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Abstract

Pigtail macaques (PTM) rapidly progress to AIDS after SIV infection. Given the strong 

association between HIV/SIV disease progression and microbial translocation and immune 

activation, we assessed whether high basal levels of immune activation and microbial 

translocation exist in PTM. We found that prior to SIV infection, PTM had high levels of 

microbial translocation that correlated with significant damage to the structural barrier of the GI 

tract. Moreover, this increased microbial translocation correlated with high levels of immune 

activation and was associated with high frequencies of IL-17-producing T cells. These data 

highlight the relationship between mucosal damage, microbial translocation and systemic immune 

activation in the absence of HIV/SIV replication and underscore the importance of microbial 

translocation in the rapid course of disease progression in SIV-infected PTM. Furthermore, these 

data suggest that PTM may be an ideal model to study therapeutic interventions aimed at 

decreasing microbial translocation-induced immune activation.

Introduction

The mucosal immune system is intricate and complex and relies on a balance of multiple 

cell types to maintain homeostasis and to function appropriately1, 2. The tight epithelial 

barrier of the gastrointestinal (GI) tract functions to prevent commensal organisms and 

pathogens crossing from the intestinal lumen into circulation, while allowing nutrients to be 

absorbed3. An important role for mucosal T cells in maintaining GI tract function has 
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recently been highlighted by numerous studies dedicated to a newly identified subset of 

CD4+ T cells, Th17 cells, which are found most prominently in the GI tract4-10. These T 

cells produce IL-17, which is important in adaptive immunity against extracellular bacteria 

and fungi, recruite neutrophils, induce defensin production, promote enterocyte homeostasis, 

and are important for maintenance of epithelial tight junctions in mucosal tissues 11-16. 

However, Th17 cells have also been implicated as potent inducers of tissue inflammation in 

several GI disorders such as Crohn's disease and ulcerative colitis, which result from a 

chronic inflammatory state associated with infiltration of inflammatory immune cells and 

damage to the gut epithelium17-21. Specifically, an increased frequency of IL-17 producing 

cells in the GI tract has been directly associated with inflamed mucosa in inflammatory 

bowel diseases13, 20, 22-24. Thus, dysregulation of mucosal associated lymphoid tissues 

(MALT) can lead to pathogenic consequences.

Dysfunction of the mucosal immune system has also been demonstrated in chronic viral 

infections, particularly during HIV/SIV pathogenesis. HIV and SIV infections are 

characterized by chronic virus replication and depletion of CD4+ T cells, ultimately 

resulting in opportunistic infections and progression to AIDS. Because HIV/SIV 

preferentially infects CD4+CCR5+ T cells, which are enriched in mucosal tissues, there is a 

rapid and severe depletion of CD4+ T cells in MALT during acute infection 25-29. 

However, CD4 depletion alone is not sufficient to cause AIDS27, 30-32. Rather, the 

strongest predictor of disease progression is the extent of chronic, systemic immune 

activation associated with HIV pathogenesis33. This systemic immune activation is 

characterized by increased cell proliferation, high rates of lymphocyte apoptosis, cell cycle 

dysregulation, and increased levels of proinflammatory cytokines34-36. Massive infection 

of CD4+ T cells in MALT early in HIV/SIV infections is directly associated with 

inflammation and a breakdown of the mucosal integrity; this allows microbial products to 

translocate from the lumen of the GI tract into the peripheral circulation26, 37-43. 

Translocation of microbial products during HIV/SIV infections, demonstrated by an increase 

in plasma lipopolysacharide (LPS) and bacterial DNA levels, is associated with systemic 

immune activation26, 37-42. The gastrointestinal pathology associated with HIV/SIV 

infections includes significant enterocyte apoptosis, enteropathy of the MALT, as well as 

increased levels of inflammation and decreased levels of mucosal repair and 

regeneration44-46. However the mechanisms underlying the damage to the GI tract are not 

well understood and clarifying to what extent structural and/or immunolgical damage to the 

GI tract and microbial translocation underlies immune activation is vital to characterizing 

the interactions between the MALT and peripheral immune system.

Non-human primate (NHP) models are essential to better understand how and to what extent 

dysfunction and damage to the mucosal immune system affects systemic immune activation 

in vivo. Pathogenic SIV infection of Asian rhesus macaques (RM; Macaca mulatta) is the 

most widely studied NHP model for HIV pathogenesis to date. In this model, infection of 

RM with SIVmac strains (derived from SIVsmm) recapitulates many key features of HIV 

infection in humans47-49, including rapid and severe depletion of CD4+ T cells in mucosal 

tissues during acute infection, progressive loss of CD4+ T cells in periphery during chronic 

infection, high viral load, high levels of immune activation, and microbial translocation34, 
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37, 47, 48, 50, 51. Another important model for HIV infection is SIV infection of pigtail 

macaques (PTM; Macaca nemestrina). Like RM, after SIV infection, PTM lose CD4+ T 

cells, have high levels of immune activation, and progress to AIDS52-54. These animals are 

of particular interest, in that PTM typically progress to AIDS more rapidly than RM55, 56. 

