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ViralViral dynamics and immune reconstitution during potent antiretroviral therapy 

InIn lymphoid tissue, where human immunodeficiency virus-type 1 (HIV-
1)1) is produced and stored, three-drug treatment with viral protease and 
reversereverse transcriptase inhibitors markedly reduced viral burden. This was 
shownshown by in situ hybridization and computerized quantitative analysis of 
serialserial tonsil biopsies from previously untreated adults. The frequency of 
productiveproductive mononuclear cells (MNCs) initially diminished with a half-life 
ofof about 1 day. Surprisingly, the amount of HIV-1 RNA in virus trapped on 
follicularfollicular dendritic cells (FDCs) decreased almost as quickly. After 24 
weeks,weeks, MNCs with very few copies of HIV-1 RNA per cell were still 
detectable,detectable, as was proviral DNA; however, the amount of F DC-associated 
virusvirus decreased by > 3.4 log units. Thus, 6 months of potent therapy 
controlledcontrolled active replication and cleared >99.9 percent of virus from the 
secondarysecondary lymphoid tissue reservoir. 

Inn HIV-1 infection, the measurement of viral load in plasma is a useful 
guidee to prognosis and to the efficacy of antiretroviral therapy.1'' 
Ultimately,, however, the impact of treatment can only be assessed 
completelyy in the lymphoid tissue (LT) reservoirs, where most of the virus 
iss produced by CD4+ T lymphocytes, macrophages, and other lymphoid 
MNCss and is stored in immune complexes on the surfaces of FDCs. In the 
asymptomaticc stage of infection, the pool of virus on FDCs is at least an 
orderr of magnitude greater than that in MNCs.'21 In turn, both LT viral 
compartmentss exceed by orders of magnitude the quantity of free and cell-
associatedd virus circulating in the bloodstream. In reports published to 
date,, the LT viral pools are little affected by monotherapy with nucleoside 
analogg drugs that inhibit reverse transcriptase (RTIs) [2,3' and are only 
moderatelyy reduced by therapy with two or three RTls.[4,5] 

Wee investigated the effect of treatment with a more potent antiretroviral 
drugg combination on viral burden in serial tonsil biopsies,'6' which have 
beenn shown to be representative of the secondary LT in HIV-1 infection.12' 
Wee used a technique that combined in situ hybridization with computer-
assistedd quantitative image analysis to measure and differentiate HIV-1 
RNAA in virus-producing MNCs and in virion-antibody immune complexes 
depositedd on FDCs.'21 Biopsies were obtained from participants with visible 
tonsilss in an LT substudy of a clinical treatment trial combining a potent 
HIV-11 protease inhibitor, ritonavir, and two RTIs, zidovudine and 
lamivudine.. All participants in the parent study received ritonavir 
throughout,, whereas both RTIs were initiated either upon enrollment 
(immediatee group) or 3 weeks later (delayed group) to test the hypothesis 
thatt initial reductions in viral replication would forestall the development 
off drug resistance against RTIs. Thirty-four previously untreated HIV-1-
seropositivee adults with absolute CD4+ cell counts of > 50 cells per cubic 
millimeterr and plasma HIV-1 RNA levels of > 30,000 copies per milliliter 
weree randomized in this open label trial.'7' After 6 months of treatment, 
plasmaa HIV-1 RNA levels decreased at least 2.9 log units in both groups 
fromm a pretreatment median load of 5.3 log units.'8' 
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Participantss underwent tonsil biopsy 2 weeks before and 2 days, 22 
days,, and 24 weeks after treatment commenced. Because we could only 
obtainn a few tonsil biopsies from any one individual, we chose time points 
too detect anticipated early rapid changes in the MNC compartment and 
moree gradual changes in the FDC-associated pool. We based our selection 
off time points on published dynamic models of HIV-1 infection that 
predictt a rapid turnover of productively infected MNCs.19,101 We chose the 
laterr time points on the basis of previous work describing the protracted 
retentionn of conventional virus-containing antigen-antibody complexes by 
FDCs,[n|| the apparent stability of the FDC-HIV association,1121 and the 
enormityy of the FDC-associated HIV-1 reservoir.121 From these previous 
observations,, we expected a much slower turnover of FDC-complexed 
virus. . 

