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 INTRODUCTION 
 Mucosal tissues have a central role in early HIV-1 / SIV 

(simian immunodeficiency virus) pathogenesis. Virus trans-

mission usually occurs across genital mucosal surfaces, and 

the intestinal mucosa is the site of early viral replication and 

dramatic CD4    +    CCR5    +     T-cell depletion. Therefore, it is likely 

that successful vaccination strategies will need to induce effec-

tive mucosal immunity. 1 – 4  However, there are divergent reports 

on whether a systemic or mucosal route of vaccine delivery for 

HIV-1 / SIV is optimal for generating mucosal responses. 2,5,6  

 Although virus-specific CD8    +     T cells have a critical role in 

the immune defense against HIV-1 / SIV replication, a number 

of critical challenges remain in inducing immune responses that 

can control these rapidly mutating viruses. 7,8  Clonal diversity 

will be an important determinant of CD8    +     T-cell – mediated 

immune protection because T-cell antigen receptor (TCR) 

diversity in an epitope-specific cellular immune response should 

facilitate the recognition of emerging viral variants during infec-

tion and increase the presence of high-avidity CD8    +     T cells. 9 – 12  

It is unclear whether the CD8    +     T-cell TCR repertoire can be 

stimulated by different vaccine regimens to generate this clonal 

diversity. 

 We have previously demonstrated that the clonal repertoire 

of an immunodominant epitope-specific CD8    +     T-cell response 

is shared in mucosal tissues and peripheral blood of chroni-

cally SIV-infected rhesus monkeys. 13  In the present study, we 

evaluated the clonal repertoire of epitope-specific CD8    +     T-cell 

responses generated by various prime-boost vaccination regi-

mens. Furthermore, we wanted to determine whether systemic 

prime-boost immunization with recombinant vectors can gen-

erate clonally diverse, long-term responses at mucosal sites and 

whether these mucosal epitope-specific CD8    +     T-cell responses 

are clonally distinct from those seen in peripheral blood.   

 RESULTS  
 Comparable TCRB repertoires of epitope-specific CD8    +     
T cells in prime-boost vaccinated and SIV-infected 
Mamu-A * 01    +     rhesus monkeys 
 We first sought to determine whether prime-boost vaccination 

strategies using different recombinant vectors induced clon-

ally distinct virus-specific CD8    +     T-cell responses. We did this 

by asking whether the epitope-specific CD8    +     T-cell responses 

elicited by different vectors differed in their TCR repertoire 

or clonal diversity. We assessed the dominant SIV Gag p11C 
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epitope-specific CD8    +     T-cell response in the peripheral 

blood of the three groups of vaccinated,  Mamu-A * 01    +      rhesus 

monkeys following immunization with either plasmid DNA 

prime / rNYVAC boost, rBCG prime / rNYVAC boost, or rBCG 

prime / rAd5 boost using Gag p11C / Mamu-A * 01 tetramer stain-

ing of peripheral blood cells. Each of these vectors carried a SIV 

 Gag  gene insert. Each vaccine group consisted of five monkeys. 

We also compared the p11C-specific CD8    +     T-cell responses 

in these groups of vaccinated animals to those of a group of 

6 SIVmac251-infected rhesus monkeys. 

 To determine whether there were any differences in the clonal 

repertoires of the SIV Gag-specific CD8    +     T cells induced by 

prime-boost immunization and SIV infection, we examined 

the clonotypic composition of the p11C-specific CD8    +     T-cell 

populations in these monkeys. We did this using a modified 

anchored template-switch PCR with reverse transcriptase to 

amplify, without bias, all expressed TCRB genes. The resulting 

PCR products were cloned and sequenced. Given the enormous 

variability in the TCR repertoires between individual monkeys, a 

large-scale analysis was needed to characterize the epitope-spe-

cific CD8    +     TCR repertoires. Therefore, for each tissue compart-

ment in every evaluated monkey, a minimum of 100 complete 

sequences were analyzed to define the representation of TCRB 

gene expression. 

 The TCRBV gene expression profile of these epitope-specific 

CD8    +     T cells was comparable in all the groups of vaccinated 

monkeys, with the TCRBV6 gene family expressed in all the 

groups ( Figure 1 ). There were a total of 24 different TCRBV gene 

families that were expressed by the p11C-specific cell population 

in the three groups of vaccinated animals, and 19 of these TCRBV 

genes families were found in all the groups of animals. There 

was comparable diversity of TCRBV gene usage in all the groups 

of vaccinated monkeys, with each group expressing 21 or 23 

TCRBV genes. Interestingly, the same dominant use of TCRBV6 

and a comparable diversity of TCRBV usage were observed in 

the epitope-specific CD8    +     T cells of the SIV-infected monkeys. 

Thus, prime-boost vaccination with different virus vectors and 

SIV infection induce p11C-specific CD8    +     T-cell responses with 

comparable TCRBV gene usage and TCRBV diversity. 

 To complement this assessment of the p11C-specific CD8    +     

T-cell clonal repertoire, we also evaluated the TCRBJ gene usage 

and the CDR3 length. The relative representation of each TCRBJ 

family and the various CDR3 lengths were expressed as a per-

centage of the total clonotypes for each group of vaccinated and 

infected monkeys. We observed comparable representation of 

the different TCRJB gene families by the groups of vaccinated 

animals and SIV-infected animals ( Figure 2a ). A predominant 

representation of TCRJB1.5 was observed in the vaccinated and 

infected groups of monkeys. A CDR3 length of 15 amino acids 

was observed in at least 41 %  of the p11C-specific TCRB clono-

types in the SIV-infected and vaccinated monkeys ( Figure 2b ). 

