
596 VOLUME 5 NUMBER 6 | NOVEMBER 2012 | www.nature.com/mi

REVIEW nature publishing group

See ARTICLE page 670

 INTRODUCTION 
 Gut-associated lymphoid tissue (GALT) is a well-described 

site of human immunodeficiency virus (HIV) persistence. 1,2  

Although gastrointestinal (GI) immune defences are key play-

ers in modulating the pathogenic effects of HIV, 3  the GI tract 

has been shown to be depleted of CD4    +     T cells at all stages of 

HIV infection, 4  and this has been attributed in part to HIV ’ s 

propensity for infecting activated memory T cells expressing 

CCR5 chemokine receptors, which are plentiful in the GI tract. 4,5  

Studies in macaques have revealed that  ~ 90 %  of GALT CD4    +     

T cells are depleted within 2 weeks of simian immuno deficiency 

virus acquisition, 6  which is in clear contrast to the more grad-

ual rate of CD4    +     decline usually observed in peripheral blood. 

Although it is well-established that viral suppression with highly 

active antiretroviral therapy (HAART) leads to immune restora-

tion in the periphery, an ongoing issue of contention, given the 

distinct differences between these compartments, is whether 

HAART can restore GI immunity. 

 Initial studies examining the effects of HAART on GI immu-

nity focused predominantly on individuals with chronic HIV 

infection. In more recent years, emphasis has been placed on 

studying GI immune reconstitution with HAART in acute infec-

tion. This heightened interest stems from the hope of abrogating 

damage to the GI immune system before it becomes irreparable. 

This review focuses on the recovery of CD4    +     T cells and other 

aspects of GI immunity after HAART initiation in the setting of 

chronic, as well as acute and primary, HIV infection.   

 THE GI IMMUNE SYSTEM 
 As reviewed by Cheroutre and Madakamutil, 7  GALT consists 

of mesenteric lymph nodes, Peyer ’ s patches in the small intes-

tine and follicular aggregates in the large intestines, appendix, 

and cecum. Lamina propria lymphocytes and intraepithelial 

lymphocytes are also contained within GALT. From a func-

tional perspective, immune cells within the GI tract are located 

in immune-inductive and immune-effector sites. 7  

 After antigens are endocytosed by M (microfold) cells in 

the intestinal lumen, they are transported to inductive sites 

including the Peyer ’ s patches within the small intestines, lym-

phoid aggregates within the large intestines, and mesenteric 

lymph nodes within both the large and small intestines. Peyer ’ s 

patches are located in the mucosa and submucosa. Maturation of 

naive T cells occurs within mesenteric lymph nodes and other 

secondary lymphoid organs that drain the GI mucosal tissue. 

Here they are primed to express GI-specific homing markers, 

promoting their entry into systemic circulation where they 
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undergo further maturation and differentiation. T cells express-

ing  �  4  �  7  integrin bind to the ligand mucosal vascular addressin 

cell adhesion molecule-1 on the endothelium of intestinal high 

endothelial vessels, which facilitates their homing to mucosal 

effector compartments.  �  E  �  7  integrin on intraepithelial lym-

phocytes interacts with ligand E-cadherin on epithelial cells of 

the small intestine, whereas chemokine CCL25 produced by 

epithelial cells of the small intestine binds to CCR9 expressed 

on the majority of lymphocytes of the small intestine. 7  

 Lamina propria lymphocytes and intraepithelial lymphocytes 

are considered effector cells located in the immune-effector sites 

of the GI tract. Lamina propria lymphocytes are distributed 

throughout the lamina propria mucosa and are differentiated 

effector T cells that secrete effector cytokines. 7  Intraepithelial 

lymphocytes are located in the basolateral spaces between 

luminal epithelial cells and beneath tight junctions. Greater 

than 80 %  of intraepithelial lymphocytes are CD8    +     T cells. 

Furthermore, although B lymphocytes with a propensity toward 

IgA production are present to a significant degree in the intes-

tinal mucosal, 8  T cells predominate and have a key role in the 

adaptive immune response. 7  It is also noteworthy that there is 

immuno logical diversity within the gut. For example, Peyer ’ s 

patches are especially predominant in the ileum of the small 

intestine. The jejunum contains mainly effector sites with typi-

cally fewer immune-inductive sites, in contrast to the ileum and 

colon where the reverse applies. 9    

 PATHOGENESIS OF HIV IN THE GI TRACT 
 In the pre-HAART era, diarrhea and other GI disorders would 

frequently emerge before the development of AIDS. In 1984, 

Kotler  et al.  10  were the first to describe specific histological 

abnormalities in the lamina propria of jejunal and rectal 

mucosa biopsies of 12 HIV-infected individuals. Enteropathy 

was characterized by inflammatory infiltrates of lymphocytes 

and damage to epithelial layers manifested by villous atrophy, 

crypt hyperplasia, and villous blunting. These anomalies 

were noted in the absence of other viral, fungal, or bacterial 

infections. 10  

 Subsequent studies have confirmed these findings and have 

further characterized the GI aberrations associated with HIV 

infection. These epithelial anomalies include decreased capacity 

for regeneration, impaired absorptive ability of GI mucosa, 11,12  

and increased mucosal permeability which can exceed that in 

HIV-uninfected individuals fivefold. 12,13  Furthermore, gene 

expression profiling of GALT reveals dysregulation of genes 

associated with T-cell homeostasis, growth factor production, 

and cell cycle mediators. Upregulation of genes associated with 

apoptosis and necrosis are also observed. 14,15  GALT is also an 

anatomical reservoir of HIV, 1,2  setting a barrier for strategies 

aimed at HIV eradication. 

