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ViralViral dynamics and immune reconstitution during potent antiretroviral therapy 

Today'sToday's antiretroviral combination regimens can induce significant and 
sustainedsustained decreases in human immunodeficiency virus (HIV)RNA levels, 
allowingallowing the immune system to recover. To what extent immune 
reconstitutionreconstitution is possible and what factors determine the outcome have 
thusthus far not been resolved. We studied 19 subjects, treated for 2 years with 
proteaseprotease inhibitorcontaining triple therapy, who had a strong suppression 
ofof HIV-RNA levels. CD4~ T-cell numbers increased from medians of 170 
toto 420 x 706 cells/L, but in a number of subjects T-cell numbers did not 
furtherfurther increase after week 72, without having reached normal values. 
Long-termLong-term CD4^ T-cell change was mainly caused by a slow but 
continuouscontinuous increase in naive CD4^ T cells (CD45RA + CD62L+) and was 
predictedpredicted by the baseline number of these cells. Our data indicate that 
long-termlong-term immunological recovery is gradual, even during strong 
suppressionsuppression of viral replication, not always complete, and dependent on 
thethe preexisting level of naive CD4^ T cells. 

Infectionn with human immunodeficiency virus (HIV) causes progressive 
immunee deterioration as well as chronic immune activation. Besides a 
graduall decrease in the number of CD4+ T lymphocytes, T-cell function, 
measuredd as in vitro proliferative response on stimulation with mitogens or 
monoclonall antibodies (mAbs), decreases over the course of infection and 
becomess a strong independent prognostic marker for disease 
progression.11'211 In addition, the number of naive CD4+ and CD8+ T cells 
decliness with HIV infection, even though HIV preferentially infects 
activatedd CD4* memory T cells.'31 HIV-induced immune activation, 
measuredd by an increase in the expression of CD38 and human leukocyte 
antigenn (HLA)-DR on CD8+ cells, can also predict development of 
AIDS.'4511 Furthermore, CD28 expression on CD8~ T cells, associated with 
thee capacity of these cells to proliferate on stimulation, decreases during 
diseasee progression.16,7] 

Antiretrovirall combination therapy that includes a protease inhibitor (PI) 
leadss to strong suppression of viral replication, reflected by a rapid and 
sustainedd decline of HIV type 1{HIV-1)-RNA levels in the peripheral blood 
andd lymphoid tissue.18'01 In response, the CD4+ cell numbers increase and 
T-celll function improves significantly.n'151 

Wee and others have shown that the initial increase in CD4+ T-cell 
numberss in the blood after start of antiretroviral therapy consists mainly of 
cellss with the memory phenotype, probably reflecting redistribution of 
thesee cells from lymphoid tissue into the circulation. After this initial 
increase,, the number of memory CD4+ T cells remains relatively stable.lu-
i2,, i6, i7] |sja jve £D4 + T-cell numbers increase at a slower but continuous 
rate,, both in peripheral blood and lymphoid tissue.[1M3' '6' w] 

Thee question of to what extent immune reconstitution is possible has not 
yett been answered. Immune recovery during potent antiretroviral therapy 
iss expected to be a stow process, as can be inferred from immune recovery 
afterr bone marrow transplantation, chemotherapy, or CD4 antibody 
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treatmentt in multiple sclerosis patients.[1B"201 Furthermore, at this time it is 
nott known which factors determine the extent of immune recovery, given 
aa strong inhibition of HIV replication. In this study we report the results of 
22 years of treatment with a Pl-containing triple therapy in previously 
antii retroviral therapy-naive subjects. Immune reconstitution was studied by 
measuringg changes in CD4+ and CD8+ T cells, naive and memory T-cell 
subsets,, CD8 T-cell activation, and in vitro proliferative response to 
stimulationn with mAb to CD3 and CD28. Factors predicting the extent of 
immunee reconstitution and the observed individual variation were 
examined. . 

MATERIAL SS AN D METHODS 

Stud yy participant s 
Nineteenn of 33 HIV-1 infected adults, originally included in an open-

labell Pl-containing triple combination study, who remained on therapy for 
22 years were studied.191. At entry, all subjects were antiretroviral-naive 
adultss and had CD4+ T-lymphocyte counts of at least 50 x 106 cells/L and 
aa plasma HIV-RNA level of 30,000 copies per milliliter. Treatment 
consistedd of the PI ritonavir (600 mg twice a day) and 2 nucleoside 
analoguee reverse transcriptase inhibitors (NRTIs), zidovudine (300 mg 
twicee a day) and lamivudine (150 mg twice a day). Participants were 
randomizedd to receive triple therapy from the start or to use ritonavir 
monotherapyy for 3 weeks, followed by the addition of zidovudine and 
lamivudine.. Three subjects switched to a different antiretroviral triple 
combination,, consisting of 1 or 2 other Pis with 2 NRTIs, without 
interruptionn of treatment and remained included in the present study. One 
subjectt switched at week 20 and 2 at week 84. 

