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Abstract

Objectives—HIV-infected controllers have provided novel insights into mechanisms of viral

control. We investigated the degree to which HIV DNA and RNA are present in gut-associated

lymphoid tissue (GALT) of controllers.

Design—Cross-sectional cohort study.

Methods—Colorectal biopsy pieces were obtained from 5 untreated non-controllers, 5 ART-

suppressed subjects, and 9 untreated controllers.

Results—Rectal HIV DNA was lower in controllers (median 496 copies/106 CD4+ T cells) than

in untreated non-controllers (117483 copies/106 CD4+ T cells, p=0.001) and ART-suppressed

subjects (6116 copies/106 CD4+ T cells, p=0.004). Similarly, rectal HIV RNA was lower in

controllers (19 copies/106 CD4+ T cells) than in non-controllers (15210 copies/106 CD4+ T cells,

p=0.001) and ART-suppressed subjects (1625 copies/106 CD4+ T cells, p=0.0599). Rectal HIV

RNA/DNA ratios were not statistically different between the 3 groups.

Conclusions—Despite being able to maintain very low plasma HIV RNA levels in the absence

of antiretroviral therapy, HIV-infected controllers have readily measurable levels of HIV DNA

and RNA in GALT. As expected, controllers had lower rectal HIV DNA and RNA compared to

untreated non-controllers and ART-suppressed individuals. Compared to the mechanisms of

“natural” viral control of controllers, long-term antiretroviral therapy does not reduce the total

HIV reservoir to the level of controllers.
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Introduction

Antiretroviral therapy (ART) decreases HIV-associated morbidity and mortality but does not

completely restore health [1, 2]. A small proportion of HIV-infected individuals

(“controllers”) are able to maintain low plasma viremia in the absence of ART [3-5]. They

present a unique opportunity to better understand HIV persistence and viral control. Multiple

studies have examined the potential virologic and host factors associated with viral control

[6-9]. We and others have previously shown that: (1) most controllers have detectable

plasma viremia and cell-associated RNA and DNA in peripheral blood mononuclear cells

(PBMCs) if ultrasensitive assays are used [10-12]; and (2) a significant proportion of

controllers are infected with replication-competent virus [13, 14] and not with virus that

contains significant genetic defects [15]. However, these studies have thus far been limited

to measurements in blood. Given the increasing recognition that the interactions between the

host and virus during low-level viremic states are more apparent in tissues than in blood

[16-19], we measured HIV DNA and RNA in gut-associated lymphoid tissue (GALT) of

controllers, and compared these measurements to those in untreated and ART-suppressed

non-controllers.

Methods

Subjects were identified from the University of California San Francisco (UCSF) SCOPE

cohort. Colorectal biopsies were obtained from 5 untreated non-controllers (plasma RNA

>10,000 copies/mL), 5 ART-suppressed non-controllers (plasma RNA <40 copies/mL for

≥12 months), and 9 untreated controllers (plasma RNA ≤1000 copies/mL for ≥12 months).

All subjects provided written informed consent. This study was approved by the UCSF

Committee on Human Research.

For each subject, 30 colorectal biopsy specimens were obtained 10-20cm from the anal

verge using 3mm jumbo forceps. Eighteen to 24 biopsy pieces were placed directly into

10mL RPMI-1640 media containing fetal calf serum (15%), penicillin (100U/mL),

streptomycin (100ug/mL), and L-glutamine (2mM). Biopsy pieces were dissociated to a cell

suspension by collagenase digestion and mechanical disruption [20]. One aliquot of cells

was set aside for flow cytometry and stained with CD45-FITC, CD3-APC and CD4-PE (BD

biosciences) for 15min at 25C. Propidium iodide was added to stain non-viable cells and

samples were run on an Accuri C6; the total number of viable mononuclear cells, and the

proportion and absolute number of viable CD45+ leukocytes and CD4+ T cells was

determined. Another aliquot of cells was frozen at -80C for subsequent nucleic acid

extraction.

Total DNA was extracted from rectal cells using Trireagent (BD Bioscience) and further

purified using the QIAgen Pure Gene kit. DNA concentrations and purity were assessed

using a ND-1000 Spectrophotometer (NanoDrop). Three replicates of up to 500ng of DNA

were assayed for HIV DNA using a modification of a published TaqMan PCR assay that

uses primers (HXB2 positions 522-543, 626-643) and probe (559-584) from the LTR region

[21]. Reaction volume was 50uL with 10pmol of each primer, 10pmol of probe, and 25uL of
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2x TaqMan Gene Expression Master Mix (Applied Biosystems). Cycling conditions were:

50C for 2min, 95C for 10min, then 60 cycles of 95C for 15sec and 59C for 1min. External

standards were prepared from DNA extracted from known numbers of 8E5 cells (NIH AIDS

Reagent Program). HIV DNA copy numbers were normalized to cellular input into the PCR,

as determined by DNA mass (assuming 1ug total DNA corresponds to 160,000 cells).

