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Enhanced innate anti-viral gene expression, interferon-α, and 
cytolytic responses are predictive of mucosal immune recovery 
during SIV infection

David Verhoeven, Michael D. George, Will Hu, Angeline T. Dang, Zeljka Smit-McBride, 
Elizabeth Reay, Monica Macal, Anne Fenton, Sumathi Sankaran-Walters, and Satya 
Dandekar
Department of Medical Microbiology & Immunology, University of California, Davis, CA 95616

Abstract

The mucosa that lines the respiratory and gastrointestinal (GI) tracts is an important portal of entry 

for pathogens and provides the first line of innate immune defense against infections. Although an 

abundance of memory CD4+ T-cells at mucosal sites render them highly susceptible to HIV 

infection, the gut and not the lung experiences severe and sustained CD4+ T-cell depletion and 

tissue disruption. We hypothesized that distinct immune responses in the lung and gut during the 

primary and chronic stages of viral infection contribute to these differences. Using the simian 

immunodeficiency virus (SIV) model of AIDS, we performed a comparative analysis of the 

molecular and cellular characteristics of host responses in the gut and lung. Our findings showed 

that both mucosal compartments harbor similar percentages of memory CD4+ T-cells and 

displayed comparable cytokine (IL-2, IFN-γ, and TNFα) responses to mitogenic stimulations prior 

to infection. However, despite similar viral replication and CD4+ T-cell depletion during primary 

SIV infection, CD4+ T-cell restoration kinetics in the lung and gut diverged during acute viral 

infection. The CD4+ T-cells rebounded or were preserved in the lung mucosa during chronic viral 

infection that correlated with heightened induction of type I interferon (IFN) signaling molecules 

and innate viral restriction factors. In contrast, the lack of CD4+ T-cell restoration in the gut was 

associated with dampened immune responses and diminished expression of viral restriction 

factors. Thus, unique immune mechanisms contribute to the differential response and protection of 

pulmonary versus GI mucosa and can be leveraged to enhance mucosal recovery.

Keywords

mucosa associated lymphoid tissue; T-cell homeostasis; memory T-cell; type I interferon; simian 
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INTRODUCTION

The mucosal immune system in the gastrointestinal (GI) and respiratory tract provides an 

effective barrier to the environment that is well programmed for generating rapid innate 
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immune response against pathogenic organisms (1, 2). However, in HIV infected patients, 

an increased incidence of gastrointestinal and pulmonary infections reflects a life-

threatening disruption of mucosal barrier functions. An abundance of memory CCR5+ 

CD4+ T-cells in the gut and lung mucosa sets the stage for pathogenesis by providing an 

abundance of highly susceptible HIV targets. (3). Robust viral replication and severe CD4+ 

T-cell depletion has been shown to occur in the GI tract very early during HIV infection of 

humans and simian immunodeficiency virus (SIV) infection of rhesus macaques (3-9). 

While severe CD4+ T-cell depletion in the gut mucosa persists through all stages of HIV 

and SIV infections, the lung mucosa has been shown to preserve a high proportion of the 

memory CD4+ T-cells during chronic viral infection stage (10). However, the differences in 

the antiviral response between the GI and lung mucosa that may contribute to better CD4+ 

T-cell preservation and/or restoration in the lung during HIV/SIV infection remain poorly 

understood.

Although investigations of innate antiviral responses in the GI and lung mucosa to HIV 

infection have been understandably limited, some insights have been gained through 

investigations of pathogenic SIV infection in rhesus macaques. Recent studies in the SIV 

model showed that several IFN-α responsive cytokines are rapidly induced in lymphoid but 

not oral and GI mucosal tissues in response to pathogenic SIV infection (11). Additional 

SIV studies indicate that IFN-α induction and activation of tyrosine kinase 2 and STAT1 is 

suppressed in the central nervous system, but appears to be activated in the lung (12). 

Collectively, these findings suggest that the lung mucosa may employ a distinct set of 

antiviral mechanisms that provide an immunological advantage over mechanisms available 

in other mucosal compartments.

Importantly, IFN-α is associated with control over viremia during the acute stages of viral 

infection and can restrict viral replication in permissive cells (13). However, IFN-α-induced 

cytokine responses in the chronic SIV infection are associated with the severity of viral 

infection and strong IFN-α induction that may drive poor virological outcomes. In the 

African Green Monkey (AGM) model of non-pathogenic SIV infection, IFN-α and its 

responsive cytokines are rapidly induced during primary acute infection but are down-

regulated during the chronic stage of infection (14). In contrast, IFN-α and its response-

associated cytokines remain elevated in rhesus macaques with chronic SIV infection and are 

correlated with progression to simian AIDS (SAIDS). An induction of IFN-α expression in 

the chronic infection with other persistent viruses is also associated with incomplete control 

of viral replication and persistent but limited antiviral responses (15, 16). Therefore, we 

sought to determine the mucosal compartmental changes associated with SIV infection in 

rhesus macaques with respect to IFN-α signaling and the divergent mucosal responses, 

control of viral burden, and CD4 T-cell rebound in the context of innate signaling. A better 

understanding of the innate and adaptive immune host responses in each mucosal 

compartment that can restore CD4 T-cells could elucidate therapeutic targets to limit SIV 

pathogenesis.