 One of the major reasons for the interest in the ability of 

HAART to attenuate GI immune damage stems from the fact 

that disruption of GALT has been shown to correlate with 

HIV disease progression. 3  Owing to disrupted integrity of 

the GI epithelial barrier by HIV, antigens enter blood 

plasma and stimulate inflammatory cytokine release. This, 

in turn, promotes systemic immune activation, rendering 

cells more susceptible to HIV infection and interfering with 

normal immune function. 16  Higher plasma lipopoly saccharide 

(LPS) levels have been detected in individuals with HIV-

associated dementia compared with HIV-infected individuals 

with normal cognitive function. 17  This association is thought 

to relate to monocyte activation and entry in the central 

nervous system via an LPS-mediated process. 17  However, 

although associations have been found between increased LPS 

levels and HIV disease progression, it should be noted that a 

causative relationship has not been firmly established. 3  

 Among the aspects of gut immunity that have been explored 

in the context of HIV infection, the number and / or percent-

age of lymphocytes within various areas of the gut that are 

CD4    +     T cells has received the most attention. In healthy, 

HIV-uninfected individuals,  ~ 40 %  of lymphocytes in GALT 

are CD4    +     T cells. 4,5,18  Several studies have used this value 

from healthy individuals as a baseline, and have compared 

values obtained from HIV-infected individuals in order to 

assess the ability of HAART to facilitate recovery. GI CD4    +     

T-cell depletion, which is characteristic of all stages of HIV 

infection, 4,5  is most marked in effector sites such as the lam-

ina propria but still occurs to a lesser degree in inductive sites 

such as organized lymphoid tissue. When gut immune recon-

stitution does occur in the setting of HAART, the majority of 

CD4    +     T cells are central memory and transitional memory 

T cells and a minor population of cells are effector mem-

ory cells. 19,20  It should be noted, however, that HIV infects 

many types of cells and there are currently no well-defined 

criteria for what constitutes good GI immune restoration in 

HIV-infected individuals. Furthermore, it has been shown 

that immune reconstitution occurs to a greater extent within 

immune-inductive sites than within immune-effector sites. 21  

As different studies have examined different regions of the 

GI tract, it is important to bear in mind these differences 

as this may account for some of the variability in findings 

between studies.   

 DIFFERENCES IN CD4    +     T-CELL POPULATIONS BETWEEN 
PERIPHERAL BLOOD AND GALT 
 There are several key differences between CD4    +     T-cell pop-

ulations in peripheral blood and GALT. Notably, peripheral 

T lymphocytes represent only 2 – 5 %  of total lymphocytes in 

healthy individuals, whereas 80 %  of total body lymphocytes 

reside in GALT. 18,22  The percentage of infected cells also 

differs remarkably between compartments and depends upon 

the stage of HIV infection. During acute infection, HIV RNA 

is detectable in 0.01 – 1 %  of peripheral T cells, compared with 

60 %  of mucosal memory CD4    +     T cells. 4,6  As reviewed by 

Mehandru, 4,5,9  the propensity of the GI tract toward HIV 

infection relates in part to the fact to the higher percentage of 

activated memory T cells expressing CCR5 chemokine recep-

tors located within the gut. Furthermore, as the GI mucosa 

has continuous exposure to antigen, it is in a proinflamma-

tory state and secretes many cytokines that stimulate the HIV 

replication. 9    
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 THE EFFECT OF HAART ON CD4    +     T-CELL RECOVERY  
 Chronic and advanced infection  
  Effect of HAART alone   .   Interest in delineating the ability of 

HAART to reverse the deleterious effects of HIV on the GI 

immune system dates back to the 1990s. In one of the earli-

est studies, Kotler  et al.  23  noted a modest increase in CD4    +     

lymphocytes in sigmoid and rectal mucosa of 15 HIV-infected 

individuals 7 days after either initiating or changing to a more 

effective antiretroviral regimen. Subsequent studies examined 

the effects of HAART over time periods ranging from 1 month 24  

to 7 years. 21  These studies have demonstrated wide variation 

in the degree of CD4    +     T-cell reconstitution observed in the 

gut mucosa in response to HAART, ranging from minimal 18  to 

near-complete, 25  reconstitution ( Table 1 ). 

 Several more recent studies in the context of chronic HIV 

infection have demonstrated that HAART is associated with 

partial GI immune recovery. In a study of eight HIV-infected 

individuals on HAART for an average of 8.4 years, CD4    +     T 

cells represented 11.3 %  of gut lymphocytes. 1  This was in sharp 

contrast to other studies involving healthy, HIV-uninfected 

individuals, where  ~ 40 %  of lymphocytes in GALT were CD4    +     

T cells. 4,5,18  Furthermore, in a study involving five HIV-infected 

individuals, delayed and incomplete restoration of intestinal 

CD4    +     T cells was observed after 2 years of HAART. CD4    +     

T-cell proportion preceding HAART was 12 % , which increased 

to only 22 %  after this time period. In one individual examined 

after 5 years of HAART, intestinal CD4    +     T-cell percentage 

was only 13 % . 18  Therefore, despite several years of HAART, 

reconstitution of gut CD4    +     T cells is typically incomplete. 

