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We report detailed quantitative analysis of human
immunodeficiency virus-1 (HIV-1) p24 and HIV-1 RNA
in tonsil biopsies from 13 patients with early, asymp-
tomatic HIV infection before and during combination
antiretroviral therapy. Using fluorescent microscopy
in conjunction with reverse transcriptase-polymerase
chain reaction of frozen tissue sections, we show that
plasma and tissue viral loads decreased by approxi-
mately 3 logs during the 1-year treatment period,
with good correlation between the HIV-1 p24 and
HIV-1 RNA response in tissue. The decrease of tissue
viral load was delayed compared to plasma viral load,
possibly explained by the observation that the
amount of follicular dendritic cell-associated virus
correlated best with the area under the curve of
plasma HIV-1 RNA throughout the last 12 weeks. Be-
fore and during treatment, the relative proportions of
HIV-1 on follicular dendritic cells and within mono-
nuclear cells remained constant, suggesting similar
decay characteristics in these two lymphoid tissue
compartments. However, viral p24 or RNA remained
almost always detectable in tissue despite full sup-
pression of HIV-1 RNA in plasma, and increased even
after short-term rebounds in plasma viral load. Thus,
full and sustained suppression of viral replication
was required to efficiently decrease viral load in
lymphoid tissue, but complete abolition of residual
viral replication was not achieved. (Am J Pathol
2000, 156:1973–1986)

Lymphoid tissue is the major reservoir of human immu-
nodeficiency virus-1 (HIV-1) and the main site for virus
propagation in vivo.1,2 Infected CD4-positive T cells, most
of which also reside in lymphoid tissue,3 are the cell type
that is predominantly responsible for high-level replica-

tion of HIV-1. Several studies have shown that substantial
decreases in lymphoid tissue viral load (VL) occur in
HIV-infected individuals who are successfully treated
with combinations of antiretroviral drugs.4–6 However,
residual cell-free and cell-associated HIV-1 RNA remains
present in virtually every patient despite effective and
potent antiretroviral therapy, representing low-level viral
replication7 or viral transcription in long-lived HIV infected
cells.8–11 Although peripheral blood mononuclear cell-
associated HIV-1 RNA may be a reasonable indicator of
the overall VL in lymphoid tissue,12 little knowledge still
exists regarding the quantitative distribution of HIV-1 in
lymphoid tissue and the corresponding kinetics in re-
sponse to the initiation of antiretroviral therapy, particu-
larly in patients with early HIV infection.

Only a small fraction of HIV-1 in lymphoid tissue is
actually associated with productively infected lympho-
cytes.3,13,14 Most of the lymphoid tissue-associated virus
is concentrated on the surface of follicular dendritic cells
(FDC), where it is thought to be trapped by complement
receptors that capture complement-tagged virus or virus-
antibody immune complexes,3,15–17 or other mechanisms
depending on cellular adhesion molecules.18 A portion of
FDC-trapped virus probably remains infectious,14,15,18

and some researchers have reported evidence for pro-
ductive infection of FDC.19–21

Different methods have previously been applied to
analyze VL in situ, visualizing either HIV-1 RNA by in situ
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hybridization (ISH) or the viral capsid protein p24 using
immunohistochemistry (IHC), allowing to differentiate be-
tween the intracellular and extracellular fractions of
HIV-1. Most previous studies on histological HIV-1 detec-
tion involved the use of formalin-fixed, paraffin-embed-
ded tissues.4,22,23 Some of the most sensitive, quantita-
tive ISH methods used radioactively-labeled nucleic acid
probes for hybridization and photographic emulsion
overlays for detection, resulting in a lower detection limit
of approximately 20 HIV-1 RNA copies per cell.3,24–27

Nonradioactive ISH methods for HIV-1 RNA detection,
involving bright-field microscopy of enzymatically-depos-
ited visible products, have generally been less sensitive
and may miss FDC-associated virions.28,29 Nonradioac-
tive IHC detection with anti-p24 antibodies typically re-
veals more HIV-1 than nonradioactive ISH, and has been
shown to reveal FDC-associated virus.22,24 Nonradioac-
tive ISH and IHC methods have been especially useful for
co-localizing HIV-1 with cell surface markers, which is
usually accomplished by two-color reactions.19,30

Protein or nucleic acid targets can also be visualized
using well-established fluorescent microscopy meth-
ods.21,31–35 With recent applications of ultra-sensitive
digital cameras, high-yield fluorescent reagents and im-
age analysis software, fluorescent microscopy is emerg-
ing as an extremely sensitive alternative to radioactive
detection methods. By avoiding emulsion overlays, fluo-
rescent methods offer improved flexibility for multicolor
detection and simultaneous co-localization and were
therefore used in this study.

This article reports detailed analyses of HIV-1 in lym-
phoid tissues using highly sensitive, quantitative detection
of HIV-1 p24 and HIV-1 RNA by fluorescent microscopy.
Quantitative IHC and ISH fluorescent measurements were
corroborated by comparison with results from a recently
developed HIV-1 reverse transcriptase-polymerase chain
reaction (RT-PCR) assay for tissues.36 The comparison
was made possible by using a novel tissue-sectioning
strategy resulting in serial, unfixed frozen tissue sections.
These techniques enabled us to analyze the cell-associ-
ated distribution of HIV-1 in lymphoid tissue from HIV-1-
infected individuals, both before and after the initiation of
antiretroviral therapy, and to assess the kinetics of HIV-1
decay in four sequential tonsil biopsies.