In the present study, we utilized the SIV model to gain insights into the mechanisms of 

divergent innate antiviral responses between the lung and GI compartments and to 

investigate any potential immunological advantage they impart for immune recovery. We 
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performed a comprehensive molecular and cellular analysis of immune responses in the 

jejunum, colon, and lung of rhesus macaques during primary and chronic stages of SIV 

infection. Our findings suggest that the GI and lung mucosa diverge in the magnitude of 

CD4+ T-cell loss, despite having comparable levels of resident memory CD4+ T-cell 

percentages prior to SIV infection, and similar levels of viral replication during primary 

viral infection. Genes encoding type I IFN signaling molecules and viral restriction factors 

were induced at higher levels in the lung compared to the GI mucosa, and CD8+ T-cells 

from the lung showed an increased capacity for poly-functional SIV antigen-specific 

responses. Our findings suggest that robust induction and dominance of innate antiviral 

mechanisms in the lung mucosa compared to the gut mucosa may lead to a rebound and 

increased survival of CD4+ T-cells, thereby maintaining an effective adaptive immune 

response and limiting pathogenesis within this compartment.

MATERIALS AND METHODS

Ethics statement

Non-human primate studies were performed according to the recommended guidelines of 

(USDA) as well as the UC Davis IACUC (Approval# 05-11822 and 8472). Animals were 

housed at the California National Primate Research Center (CNPRC) and monitored for 

signs of illness. Housing and care of the animals including social (continuous pairing), cage 

(chew toys, coconuts), and food (fruits, vegetable and foraging mixtures) enrichment were 

conducted as per guidelines with no exceptions. Animals were anesthetized with ketamine 

and atropine and maintained on isofluorane for peripheral blood and tissue sample 

collection. Respiratory rate, blood pressure and response to stimulus of the animals were 

monitored during sample collection. Post-operative animals were treated with enrofloxacin 

and metronidazole. At the end of the study, animals were euthanized by ketamine anesthesia 

followed by barbiturate overdose. Animals were euthanized prior to the development of 

simian AIDS disease.

Animals and viral infection

Ten healthy colony-bred male rhesus macaques (Chinese/Indian hybrids) from the CNPRC 

were intravenously infected with 100 animal infectious doses of SIVmac251 (n=10). Five 

animals underwent longitudinal lung bronchio-alveolar lavage (BAL) washes while ten 

animals were subjected to upper GI endoscopy for obtaining longitudinal jejunal biopsy 

samples. SIV infected animals were necropsied at 8-10 weeks (n=5) and at 30 weeks post-

infection (n=5). SIV-negative healthy macaques served as negative controls (n=5).

Cell isolation and flow cytometry

Lungs were perfused with sterile saline prior to sample collection. Jejunum, lung, and colon 

tissues were collected in RPMI and digested twice in 1mg/ml Collagenase IV (Sigma, St 

Louis MO) at 37°C for 45 minutes. Dissociated lymphocytes were purified on a Ficoll 

gradient (Atlanta Biologicals) and strained through 40μM cell strainers into RPMI-10. Non-

specific binding was blocked by reacting the cells with 1% human gamma globulin (Sigma) 

in FACS staining buffer. The 13-parameter multicolor flow cytometry was performed using 

a modified LSR II (BD, San Jose CA) utilizing live gating with amine reactive dyes 
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(Invitrogen) and doublet discrimination. Antibodies (BD, San Jose CA and eBioscience, San 

Diego CA) for CD3 APCCy7 (SP34.2), CD4 Pacific Blue (OKT4), CD8 APCCy5.5 (3B5), 

Ki67 FITC (Ki-S5), CCR7 biotin (MAB179A) and QDot 605 streptavidin, CD25 PE (M-

A251), CD2 PECy5.5 (S5.5), CD95 PECy5 (DX2), CD27 APC (O323), CXCR4 APC 

(12G5), CD28 Alexa 488 (CD28.2), CD62L FITC (SK11), CD45RA Pacific Blue or FITC 

(Mem-56), CD20 PECy7 (2H7), CD69 PECy7 (FN50), CCR5 PE (3A9) were used. Cell 

permeabilization for Ki67 detection was performed using 2X Fix/Perm (BD) and 0.01% 

Triton X-100 in staining buffer. Data were analyzed by FlowJo software (Treestar, Ashland 

OR).

SIV-specific T-cell responses

Virus-specific CD8+ T-cell responses in peripheral blood or mucosal lymphocytes were 

measured using overlapping SIV gag mac251 peptides (NIH, AIDS Reagents) in an 11-

parameter 3 cytokine flow cytometric assay as previously described (17). Antibodies for 

IL-2 FITC (MQ1-17H12), Interferon-γ PECy7 (B27), and TNF-α PE (MabB11) were used 

(BD Biosciences). Gating for the cytokine-positive cells was set using media only controls 

and the positive threshold response was set by SEB controls with live gating using violet 

amine dye (Invitrogen) and doublet discrimination. Perforin PE (Pf-80/164) and CD107a 

APC (eBioH4A3) were stained directly ex vivo. Data were evaluated using SPICE program 

(Mario Roederer, VRC, NIAID, NIH).

Viral loads

SIV RNA loads in plasma and tissue samples were determined by real-time polymerase 

chain reaction (RT-PCR) assay as previously described (17-19).

Immunohistochemistry

Five micron thick OCT embedded tissue sections were blocked with 10% Goat serum and 

1% Fc Blocker (Miltenyi Biotec) for 1 hour. Antibodies for CD3 (Dako, Capenteria CA), 

Ham56 (Dako), and p27 (NIH AIDS Reagents) were diluted at 1:100, 1:100, and 1:25 

respectively in TBS with 0.05% Triton X-100 and incubated overnight at 4°C. Tissue 

sections were washed in TBS with Triton X-100 followed by anti-rabbit Cy3, anti-mouse 

IgM Cy5, and anti-mouse IgG Alexa 488 (Jackson ImmunoResearch, TX) and mounted 

using SlowFade with DAPI (Invitrogen, Carlsbad CA). Images were acquired using LSM 5 

confocal microscope with PASCAL software using Cy5 and Alexa 488 on the first pass and 

DAPI and Cy3 on the second pass (Zeiss, Germany).