After infection with SIVsmE543, the majority of PTM progress to AIDS within 6 months 

after infection (as opposed to approximately 2 years for RM)55, 56. This rapid disease 

progression observed in PTM is not associated with virus inoculation, but is likely due to 

host factors56-58. Interestingly, uninfected PTM in captivity have an increased incidence of 

diarrhea and GI diseases, and older animals frequenctly present with systemic 

amyloidosis59, 60. Indeed, in 47 SIV-uninfected PTM in our animal facility that have been 

followed for a minimum of five years, 24 animals (51.1%) have had histories of 

gastrointestinal disorders as defined by at least 2 bouts of diarrhea requiring treatment. In 

contrast, only 12 of 103 (11.6%) SIV-uninfected RM in our facility have had such disorders 

(P<0.0001). Similar observations have also been made at two separate animal facilites 

across the world (Shiu-Lok Hu, University of Washington, and Stephen J. Kent, University 

of Melbourne; personal communication). Moreover, after certain SIV infections such as 

SIVPBj-14 infection, PTM are more susceptible than RM to death resulting from 

gastrointestinal distress61. We hypothesized that the rapid disease progression observed in 

PTM after SIV infection may, in part, be due to pre-existing conditions that result in 

dysfunction and damage of the mucosal immune system leading to increased microbial 

translocation and consequent immune activation. To address this hypothesis, in this study 

we assessed the T cell immunophenotype, function and activation in multiple anatomical 

sites including blood, lymph nodes (LN), and tissues of the GI tract. We also determined the 

level of mucosal integrity, microbial translocation and immune activation in SIV-uninfected 

PTM in comparison to RM.

Results

Uninfected PTM have a higher frequency of proliferating and memory-effector T cells than 
RM

We initially performed flow cytometric analysis to study cellular markers associated with 

activation and differentiation in a cohort of SIV-uninfected PTM and SIV-uninfected RM. 

We found that PTM had significantly increased frequencies of proliferating CD4+Ki67+ T 

cells in blood compared to RM (10.62% ± 4.5 compared to 4.59% ± 1.7, P=0.0006, Figure 

1a), as well as increased CD8+Ki67+ T cells in blood from PTM compared to RM (10.06% 

± 5.9 compared to 5.76% ± 1.8, P=0.0637, Figure 1b). Accordingly, PTM also had a 

significantly greater frequency of memory and effector T cells in blood as compared to RM 

as measured by CD28+CD95+ and CD28-. On average, 72.02% (± 12.0) of CD4+ T cells 

were memory-effector phenotype in PTM, as compared to 47.97% (± 18.9) of RM CD4+ T 

cells being memory-effector cells, P=0.0013 (Figure 1c). A similar finding was observed for 

CD8+ T cells, as PTM had an average of 80.34% (± 16.3) of CD8+ memory T cells, as 

compared to 66.34% (± 14.5) of RM CD8+ T cells having a memory-effector phenotype, 

P=0.0112 (Figure 1d).
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High frequencies of activated memory-effector T cells in peripheral blood may not reflect 

frequencies of T cells in all anatomical sites44, 62. Therefore we measured these cells by 

flow cytometry on mononuclear cells isolated from multiple tissues from sacrificed, SIV-

uninfected, PTM and RM. We found high frequencies of memory CD4+ T cells in multiple 

PTM tissues (Figure 1c), with an average of 87.74% (± 7.8) in spleen, 78.77% (± 12.4) in 

axillary LN, 78.15% (± 9.9) in inguinal LN, 73.97% (± 13.8) in mesenteric LN, 85.36% (± 

18.2) in duodenum, 93.38% (± 4.3) in jejunum, 85.02% (± 12.4) in ileum, 91.57% (± 5.0) in 

cecum, and 88.63% (± 10.2) in colon. In comparison, RM had lower levels of CD4+ 

memory-effector T cells in many tissues (Figure 1c), with an average of 77.23% (± 13.4) in 

spleen, 49.28% (± 7.8) in axillary LN, 50.42% (± 6.3) in inguinal LN, 36.75% (± 10.23) in 

mesenteric LN, 97.47% (± 4.3) in duodenum, 91.16% (± 7.9) in jejunum, 63.92% (± 10.6) in 

ileum, 66.32% (± 6.0) in cecum, and 62.52% (± 10.1) in colon. Indeed, the frequency of 

memory-effector CD4+ T cells in PTM was significantly higher than in multiple tissues 

from RM (Figure 1c), including spleen (P=0.0218), axillary LN (P=0.0010), inguinal LN 

(P=0.0004), mesenteric LN (P=0.0026), ileum (P=0.0076), cecum (P=0.0007), and colon 

(P=0.0016). We also found high frequencies of memory-effector CD8+ T cells in the same 

PTM tissues (Figure 1d), with an average of 88.1% (± 12.9) in spleen, 72.44% (± 21.6) in 

axillary LN, 64.61% (± 22.4) in inguinal LN, 61.27% (± 23.6) in mesenteric LN, 93.16% (± 

14.7) in duodenum, 98.42% (± 1.3) in jejunum, 79.79% (± 20.0) in ileum, 86.51% (± 14.2) 

in cecum, and 85.01% (± 20.4) in colon. In comparison, the frequency of CD8+ memory-

effector T cells in RM was on average 82.77% (± 13.6) in spleen, 35.67% (± 9.9) in axillary 

LN, 38.5% (± 13.6) in inguinal LN, 22.52% (± 7.4) in mesenteric LN, 95.67 (± 2.7) in 

duodenum, 91.16% (± 8.3) in jejunum, 41.4% (± 14.0) in ileum, 45.1% (± 7.3) in cecum and 

49.35% (± 13.7) in colon. The frequency of memory-effector CD8+ T cells was also 

significantly higher in many tissues from PTM compared to RM (Figure 1d), including in 

axillary LN (P=0.0017), inguinal LN (P=0.0312), mesenteric LN (P=0.0010), ileum 

(P=0.0080), cecum (P=0.0010) and colon (P=0.0075). These data are of particular interest, 

since it is expected that effector tissues of the GI tract have high frequencies of memory and 

effector T cells, as previously described in RMs and humans63, 64. However, lymphoid 

tissues such as spleen and lymph nodes typically have much lower frequencies of memory T 

cells, and higher frequencies of naïve T cells, as demonstrated by the low level of memory-

effector T cells in RM (Figure 1c-d). Here we describe that PTM have very high frequencies 

of memory T cells (and thus low frequencies of naïve T cells) in all sites examined. 

