
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

The 'Triple Study': viral dynamics and immune reconstition in HIV-1 infection
during potent antiretroviral therapy

Notermans, D.W.

Publication date
2000

Link to publication

Citation for published version (APA):
Notermans, D. W. (2000). The 'Triple Study': viral dynamics and immune reconstition in HIV-1
infection during potent antiretroviral therapy. [Thesis, fully internal, Universiteit van
Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/the-triple-study-viral-dynamics-and-immune-reconstition-in-hiv1-infection-during-potent-antiretroviral-therapy(6d90173a-9f77-4a29-b8fa-bb971d45352e).html


CHAPTERR VI 

KINETICSS OF CD4+ T CELL REPOPULATION IN 
LYMPHOIDD TISSUES AFTER TREATMENT 

OFF HIV-1 INFECTION 

Zhangg ZQ, Notermans DW, Sedgewick G, Cavert W, Wietgrefe SW, 
Zupancicc M, Gebhard K, Henry K, Boies L, Chen Z, Jenkins M, Mills R, 

McDadee H, Goodwin C, Schuwirth CM, Danner SA, Haase AT 

ProcProc Nat Acad Sc U S A 1998; 95 (3): 1154-9 

109 9 



ViralViral dynamics and immune reconstitution during potent antiretroviral therapy 

PotentPotent combinations of antiretroviral drugs diminish the turnover of 
CD4CD4 + T lymphocytes productively infected with HIV-1 and reduce the 
largelarge pool of virions deposited in lymphoid tissue (11), Jo determine to 
whatwhat extent suppression of viral replication and reduction in viral antigens 
inin LT might lead correspondingly to repopulation of the immune system, 
wewe characterized CD 4* T lymphocyte populations in LT in which we 
previouslypreviously had quantitated viral load and turnover of infected cells before 
andand after treatment. We directly measured by quantitative image analysis 
changeschanges in total CD4* J cell counts, the CD45RA' subset, and fractions of 
proliferatingproliferating or apoptotic CD4 + T cells. Compared with normal controls, 
wewe documented decreased numbers of CD4* T cells and increased 
proliferationproliferation and apoptosis. After treatment, proliferation returned to 
normalnormal levels, and total CD4* J and CD45RA' cells increased. We 
discussdiscuss the effects of HIV-1 on this subset based on the concept that 
renewalrenewal mechanisms in the adult are operating at full capacity before 
infectioninfection and cannot meet the additional demand imposed by the loss of 
productivelyproductively infected cells. The slow increases in the CD45RA~ CD4' T 
cellscells are consistent with the optimistic conclusions that (i) renewal 
mechanismsmechanisms have not been damaged irreparably even at relatively 
advancedadvanced stages of infection and (ii) CD4+ T cell populations can be 
partiallypartially restored by control of active replication without eradication of 
HIV-1. HIV-1. 

INTRODUCTION N 

Inn the lymphatic tissues of HIV-1-infected individuals, ongoing cycles of 
productivee infection generate large numbers of virions, most of which are 
storedd like other antigens in immune complexes associated with follicular 
dendriticc cells."21 However, unlike conventional antigens, the HIV-1 
follicularr dendritic cell pool represents a large and persistent antigenic 
stimuluss of > 1 0 n virions that presumably drives activation, proliferation, 
andd programmed cell death, processes that, along with the loss of 
productivelyy infected cells, are directly or indirectly responsible for 
immunee depopulation and depletion. [V10) We recently investigated viral 
replicationn and load in lymphoid tissue (LT) in a cohort of previously 
untreatedd HIV-1-infected individuals given a combination of antiretroviral 
drugss and found that, by the end of the third week of treatment, the cells 
thatt account for most of the production of virus were barely detectable and 
that,, by 6 months, the pool of HIV-1 associated with follicular dendritic 
cellss in LT was reduced 3,000-fold.[2] This suppression of active replication 
off HIV-1 and reduced antigenic mass in LT might provide a milieu in 
whichh some of the abnormalities in CD4* T-cell populations might be 
reversed,, and indeed Autran et al.'111 recently showed that antiretroviral 
therapyy does have positive effects on CD4+ T cells in blood. To directly 
examinee the treatment-associated effects on CD4* T-cell populations in LT 
wheree most of the cells reside, we devised a quantitative image analysis 
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Chapterr VI. T-cell repopulation in lymphoid tissue 