Macrophages were identified by immunostaining acetone-fixed cryopreserved tissue 

sections with anti-HAM56 antibody (DAKO). Briefly, tissue sections were blocked with 3% 

hydrogen peroxide for 30 minutes prior to antibody incubation at 1:100 for one hour at room 

temperature and washed in PBS, stained and visualized using the LSAB II peroxidase kit 

(DAKO). Tissue sections were counterstained with methyl green or hematoxylin and 

mounted with Permount. Macrophage numbers were quantified by counting immunostained 

cells in 15 tissue sections with similar architecture from uninfected and SIV-infected 

animals and averaged to get a total macrophage count per mm2 of tissue for each animal.
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RNA extraction and transcriptome analysis

Total RNA was extracted (RNeasy RNA isolation kit, Qiagen, Valencia, CA) and mRNA 

amplification, labeling, hybridization to rhesus macaque whole genome GeneChips©, 

(Affymetrix, Santa Clara, CA) staining, and scanning were performed (Affymetrix Gene 

Expression Analysis Technical Manual) at the host microbe and systems biology core at the 

University of California, School of Medicine as described previously (5, 20).

Analysis of Affymetrix GeneChip© data was performed using Robust Multi-array Analysis 

(RMA) algorithms (GeneSpring©, v9). Starting with the probe-level data from the arrays, 

the perfect-match (PM) values were background-corrected using a kernel density estimation 

and Fast Fourier Transformation. All the arrays were subsequently normalized together 

using quantile normalization, ensuring equal distribution of expression values across 

experimental groups (uninfected and SIV infected) and mucosal compartments (lung, colon, 

jejunum). The log-transformed expression values were then summarized using median 

polishing and following a linear additive model.

A minimum fold-change of 50% (p-value ≤ 0.05) was used as cut off criteria for identifying 

differentially expressed genes between uninfected healthy controls and SIV infected 

animals. Genes meeting fold-change and statistical criteria were then functionally 

categorized and the pathways and processes statistically enriched in the data were identified 

with Ingenuity Pathway Analysis software. The entire microarray data set is deposited at the 

Gene Expression Omnibus in the National Center for Biotechnology (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE51615).

Gene expression levels of BST2, MX-1, and Viperin in mucosal tissues were measured by 

real time PCR assays (Taqman, Applied Biosystems, CA) utilizing previously published 

protocols (17). Values were normalized to the house-keeping gene GAPDH and calibrated to 

the corresponding tissue of uninfected animals. Final gene expression values were calculated 

using the ΔΔCT method (21).

Statistical analysis

Statistical analysis was performed using the program Minitab (State College, PA) and 

GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego CA). The 

significance of the difference of viral loads, cell proliferation, CD4+ T-cell percentages, NK 

cells, and CD8+ T-cell percentages between pulmonary and gut mucosal sites were 

determined using ANOVA and Student T tests and p-values <0.05 were considered 

significant.

RESULTS

Gastrointestinal and pulmonary mucosal compartments are enriched with memory CD4+ 
T-cells that express HIV co-receptors

To determine the baseline levels of T-cell subsets in the lung, colon, and jejunum, we 

measured percentages of CD4+ and CD8+ T-cells, and quantified CD4+ T-cell effector 

memory (22) and central memory (TCM) subsets in each compartment in healthy animals. 
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Each mucosal site harbored comparable percentages of CD4+ and CD8+ T-cells (Figure 

1A). However, the jejunum had higher percentages of CD4+highCD8+low double positive 

cells (4.8-6.5% of CD4+ T-cells), while double positive T-cells in the lung and colon were 

primarily CD4+lowCD8+high (14-28% and 10-15% of total CD8+ T-cells respectively) 

(Figure 1B). Most of the T-cells were CD95high (Figure 1E) and expressed CD69 (cell 

activation marker), indicating that each mucosal compartment harbored T-cell subsets with 

activated memory phenotype (Figure 1E). Notably, the majority of CD4+ T-cells in the GI 

and lung mucosa also expressed HIV coreceptors CCR5 (33-51% in each compartment) or 

both CCR5 and CXCR4 (49-68% in each compartment), (Figure 1D).

Central memory phenotypes (CCR7+) comprised 50-68% of all CD4+ T-cells in the 

jejunum and colon (Figure 1C). This population was also CD27+ and CD28+ (data not 

shown). However, high CCR5 expression on these cells may indicate that a large proportion 

of these cells might have been transitioning from central memory to effector memory pools 

(17). Fewer central memory CD4+ T-cells (2-11.5%) were detected in the lung.

The healthy baseline functional characteristics of mucosal T-cells are likely to influence 

their response to viral infection and thereby impact early viral replication kinetics (23). To 

determine whether T-cell functional characteristics are divergent between the GI and 

pulmonary compartments in healthy animals, we compared cytokine expression profiles of 

mucosal CD4+ T-cells following mitogenic stimulations with Staphylococcus enterotoxin B 

(SEB). Our findings suggest that the percentage of memory CD4+ T-cells that secreted 

interleukin-2 (IL-2), interferon-γ (IFN-γ) or polyfunctional (IL-2/IFN-γ) were comparable 

across all mucosal compartments (3.3-5.45%) (Figure 1F). In summary, both the GI and 

pulmonary mucosa of healthy macaques appear to be enriched with memory CD4+ T-cells 

that have comparable levels of HIV co-receptor expression and display similar levels of 

mitogen-activated cytokine production.