Moreover, the representation of other CDR3 lengths was com-

parable in the vaccinated and infected monkeys. Additionally, 

we observed that inter- and intra-group variabilities in TCRBJ 

usage and CDR3 length were comparable. These comparisons 

of TCRBV, TCRBJ, and CDR3 length indicated that there was no 

particular skewing of the TCRB repertoires of the p11C-specific 

CD8    +     T cells generated in response to a particular immuniza-

tion regimen, and these repertoires were comparable to those 

observed in SIV-infected monkeys.   

  Figure 1             Comparable TCRBV gene usage by p11C-specific CD8    +     T cells in prime-boost vaccinated and simian immunodeficiency virus (SIV)-
infected rhesus monkeys. The TCRBV gene family usage was determined in the peripheral blood p11C-specific CD8    +     T cells of rhesus monkeys. 
TCRBV usage was compared in the three groups of prime-boost vaccinated rhesus monkeys (DNA / rNYVAC, rBCG / rNYVAC, and rBCG / rAd5) at 
2 weeks following boost and a group of SIV-infected rhesus monkeys at 2 weeks following infection. The percentage of monkeys in each group 
expressing each TCRBV gene family is shown.  
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 Vaccination and SIV infection induced p11C-specific CD8    +     
T cells of comparable clonal diversity 
 To assess further whether different types of prime-boost 

vaccination regimens or SIV infection influence the clonal 

diversity of the epitope-specific CD8    +     T-cell response, the 

clonal diversity was evaluated using the Simpson ’ s diversity 

index ( Figure 3 ). The Simpson ’ s diversity index is a useful and 

accurate measurement of diversity of TCR repertoires that takes 

into account the frequencies of individual clonotypes and clonal 

dominance within a particular sample. 11,14  The index varies in 

values between 0 and 1, which reflect minimal and maximal 

diversity, respectively. The p11C-specific CD8    +     TCR repertoire 

was very diverse 2 weeks following boost vaccination with the 

mean Simpson ’ s diversity indices of approximately 0.9 for both 

the DNA / rNYVAC and rBCG / rNYVAC groups of monkeys. 

Thus, the p11C-specific CD8    +     T-cell clonal repertoire 

upon boost was comparably broad in the DNA-primed and 

BCG-primed groups of vaccinated monkeys, suggesting that 

both vectors were comparable in priming virus-specific CD8    +     

T cells. The p11C-specific CD8    +     TCR repertoire at 2 weeks 

following SIV infection had a trend towards even greater clonal 

diversity, with a mean diversity index of 0.96. 

 The clonal diversities of the p11C-specific CD8    +     T-cell popu-

lations were also evaluated at week 10 post boost and week 12 

post infection to assess the evolution of these cellular immune 

responses. There was a statistically significant reduction in the 

clonal diversity of this cell population in both the groups of vac-

cinated animals by this later timepoint, with Simpson ’ s diversity 

indices of     <    0.85. A similar reduction in clonal diversity was also 

observed in the SIV-infected animals, with a Simpson ’ s diversity 

index of 0.83 in the peripheral blood sampled 12 weeks post 

infection. These studies indicate that the characteristics of the 

p11C-specific CD8    +     T-cell clonal repertoire induced by dif-

ferent prime-boost immunization regimens and SIV infection 

are remarkably similar. Thus, the cognate antigen rather than 

   Figure 2             Comparable TCRBJ gene usage and CDR3 length in p11C-specific CD8    +     T cells from prime-boost vaccinated and simian 
immunodeficiency virus (SIV)-infected rhesus monkeys. The TCRBJ gene family usage and CDR3 length were determined in the peripheral 
blood p11C-specific CD8    +     T cells of rhesus monkeys. TCRBJ usage was compared in the three groups of prime-boost vaccinated rhesus 
monkeys (DNA / rNYVAC, rBCG / rNYVAC, and rBCG / rAd5) at 2 weeks following boost and a group of SIV-infected rhesus monkeys at 2 weeks 
following SIV infection. The p11C-specific clonotypes for all monkeys in each vaccinated or SIV-infected group were pooled to determine the 
proportion of p11C-specific clonotypes using ( a ) a particular TCRBJ gene and ( b ) having a particular CDR3 length.  

  Figure 3             Prime-boost vaccination in rhesus monkeys induces 
clonally diverse p11C-specific CD8    +     T-cell responses that undergo 
clonal focusing. The T-cell antigen receptor (TCR) repertoire of the 
p11C-specific CD8    +     T cells in the peripheral blood of DNA / rNYVAC 
(squares) and rBCG / rNYVAC (triangles) vaccinated  Mamu-A * 01 -positive 
rhesus monkeys was measured at 2 and 10 weeks (wks) (closed and 
open symbols, respectively) following boost. The TCR repertoire of 
p11C-specific CD8    +     T cells in the simian immunodeficiency virus (SIV)-
infected rhesus monkey cohort is shown here for comparison (circles). 
Clonal diversity was assessed by calculating the Simpson ’ s diversity 
index for each sample. The Simpson ’ s index is a measurement of clonal 
diversity, where 0 denotes minimum diversity and 1 denotes maximum 
diversity. Means are shown for each group. There were statistically 
significant differences ( *  P  values     <    0.05 using Welch ’ s  t  test) in cell 
populations sampled at week 2 and week 10 post boost in all the groups 
of vaccinated monkeys.  
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the presentation by a vaccine vector appears to be the primary 

determinant of clonotype recruitment in the blood.   