Eachh tonsil biopsy was cut in half. One portion was fixed and embedded 
inn paraffin; the other portion was flash-frozen for later extraction and assay 
off viral nucleic acids. Paraffin blocks were then sectioned and hybridized 
inn situ to a 35S-labeled RNA probe complementary to >90% of the 
sequencess in HIV-1 RNA. After autoradiography, the hybridization signal 
overlyingg FDCs or MNCs was quantitated by computer-assisted image 
analysis.12' ' 
Wee obtained sequential tissue samples suitable for evaluation from 10 
individuals.'1311 At baseline, this cohort had a mean of 1.5 x 108 copies of 
virall RNA per gram on FDCs (Table 1),['41 equal to the mean concentration 
previouslyy measured at an earlier stage of infection.121 By contrast, the mean 
frequencyy of MNCs with >20 copies of HIV-1 RNA per cell was 3.1 x 
1055 cells per gram (Table 1). In these individuals with more advanced HIV-
11 infection, the MNC pool thus proved to be larger than in earlier HIV 
diseasee stages.[2' The result, however, is consistent with the higher mean 
baselinee plasma HIV-1 RNA levels that imply greater rates of virus 
production. . 

Tablee 1. Effect of combination antiretroviral therapy on HIV stored on 
FDCsFDCs and on productively infected MNCs (those with > 20 copies of HIV 
RNARNA per cell) in LT. Tonsil biopsies were obtained from W HIV-infected 
adultsadults within 14 days before initiating treatment with ritonavir, 
7idovudine,7idovudine, and lamivudine, and at the designated times thereafter. One-
halfhalf of the biopsy was fixed in Streck's tissue fixative for 24 hours, stored 
forfor 3 to 10 days in 80% ethanol, and then embedded in paraffin. Sections 
(8(8 fjm) were cut, pretreated, and hybridized in situ to a 3'S-labeled HIV-
specificspecific antisense probe, as described."0'1 After hybridization, the sections 
werewere washed, coated with nuclear track emulsion, and, after I day of 
autoradiographicautoradiographic exposure, developed and stained. The number of copies 
ofof HIV RNA per gram on FDCs in baseline, day 2, day 22, and week 24 
biopsiesbiopsies was calculated from the number of silver grains determined by 
quantitativequantitative image analysis contained within the cumulative areas of W or 
moremore sections, as described.121 Productively infected MNCs are easily 
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identifiedidentified in tissue sections with 1-day exposures. Asterisks denote week 
2424 biopsies containing detectable MNCs with < 10 copies of HIV RNA per 
cellcell after 10-day exposures. Time points at which the available tonsil 
biopsybiopsy was inadequate for analysis (usually because the tissue was almost 
entirelyentirely epithelial) are indicated by -. See P8i for a description of how the 
limitslimits of detection were determined. 

Afterr 2 days of treatment, we observed a rapid drop from baseline in the 
frequencyy of MNCs with the highest intracellular concentration of viral 
RNA,, those with > 75 copies of HIV-1 RNA per cell (Fig. 1). These MNCs 
(thee right tail of the frequency distribution in Fig. 1 A) disappeared quickly 
withh treatment, which affirms our previous proposal that this population 
consistss of cells in the late stages of the viral life cycle in infections that 
weree initiated asynchronously in vivo.'-'1 This subpopulation of infected 
cellss with the highest intracellular concentration of HIV-1 turns over 
rapidlyy and contributes most of the daily viral production. 

2000 20 100 200 20 100 200 
Numberr of copies of HIV RNA per cell 

Fig.. 1. Representative frequency distribution of viral RNA copies per 
MNCC in LT before (baseline) and 2 and 22 days after treatment. Two days 
afterafter initiating treatment, most of the cells with >75 copies of HIV RNA 
perper MNC at baseline (vertical arrow) have been eliminated from the 
distribution.distribution. These cells are infected cells at later stages of the viral life 
cyclecycle (represented by a large, spreading horizontal arrow). The frequency 
distributiondistribution of the number of copies of viral RNA per cell was determined 
byby in situ hybridization and quantitative image analysis for > 100 cells at 
eacheach time point for each biopsy. 