 Despite less than ideal outcomes in some studies, other stud-

ies have demonstrated that significant CD4    +     T-cell recovery 

within the GI tract is, in fact, achievable in some individuals. In 

one of the largest studies to date, CD4    +     T-cell restoration in 14 

HIV-infected individuals before and during long-term (5 – 18 

years) HAART was examined. 26  Eight HIV-infected individu-

als restored CD4    +     T-cell percentage in GALT to less than half 

of the percentage observed in healthy individuals. However, six 

individuals restored CD4    +     T-cell percentages to greater than 

half of that observed in HIV-uninfected controls. A correla-

tion was also observed between the extent of mucosal CD4    +     

T-cell reconstitution and gut CD4    +     T-cell responses to HIV gag 

peptides, as measured by interferon- � , interleukin (IL)-2, and 

tumor necrosis factor- �  production after     >    5 years of HAART. 

Therefore, a pivotal finding of this study was that CD4    +     

T-cell gut reconstitution does not need to be complete in order 

to observe functional improvement in CD4    +     T cell. 26  

 In contrast to several of the aforementioned studies, one 

study found that near-complete CD4    +     T-cell reconstitution 

was achievable with HAART. 25  Individuals had commenced 

therapy a mean of 28 months after receiving a diagnosis of 

HIV infection. The mean proportion of CD4    +     T cells in the 

sigmoid colon was significantly higher than that in peripheral 

blood (56 %  vs. 45 % , respectively) and did not significantly differ 

from the proportion of CD4    +     T cells observed in three HIV-

negative controls (56 %  vs. 64 % ). Furthermore, sigmoid colon 

CD4    +     T cells expressed levels of the activation markers CD69 

and HLA-DR similar to those observed in the sigmoid mucosa 

of HIV-uninfected controls. 25  Although HAART was not initi-

ated in acute or primary HIV infection, the authors suggested 

that complete reconstitution may have been observed as indi-

viduals had commenced HAART sufficiently early in the course 

of HIV infection. 

 Observations that gut CD4    +     T-cell reconstitution is incom-

plete with HAART were followed by attempts to facilitate this 

process. One such approach included a HAART intensification 

strategy. This strategy is based on the premise that low-level 

HIV replication within GALT is hampering complete immune 

recovery. However, individuals receiving raltegravir in addition 

to standard HAART for 48 or 96 weeks did not experience an 

increase in sigmoid CD4    +     T cells. 27    

  HAART in combination with IL-2   .   Other attempts at facili-

tating gut CD4    +     T-cell recovery, such as IL-2 injections as an 

adjunctive therapy to HAART, have also been explored. Despite 

previous findings demonstrating that IL-2 administration can 

augment peripheral CD4    +     T cells, 28  IL-2 has not proven to be 

effective in promoting GI CD4    +     T-cell reconstitution. In a ran-

domized controlled trial, there were no differences observed in 

CD4    +     T-cell counts in the terminal ileum or colon between 11 

HIV-infected individuals who received a median of 7 cycles of 

IL-2 combined with HAART, compared with 12 individuals who 

received HAART alone. There was also no change observed in 

the expression of the proliferation marker Ki67 or in the expres-

sion of CD25. 29  On the basis of these findings, the approach 

of using adjunctive IL-2 as a means of facilitating GI immune 

reconstitution has since been abandoned.   

  Specific T-cell subsets   .   In addition to examining gut CD4    +     

T cells, the effect of HAART on specific T-cell subsets has also 

been explored. This interest stems from recognition of the 

important roles some of these T-cell subsets have in maintaining 

GI immune homeostasis. A preferential depletion of Th17 cells 

in the gut of HIV-infected individuals has been observed. 4  These 

IL-17-producing CD4    +     T cells have a pivotal role in maintain-

ing the intestinal epithelial barrier 30  and increase in mucosal 

tissue in response to HAART. 19,26  Fewer Th17 cells have been 

observed in the sigmoid colon in HIV-infected individuals 

with peripheral CD4    +     T-cell count     <    350   cells    � l     −    1  compared 

with HIV-uninfected individuals. Evidence that initiation of 

HAART with peripheral CD4    +     T-cell count     >    350   cells    � l     −    1 , 

rather than     <    350   cells    � l  − 1 , is associated with greater restoration 

of sigmoid Th17 cells supports earlier initiation of HAART. 19  

 Studies on additional T-cell subsets have included investiga-

tions on T regulatory cells (T regs ). Studies from primates have 

shown that loss of Th17 cells is associated with increases in T regs . 

