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 INTRODUCTION 
 Untreated infections of humans with the immunodefi-

ciency virus (HIV) and of macaques with pathogenic strains 

of simian immunodeficiency virus (SIV) result in loss of the  

memory CD4     +      T-cell population at mucosal sites within the 

first weeks from the infection. 1 – 4  This early depletion of CD4     +      

T cells occurs more noticeably in the gut 1,2  because this com-

partment is enriched of activated CD4 population that express 

the CCR5 receptor and are targets for the infection. 5 – 7  

It is believed that CD4     +      T-cell depletion at mucosal sites is 

central to AIDS pathogenesis. 2,3,8  Indeed, animals that show a 

better capacity to repopulate the gut with CD4     +      T cells appear 

to progress more slowly to AIDS 9  and animals treated during 

primary SIV infection with antiretroviral therapy maintain 

higher levels of CD4     +      T cells at mucosal sites, 10,11  suggesting 

that early inhibition of viral replication decreases the severity 

of CD4     +      T-cell loss. Interestingly however, studies on a non-

pathogenic natural model of SIV infection of sooty mangabey 

indicate that early CD4     +      T-cell loss  “  per se  ” , whereas perhaps 

necessary, is not sufficient for disease development. 12,13  In fact 

in this model, SIV infection results in severe loss of CD4     +      T cells 

at mucosal sites, yet these animals do not develop disease. 13  

 The finding of high levels of immune activation in pathogenic 

models of SIV and in HIV infections, but not in SIV infection 
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of sooty mangabey, has led to the hypothesis that immune 

activation is key to AIDS pathogenesis. 14  The increased turn-

over of T cells observed in HIV-infected individuals and in 

pathogenic models of SIV infection of macaques is likely 

due to the homeostatic response to the initial loss of cells that, 

together with high level of immune activation, may drive the 

progressive decline of the CD4 T-cell number. 14 – 16  Indeed, in 

the non-pathogenic SIV model, the level of immune activation 

is considerably lower. Thus, tempering the loss of the CD4     +      T 

cells and lowering immune activation may delay progression 

to AIDS. 

 Systemic immunization of macaques with live vector-based 

SIV vaccines has resulted in the elicitation of both systemic 

and mucosal CD8     +      and CD4     +      T-cell responses that are 

recalled following exposure to SIV. 17 – 21  The frequency of these 

responses has been linked to decreased viral replication in 

some, if not all, of these studies. Indeed, several vaccines based 

on the combination of DNA followed by poxvirus-based 

SIV vaccines are able to reduce SIV mac251  plasma and tissue 

and to delay progression to disease. 17 – 22  However, whether 

this reduction in virus levels is sufficient to protect the mucosal 

compartment from CD4     +      T-cell loss and whether vaccina-

tion affects immune activation have not yet been thoroughly 

investigated. 

 The necessity to study whether these vaccine modalities 

protect from CD4     +      T-cell loss rises because early depletion 

of helper CD4     +      T cells may affect long-term CD8 and B-cell 

responses to the virus 23 – 26  and abrogate the long-term effect of 

vaccination. Indeed, experimental depletion of CD4     +      T cells 

at the time of infection decreases the durability of humoral 

and T-cell responses. 27  Similarly, vaccination under conditions 

of CD4     +      T-cell deficiency decreases the titers of antibodies 

to SIV, the quality of CD8     +      T-cell responses, and the 

durability of protection following challenge exposure to 

SIV mac251 . 27  

 A report has analyzed in detail whether vaccination 

protects the gut from destruction of mucosal CD4     +      T cells 

following SIV mac251  challenge exposure. 28,29  In that study, 

a DNA prime / recombinant adenovirus 5 SIV boost vaccine 

regimen decreased virus levels by approximately one log in 

plasma and tissues of the vaccinated macaques. 29  The authors 

found modest differences in the ratio of naive and mem-

ory CD4     +      T cells in tissues of vaccinated and naive control 

animals. 

 In the present study, we addressed this question by obtain-

ing serial blood and mucosal samples from DNA / modified 

vaccinia Ankara (MVA)-SIV-vaccinated macaques in the 

acute and chronic phases of infection. We demonstrated 

that despite the ability of systemic vaccination to signifi-

cantly decrease mucosal virus levels, the loss of CD4     +      T cells 

at mucosal sites did not differ from that of non-vaccinated con-

trols. Rather, we observed that a reduced virus level at mucosal 

sites was associated with lower expression of molecules that 

modulate immune responses, such as cytotoxic T lymphocyte 

antigen-4 (CTLA-4), FoxP3, and indoleamine 2,3-dioxygenase 

(IDO).   