Fromm the data summarized in Table 1 and displayed in Fig. 2A, we 
estimatee a steady-state half-life of V/i = 0.9 days for the population of 
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MNCss in the later stages of a productive infection. This half-life 
correspondss to a turnover rate of 1.2 x 10"' cells g ' day"1, or ~8 x 107 

cellss in a 70-kg person (assuming LT is 1% of total body weight)."4' This 
directlyy measured rate of infected MNC turnover is about four times the 
ratee we estimated previously for individuals in an earlier stage of HIV-1 
infection.1211 However, the faster rate of turnover implies a greater 
productionn of virus and is consistent with the higher plasma HIV-1 RNA 
levels.181 1 

3222 180 322 180 3 22 3 22 

Dayss after treatment 

Fig.. 2. Effect of treatment on the frequency of productively infected 
MNCss and on viral burden associated with FDCs in LT. The frequency of 
productivelyproductively infected MNCs (A) and the number of copies of HIV-1 RNA 
onon FDCs (B) were determined as described in Fig. I and Table 1 and were 
plottedplotted against days of treatment for all 10 patients (represented by the 
variousvarious symbols). Over the course of the first 22 days of treatment, 
changeschanges in the two cellular compartments parallel each other with initially 
rapidrapid and then slower rates of decrease. (C and D) Mean decreases for the 
LTLT study group as a whole (in log units). 

Inn vitro studies of FDC interactions with HIV-1 have shown that virus 
remainss tightly bound to the FDCs for at least several days.'121 For this 
reason,, we had not anticipated the surprisingly rapid initial rate of 
eliminationn of virus from FDCs that we observed. The loss from FDCs 
closelyy followed the rapid decline in the number of productively infected 
lymphoidd MNCs (Fig. 2) and in the amount of plasma HIV-1 RNA.[Hl From 
thee half-life of FDC HIV-1 RNA (VA = 1.7 days), we calculate an initial 
clearancee rate of 4.3 x 107 copies g ' day' of viral RNA, or - 2 .1 x 10r 

virionss g"1 day' for the FDC pool. We interpret this lability of the FDC pool 
ass evidence of a pretreatment state in which the binding and dissociation 
off virion-antibody complexes from FDCs is in equilibrium with the 
productionn and clearance of virus from the peripheral circulation. When 
potentt therapy reduces the amount of newly produced virus available to 
bindd to FDCs, clearance and dissociation continue apace, and 
consequentlyy the FDC pool quickly shrinks. 
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Becausee the source of virus and the largest pool of virus are at steady 
statee before treatment, we can directly estimate pretreatment virus 
productionn in vivo from the initial decrease in productive cells and from 
thee virus lost from the FDC pool.'141 From the initial loss of - 1 . 2 x 10' 
productivelyy infected cells g ' day' of LT and the decrease of 2.1 x 107 

virionss g ' day' in LT, we estimate that each cell produces - 1 7 5 HIV-1 
virions.. This dynamic measurement of HIV-1 production is in good 
agreementt with our previous indirectly derived estimates ''' and is also 
consonantt with published estimates derived from plasma virus clearance of 
- 1 0 ' "" virions per day."0-151. 

Byy day 2, more than 75% of the infected MNCs contained only 20 to 60 
copiess of HIV-1 RNA each, a considerable reduction in the productive 
burstt size. Between day 2 and day 22 of treatment (Fig. 2, C and D), the 
MNCC and FDC pools continued to decay in parallel with one another, but 
withh slower kinetics [VA ~ 15 and 14 days, respectively). In addition, we 
foundd many MNCs with > 20 but < 75 copies of HIV-1 RNA in the third 
weekk of treatment (Fig. 1). It is possible that these cells with lower 
concentrationss of intracellular RNA are cells that are blocked at an early 
phasee of the viral life cycle and did not progress to later stages after 3 
weekss of treatment. However, it is more likely that these cells represent a 
longerr lived subpopulation of cells infected before initiation of treatment. 
Thee continued production of smaller amounts of virus by this 
subpopulationn of MNCs would partially compensate for the ongoing 
clearancee from the FDC-associated viral pool and thereby for the parallel 
andd slower rate of decay in the FDC virus pool between days 2 and 22. 