Moreover, these results highlight anatomically restricted differences in the phenotypic 

distribution of T cells. Even across different regions of the GI tract, T cell subsets are not 

uniform with differing frequencies of memory and effector T cells residing in different 

locations (Figures 1c-d, Supplementary Tables 1-2). Of note, the increased proliferating and 

memory-effector T cells observed is not due to a transient infection, as longitudinal 

sampling demonstrated that these cells remained at high frequencies over time (data not 

shown). These data suggest that one of the mechanisms underlying the increased SIV 

disease progression in PTM may involve the high baseline frequency of activated targets for 

the virus prior to SIV infection.
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Uninfected PTM have a higher frequency of CD4+CCR5+ T cells as compared to RM, with 
high levels in GI tissues

Because HIV and SIV preferentially infects activated CCR5+ memory CD4+ T cells65, we 

next determined if the increased frequency of memory and effector T cells observed in PTM 

translated to an increased frequency of CCR5+ T cells. Thus we measured the frequency of 

CCR5+ T cells in peripheral blood and multiple tissues from necropsies of both SIV-

uninfected PTM and RM. We found that PTM had significantly higher frequencies of 

CD4+CCR5+ T cells in blood as compared to RM (14.54% ± 6.3 compared to 7.76% ±4.8, 

P=0.0008, Figure 2), as well as a higher frequency of CD8+ CCR5+ T cells (data not 

shown). The frequency of CD4+CCR5+ T cells was elevated in multiple anatomical sites of 

PTM (Figure 2), with an average of 14.17% (± 3.7) in spleen, 6.41% (± 1.9) in axillary LN, 

6.54% (± 2.8) in inguinal LN, 5.97% (± 2.6) in mesenteric LN, 59.4% (± 28.2) in 

duodenum, 47.18% (± 22.7) in jejunum, 17.17% (± 13.8) in ileum, 25.53% (± 13.8) in 

cecum, and 27.86% (± 21.5) in the colon of PTM (Figure 2b). In comparison, the average 

frequency of CD4+CCR5+ T cells in RM was 16.04% (± 8.5) in spleen, 5.43% (± 3.0) in 

axillary LN, 5.34% (± 2.5) in inguinal LN, 3.15% (± 1.7) in mesenteric LN, 16.42% (± 12.8) 

in duodenum, 27.43% (± 17.7) in jejunum, 8.38% (± 5.6) in ileum, 7.24% (± 1.1) in cecum, 

and 8.98% (± 2.7) in the colon (Figure 2). In addition to blood, the frequency of 

CD4+CCR5+ T cells was significantly higher in duodenum (P=0.0334) and cecum 

(P=0.0080) of PTM compared to RM (Figure 2). We also investigated whether 

CD4+CCR5+ T cells had higher levels of CCR5 per cell, and found that though PTM had a 

slightly increased mean fluorescence intensity of CCR5 on CD4+ T cells, the difference was 

not significant between PTM and RM (P=0.1008, data not shown). Not all tissues had 

significantly higher frequencies of CD4+CCR5+ T cells in PTM compared to RM, likely 

due to the low amount of RMs available for analysis, but Figure 2 demonstrates that on 

average, PTM have significantly more CD4+CCR5+ T cells than RM. Of note, there was a 

greater frequency of CD4+CCR5+ T cells in the duodenum and jejunum compared to other 

tissues, including the large intestine (Supplementary Table 3). These data demonstrate that 

prior to SIV infection, PTM have an increased frequency of activated targets for SIV 

infection, which may, in part, explain the rapid disease progression observed after SIV 

infection, as increased targets may result in more rapid CD4+ T cell depletion.

Uninfected PTM T cells are enriched for IL-17, but not IFNγ production when compared to 
RM, and IL-17+ T cells are found in all tissues of PTM

To determine the functionality of T cells in PTM and RM and to attempt to understand the 

mechanisms underlying the increased frequencies of activated and memory T cells in PTM, 

we stimulated PBMCs with the mitogens phorbol myrsil acetate (PMA) and ionomycin and 

measured IFNγ and IL-17 production by flow cytometry. IFNγ can be produced by T cells in 

all tissues, typically in response to intracellular pathogens such as viruses. In contrast, IL-17, 

is produced by T cells in response to extracellular bacteria and fungi, and IL-17 producing T 

cells are found at high frequencies in mucosal tissues where these antigens predominate66. 

Surprisingly, we found that PTM had significantly lower frequencies of CD4+ T cells that 

produce IFNγ in peripheral blood compared to RM (15.1% ± 7.7 compared to 38.93% ± 

21.3, P=0.0095, Figure 3a). However, there was no difference between the frequencies of 
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IFNγ producing CD8+ T cells (44.64% ± 24.3 compared to 39.4% ± 18.2, P=0.6, Figure 

3b). Interestingly, PTM had higher frequencies of peripheral blood CD4+ T cells that 

produced IL-17 (5.92% ± 3.3 compared to 1.91% ± 1.8, P=0.0081, Figure 3c). Perhaps most 

intriguingly, PTM also had higher fequencies of CD8+ T cells that produced IL-17 (3.33% ± 

1.8 compared to 0.11% ± 0.2, P<0.0001, Figure 3d). Furthermore, we found that there is a 

significant, direct correlation between the frequency of IL-17 production between CD4+ and 

CD8+ T cells in PTM (Spearman r=0.4824, P<0.0001, Figure 3e). These data suggest that 

the same antigens may drive expansion of both IL-17 producing CD4+ and CD8+ T cells in 

PTM. Given the known antigen-specificity of IL-17-producing CD4 T cells66, these 

observations raise the possibility that response to bacterial and fungal antigen may be one of 

the underlying factors involved in the high frequencies of IL-17-producing, activated, 

memory T cells in PTM.