 RESULTS  
 Vaccination with DNA / MVA-SIV induces immune 
responses and significantly decreases virus levels in 
tissues following challenge exposure to SIV mac251  
 Macaques were vaccinated with the re-assorted SIV- Retanef  

gene and the SIV  gag ,  pol , and  env  genes expressed in differ-

ent plasmids (DNA-SIV- gpe ) 30,31  at weeks 0 and 4, followed 

by two boosts at week 26 and at week 53, with recombinant 

MVA expressing the same antigens. A group of six macaques 

were mock vaccinated with a nonrecombinant MVA vector as 

controls ( Figure 1a ). 

 The immunogenicity of the same DNAs expressed in the 

context of the NYVAC vector in naive macaques has been 

demon strated previously. 31  To validate the immunogenicity of 

these new MVA recombinant viruses, we measured the lym-

phoproliferative responses to Gag p27 and to Env gp120 in the 

blood after immunizations with recombinant MVA-SIV. The 

peak of proliferative responses to both proteins was observed 1 

week after the first immunization, as expected with these vaccine 

modalities, and this response contracted by week 28 ( Figure 1b ). 

The second immunization with MVA did not further boost these 

proliferative responses as also observed previously with similar 

vaccine modalities. 31  Vaccinated animals had measurable CD8     +      

and CD4     +      T-cell responses in peripheral blood mononuclear 

cells at week 55 measured after stimulation with SIV- Gag-, Pol-, 

and Env-overlapping peptides ( Figure 1c ). 

 The CD4     +      and CD8     +      T-cell responses were detectable up 

to week 72, 2 weeks before challenge exposure to SIV mac251  

( Figure 1d and e ). Accordingly, interferon (IFN)- �  enzyme-

linked immunosorbent spot (ELISPOT) were measurable dur-

ing the all immunization interval ( Figure 1f ). DNA vaccination 

induced low levels of SIV Gag-specific CD8     +      T-cell responses 

in Mamu-A * 01     +      animals measured with the CM9 tetramer, 

which were boosted effectively after the first MVA immuniza-

tion but not after the second immunization ( Figure 1g ). Low 

frequency of SIV Tat-specific CD8     +      T cells, measured with the 

Tat-SL8 tetramer in Mamu-A * 01     +      macaques, was elicited in all 

vaccinated macaques (data not shown). As expected, CM9 or 

SL8 tetramers failed to stain cells from the mock-immunized 

macaques (data not shown). 

 Analysis of the frequency of central memory and effector 

memory T cells within the CM9 tetramer     +      population in blood 

and rectal mucosa was performed using the CD95 and the CD28 

markers 32  following exposure to SIV mac251 . We found a signifi-

cantly better expansion of central memory: CD95     +      CD28     +      

CM9 tetramer     +      in vaccinated than mock-vaccinated macaques 

in blood ( Figure 1h ). Similarly a better expansion of tetramer     +      

was found in the rectal mucosa of vaccinated animals ( Figure 

1i and j ). Accordingly, a trend for a higher frequency of IL-2-

producing CD8     +      T cells was also found in the blood of the six 

vaccinated animals following stimulation with Gag, Env, or Pol 

peptides at later time points (weeks 12 and 16) than in four 

mock-vaccinated animals analyzed as controls 33  ( Figure 1k ). 

 All macaques were intrarectally exposed to SIV mac251  at week 

74 (see  Figure 1a ), as previously described. 18  As expected, this 

vaccination regimen reduced plasma virus levels of 100-fold 
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during both primary as well as during chronic infection ( Figure 

2a – c ). In fact, plasma viral load on vaccinated animals was sig-

nificantly lower then controls at weeks 2, 12, and 16 after the SIV 

exposure, whereas the difference in plasma virus level between 

immunized and control animals became nonsignificant at week 

24 ( Figure 2c ). 

 A decrease in virus levels that approached statistical sig-

nificance was also observed in the lymph nodes (LNs) of the 

vaccinated macaques ( Figure 2d ). Analysis of virus levels 

at mucosal sites was performed at weeks 12, 16, and 24 after 

infection in both rectal and vaginal biopsies. Interestingly, 

this analysis revealed a decrease of 1,000-fold in virus levels at 

both mucosal sites of vaccinated macaques ( Figure 2e and f ). 