It has been suggested that T regs  have a role in mitigating immune 

hyperactivation and suppressing immune response to HIV and 

mucosal pathogens. 31  In contrast to Th17 cells, mucosal T regs  

are increased in untreated HIV-infected individuals, whereas 

individuals on HAART have normal levels of these cells. 31  Given 

the reciprocal relationship between Th17 cells and T regs , it has 

been suggested that the balance of Th17 cells to T regs  may, in 
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fact, be more important than the absolute levels of either one 

independently. 32    

  Peripheral blood CD4    +     T-cell expression of gut-homing receptors   . 

  In addition to the study of immune T-cell populations within 

the GI tract, studies on peripheral CD4    +     T cells and specifi-

cally their expression of gut trafficking molecules have furthered 

our understanding of the process of gut CD4    +     T-cell recon-

stitution. 20  In one study, the proportion of cycling T cells, the 

number of CD4    +     T cells, and the proportion of  � 7-express-

ing CD4    +     T cells were normalized in individuals on HAART 

for     >    5 years. 33  In another study, a large proportion of CD4    +     T 

cells expressing gut-homing receptors CCR9 and integrin  � 4 � 7 

  Table 1     CD4    +     T-cell gastrointestinal immune reconstitution with HAART in chronic HIV infection (selected studies)   

    Author  
  Baseline patient 
characteristics / study groups  

  Number of 
subjects  

  Duration of 
HAART at time 
of endoscopy    Tissue source    Findings  

   Kotler 
 et al.  23  

 Gastrointestinal symptoms 
and either changing or 
initiating antiretroviral 
regimens; mean VL 4.24 
log 10  copies   ml     −    1 ; 
mean CD4 +  184   cells    � l     −    1  

 15  0 and 7 days  Rectosigmoid 
colon 

 Significant increase in CD4    +     T cells 
during therapy (3.02 vs. 4.49 CD4    +     
T cells / high-power field pre- and 
post-therapy, respectively) 

   Chun  et al.  1   VL BLQ for a mean 
of 5.6 years mean CD4 +  
996   cells    � l     −    1  

 8  8.4 years 
(mean) 

 Terminal ileum  CD4    +     T cells represented 11.3 %  of 
gut lymphocytes (significantly lower 
than previously published value of 
40 %  from healthy controls) (4, 5, 11) 

   Guadalupe 
 et al.  18  

 1 — HAART-naive with VL 
range 970 –     >    500,000   
copies   ml     −    1 ; CD4 +  range 
8 – 762   cells    � l     −    1  ( n =4)  
 2 — On HAART for     >    5 
years with VL BLQ; CD4 +  
800   cells    � l     −    1  ( n =1) 

 5  0, 2, 3 and 
6 months, 

1 and 2 years 

 Jejunum  Gut CD4    +     T-cell proportion increased 
following 2 years of HAART, but not 
to levels observed in HIV-uninfected 
controls included in the same study:  
 Patient 120: 1 %  � 16 %   
 Patient 123: 2 %  � 12 %   
 Patient 104: 8 %  � 13 %   
 Patient 101: 3 %  � 22 %  

             One individual with 13 %  CD4    +     T cells 
after 5 years of HAART 

   Macal 
 et al.  26   

 Sheth 
 et al.  25  

 On HAART  � 5 years 
with VL BLQ; CD4 +  range 
279 – 1,185   cells    � l     −    1   

 VL BLQ for mean 7.4 years; 
mean CD4 +  percentage 45 %  

 14 

 
 23 

  � 5 years  

 � 4 years  

 Jejunum  

Sigmoid colon  

 Of the individuals on HAART  � 5 years, 
eight individuals restored CD4 +   %  
in GALT to greater than half, and six 
restored CD4 +   %  in GALT to less than 
half of the percentages observed in HIV-
uninfected controls in the same study  

CD4    +     T cells represented 56 %  of 
lymphocytes in GALT, which did not 
significantly differ from HIV-uninfected 
controls included in the same study  

   Chege 
 et al.  27  

 Individuals with VL BLQ for 
 � 4 years randomized to:  
 1 — Raltegravir     +     continua-
tion of standard HAART 
regimen  ×  48 weeks ( n =12)  
 2 — Placebo     +     continuation 
of standard HAART  ×  48 
weeks ( n =12)  
 At week 48, all participants 
received raltegravir     +     
continued standard HAART 

 24  0, 48, and 
96 weeks 

 Sigmoid colon  No significant increase in CD4    +     
T-cell counts at 48 or 96 weeks in 
either group 

   Read  et al.  29   Subjects randomized to:  
 1 — HAART continuation 
alone ( n =12)  
 2 — HAART continuation     +     
IL-2  ×  7 cycles ( n =11) 

 23  8 years (mean)  Terminal ileum 
and colon 

 No difference in CD4    +     T-cell proportion 
in gut mucosa between HIV-infected 
individuals receiving IL-2 in addition 
to HAART, vs. HAART alone (33 %  vs. 
38 %  in colon and 16 %  vs. 30 %  in ter-
minal ileum, respectively); percentages 
in both groups lower than in controls 
included in the same study (54 %  in 
colon and 38 %  in terminal ileum) 