After observing the surprisingly high frequency of IL-17 producing T cells in peripheral 

blood, we determined the frequency of IL-17 producing T cells in multiple tissues from 

PTM and RM. We found CD4+IL-17+ T cells in all tissues of PTM, with an average of 

4.67% (± 4.9) in spleen, 6.7% (± 3.0) in axillary LN, 6.03% (± 3.6) in inguinal LN, 5.33% 

(± 2.1) in mesenteric LN, 15.16% (± 10.1) in duodenum, 14.45% (± 6.5) in jejunum, 15.45% 

(± 6.5) in ileum, 10.83% (± 3.4) in cecum, and 11.423% (± 4.5) in colon (Figure 3c). In 

comparison, the average frequency of IL-17 producing CD4+ T cells in RM was 0.47% (± 

0.6) in spleen, 3.63% (± 2.62) in axillary LN, 3.01% (± 2.6) in inguinal LN, 4.96% (± 3.6) in 

mesenteric LN, 5.96% (± 5.8) in duodenum, 6.02% (± 6.0) in jejunum, 7.77% (± 6.3) in 

ileum, 8.12% (± 6.5) in cecum, and 9.13% (± 5.7) in colon (Figure 3c). Though the only 

significant difference between CD4+IL-17+ T cells in gut tissues between PTM and RM 

was in jejunum (P=0.0411), significant differences were observed in spleen (P=0.0047) and 

axillary LN (P=0.0496), which indicates that bacteria specific IL-17 producing CD4+ T 

cells are found at higher levels in the periphery than typically observed in RM or human 

(figure 3c)9, 22, 66, 67.

Similarly high frequencies of IL-17 producing CD8+ T cells were observed in PTM, with an 

average of 4.27% (± 3.8) in spleen, 9.72% (± 6.4) in axillary LN, 8.38% (± 4.2) in inguinal 

LN, 5.59% (± 2.7) in mesenteric LN, 29.19% (± 20.2) in duodenum, 14.68% (± 16.2) in 

jejunum, 13.03% (± 17.8) in ileum, 7.97% (± 2.6) in cecum, and 9.53% (± 7.5) in colon 

(Figure 3d). In comparison, RM had very low levels of IL-17 producing CD8+ T cells, with 

an average of 0.30% (± 0.3) in spleen, 3.07% (± 1.6) in axillary LN, 2.07% (± 1.5) in 

inguinal LN, 1.62% (± 0.8) in mesenteric LN, 4.32% (± 2.9) in duodenum, 4.32% (± 3.9) in 

jejunum, 5.74% (± 4.6) in ileum, 3.54% (± 2.6) in cecum, and 4.83% (± 1.8) in colon (figure 

3d). As expected given the low levels of CD8+IL-17+ T cells in RM, there was a significant 

difference between PTM and RM for many tissues in addition to blood, including spleen 

(P=0.0012), axillary LN (P=0.0307), inguinal LN (P=0.0092), mesenteric LN (P=0.0032), 

duodenum (P=0.0223), and cecum (P=0.0077), again with the most differences being 

observed in peripheral and lymphoid tissues (figure 3d). Of note, similar to CD4+CCR5+ T 

cells (Figure 2), the small intestine (duodenum, jejunum and some animals in ileum) had the 

highest frequency of IL-17 producing T cells in PTM (Supplementary Tables 4-5). Taken 

together, these data highlight the differences between anatomical sites of the GI tract and 
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demonstrate the importance of studying multiple tissues to understand more completely the 

dynamic nature of mucosal immune compartments.

Uninfected PTM have high levels of LPS in plasma and increased permeability of the small 
intestine in comparison to RM and humans

Given the antigens (i.e. bacteria and fungi) typically targeted by Th17 cells, and the 

increased frequency of IL-17 producing T cells in PTM, we hypothesized that a contributing 

cause of the increased T cell activation and high frequencies of IL-17-producing T cells may 

be microbial translocation. To evaluate potential systemic dissemination of translocated 

microbial products in PTM, we measured plasma levels of lipopolysaccharide (LPS), which 

is used as a quantitative indicator of microbial translocation26, 37-42. We found that PTM 

had higher levels of plasma LPS, with an average of 45.33 pg/mL of LPS in the plasma (± 

12.6), as compared to RM with an average of 19.21 pg/mL of LPS (± 13.3), P=0.0013 or 

humans, with an average of 20.32 pg/mL of LPS (± 15.9), P=0.0014 (Figure 4a). To assess 

whether the increased LPS was associated with damage to the GI tract, we measured small 

intestine permeability using a clinically employed test based on saccharide permeability, 

which measures the ratio of lactulose to mannitol following saccharide solution ingestion68, 

69. PTM demonstrated higher gut permeability, with an average lactulose/mannitol ratio of 

0.088 (± 0.03) compared to humans, with an average lactulose/mannitol ratio of 0.017 (± 

0.008), P=0.0005 (Figure 4b). Hence one of the potential causes of the increased frequencies 

of activated and IL-17 producing T cells in PTM may be microbial products that translocate 

through a permeable GI tract.

Uninfected PTM have increased damage to the gut epithelia and microbial translocation 
compared to RM

In order to determine the mechanism underlying the permeability of the GI tract and 

consequent microbial translocation in PTM, both PTM and RM were euthanized and we 

performed immunohistochemical (IHC) studies on sections of the GI tract taken at necropsy. 

Initially we stained GI tract tissues with antibodies against the tight junction protein 

claudin-3 to measure the continuity of the structural barrier of the gut epithelia. This analysis 

allowed us to determine to what extent breaches and ulcerations in the tight epithelial barrier 

occur in PTM. We found that PTM (Figure 5a) had a much higher frequency of breaches in 

the epithelium of the colon as compared to RM (Figure 5b). To confirm these findings we 

used quantitative image analysis to determine the percentage of damaged GI barrier (breach 

to intact ratio) by measuring the length of the tight epithelial barrier that was not intact (not 

stained for claudin) over the length of the colon barrier that was intact (stained for claudin). 