Thus, systemic immunization was able to reduce plasma virus 

levels and, surprisingly, this reduction was even more evident 

at mucosal sites.   

 Vaccination does not protect mucosal sites from early CD4     +      
T-cell loss 
 Having obtained evidence that vaccination was associated with 

a decrease of three and two logs of virus levels at mucosal sites 

and in plasma, we wished to evaluate whether prior vaccina-

tion spared CD4     +      T cells. Serial blood and mucosal samples 

were collected from all animals 2 weeks before challenge expo-

sure (week 72), in the early phase of infection (2 weeks after 

infection) and during chronic infection at weeks 12, 16, and 

24 and mononuclear cell preparations were stained for CD4, 

CD8, CCR5, or CD95, and CD45RA. An example of raw data is 

presented in  Figure 3a . 

 Prior SIV infection, the absolute number of the total mem-

ory and naive CD4     +      T cells, defined with CD95 and CD45RA 

markers or the absolute number of activated CD4     +      T cells 

(CCR5     +      / CD4     +     ), did not differ in the blood of vaccinated and 

mock-vaccinated animals (data not shown) therefore, the data 

from the animals studied were grouped to calculate pre-chal-

lenge baseline values. In blood, the frequency of the total popula-

tion of CD3     +      / CD4     +      cells and of activated CCR5     +      CD4     +      T cells 

did not differ significantly between the control and vaccinated 

groups before and after challenge exposure (data not shown; 

 Figure 3b ). Overall, no durable differences in the absolute 

number of memory CD95     +      CD45RA     +      CD4     +      or naive CD95     −      

CD45RA     +      CD4     +      was observed after challenge exposure in the 

blood of the vaccinated vs. mock-vaccinated animals ( Figure 

3c and d ). 

 At mucosal sites, the frequency of CD4     +      T cells was assessed 

2 weeks before challenge, and at 2    −    3, 12, 16, and 24 weeks from 
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challenge exposure. No significant differences were observed 

in the frequency of memory CD95     +      / CD4     +      T cells within few 

weeks from infection in rectal and vaginal mucosa ( Figure 3e ; 

data not shown), suggesting that the loss of the memory CD4     +      

population during the acute phase of infection occurs to a simi-

lar extent in the mucosal compartment of vaccinated and control 

macaques. In rectal mucosa, a similar loss of CCR5     +      CD4     +      T 

cells occurred in vaccinated and mock-vaccinated animals at 

2 or 3 weeks from challenge exposure. However, we observed 

an apparently better preservation of the CCR5     +      CD4     +      T cells 

that repopulate this site in the vaccinated animals ( Figure 3f   ), 

suggesting that prior vaccination may protect newly recruited 

CD4     +      T cells at mucosal sites. 

 Because most of the data described above were derived from 

mononuclear cells suspension of minced mucosal tissues, we 

wanted to confirm our observations by direct enumeration of 

CD4     +      T cells in intact tissues. To this aim, we enumerated by 

immune histochemistry CD4     +      T cells expressing memory and 

activation markers in rectal pinch biopsies collected before and 

after SIV mac251  challenge exposure. An example of raw data is 

presented in  Figure 4a . By 2 weeks from infection, the number 

of CD4     +      / mm 2  of rectal tissue was decreased of two-thirds as 
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compared to the pre-challenge levels in both vaccinated and 

mock-vaccinated macaques and normal levels were not reconsti-

tuted thereafter ( Figure 4b ). In contrast, but not unexpectedly, 

we observed an increase in the absolute number of CD8     +      cells 

in the same tissue from both groups starting 2 weeks following 

challenge exposure (week 76;  Figure 4c ). 

 Enumeration in rectal biopsies of the absolute number of 

CD95     +      / CD4     +      cells also demonstrated a decrease of two-thirds 

of memory CD4     +      T cells in both the groups of animals with 

respect to the pre-challenge levels, and normal levels of these 

cells were not reconstituted overtime ( Figure 4d ). Analysis of 

the number of CCR5     +      / CD4     +      T cells / mm 2  of tissues revealed 

only a trend toward higher numbers in the tissue of vaccinated 

macaques a few weeks after challenge exposure, but the over-

all difference did not reach statistical significance ( Figure 4e ). 