Results were further normalized by the percent of all cells that were CD3+CD4+ by flow

cytometry and expressed as copies/106 CD4+T cells.

Total RNA was extracted from rectal cells using Trireagent (BD Bioscience), treated with

DNase (2.5uL RNase-free DNase [QIAgen] and 10uL buffer RDD in a total of 100uL for

15min at 25C), and purified with the QIAgen RNeasy protocol with minor modifications

(precipitation with 700uL of 100% EtOH and washing with RPE). RNA concentrations and

purity were assessed using a ND-1000 Spectrophotometer. Three replicates of up to 500ng

of RNA were assayed for total processive HIV RNA transcripts using primers and probe

from the LTR region (as above). Reaction volume was 50uL with 10pmol of each primer,

10pmol of probe, 25uL of TaqMan RNA-to-Ct 1-Step mix (Applied Biosystems), and

1.25uL of 40x RT. Cycling conditions were: 48C for 20min, 95C for 5min, then 60 cycles of

95C for 15sec and 59C for 1min. Genomic HIV RNA standards were prepared from lab

stocks of NL4-3 virions by extracting RNA and quantifying HIV RNA via replicate

measurements using the Abbot Real Time assay. HIV RNA copy numbers were normalized

to cellular input into the PCR, as determined by RNA mass (assuming that 1ng RNA

correspond to 1000 cells [22]), which has been shown to correlate with levels of GAPDH

RNA [17]. Results were further normalized by the percent of all cells that were CD3+CD4+

by flow cytometry and expressed as copies/106 CD4+T cells.

All statistical analyses were conducted with GraphPad Prism version 5.04. Virologic

parameters were compared between unmatched groups using the Wilcoxon rank sum test.

Results

The median plasma RNA was 3.3×104 copies/mL for untreated non-controllers, <40

copies/mL for ART-suppressed non-controllers (median duration of viral suppression 8.6

years), and 58 copies/mL for controllers (Table 1).

Rectal CD4+ T cell content (percent of total rectal cells) was higher in controllers (median

7.1%) than in untreated non-controllers (4.1%, p=0.019) or ART-suppressed subjects (4.3%,

p=0.007) (Figure 1A).

Rectal HIV DNA/106 rectal cells (“tissue burden”) was lower in controllers (median 44

copies/106 rectal cells) than in untreated non-controllers (4,558 copies/106 rectal cells;

p=0.0033) or ART-suppressed subjects (254 copies/106 rectal cells, p=0.0112). Similarly,

when normalized to 106 CD4+ T cells (“HIV per CD4+ T cell”), rectal HIV DNA was lower

in controllers (median 496 copies/106 CD4+ T cells) than in untreated non-controllers

(117,483 copies/106 CD4+ T cells, p=0.001) or ART-suppressed subjects (6,116 copies/106

CD4+ T cells, p=0.004) (Figure 1B).
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Rectal HIV RNA/106 rectal cells was lower in controllers (median 2 copies/106 rectal cells)

than in untreated non-controllers (694 copies/106 rectal cells, p=0.001), but the difference

between controllers and ART-suppressed subjects (70 copies/106 rectal cells) did not reach

statistical significance (p=0.1119). However, when normalized to 106 CD4+ T cells, rectal

HIV RNA was lower in controllers (median 19 copies/106 CD4+ T cells) than in non-

controllers (15,210 copies/106 CD4+ T cells, p=0.001) or ART-suppressed subjects (1,625

copies/106 CD4+ T cells, p=0.0599) (Figure 1C).

Rectal HIV RNA/DNA ratios (a measure of average transcription per infected cell) were not

statistically different between the 3 groups (median 0.19 controllers, 0.25 untreated non-

controllers, and 0.29 ART-suppressed subjects).

Discussion

Given the potential limitations of ART [1, 2, 23], there is a growing interest in developing

curative approaches in which viral control is maintained in the absence of any therapy. HIV-

infected controllers may prove to be an informative model for developing such strategies.

We performed extensive virologic measurements in a cohort of controllers, focusing for the

first time on GALT, where much of the viral reservoir is presumed to reside.

First, we observed that untreated non-controllers have an extremely high burden of HIV

DNA in the rectum, corresponding to an average of one copy for every 10 CD4+ T cells.

This calculation, which assumes that most or all of the HIV DNA is in CD4+ T cells and is

evenly distributed, should be verified in sorted and terminally diluted CD4+ T cells.

However, if this approximation is true, it suggests that in most untreated non-controllers, a

large proportion of CD4+ T cells in the rectum may be infected with HIV.