Altered transcriptional profiles of the GI and lung mucosa in SIV infected animals 
compared to SIV-negative healthy controls

We sought to determine whether lung and gastrointestinal mucosa of healthy animals 

displayed inherent baseline physiological differences that could impact their response to SIV 

infection or influence pathologic outcomes. To obtain a comprehensive molecular profile, 

we performed high throughput gene expression analyses utilizing rhesus macaque specific 

DNA microarrays. Changes in the gene expression of the lung, colon and jejunum from SIV 

infected animals were compared to baseline levels in uninfected animals and were subjected 

to non-biased hierarchical clustering to identify divergent transcriptional profiles for 

downstream biofunctional analysis (Figure 2A). The number of genes modulated during 

chronic SIV infection was notably higher in the lung (586) than in the colon (121) or 

jejunum (142). In addition, the jejunal mucosa appeared to display the greatest animal-to-

animal variability. Interestingly, we also discovered that, in healthy uninfected animals, 

genes associated with type I interferon responses (RIG I, IFNAR2, STAT1, ADAR, MX2 

and OAS3) were, in general, expressed at higher levels in the lung compared to the GI 

mucosa (Figure 2B), suggesting that the lung could be more efficiently “primed” for a rapid 

response to viral pathogens. In addition, expression of toll-like receptors (TLR) 1, 2, 4, 5, 
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and 8 was also elevated in the lung compared to the GI tract (Figure 2C). The expression of 

multiple TLRs at higher baseline levels in the mucosal tissues indicates that the lung may 

also have an inherent kinetic advantage over the GI tract in sensing and responding to 

infectious microbes through pathogen-associated molecular patterns (PAMPS).

Distinct chemokine expression profiles were observed in the colon and jejunum (elevated 

CCL15 and CXCL14) compared to lung (elevated CCL18 and CXCL17), suggestive of 

preferential recruitment of specific T-cell subsets to these sites (Figure 2D). Increased 

expression of CCL15 and CXCL14 suggests that the intestinal mucosa might recruit higher 

proportions of monocytes than the lung of healthy animals (24, 25). In contrast, expression 

of CCL18 in the lung may be indicative of increased numbers of naive T-cells being 

recruited into the regulatory T-cell pool (26). Collectively, the divergence in transcriptional 

profiles of healthy GI and lung mucosa appear to reflect the unique immunological 

microenvironment of each compartment, dictated by the cellular composition and the 

antigenic milieu that is normally encountered. Importantly, these profiles represent distinct 

physiological signatures that can be utilized to evaluate the effects of SIV infection in each 

mucosal compartment individually and in comparison to other mucosal compartments.

Comparable levels of SIV replication in gastrointestinal and respiratory mucosa

To compare the magnitude of viral replication in the lung and GI mucosal compartments, we 

measured levels of SIV RNA by real-time PCR. Viral loads at 2 weeks or 8-10 weeks post-

SIV infection were not significantly different among mucosal sites (104 to 106 viral RNA 

copies/ml plasma) (Figure 3A). Viral replication persisted in each compartment during 

chronic stage of SIV infection (30 weeks post-infection). These data are intriguing since 

jejunum, despite the severe CD4+ T-cell depletion, did not have significantly different viral 

loads compared to the lung or colon, suggesting that other cell types may play a role in 

maintaining high levels of viral replication in the GI mucosa. It is also possible that viral 

transcripts were expressed at a higher level in the infected cells.

To characterize mucosal cell targets of SIV that may contribute to viral burden, we 

examined for the presence and co-localization of SIV p27 with either CD3 (T-cell marker) 

or Ham56 (macrophage marker) by immunohistochemistry at 30 weeks post-infection. 

Numerous SIV p27-posiitve macrophages were detected in lung, colon and jejunum mucosal 

tissues (Figure 3B). SIV-positive macrophages in the lung were scattered throughout the 

alveolar spaces as well as in interstitial tissues. SIV-infected macrophages in the colon and 

jejunum were localized both in lamina propria and near the crypt regions of the villi. To 

quantify the contribution of infiltrating macrophages to SIV infection in each mucosal site, 

we measured the influx of macrophages (Ham56+) in tissues from SIV infected animals and 

compared them to the baseline numbers present in SIV-negative control tissues (Figure 3C-

D). The infiltration of macrophages was, in general, uniform among mucosal sites with 

slightly higher numbers observed in the colon. Our findings are in agreement with previous 

studies of the SIV model (27, 28), and suggest that mucosal compartments throughout the 

body may be highly permissive to infiltration by virally infected monocytes/macrophages as 

well as CD4+ T-cells.
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The CD4+ T-cells are restored/preserved in the lung, but not in the GI mucosa during 
chronic SIV infection

To gain insights into potential divergence in the SIV mediated CD4+ T-cell depletion 

between the GI and lung mucosal compartments, we compared CD4+ T-cell levels in the 

lung, colon, and jejunum tissues after 1-2 weeks, 8-10 weeks, and at 30 weeks of SIV 

infection. During early acute infection (<4 wks post-infection), CD4+ T-cells were depleted 

to less than 5% of the total T-cell population in bronchoalveolar lavage (BAL) that was 

followed by a substantial rebound of CD4+ T-cell numbers (Figure 4A). In contrast to lung 

mucosa, jejunal mucosa showed severe depletion of CD4+ T-cells at one week post-SIV 

infection that persisted throughout the acute stage (Figure 4B). Our findings regarding the 

depletion of CD4+ T-cells in BAL are similar to those previously reported in SIV infected 

macaques with rapid disease progression and in HIV infected patients (29, 30).