     Abbreviations: BLQ, below level of quantifi cation; GALT, gut-associated lymphoid tissue; HAART, highly active antiretroviral therapy; HIV, human immunodefi ciency 
virus; IL-1, interleukin-1; VL, viral load.   
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remained in the peripheral circulation in HIV-infected individu-

als, rather than in jejunal mucosa, despite a median duration of 

HAART     >    5 years. 34  The authors of this latter study postulated 

that this likely occurred because expression of the CCR9 ligand 

CCL25 was reduced in the small intestines of these individuals. 34  

These studies suggest that CD4    +     T-cell populations in the gut 

are likely maintained by T-cell trafficking to gut mucosa rather 

than local cellular proliferation. 33,34     

 Acute and primary HIV infection 
 In the setting of chronic HIV infection, less than optimal gut 

immune reconstitution, despite prolonged periods of effective 

HAART, has provided the impetus for exploring the effect of 

timing of HAART initiation. It has been hypothesized that 

improved gut immune reconstitution is more likely to occur 

if HAART is initiated earlier in the course of the disease. The 

rationale for this hypothesis is that gut immune reconstitu-

tion would be facilitated in a microenvironment that has 

not incurred excessive damage due to chronic inflammatory 

processes. Unfortunately, the majority of studies examining 

GALT CD4    +     T-cell reconstitution in the context of acute 

and primary HIV infection also appear to demonstrate par-

tial, rather than complete, immune reconstitution ( Table 2 ). 

In one of the largest studies, Mehandru  et al.  21  examined the 

effect of HAART on GI immune reconstitution in 40 indi-

viduals with acute HIV infection (HIV seroconversion within 

6 months), 18 of whom were examined longitudinally over 

3 years with serial bio psies of rectosigmoid mucosa (5 indi-

viduals were examined at year 1, 9 at year 2, and 4 at year 3 of 

HAART). Mean CD4    +     T-cell percentages in mucosal tissue 

were 34.6 % , 30.8 % , and 42.3 %  after 1, 2, and 3 years of HAART, 

respectively. Although these percentages were higher than at 

baseline (15.7 % ), they were still lower than those seen in HIV-

uninfected individuals (56.4 % ). Furthermore, compared with 

healthy HIV-un infected controls, CD4    +     T-cell reconstitution 

was complete in immune-inductive sites such as the organized 

lymphoid tissue, but was only partial in immune-effector sites 

such as the lamina propria. 21  Similarly, in another study per-

formed by the same investigators involving 27 HIV-infected 

individuals, 19 of whom had been identified during primary 

infection, CD4    +     T-cell depletion was more significant from 

immune-effector sites compared with that from immune-

inductive sites. Loss of CD4    +     T cells in rectosigmoid mucosa 

persisted in eight individuals who had initiated HAART during 

primary infection and who had received treatment for up to 5 

years. 5  In contrast, Guadalupe  et al.  18  followed an HIV-infected 

individual who initiated HAART in primary infection (HIV 

p24 antigen positive and ELISA negative), and found that gut 

CD4    +     T lymphocyte percentage increased from 8 %  at base-

line to  ~ 40 %  after 14 months of HAART, a percentage which 

has been documented in healthy HIV-uninfected individuals. 

Therefore, although few studies have been performed to date 

in the context of acute and primary infection, there is some 

evidence to suggest that the extent of GI immune reconstitu-

tion may be more substantial when HAART is initiated early 

in the course of infection. 

 Similar to studies in the context of chronic HIV infection, 

several studies have also demonstrated that levels of peripheral 

  Table 2     CD4    +     T-cell gastrointestinal immune reconstitution with HAART in acute and primary HIV infection (selected studies)   

    Author  

  Baseline patient 
characteristics / 
study groups  

  Number of 
subjects  

  Duration of 
HAART at time 
of endoscopy  

  Tissue 
source    Findings  

   Guadalupe 
 et al.  18  

 VL 1,076   copies   ml     −    1 ; 
CD4 +  count 
881   cells    � l     −    1  

 1  0, 4, 8, and 
14 months 

 Jejunum  Near-complete restoration of CD4    +     T levels 
in gut; CD4    +     T-cell percentage  ~ 8 %  before 
HAART and 40 %  after 14 months of HAART 

   Mehandru 
 et al.  21  

 Mean peripheral CD4    +     
percentage 41.5 % ; 
mucosal CD4 +  
percentage 19.3 %  

 40   Cross-sectional 
group (n = 22):  

1-7 years  
 -1 year ( n =7)  

 -1 – 3 years ( n =7)  
 -3 – 7 years ( n =8) 

 Rectosigmoid 
colon 

 Percentages of mucosal memory CD4    +     
T cells after HAART were compared with 
that in HIV-uninfected controls included in 
the same study (56.4 % ) 

          Longitudinal 
group (n = 18) :  
 1 year ( n =5)  
 2 years ( n =9)  
 3 years ( n =4) 

    Cross-sectional group   
 Percentages were 27.8 %  in individuals after 
1 year of HAART, 42.4 %  after 1 – 3 years of 
HAART, and 42.5 %  after 3 – 7 years of HAART  

 Longitudinal group   
 Percentages were 34.6 %  after 1 year of 
HAART, 30.8 %  after 2 years of HAART, and 
41.3 %  after 3 years of HAART   

   Mehandru 
 et al.  5  

 Mean VL 4.7 log 10  
copies   ml     −    1 ; mean 
CD4 +  216   cells    � l     −    1  