techniquee to directly measure LT CD4* T-cell subsets, proliferation, and 
apoptosiss in small samples of LT before and after treatment. From 
comparablee measurements in the LT of HIV-1-seronegative individuals, we 
alsoo determined and describe the effects of HIV-1 infection on CD4+ T-cell 
populations.. Based on these analyses, we advance hypotheses about the 
mechanismss of depletion and repopulation of CD4" T cells in LT. 

MATERIALSS AND METHODS 

LTT biopsies 
Wee obtained biopsies of palatine tonsil and a lymph node from normal 

volunteerss and participants in a LT substudy of triple therapy.1*1 The 
biopsiess were fixed in Streck's tissue fixative for at least 24 h and then 
processedd and embedded in paraffin. 

Immunohistochemicall staining of CD4+ T cells in LT 
Sectionss of 5 mm were cut, attached to silanized slides, and then 

deparaffinized,, rehydrated, and immersed in 1 mm EDTA (pH 8.0). 
Antigenn reactivity was enhanced by microwaving. Nonspecific reactions 
weree blocked by immersion in 0.3% H2O2 in methanol and then 5% 
nonfatt milk. To detect CD4 + T cells, the sections were reacted overnight at 

CC with anti-human CD4+ mAb (NCL-CD4-1 F6, NovoCastra, Newcastle, 
U.K.),, subsequently washed in PBS, and incubated at room temperature 
withh biotinylated anti-mouse IgG (Vector Laboratories) and then an avidin-
biotinn complex (Vector Laboratories). CD4 + T cells were stained by 
reactionn with Vector red substrate. 

Proliferatingg and apoptotic CD4* T cells 
Thee proportion of CD4+ T cells undergoing proliferation or apoptosis 

wass determined by double labeling CD4+ T cells. Proliferating cells were 
stainedd immunohistochemically with antibody to a proliferating cell 
antigenn Ki67. CD4+ T cells were stained first. Sections were blocked in a 
solutionn of 5% nonfat milk and avidin D solution (Avidin-Biotin Blocking 
Kit,, Vector Laboratories), rinsed in PBS, and reacted overnight at C with 
monoclonall anti-Ki67 (NCL-Ki67-MM, NovoCastra) and then biotinylated 
secondaryy antibody and fluorescein isothiocyanate-streptavidin antibody 
(Zymed).. For CD4+ and terminal deoxynucleotidyltransferase-mediated 
UTPP end labeling (TUNEL), the sections were pretreated with proteinase K 
(200 mg/ml in 10 mM TrisHCI, pH 7.4) for 15 min at . CD4+ T cells 
weree stained as described above. Cells with fragmented DNA were 
detectedd with a commercial kit (in situ Cell Death Detect Kit, Fluorescein, 
Boehringerr Mannheim) following the manufacturer's instructions. 

Quantitativee image analysis of CD4* T-cell populations 
Stainedd cells were counted by computer-assisted quantitative image 

analysiss (QIA) of tissue sections. Bright-field (for CD4+ T cells) or dark-field 
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(forr fluorescein isothiocyanate Ki67 or TUNEL" cells) video images were 
capturedd with a low light, cooled charge-coupled device camera 
(Optronicss International model TEC-470, Chelmsford, MA) and 
IMAGES/METAMORPHH (Universal Imaging, Media, PA) software. The 
moree darkly staining CD4+ T cells were distinguished from background 
withh the METAMORPH "threshold" tool (see Fig. 1), and the number of 
cellss was measured from the standard area (in square pixels) of a positive 
celll as described in the text. Doubly labeled CD4+ Ki67* or TUNEL' cells 
weree counted by first converting the images into binary form. Using the 
metamorphh process tool, the binary images were multiplied (see Fig. 2) to 
identifyy and count the number of double-positive cells. 