During early and late chronic SIV infection (>8 wks), severe CD4+ T-cell depletion 

persisted in jejunal mucosa (Figure 4C). At 30 weeks post-infection, the jejunum (1-8% 

CD4+ T-cells of total CD3+ T-cells versus 60% in uninfected animals) had the lowest 

percentages of CD4+ T-cells as compared to the colon (8-13%) or lung mucosa (14-20%). 

Our findings suggest that mechanisms protecting CD4+ T-cells from severe depletion may 

have been more effective in lung mucosa than the jejunal and colonic mucosal sites (10, 31). 

Of note, CD4+ T-cells in peripheral blood (data not shown) were 32-45% of the total CD3+ 

T-cell pool, of which 30-39% were of memory phenotype (CD95+CD45RA-) suggesting 

that severe CD4+ T-cell depletion was occurring mainly in the mucosa during primary acute 

and early chronic stages of infection.

CD4+ T-cell restoration/retention in the lung mucosa is associated with enhanced innate 
antiviral gene expression

To determine whether efficient CD4+ T-cell restoration/retention in the lung during chronic 

SIV infection was associated with induction of host defense response mechanisms and 

specific molecular networks that were distinct from those in the GI tract, we evaluated the 

transcriptional profiles of lung compared to those of colon, and jejunum (Fig. 2A). While 

there was some overlap observed in the gene expression among mucosal compartments in 

response to SIV infection, about twice as many genes were transcriptionally modulated in 

the lung than in the jejunum and about 4-5 times as many as in the colon (Figure 5). In 

general, the physiological processes enriched in each mucosal compartment during chronic 

SIV infection were highly divergent and distinct from each other. A marked increase of gene 

expression was seen in the lung involving genes that mediate innate antiviral immunity as 

well as adaptive immune responses, while minimal changes were detected in the expression 

in these functional gene categories in intestinal mucosal compartments.

Upon closer examination, we found that the expression of molecules involved in type I 

interferon (IFN) production, signaling, and response were induced at significantly higher 

levels in the lung than in the intestinal mucosa (Figure 6A). Production of type I IFN might 

have been induced through RIG-I stimulation, and signaling through STAT-1 and STAT-2, 

which appeared to be linked to downstream expression of effector molecules such as OAS-1 

and MX-1. Indeed, several well-established viral restriction factors induced by type I IFN 
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were up regulated at higher levels in the lung than in the GI tract, including tetherin, 

APOBEC3B, TRIM5, viperin, SAMHDI, and theta defensin-1 (Figure 6B).

To evaluate whether differences in innate antiviral response between the lung and the GI 

tract emerged in chronic SIV infection or were established earlier in the course of SIV 

infection, we measured and compared the magnitude of induction of viral restriction factors 

BST2/tetherin, MX-1, and Viperin in each compartment by quantitative real-time PCR (RT-

PCR). At 2 weeks post-infection, we found that expression of tetherin MX-1 and viperin 

significantly increased over uninfected controls, but did not increase similarly in the jejunum 

or colon (Figure 7). Moreover, we determined that the coefficients of determination were 

strong between the level (%) of intestinal CD4 T-cells and expression levels of MX-1 (0.77) 

or viperin (0.86) transcripts of the animals during the chronic stage of SIV infection (data 

not shown). These data validated findings of the transcriptome analysis using DNA 

microarrays during chronic SIV infection, and indicate that the enhanced induction of 

antiviral mechanisms in the lung compared to the GI tract occurred early during the acute 

stage of infection and diverged thereafter.

Differential virus-specific CD8+ T-cell cytolytic functions in the lung and GI tract

We reasoned that restoration of CD4+ T-cells in the lung might have contributed to the 

helper functions that might have led to more effective cytolytic anti-viral CD8+ T-cell 

responses in the pulmonary mucosal compartment. Therefore, we performed 

immunophenotypic analysis by flow cytometry and gene expression profiling by DNA 

microarrays to evaluate cytolytic potential in all 3 mucosal compartments. A comparison of 

the levels of degranulating (CD107a+) versus perforin+ CD8+ T-cells indicated that ~39% 

of CD8+ T-cells in the lung of healthy uninfected macaques expressed intracellular perforin 

(Figure 8A). In contrast to the lung, few perforin+ CD8+ T-cells were detected in the colon 

and jejunum of SIV-negative animals. SIV infection led to an increased number of perforin+ 

CD8+ T-cells in each compartment. However, perforin+ CD8+ T-cells comprised only 17% 

and 18% (mean values) of the total CD8+ T-cell population (15-20%) in the GI 

compartments as compared to a mean of 41% in the lung (35-55%).

Despite the presence of higher numbers of perforin+ CD8+ T-cells in the lung during SIV 

infection, the functional efficacy of those CD8+ T-cells has not been well investigated. We 

therefore examined the ability of CD8+ T-cells from each mucosal compartment to produce 

multiple cytokines in response to stimulation with SIV antigens. Notably, the highest 

percentage of SIV antigen specific poly-functional CD8+ T-cells expressing both IL-2 and 

IFN-γ was detected in the lung (Figure 8B). These data are in agreement with previous 

studies of HIV infected patients (10), and highlight the importance of mucosal CD8+ T-cell 

responses in the control of viral replication. In support of the increased functional efficacy of 

T-cells, transcriptional profiling showed higher levels of granzymes K and H in the lung 

mucosa than in the gut mucosa (Figure 8C). Collectively, these data suggest that increased 

functionality of SIV-specific CD8+ T-cell responses in the lung mucosa may be inextricably 

linked to better CD4+ T-cell restoration and T-cell helper functions following resolution of 

primary acute stage of infection.
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Discussion

The host encounters a diverse and unique set of pathogens, commensal microbes and other 

antigenic stimuli at the mucosal sites that potentially shape its microenvironment with 

regard to the development of innate defense mechanisms to protect against pathogens while 

counteracting pathogen–induced mucosal tissue damage (32-34). In the current study, we 

sought to compare the molecular and cellular profiles of host response during acute and 

chronic stages of SIV infection within the lung and GI mucosal compartments. We 

performed comparative analyses of viral replication, changes in T-cell subset distribution 

and function, and the profile of antiviral immune responses in the lung, jejunum, and colon. 

