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Kinetics of Response in Lymphoid Tissues to 
Antiretroviral Therapy of HIV-1 Infection 

Winston Cavert, Daan W. Notermans, Katherine Staskus, 
Stephen W. Wietgrefe, Mary Zupancic, Kristin Gebhard, 

Keith Henry, Zhi-Qiang Zhang, Roger Mills, Hugh McDade, 
Jaap Goudsmit, Sven A. Danner, Ashley T. Haase* 

In lymphoid tissue, where human immunodeficiency virus-type 1 (HIV-I) is produced and 
stored, three-drug treatment with viral protease and reverse transcriptase inhibitors 
markedly reduced viral burden. This was shown by in situ hybridization and computerized 
quantitative analysis of serial tonsil biopsies from previously untreated adults. The fre- 
quency of productive mononuclear cells (MNCs) initially diminished with a half-life of 
about 1 day. Surprisingly, the amount of HIV-1 RNA in virus trapped on follicular dendritic 
cells (FDCs) decreased almost as quickly. After 24 weeks, MNCs with very few copies 
of HIV-1 RNA per cell were still detectable, as was proviral DNA; however, the amount 
of FDC-associated virus decreased by 23 .4  log units. Thus, 6 months of potent therapy 
controlled active replication and cleared >99.9 percent of virus from the secondary 
lymphoid tissue reservoir. 

111 HIV-1 infection, the measurement of completely in the lymphoid tissue (LT) res- 
viral load in plasma is a usefill guide to ervoirs, where most of the virus is produced 
prognosis and to the efficacy of antiretrovi- by CD4' T lymphocytes, macrophages, and 
ral therapy ( 1 ) .  Ultimately, however, the other lymphoid h1NCs and is stored in im- 
i m ~ a c t  of treatment can only be assessed mune com~lexes 011 the surfaces of FDCs. 
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'To whom corresoondence should be addressed. 

In the asymptomatic stage of infection, the 
pool of virus on FDCs is at least an order of 
magnitude greater than that in MNCs (2) .  
In turn, both LT viral compartments exceed 
by orders of magnitude the quantity of free 
and cell-associated virus circulating in the 
bloodstream. In .reports published to date, 
the LT viral pools are little affected by 
monotherapy with ~~ucleoside analog drugs 
that inhibit reverse transcriptase (RTIs) (2 ,  
3) and are only moderately reduced by ther- 
apy with two or three RTIs (4,  5). 

\Ye investigated the effect of treatment 
with a more potent antiretroviral drug com- 
bination on viral burden in serial tonsil 
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biopsies (6), which have been shown to be 
representative of the secondary LT in 
HIV-1 infection (2) .  W e  used a technique 
that combined in situ hybridization with 
computer-assisted quantitative image anal- 
ysis to measure and differentiate HIV-1 
RNA in virus-producing MNCs and in viri- 
on-antibody immune co~nplexes deposited 
on FDCs (2) .  Biopsies were obtained from 
narticinants with visible tonsils in an LT 
substudy of a clinical treatment trial com- 
bining a potent HI\'-1 protease inhibitor, 
ritonavir, and two RTIs, zidovudine and 
lamivudine. All participants in the parent 
stud!; received ritonavir throughout, where- 
as both RTIs were initiated either upon 
enrollment (immediate group) or 3 weeks 
later (delayed group) to test the hypothesis 
that initial reductions in viral replication 
would forestall the development of drug 
resistance against RTIs. Thirty-four previ- 
ously untreated HI\'-1-seropositive adults 
with absolute CD4L cell counts of 2 5 0  
cells per cubic millimeter and plasnla 
HIV-1 RNA levels of 230,000 copies per 
milliliter were randomized in this open la- 
bel trial (7). After 6 ~nonths  of treatment, 
plasma HI\'-1 RNA levels decreased at 
least 2.9 log units in both groups from a 
pretreatment median load of 5.3 log units 

18). 
Partlcipa~lts underwent tons11 b~opsy 2 

weeks befole and 2 davs. 22 days, and 24 , , 

weeks after treatment cbmmenced. Because 
we could only obtain a febv tonsil bionsies 
from any onk individual, we chose iime 
points to detect anticipated early rapld 
changes in the M N C  compartment and 
more gradual changes in the FDC-associat- 
ed pool. W e  based our selection of time 
points on published dynamic models of 
HIV-1 infection that predict a rapid turn- 
over of productively infected MNCs (9,  
10). We chose the later time points on the 
basis of previous work describing the pro- 
tracted retention of conve~lt io~lal  virus- 
containing antigen-antibody complexes by 
FDCs (1 I ) ,  the apparent stability of the 
FDC-HIV association (1 2) ,  and the enor- 
mity of the FDC-associated HIV-1 reservoir 
(2) .  From these previous observations, we 
expected a much slo~\,er turnover of FDC- 
co~nplexed virus. 