 Systemic prime-boost immunization induces a sustained 
and clonally diverse dominant Gag epitope-specific mucosal 
CD8    +     T-cell response in Mamu-A * 01    +     rhesus monkeys 
 Next, we explored whether parenteral prime-boost vaccina-

tion with different recombinant vectors induces epitope-

specific CD8    +     T-cell responses in mucosal tissues. We assessed 

the dominant SIV Gag epitope-specific CD8    +     T-cell response 

in the systemic and mucosal compartments following boosting 

of DNA / rNYVAC- and rBCG / rNYVAC-immunized  Mamu-A * 

01    +      rhesus monkeys using p11C / Mamu-A * 01 tetramer stain-

ing of cells from the peripheral blood, gastrointestinal tissue 

(colon and duodenum), and bronchoalveolar lavage (BAL). 

Both the DNA / rNYVAC and rBCG / rNYVAC groups consisted 

of five monkeys each. No p11C-specific CD8    +     T-cell response 

was detected in the peripheral blood or mucosal tissues of any 

of the animals 1 week following the boost immunization. The 

response in the blood was maximal at 2 weeks following boost, 

with a mean 3.1 %  of CD8    +     T cells being p11C-specific in the 

rBCG-primed group and 2.4 %  in the DNA-primed group; this 

response fell to 0.5 and 0.7 % , respectively, by week 10 follow-

ing boost ( Figure 4a ). The kinetics of the response in BAL was 

comparable with that in the blood, with a peak response of 1.7 %  

at week 2, falling to 0.6 %  at week 10 following boost in the 

rBCG-primed group and from 2 to 1.2 %  in the DNA-primed 

group. By contrast, the response in the gastrointestinal tissues 

was lower in magnitude than the response in the peripheral 

blood at week 2, with tetramer responses     <    0.8 %  in both the 

vaccinated groups of monkeys; by week 10 following the boost-

ing immunization, the magnitude of the responses in the gastro-

intestinal tissues and peripheral blood were comparable.There 

were no significant differences observed in the magnitudes of 

the p11C-specific CD8    +     T-cell responses induced by the DNA 

prime and rBCG prime in the peripheral blood and mucosal 

tissues at week 10. These data indicate that systemic immuniza-

tion with recombinant vectors induced the highest virus-specific 

CD8    +     T-cell responses in the peripheral blood but also gener-

ated robust virus-specific CD8    +     T-cell responses in mucosal 

sites. Furthermore, while the CD8    +     T-cell response in the blood 

and BAL peaked rapidly and then waned, the CD8    +     T-cell 

response in the GI tissues was sustained at a lower level. 

 Both DNA / rNYVAC and rBCG / rNYVAC immunization 

regimens induced clonally diverse p11C-specific CD8    +     

T-cell populations in the mucosal sites. At 2 weeks following 

rNYVAC boost, we observed Simpsons diversity indices >0.88 

in the gastrointestinal mucosal tissues and BAL ( Figure 4b ). 

There were no statistically significant differences between the 

clonal diversity of the p11C-specific CD8    +     T-cell populations 

in the peripheral blood and in the mucosal tissues of the vac-

cinated animals, indicating that systemic vaccination does not 

restrict the clonal diversity of this cellular response in mucosal 

sites.   

   Figure 4             Systemic prime-boost vaccination with recombinant vectors induces clonally diverse p11C-specific CD8    +     T-cell responses in mucosal 
compartments of rhesus monkeys. ( a ) The magnitude of Gag p11C-specific CD8    +     T cell responses was evaluated in systemic and mucosal 
compartments of vaccinated  Mamu-A * 01 -positive rhesus monkeys using Mamu-A * 01  /  p11C tetramer staining. Cohorts of five rhesus monkeys 
vaccinated with either DNA / rNYVAC or rBCG / rNYVAC were evaluated at 2 and 10 weeks following rNYVAC boost. ( b ) Additionally, Simpson ’ s diversity 
index was used to express the clonal diversity of the p11C-specific CD8    +     T-cell responses in systemic and mucosal compartments of vaccinated 
monkeys at 2 weeks following rNYVAC boost. Means ± s.e. for each group are shown. There were no significant differences in clonal diversity of the 
systemic and mucosal p11C-specific CD8    +     T-cell populations. BAL, bronchoalveolar lavage; PBMC, peripheral blood mononuclear cells.  
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 The TCRB clonal repertoire of p11C-specific CD8    +     T cells is 
shared between the mucosal tissues and peripheral blood 
early following vaccination but eventually diverges 
 Having established the magnitude and kinetics of the p11C-spe-

cific CD8    +     T-cell response in the mucosal tissues and peripheral 

blood, we then assessed the clonal composition of the p11C-

specific CD8    +     T-cell responses in these anatomic compart-

ments. For each tissue compartment in every evaluated animal, 

a minimum of 100 TCRB clones were completely sequenced 

to establish the clonotypic composition of the p11C-specific 

CD8    +     T-cell population in each compartment. The amino-acid 

sequences spanning the CDR3 regions of the TCRB are shown 

for each anatomic compartment of the representative animal 

176-08 at week 2 following boost ( Figure 5a ). Sharing of clono-

types between anatomic compartments of the same animal was 

defined by the presence of identical CDR3 nucleotide sequences 

in those compartments. 