The IFN-α and the downstream signaling is important for controlling the viral dissemination 

during primary acute stages of infection. However, they are also associated with chronic 

immune activation/exhaustion in chronic viral diseases caused by HIV, LCMV, and 

Hepatitis C. Several important differences between the lung and GI mucosa with respect to 

IFN-α signaling, were identified prior to and during SIV infection that may potentially 

contribute to CD4+ T-cell restoration in the lung while resulting in incomplete CD4+ T-cell 

recovery in the jejunum and colon.

Maintenance of mucosal CD4+ T-cell subsets is critical for generating an effective immune 

response to pathogens (35-37). Effector memory T-cells (TEM) are highly enriched at 

mucosal sites compared to peripheral blood or lymphoid tissues (29, 37). However, CCR5 

expression on TEM cells causes them to be highly susceptible targets for HIV and SIV 

infection (8, 38). While high numbers of memory CD4+ T-cells in the lung mucosa could 

prime this site for severe CD4+ T-cell depletion (39), we found that the highest levels of 

CD4+ T-cell depletion occurred in the jejunum and colon instead of the lung mucosa. These 

findings suggest that additional factors beyond the prevalence of effector memory CD4+ T-

cells are likely to contribute to the divergent patterns of CD4+ T-cell depletion observed in 

each compartment. Moreover, the rapid rebound of CD4+ T-cells in BAL observed at two 

weeks post-SIV infection indicates that the lung mucosa has a greater capacity than the GI 

mucosa to restore and maintain resident helper CD4 T-cells following the duration of the 

primary SIV infection. Differences in the levels of MHCII+ APCs between lung and GI 

compartments could influence the magnitude of IFN-α expression. We determined that the 

level of macrophage infiltration in lung and GI mucosal compartments was similar. In 

addition, there was no significant difference in the expression levels of HLA-DR related 

transcripts (data not shown) in the lung and intestinal compartments. However, we cannot 

rule out a possibility that differential distribution of specific cell types such as pDC versus 

mDC populations within each compartment could still impact the level of type I interferon 

responses. This aspect warrants further investigation.

Our findings about the CD4+ T-cell rebound in BAL as well as preservation in the 

interstitial lung mucosa are in agreement with previous studies (29, 40). Collectively, they 

highlight a potential role of enhanced poly-functional CD8+ T-cell functionality in lung 

tissue during viral infection. We have previously shown that 50% or greater restoration of 

CD4+ T-cells in the gut mucosa of HIV infected patients receiving long-term HAART 

correlated with a marked increase in the polyfunctional antigen-specific CD8+ T-cells (41). 

Our findings in the SIV model provide further evidence, suggesting that better retention of 
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CD4+ T-cell numbers in the lung mucosa may increase the efficacy of type I IFN and SIV-

specific CD8+ T-cell responses in that compartment compared to the GI mucosa. However, 

the rebound of CD4 T-cells in the lung may not be sustained in the absence of antiretroviral 

therapy since CD4+ T-cell depletion is observed during advanced stages of SIV infection as 

previously reported (29, 30). BAL samples contain the cells (including inflammatory cells) 

from distal airways and alveoli and represent lung luminal contents. Lung tissue samples 

consist of the cellular components of the lung parenchyma and represent T-cell populations 

present in the tissue microenvironment. Differences in the level of CD4+ T-cell rebound 

between BAL and lung tissues during SIV infection in our study suggest that changes in the 

T-cell subset distribution in the tissue environment may not be fully reflected in BAL.The T-

cell subset data from BAL were obtained longitudinally during the initial 24 days of SIV 

infection, which showed CD4+ T-cell depletion during the primary acute stage of SIV 

infection that was followed by a rebound of the CD4+ T-cells. This is in agreement with 

previously reported findings showing depletion and rebound during acute infection (29). A 

significant proportion of CD4+ T-cells were preserved in the lung tissue. Importantly, our 

study demonstrates that the magnitude of CD4+ T-cell depletion in the lung tissue is lower 

compared to that in the gut tissue throughout infection with the exception of very early 

primary infection (<2 week). The CD4+ T-cell rebound in BAL and CD4+ T-cell 

preservation in lung tissue during early SIV infection correlated with a significant up-

regulation of the expression of IFN-α responsive genes. During the chronic stages of SIV 

infection, the lung still retains more CD4+ T-cells as a percentage of total T-cells in 

comparison to both jejunum and colon mucosal compartments and this correlated with 

higher IFN-α expression in the lung. It is possible that the transition from primary acute 

stage into the chronic stages of viral infection, with higher CD4+ T-cell numbers in the lung 

compared to the gut, might provide an advantage of better functional host responses 

mediated through IFN-α signaling in the lung mucosa. Another possibility may include an 

increased tendency of the emergence of SIV variants during chronic or advanced SIV 

infection at one mucosal site compared to other that are resistant to the IFN-α defense 

response (42, 43). Importantly, previous studies have shown that BAL samples from HIV 

infected individuals had few memory CD4 T-cells with detectable provirus suggesting that 

there may be protective mechanisms in the lungs enabling CD4+ T-cell recovery (10, 29, 

31). Moreover, IFN-α can also induce significant antiviral responses in dendritic cells that 

may limit the spread of HIV to CD4 T-cells from this cell population (44). Further studies 

are warranted to determine these host-viral interactions with respect to the kinetics of IFN-α 

responses and CD4+ T-cell depletion/rebound. Collectively, these findings suggest that 

therapeutic strategies designed to limit gut mucosal CD4+ T-cell depletion during primary 

acute stage of infection may provide substantial long-term benefits in establishing effective 

antiviral cellular and humoral responses.