Each tonsil bionsv was cut in  half. One  
L ,  

portion was fixed and embedded in paraffin; 
the other nortion was flash-frozen for later 
extraction and assay of viral nucleic acids. 
Paraffin blocks were then sectioned and 
hybridized in situ to a 35S-labeled RNA 
probe coinplementary to >90% of the se- 
quences in HIV-1 RNA. After autoradiog- 
raphy, the hybridization signal overlying 
FDCs or h1NCs was quantitated by comput- 
er-assisted Image analysls (2) .  

W e  obtained sequential tissue samples 

suitable for evaluation from 10 individuals 
(13) .  A t  baseline, this cohort had a mean 
of 1.5 X 10%opies of viral R N A  per gram 
on  FDCs (Table 1 )  (14) ,  equal to the 
mean concentration previously measured 
at  an earlier stage of infection ( 2 ) .  By 
contrast, the mean frequency of h1NCs 
\vith >20 copies of HIV-1 R N A  per cell 
was 3.1 X 10' cells per gram (Table I ) .  In 

these individuals with more advanced 
HIV-1 infection. the M N C  no01 thus 
proved to be larger than in earlier HIV 
disease stages (2) .  The  result, however, is 
consistent with the higher mean baseline 
plasma HIV-1 R N A  levels that imply 
greater rates of virus p r o d ~ ~ c t ~ o n .  

After 2 davs of treatment. we observed a 
rapid drop from baseline in the frequency of 

Table 1. Effect of combination antlretrovra therapy on HIV stored on FDCs and on productively Infected 
MNCs (those with >20 copes of HIV RNA per cell) in LT. Tons blopsies were obtained from 10 
HIV-lnfected adults withln 14 days before initiating treatment with ritonavir, zldovudine. and lamivudine, 
and at the desgnated times thereafter. One-half of the bopsy was fixed in Streck's tissue flxative for 24 
hours, stored for 3 to 10 days in 80% ethanol, and then embedded in paraffin. Sections (8 km) were cut. 
pretreated, and hybridized in stu to a 3%-labeled HIV-specif~c antisense probe, as descrbed (16). After 
hybrdizaton, the sections were washed. coated with nuclear track emulson. and, after 1 day of autora- 
diographic exposure, developed and stained. The number of copies of HIV RNA per gram on FDCs in 
baseline, day 2, day 22, and week 24 biopsies was calculated from the number of silver grains determined 
by quantitative image anayss contaned wthn the cumulatve areas of 10 or more sectons, as descrbed 
12). Productvely infected MNCs are easy Identified in tissue sectons with 1 -day exposures. Asterisks 
denote week 24 bopsies containing detectable MNCs with 1 1 0  copies of HIV RNA per cell after 10-day 
exposures. Tme ponts at which the avallabe tonsil bopsy was Inadequate for analysis (usually because 
the tissue was almost entirely epithelial) are indicated by -. See (18) for a descrption of how the limits of 
detection were determined. 

Number of Freauencv (MNCs 

Patient Biopsy copies of H V  per g'ram) bith >20 
RNA per gram copes of HIV RNA 

on F D C ~  per cell 

8 

9 

10 

Baseline mean 

Baseline 
Day 2 
Day 22 
Week 24 
Baseline 
Day 2 
Day 22 
Week 24 
Basellne 
Day 2 
Day 22 
Week 24 
Baseline 
Day 2 
Day 22 
Week 24 
Basene 
Day 2 
Day 22 
Week 24 
Baseline 
Day 2 
Day 22 
Week 24 
Basene 
Day 2 
Day 22 
Week 24 
Baseline 
Day 2 
Day 22 
Week 24 
Basene 
Day 2 
Day 22 
Week 24 
Basene 
Day 2 
Day 22 
Week 24 
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Fig. 1. Representatiiie pGzq 
frequency distribution of 0.7r 

p z i q  
virai RNA copies per 
MNC in LT before (base- 
line) and 2 and 22 days 
after treatment. Two 
days after initiating treat- 
ment, most of the cells 
with >75 copies of HIV 
RNA per MNC at base- 
line (vertical arrow) have 
been eliminated from the 
distribution. These cells 
are infected cells at later Number of copies of HIV RNA per cell 

stages of the viral life cycle (represented by a large, spreading horizontal arrow). The frequency distri- 
bution of the number of copies of viral RNA per cell was determined by in situ hybridization and 
quantitative image analysis for ~ 1 0 0  cells at each time point for each biopsy. 