Materials and Methods

Patients and Specimen Collection

Within the framework of a larger clinical study,37 13
asymptomatic, antiretroviral-naive, HIV-1-infected indi-
viduals with .400 CD4 cells per ml at entry were random-
ized to receive double therapy with AZT and 3TC or triple
therapy with AZT, 3TC, and ritonavir and underwent se-
quential tonsil biopsies (Table 1). The study was ap-
proved by the Zurich University Hospital Ethics Commit-
tee and all participants provided signed consent. The
study protocol called for each patient to come for monthly
follow-up visits including collection of blood specimens
and to donate four sequential palatine tonsil biopsies at

weeks 0 (pretherapy), 4, 24, and 48 (on therapy); 50 out
of 52 planned biopsies were obtained. Biopsies (;2 3
2 3 4 mm in size) were excised using 4-mm Takahashi
forceps and immediately placed in a screw-top tube
containing 0.5 ml of sterile Hanks’ buffered salt solution.
Specimens were submerged in liquid nitrogen within 2
minutes of excision. Of eight patients starting with triple
therapy (triple-therapy group), one switched to double
therapy at week 13 because of intolerance of ritonavir; of
five patients starting double therapy (double-therapy
group), two switched to triple therapy at weeks 24 or 40,
respectively.

Sectioning Strategy

Each tonsil biopsy was entirely cryosectioned (6 mm;
cryostat CM3050, Leica, Wetzlar, Germany) and each
series of 18 consecutive sections was defined as one
level. Per biopsy, ;20 to 40 levels were generated. The
18 sections from each level were serially distributed as
follows: four sections for IHC, four sections for ISH, one
section for hematoxylin and eosin (H&E) staining, three
sections for RNA extraction, three sections for DNA ex-
traction, and three sections for backup. Frozen sections
(6 mm) used for histology or histochemistry were put on
Superfrost Plus slides (Gerhard Menzel Glasbearbeitung-
swerk GmbH & Co. kg, Braunschweig, Germany) kept at
room temperature, dried for 2 minutes at 50°C, and
stored at 270°C in individual air-tight bags. Sections for
bulk extractions from each level were combined in sep-
arate tubes and stored at 270°C.

Morphometry

To assess total tissue area and lymphoid tissue area, com-
puter-aided morphometry (AxioHOME; Zeiss, Oberkochen,
Germany) was performed on one section from each level
stained by H&E. Areas were converted to weight using
the thickness of sections (6 mm) and assuming a density
of 1 mg/mm3. The calculated average total tissue weight
(50 biopsies) was 6.65 mg/biopsy (SD, 2.72).

Immunohistochemistry

Slides with frozen sections were brought to room temper-
ature, fixed for 10 minutes in 3% paraformaldehyde/phos-
phate buffered saline (PBS) at room temperature, and
subsequently washed twice in PBS. Sections were equil-
ibrated in TNT (100 mmol/L Tris, 150 mmol/L NaCl, 0.05%
Tween 20, pH 7.5), then covered with 100 ml TNB (100
mmol/L Tris, 150 mmol/L NaCl, 0.5% blocking reagent,
pH 7.5; NEN, Boston, MA) for 30 minutes and then se-
quentially covered with 75 ml TNB containing: 1) mouse
anti-HIV-1 p24 diluted 1:10 (DAKO Diagnostics AG, Zug,
Switzerland) and rabbit anti-CD3 (1:200; DAKO); 2) 5
mg/ml of Cy3-conjugated goat anti-mouse immunoglob-
ulin (Ig) (Amersham, Little Chalfont, GB) and 5 mg/ml
Alexa 488-conjugated goat anti-rabbit Ig (Molecular
Probes Europe BV, Leiden, The Netherlands); 3) 5 mg/ml
of mouse IgG (Sigma, Buchs, Switzerland); 4) mouse IgM
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anti-human dendritic reticulum cell (1:20; DAKO), and 5)
5 mg/ml of Cy5-conjugated goat anti-mouse IgM (m-
chain specific, multiple labeling grade; Jackson Immuno
Research Laboratories, West Grove, PA) and 0.5 mmol/L
of 49,6-diamidino-2-phenylindole (DAPI; Sigma). All anti-
body incubations were performed in a dark humidified
chamber at room temperature for 30 minutes and were
followed by three washes in TNT for 5 minutes. Sections
were dehydrated in 70, 90, and 100% ethanol and
mounted using ProLong Antifade (Molecular Probes). To
assess nonspecific binding, some sections were stained

by replacing the anti-p24 antibody with 5 mg/ml of mouse
IgG (Sigma).

To verify the linearity of fluorescent intensity quantita-
tion, 10-mm beads coated with well-defined quantities of
mouse monoclonal antibody (DAKO Qifikit) were stained
in 500 ml of TNB containing 5 mg/ml of Cy3-conjugated
goat anti-mouse Ig according to the manufacturer’s in-
structions and then resuspended in 100 ml of water.
Twenty microliters of stained bead suspensions were
dropped on Superfrost Plus slides and allowed to adhere
for 10 minutes. After removing excess fluid by aspiration,

Table 1. Sequential Measurements of Tonsil HIV-1 p24 and HIV-1 RNA in Patients under Combination Antiretroviral Therapy

Patient
Group* Week

Treatment
(week of change)

Total tonsil
HIV-1 p24

(FI/100ng LT)

Number of p24
positive cells
(cells/mg LT)

RT-PCR tonsil
(copies/mg LT)

ISH
(Granule count

per mg LT)
Plasma VL
(copies/ml)

101 0 none 3.08 z 105 126 5.14 z 106 1.86 z 105 3.26 z 104

A 4 AZT13TC1RIT 5.43 z 105 295 1.81 z 105 5.48 z 104 2.90 z 101

24 AZT13TC1RIT ,1300 ,130 ,462 ,4330 ,16
48 AZT13TC1RIT ,140 ,14 ,149 ,1210 ,8

103 0 none 2.60 z 105 ,9 1.15 z 105 5.96 z 103 6.15 z 103

A 4 AZT13TC1RIT 1.87 z 105 ,13 1.92 z 103 ,1290 ,13
24 AZT13TC (13) 3.13 z 105 ,7 7.25 z 102 ,669 ,19
48 AZT13TC n.d. n.d. n.d. n.d. ,5