Totall body estimates 
Wee multiplied the measured mean of CD4+ T cells/mg LT (Tables 1 and 

2)) x 700 x 106 /Jg to estimate CD4" T cells in LT of a hypothetical 70-kg 
individuall in which LT is 1 % of the total body weight.[13) We assumed that, 
att the stage of HIV-1 infection we studied, LT is still 1% of total body 
weight.. The mean CD4+ T cell count/mm3 (Tables 1 and 2) was multiplied 
byy 5 x 106 mm3 (the total blood volume of 5 liters) to estimate CD4+ T 
cellss in circulation. Repopulation rates were estimated from the mean 
extrapolatedd total body increases, e.g., of 1.4 x 1010CD4+ CD45RA+ cells 
H-- 168 days = 7 x 107 cells/day. 

RESULTSS AND DISCUSSION 

Quantitativee image analysis of CD4+ T-cell populations in small samples 
off lymphoid tissue 

Tonsilss can be biopsied repeatedly |12] and provide an accessible source 
off LT representative of other secondary LT for measuring tissue viral load.'11 

Wee previously evaluated changes in the frequency of productively infected 
LTT cells and the size of the pool of virions in tonsil biopsies after 
combinationn antiretroviral treatment '2| and had suitably preserved portions 
off many of the biopsies to evaluate the effects of treatment on CD4" T 
cellss in LT. Because we had insufficient tissue to analyze by FACS, we 
adoptedd a QIA method m to directly count CD4* T cells in tissue sections. 
Too count CD4+ T cells by QIA, we first stained the cells (Fig. 1A) and then 
acquiredd video images (Fig. 1B). We used the METAMORPH computer 
programm to distinguish in the video images CD4+ T cells whose intensity of 
stainingg exceeded a threshold value of staining. There are highlighted in 
redd (Fig. 1C). The area of the highlighted cells in square pixels is converted 
too cell number from a predetermined standard mean area of a stained cell. 
Wee determined this conversion factor by manually counting a number of 
cells,, measuring their area, and finding a value for the standard number of 
pixelss that would give the correct cell count. 

Inn comparisons of this method with FACS analysis of mouse lymph 
nodes,, we found that, for FACS analysis from lymph nodes of biopsy size, 
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manyy cells were not recovered and viability was reduced. In larger pooled 
preparations,, the FACS-and QIA-derived estimates of the number of CD4* 
TT cell counts/mg agreed within 50-75% (data not shown), thus providing 
justificationn for the use of this technique for assessing lymphocyte 
populationss in our small samples of LT. 

Fig.. 1. Quantitative image 
analysiss of CD4+ T cells in 
lymphoidd tissue. (A and B) 
VideoVideo images of CD4' T cells in 
aa tissue section stained immuno-
histochemicallyhistochemically with antibody 
toto CD4 and vector red substrate. 
(C)) The darker stained cells in B 
areare identified with a red overlay. 
TheThe number of CD4~ T cells in 
thethe field is computed 
automaticallyautomatically from the 
measuredmeasured area of the objects 
highlightedhighlighted in red and the 
standardstandard area of a cell. 
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Thee chronic state of immune activation ;  4 inn HIV-1 infection is 
accompaniedd by increased rates of proliferation [5] and apoptosis of CD4* 
TT cells in blood [,>"1 and LT.1"'1 Because we expected that reductions in viral 
loadd in LT might diminish proliferation and/or apoptosis of CD4' T cells in 
LT,, we also developed double-label QIA methods to evaluate directly 
thesee changes. For proliferation, we stained CD4 ' T cells immunohisto-
chemicallyy so that they were only visible in bright-field images. We 
reactedd the same section with an antibody (anti-Ki67) that marks 
proliferatingg cells and subsequently with a fluorescein isothiocyanate-
labeledd secondary antibody so that proliferating cells were only visible in 
fluorescentt images. We show in Fig. 2 a bright-field image of CD4+ T cells 
andd an image of fluorescent Ki67' cells in the same field. We used the 
METAMORPHH computer program to obtain binary derivatives of the 
separatee images. When these are multiplied, they give the number of 
K\67'K\67' CD4* T cells in the field (Fig. 2). We similarly obtained minimal 
estimatess of the number of CD4* T cells undergoing apoptosis by using 
thee TUNEL assay and fluoresceinated reagents as the second label. 