Similarly, no significant differences were observed in the number 

of the CD4     +      Ki67     +      T-cell subset in tissues following SIV mac251  

infection ( Figure 4f ). A parallel analysis of LNs also revealed 

no significant differences in number of CD3     +      CD4     +      and CD4     +      

Ki67     +      cells in vaccinated or mock-vaccinated macaques (data 

not shown).   

 Vaccination delays expression of modulators of immune 
responses at mucosal sites 
 The results presented above indicate that although vaccination 

does not protect from CD4     +      T-cell loss it does protect, at least 

transiently, from high virus levels at the mucosal site. Recent 

work has suggested an increased frequency of CD25 / FoxP3 /

 CTLA-4 CD4     +      T cells, transforming growth factor (TGF)- � , 

and in the tissues of SIV-infected macaques. 34,35  Because the 

expression of these molecules may be associated with suppres-

sion of SIV-specific immune responses and be detrimental to 

the host ability to control viral replication, 36  we investigated 

whether preexisting adaptive responses to SIV modulated the 

expression of these immune modulators. 37  The level of mRNAs 

for TGF- � , CTLA-4, FoxP3, and IDO was measured by reverse 

transcription – PCR in the total RNA extracted from rectal and 

vaginal pinch biopsies of vaccinated and mock-vaccinated 

macaques after challenge exposure to SIV mac251 . We observed 

that the expression of TGF- � , CTLA-4, and FoxP3 mRNAs was 

upregulated at an earlier time in mock-vaccinated compared to 

vaccinated macaques in both rectal ( Figure 5a – d ) and vaginal 

tissues during chronic infection (data not shown). Furthermore, 

the expression of CTLA-4 and FoxP3 was correlated in the 

mock-vaccinated group ( P     <    0.1,  R     =    0.94) but not in the vac-

cinated animals ( P     =    0.87,  R     =    0.04) ( Figure 5e and f ). 

 To assess IDO activity more directly, we measured by high-

performance liquid chromatography the plasma levels of 

kynurenine and tryptophan (Kyn / Trp) and calculated their 

ratio. Vaccination was associated with a significant lower plasma 

level of kynurenine / tryptophan ratio compared to the controls. 

This difference was already observed at week 7 and was main-

tained trough week 24 after infection, despite similar level of 

IDO expression in tissues at weeks 12 and 24 ( Figure 5c and 

g – i ). Considered together, these data suggest that the faster and 

higher level of expression of immune modulators in control 
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macaques may be associated to increased virus level particu-

larly at mucosal sites.    

 DISCUSSION 
 Mucosal compartments encounter a plethora of antigenic stim-

uli, including pathogens. The appropriate activation of innate or 

adaptive effector mechanisms determines the ability of the host 

to fence off pathogens while avoiding bystander tissue damage 

and immunological exhaustion. A large pool of activated ter-

minally differentiated memory effector CCR5     +      CD4     +      T cells 

reside in the lamina propria of mucosal tissues. HIV and SIV 

preferentially infect these memory CD4 T cells in mucosal effec-

tor sites, causing a rapid loss of this population within the first 

few weeks of infection. 1 – 4  Over time, the CD4     +      T-cell loss in 

SIV-infected macaques is associated with opportunistic infec-

tion and alteration in the intestinal structure and function. 38  

Thus, vaccines for HIV should likely elicit memory CD8     +      

T-cell responses that home at mucosal sites and are of sufficient 

magnitude to prevent or a least temper the loss of the CD4     +      T 

cells in this location. 

 In nonhuman primate models of HIV, systemic vaccina-

tion regimens based on recombinant poxviruses 17 – 20,27,31  or 

other live virus, vectors such as adenovirus 21,28,29  induce meas-

urable CD8     +      T-cell responses in the gut-associated lymphoid 

tissues and reduce viral replication. An immunization regimen 

combining DNA- and recombinant adenovirus-based vaccines 

has been tested for its efficacy in protecting from the loss of 

CD4 T help in jejunum. 28,29  In that study, the frequency of 

CD4     +      and CD8     +      T cells was derived from isolated mono-

nuclear cells obtained from minced tissues, and the conclusion 

was reached that vaccination conferred protection from CD4     +      

T-cell loss. 
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 Here we have evaluated the ability of vaccination with a DNA 

prime – MVA boost regimen to protect mucosal site from CD4     +      

T-cell loss and analyzed not only mononuclear cell suspension 

from minced tissues, but also in intact tissues by immune histo-

chemistry. We found that CD4     +      T cells were not spared in the 

vaccinated group despite the ability of this vaccine regimen to 

induce mucosal immune responses that were expanded follow-

ing SIV mac251  infection and to reduce of 1,000-fold virus levels 

at mucosal site. In fact, a loss of up to 70 %  of CD4     +      T cells was 

observed in both vaccinated and control macaques ( Figure 4b, 

d and e ). In our study, vaccination with DNA-MVA has reduced 

the virus to a similar, if not greater extent, to that reported in the 

case of the DNA-Ad5 vaccine platform, 28,29  ruling out that the 

difference reported here is to a lower level of protection induced 

by the vaccines used in our study. 