MNCs with the highest intracellular con- 
centration of viral RNA, those with >75 
copies of HIV-1 RNA per cell (Fig. 1). 
These MNCs (the right tail of the frequen- 
cy distribution in Fig. 1A) disappeared 
quickly with treatment, which affirms our 
previous proposal that this population con- 
sists of cells in the late stages of the viral life 
cycle in infections that were initiated asyn- 
chronously in vivo (2). This subpopulation 
of infected cells with the highest intracel- 
lular concentration of HIV-1 turns over 
rapidly and contributes most of the daily 
viral production. 

From the data summarized in Table 1 
and displayed in Fig. 2A, we estimate a 
steady-state half-life of = 0.9 days for 
the population of MNCs in the later stages 
of a productive infection. This half-life cor- 
responds to a turnover rate of 1.2 x lo5 
cells g-' day-', or -8 x lo7 cells in a 70-kg 
person (assuming LT is 1% of total body 
weight) (14). This directly measured rate of 
infected MNC turnover is about four times 
the rate we estimated previously for indi- 
viduals in an earlier stage of HIV-1 infec- 
tion (2). However, the faster rate of turn- 
over implies a greater production of virus 
and is consistent with the higher plasma 

HIV-1 RNA levels (8). 
In vitro studies of FDC interactions with 

HIV-1 have shown that virus remains tight- 
ly bound to the FDCs for at least several 
days (12). For this reason, we had not an- 
ticipated the surprisingly rapid initial rate of 
elimination of virus from FDCs that we 
observed. The loss from FDCs closely fol- 
lowed the rapid decline in the number of 
productively infected lymphoid MNCs (Fig. 
2) and in the amount of plasma HIV-1 
RNA (8). From the half-life of FDC HIV-1 
RNA (ti,, = 1.7 days), we calculate an 
initial clearance rate of 4.3 X lo7 copies g-i 
day-' of viral RNA, or -2.1 X lo7 virions 
g-' day-' for the FDC pool. We interpret 
this lability of the FDC pool as evidence of 
a pretreatment state in which the binding 
and dissociation of virion-antibody com- 
plexes from FDCs is in equilibrium with the 
production and clearance of virus from the 
peripheral circulation. When potent thera- 
py reduces the amount of newly produced 
virus available to bind to FDCs, clearance 
and dissociation continue apace, and con- 
sequently the FDC pool quickly shrinks. 

Because the source of virus and the larg- 
est pool of virus are at steady state before 
treatment, we can directly estimate pre- 

Fig. 3. Macrophages after treatment. Double- 
label in situ hybridization (16, 17) was used to 
identify macrophages and HIV RNA in MNCs. In 
the developed autoradiographs of tonsil tissue 
obtained 22 days after treatment, most cells with 
the greatest concentration of HIV RNA are not 
macrophages. In this image, trans- and epipolar- 
ized light make silver grains appear white, indicat- 
ing HIV RNA in a cell (arrow). The HIV RNA hybrid- 
ization signal does not colocalize with the dark 
macrophages (circled area) that have been 
stained immunohistochemically with CD68 mAb 
(original magnification, x400). 

treatment virus production in vivo from the 
initial decrease in productive cells and from 
the virus lost from the FDC pool (14). From 
the initial loss of -1.2 X 10' productively 
infected cells g-' day-' of LT and the de- 
crease of 2.1 x lo7 virions g-i day-' in LT, 
we estimate that each cell produces - 175 
HIV-1 virions. This dynamic measurement 
of HIV-1 production is in good agreement 
with our previous indirectly derived esti- 
mates (2) and is also consonant with pub- 
lished estimates derived from plasma virus 
clearance of - loi0 virions per day (1 0,  15). 