118 0 none 3.27 z 106 226 6.66 z 105 3.62 z 105 3.14 z 104

A 4 AZT13TC1RIT 1.46 z 106 ,28 6.55 z 104 6.87 z 104 2.93 z 102

24 AZT13TC1RIT 1.10 z 105 ,11 9.69 z 102 ,1070 ,14
48 AZT13TC1RIT ,758 ,76 1.04 z 103 ,7580 ,7

121 0 none 1.39 z 106 145 5.03 z 105 5.91 z 104 1.25 z 104

A 4 AZT13TC1RIT 4.94 z 105 90 8.74 z 104 2.48 z 104 9.03 z 103

24 AZT13TC1RIT 2.32 z 104 ,12 5.39 z 102 ,1500 ,10
48 AZT13TC1RIT 1.38 z 105 53 1.66 z 103 ,934 ,19

126 0 none 1.30 z 106 179 4.29 z 105 8.79 z 104 2.59 z 103

A 4 AZT13TC1RIT 5.54 z 104 ,6 5.50 z 103 1.55 z 104 4.40 z 101

24 AZT13TC1RIT ,50 ,5 1.78 z 102 ,498 ,9
48 AZT13TC1RIT 4.12 z 103 ,6 3.11 z 101 ,584 ,8

402 0 none 7.30 z 105 228 1.76 z 105 5.24 z 104 2.00 z 104

A 4 AZT13TC1RIT 9.14 z 103 ,17 2.87 z 103 ,1740 1.06 z 102

24 AZT13TC1RIT ,401 ,40 1.77 z 102 ,4010 3.20 z 101

48 AZT13TC1RIT ,199 ,20 7.34 z 101 ,1990 ,12
124 0 none 2.56 z 105 71 1.50 z 105 5.76 z 103 1.36 z 104

A 4 AZT13TC1RIT 1.42 z 105 ,9 5.92 z 103 4.46 z 104 1.58 z 103

24 AZT13TC1RIT ,61 ,6 1.40 z 102 ,610 1.69 z 102

48 AZT13TC1RIT ,50 ,5 5.58 z 101 ,505 9
109 0 none 2.91 z 106 172 3.96 z 105 2.13 z 105 1.68 z 105

B 4 AZT13TC 5.85 z 106 406 4.17 z 104 8.98 z 104 1.93 z 102

24 AZT13TC 4.37 z 105 ,40 4.84 z 104 1.51 z 105 2.50 z 104

48 ddl1d4T1RTV (24) 1.12 z 103 ,21 1.06 z 102 1.01 z 105 ,6
112 0 none 2.49 z 104 ,9 3.06 z 105 1.72 z 104 9.13 z 104

B 4 AZT13TC 1.26 z 104 208 1.35 z 104 ,6310 1.03 z 103

24 AZT13TC 4.20 z 105 ,4 2.01 z 105 1.59 z 105 1.39 z 103

113 0 none 4.53 z 106 171 4.21 z 105 2.24 z 104 1.95 z 103

B 4 AZT13TC1RIT 2.44 z 106 ,9 5.41 z 104 6.78 z 103 ,7
24 AZT13TC1RIT 7.62 z 104 ,11 5.11 z 104 1.69 z 103 8.50 z 101

48 AZT13TC1RIT 6.64 z 105 66 2.80 z 105 2.39 z 104 4.28 z 103

114 0 none 1.77 z 104 ,6 4.18 z 104 2.99 z 104 5.42 z 103

B 4 AZT13TC 2.73 z 105 256 1.92 z 104 1.79 z 104 3.00 z 101

24 AZT13TC 1.16 z 105 94 5.65 z 104 1.33 z 104 2.52 z 102

48 AZT13TC 4.26 z 104 47 6.42 z 102 ,1090 3.22 z 102

119 0 none 4.94 z 105 63 1.97 z 105 1.52 z 104 3.84 z 104

B 4 AZT13TC 3.78 z 106 ,55 1.20 z 106 ,11000 5.90 z 102

24 AZT13TC 6.67 z 105 66 5.88 z 104 6.82 z 104 5.13 z 103

48 d4T13TC1NEL (40) 3.43 z 105 34 2.83 z 103 ,896 9.00 z 101

302 0 none 6.29 z 105 114 7.02 z 105 3.37 z 104 2.49 z 104

B 4 AZT13TC 5.78 z 104 ,29 6.64 z 104 4.30 z 103 8.70 z 102

24 AZT13TC 1.74 z 104 ,6 2.91 z 102 ,581 1.05 z 102

48 AZT13TC ,339 ,34 2.09 z 103 ,339 8.24 z 102

*A, without; B, with plasma viral rebound (see Results); FI, fluorescent intensity; LT, lymphoid tissue; ISH, in situ hybridization; VL, viral load.
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slides were air-dried for 15 minutes and coverslipped.
Images of Cy3 fluorescence were acquired through the
403 objective using 100 milliseconds and 1-second ex-
posures. After subtracting the mean gray value of bead-
free areas, total gray value (1-second exposure) of indi-
vidual beads was measured. For beads showing pixel
saturation on 1-second exposures, total gray value on the
100-millisecond image was multiplied by 10.

In Situ Hybridization

Slides with unfixed sections were warmed to room tem-
perature and fixed for 10 minutes with 4% paraformalde-
hyde in PBS at room temperature. After two washes in
PBS (5 minutes each), sections were permeabilized with
1 mg/ml proteinase K (Boehringer Mannheim, Rotkreuz,
Switzerland) in TE (50 mmol/L Tris-HCI, pH 7.5, 10
mmol/L ethylenediaminetetraacetic acid) for 10 minutes
at 37°C, washed in PBS, fixed again as above, acetylated
for 15 minutes in 0.1 mol/L triethanolamine, pH 8.0, by
addition of 0.5% acetic acid anhydride. The slides were
then washed twice in PBS (5 minutes), once in 23 stan-
dard saline citrate (SSC; 5 minutes) dehydrated in 70, 90,
and 100% ethanol (3 minutes each) and air-dried.