 The lack of protection from CD4     +      T-cell loss afforded by 

vaccination is not unexpected as only antibodies that block 

infection could protect the large number of activated CCR5     +      

target T cells present at the site of exposure. Rather, the data 

suggest that most likely the number of the founder viruses is 

not affected by vaccination. This is in line with the hypothesis 

that the adaptive CD8     +      T-cell responses may expand too late 

to curtail the founder virus. 39  At later time points however, the 

expanded CD8     +      T-cell responses may limit the local and sys-

temic dissemination of SIV. Appropriate studies in vaccinated 

animals need to be designed to assess in detail the validity of 

this hypothesis. 

 We observed here that vaccination, by decreasing the overall 

viral burden at mucosal sites, favored the preservation of the 

CD4     +      T cells that migrate to mucosa sites. This was observed 

only when CD3     +      CD4     +      CCR5     +      cells were enumerated in 

mononuclear cell suspension. However, we found only a trend 

for a better preservation of CD4     +      CCR5     +      T cells in intact tissue. 

This discrepancy may be due to the fact that we were unable to 

co-stain CD4     +      CCR5     +      cells in tissues with antibody to CD3, a 

marker that readily identifies T cells. 

 Why are the CD4     +      T cells that replenish the mucosal tissue 

better preserved in vaccinated animals? We could not demon-

strate a clear difference in the activation of the host immune 

response by enumerating CD4     +      Ki67     +      T cells in mucosal tissues 

of vaccinated or mock-vaccinated macaques, suggesting that this 

activation marker  “  per se  ”  does not inform on immune activa-

tion. Rather, we found differences in the expression of molecules 

that are associated with both immune activation and immune 

suppression, such as CTLA-4, IDO, FoxP3, and TGF- � , follow-

ing challenge exposure to SIV mac251 . The activation of these 

immune suppressive mechanisms is directly associated to expo-

sure to the virus and to the level of viral replication. 34  Therefore, 

the ability of vaccination to limit viral replication may directly 

account for the lesser and delayed activation of these immune-

regulatory mechanisms in the vaccinated macaques. The finding 

of a direct correlation in the level of CTLA-4 and FoxP3 in mock, 

but not vaccinated animals, suggests an important difference 

in the quality of local innate and perhaps adaptive responses. 

Thus, it is possible that vaccine-induced responses, by limiting 

viral replication, may limit the induction of immune suppressive 

mechanisms at the mucosal sites, which in turn further favors 

the maintenance of an efficient antiviral response that contains 

viral replication.   

 METHODS     
  Animals, treatments, and SIV mac251  challenge   .   All animals used in this 
study were colony-bred rhesus macaques ( Macaca mulatta ), obtained 
from Covance Research Products (Alice, TX). The animals were housed 
and handled in accordance with the standards of the Association for the 
Assessment and Accreditation of Laboratory Animal Care International. 
The care and use of the animals were in compliance with all relevant 
institutional (NIH) guidelines. 

 A total of 13 macaques were enrolled and divided in two groups, 
as indicated in ( Figure 1 ). Macaques in the first group (VACC) were 
immunized at weeks 0 and 4 with intramascular (3   mg) and intradermal 
(1   mg) inoculations of DNA-SIV- retanef  and individuals plasmid DNAs 
encoding the codon-optimized SIV gag, pol, and envelope genes all given 
at different sites. For the boost, two poxvirus recombinants were used: 
vT360, a recombinant MVA that expresses SIV mac251   env ,  gag-pol  genes 
and vT360, a recombinant MVA that expresses SIV mac239   retanef  genes 30  
(Therion Biologics). All the seven animals were then boosted at weeks 26 
and 52 with MVA-SIV- retanef  and MVA-SIV- gpe . Each vaccination with 
MVA consisted of 10 8  PFU in a volume of 150    � l of phosphate-buffered 
saline delivered intramuscularly at two sites for each animal. Animals in 
the second group (MOCK) were mock vaccinated with the equivalent 
amount of nonrecombinant MVA.   