By day 2, more than 75% of the infected 
MNCs contained only 20 to 60 copies of 
HIV-1 RNA each, a considerable reduction 
in the productive burst size. Between day 2 
and day 22 of treatment (Fig. 2, C and D), 

Fig. 2. Effect of treat- A 
ment on the frequency of 
productively infected 3 lo6  
MNCs and on viral bur- 8, 
den associated with 
FDCs in LT. The frequen- A a 
cy of productively infect- 5 $10 

ed MNCs (A) and the 'z 2 
number of copies of g 
HIV-1 RNA on FDCs (B) 5 $ were determined as de- o a 104 
scribed in Fig. 1 and Ta- p$ ble 1 and were plotted ;= against days of treat- @ 

ment for all 10 patients lo3 
(represented by the vari- 
ous symbols). Over the Days after treatment 

course of the first 22 days of treatment, changes in the two cellular compartments parallel each other with initially rapid and then slower rates of decrease. (C 
and D) Mean decreases for the LT study group as a whole (in log units). 
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the MNC and FDC pools continued to 
decay in parallel with one another, but with 
slower kinetics ( t ,  , = 15 and 14 days, 
respectively). In addition, we found many 
MNCs with >20 but <75 copies of HIV-1 
RNA in the third week of treatment (Fig. 
1). It is possible that these cells with lower 
concentrations of intracellular RNA are 
cells that are blocked at an early phase of 
the viral life cycle and did not progress to 
later stages after 3 weeks of treatment. 
However, it is more likely that these cells 
represent a longer lived subpopulation of 
cells infected before initiation of treatment. 
The continued production of smaller 
amounts of virus by this subpopulation of 
MNCs would partially compensate for the 
ongoing clearance from the FDC-associated 
viral pool and thereby for the parallel and 
slower rate of decay in the FDC virus pool 
between days 2 and 22. 

Because infected macrophages might ful- 
fill the criteria of longer lived cells with 
lower levels of viral RNA, we examined day 
22 tissue sections for evidence of HIV-1 
RNA in macrophages by a double-label 
technique (16). Sections that had been hy- 
bridized in situ to detect HIV-1 RNA were 
stained immunohistochemically with CD68 
monoclonal antibody (mAb) to unambigu- 
ously identify macrophages (17). In these 
experiments, a few macrophages containing 
HIV-1 RNA were identified, but at day 22 
of treatment, the vast majority of the cells 
in which viral RNA could be detected did 
not stain with CD68 mAb (Fig. 3). 

Between 3 and 24 weeks of treatment, 
the number of MNCs with >20 copies of 
HIV-1 RNA per cell fell to undetectable 
amounts in all 10 LT substudy participants 
(mean decrease in cells per gram, >2.3 log 
units), as did the amount of FDC-associated 
HIV-1 RNA in most individuals (mean de- 
crease in HIV-1 RNA copies per gram, 
83.4 log units). To extend the analysis to 
residual pools of virus and infected cells, we 

lengthened the autoradiographic exposure 
time of 1 day (appropriate for quantitating 
large amounts of HIV-1 RNA) to 10 days. 
We thus increased the limits of sensitivity 
to about one HIV-1 RNA copy per cell 
(18). With this more sensitive assay, we 
found considerable heterogeneity in the 
subjects' treatment response at 6 months. In 
6 of 10 individuals, there was a mean resi- 
due of 2 x lo5 copies of HIV-1 RNA per 
gram on FDCs (Fig. 4, A and B), equivalent 
to -10' virions in a 70-kg individual. With 
these longer exposures, in five individuals 
we also observed lo3 to lo4 MNCs per gram 
with fewer than 10 copies of HIV-1 RNA 
per cell (Fig. 4C). At week 24 of treatment 
in one individual (patient 5, Table I), we 
could not detect any trace of residual HIV-1 
RNA in either cellular compartment, down 
to a sensitivity of <300 cells per gram for 
cells with at least one copy of viral RNA 
per cell. 

In 6 of the 10 subjects (patients 1 to 6, 
Table I) ,  frozen tonsil tissue specimens 
were available for study. Nucleic acid ex- 
tracted from the frozen portion of the week 
24 biopsy of patient 5 also lacked detectable 
HIV-1 RNA, as assessed by a nested reverse 
transcription polymerase chain reaction 
(RT-PCR). However, in all six patients for 
whom frozen biopsy specimens were avail- 
able, HIV-1 DNA was detectable by nested 
PCR amplification of proviral DNA ex- 
tracted from the week 24 frozen biopsy (19). 

