alternatively that the expanded Treg cell population in
368chronic, HCV-infected patients is composed of cells phenotypically
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Fig. 4. Fewer HCV-G1_p7_794 responsive Treg cells express CD304 (neuropilin).
PBMCs obtained from an HCV-infected patient (representative of 4 patients) were
incubated in medium alone (A) or medium that contained HCV_G1_p7_794 (B).
The cells were collected on day 5, stained and analysed by flow cytometry. Panels
on the right indicate the percentage of CD4+FoxP3+ cells in each population that
express CD304.

Table 2. JanusMatrix analysis.

Description ICS # Cross-reactive  
epitopes per ICS

# Human proteins containing  
cross-reactive epitopes

HCV_G1_p7_794a WPLLLLLLALPQRAYAQ 5.0 264
Human p7_794b PLLLLLLSLPPRA 4.0 325
HCV_G1_NS4b_1941c AARVTQILSSLTITQLLKRLHQWI 6.0 28

aHuman homologue; highly conserved sequence derived from hepatitis C virus, genotype 1.
bAnalogue; sequence found in multiple human proteins.
cValidated promiscuous, Teff cell ICS derived from hepatitis C virus, genotype 1 [17].
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HCV Treg Epitope Expands Tregs  
in Chronic HCV Infection  

HCV Treg Epitope Expands iTregs (CD304+)  
in Chronic HCV Infection  

medium only HCV_G1_p7_794 

•  HCV_G1_p7_794 expands Tregs  in chronic HCV-infected individuals  
       but not in those who clear infection or are not infected. 

•  Its human analog expands Tregs in uninfected and chronic infected  
   subjects, while a control peptide HCV_G1_NS4b_194, does not for any group. 

•  CD3+CD4+FoxP3+ cells from chronic HCV-infected individuals, cultured in the absence of 
   HCV_G1_p7_794 express CD304 (neuropilin), indicative of nTreg cells. 
•  The vast majority of CD3+CD4+FoxP3+ cells, cultured in the presence of HCV_G1_p7_794,  
   were CD304- characteristic of iTreg cells. 