Becausee infected macrophages might fulfill the criteria of longer lived 
cellss with lower levels of viral RNA, we examined day 22 tissue sections 
forr evidence of HIV-1 RNA in macrophages by a double-label technique. 
[lf''' Sections that had been hybridized in situ to detect HIV-1 RNA were 
stainedd immunohistochemically with CD68 monoclonal antibody (mAb) to 
unambiguouslyy identify macrophages.|ir| In these experiments, a few 
macrophagess containing HIV-1 RNA were identified, but at day 22 of 
treatment,, the vast majority of the cells in which viral RNA could be 
detectedd did not stain with CD68 mAb (Fig. 3). 

Fig.. 3. Macrophages after treatment. 
Double-Double- label in situ hybridization ' , 6 '7 ' 
waswas used to identify macrophages and 
HIVHIV RNA in MNCs. In the developed 
autoradiographsautoradiographs of tonsil tissue 
obtainedobtained 22 days after treatment, most 
cellscells with the greatest concentration of 
HIVHIV RNA are not macrophages. In this 
image,image, trans- and epipolarized light 
makemake silver grains appear white, 
indicatingindicating HIV RNA in a cell (arrow). 
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TheThe HIV RNA hybridization signal does not colocalize with the dark 
macrophagesmacrophages (circled area) that have been stained 
immunohistochemicallyimmunohistochemically with CD68 mAb (original magnification, x400). 

Betweenn 3 and 24 weeks of treatment, the number of MNCs with > 20 
copiess of HIV-1 RNA per cell fell to undetectable amounts in all 10 LT 
substudyy participants (mean decrease in cells per gram, >2.3 log units), as 
didd the amount of FDC-associated HIV-1 RNA in most individuals (mean 
decreasee in HIV-1 RNA copies per gram, > 3.4 log units). To extend the 
analysiss to residual pools of virus and infected cells, we lengthened the 
autoradiographicc exposure time of 1 day (appropriate for quantitating large 
amountss of HIV-1 RNA) to 10 days. We thus increased the limits of 
sensitivityy to about one HIV-1 RNA copy per cell.'18' With this more 
sensitivee assay, we found considerable heterogeneity in the subjects' 
treatmentt response at 6 months. In 6 of 10 individuals, there was a mean 
residuee of 2 x 105 copies of HIV-1 RNA per gram on FDCs (Fig. 4, A and 
B),, equivalent to ~10H virions in a 70-kg individual. With these longer 
exposures,, in five individuals we also observed 103 to 104 MNCs per gram 
withh fewer than 10 copies of HIV-1 RNA per cell (Fig. 4C). At week 24 of 
treatmentt in one individual (patient 5, Table 1), we could not detect any 
tracee of residual HIV-1 RNA in either cellular compartment, down to a 
sensitivityy of <300 cells per gram for cells with at least one copy of viral 
RNAA per cell. 

Fig.. 4. Viral burden in LT after 24 weeks of treatment. The sensitivity of 
detectiondetection of infected cells and residual HIV RNA in FDCs was increased 
byby an order of magnitude by lengthening the autoradiographic exposure 
time.time. Before treatment (A), a large and diffuse hybridization signal (silver 
grains)grains) overlies FDCs in a CC. Dense collections of silver grains overlie 
threethree infected MNCs. At 24 weeks, signals are greatly reduced but still 
detectabledetectable in some cells and CCs (B and C). The circled area in (B) defines 
aa CC with 150 copies of HIV RNA on FDCs. The arrow in (C) denotes a 
MNCMNC with < 10 copies of HIV RNA. Original magnifications, x160 (A 
andand B) and x 400 (C). 
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Inn 6 of the 10 subjects (patients 1 to 6, Table 1), frozen tonsil tissue 
specimenss were available for study. Nucleic acid extracted from the frozen 
portionn of the week 24 biopsy of patient 5 also lacked detectable HIV-1 
RNA,, as assessed by a nested reverse transcription polymerase chain 
reactionn (RT-PCR). However, in all six patients for whom frozen biopsy 
specimenss were available, HIV-1 DNA was detectable by nested PCR 
amplificationn of proviral DNA extracted from the week 24 frozen 
biopsy.|191 1 