 8  6 months ( n =2)  
 1 year ( n =2)  
 2 years ( n =2)  
 3 years ( n =1)  
 5 years ( n =1) 

 Rectosigmoid 
colon 

 Mean CD4 +  percentage was 35 %  of gut 
lymphocytes following HAART; this was 
significantly lower than levels in HIV-unin-
fected individuals included in the same study 
( ~ 55 % ) 

     Abbreviations: BLQ, below level of quantifi cation; HAART, highly active antiretroviral therapy; HIV, human immunodefi ciency virus; VL, viral load.   
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CD4    +     T lymphocytes with gut homing potential may be linked 

with GI mucosal CD4    +     T-cell reconstitution in acute infec-

tion. Profound depletion of circulating  � 4 � 7 Th lymphocytes 

was observed in 12 individuals with primary HIV infection. 35  

At baseline, median level of lymphocytes expressing  � 4 � 7 was 

48 × 10 6    cells per liter vs. 240 × 10 6  cells per liter in HIV-unin-

fected controls. When re-measured at week 24 post-HAART 

initiation, there was an increase in  � 4 � 7 Th lymphocyte level, 

although recovery was only partial. 35  As with the studies in 

the context of chronic infection, it appears that cell trafficking, 

rather than local cell proliferation, contributes to CD4    +     T-cell 

restoration in GALT following treatment of acute and primary 

HIV infection. 24     

 OTHER ASPECTS OF IMMUNE RECOVERY  
 CD8    +     T-cell responses 
 Complementing our understanding of CD4    +     T-cell recovery 

in the gut has been knowledge gained from studies of other 

immune cell populations within the gut. Given that the activa-

tion status of CD8    +     T cells in the peripheral blood has been 

shown to be a strong predictor of HIV disease progression and 

death, 3,36  the effect of HAART on CD8    +     T cells within the gut 

is naturally of interest. In untreated, chronic HIV infection, 

persistent levels of elevated gut CD8    +     T cells are observed. 37  

The use of HAART in the context of chronic HIV infection has 

been associated with reduced levels of CD8    +     T cells, including 

activated CD8    +     T cells, in GI mucosa. These CD8    +     T cells dis-

played attenuated responses to HIV antigens, as demonstrated 

by reduced degranulation and INF- �  and tumor necrosis fac-

tor- �  production upon exposure to HIV peptides. 38,39  In acute 

and early HIV infection, lower levels of memory CD8    +     T cells 

in the GI tract correlated with better reconstitution of CD4    +     

T cells in GALT following HAART initiation. 21  Furthermore, 

in individuals who had commenced HAART in primary HIV 

infection, an increase in CD8    +     T cells was observed upon 

interruption of therapy. This was accompanied by evidence of 

increased cytolytic response, such as higher levels of granzymes 

H, K, and M. 40    

 Natural killer cells and  �  �  T cells 
 Like CD8    +     T cells, natural killer (NK) cells also have a major 

role in the immune response to HIV. These cells, which par-

ticipate in the innate immune response, undergo rapid clonal 

expansion before adaptive immune responses ensue. 41  The 

gut contains two distinct subsets of NK cells that are located 

in either the intraepithelial lymphocytes or within the lamina 

propria. 42  In chronic HIV infection, the frequency of both NK 

subsets are reduced. Interestingly, both subsets were observed 

to be significantly expanded in individuals on HAART for a 

median of 4.4 years, despite incomplete recovery in their peri-

pheral CD4    +     counts. 42  Sips  et al.  42  have suggested that mucosal 

NK cell expansion may therefore be an attempt to compensate 

for compromised peripheral CD4    +     T-cell recovery. Mela  et al.  43  

also examined the effect of HAART on NK cell reconstitution 

in the colonic lamina propria. 43  They found that colonic NK 

cell depletion mirrored colonic lamina propria CD4    +     T-cell 

decline in HIV-infected individuals with detectable peripheral 

blood viral loads. With suppression of peripheral blood viral 

loads by HAART, HIV-infected individuals were found to have 

higher levels of lamina propria NK cells. When compared with 

levels in HIV-uninfected individuals, HAART was associated 

with partial recovery of these cells. 43  

 Similarly, another important immune cell population that has 

been examined in the context of HAART-mediated GI immune 

system recovery are  �  �  cells. While peripheral  �  �  cells comprise 

4 %  of peripheral blood T cells, 44  they comprise 40 %  intraepithe-

lial lymphocytes within the GI mucosa. 45  In addition to the pro-

duction of IL-17 and interferon- � , they have important roles in 

neutrophil recruitment during bacterial infection and in tumor 

surveillance. 46  V � 1, as opposed to V � 2 cells, are implicated in 

gut homeostasis 47  and produce less IL-17 in the setting of simian 

immunodeficiency virus infection. 47  Furthermore, the degree 

of V � 1 cell increase correlated with the extent of CD4 +  T cell 

decline and thought to be the consequence of chronic immune 

activation. 47  Duodenal  �  �  intraepithelial lymphocyte levels have 

also been shown to be elevated in HIV-infected individuals. 48  

Antiretroviral therapy for up to 42 months was found to result 

in a decrease in  �  �  T-cell levels, although they did not return to 

levels seen in HIV-uninfected individuals. 49  Given their role in 

tumor surveillance, it is interesting to speculate whether dys-

regulation of these cells may have a role in the propensity of 

HIV-infected individuals toward certain malignancies despite 

the use of HAART.   