The lung mucosa displayed the gene expression profile of a robust antiviral response 

compared to GI mucosal compartments. Despite similar viral loads in the lung and GI 

mucosa, an elevated expression of type I IFN associated viral restriction factors in the lung 

early during primary viral infection might have provided broader constraints over viral 

entry, replication, and budding. While we did not detect differences in viral burdens between 

compartments during the primary SIV infection, the CD4+ T-cell rebound/preservation 
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suggests that the immune response was protective to a certain extent. It is also possible that 

the viral load in the lung could have originated from infected monocytes trafficking into the 

lung microenvironment. These cells may have increased IFN-α expression and lead to 

prevention or inhibition of viral replication. Future investigation will help to identify the role 

of the cells harboring viral genomes at these mucosal sites in viral pathogenesis. Although 

type I IFNs stimulate the production of host viral restriction factors (45, 46), they also 

appear to play a pivotal role in the immunopathogenesis of HIV disease (47-49). Recent 

studies have shown that structural variants of IFN-α can ultimately promote different 

antiviral functions (50). In tandem, IFN-α can limit SIV replication in CD4 T-cells derived 

from AGMs suggesting that variants of IFN-α could have a positive association with better 

suppression of viral replication (13). In addition, supplementation with recombinant IFN-α 

strengthens the antiviral innate response and limits CD4 T-cell depletion in the rectum of 

Sooty mangabeys (51). It is not known whether IFN-α structural variants in the lung may 

contribute to greater antiviral benefit and reduced pathogenesis during SIV infection as 

compared to those in the GI mucosal compartments.

Greater retention and repopulation of helper CD4+ T-cells in the lung may also influence the 

quality of antiviral CD8+ T-cell responses in that compartment compared to those of the GI 

tract (10, 17, 22, 52, 53). While the mechanisms responsible for the differences in cytolytic 

CD8+ T-cell responses between the lung and intestinal mucosa remain to be explored, it is 

possible that diminished production of type I IFNs, chronic inflammation, and the depletion 

of CD4+ T-regulatory cells (54-56) could be contributing factors. In addition, non-cytolytic 

CD8+ T-cell responses in the lung may help to control SIV pathogenesis by preventing 

infection of incoming cells, while cytolytic responses may instead only control viral 

replication transiently during acute SIV infection (57, 58). Although the magnitude of CD8+ 

T-cell responses may not have been dramatically different between the lung and jejunum in 

our study, the quality of the anti-viral response (proliferation rates, perforin, and poly-

functional cytokine production) in the lung may reflect the beneficial effects of the enhanced 

restoration and retention of CD4+ T-cells.

In summary, our findings provide novel insights into the molecular and cellular basis for 

differential mucosal immune responses in the lung and gastrointestinal mucosa during acute 

and chronic SIV infection. We present evidence that the lung employs a more robust type I 

interferon-driven response to SIV infection compared to the upper (jejunum) or lower 

(colon) gastrointestinal tract, and displays a better rebound in CD4+ T-cells during acute and 

chronic stages of infection. Progressive loss of CD4+ T cells is associated with progression 

to SAIDS (40). It is entirely possible that chronic IFN-α signaling in the lung may 

contribute to disease pathogenesis in the long-term. It is quite likely that factors other than 

IFN-α signaling could influence the level of CD4 T-cell rebound in the gut mucosa. 

Specifically, collagen disposition occurs rapidly in the intestinal tract and draining lymph 

nodes during SIV infection that could limit the restoration of the CD4+ T-cell population. 

However, this did not restrict CD8 T-cell infiltration suggesting that the impact of intestinal 

scarring and CD4+ T-cell repopulation warrants further investigation (59). A better 

understanding of the molecular mechanisms that drive the pulmonary response may identify 

valuable therapeutic targets that can be exploited to limit HIV pathogenesis. Vaccine and 

therapeutic strategies designed to stimulate effective innate responses early during primary 
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HIV infection in the intestinal mucosa may ultimately help to limit CD4+ T-cell depletion, 

dampen systemic viral dissemination, enhance antiviral CD8+ T-cell function in intestinal 

sites of chronic HIV replication despite HAART, and accelerate immune restoration in that 

compartment.
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Figure 1. Lung and gastrointestinal mucosal sites have comparable levels of activated memory 
CD4+ T-cells
Flow cytometry was performed to determine the percentages of CD4+ and CD8+ T-cells in 

uninfected mucosal tissues with respect to lymphocyte subtypes. (A) Percentage of CD4+ 

versus CD8+ in lung (upper), colon (middle), and jejunum (lower). (B) Percentage of CD4+ 