The probes, consisting of digoxigenin-labeled RNA
derived by in vitro transcription of plasmids F, H, I, and J
(Lofstrand Labs Ltd., Gaithersburg, MD) and represent-
ing 7.8 kb (85%) of the HIV-1 genome, were carbonate-
sheared to 350 nucleotides average length. Antisense or
sense probe mix was prepared by mixing equimolar
amounts of labeled RNA from each of the four plasmids.
The probe mix was diluted to 2.5 ng/ml with 23 ISH buffer
(Amersham) to which 45% deionized formamide, 5
mmol/L dithiothreitol (Sigma), and 1 U/ml RNase inhibitor
(RNAguard; Pharmacia, Uppsala, Sweden) were added.
Sections were covered with 20 ml of probe mix under
18 3 18 mm coverslips and hybridized at 50°C overnight
in a humid chamber. Slides were subsequently washed
twice for 5 minutes in 23 SSC/45% formamide at 45°C,
for 15 minutes in 23 SSC at 45°C, for 30 minutes in 23
SSC containing 12.5 mg/ml of RNase A (Boehringer) at
37°C, for 5 minutes in 23 SSC at 37°C, for 10 minutes in
23 SSC at 45°C, and for 5 minutes in 23 SSC at room
temperature. Hybridized sections were rinsed in PBS and
endogenous peroxidases were inactivated in 3% hydro-
gen peroxide/PBS for 10 minutes, followed by digoxige-
nin detection using tyramide signal amplification (Cy3-
TSA Direct ISH; NEN) with horseradish peroxidase-
conjugated sheep anti-digoxigenin (Boehringer) diluted
1:250 according to the manufacturer’s instructions. After
counterstaining with DAPI, sections were mounted using
ProLong Antifade.

Microscopy and Fluorescent Quantitation

Slides were examined using a Leica DM/RXA epifluores-
cence microscope equipped with a HBO 100W mercury
lamp, four filter cubes (TR1 DAPI, High Q 41001 FITC,
High Q 41007a Cy3, and High Q 41008 Cy5; Chroma,
Brattleboro, VT) mounted on a motorized wheel, PL Fluo-

tar 403/0.70 and 103/0.30 objectives on a motorized
nose piece, and a motorized stage (Leica AG, Switzer-
land). Microscope images were captured with a cooled
CCD digital camera (Micromax RTE/CCD 1317-K1, 12
bit; Princeton Instruments, Trenton, NJ), connected to an
Intel 586-based computer. MetaMorph Image Analysis
software (version 3.5, Universal Imaging Corp., West
Chester, PA) was used for microscope control, image
acquisition, and image processing. 403 fields showing
visible Cy3 reactivity were recorded as dark current-
subtracted and shading-corrected 16-bit images with
1-second exposures. For IHC each field was imaged four
times to separately record the nuclear (DAPI), CD3 (Al-
exa488), p24 (Cy3), and FDC (Cy5) fluorescence, and for
ISH each field was imaged two times to separately record
the nuclear (DAPI) and HIV-1 RNA (Cy3) fluorescence.
After background subtraction, specific HIV-related fluo-
rescence (IHC p24 or ISH HIV-1 RNA) was quantified
from digital images as fluorescent intensity (gray value),
hereafter referred to as fluorescent intensity units (FIU), or
positive signal area (number of pixels with intensities
above threshold). Montaged images representing an en-
tire section were acquired with the 103 objective and
1-second exposures.

For IHC, binary masks representing CD3- and FDC-
positive areas, generated from the Alexa488 and Cy5
images, were used to measure p24-specific fluorescence
co-localizing with either CD3 or FDC or both. For ISH,
Metamorph standard functions were used to count fluo-
rescent granules on Cy3 images. Briefly, digital image
processing involved recalculating the pixel data using
Metamorph’s “Detect Edges” filter, which employs a
Laplace 2 convolution. Next, the convolved image was
binarized at a threshold of 200. ISH granule counts were
highly correlated with fluorescent intensity and the num-
ber of RNA copies, as shown in Results.

HIV-1 RT-PCR

HIV-1 RNA in frozen tissue sections was measured by
amplifying extracted, purified total RNA with a quantita-
tive, HIV-1 RT-PCR (Amplicor HIV-1 Monitor Test Kit,
Roche Diagnostic Systems, Inc., Branchburg NJ).36 To
calculate HIV-1 RNA copies/mg tissue, total mg of tissue
extracted was determined by using morphometry data
from sections neighboring those used for extraction.
HIV-1 RNA copies/section were calculated by multiplying
HIV-1 RNA copies/mg by mg/section, as determined with
morphometry.

Plasma VLs were assessed with the Amplicor HIV-1
Monitor Test Kit using ultrasensitive procedures, as pre-
viously reported.36,38

Statistics

A P value ,0.05 was considered significant. Results of
linear regressions are reported with r2. For calculations of
the area under the curve and log10 decreases (Dlog),
measurements below the quantitation limit were assigned
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the lower limit of detection, which ranged from 10 to 50
HIV-1 RNA copies per ml plasma.

Results

Morphological Categorization of HIV-1 RNA
and p24

HIV-specific fluorescent signals revealed by IHC or ISH
were morphologically categorized as either infected cell-
associated (intracellular) or diffusely distributed (not
clearly within an infected cell). Intracellular signals were
clearly localized around or over a nucleus (DAPI-positive)
and confined to the expected cell boundaries (Figure 1,
insets, and Figure 4f). Diffusely distributed HIV-specific
fluorescence, interpreted as extracellular, appeared in

ISH as discrete fluorescent granules 0.4 to 2 mm in di-
ameter (Figure 1) and in IHC as fluorescent network over
lymphoid follicles (Figures 2 and 4).