 Immunoglobulin production 
 Coupled with studies on the ability of HAART to restore gut 

cellular immunity have been investigations into the effect of 

HAART on humoral immunity. The largest number of plasma 

cells producing immunoglobulin (Ig)A are contained within the 

intestinal lamina propria. 8  Compared with cellular responses, Ig 

production within the GI tract of HIV-infected individuals has 

received much less attention, although abnormalities in B cells 

and Igs have been well described. 50  In one study, reductions in 

numbers of naive B cells and elevations in memory B cells and 

plasma cells have been seen in the terminal ileum as early as 

17 days after acute HIV infection. By day 47 after acquisition, 

follicular lysis due to B- and T-cell apoptosis and destruction of 

the follicular dendritic cells networks in the terminal ileum and 

Peyer ’ s patches were observed. 51  In HIV-infected individuals, 

receiving an effective HAART regimen has been associated with 

normalization of gut IgG1 and IgA levels. 52    

 Intestinal epithelial barrier and microbial translocation 
 HIV infection has been associated with various anomalies 

of the intestinal mucosa, such as proliferation of crypt cells 

in the jejunal lamina propria and a reduction is the surface 

area of the villi. 53  However, a critically important aspect of GI 

immunity relates to the ability of the GI epithelium to func-

tion as a barrier. Integrity of the intestinal epithelial barrier is 

required to prevent translocation of antigenic material from 

the intestinal lumen into the systemic circulation, whereby 

it induces chronic immune activation by binding to pattern-
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recognition receptors on immune cells. 54  Systemic immune 

activation has received much attention in recent years due 

to its association with accelerated HIV disease. 3  Compared 

with HIV-uninfected controls, HIV-infected individuals have 

defects in their mucosal barriers, as demonstrated by reduced 

epithelial resistance, increased mannitol permeability, high 

levels of epithelial apoptosis, abnormal claudin expression 

(which promote pore-formation and pore-sealing), reduced 

mucosal cytokine production, and villous atrophy. 55  Increased 

paracellular permeability and disruption in tight junctions 

in HIV infection may be mediated by increased expression 

of claudin-2 and SYN1 protein on the intestinal epithelium, 

culminating in elevated bacterial binding and enhanced inter-

nalization into intestinal epithelial cells. 56  

 Examination of tissue from simian immunodeficiency virus-

infected rhesus macaques has revealed an association between 

bacterial translocation and reduced integrity of the GI epithe-

lial barrier. In contrast, in sooty mangabeys who are natural 

hosts of simian immunodeficiency virus, progressive disease 

did not develop, epithelial breakdown did not occur, and nei-

ther increased microbial translocation nor pathological immune 

activation was detected. 54  These observations were made in the 

absence of detectable simian immunodeficiency virus repli-

cation in the lamina propria, suggesting that microbial trans-

location itself may be a contributing factor in chronic immune 

activation. 54  

 In human subjects, HAART has been associated with 

normalization of some epithelial defects, as determined by 

impedance spectroscopy and [ 3 H] mannitol fluxes in duode-

nal biopsies. 55  Several other studies have examined microbial 

translocation after HAART administration. Brenchley  et al.  16  

have observed that HAART decreased plasma LPS levels but 

did not result in its complete elimination from peripheral 

blood circulation, and there was no correlation between LPS 

levels and viral loads. 16  

 Many studies have also found incomplete suppression of 

microbial translocation in individuals despite up to 6 years 

of HAART. 16,57 – 59  A direct correlation was found between 

plasma levels of LPS and tumor necrosis factor in HAART-

treated individuals, supporting a role for microbial transloca-

tion in chronic inflammation. 58  Along a similar vein, Jiang 

 et al.  59  found a strong association between CD8    +     T-cell acti-

vation, compromised CD4    +     T-cell restoration and elevated 

levels of bacterial DNA. Furthermore, although changes in 

peripheral CD4    +     T-cell levels correlated with reductions in 

microbial translocation, this was not associated with HAART-

mediated declines in viral loads. 59  In another study that quan-

tified HIV DNA in the gut of HAART-treated patients, levels 

of DNA were correlated with levels of LPS and immune acti-

vation, as measured by CD8    +    CD38    +     T cells. 60  Interestingly, 

Baroncelli  et al.  61  found that LPS levels in patients on HAART 

with HIV viremia     <    2.5   copies   ml     −    1  were comparable to LPS 

levels measured in HIV-uninfected subjects. Therefore, in the 

presence of maximal viral suppression, microbial transloca-

tion may actually return to levels found in HIV-uninfected 

individuals.   

 Lymphatic tissue architecture 
 The orchestration of several immune functions, many of which 

involve cells discussed above, are dependent upon intact lym-

phatic tissue architecture. However, the vast majority of HIV 

replication occurs within T-cell zones of lymph nodes and 

results in an immune response characterized by significant 

inflammation and damage to lymphatic tissue architecture. 