Afterr 6 months of triple therapy, LT still harbors infected cells, and in 
somee of these cells there is evidence of low levels of viral gene expression. 
Thee life-span and function in HIV-1 disease of MNCs in which we can still 
detectt small amounts of viral RNA requires further investigation, but as 
longg as they and latently infected cells [20] live, there wil l be reason to 
continuee treatment. Despite the persistent infection, the number of copies 
off HIV-1 RNA per gram cleared from LT was > 3.4 log units over just 6 
monthss of therapy. If continued at the same rate seen between 3 weeks 
andd 6 months, this extrapolates to elimination of viral RNA within an 
averagee of 30 months of triple anti retroviral therapy. Further studies will be 
necessaryy to ascertain whether it is possible to completely purge HIV-1 
infectionn from LT, or whether lifelong maintenance therapy will be 
requiredd after initial "induction" treatment. Nevertheless, we have shown 
thatt within 6 months, triple drug therapy eliminates more than 99% of the 
lymphoidd cells actively producing the virus that is responsible for immune 
depletion.1211 1 

REFERENCESS AND NOTES 

1.. J.W. Mellors, et al., Science 272, 1167 (1996); D.A. Katzenstein, et al„ N. 
Engl.. J. Med. 335, 1091 (1996); W.A. O'Brien, et al., ibid. 334,426(1996). 

2.. A.T. Haase, et al., Science 274, 985 (1996). 
3.. O.J. Cohen, etal., J. Infect. Dis. 173, 849 (1996). 
4.. O.J. Cohen, etat., Proc. Natl. Acad. Sci. U.S.A. 92, 6017 (1995). 
5.. A. Lafeuillade, et al., J. Infect. Dis. 1 74, 404 (1996). 
6.. R.A. Faust, etal., Otolaryngol. Head Neck Surg. 114, 593 (1996). 
7.. Protocol NUCB 2019. Participants underwent serial venipuncture for T cell 

subsets,, plasma HIV RNA, and genotypic virology. 
8.. D. W. Notermans ct al., in preparation. 
9.. X.Wei, etal., Nature 373, 117(1995); D.D. Ho etal., ibid., p. 123. 

10.. A.S. Perelson, etal., Science 271, 1582 (1996). 
11.. T. E. Mandel, etal., Immunol. Rev. 53, 29 (1980). 
12.. S.L. Heath, etal., Nature 377, 740 (1995). 
13.. Seventeen individuals underwent at least one tonsil biopsy. Four subjects 

withdreww from the LT substudy because early biopsies provided insufficient 
LTT for analysis, and three withdrew for clinical reasons. Of the 10 remaining, 
alll had evaluable tissue at three or all four of the time points, and all had final 
biopsiess at 6 months. Their median baseline peripheral absolute CD4* cell 
countt was 194 cells per cubic millimeter. 

14.. Viral load in FDC and MNC pools and frequency of infected cells per gram of 
LTT were determined at baseline |Jl and at 24 weeks|181 as described. Half-lives 

71 1 



ViralViral dynamics and immune reconstitution during potent antiretroviral therapy 

forr the FDC-associated viral load and the frequency of MNCs with > 2 0 
copiess of viral RNA per cell were estimated by solving the equation V/2 = 
n/[log(meann vo/mean vn)/log 2], where n = number of days and v = viral load 
att each time point. The initial turnover rates were calculated from the Vn 
values,, the mean pool sizes shown in Table 1, and the number oi days of 
treatment.. Because the FDC pool stores most virus produced, the simplest 
explanationn for the early rapid elimination of FDC-associated virus is that it is 
aa result of treatment-induced reductions in MNC virus manufacture. Dividing 
thee initial turnover per day in the FDC pool by the initial turnover per day of 
MNCC thus gives an estimate of the number of copies of viral RNA per 
productivelyy infected MNC. 