HIV-1 p24 Distribution by Cell Type

In all sections examined, intracellular p24 was only found
in CD3-positive cells (T lymphocytes). HIV p24 fluores-
cence identified morphologically as extracellular was fur-
ther categorized according to co-localization with CD3
and/or FDC cellular markers (Figure 4). Distribution of
p24 among the resulting four co-localization categories
(co-localization with FDC only, with CD3 only, with FDC
and CD3 or with neither cell marker) is summarized in
Figure 3. The histological pattern of FDC-associated p24
showed fluorescence spread along the FDC dendritic

Figure 1. ISH detection of HIV-1 RNA in a tonsil frozen section. Gray scale images display the follicular distribution of HIV-1 RNA (Cy3 fluorescence) (b) and
an infected cell from a different field (b, inset); cell nuclei in the same fields are revealed by DAPI fluorescence (c). d: An overlay of b (colored red) and
c (colored blue), shows the location of HIV-1 RNA relative to the cell nuclei. The corresponding H&E-stained field from a neighboring section is shown
in a. Scale bars, 50 mm.
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processes that encircle lymphocytic cells (Figure 4, e
and f). In contrast, CD3-associated p24 typically oc-
curred within the cell’s cytoplasm. Applying these histo-
logical criteria, most of the p24 in lymphoid follicles that
co-localized with both CD3 and FDC seemed to repre-
sent FDC-associated virus. The minor fraction of p24-
specific signal not co-localizing with any of the cell mark-
ers typically lined areas of FDC- or CD3-associated p24
(Figure 4h) and seem to represent thresholding artifacts
rather than a unique cellular compartment. In a subset of
biopsies, CD68/p24 staining showed that this fraction did
not co-localize with CD68-positive cells (data not shown).

Quantitation and Correlation of HIV-1 p24 and
HIV-1 RNA in Lymphoid Tissue

To determine the relationship between IHC-derived Cy3
fluorescent intensity and the number of primary antibody
binding sites (targets), beads coated with defined num-
bers of mouse IgG molecules were evaluated by IHC.
The six bead types with different surface concentrations
were clearly distinguishable on the basis of fluorescent
intensity. Linear regression of FIU/bead versus bound IgG
targets per bead demonstrated an excellent correlation
(r2 5 0.94), with a slope of 119 FIU/target and an inter-
cept of 1.08 3 105. These data validated the use of IHC
fluorescent intensity as a continuous variable related to
the number of target molecules. ISH quantitations were
done by counting fluorescent granules (see Methods).

The use of granule counts enhanced quantitative accu-
racy by reducing the influence of nonspecific back-
ground fluorescence. The fluorescent intensity/granule
conversion was validated in an analysis of all 50 individ-
ual sections that were HIV-1 ISH-positive: granule counts/
section (median, 618; range, 32 to 7182) and FIU/section
(median, 3.30 3 106; range, 8.39 3 104 to 1.79 3 108)
were highly correlated (r2 5 0.88, linear regression).

Quantitations obtained by IHC or ISH were further sup-
ported by comparison with the number of HIV-1 RNA
copies determined by RT-PCR in tissue sections repre-
senting the whole biopsy. Significant correlations be-
tween HIV-1 RNA copies/section and ISH HIV-1 RNA
granules/section (r2 5 0.62, P , 0.0001) or IHC p24
FIU/section (r2 5 0.51, P 5 0.0053) were found (Figure 5).
These relationships were modeled as follows: for IHC, the
bead calibration data (described above) was used to
derive the formula: y 5 119 * 1500 * 0.5x 1 1.08 3 105,
where y 5 predicted FIUs, 1500 5 estimated p24 targets/
virion30 (assuming that all 1500 targets could be labeled
by IHC), 0.5 converts HIV-1 RNA copies to HIV-1 virion
equivalents (2 HIV-1 RNA copies/virion), and x 5 HIV-1
RNA copies measured. The predicted relationship is plot-
ted with the data (Figure 5, right panel). The formula
shows a good fit to the experimental data (r2 5 0.73, P ,
0.0001), and the absolute number of IHC-predicted viri-
ons is close to the actual number of RT-PCR virion equiv-
alents (slope 5 0.88, linear regression) (Figure 5). For
ISH, each granule represents a minimum of one virion
because the two HIV-1 RNAs in a virion cannot be differ-
entiated at the resolution of light microscopy. The ex-
pected ideal relationship therefore is y 5 0.5x, where y 5
ISH granules/section and x 5 RT-PCR copies/section.
Most of the ISH data points fell within 61 log of the
RT-PCR virion equivalents (Figure 5, left panel). The two
outliers could not be explained on technical grounds, and
are taken as variability inherent in comparing an individ-
ual section (ISH) with an average of the entire biopsy
(RT-PCR).

The graphs in Figure 5 show that IHC-negative sec-
tions usually contained ,10 RT-PCR HIV-1 RNA copies,
and that ISH-negative sections usually contained ,50
PCR HIV-1 RNA copies. These data suggest lower de-
tection limits of approximately 5 RT-PCR virion equiva-
lents per section by IHC and approximately 25 virion
equivalents/section by ISH.

Effects of Therapy on Plasma and Tissue VL

The virological responses of HIV-1 both in plasma and
lymphoid tissue were more pronounced in the patients
initiating triple (AZT 1 3TC 1 ritonavir; n 5 8) than in
those initiating double (AZT 1 3TC; n 5 5) antiretroviral
therapy (Table 1). In the triple-therapy group, all patients

Figure 2. IHC detection of HIV-1 p24 and cellular markers. a: Color overlay (blue, nuclei; red, p24; green, FDC; red/green combinations appear as orange to
yellow) shows an entire section composed of 25 montaged fields (original magnification, 310). b–g: Show the same high-power field of a lymphoid follicle
(original magnification, 340; scale bar in b, 50 mm). b–d: Black and white images of the p24 (Cy3), FDC (Cy5), and T cell (Alexa488) fluorescent channels. e–f:
Color overlays, as follows: overlay of nuclei (blue, DAPI) and p24 (red; e); nearly complete co-localization (orange to yellow) of p24 (red) and FDC (green) within
the follicle, whereas the infected cell (arrow) does not co-localize with FDC (f); co-localization of the infected cell with CD3 (yellow), no co-localization of CD3
(green) with follicular p24 (red) (g).