Marked depletion of CD4    +     T cells is also observed within 

lymphatic tissues during HIV infection. 62,63  Examination of 

peripheral lymph node architecture and CD4    +     T cells in 23 

HIV-infected individuals on HAART revealed architectural 

abnormalities in all samples. 63  Although peripheral blood 

CD4    +     T-cell reconstitution was observed with HAART for a 

median of 84 weeks, CD4    +     T-cell levels in lymphatic tissue 

were reduced in 89 %  of samples, and 39 %  had levels of CD4    +     

T cells that were less than half of the values seen in HIV-unin-

fected control subjects. 63  Other studies have also demonstrated 

significant architectural damage and deposition of collagen in 

peripheral lymph nodes of HIV-infected subjects despite up to 

6 months of HAART. 62  

 Discovery of architectural damage and poor peripheral and 

lymphatic tissue CD4    +     T-cell reconstitution, despite HAART, 

has been the impetus for examination of lymphatic tissue 

architecture within the GI tract as a potential explanation for 

incomplete CD4    +     T-cell reconstitution within the GI tract. In 

HIV-infected individuals at different stages of disease, CD4    +     T-

cell depletion in GALT was correlated with greater rapidity and 

magnitude of collagen deposition in this compartment, com-

pared with that in peripheral lymph nodes. 64  In one study, the 

mean percentage of GALT tissue that stained positive for col-

lagen in HIV-infected individuals was 15.5 %  (vs. 4.4 %  in HIV-

uninfected controls) and did not significantly improve after 6 

months of HAART. 64  Peyer ’ s patches contained significantly 

more collagen than lymph node tissue. Furthermore, there was 

a negative correlation between the extent of collagen deposition 

in the T-cell zone of the Peyer ’ s patches and the size of the total 

CD4    +     T-cell population. CD4    +     T-cell depletion in GALT was 

correlated with greater speed and extent of collagen deposition 

in GALT, compared with peripheral lymph nodes. 64     

 SUMMARY AND CONCLUSION 
 HAART-mediated suppression of HIV replication may enable 

epithelial repair, resulting in reduced mucosal permeability and 

minimization of bacterial translocation. This, in turn, reduces 

inflammatory responses and attenuates deleterious processes 

associated with systemic immune activation. 3,16  However, 

immune restoration within GALT is typically incomplete and 

has been attributed to incomplete viral suppression and persist-

ing immune activation. 

 A large body of literature has examined CD4    +     T-cell recon-

stitution, and fewer studies have examined other aspects of GI 

immunity such as CD8    +     function, NK cell reconstitution, Ig 

production, integrity of the intestinal epithelial barrier, bacte-

rial translocation and lymphatic tissue architecture. Although 

there is some inconsistency in the literature and study designs 

vary considerably, overall HAART seems to support partial GI 
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immune recovery. At the present time, a small number of studies 

suggest that HAART initiated in acute infection may enable an 

increase in GI CD4    +     T-cell count, which significantly exceeds 

the rise observed when initiated in chronic infection. In chronic 

disease the extent of damage, possibly due to collagen depo-

sition and architectural distortion, may be sufficiently severe 

to make return of normal immunological function unlikely. 64  

Furthermore, incomplete recovery of immune function seems 

to occur regardless of the cell type or aspect of immune function 

being examined.   

 FUTURE DIRECTIONS 
 Further studies are required to expand our understanding of the 

processes involved in immune reconstitution in GALT in the 

context of both acute and chronic infection. Although findings 

from elite controllers and long-term non-progressors were not 

discussed in this review, studies of GALT in these individuals 

have demonstrated differences between these individuals and 

HIV-infected individuals on HAART. Delineating the mecha-

nisms of immune control at play in these individuals is impor-

tant for the development of mucosal vaccines, and may help us 

to further understand the correlations between different aspects 

of gut immunity and clinical outcomes. 

 From a therapeutic perspective, limited data exist on the 

pharmacokinetics and pharmacodynamics of antiretrovirals 

within GALT. As it has been demonstrated that antiretroviral 

susceptibility profiles of HIV isolates from the peripheral blood 

and GALT differ, 65,66  it would be useful to delineate whether 

incomplete immune reconstitution within GALT may be due to 

low levels of drug within this compartment and / or antiretroviral 

resistance mutations in HIV itself. This understanding is impor-

tant for the design of future antiretrovirals and other therapies 

being designed to eliminate HIV reservoirs. The potential of fur-

ther immune-based therapies to enhance GI immune restoration, 

such as cytokines other than IL-2, should also be explored. At 

present, clinical trials are underway examining the ability of IL-

7, in conjunction with HAART, to enable GI immune recovery in 

HIV-infected individuals. 67  Similarly, it has been suggested that 

adjunctive anti-inflammatory therapies may attenuate or reverse 

lymphoid tissue architectural damage and thus may also merit 

further exploration. 62  Finally, and perhaps most importantly, 

there is a need to define more clearly whether GI immune res-

toration in HIV-infected individuals correlates with a reduction 

in any clinically significant adverse events. If this is the case, 

then the degree of gut immune reconstitution required for HIV-

infected individuals to achieve protection against these adverse 

outcomes will also need to be determined.     
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