Patientss were followed up at weekly intervals from 2 weeks before until 
44 weeks after start of therapy, with additional visits at days 3 and 10 and at 
weekss 6 and 8; every 4 weeks until week 52; and at 12-week intervals 
fromm weeks 60 through 108. At each visit blood was drawn for HIV-RNA 
andd T-lymphocyte subset measurements. 

T-lymphocyt ee subset s 
Lymphocytee immunophenotyping for peripheral CD4' and CD8T T cells 

wass done by 2-color immunofluorescence flow cytometry (FACS). Naive 
andd memory T-lymphocyte subsets were measured by 3-color FACS for the 
surfacee proteins CD45RA, CD45RO, and CD62L (L-selectin), as described 
elsewhere.'1211 T-cell subsets coexpressing CD45RA and CD62L were 
regardedd as truly naive T cells, whereas remaining T cells, including cells 
expressingg CD45RO and cells expressing CD45RA without CD62L, were 
regardedd as memory lymphocytes. Activation of CD8 cells was determined 
byy the percentage of CD8 + CD45RO+ cells positive for CD38. 
Furthermore,, the percentage of CD3 + CD8~ cells positive for CD28 was 
measured. . 
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T-cel ll  functio n 
Thee in vitro proliferative response to CD3 and CD28 mAb was 

determinedd in whole blood lymphocyte culture, as previously described in 
detail.1211 In short, proliferative responses were measured after 4 days of 
culturee by means of incorporation of [3H]-thymidine, added 24 h before 
harvest.. Proliferative capacity was calculated to counts per minute per 103 

CD3++ T cells and expressed as percentage of the median response of 5 
dailyy uninfected controls tested simultaneously. 

HIV-RNAA level s 
Plasmaa HIV-1 RNA levels were measured with the Amplicor-HIV Monitor 

Testt (Roche Molecular Systems, Branchburg, NJ), with a variable lower 
limitt of quantification (LLQ), by following the manufacturer's instructions. 
Inn this study, the Amplicor assay had a mean LLQ of 204 (2.31 logio) 
copies/mLL (SD = 0.19 logio). For the 3 subjects who changed to a different 
combinationn without interruption of treatment, RNA levels were measured 
withh the NucliSens assay (Organon Teknika BV, Boxtel, The Netherlands), 
withh an LLQ of 400 copies/mL (2.60 logio), for their last 3 visits. Results 
obtainedd by Amplicor and by NucliSens were combined. 

Statisticall analysis 
Immunologicall and virological baseline values were calculated as the 

meann value of 3 measurements prior to treatment (week -2, week - 1 , and 
weekk 0) for HIV-RNA, total CD4* and CD8^ T-cell counts, and T-cell 
function,, and as the mean of week -1 and week 0 for the naive and 
memoryy T-cell subsets. Because previous analyses showed no differences 
betweenn the 2 treatment arms in immunological or virological responses 
upp to 36 weeks, results were combined and the participants analyzed as 1 
group.19'1JI I 

Time-dependentt analyses were done by using a repeated measurement 
(RM)) model, Proc mixed, SAS 6.12 (SAS Institute, Cary, NC), including the 
respectivee baseline value and time since the start of treatment as 
covariates.. SPSS 8.0 (SPSS, Chicago) was used for the remaining statistical 
analyses.. T-cell subset changes over time were analyzed by linear slope 
estimationn for each subject. Correlation coefficients were obtained by 
Spearmann rank correlation (S). Differences between paired variables were 
analyzedd with the Wilcoxon signed ranks test (W) and between groups 
withh the Mann-Whitney U test (MW). 

RESULTS S 

Baselinee characteristics of the 19 subjects are depicted in table 1. A large 
fractionn of the participants could be considered advanced in HIV disease, 
becausee 10 subjects had symptomatic HIV disease, and median CD4+ T-
celll counts were 170 x 106 cells/L before start of therapy. 
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Numberr of participants 
maless / females 1 7 / 2 
CDC-class:: A / B / C 9 / 6 / 4 

Mediann (interquartile range): 
Agee in years 38 (32 - 41) 
HIV-RNAA levels (logio copies/mL) 5.41 (4.95-5.78) 
TT lymphocytes in W6/L 

CD4** T cells 170 (127-230) 
CD4++ naive 42 (19-56) 
CD4** memory 109 (82- 187) 

CD8^^ T cells 960 (627- 1300) 
CD8^^ naive 103 (61 - 140) 
CD8^^ memory 775 (497- 1047) 

ProliferativeProliferative response per T ceil 
(%(% of median of daily controls) 

CD33 + CD28 mAb 14 (5-22) 

Tablee 1. Baselin e virologica l and immunologica l characteristics . mAb, 
monoclonalmonoclonal antibody. For HIV-disease classification, CD4 counts below 
200200 x J 07/ were not regarded as CDC-class C. 

HIV-RNAA respons e 
HIV-RNAA levels strongly declined to levels below the LLQ in 83%100% 

off the subjects at each visit from week 12 onward (Fig. 1; for significance 
off changes overt ime, P = 0.0001, repeated measurements). Ten subjects 
hadd quantifiable RNA levels on 1 occasions during this period, but their 
RNAA levels never exceeded 500 copies/mL and were unquantifiable again 
att the following visit. 