11 5. J.M. Coffin, Science 267, 483 (1995). 

16.. M. Brahicand A.T. Haase, Curr. Top. Microbiol. Immunol. 143, 9 (1989). 
17.. To unambiguously identify the cell type in which HIV RNA is detectable, we 

combinedd in situ hybridization and immunohistochemical staining with mAb 
too CD68, a macrophage-specific marker. Tissue sections were deparaffinized 
withh xylene, cleared with ethanol, and hydrated in diethyl pyrocarbonate 
(DEPC)) water. CD68 antigen reactivity with the mAb was enhanced by 
heatingg the slides for 10 min at 80% power of a 1000-W microwave oven in 
100 mM citrate buffer (pH 6.0). After cooling for 30 min, the sections were 
acetylated,, prehybridized, and then hybridized with antisense J'S-labeled HIV 
RNAA probe. After post-hybridization washes, nonspecific binding of 
antibodiess was blocked by immersing the sections in 5% nonfat milk in 
phosphate-bufferedd saline (PBS) for 30 min. Sections were then treated with a 
1:3000 dilution of CD68 mAb (Dako, Carpinteria, CA) at C overnight. After 
washing,, slides were developed with a peroxidase-conjugated secondary 
antibodyy and diaminobenzidene substrate according the manufacturer's 
protocoll (ABC Elite kit; Vector Labs, Burlingame, CA). The sections were then 
washedd in PBS and 0.1 x PBS, dehydrated in ethanol containing 0.3 M 
ammoniumm acetate, and coated with nuclear track emulsion. After 
development,, the slides were briefly counterstained in hematoxylin. 

18.. Longer autoradiographic exposures of 7 to 10 days increase the sensitivity of 
inn situ hybridization. To determine the limits of detection of HIV RNA, we 
firstt measured the background signal over MNCs and FDCs from the binding 
off antisense HIV RNA probe to LT sections of HIV-seronegative individuals 
andd from the nonspecific binding of the sense HIV RNA probe to LT sections 
off HIV-seropositive individuals. Dividing the number of silver grains 
determinedd by quantitative image analysis in randomly selected areas by the 
numberr of cells in those areas provided a maximum estimate of background. 
Backgroundss by both approaches were one or two silver grains per MNC for 
10-dayy exposures. An MNC with one HiV RNA copy wil l show 24 grains 
overr background with such long exposures and wil l be easily identified. The 
lowerr limit of detection for MNCs is therefore about one copy of HIV RNA 
perr cell. For the FDCs, we measured the area of germinal centers (GCs) and 
determinedd their average backgrounds to be 2.3 grains per 10'3 mm2. The 
Poissonn probability that x number of grains differs from a background average 
off m grains is 1 - mx exp(-m) mfx!)'1.'"' For a probability P > 0.99 that there is 
aa significant increase over background in a GC, the signal over FDCs would 
havee to be more than seven grains per 10^ mm2. For example, the GC shown 
inn Fig. 4B had 450 grains in an area of 0.05 mm-', or 9 grains per 103 mm2, 
andd thus fulfills this condition; from the number of silver grains over 
background,, we calculate that there are 146 copies of HIV-1 RNA in this GC. 
Thee limits of detection of viral RNA for infected cells expressed per gram of 

72 2 



ChapterChapter ill. Kinetics of responses in lymphoid tissues 

tissuee depends on the number and area of the sections examined. For 
example,, we usually randomly sampled and exhaustively screened 40 8-/ym 
sectionss averaging - 5 mm2 each, cumulatively equivalent to - 1 . 2 mg of 
tissue.. If these sections contained no MNCs with HIV-1 RNA, this frequency 
wouldd be < - 6 2 5 cells per gram. For the FDCs, we determined with the 
longg exposure an average detectable copy number of - 2 0 copies per GC 
andd thus a lower detection threshold of ~ 104 copies per gram of LT. 
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