Figure 3. Co-localization of p24 and cell marker fluorescence. Total p24 Fl
(circle; average of 41 p24-positive biopsies) was subdivided into intracellu-
lar (black), extracellular (Xcell) FDC-associated (vertical lines), extracellu-
lar CD3-associated (horizontal lines), extracellular FDC and CD3-associ-
ated (cross-hatch pattern), and extracellular p24 not otherwise colocalized
(white). The FI derived from each subset is indicated as percent of total p24 FI.
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reached plasma VL ,50 copies/ml between weeks 4 and
12. Sustained suppression up to week 48 was observed
in five out of eight patients, whereas transient viral repli-
cation with plasma VL spikes of 105 to 211 copies/ml
occurred in two and viral rebound to pretreatment levels
in one patient. In the double-therapy group, in only two of
five patients plasma VL dropped below 50 copies/ml at
weeks 4 or 12, respectively, but subsequently increased

to 824 or 322 copies/ml by week 48, whereas three
patients, after an initial drop to 193 to 590 copies/ml,
experienced viral rebound to plasma VL more than 1000
copies/ml. Two of those were switched to triple therapy at
weeks 24 and 40, respectively, subsequently leading to
sustained viral suppression to ,50 copies/ml in one and
a transient drop to ,50 copies/ml followed by rebound to
90 copies/ml in the other.

Figure 4. Co-localized subsets of HIV p24 from one field (original magnification, 340; scale bar, 25 mm). a–d: Black and white images of each fluorescent
channel: nuclei (DAPI) (a), HIV p24 (Cy3) (b), FDC (Cy5) (c), and T cells (CD3, Alexa488) (d). e: Nuclei (blue) overlaid with binary masks showing distributions
of FDC (red), CD3 (green), or both markers in the same pixel (yellow). f: Distribution of p24 (red) relative to cell nuclei (blue). g: HIV p24 signal is color encoded
according to co-localization with cell markers (color intensity is proportional to fluorescent intensity); p24 1 FDC (red), p24 1 CD3 (green), p24 1 FDC 1 CD3
(yellow), p24 not colocalized (gray). h: For comparison, this contrast-enhanced copy of g shows color encoding more clearly.
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Frozen sections representing every level of a biopsy
were combined and evaluated with quantitative HIV-1
RT-PCR. HIV-1 RNA was detected in 48 (96%) of 50
biopsies, whereas HIV-1 RNA was detected in 37 (74%)
matched plasma specimens (lower limit of detection ,50
copies/ml plasma). Between weeks 0 and 48, the geo-
metric mean plasma and tissue VLs decreased by 3.02
log10 HIV-1 RNA copies/ml and 3.03 log10 HIV-1 RNA/mg
tissue, respectively (Table 2). In the triple-therapy sub-
group, the decreases in plasma and tissue VLs between
weeks 0 and 48 were 3.15 log10 HIV-1 RNA copies/ml
plasma and 3.19 log10 HIV-1 RNA/mg tissue, respec-
tively; in the double-therapy group, plasma and tissue
VLs decreased by 2.74 log10 HIV-1 RNA copies/ml
plasma and 2.75 log10 HIV-1 RNA/mg tissue, respec-
tively.

IHC revealed HIV p24 in 41 (82%) of 50 biopsies,
whereas 29 (58%) were HIV-1 RNA-positive by ISH. All 13

biopsies obtained before starting antiretroviral therapy
were HIV-positive by both methods (Table 2).

Effects of Therapy on Distribution of HIV-1 in
Lymphoid Tissue

Among all biopsies with detectable ISH HIV-1 RNA or
p24, 10% of the p24 fluorescence was intracellular and
90% extracellular (Figure 3). For ISH, 7% of the HIV-
specific fluorescence was intracellular and 93% extra-
cellular. Despite the 3 log decrease in tissue VL, the
average extracellular proportions of p24 and HIV-1
RNA were not significantly different among weeks 0, 4,
24, and 48 of therapy (P . 0.09 between all time points
for both IHC p24 and ISH HIV-1 RNA, Mann-Whitney U
test) (Table 2). In analyses of the triple- and double-

Figure 5. HIV-1 RNA ISH expressed as fluorescent granules per section (left) and p24 ICC fluorescent intensity (Fl) per section (right) compared with HIV-1
RNA copies/section. Solid lines show expected theoretical relationship based on the formulas shown, and dotted lines indicate a range of 61 log10 (see text
for details).

Table 2. Viral Loads and Extracellular Proportions of Tissue p24 or HIV-1 RNA

Week
Biopsies

(N)

Viral load (log10 HIV-1 RNA copies) Extracellular HIV-1 (fluorescent microscopy)

per ml plasma per mg tonsil tissue IHC (p24) ISH (HIV-1 RNA)

Pos. (N)* VL (90% CI)† Pos. (N)* VL (90% CI)† Pos. (N)* %Xcell (90% CI)† Pos. (N)* %Xcell (90% CI)†

0 13 13 4.11 (0.33) 13 5.08 (0.25) 13 98 (0.7) 13 88 (8.1)
4 13 11 2.10 (0.54) 13 3.74 (0.30) 13 84 (16) 9 99 (0.2)

24 13 8 1.64 (0.71) 12 2.75 (0.67) 9 90 (15) 5 100 (na)‡

48 11 5 1.09 (0.70) 10 2.05 (0.66) 6 82 (27) 2 73 (44)

*Pos. (N), number of samples with detectable HIV-1 RNA or p24.
†90% CI, 6 90% confidence interval; VL, viral load; %Xcell, average percent of detected p24 or HIV-1 RNA that was extracellular (positive

specimens only).
‡na, not applicable because SD 5 0.
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therapy subgroups, there were also no significant dif-
ferences among time points.