TheThe upper panels 
displaydisplay the images 
ofof immunohisto-
chemically chemically 
stainedstained CD4' T 
cellscells and the 
binarybinary derivative 
(A)(A) of the 
digitized digitized 
information.information. All 
cellscells with a binary 
valuevalue of I are 
white.white. The arrow 
pointspoints to two 
CD4+CD4+ T cells that 
areare Ki67'. In the 
lowerlower panels, 
proliferatingproliferating cells, 
mainlymainly the B 
lymphocytes lymphocytes 
concen-tratedconcen-trated in 
thethe germinal 
center,center, have been 

identifiedidentified by staining with antibodies to Ki67 and fluoresceinated 
secondarysecondary antibody. Positive cells are green in the color image and white 
inin the binary derivative image (B). The arrow again points to two double-
positivepositive cells, identified in the panel at the right by multiplying the binary 
derivativesderivatives A x B to locate and count the CD4' /G'67* cells. 

Fig.. 2. 
Quantitative e 
imagee analysis 
off doubly 
labeledd CD4+ T 
cellss in LT. 
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Becausee the CD45RA isoform has been used extensively to investigate 
lymphocytee regeneration and to monitor changes in "naive" CD4+ T cells 
inn blood after anti retroviral treatment,1'4 '8| we also evaluated changes in 
thee CD45RA~ subset of CD4 ' T cells. For the CD45RA subset, we found 
thatt we could not reliably count doubly labeled cells by QIA when both 
antigenss were in the cell membrane because the computer program could 
nott discriminate between colocalized signals in one or more adjacent 
cells.. However, because we could distinguish CD45RA+ CD4* cells 
visually,, we manually counted doubly labeled cells, and we show in 
Tabless 1 and 2 the percentage of CD45RA* CD4+ cells. We estimated the 
totall number of cells in this subset by multiplying the fraction of CD45RA + 

CD4"" cells times the total CD4+ T cell count obtained by QIA. 

Pat. . 