 Analysis of the TCRB gene usage in the p11C-specific CD8    +     

T-cell population derived from the peripheral blood at week 2 

following boost demonstrated a polyclonal repertoire, with 24 

clonotypes seen in 104 sequences. At week 2 following boost, 

the p11C-specific CD8    +     T cells from the colon, duodenum, 

and BAL exhibited similar polyclonality, with 20, 20, and 25 

individual clonotypes defined, respectively. The clonal reper-

toires in these compartments were very similar, and >50 %  of the 

clones in each compartment were also found in other compart-

ments. There were three clones, highlighted in pink, present 

in all four compartments that were studied. There were also 

11 clones shared in two compartments, highlighted in green, 

and 6 clones shared in three compartments, highlighted in beige. 

A high degree of intercompartmental sharing was observed for 

both the dominant and the rare clones. 

 Next, we characterized the p11C-specific CD8    +     T-cell clonal 

repertoire at week 10 post boost to determine how the repertoire 

evolved ( Figure 5b ). The repertoire diversity decreased by week 

10 in the peripheral blood and the mucosal compartments in 

this monkey, with fewer than 15 distinct clones defined from 

104 total sequences. 

 In contrast to what was observed early post boost, the 

dominant p11C-specific CD8    +     T-cell clones in the colon and 

duodenum at week 10 were unique to those anatomic compart-

ments, whereas the clones in the peripheral blood and BAL 

were shared. There was a significant decrease in the sharing 

of clones between the gastrointestinal mucosal compartments 

   Figure 5             Representation of clonotypes in p11C-specific CD8    +     T-cell populations following prime-boost vaccination. TCRB CDR3 amino-acid 
sequences, TCRBV gene usage, TCRBJ gene usage, and the relative frequency of p11C-specific clonotypes are shown for representative monkey 
176-08 at ( a ) week (wk) 2 and ( b ) week 10 following rNYVAC boost. Clones found in two compartments are shaded in green, clones found in three 
compartments are shaded in beige, and clones found in all evaluated compartments are shaded in pink. Yellow shading in the frequency column 
indicates that the specific clone was present in the same compartment at both week 2 and week 10 following boost. BAL, bronchoalveolar lavage; 
PBMC, peripheral blood mononuclear cells.  
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and the peripheral blood and BAL by week 10 post boost, as 

indicated by the large number of unshared sequences (>80 %  

in the colon and duodenum). By contrast, >50 %  of clones were 

shared between the peripheral blood and BAL at week 10, simi-

lar to what was observed at 2 weeks following the boost immu-

nization. Additionally, we observed that clones were retained in 

the colon and duodenum to a much greater degree than in the 

peripheral blood or BAL (highlighted in yellow). 

 We observed substantial sharing of p11C-specific CD8    +     

T-cell clones between the systemic and mucosal com-

partments at 2 weeks following boosting in the groups of 

DNA / rNYVAC- and rBCG / rNYVAC-vaccinated monkeys 

( Figure 6a ). Greater than 60 %  of the clones in an anatomic 

compartment were also found in one or more other compart-

ments in the same animal; only a minority of the clones were 

present in a single compartment. However, by 10 weeks fol-

lowing boosting, there was a substantial decrease in clonal 

sharing between the gastrointestinal mucosal compartments 

and peripheral blood ( Figure 6b ). In the DNA / rNYVAC group 

of vaccinated monkeys, the number of unique clonotypes in 

the colon and duodenum increased to 78 %  of the total number 

of clones detected in each of these compartments. Similarly, 

in the rBCG / rNYVAC group, >80 %  of the total clones in the 

colon and duodenum were unique to these compartments. 

Interestingly, we did not observe a decrease in clonal shar-

ing between the peripheral blood and BAL in the vaccinated 

monkeys. Greater than 60 %  of the clones were found in both 

compartments, and there was no significant change in clonal 

sharing between these compartments over time. Additionally, 

even if the colon and duodenum are considered as a single 

mucosal compartment, we observed the same trend, with a 

majority of the clones in the gastrointestinal mucosa unique 

to that compartment, whereas there were a small number of 

clones that were shared between the gastrointestinal mucosa, 

the peripheral blood and BAL.   

 Vaccine-induced p11C-specific CD8    +     T-cell clones were 
retained in the gastrointestinal mucosal compartments 
 To determine what was driving the decrease in clonal shar-

ing between the gastrointestinal mucosal compartments and 

other anatomic compartments, we explored whether there 

were differences in the retention and turnover of p11C-spe-

cific CD8    +     T-cell clones in these compartments ( Figure 7 ). We 

found that approximately 80 %  of the clones in the colon and 

duodenum of the vaccinated animals were retained from week 

2 to week 10 following boost, while 20 %  of clones were only 

found at the week 10 timepoint. By contrast, there was a more 

equal distribution of clones retained in the peripheral blood 

and BAL of the vaccinated animals during this time period, 

with approximately 50 %  of the clones retained in the peripheral 

blood and 58 %  of clones retained in the BAL. In SIV-infected 

animals, there were comparable percentages of p11C-specific 

CD8    +     T-cell clones retained at weeks 2 and 10 following infec-

tion, and this was observed in all of the evaluated anatomic 

compartments.   

 Dynamic expression of trafficking molecules on 
vaccine-induced p11C-specific CD8    +     T cells 
 The sharing of p11C-specific CD8    +     T-cell clones between sys-

temic and mucosal compartments found soon after immuniza-

tion followed by the decrease in this sharing suggested that there 

may be changes in the ability of the peripheral blood p11C-

specific CD8    +     T cells to traffic to the gastrointestinal mucosa. 