Impact of Incomplete Viral Suppression

To further assess the magnitude of VL reduction in lym-
phoid tissue between patients with and without complete
suppression of HIV-1 RNA in plasma, we divided our
study population into two groups: group A consists of
seven fully-responding patients without viral rebound
(defined as two consecutive measurements of .50 cop-
ies/ml after week 12) who were treated with triple therapy,
whereas group B represents those with viral rebound and
consists of five patients on double and one patient on
triple therapy (Table 1 and Figure 6, middle and lower
panel). In group A, tonsil p24 became undetectable at
week 24 in 4 out of 7 and at week 48 in 4 out of 6 biopsies.
An increase in tonsil p24 from week 24 to 48 was ob-

served in two patients on triple-drug regimen, both of
which had a single episode of detectable plasma viremia
(28 to 105 copies/ml) at week 40. In six out of eight
biopsies with negative IHC, RT-PCR detected between
56 and 1040 HIV RNA copies/mg lymphoid tissue, the
other two specimens remaining negative. In contrast, p24
remained detectable in tonsils from group B up to week
48 in five of six patients, and the overall decrease in
lymphoid tissue HIV-1 RNA was much less pronounced
than in group A.

Comparison of Different Assessments of
Treatment Response

At baseline, no significant correlations were found be-
tween plasma VL, tonsil VL, and tonsil p24, whereas
results of ISH correlated with tonsil VL (Pearson r2 5
0.357; P 5 0.03). Correlations between decreases from
baseline for plasma VL, tonsil VL, and tonsil p24 are
summarized in Figure 7. At week 4, a decrease in plasma
VL was observed in all patients. The median change in
plasma VL was 22.03 (range, 20.14 to 23.05) log10. In
contrast, decrease in tonsil p24 was found in only nine of
13 patients at this time point and with a median of 20.27
log10 was considerably smaller (Wilcoxon signed rank
test, P 5 0.0018). Similarly, tonsil VL decreased by a
median of 1.02 log10 (P 5 0.013 versus plasma VL). Delta
log tonsil p24 correlated with delta log tonsil VL (Pearson
r2 5 0.466; P 5 0.010) but not with delta log plasma VL.
At weeks 24 and 48, the magnitude of changes from
baseline in plasma VL was comparable to those in tonsil
VL and p24; all changes correlated now significantly with
each other (Figure 7). The delay in primary response in
the tonsil compartment is further supported by the obser-
vation that both tonsil VL and p24 correlated better with
the area under the plasma VL curve during the last 12
weeks before biopsy than with the actual plasma VL at
time of biopsy (Figure 8).

Discussion

Highly sensitive visualization of HIV-1 in lymphoid tissues,
combined with a novel tissue-sectioning strategy of un-
fixed frozen tissue sections, enabled us to quantitate the
effects of antiretroviral therapy on VL in tissue in asymp-
tomatic individuals with early HIV-1 infection. Full and
sustained suppression of viral replication in plasma,
achievable in our study population only by triple-combi-
nation therapy, led also to a strong reduction of HIV-1 in
lymphoid tissue. However, viral p24 or RNA remained
almost always detectable in tissue at low concentrations,
confirming the inability of the current antiretroviral regi-
mens to completely suppress viral infection.7,9,10 By
comparing the magnitude of HIV-1 decline between
plasma and lymphoid tissue in patients on effective triple
therapy, the decrease after 4 weeks was more pro-
nounced in plasma than in lymphoid tissue, but reached
similar levels at weeks 24 and 48 (Figure 6, group A). This
suggests slower decay kinetics in the lymphoid tissue

Figure 6. Decreases from baseline in HIV-1 RNA (VL) in plasma, and HIV-1
RNA (VL) and p24 in lymphoid tissue; in all patients (top), and in those
without (group A) and with (group B) viral rebound during treatment. Box
and whiskers show median, 25th, and 75th percentile and range of the data.
n.s., not significant; VL, viral load.
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Figure 7. Correlations of decreases from baseline to week 4 (left) and 48 (right) in HIV-1 RNA (VL) in plasma, and HIV-1 RNA (VL) and p24 in lymphoid tissue.
For calculations of log10 decreases, measurements below the detection limit were assigned the lower limit of detection (shown with solid data points or marked
with X; see legend inserts).
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compartment, especially if assessed by p24 antigen IHC.
Based on this observation and the fact that tonsillar HIV-1
RNA and p24 correlated best with the area under the
curve of plasma VL during the last 12 weeks, our results
indicate that the amount of FDC-associated virus mirrors
the history throughout the last several weeks rather than
the current plasma VL.

Overall, we found good correlation between the three
different methods applied for the detection of HIV-1 in
tissue, namely RT-PCR of HIV-1 RNA per mg of tissue,
and quantitative image analysis of HIV-1 RNA determined
by ISH, and of p24 antigen determined by IHC. The latter
methods have the advantage of allowing precise mor-
phological characterization of cell-associated and cell-
free viral particles, but are somewhat less sensitive than
RT-PCR (approximated lower detection limits were 5 RT-
PCR virion equivalents per section for IHC and 25 RT-
PCR virion equivalents per section for ISH). The morpho-
logical assessment showed that ;10% of the viral
components were associated with infected T lympho-
cytes, whereas ;90% resided extracellularly on FDC.
Furthermore, the average proportions of extracellular to
total viral components, measured by p24 IHC and HIV-1
RNA ISH, remained unchanged throughout 1 year of ther-
apy even though plasma and tissue VLs decreased by ;3
logs during the year. This suggests that the rates of therapy-

induced reductions in tissue VL are similar in the intracellu-
lar and extracellular lymphoid compartments.