1 1 

2 2 
3 3 
4 4 
5 5 

Sample e 

Lymph h 
node e 

Tonsil l 
Tonsil l 
Tonsil l 
Tonsil l 

Mean n 

CD4^^ T 
celll count 
inn blood, 

/mmJ J 

NT T 

NT T 
1,097 7 
1,192 2 

621 1 

970 0 

CD4++ T 
celll count 
inn LT, lfj% 

314 4 

357 7 
371 1 
286 6 
271 1 

320 0 

CD45RA^ ^ 
CD4~~ T 
cellss in 
LT,, % 

41 1 

38 8 
54 4 
48 8 
NT T 

45 5 

Ki67* * 
CD4~~ T 
cellss in 
LT,, % 
0.32 2 

0.1 1 
0.35 5 
0.42 2 
0.6 6 

0.4 4 

TUNELL + 

CD4** T 
cellss in 
LT,, % 
0.3 3 

0.02 2 
0.2 2 
0.15 5 
0.5 5 

0.2 2 

Tablee 1. CD4+ T-cell profiles in HIV-1-negative individuals. The number 
ofof CD4* T cells/mm^ in blood was determined by FAC5 analysis (NT, not 
tested).tested). The CD4* T cell count per microgram in LT was determined by 
QIAQIA of sections in which CD4* T cells had been stained immuno-
histochemically.histochemically. At least 20 sections distributed throughout the tissue 
specimenspecimen were examined at a magnification of x 160, and the number of 
CD4CD4++ T cells was determined at least twice, with values that agreed to 
withinwithin  in representative fields that had well defined lymphoid 
folliclesfollicles and paracortical regions. The microgram of LT was determined 
fromfrom the area examined (3.75 x 703 cm2 at x 160) the section thickness 
(5(5 x 104 cm) x the previously determined n! density of 7 gm/cm}. The 
percentagepercentage of CD45RA~ CD4* T cells was determined by manually 
countingcounting 1,000 double-labeled cells. The percentage of CD4+ T cells 
undergoingundergoing proliferation or apoptosis was determined by double labeling 
withwith first anti-CD4~ and then anti-Ki67 or TUNEL assay, respectively, as 
describeddescribed in Materials and Methods. Single- and double-positive CD4* T 
cellscells were quantitated by QIA and binary multiplication. An average of 
3,6803,680 CD4' cells was counted to determine the percentage of double-
positives. positives. 
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Normall CD4+ T cell counts in LT 
Wee first used these methods to determine CD4+ T cell counts in normal 

tonsils.. In Table 1, the total number of cells is expressed per milligram of 
LTT calculated from the areas in which the cells were counted, the section 
thickness,, and previously determined tissue density.[1) Densities of CD4+ T 
cellss in tonsillar tissue and one lymph node from a normal individual were 
equivalent.. From the number of CD4+ T cells/mg of tonsil, we 
extrapolatedd estimated total numbers of cells per patient, as described in 
Materiall and Methods, to compare our estimates for CD4^ T cells with 
priorr analyses of infected cell turnover in this cohort,'2' as well as other 
reportss of CD4+ T cell turnover and regeneration.'17' 19"21' In normal, 
uninfectedd individuals, we estimate that there are 2.2 x 10" CD4+ T cells 
inn LT and 4.9 x 109 CD4+ T cells in blood, in agreement with the cited 
figuree of 2% of the total CD4+ T cells in circulation.'221 The fraction of 
CD45** CD4+ T cells (45%) is also similar to the fraction determined by 
Janossyy et al.'231 in LT. The new determinations in this report of proportions 
off proliferating and apoptotic CD4+ cells in normal individuals had means 
off 0.4% and 0.2%, respectively. On the reasonable assumption that the 
timee course of these processes is 1 day,'241 to maintain steady-state, an 
additionall fraction of the CD4+ T cell population must be removed to 
equall proliferation and influx of cells from the thymus or other renewal 
sources.. This fraction represents cells at earlier stages of apoptosis that 
wouldd not be counted in the TUNEL assay. We wil l return shortly to this 
steady-statee model in assessing the impact of the loss of productively 
infectedd cells. 

CD4++ T cell subsets in HIV-1-infected individuals before treatment 
Inn the tonsils of nine individuals in which we already had measured viral 

replicationn and load,'2' we found that, before treatment, the apparent extent 
off CD4+ T cell depletion differed in the blood and LT compartments. If the 
extentt of immune depletion were judged by the number of CD4+ T cells in 
circulation,, we might expect that the total number of CD4+ T cells would 
bee reduced by 75%, but instead we found that the total CD4" T cell count 
inn LT was reduced in the infected group to only 44% of normal (calculated 
fromm the means in Table 2). Preservation of CD4" T cells in LT compared 
withh blood also has been suggested by the observation that the ratios of 
CD4** T cells to CD8+ T cells or B cells is higher in LT than in blood.'25'. 
Wee conclude that the magnitude of immune depletion in HIV infection 
previouslyy may have been overestimated from CD4+ T cell counts in 
bloodd and speculate that lymphocyte activation and trapping ^ account 
forr the relative maintenance of the CD4+ T cell population in LT. 