To explore this possibility, we examined the dynamics of  � 4 � 7 

expression on p11C-specific CD8    +     T cells in the peripheral 

blood following vaccination. The gating strategy used and rep-

resentative staining profiles for  � 7 are shown in  Supplementary 

Figure S2  online. We observed high levels of  � 4 � 7 expression 

at week 2 with 50 %  of vaccine-induced p11C-specific CD8    +     T 

cells expressing this molecule following boosting ( Figure 8a ). 

However, there was a decrease to 7 %  of cells expressing  � 4 � 7 

by week 10 following boost. In contrast, we did not observe a 

significant decrease in  � 4 � 7 expression on p11C-specific CD8    +     

T cells between week 2 and week 12 following infection. These 

findings suggested that the limited duration of  � 4 � 7 expression 

on the vaccine-induced p11C-specific CD8    +     T cells may explain 

the transient ability of these cells to traffic to the gastrointestinal 

mucosa. The relatively small proportion of new p11C-specific 

CD8    +     T-cell clones found in the gastrointestinal mucosal com-

partments at week 10 following boost might be explained by 

   Figure 6             Longitudinal analysis of clonotypic sharing in mucosal and systemic compartments of vaccinated rhesus monkeys. The mean percentages 
of p11C-specific CD8    +     T-cell clonotypes detected in only one (unique) or more than one (shared) compartments are shown for four anatomic 
compartments (peripheral blood mononuclear cells (PBMC), bronchoalveolar lavage (BAL), colon, and duodenum (DUOD)) in the entire cohort of 
DNA / rNYVAC- and rBCG / rNYVAC-vaccinated rhesus monkeys at ( a ) week 2 and ( b ) week 10 following boost. The total numbers of clonotypes in each 
individual compartment were pooled in each cohort of vaccinated monkeys to generate these values.  



MucosalImmunology | VOLUME 6 NUMBER 1 | JANUARY 2013  99

ARTICLES

the reduction in the gastrointestinal-homing ability of vaccine-

induced p11C-specific CD8    +     T cells over time. 

 We also evaluated the expression of CCR7, the chemokine 

receptor which is important for lymphocyte circulation in sec-

ondary lymphoid organs, on vaccine-induced p11C-specific 

CD8    +     T cells. Although >50 %  of the p11C-specific CD8    +     T 

cells in the peripheral blood and BAL of the vaccinated ani-

mals expressed CCR7,     <    10 %  of p11C-specific CD8    +     T cells 

in the gastrointestinal mucosal compartments expressed CCR7 

( Figure 8b ). The downregulation of CCR7 expression by these 

cells in the gastrointestinal mucosal tissue is consistent with the 

high level of retention of the vaccine-induced p11C-specific 

CD8    +     T-cell clones in this anatomic compartment late follow-

ing boosting.   

 Gastrointestinal mucosal p11C-specific cells have an effector 
memory phenotype 
 We also examined the memory differentiation profile of the 

vaccine-induced p11C-specific CD8    +     T cells in mucosal and 

systemic compartments. We used memory subset designations 

based on the expression of CD28 and CCR7 to determine the 

distribution of central memory (CD28    +     / CCR7    +    ), transitional 

effector memory (CD28    +     / CCR7    −    ), and fully differentiated 

effector memory (CD28    −     / CCR7    −    ) p11C-specific CD8    +     T 

cells in these compartments after rNYVAC boost. 3  The gat-

ing strategy used and representative staining profiles for CD28 

and CCR7 are shown in  Supplementary Figure S2  online. At 

week 2 following boost, >50 %  of the p11C-specific CD8    +     T 

cells in the peripheral blood had a central memory phenotype, 

  Figure 7             Vaccine-induced p11C-specific CD8    +     T-cell clones are retained in the gastrointestinal mucosa. The percentage of retained and new 
p11C-specific CD8    +     T-cell clones are shown for four anatomic compartments in vaccinated rhesus monkeys at 10 weeks (wks) following rNYVAC 
boost and in simian immunodeficiency virus (SIV)-infected rhesus monkeys 12 weeks following infection. Retained clones are those found in the same 
compartment at 2 weeks and 10 weeks following rNYVAC boost, whereas new clones are those identified only 10 weeks following this boost. The 
total numbers of clonotypes in each individual compartment were pooled for each cohort of DNA / rNYVAC- and rBCG / rNYVAC-vaccinated animals. 
Means ± s.e. for each compartment are shown. There were statistically significant differences ( P     <    0.05, Welch ’ s  t  test) between the percentages of 
retained clones and new clones in the gastrointestinal mucosal compartments of the vaccinated monkeys. BAL, bronchoalveolar lavage; PBMC, 
peripheral blood mononuclear cells.  

   Figure 8             Dynamic expression of molecules associated with cell trafficking on vaccine-induced p11C-specific CD8    +     T cells. ( a ) The percentages 
of the peripheral blood p11C-specific CD8    +     T cells expressing the gastrointestinal-homing – associated cell surface molecule  � 4 � 7 are shown at 
2 and 10 weeks (wks) following rNYVAC boost in vaccinated animals and at 2 and 12 weeks following simian immunodeficiency virus (SIV) infection. 
Means ± s.e. for each group at each timepoint are shown. There was a statistically significant decrease in  � 4 � 7 expression over time in vaccinated 
animals ( P     <    0.05, Welch ’ s  t  test). ( b ) The percentages of p11C-specific CD8    +     T cells expressing CCR7 in different anatomic compartments of 
vaccinated animals were measured at week 2 following rNYVAC boost. Means ± s.e. for each compartment are shown. There were statistically 
significantly lower levels of CCR7 expression on the gastrointestinal mucosal p11C-specific CD8    +     T cells as compared with the peripheral blood and 
bronchoalveolar lavage (BAL) ( P     <    0.05, Kruskal – Wallis test). PBMC, peripheral blood mononuclear cells.  
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and >40 %  had this phenotype in the BAL ( Figure 9 ). However, 