  Preparation of lymphocytes from blood and tissues   .   Mononuclear 
cells from blood and LNs were isolated by density-gradient centrifuga-
tion on Ficoll and resuspended in RPMI 1640 medium (Gibco BRL, 
Gaithersburg, MD) containing 10 %  fetal bovine serum (R-10). Rectal 
and vaginal pinches were treated with 1   m M  of Ultra Pure Dithiothreitol 
(Invitrogen, Carlsbad, CA) for 30   min followed by incubation in calcium /
 magnesium-free Hank ’ s balanced salt solution (Gibco BRL). Following 
the removal of epithelium and intraepithelial lymphocytes, the tissues 
were incubated with collagenase D (400   U / ml; Boehringer Mannheim, 
Mannheim, Germany) and DNase (1    � g / ml; Invitrogen) for 2.5   h at 37    ° C 
in Iscove ’ s modified Dulbecco ’ s medium (Gibco BRL) supplemented with 
10 %  fetal bovine serum and penicillin – streptomycin. The suspensions 
were shacked every 15   min during this incubation period. The dissociated 
mononuclear cells were than placed over 42 %  Percoll (General Electric 
Healthcare, Piscataway, NJ) and centrifuged at 800 g  for 25   min at 4    ° C. 
Lamina propria lymphocytes were collected from the cell pellet.   

  Viral RNA in plasma and tissues   .   SIV mac251  in plasma was quanti-
fied by nucleic acid sequence-based amplification. 40  Briefly, RNA was 
extracted from plasma and tissues as previously described 41  and iso-
thermally amplified using SIV mac251 -specific primers. Quantification 
was conducted by using an electrochemiluminescence chemistry-based 
probe hybridization system with a coextracted internal standard. The 
copy number was expressed per 100    � l of plasma or per microgram of 
RNA, and the detection limit of the assay was 2 × 10 3  RNA copies. 

 Total RNA from LNs mononuclear cells and from rectal pinches biop-
sies was extracted using the Trizol LS Reagent (Invitrogen), according 
to the manufacturer ’ s instructions. RNA (1    � g) was reverse transcribed 
into first-strand cDNA in a 20    � l reaction containing 1    �  M  random hexa-
nucleotide primers, 1    �  M  oligo dT, and 200   U Moloney murine leukemia 
virus reverse transcriptase (Promega, Madison, WI). 

 cDNA quantification for IDO, TGF- � , CTLA-4, FOXP3, SIV Gag RNA, 
and glyceraldehyde 3-phosphate dehydrogenase was performed by real-
time PCR conducted with the ABI Prism 7900HT (Applied Biosystems, 
Foster City, CA). All reactions were performed using a SYBR Green PCR 
mix (Qiagen, Valencia, CA), as previously described (CTLA4). Data 
analysis was performed with the SDS2.1 software, provided with the 
ABI Prism 7900HT. Primer sequences were designed using the Primer3 
software as previously described. 35    