On average, the breach to intact ratio for PTM was 0.303 (± 0.21), compared to 0.017 (± 

0.01) for RM, P=0.0264 (Figure 5c), hence a putative mechanism for the observed increase 

in frequency and extent of diarrhea, intestinal permeability, and microbial translocation in 

PTM may be the relatively increased pre-existing damage to the structural barrier of the GI 

tract.

In order to determine if these breaches in the tight junctions of the epithelium correlated 

with the observed increase in microbial translocation, we studied colon sections by IHC 

using an antibody for LPS core antigen by IHC to measure bacterial products directly within 
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the lamina propria. We found that PTM had increased levels of LPS in the lamina propria of 

the colon (Figure 5d) as compared to RM (Figure 5e). Using quantitative image analysis we 

determined the percent area of colonic lamina propria which contained LPS, and found that 

on average, LPS accounted for 13.00% (± 10.01) of the lamina propria area in PTM, while 

only 0.274% (± 0.20) of the lamina propria was occupied by LPS in RM, P<0.0001 (Figure 

5f). These data strongly suggest that a mechanism underlying the increased microbial 

translocation involves structural damage to the gut epithelium in PTM. Indeed, we found a 

significant positive correlation between the breach/intact ratio and the area fraction of colon 

LPS in PTM (Spearman r=0.6424, P=0.0368, Figure 6a).

Damage to gut epithelium in uninfected PTM results in systemic microbial translocation 
that correlates with immune activation

To determine the significance of microbial translocation contributing directly to immune 

activation, we also quantified the amount of immune activation in the colon of PTM by 

performing quantitative image analysis of colon sections that were stained with a 

monoclonal antibody against MxA, a protein made in response to recent production of type 

one interferons70, 71. We found that on average, 11.55% (± 11.29) of the cells in the lamina 

propria of the colon of PTM were stained for MxA. The extent of microbial translocation 

positively correlated with local immune activation in the colon, based on analysis of the 

fraction of colon lamina propria tissue sections staining for LPS and MxA (Spearman 

correlation: r=0.7133, P=0.0118, Figure 6b). In an attempt to understand the molecular 

mechanism(s)/events leading to GI epithelial barrier damage in uninfected PTM, we 

reasoned that increased enterocyte apoptosis could lead to increased microbial translocation 

in these animals by altering epithelial barrier homeostasis and function. Thus we 

investigated whether the increased damage to the epithelial barrier and resulting microbial 

translocation we observe in the colon of PTM may be a result of increased enterocyte cell 

death by apoptosis. To test this hypothesis, we measured active caspase-3 by IHC in the 

colon of PTM and RM, and found that, indeed, where colonic epithelial cells were still 

present there were higher levels of apoptosis in the enterocytes along the colon cryptal tips 

in PTM compared to RM (data not shown).

In order to determine if the microbial translocation and immune activation that was observed 

in the colon resulted in systemic consequences, we also used IHC to measure LPS and MxA 

in mesenteric lymph nodes, which drain the GI tract, as well as in peripheral, axillary lymph 

nodes. With IHC and quantitative image analysis we found a significant, positive, 

correlation between the fractional area of tissue sections staining for LPS in the colon and in 

the mesenteric LN (Spearman r=0.5604, P=0.0463, Figure 7a), as well as between the area 

staining for MxA in the colon and in the mesenteric LN (Spearman r=0.6993, P=0.0142, 

Figure 7b). Furthermore, there was a significant, direct correlation between LPS in 

mesenteric LNs and LPS in peripheral, axillary LNs (Spearman r=0.6648, P=0.0132, Figure 

7c) as well as between MxA in mesenteric LNs and MxA in axillary LNs (Spearman 

r=0.6868, P=0.0095, Figure 7d). These data indicate that translocation of microbial products 

and the resulting immune activation have not only local consequences within the GI tract, 

but are also associated with systemic dissemination of LPS and systemic immune activation. 

We established further evidence of systemic microbial translocation by measuring plasma 
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levels of soluble CD14 (sCD14), which is produced by CD14+ monocytes and macrophages 

upon direct LPS stimulation in vivo37. We found an association between LPS in the colon 

and sCD14 in the plasma (Spearman r=0.5000, P=0.0819, Figure 7e), and there is a 

significant, direct correlation between MxA in the colon and sCD14 (Spearman r=0.7203, 

P=0.0106, Figure 7f). Taken together, these data demonstrate that when microbial products 

translocate from the lumen of the colon into the lamina propria, it can result in local and 

systemic immune activation. Moreover, these data define the degree to which microbial 

translocation can stimulate the immune system, both locally and systemically, in the absence 

of ongoing viral replication.

Discussion

Microbial translocation has been implicated in the deleterious immune activation that 

characterizes the chronic phase of HIV infection of humans and SIV infection of Asian 

macaques. However, the degree to which microbial products alone, relative to persistent 

viral replication, proinflammatory mediators such as cytokines and chemokines, and/or other 

unknown factors, contribute to immune activation has remained unclear. Using cells and 

tissue samples from pigtail macaques, animals that have recurring diarrhea and progress to 