After 6 months of triple therapy, LT still 
harbors infected cells, and in some of these 
cells there is evidence of low levels of viral 
gene expression. The life-span and function 
in HIV-1 disease of MNCs in which we can 
still detect small amounts of viral RNA 
requires further investigation, but as long as 
they and latently infected cells (20) live, 
there will be reason to continue treatment. 
Despite the persistent infection, the num- 
ber of copies of HIV-1 RNA per gram 
cleared from LT was 23.4 log units over 

Fig. 4. Viral burden in LT after 24 weeks of treatment. The sensitivity of detection of infected cells and 
residual HIV RNA in FDCs was increased by an order of magnitude by lengthening the autoradiographic 
exposure time. Before treatment (A), a large and diffuse hybridization signal (silver grains) overlies FDCs 
in a GC. Dense collections of silver grains overlie three infected MNCs. At 24 weeks, signals are greatly 
reduced but still detectable in some cells and GCs (B and C). The circled area in (B) defines a GC with 
150 copies of HIV RNA on FDCs. The arrow in (C) denotes a MNC with <I 0 copies of HIV RNA. Original 
magnifications, X 160 (A and B) and x400  (C). 

just 6 months of therapy. If continued at the 
same rate seen between 3 weeks and 6 
months, this extrapolates to elimination of 
viral RNA within an average of 30 months 
of triple antiretroviral therapy. Further 
studies will be necessary to ascertain wheth- 
er it is possible to completely purge HIV-1 
infection from LT, or whether lifelong 
maintenance therapy will be required after 
initial "induction" treatment. Nevertheless. 
we have shown that within 6 months, triple 
drug therapy eliminates more than 99% of 
the lymphoid cells actively producing the 
virus that is responsible for immune deple- 
tion (21 ). 
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Interactions Between Epithelial Cells and 
Bacteria, Normal and Pathogenic 

Lynn Bry et al show that the monoassocia-
tion of germ-free (GF) mice with wild-type 
Bacteroides thetaiotaomicron induced expres­
sion of an a 1,2 fucosyltransferase messenger 
RNA and production of fucosylated glyco-
conjugates that were reactive with Ulex eu-
ropaeus agglutinin I in the epithelial cells of 
the small intestine (1). A mutant mouse 
strain that lacks the ability to utilize L-fucose 
did not induce efficient epithelial fusion. We 
have also observed the induction of an a 1,2 
fucosyltransferase that mediates the synthesis 
of the fucosyl asialoGMl glycolipid of small 
intestinal epithelial cells during the first 
stage of microbial colonization (convention­
alization) in GF mice (2). Recently, we 
found that this fucosylation was induced by 
an indigenous bacteria [segmented filamen­
tous bacteria (SFB) (3), which was identified 
on the basis of its 16S ribosomal DNA se­
quence (4)] and that it resulted in expression 
of major histocompatability complex class II 
(MHC II) molecules, expansion of intraepi­
thelial lymphocytes (IEL), and increase in 
immunoglobulin A (IgA)-producing cells. 
Within a month after SFB colonization, the 
columnar cell-to-goblet cell ratio and the 
mitotic activity of cryptal cells were almost 
the same as those found in wild-type mice. 
We have also found that when the SFB 
colonization in the conventionalization pro­
cess was selectively inhibited by the oral 
administration of a monoclonal antibody 
against SFB, MHC II expression, and the 
growth of a(3-T cell receptor-bearing IELs 
and IgA-producing cells were repressed (5). 
Thus, SFB seem to be essential for altering or 
accelerating the development of the small 
intestine. These events should occur in the 
weaning stage in the case of conventional 
mice with a normal intestinal microflora. 

Alteration of the developmental program 

did not occur in the course of association of 
GF mice with indigenous microbes derived 
from rat or human feces (6). SFB derived 
from mice and rats did not cross-colonize in 
rats and mice, respectively (7). There ap­
pears to be a strict limit to the interaction 
between the host animal and the intestinal 
bacteria, in accord with the concept of "au­
tochtonous bacteria" proposed by Dubos et 
al more than 30 years ago (8). Does the 
association of GF mice with B. thetaiotaomi­
cron induce class II expression, expansion of 
IEL and IgA-producing cells, and so on after 
the expression of an a l ,2 fucosyltransferse? 
What is the original host of this bacterium, 
mouse or human? A GDP-fucose:asialo GM1 
a 1,2 fucosyltransferase was induced in GF 
mice on injury to the small intestine (9). In 
our study, a 1,2 fucosyltransferase induction 
was the first event. We have no evidence, 
however, to suggest that this fucosylation 
initiates the developmental program of the 
intestinal mucosa, including the components 
in the lamina propria. 
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