MucosalImmunology | VOLUME 1 NUMBER 6 | NOVEMBER 2008 505

ARTICLES

  Immune histochemistry and immune fluorescence   .   Tissue was fixed in 
4 %  paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) and 
embedded in paraffin. All slides were stained using the Dako Autostainer 
(Dako, Carpenteria, CA). Tris-buffered saline with Tween 20 (Dako) was 
used for all washes. Bovine serum albumin / monkey serum / Tris-buffered 
saline (5 % ) was used for all antibody dilutions. The primary antibodies 
used included monoclonal antibody (mAb) anti-CD4 mouse IgG1 (clone 
IF6; Vector, Burlingame, CA), biotinylated mAb anti-CD45RA mouse 
IgG1 (clone F8-11-13; AbD Serotec, Raleigh, NC), polyclonal anti-CD95 
rabbit serum (Genetex,  San Antonio, TX), and polyclonal anti-CCR5 rab-
bit serum (ProSci, Poway, CA). For all primary antibodies, slides were 
subjected to an antigen retrieval step consisting of incubation in citrate 
(pH 6.0; Dako) for 2   min at 124    ° C in the Digital Decloaking Chamber 
(Biocare Medical, Concord, CA) followed by cooling for 20   min to 89    ° C 
before rinsing in running water and a final buffer rinse. Primary anti-
bodies were replaced by normal rabbit immunoglobulin G (IgG; Zymed, 
South San Francisco, CA) or mouse IgG (Dako) and included with each 
staining series as the negative control. For double-label immunofluo-
rescence, nonspecific binding sites were blocked with 10 %  goat serum 
and Tween 20 in phosphate-buffered saline (Background Eraser; Biocare 
Medical). Binding of the primary antibodies was detected simultaneously 
using Alexa Fluor 488-labeled polyclonal goat anti-rabbit IgG (Molecular 
Probes, Eugene OR), Alexa Fluor 568-labeled polyclonal goat anti-mouse 
IgG (Molecular Probes), or streptavidin Alexa Fluor 568 conjugate for 1   h 
(Molecular Probes). Nonspecific binding sites were further blocked by 
the addition of a 30   min incubation in 5 %  bovine serum albumin / Tris-
buffered saline between the first primary antibody incubation and detec-
tion reagents, and the addition of second primary antibody and detection 
reagents. All slides were coverslipped using ProLong Gold with 4 � ,6-
diamidino-2-phenylindole dihydrochloride hydrate (Molecular Probes, 
Carlsbad, CA) to stain nuclei. All the control experiments gave appropri-
ate results with minimal nonspecific staining (data not shown). 

 Slides were visualized with epi-fluorescent illumination using a Zeiss 
Axioplan 2 microscope (Carl Zeiss Inc., Thornwood, NY) and appropri-
ate filters. Digital images were captured and analyzed by using a Zeiss 
Axiocam System and Openlab software (Inprovision, Waltham, MA).   

  Quantitative image analysis   .   The number of positive mAb-labeled 
cells / mm 2  of tissue sample was quantified using a Zeiss AxioCam HRc 
digital camera mounted on a Zeiss microscope (Zeiss, Jena, Germany) 
fitted with a  × 40 plan neofluar objective and a polarizing filter cube with 
appropriate filters (Omega Optical, Brattleboro, VT). Digital images 
were captured with Openlab software (Improvision, Lexington, MA). 
One section per tissue with representative histomorphological com-
ponents (cortex, paracortex, follicles, medulla for LN; and epithelium, 
lamina propria, and muscularis mucosa for rectum) was analyzed. Five 
high-power ( × 40) microscope fields of the T-cell-rich zone (paracortex) 
per LN section and five high-power fields of lamina propria from rectal 
sections were randomly chosen and captured digitally with the system 
described above. Each captured field includes an area of approximately 
0.04   mm 2 . Only clearly positive cells with distinctly labeled nuclei (4 � ,6-
diamidino-2-phenylindole dihydrochloride hydrate) and bright staining 
were considered positive. Individual positive cells in the five captured 
high-power microscope fields of the immunohistochemical stained tis-
sue sections were counted manually by a single observer. The numbers 
of positive cells are presented as cells per square millimeter.   

  Tryptophan and kynurenine concentration measurement by high-
performance liquid chromatography   .   Detection of tryptophan and 
kynurenine was performed on plasma collected from animals by high-
performance liquid chromatography as previously described. 34,42    

  Statistical analysis   .   Statistical analyses for mRNA expression, tryp-
tophan and kynurenine ratio, and LN viral load were performed using 
the SPSS 13.0 software (SPSS, Chicago, IL). Differences between groups 
were assessed by nonparametric Mann – Whitney  U -test. Differences 

before and after treatment within the same group were assessed using the 
Wilcoxon test. All  P -values shown in the text and figures are two tailed.   

  CD4     +      and CD8     +      T-cell counts   .   CD4     +      and CD8     +      counts were periodi-
cally determined whole blood and by fluorescence-activated cell sorting 
analysis, according to the FACS / Lyse kit (BD Immunocytometry Systems, 
San Jose, CA), and analysis were performed using a FACSCalibur Flow 
Cytometer (BD Biosciences, San Jose, CA). The antibodies used were 
CD3 (BD Biosciences; SP34), CD4 (BD Biosciences; L200), CD8 (DK25; 
DakoCytomation, Carpinteria, CA), and CD20 (B9E9; Beckman Coulter, 
Fullerton, CA).   