in both the colon and duodenum, >70 %  of the p11C-specific 

CD8    +     T-cell response had an effector memory phenotype. The 

majority of the effector memory p11C-specific CD8    +     T cells 

in the gastrointestinal mucosal tissue were transitional effector 

memory cells. At week 10 following boost, 70 %  of these cells 

in the peripheral blood had a central memory phenotype, and 

there was a decrease in the percentage of cells with an effector 

memory phenotype. There were no significant changes over 

time in the memory profile of these cells in the BAL. However, 

in the gastrointestinal mucosal tissue, we observed a relative 

decrease of the transitional effector memory population, with 

an associated increase in the proportion of p11C-specific CD8    +     

T cells with a fully differentiated effector memory phenotype. 

Thus, the microenvironment of the gastrointestinal mucosal 

tissue affects memory differentiation of these SIV Gag epitope-

specific CD8    +     T cells.    

 DISCUSSION 
 In this study, we showed that different prime-boost vaccination 

regimens (rBCG / rNYVAC, rDNA / rNYVAC, and rBCG / rAd5) 

generate SIV-specific clonal responses with comparable diver-

sity. We observed that epitope-specific CD8    +     T cells elicited by 

the three different prime-boost vaccination regimens had simi-

lar TCRBV usage, TCRBJ usage, and CDR length. Moreover, the 

vaccine-elicited epitope-specific CD8    +     T-cell responses were 

as clonally diverse as those induced by SIV infection. This was 

surprising, as one might expect a persistently replicating virus 

to generate a greater breadth of clonal diversity than vaccination 

with non-replicating vectors. These results suggest that although 

the nature of the vaccine vector might influence the magnitude 

of the CD8    +     T-cell responses, the diversity and clonal composi-

tion of the CD8    +     T-cell repertoire cannot be manipulated by 

different vectors. Our data support previous studies of the p11C-

specific CD8    +     T-cell repertoire that have also found similar 

clonal composition of the p11C-specific response during SIV 

infection and vaccination. 15  

 An important question for HIV vaccine design is whether 

systemic vaccination can induce potent and durable cellular 

responses at the mucosal sites. We have utilized the well-stud-

ied p11C epitope of SIV Gag to better understand the effects 

of systemic vaccination in inducing mucosal CD8    +     T-cell 

responses. 9,15,16  It has been assumed that systemic vaccination 

might not be optimal because of compartmentalization between 

the systemic and mucosal immune systems. In fact, several stud-

ies of localized infection and vaccination have shown anatomic 

skewing of primary and memory CD8    +     T-cell responses to 

the initial site of antigen exposure. 1,2,17 – 19  There is evidence to 

suggest that tissue-homing receptor expression is determined 

by the location of T-cell activation, such that priming in the 

mesenteric lymph node induces gastrointestinal-homing  � 4 � 7 

expression. 20,21  These observations suggest that local infection /

 immunization and subsequent priming in the mucosal tissues 

may be required for dissemination of CD8    +     T cells into the 

gastrointestinal and genital mucosal sites. 2,17,22,23  However, the 

presented data suggest that systemic vaccination with non-repli-

cating vectors induces rapid and clonally diverse mucosal cellu-

lar immune responses that are sustained over time. Other recent 

studies of systemic vaccination as well as localized infection 

have also demonstrated similar broad effector T-cell responses 

that bridge systemic and mucosal compartments. 6,24,25  An 

explanation consistent with these findings is that regulation of 

  Figure 9             Systemic prime-boost vaccination induces effector memory p11C-specific CD8    +     T cells in the gastrointestinal mucosa. The memory 
subsets of vaccine-elicited p11C-specific CD8    +     T cells in various anatomic compartments were determined by analysis of the expression of the cell 
surface molecules CD28 and CCR7. The relative representation of the p11C-specific CD8    +     T cells with a central memory (CM) (CD28    +     / CCR7    +    ), 
a transitional effector memory (TEM; CD28    +     / CCR7    −    ), and a fully differentiated effector memory (EM) phenotype (CD28    −     / CCR7    −    ) are shown at 
2 and 10 weeks following rNYVAC boost. BAL, bronchoalveolar lavage; PBMC, peripheral blood mononuclear cells.  
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T-cell trafficking is dynamically modulated upon trafficking to 

different microenvironments. For example, there is evidence 

showing that priming in the spleen can generate a promiscuous 

homing receptor program that drives migration to the gastro-

intestinal mucosa. 26  Similarly, intradermal inoculation of 

vaccinia virus can result in upregulation of gastrointestinal-

homing molecules. 27  

 Another issue of relevance to vaccine-induced protective 

cellular immunity is whether memory CD8    +     T cells circulate 

between the blood and the mucosal tissues. Parabiosis experi-

ments and adoptive transfer studies in mice have suggested that 

there is restricted recirculation of CD8    +     T cells between the 

blood and the intestinal epithelium, whereas CD8    +     T cells can 

recirculate between the blood and the lungs. 28,29  In the current 

studies, at week 2 following vaccination there was a high degree 

of clonal sharing between all sampled anatomic compartments; 