AIDS quickly after SIV infection, we have shown that in the absence of SIV infection, PTM 

have damage to their GI tract and increased basal levels of microbial translocation and 

immune activation. Specifically, we have demonstrated that: i) uninfected PTM have 

damage to the tight epithelial barrier of the GI tract; ii) this damage correlates with 

translocation of microbial products both locally within the GI tract and systemically in LN 

and blood; iii) the microbial translocation that occurs correlates with immune activation both 

locally and systemically; and iv) uninfected PTM also have higher frequencies of activated 

and memory T cells producing IL-17 than do RM. These data indicate that chronic microbial 

translocation can be associated with increased activation and turnover of lymphocytes that 

results in decreased frequencies of naïve T cells, and an increased amount of memory and 

effector T cells and proliferating (Ki67+) T cells. Further support of these data is the 

increased frequencies of CCR5+ T cells in PTM. CCR5 is found only on the surface of 

memory and effector T cells (not naïve), as it is needed for lymphocytes to migrate to 

effector sites, such as the GI tract72, 73. Moreover, CCR5+CD4+ T cells are the primary 

targets for virus replication after SIV/HIV infection. Hence, it is possible that the increased 

frequency of these cells in PTM may contribute to the more rapid SIV disease progression 

we observe in these animals. It is of interest, however, that the increased target cells do not 

appear to affect transmission or infection, as previous studies using PTM have demonstrated 

that these animals get infected at the same rate as RM with similar peak and set-point 

viremia, despite inoculation size or infection route (i.e. mucosal infection vs. intravenous 

infection)56, 74. However, the increased immunological state and number of target cells in 

PTM provides a plausible mechanism for the more rapid progression to AIDS by destroying 

more activated CD4+ T cells via both viral mediated and bystander cell death with a reduced 

capacity to regenerate these important effector populations due to the reduced naïve T cell 

pool. Finally, given the differential frequencies of CCR5+CD4+ T cells in different sites, 

with the largest frequency of these targets for SIV replication in the small intestine, these 
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data highlight the importance of examining multiple tissues when considering effector sites 

in the context of mucosal immunology.

Further evidence that microbial translocation is causing the immune activation and high 

frequencies of memory and activated T cells we observed is the functionality of T cells in 

PTM. Though PTM actually had lower frequencies of Th1 T cells that produce IFNγ 

compared to RM, these animals had very high frequencies of IL-17 producing T cells in all 

tissues. IL-17 production by T cells is typically in response to bacterial and fungal 

antigens66, 75, thus it is likely that the translocation of bacterial products we observe in 

PTM contributes to the increased IL-17 production by T cells. These data also have 

implications for viral pathogenesis, since even though IL-17 production is important for 

immunity against extracellular pathogens, these cells typically lack antiviral mediators, 

which may contribute to lack of control of viremia after SIV infection, while providing 

excellent targets for SIV infection, as these cells can be infected in vivo66, 75. Moreover, 

these cells have been shown to be preferentially lost from the GI tract in progressive 

HIV/SIV infections and in imbalance with Treg CD4+ T cells9, 66, 75. Of interest were the 

high frequencies of IL-17 producing CD8+ T cells. IL-17 production is generally associated 

with CD4+ T cells (Th17 cells)4-8, however more recently, several studies have addressed 

CD8+ T cells that produce IL-17 (Tc17 cells), particularly in the context of chronic 

inflammation76-79. Of relevance, Kader et al. recently demonstrated that SIV progression in 

RM is associated with dysregulation of both Th17 and Tc17 cells77. Here we show that not 

only do high frequencies of CD8+ T cells produce IL-17 in all tissues, but that there is a 

correlation between the frequencies of IL-17 producing CD4+ T cells and CD8+ T cells, 

which implies that these cells may be stimulated by the same types of antigens. IL-17 

producing T cells can, themselves, contribute to mucosal health by providing cytokines such 

as IL-21, which is important for enterocyte homeostasis and induction of anti-bacterial 

defensins13, 15, 80. However, these T cells are also pro-inflammatory, suggesting that a 

delicate balance needs to be achieved to maintain mucosal integrity and health and prevent 

disease, which was demonstrated by Favre et al. in SIV infection of RM9. Indeed, there is an 

association between increased frequencies of Th17 cells and inflamed mucosa in 

inflammatory conditions such as Crohn's disease and ulcerative colitis13, 20, 22-24. 

Therefore, in the case of PTM, microbial translocation could likely be causing excessive 

skewing of T cells towards a Th17 phenotype, which may, in turn, contribute to immune 

activation and higher frequencies of memory T cells by enhancing an ongoing 

proinflammatory state in PTM.

This study highlights the importance of the consequences of damage to the GI tract and the 

resulting microbial translocation and consequent stimulation to the immune system, 

particularly since it was conducted in SIV naïve animals, in the absence of the effects of 

chronic virus infection. Microbial translocation has been well characterized in HIV and SIV 

infections, and clearly it is a factor contributing to the systemic, chronic immune activation 

that ultimately leads to disease progression and AIDS26, 37-42. However, to our 

knowledge, this is the first assessment of the extent to which damage to the GI tract and 

microbial translocation results in both local and systemic effects in the absence of chronic 

virus replication or chronic pro-inflammatory diseases. Not surprisingly, though this study 
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demonstrates the extent to which microbial translocation results in immune activation, it also 

clearly demonstrates that microbial translocation and immune activation alone, in the 

absence of SIV or HIV replication is not sufficient to cause AIDS. Thus, in the case of 

SIV/HIV infection, though increased microbial translocation and immune activation likely 

play a large role in disease progression; virus replication, pro-inflammatory responses to the 

virus, and other contributing factors also are required for progression to AIDS. This study 

also emphasizes the degree to which dysfunction of the MALT locally results in systemic 

consequences. Moreover, the increased microbial translocation and consequent immune 

activation may likely be a mechanistic feature underpinning the increased disease 

progression rate observed in SIV-uninfected, captive PTM54, 55. This is likely due not only 

to the pre-existing damage to the GI tract, but rapid progression may also result as a 

consequence of increased activated CD4+ T cells as target cells for virus replication that 

exist due to the ongoing immune activation in PTM. Of note, these observations are not 

isolated to a single colony of PTM, as both diarrhea and rapid SIV progression has been 

observed in PTM worldwide (Shiu-Lok Hu, University of Washington, and Stephen J. Kent, 

University of Melbourne; personal communication). Given the increased intestinal 

permeability and microbial translocation we observed in uninfected PTM, this model should 

be well suited for assessing therapeutic interventions such as prebiotics and probiotics, as 

well as other dietary supplements in order to reduce microbial translocation and pathogenic 

consequences of damage to the GI tract. Taken together, these data highlight the importance 

of microbial translocation in disease progression and suggest that the PTM model is an ideal 

system to study therapeutic interventions that improve the structural and immunological 

functions of the GI tract.