  Lymphocyte proliferation assay   .   Peripheral blood mononuclear cell 
were cultured at 10 5  cells per well in triplicates for 3 days in the absence 
or presence of native high-performance liquid chromatography-purified 
SIV p27 Gag or gp120 Env proteins (Advanced BioScience Laboratories, 
Kensington, MD), or concavalin-A as a positive control. The cells were 
then pulsed overnight with 1    � Ci of [ 3 H] thymidine before harvest. The 
relative rate of lymphoproliferation was calculated as fold of thymidine 
incorporation into cellular DNA over medium control (stimulation 
index).   

  Intracellular staining and ELISPOT   .   SIV-specific CD4     +      and CD8     +      
T-cell responses were detected using pools of 15-meric peptides over-
lapping by 11 amino acids covering entire Gag, Env, and Pol proteins of 
SIV mac239 . Cells (1 × 10 6 ) in RPMI 1640 medium (containing 10 %  human 
serum and antibiotics) were incubated in the absence or the presence 
of a specific peptide pool at 1    � g / ml of each peptide for 1   h or in the 
presence of the super-antigen staphylococcal enterotoxin B (Sigma, 
St. Louis, MO, US) at a 1   mg / ml final concentration as a positive control. 
The co-stimulatory mAb CD28 and CD49d (0.5    � g / ml; BD Pharmingen, 
San Diego, CA) were added to all the samples to maximize the detec-
tion of T cells with higher activation thresholds. Positive control was 
treated with staphylococcal enterotoxin B Brefeldin A (GolgiPlug; BD 
Biosciences) at a final concentration of 10    � g / ml was added, and the cells 
were incubated for an additional 5   h. The cells were washed, stained for 
the surface Ags with anti-human CD3 �  (clone SP34; BD Pharmingen) 
and anti-human CD8 �  Abs (clone 2ST8.5H7; Beckman Coulter), perme-
abilized by incubation in Cytofix / Cytoperm solution (BD Biosciences), 
and stained with anti-human IL2-FITC (clone MQ1-17H12), and anti-
IFN- � -APC mAbs (clone B27; BD Pharmingen). The results were cal-
culated as the total number of cytokine-positive cells with background 
subtracted. 

 ELISPOT was performed using the macaque IFN- � -specific ELISPOT 
kits (U-Cytech, Utrecht, the Netherlands) were used to detect the number 
of Gag-specific, IFN- � -producing cells. Ninety-six-well, flat-bottom 
plates were coated with anti-IFN- �  mAb MD-1 overnight at 4    ° C and 
blocked with 2 %  bovine serum albumin in phosphate-buffered saline for 
1 – 3   h at 37    ° C. Cells (1 × 10 5  / well) were loaded in triplicate in RPMI 1640 
containing 5 %  human serum and specific peptides or 5    � g / ml concava-
lin-A as a positive control. The plates were incubated overnight at 37    ° C 
in 5 %  CO 2  and developed according to the manufacturer ’ s guidelines 
(U-Cytech).   

  Flow cytometry   .   For the physical detection of SIV-specific CD8     +      T 
cells, staining was performed with anti-human CD8 � -PE, anti-human 
CD28-FITC (clone CD28.2; BD Pharmingen), anti-human CD95-PECy5 
mAbs (clone DX2; BD Pharmingen), and with pretitered, allophycocy-
anin (APC)-conjugated (Molecular Probes) Gag 181 – 189  CM9 (p11C) 
(CTPYDINQM) – Mamu-A * 01 tetrameric complexes (Beckman Coulter) 
for 30   min at room temperature. 43  A total of 100,000 events were collected 
in the lymphocyte region (R1) and analyzed with CellQuest software (BD 
Biosciences). For phenotypic analysis of the CD4 T-cell subsets, cells were 
labeled simultaneously with the following combinations of anti-human 
antibodies: CD3 � -FITC, CD4-PerCP (clone L200; BD Biosciences), 
CD195 (CCR5)-PE (3A9; BD Pharmingen), CD95-PECy5 and CD45RA-
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FITC Abs (clone HI100; BD Pharmingen). All antibodies were validated 
and titrated using rhesus macaque peripheral blood mononuclear cells. 
For the intracellular staining, cells were labeled as described, fixed with 
0.5 %  paraformaldehyde, and analyzed using a FACSCalibur from Becton 
Dickinson. A total of 50,000 events in the lymphocyte region were col-
lected. Data were analyzed using CellQuest (Beckton Dickinson) or 
FlowJo version 6.1 (Tree Star, Ashland, OR, USA).       
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