Radioactive ISH and image analysis has been used
previously to quantify intracellular and extracellular viral
RNA in tonsil biopsies.3,4 Haase et al3 reported data from
22 tonsil biopsies (7 patients receiving variable antiretro-
viral treatment with reverse transcriptase inhibitors) in
relatively early stages of infection. By recalculating the
published data in their Table 1, we determined that they
found an average of 94% extracellular (FDC-associated)
and 6% mononuclear cell-associated viral RNA, which
agrees well with the data reported here. Only four pa-
tients in that report had sequential tonsillar biopsies
throughout the course of a year and the antiretroviral
therapies they received were not effective at reducing the
tissue VL. Cavert et al4 reported similar data from 10
patients with more advanced disease who received
highly effective triple-combination therapy and were fol-
lowed for 24 weeks. In that study, HIV-1-infected mono-
nuclear cells and FDC-associated virus declined in par-
allel, a finding that is also consistent with our data. They
found that at day 2 of triple-combination therapy with
AZT, 3TC, and ritonavir, elimination of HIV-1 from FDCs
closely followed the rapid decline of VL in tonsillar mono-
nuclear cells and calculated an initial decay half-life of
1.7 days. Between days 2 and 22 they observed slower,

Figure 8. HIV-1 RNA (VL) and p24 in lymphoid tissue correlate better with area under the curve of HIV-1 RNA (VL) in plasma throughout the last 12 weeks before
biopsy (top) than with the actual plasma HIV-1 RNA (VL) at the time of biopsy (bottom). Solid data points represent samples with undetectable tonsil p24 (left)
or tonsil VL (right) at the corresponding detection limit, measurements from time points with undetectable plasma VL are marked with X. GV, gray value
(fluorescent intensity); wk, week; VL, viral load.
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but still parallel decay kinetics in both the FDC and ton-
sillar mononuclear cell compartment (t1/2 ;14 days).
Tonsil biopsies that early in therapy were not performed
in our patients, but decreases in tonsil VL at weeks 4 and
24 in our triple-therapy patients are in good agreement
with the data from that study. Thus, antiretroviral treatment
seems to lead to parallel decreases in intracellular and
extracellular HIV-1 in lymphoid tissue independent of the
stage of HIV infection, even if differences exist regarding the
destruction of the follicular dentritic cell network.39

In two of our patients on triple therapy, short-term
low-level plasma viral rebound was clearly associated
with replenishment of FDC-trapped viral antigen. The
treatment response in lymphoid tissue was much less
pronounced in patients on double-nucleoside analogue
therapy, even if their plasma VL remained partially sup-
pressed (frequently between 100 and 1000 HIV-1 RNA
copies/ml plasma). This is in agreement with data of Ruiz
et al40 who recently reported high levels of FDC-trapped
virions in patients on double-nucleoside analogue ther-
apy despite adequate suppression of HIV-1 RNA in
plasma, possibly explained by an inferior ability of double-
combination therapy to suppress residual viral replication in
lymphoid tissue. The resulting danger of resistance devel-
opment41 supports the concept that sustained, maximum
viral suppression should be targeted using triple-antiretro-
viral therapy, even in patients with early HIV infection and
good prognostic markers.

We have previously reported the impact of antiretrovi-
ral therapy on T-lymphocyte populations in the peripheral
blood in the patients of this study.37,42 Triple therapy led
to a higher increase in CD41 T cells and to stronger
decline in CD81 T cells than double-nucleoside ana-
logue therapy. Triple therapy-induced decrease in
plasma HIV RNA levels additionally led to significant
reductions in numbers of activated CD41/HLA-DR1,
CD81/HLA-DR1, and CD81/CD381 T cells, as well as
in numbers of memory CD81/CD45RO1 T cells, which
contrasted with a concomitant significant increase in
numbers of naive CD41/CD45RA1 and memory CD41/
CD45RO1 T cells. Although changes in T-cell subsets in
tonsils were not investigated in our study, disease-asso-
ciated CD41 T-cell depletion in the lymphoid tissue is not
expected during asymptomatic, early HIV infection,43

whereas in more advanced disease, where CD41/
CD45RA1 subsets are reduced in lymphoid tissue, it has
been shown that triple therapy resulted in sustained in-
creases in the proportion of naive CD41 T cells in lym-
phoid tissue to approximately half the normal level.44

The application of multicolor fluorescent IHC in this
report allowed us to substantiate the differentiation be-
tween lymphocytic and FDC-associated HIV-1 by co-
localization with cellular markers while quantitating the
virus in the same preparation. Using multiple exposures
and image analysis techniques, 66% of the extracellular
p24 was clearly FDC-associated, 13% was associated
with both CD3 and FDC markers, 2% with CD3 alone, and
another 9% did not co-localize with either marker. We
cannot rule out the possibility that some of the extracel-
lular CD3-associated virus was within lymphocytes. How-
ever, this part of the extracellular p24 had a histological

pattern consistent with the trabecular network of FDC
cytoplasmic extensions. In these 50 biopsies, all of the
infected cells detected by IHC were CD3-positive lym-
phocytes (cell markers were not available for ISH). In
separate experiments, we did not find infected CD68
cells, which is consistent with the relative rarity of infected
macrophages.2,45

In summary, HIV-1 RNA and p24 were quantitatively
evaluated by fluorescent microscopy, the fluorescent sig-
nals were effectively categorized by morphological and
co-localization criteria, and estimates of sensitivity sug-
gested that individual virions were visualized. Typically,
;90% of lymphoid tissue virus is associated with FDC,
the remainder residing mostly in T lymphocytes. Analyses
showed that the tissue distribution of HIV-1 was indepen-
dent of tissue VL more than three orders of magnitude.
We observed a delayed treatment response of tissue
HIV-RNA compared to plasma VL and, even more pro-
nounced, tissue p24, and found that the amount of FDC-
associated virus mirrors the history over weeks rather
than the current plasma VL. Antiretroviral therapy thus is
capable of effectively reducing the amount of HIV-1 in all
compartments of the lymphoid tissue, provided that tri-
ple-combination therapy is used and full viral suppres-
sion in plasma is achieved. However, complete abolition
of residual HIV-1 replication is not possible, even if treat-
ment starts early during asymptomatic HIV infection.
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