T-cells that co-express CD8 (CD4+highCD8+low) and the percentage of CD8+ T-cells that 

express CD4+ (CD8+highCD4+low) in mucosa. (C) Percentage of central memory 

(CCR7+) CD4+ T-cells in lung, colon, and jejunum. (D) Percentage of CD4+ T-cells that 

express CCR5 or CXCR4 in lung, colon, and jejunum. (E) Percentage of CD4+ T-cells that 

express CD95 versus CD69 in lung, colon, and jejunum. (F) Percentage of CD4+ T-cells 

cells that secrete IL-2 or IFN-γ upon SEB stimulation.
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Figure 2. Distinct profiles of immune response associated gene expression in the lung and GI 
mucosa of therapy-naïve SIV infected animals and healthy controls
(A) Hierarchical clustering of the genes with increased or decreased expression in the lung, 

colon, and jejunum of untreated SIV infected animals. (SIV+ NT indicates SIV+ animals 

without therapy). Baseline levels of transcription of genes associated with (B) type I IFN 

response (RIG-I, IFNAR2, STAT-1, ADAR, MX2, OAS3), (C) pathogen associated 

molecular patterns, or PAMPS (TLR1, 2, 4, 5, and 8); and (D) trafficking (CCL15, 

CXCL14, CCL18, CXCL17) are shown in the lung (blue circles), colon (green squares), and 

jejunum (red triangles) tissues of healthy macaques (n=3) were determined by microarray 

analysis. *p-value<0.05, **p-value<0.01, ***p-value<0.001
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Figure 3. Comparable levels of SIV replication in the lung and gastrointestinal mucosal 
compartments
(A) Comparison of mucosal viral loads (determined by real-time PCR) in the lung (black 

bars), colon (light gray), and jejunum (dark gray) at 8-10 weeks post infection (p.i.), and 

again at 30 weeks p.i. SIV copy numbers in each tissue were calculated with respect to a 

standard curve generated by samples with known copy numbers and values represent 

averages across 5 animals in each group. (mean, +/− standard error). (B) Detection and 

identification of SIV-infected cells was performed by immunohistochemical analysis. 

Location of the cells expressing SIV p27 (red color) was mapped in each 25 mucosal 

compartment at 30 weeks p.i. Tissues were co-stained for CD3 (green color) and Ham56 

(magenta color) to determine if SIV infected cells were T-cells or macrophages, 

respectively. Yellow arrows represent infected CD4+ T-cells while white arrows represent 

infected macrophages (C) Immunohistochemical assessment of Ham56 expression indicated 

a similar influx of macrophages into mucosal compartments 30 weeks p.i. (D) Quantitation 

of Ham56+ cells in the lung, colon, and jejunum at 30 weeks post-infection (mean +/− 

standard error, n=3).
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Figure 4. Early CD4+ T-cell rebound in the lung mucosa while sustained CD4+ T-cell depletion 
in the gut mucosal sites during SIV infection
Flow cytometric analysis was performed for longitudinal assessment of CD4+ T-cell 

percentages from (A) BAL or (B) jejunum during early (first 24 days) and primary SIV 

infection (n=4 BAL, n=5 for jejunum, +/− standard error). (C) Flow cytometric analysis was 

performed to determine percentages of memory CD4+ T-cells (of total CD3+ T-cells) 

retained in the lung (total lung tissue), colon, and jejunum of macaques at 8-10 weeks post-

infection and at 30 weeks post-infection (mean, +/− standard error, n=5).
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Figure 5. Divergent molecular profiles of immune response to SIV infection in the lung and 
intestinal mucosa
Alterations in mucosal gene expression were determined by microarray analysis of lung, 

colon, and jejunum samples from chronically SIV infected animals (n=5) versus healthy 

uninfected controls (n=5). Venn diagrams reflect the different numbers (size) of up and 

down regulated genes in the lung, colon, and jejunum, as well as the overlaps in regulation 

between compartments. The predominant biological pathways and processes statistically (p-

value < 0.05) implicated by the genes modulated at each mucosal site during SIV infection 

are shown in the bottom panel.

Verhoeven et al. Page 21

J Immunol. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6. Distinct innate anti-viral gene expression in the lung compared to gastrointestinal 
mucosa during chronic SIV infection
(A) Changes in the expression of molecules associated with type I interferon (IFN) 

production (RIG-I, MDA-5), signaling (STAT1, STAT2) and response (OAS1, MX1) 

between healthy and chronically SIV infected animals was determined in the lung, colon and 

jejunum by DNA microarray analysis. (B) Comparison of the induction of type I IFN-

stimulated retroviral restriction 26 factors, BST2/tetherin APOBEC3B, TRIM5, theta 

defensin-1, SAMHDI, and viperin in the lung, colon, and jejunum during chronic SIV 

infection. *p-value<0.05
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Figure 7. Divergent induction of viral restriction factors in the lung and GI tract initiates during 
early stage SIV infection
Induction of BST2/tetherin, MX-1, and Viperin was measured by quantitative RT-PCR in 

the lungs, colon and jejunum during the acute (2 wks post infection) and chronic stages of 

SIV infection (30 wks post infection). Results are presented as fold-changes with respect to 

uninfected controls. *p-value<0.05
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Figure 8. Comparison of lung and GI tract CD8+ T-cell responses in SIV infected macaques
(A) Flow cytometric analysis of changes in CD8+ T-cell populations in the lung, colon, and 

jejunum expressing perforin and/or the degranulation marker, CD107a in response to SIV 

infection. A representative animal shown, (n=5). (B) In vitro production of IFNγ, IL-2, and 

TNFα in response to SIV gag stimulation was evaluated in CD8+ T-cells isolated from the 

lung, colon, and jejunum at 10 weeks post SIV infection (n=5). (C) Changes in the 

expression of granzymes K and H in the lung, colon, and jejunum during chronic stage SIV 

infection were determined by microarray analysis. *p-value<0.05
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