however, by week 10 following vaccination there were very few 

clones shared between the peripheral blood and the gastrointes-

tinal mucosal tissue. A large proportion of p11C-specific CD8    +     

T clones were retained in the gastrointestinal mucosa, whereas 

there was turnover of these clones in the peripheral blood and 

BAL. Consistent with these observations, we found small num-

bers of CCR7    +     p11C-specific CD8    +     T cells in mucosal sites, 

as CCR7 is involved in the exit of CD8    +     T cells from the tissues 

into the afferent lymphatics. 30,31  The limited clonal sharing of 

p11C-specific CD8    +     T cells between the peripheral blood and 

the gastrointestinal mucosal tissues might be a consequence 

of the low level of expression of  � 4 � 7 on p11C-specific CD8    +     

T cells in the peripheral blood following vaccination. In fact, 

the present data are consistent with a study that demonstrated 

a dynamic CD8    +     T-cell migration program, with transient 

expression of  � 4 � 7 on these cells following LCMV infection in 

mice and yellow fever vaccination in humans. 26  Additionally, 

we found that the percentage of p11C-specific CD8    +     T cells 

remained stable in the gastrointestinal mucosal tissues from 

week 2 to week 10 following vaccination even though there 

was a decrease in  � 4 � 7 expression by this cell population in the 

peripheral blood. This finding suggests that there are mecha-

nisms in addition to trafficking that ensure the maintenance 

of the p11C-specific CD8    +     T-cell population in the mucosa. 

The available studies suggest that vaccine-induced CD8    +     T cells 

migrate into the intestinal mucosa, differentiate into effector 

memory CD8    +     T cells  in situ , and remain resident there with-

out recirculating. In the future, it will be important to evaluate 

what specific mechanisms ( in situ  proliferation or resistance to 

cell death) allow the maintenance of resident effector memory 

CD8    +     T cells in the mucosal tissues. 

 The absence of sharing of p11C-specific CD8    +     T-cell clones 

between mucosal and systemic compartments at a late time-

point following vaccination contrasts with our previous dem-

onstration of increased clonal sharing in these compartments 

over time following SIV infection. This difference suggests that 

there may be differences in the CD8    +     T-cell migration program 

induced by SIV infection and vaccination, perhaps owing to 

the effect of sustained antigen expression on the migration and 

activation of CD8    +     T cells. 32  Thus, transient antigen expression 

following vaccination with non-replicating vectors may result 

in limited trafficking of CD8    +     T cells to the gastrointestinal 

mucosa, whereas chronic antigenic stimulation in the setting 

of SIV infection in the blood and gastrointestinal mucosa may 

allow the responding memory CD8    +     T cells to traffic between 

these compartments. 

 In contrast to what we observed in the gastrointestinal 

mucosal tissues, we demonstrated a high degree of sharing of 

p11C-specific CD8    +     T-cell clones between the peripheral blood 

and BAL at both the early and late timepoints following vaccina-

tion, and detected very few clones retained in the BAL over time. 

These findings are consistent with the previous observations 

that Sendai virus-specific CD8    +     T cells recirculate between 

pulmonary airways and the periphery. 33  

 It has been suggested that the differentiation state of vaccine-

induced memory CD8    +     T cells is important in the protection 

that these cells confer. Effector memory CD8    +     populations 

with constitutive cytolytic function may be more beneficial 

in controlling virus replication than central memory CD8    +     

T-cell populations. It has recently been shown that live, repli-

cating vaccine vectors such as rhesus monkey cytomegalovirus 

induce differentiated effector memory CD8    +     T-cell responses 

that may confer protection from mucosal SIV challenge. 3,34  In 

the present studies, we have evaluated non-persistent, non-

replicating vaccine vectors that have been shown to induce 

central memory CD8    +     T cells. However, it is noteworthy that 

there was a predominance of central memory CD8    +     T cells in 

the peripheral blood and BAL, but a predominance of effec-

tor memory CD8    +     T cells in the gastrointestinal mucosa of 

these vaccinated animals. We also observed an evolution of 

p11C-specific CD8    +     T cells following vaccination from the 

transitional effector memory phenotype to effector memory 

phenotype in the gastrointestinal mucosal tissue. These find-

ings suggest that the memory phenotype of CD8    +     T cells in 

mucosal tissues may be independent of the vaccination strategy. 

Regardless of initial stimulation, memory CD8    +     T cells in the 

gastrointestinal mucosa may evolve to an effector differentia-

tion state, as a consequence of exposure to local environmental 

factors such as commensal microorganisms and the tissue-asso-

ciated cytokine milieu. 28  In fact, memory CD8    +     T cells in the 

gastrointestinal epithelium are functionally distinct from those 

in lymphoid tissue and mediate immediate cytotoxicity upon 

reinfection. 35  Although it is unclear how tissue microenviron-

ments influence memory differentiation, the present data as well 

as the other studies suggest that anatomic location can impact 

the memory CD8    +     T-cell differentiation. 28,35,36  In the present 

study, due to the extremely limited number of p11C    +     CD8    +     T 

cells obtained from mucosal pinch biopsies, we were unable to 

carry out functional studies on these cells such as intracellular 

cytokine staining or proliferation assays. In future studies, it 

might be helpful to obtain necropsy samples from vaccinated 

and infected rhesus monkeys to provide enough cells to carry 

out functional assays. 

 Although the present studies focused on the gastrointestinal 

mucosal tissues, which are both an early and long-term reser-

voir of viral replication, it is important to note that the genital 
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mucosa is the first point of virus acquisition in heterosexual 

HIV-1 transmission. Our focus on gastrointestinal mucosal tis-

sues reflects, in part, the substantial difficulties associated with 

sampling the genital mucosal tissue in rhesus monkeys. Given 

our finding that individual mucosal tissues are associated with 

a distinct profile of CD8    +     T-cell responses, it is likely there are 

unique features of the genital mucosa that should be considered 

in future studies. 