Second, we observed that HIV-infected controllers have readily measurable levels of HIV

DNA and RNA in the rectum, despite being able to maintain very low levels of plasma RNA

in the absence of ART. As expected, controllers had higher rectal CD4+ T cell numbers and

lower rectal HIV DNA and RNA levels compared to untreated non-controllers. However,

we did not detect a difference in HIV RNA/DNA ratios. These data suggest that in

controllers, the mechanisms of viral control result in a lower total frequency of HIV-infected

cells but may not reduce the average HIV transcription rate per infected cell.

Controllers also had lower rectal HIV DNA and RNA levels compared to ART-suppressed

non-controllers, but HIV RNA/DNA ratios were similar between the two groups. These data

suggest that compared to the mechanisms responsible for “natural” host-mediated control

of viral replication, long-term ART does not reduce the total HIV reservoir to the level of

controllers. Strong, polyfunctional mucosal responses are at least partially responsible for

the ability of controllers to limit the total HIV reservoir size [24, 25].

Finally, it was notable that the degree of heterogeneity in rectal HIV DNA and RNA

measurements appeared to be greater in controllers, compared to untreated non-controllers

or ART-suppressed subjects. This is consistent with previous immunologic/virologic studies

of controllers. Although grouped into the same phenotypic group based upon suppression of

plasma viremia to low levels, multiple studies have shown that controllers are in fact a rather
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heterogeneous group. For example, although controllers are enriched for several HLA class I

alleles, not all controllers have protective HLA alleles [7, 8]. Similarly, replication-

competent virus has been recovered from a significant proportion [13, 14], but not all, HIV-

infected controllers [26]. The observed heterogeneity in rectal HIV DNA and RNA

measurements undoubtedly reflects that multiple factors are contributing to “natural” viral

control.

Our study has several limitations, including a relatively small sample size and variability in

duration of HIV infection, immunodeficiency, and ART regimen for ART-suppressed

subjects. Mucosal sampling was limited to the colorectum, and HIV measurements were

limited to unsorted cells. Future studies should characterize the viral reservoir in controllers

in other important locations within the gut (including ileum) [17] and other lymphoid tissues

(lymph nodes), and should describe the relationship between reservoir size and immunologic

correlates. Finally, our HIV assays measured total HIV DNA and RNA and did not allow us

to distinguish between unintegrated and integrated forms of DNA, or between genomic and

messenger RNA. Recent reports have shown that controllers have large excesses of

unintegrated HIV DNA and 2-LTR circles in PBMCs, suggesting that they may have an

intrinsic ability to block HIV integration [27, 28].

Despite the apparent ability of controllers to limit the spread of infection (as measured by

rectal HIV DNA), the paradoxically high relative level of transcription (as demonstrated by

HIV RNA/DNA ratios that were similar to untreated non-controllers) suggests that

controllers may have productive infection and/or ongoing viral replication that could

theoretically be reduced by ART. We have previously shown that controllers have higher

levels of immune activation compared to ART-suppressed subjects [29], some controllers

with high levels of immune activation progress immunologically to AIDS despite

maintenance of virologic control [29], and controllers have higher levels of atherosclerosis

compared to HIV-negative subjects [30]. Thus, the ability to control HIV to low levels may

be incomplete and/or dissociated from control of immune activation or end-organ damage.

Prospective treatment studies are currently underway by our group to define the role of viral

replication and the virologic and immunologic effects of ART in these individuals.
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Figure 1A. Rectal CD4+ T cell content (percent of total rectal cells)
ARV=antiretroviral therapy. VL=plasma HIV RNA (copies/mL). NC=Non-controller.
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Figure 1B. Rectal HIV DNA (copies/million CD4+ T cells)
ARV=antiretroviral therapy. VL=plasma HIV RNA (copies/mL). NC=Non-controller.
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Figure 1C. Rectal HIV RNA (copies/million CD4+ T cells)
ARV=antiretroviral therapy. VL=plasma HIV RNA (copies/mL). NC=Non-controller.
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Table 1
Baseline characteristics

Untreated Non-controllers ART-suppressed Non-controllers Controllers

(n=5) (n=5) (n=9)

ART No Yes No

Plasma HIV RNA (copies/mL) 32,997 (11,660 - 235,492) <40 (<40 - <40) 58 (40 - 95)

CD4+ T cell count (cells/mm3) 424 (414 - 487) 660 (565 - 785) 708 (528 - 872)

Nadir CD4+ T cell count (cells/mm3) 382 (372 - 400) 270 (50 - 416) 486 (379 - 506)

Age (years) 42 (40 - 44) 58 (52 - 62) 51 (48 - 55)

Gender (% male) 100% 100% 89%

Data represent medians and interquartile ranges (IQR). ART=antiretroviral therapy.
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