Materials and Methods

Animals and Sample Collection

For this study, 13 SIV-uninfected pigtail macaques (Macaca nemestrina), and 10 SIV-

uninfected rhesus macaques (Macaca mulatta) were sacrificed and the following tissues 

were collected: blood, spleen, axillary LN, mesenteric LN, inguinal LN, jejunum, 

duodenum, ileum, colon, and cecum. Lymphocytes were isolated from LNs and GI tract 

tissues by grinding tissues through a 0.22μm cell strainer. Lymphocytes were isolated from 

blood by ficoll gradient centrifugation. Lymphocytes were then viably cropreserved in fetal 

bovine serum supplemented with 10% dimethyl sulfoxide (Sigma), and stored in liquid 

nitrogen. Blood was collected from an additional 12 PTM and 12 RM for phenotypical 

analysis, and lymphocytes were collected as described above. Animals were housed and 

cared in accordance with American Association for Accreditation of Laboratory Animal 

Care standards in AAALAC accredited facilties, and all animal procedures were performed 

according to protocols approved by the Institutional Animal Care and Use Committees of 

the National Institute of Allergy and Infectious Diseases, National Institutes of Health.

Flow Cytometry

Multicolor flow cytometric analysis was performed on isolated cells according to standard 

procedures using human mAbs that cross-react with PTM and RM. Predetermined optimal 

concentrations were used of the following antibodies: anti-CD3-Alexa700 (clone SP34-2, 
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BDPharmigen), anti-CD8 PacBlue (clone RPA-T8, BDPharmigen), anti-CD4 PE-Cy5.5 

(clone OKT4, eBioscience), anti-CD4 PE-Cy5.5 (clone L200, BDPharmigen), anti-Ki67 

FITC (clone B26, BDPharmigen), anti-CCR5 PE (clone 3A9, BDPharmigen), Aqua Live/

Dead amine dye (Invitrogen), anti-CD28 ECD (clone 28.2, Beckman Coulter), anti-CD95 

PE-Cy5 (clone DX2, BDPharmigen), anti-CD14 APC (clone M5E2, BDPharmigen), anti-

IFNγ PE-Cy7 (clone 4S.B3, BDPharmigen), and anti-IL-17 PE (clone eBio64CAP17, 

eBioscience). All samples were permeabilized and fixed using CytoFix/Perm Kit 

(BDPharmigen) and intracellularly stained to detect Ki67. For intracellular cytokine 

staining, cells were stimulated with phorbol myristate acetate (PMA, 5ng/mL) and 

ionomycin (1uM/mL) for 10-14 hours with brefeldin A (1ug/mL) added after 1 hour of 

stimulation. Flow cytometric acquisition was performed on at least 100,000 lymphocytes on 

a BD FACSAriaII cytometer driven by the FACS DiVa software (version 6.0; BD). Analysis 

of the acquired data was performed using FlowJo software (version 8.8.4; TreeStar). We 

used a threshold of 200 collected events for all analysis of specific cell subsets. Memory-

effector T cells were determined by gating on both CD28+C95+ and CD28-subsets, while 

CD28+CD95- T cells were determined to be naïve cells.

Immunohistochemistry

Immunohistochemical staining was performed as previously described81. In brief, 

unselected specimens of tissues of interest were obtained at necropsy, fixed in 4% 

paraformaldehyde, and paraffin embedded. Immunohistochemistry was performed using a 

biotin-free polymer approach (MACH-3; Biocare Medical) on 5-μm tissue sections mounted 

on glass slides, which were dewaxed and rehydrated with double-distilled water. Antigen 

retrieval was performed by heating sections in 1× DIVA Decloaker reagent (Biocare 

Medical) in a pressure cooker (Biocare Medical) followed by cooling to room temperature. 

All slides were stained using the intelliPATH FLX autostaining system (Biocare Medical) 

according to experimentally determined optimal conditions. This included blocking tissues 

with Sniper Blocking Reagent (Biocare Medical) for 10 min followed by an additional 

blocking step with TNB containing 2% Blocking Reagent and 2% goat serum (Gibco) for 10 

minutes at room temperature. Endogenous peroxidase was blocked with 1.5% (v/v) H2O2 in 

TBS (pH 7.4). Primary antibodies were diluted in TNB containing 2% Blocking Reagent 

and 2% goat serum for 1h at room temperature. Mouse or rabbit MACH-3 secondary 

polymer systems (Biocare Medical) were applied for 20 minutes each. Sections were 

developed with ImmPACT™ DAB chromogen (Vector Laboratories), counterstained with 

hematoxylin, and mounted in Permount (Fisher Scientific). All stained slides were scanned 

at high magnification (400×) using the ScanScope CS System (Aperio Technologies, Inc.) 

yielding high-resolution data from the entire tissue section. Primary antibodies used were 

mouse anti-LPS core (clone WN1 222-5; Hycult or provided by Dr. Robin Barclay), 

polyclonal rabbit anti-Claudin-3 (Labvision) and anti-MxA (clone M143; from Drs. Otto 

Haller and Georg Kochs, Department of Virology, Universitätsklinikum Freiburg, 

Germany).

Quantitative Image Analysis

To quantify the extent of epithelial barrier damage in the colon (claudin-3), microbial 

translocation into the lamina propria (LP) and lymph nodes (LPS) and immune activation in 
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the colon and lymph nodes (MxA), 5-μm thick sections were cut from paraffin blocks of 

unselected colon tissue obtained at necropsy and stained with either monoclonal antibody 

against LPS or polyclonal antibody for claudin-3 and counter stained with heamotoxalin. 