Disproportionatee impact of HIV infection on the CD45RA+ CD4+ T-cell 
population n 

Inn one major respect, changes in CD4" T cell subsets parallel well 
documentedd changes in the blood.l27] We also found the greatest depletion 
inn the CD45RA* subset of CD4+ T cells in LT. In this cohort of individuals 
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Pat. . 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

mean n 

Age e 

41 1 

43 3 

36 6 

41 1 

38 8 

43 3 

26 6 

36 6 

43 3 

39 9 

Biopsy y 

Baseline e 
R*dayy 2 
R** wk 24 

Baseline e 
R,, w k 3 
Rxx wk 24 
Rxx wk 60 

Baseline e 
Rxx wk 3 
Rxx wk 24 
Rxx wk 52 

Baseline e 
Rxx day 2 
Rxx wk 24 

Baseline e 
Rxx day 2 
Rxx wk 3 
Rxx wk 24 
Rxx wk 60 

Baseline e 
Rxx day 2 
Rxx w k 3 
Rxx wk 24 
Rxx wk 60 

Baseline e 
Rxx day 2 
Rxx wk 24 

Baseline e 
Rxx wk 24 

Baseline e 
Rxx w k 3 
Rxx wk 24 

Baseline e 
Rxx day 2 
Rxx w k 3 
Rxx wk 24 
Rxx wk 52-
60 0 

CD4~~ T 
cell l 

countt in 
blood, , 
/mm3 3 

40 0 
30 0 

170 0 

170 0 
260 0 
260 0 
194 4 

233 3 
350 0 
560 0 

--

217 7 
270 0 
350 0 

393 3 
330 0 
470 0 
500 0 

--

600 0 
530 0 
970 0 
730 0 

--

163 3 
210 0 
530 0 

117 7 
290 0 

220 0 
240 0 
210 0 

239 9 
274 4 
458 8 
400 0 

--

CD4^^ T 
cell l 

countt in 
LT,, //vg 

84 4 
81 1 

174 4 

95 5 
120 0 
142 2 
204 4 

142 2 
186 6 
196 6 
239 9 

147 7 
139 9 
175 5 

185 5 
187 7 
200 0 
200 0 
220 0 

158 8 
129 9 
143 3 
161 1 
206 6 

112 2 
108 8 
141 1 

154 4 
166 6 

151 1 
171 1 
176 6 

136 6 
129 9 
162 2 
170 0 
217 7 

CD45RA+ + 

CD4++ T 
cellss in 
LT,, % 

23 3 
--

29 9 

25 5 
24 4 
32 2 
36 6 

23 3 
36 6 
34 4 
31 1 

27 7 
--

30 0 

25 5 
--

25 5 
36 6 
40 0 

26 6 
--

29 9 
36 6 
35 5 

21 1 
--

26 6 

20 0 
31 1 

22 2 
22 2 
30 0 

24 4 
--

27 7 
32 2 
36 6 

Ki67~ ~ 
CD4++ T 
cellss in 
LT,, % 

1.8 8 
1.9 9 
0.6 6 

2 2 
1.9 9 
0.5 5 

--

1.5 5 
1.1 1 
0.6 6 

--

0.5 5 
0.5 5 
0.1 1 

1.1 1 
1.2 2 
0.3 3 
0.2 2 

--

1.3 3 
--

0.7 7 
0.3 0.3 

--

0.4 4 
0.4 4 
0.1 1 

0.9 9 
0.1 1 

--
--
--

1.2 2 
1.0 0 
1.0 0 
0.4 4 

--

TUNEL^ ^ 
CD4 '' T 
cellss in 
LT,, % 

0.3 3 
0.3 3 
0.7 7 

0.5 5 
0.3 3 
0.3 3 

--

0.4 4 
0.2 2 
0.2 2 

--

0.5 5 
--

0.5 5 

0.4 4 
--
--

0.3 3 
--

0.4 4 
--
--

0.5 5 
--

0.3 3 
--

0.4 4 

NT T 
NT T 

0.6 6 
0.3 3 
0.2 2 

0.4 4 
--

0.3 3 
0.4 4 

--

Tablee 2. CD4+ T cell profiles in HIV-1-positive individuals before and 
afterr treatment See Table 7 legend. 
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att moderately advanced stages of infection, the proportion of CD45RA* 
CD4"" T cells had been reduced from 45% in normal tonsil to 24% (Tables 
11 and 2; see Fig. 4). 