 The present study demonstrates that systemic vaccination 

can elicit CD8    +     T-cell responses in mucosal compartments. 

However, it also shows that there may be vaccine-related differ-

ences in the trafficking, phenotype, and function of CD8    +     T cells 

at mucosal sites that can impact the protective ability of vaccine-

induced immune responses. This observation may have impor-

tant implications. First, the character of virus-specific CD8    +     

T cells in the peripheral blood may not reflect the quantity and 

quality of nonrecirculating mucosal cell populations. Second, 

the observation that virus-specific memory CD8    +     T cells can 

remain resident in the gastrointestinal mucosal tissue supports 

the hypothesis that microenvironmental cues can influence the 

differentiation profile of these cells. Thus, evaluating correlates 

for vaccine-induced immunity for HIV / SIV will require the study 

of genital and gastrointestinal mucosal cell populations.   

 METHODS     
  Animal immunizations and sampling   .   All animals used in this study 
were colony-bred  Mamu-A * 01    +      Indian-origin rhesus monkeys 
( Macaca mulatta ). The animals were maintained in accordance with 
the guidelines of the Institutional Animal Care and Use Committee 
for Harvard Medical School. There were three groups of systemically 
prime-boost immunized monkeys and one group of SIV-infected mon-
keys used in these studies. The groups were primed with DNA (5   mg, 
intramuscular, at 0, 4, and 8 weeks) or rBCG (10 9    cfu, intra venous) 
vectors expressing the SIVmac239  Gag  gene. These animals were then 
boosted with an attenuated recombinant poxvirus vector (rNYVAC, 
10 7    pfu, intramuscular, at 43 weeks) or a recombinant adenovirus 
serotype 5 vector (rAd5, 10 10    pfu, intramuscular, at 43 weeks) express-
ing the same gene. Each vaccinated group consisted of five monkeys. 
The fourth group consisted of six monkeys infected with SIVmac251 
as previously described. 13  We obtained peripheral blood, colon biopsy, 
duodenal biopsy, and BAL specimens from all the animals.   

  Sample preparation and flow cytometric sorting   .   Lymphocytes were 
isolated from the blood and BAL by using Ficoll-Paque (Pharmacia, NY). 
Isolation of mononuclear cells from colonic and duodenal biopsies was 
accomplished by using an optimized collagenase digestion procedure 
for 30   min. 37  The tetrameric Mamu-A * 01 / p11C complex was used 
in association with CD3 (SP34.2)-, CD8 (SK1)-, CD28 (28.2)-, CD95 
(DX2)-, CCR7 (3D12)-, and  � 7 (FIB504)-specific antibodies to stain lym-
phocytes and identify p11C    +     CD8    +     T cells from the peripheral blood 
and mucosal compartments. A violet fluorescent reactive dye (ViViD; 
Invitrogen, Carlsbad, CA) was also used as a viability marker to exclude 
dead cells. The antibodies used in the present study were directly coupled 
to FITC, PE, ECD, PE-Cy7, APC, APC-Cy7, and Quantum-Dot 605. All 
antibodies were purchased from BD Biosciences (San Jose, CA). Sorting 
of viable, p11C tetramer    +     CD3    +    CD8    +     T cells was performed using a 
BD FACSAria sorter.   

  Clonotype analysis   .   Up to 20,000 p11C tetramer-labeled CD8    +     T cells 
were sorted directly into 96-well plates containing 25    � l of lysis buffer 
from the Total Mammalian RNA Extraction Kit (Sigma, St Louis, MO). 

The purity of the p11C-specific CD8    +     T cells was >97 % , and repre-
sentative staining profiles and post-purity plots demonstrating this purity 
are shown in  Supplementary Figure S1  online. Comparable numbers 
of p11C-specific CD8    +     T cells were sorted from the various compart-
ments of each monkey, and a summary of the number of p11C-specific 
CD8    +     T cells obtained from each monkey is shown in  Supplementary 
Table S1  online. The p11C-specific CD8    +     T-cell population from each 
compartment was sorted into a separate well of a 96-well plate to prevent 
cross-contamination. Cell samples were then centrifuged for 3   min and 
immediately stored at     −    80 ° C. Subsequently, cell samples were thawed 
and RNA was extracted using the Total Mammalian RNA Extraction 
Kit (Sigma). cDNA synthesis from the resulting RNA was conducted 
with the 5 �  SMART RACE cDNA amplification kit (Clontech, Mountain 
View, CA). The cDNA was subjected to template switch-anchored PCR 
with reverse transcriptase for unbiased amplification of the TCRB chain 
gene products using a universal primer mix and a C � R primer (rhesus 
monkey TCRBC specific; GATCTCTGCTTCTGATGGCTCAA) as pre-
viously described. 13  Purified PCR products were then ligated into the 
pGEM-T Easy vector (Promega, Madison, WI) and used to transform 
DH5 �  Max Efficiency competent  E. coli  (Invitrogen). A minimum of 100 
insert-containing colonies were selected from each sample for sequencing 
and analysis. Sequence analysis of subcloned TCRB gene products was 
conducted with Sequencher version 4.9 (Gene Codes, Ann Arbor, MI) 
as previously described. 13  We have used IMGT nomenclature to assign 
sequences specific to TCRBV and TCRBJ genes.        

    SUPPLEMENTARY MATERIAL  is linked to the online version of the 
paper at  http://www.nature.com/mi    
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