High power (400×) whole tissue scans were obtained using an Aperio ScanScope as 

described above and imported into Photoshop CS3 (Adobe Systems Inc., Mountain View, 

California, USA). Images were manually trimmed to remove the submucosae, muscularis 

and residual luminal content, leaving only the LP mucosae to analyze. The percent area of 

the LP staining for LPS and MxA was determined in essence as previously described using 

Photoshop CS3 tools with plug-ins from Reindeer Graphics 81, 82. MxA was calculated as 

the area fraction of the cellular LP, while LPS was calculated as the area fraction of the 

entire LP. The percent area of LN staining for LPS was determined from whole LN scans as 

above but without the need to trim the image. The proportion of the epithelial barrier that 

was damaged during SIV infection was first determined by manually tracing (in green) the 

area of the lumen/GI epithelial tract interface that had no claudin-3 staining epithelial cells 

using the brush tool in Photoshop CS3. The remaining claudin-3 staining intact epithelial 

cell regions were then manually traced (in pink). The percent damage was calculated by 

determining the proportion of the image that was green (lack of claudin-3 stain) compared to 

the total epithelial surface area (green + pink) using plug-in tools from Reindeer Graphics.

Plasma LPS and sCD14 Levels

To determine plasma LPS levels we diluted plasma samples to 20% with endoxtoxin-free 

water and then heated to 70 °C for 10 min to inactivate plasma proteins. We then quantified 

plasma LPS with a commercially available Limulus Amebocyte assay (Cambrex) according 

to the manufacturer's protocol. Each sample was run in duplicate and background (water 

control) was subtracted.

To determine plasma sCD14 levels we diluted plasma samples 1:200 with dilution buffer 

and performed ELISA according to the manufacturer's protocol (R & D systems). Each 

sample was run in duplicate and background (water control) was subtracted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Uninfected pigtail macaques have high levels of immune activation and memory-
effector T cells compared to rhesus macaques and humans
(a) Frequencies of CD4+Ki67+ T cells in blood, (b) Frequencies of CD8+Ki67+ T cells in 

blood, (c) Frequencies of CD4+ memory-effector T cells in blood and necropsy tissues, (d) 

Frequencies of CD8+ memory-effector T cells in blood and necropsy tissues. PTM (circles), 

RM (triangles). Memory-effector T cells were determined by gating on both CD28+C95+ 

and CD28- subsets as measured by flow cytometry. Horizontal bars indicate median. P 

values calculated from Mann-Whitney U test.
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Figure 2. Uninfected pigtail macaques have high frequencies of CD4+CCR5+T cells compared to 
rhesus macaques
Frequencies of CD4+CCR5+ T cells in blood and necropsy tissues. PTM (circles), RM 

(triangles). Horizontal bars indicate median. P values from Mann-Whitney U test.
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Figure 3. High frequencies of T cells from uninfected pigtail macaques produce IL-17 compared 
to rhesus macaques
(a) Frequencies of CD4+ IFNγ producing T cells in blood, (b) Frequencies of CD8+ IFNγ 

producing T cells in blood, (c) Frequencies of CD4+ IL-17 producing T cells in blood and 

necropsy tissues, (d) Frequencies of CD8+ IL-17 producing T cells in blood and necropsy 

tissues, (e) Frequencies of CD4+ vs. CD8+ IL-17 producing T cells in blood of PTM. 

Correlation (r) determined by Spearman's rank correlation. All samples were stimulated with 

PMA and Ionomycin. PTM (circles) and RM (triangles). Horizontal bars indicate median. P 

values from Mann-Whitney U test.
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Figure 4. Plasma LPS and Lactulose to Mannitol ratio indicate microbial translocation and gut 
permeability in uninfected pigtail macaques
(a) Plasma LPS levels. (b) Lactulose to manitol ratio. PTM (circles), RM (triangles), 

humans (squares). Horizontal bars indicate median. P values from Mann-Whitney U test.
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Figure 5. Uninfected pigtail macaques have increased damage to the tight epithelial barrier and 
high levels of LPS in the lamina propria of the colon
(a) Representative claudin-3 staining (brown) in colon of PTM, (b) Representative claudin-3 

staining (brown) in colon of RM, (c) Ratio of measurements of breached epithelial (no 

claudin) to intact epithelial (claudin) in either PTM and RM, (d) Representative LPS 

staining (brown) in colon of PTM, (e) Representative LPS staining (brown) in colon of RM, 

(f) Area of colon lamina propria LPS measured in PTM and RM. PTM (circles), RM 

(triangles). Horizontal bars indicate median. P values from Mann-Whitney U test.
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Figure 6. Breaches in the colon correlates with microbial translocation, and microbial 
translocation correlates with immune activation in the colon of uninfected pigtail macaques
(a) The breach/intact ratio of the colon as measured by claudin significantly correlates with 

the amount of microbial tranlsocation into the lamina propria of the colon of PTM (b) The 

amount of MxA (a specific type I IFN responsive gene) in the colon as measured by IHC 

staining significantly correlates with the amount of microbial translocation into the colon of 

PTM. Correlations determined by Spearman's rank correlation. Lines indicate linear 

regression.
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Figure 7. Local microbial translocation and immune activation in the colon results in systemic 
microbial translocation and immune activation in uninfected pigtail macaques
(a) The amount of LPS measured in the colon significantly correlates with LPS in the 

mesenteric LN. (b) The amount of MxA in the colon significantly correlates with the 

amount of MxA in the mesenteric LN. (c) LPS in the mesenteric LN significantly correlates 

with LPS in the axillary LN. (d) MxA in the mesenteric LN significantly correlates with 

MxA in the axillary LN. (e) LPS in the colon is associated with sCD14 in plasma, (f) MxA 

in the colon significantly correlates with sCD14 in plasma. Correlations determined by 

Spearman's rank correlation. Lines indicate linear regression.
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