Proliferation,, apoptosis, and the possibly paradoxically large contribution 
off productive infection to immune depletion 

Thee sustained antigenic stimulus of HIV-1 associated with follicular 
dendriticc cells m would be expected also to sustain activation, 
proliferation,, and apoptosis in LT. We, in fact, found that the proportion of 
proliferatingg CD4* T cells was about threefold higher than in the tonsils 
andd lymph node of the uninfected controls (P < 0.02, Student's t test), in 
goodd agreement with previous determinations of threefold increases in 
proliferationn in blood CD4+ T cells.151 The proportion of TUNEL+ CD4+ T 
cellss also was increased by twofold (P < 0.05; Tables 1 and 2). Again in a 
steady-statee model, we assumed that the proliferation of 109 CD4" T 
cells/dayy (calculated from the proportion of K167 CD4+ T cells; Table 2) is 
balancedd by equivalent losses to programmed cell death and removal. If 
thiss is the case, the measured turnover of productively infected cells of 7 x 
107/dayy in this cohort, although relatively small in absolute numbers, 
couldd make a large contribution to depletion of CD4+ T cells. We refer to 
thiss as a "trickle down" model to contrast it with immune depletion by 
exhaustionn of proliferative capacity.1201 

Initiall response to treatment 
Theree was little immediate change in the CD4+ T cell counts, but by 3 

weeks,, we measured an increase in CD4+ T cells at a mean rate of 8 x 
108/day.. Changes in proliferation or apoptosis were insignificant (Fig. 3; 
Tablee 2). Under the same steady-state assumptions, the CD4+ T cells that 
weree added because the treatment largely stems the loss of 7 x 107 cells to 
productivee infection cannot account for the initially rapid expansion of 
CD4** T cells in LT; nor can the changes in the other measured parameters 
accountt for similar rapid increases in CD4" T cells in blood. Additional 
mechanismss such as redistribution |11] therefore likely are involved in the 
initiall increases of CD4* T cells in both blood and tonsillar tissue. 

Longg term response to treatment 
Afterr 6 months of treatment, the increases in the total CD4+ T cell 

populationn averaged 1.1 x 10H cells/day over the entire period and 
continuedd at this rate to 12-14 months. Similar sustained increases in 
CD45RA'' CD4" T cells at a rate of 8 x 107day account for approximately 
two-thirdss of the total and the increased relative proportion of CD45RA 
CD4** T cells (Fig. 4). Both of the increases in total CD4" T cells and 
CD45~RAA subset were significant by 6 months of treatment (P < 0.05 and 
PP < 0.001, respectively, Student's t test) and highly significant at 12-14 
monthss (both P < 0.001). Over the course of 6 months of treatment, the 
fractionn of Ki67* CD4* T cells declined to a mean value equivalent to 
HIV-1-seronegativee controls, and, with one exception, the fraction of 
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TUNEL'' cells was unaffected or continued to decrease slightly (Fig. 3; 
Tablee 2). 

Thesee observations on the treatment response over several months 
producee evidence for one of the predicted effects of reducing one major 
antigenicc stimulus in HIV-1 infection, namely HIV-1 itself. After 6 months 
off treatment, the fraction of proliferating, CD4* T cells fell to normal levels 
inn parallel with reduction of virions in LT by 99.9%. The continued 
elevationn in the proportion of TUNEL' CD4 ' T cells in the context of 
decreasedd proliferation and increased numbers of CD4+ T cells is puzzling 
butt is compatible with a decline in the rate of removal of cells at earlier 
stagess of apoptosis. 

D«y»» Po«[ TfMlment D«y» Po*t Tr%itment 

Fig.. 3. Treatment-induced changes in LT in total body CD4+ T cells and 
naivee CD45RA* cells. Cell changes were determined as described in this 
report.report. Total CD4' T cell body counts were calculated by extrapolation as 
described;described; this number times the percentage of RA' cells equals the total 
CD45RA'CD45RA' CD4' J cell count. The fractions of Ki67' and TUNEL' CD4- T 
cellscells in tonsillar biopsies were determined as described in this report, 
beforebefore and at designated times after treatment. 

Speculationss about mechanisms of depletion and renewal of CD45RA" 
CD4++ T cells and the Red Queen Hypothesis. 

Thee increases in the CD45RA' subset of CD4 ' T cells we measured at 8 
xx 10" cells/day were equivalent to the regeneration rates in young adults 
afterr intensive chemotherapy for cancer'' ' and thus are consistent with the 
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conclusionn that, even at relatively late stages of infection, the immune 
systemm retains the capability of renewing this subset. The mechanisms of 
renewall and functional capacities of this subset are, for the most part, 
speculativee at this time because of the limitations in the kinds of studies 
thatt were possible in small samples of fixed tissues. The linear increases in 
thiss subset are consistent with replenishment of naive CD4* T cells by 
thymopoiesiss or other peripheral mechanisms,128 2'l] and this interpretation 
iss supported by the recent report that apparently naive CD4" T cells can be 
detectedd in blood after 1 year of combination antiretroviral therapy.'1" The 
linearr increase also is consistent with a conversion of CD45RO+ to 
CD45RA** CD4* T cells as the antigenic stimulus subsides with treatment. 
Suchh a conversion process has been documented, albeit over a longer 
periodd (3.5 years),'301 and would not by itself account for both an increase 
inn the total number of CD4* T cells and the total number of the CD45RA" 
subset. . 

X10 0 

14 4 

12 2 

10 0 

8 8 
10 0 

6 6 

4 4 

2 2 

--

--

|CD4+Tcellss in LT| 
C D 4 5 R A + Q Q 

CD45RA--

HIVV Infected 
Pre-Treatment t 

(33 weeks) (244 weeks) (522 weeks) 

HIVV Infected Post-Treatment 

Fig.. 4. CD4+ T cell subsets in LT. Cells were counted as described, and 
thethe mean body totals  I 5D (indicated by I) from Tables I and 2 are 
shownshown for uninfected and infected individuals before and after 3 weeks, 6 
months,months, and 12-14 months of triple antiretroviral therapy. 

Whyy is the CD45RA" subset of CD4* T cells disproportionately affected 
byy HIV-1 infection and treatment? HIV-1 infection drives differentiation 
andd activation of naive and memory cells. Some of the activated cells will 
becomee productively infected and die, imposing an additional drain on the 
immunee system over preinfection steady-state cell losses, perhaps 
compoundedd by infection and injury to the thymus.'1' " ' The documented 
decreasee in regenerative capacity from 10'' CD45RA" CD4* T cells/day in 
infantss to <108/day in adults is consistent '17' with the notion that T cell 
replacementt by thymopoiesis or other peripheral mechanisms normally 
operatess in adults at close to maximum capacity just to maintain steady-
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statee populat ions. W e refer to this model as the Red Queen Model by 

analogyy to the Red Queen's response to A l ice in Lewis Carroll 's Through 

thethe Looking Glass ("it takes all the runn ing you can do , to keep in the same 

place").1" '' The net result is that the number of naive CD45RA + C D 4 + T 

cellss w i l l decrease at a rate equivalent to their representation in the 

populat ionn of product ively infected cells. W h e n treatment curtails these 

addi t ionall losses, the CD45RA* C D 4 * T cell popula t ion can grow at a rate 

sett by the renewal capacity in the infected ind iv idua l . The pace and 

eventuall extent of repopulat ion w i l l , in general, be slow and variable, 

dependingg in any particular indiv idual on the stage of infect ion, the pre-

exist ingg deplet ion, and the residual renewal capacity at the t ime treatment 

iss ini t iated. 
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FOOTNOTES S 

Abbreviat ions:: LT, l ympho id tissue; TUNEL, terminal deoxynucleot idy l -

transferase-mediatedd UTP end label ing. 
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