CD4++ T-cel l response s and naiv e and memor y subset s 
Thee CD4* T-lymphocyte numbers showed a strong and sustained 

increasee to a median of 420 x 106 cells/L at week 108 (PRM = .02). CD4+ T 
cellss appeared to increase in a 3-phasic pattern of a rapid increase during 
thee first 3 weeks, a gradual increase until week 72, and a stabilization in a 
largee proportion of the participants thereafter. This was analyzed in more 
detaill by measuring naive and memory T-cell subsets and by estimation of 
thee individual linear slopes of cell counts over time (Fig. 2A and Fig. 3A, 
B,, andC). 

Duringg the first 3 weeks, the median increase rate in CD4 + T-cell 
numberss was 4.52 x 106 cells/L per day, which was mostly determined by 
aa rapid increase of memory cells at a median rate of 4.61 x 106 cells/L per 
day,, whereas the median naive cell increase rate was 0.33 x 106 cells/L 
perr day. 

Duringg the subsequent period, until week 72, the number of CD4+ T 
cellss continuously increased but at a significantly lower median rate of 
0.322 x 10" cells/L per day (compared with week 03, Pw = .02). The 
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mediann memory cell increase rate declined to 0.19 x 10f' cells/L per day 
(Pww < .001), whereas the median naive cell increase rate was 0.09 x 10" 
cells/LL per day (Pu = .12). 

5.0-|| . 

II  4.5
a; ; 

'ss  40^  1 

2.0-11 , ^ " " ^ ^ 

00 1 2 2 4 3 6 4 8 6 0 7 2 8 4 9 6 10 8 

Weeks s 
nr . . 
measuredd 19 19 19 19 17 19 18 19 19 19 
(%<LLQ)(0)) (84) (95) (84) (100) (100) (94) (89) (95) (95) 

Fig.. 1.HIV-RNA response . HIV-RNA levels were measured with Amplicor 
(Roche(Roche Molecular Systems), with a mean lower limit of quantification 
(LLQ)(LLQ) of 200 copies/mL, and, for 3 subjects who changed therapy, 
measuredmeasured with NucliSens (Organon Teknika) during their last visits. 
DepictedDepicted are medians and interquartile ranges. No. of participants 
analyzedanalyzed and percentage below LLQ are given. 

AA third phase became apparent after week 72, with stabilization of the 
mediann CD4" T-cell numbers. The median increase rates of CD4T T cells 
betweenn week 72 and 108 changed to 0.02 x 106 cells/L per day 
(comparedd with weeks 372, Pw = .07). In 7 of the 19 participants, the 
changee rate was clearly negative (below -0.04), and in 4 participants, it 
wass close to zero (between -0.04 and 0.04). The memory CD4* T-cell 
changee rate declined to -0.230 x 10b cells/L per day (Pw = .004), whereas 
thee median naive cell increase rate was 0.27 x 10f> cells/L per day. During 
thee full follow-up of 108 weeks, the median percentage of CD4* T cells 
withh the naive phenotype increased from 22% to 36%, with a considerable 
increasee occurring during the third phase. 

C D 8 ++ T-cel l response s 

CD8** T-lymphocytes showed an immediate increase during the first 6 
weeks,, with a subsequent decrease to baseline values, and remained stable 
forr the duration of the study (Fig. 2B). The initial changes were mainly 
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causedd by an initial increase in CD8" memory T-cell numbers, which 
slowlyy declined thereafter. Naive CD8" cell numbers increased at a more 
steadyy rate of 0.11 x 10G cells/L per day during the whole study period, 
whichh correlated with the CD4' naive increase rates between weeks 0 and 
1088 (Rs = 0.64, Ps = .003). During the 108 weeks, the median percentage 
off CD8~ T cells with the naive phenotype increased from 9% to 2 1 %. The 
mediann CD4/CD8 ratio increased from 0.1 7 to 0.48 during the follow-up. 

A.. CD4+ T-cel l subse t response s 
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Fig .. 2. C D 4 * and C D 8 + T-cel l responses , wit h naiv e and memor y subsets . 

NaiveNaive cells are CD45RA' CD62L'. A. Median and interquartile range 
(IQR)(IQR) CD4' T-cell response. B. Median and IQR. CD8' T-cell response. 
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Thee percentage of activated CD8 ' memory cells, CD8'CD45RO* 
CD38' ,, declined from a median of 32% at week 0 to a stable level 
betweenn 8% and 12% after week 16. The percentage of CD8 ' T cells 
expressingg CD28, CD8^CD3 "CD28^, increased rapidly from a median of 
32%% before therapy to 41 % at week 4 and slowly to 52% at week 96 (Fig. 
4). . 

** CD3* CD28* 

00 12 24 36 48 ~60 72 84 96 

Week k 

nn 19 18 17 18 16 14 17 14 15 

Fig.. 4. CD8+ activation . Percentage of activated CD8' memory cells 
(CD8-CD45RO~CD38~)(CD8-CD45RO~CD38~) and CD8' J cells capable of proliferation 
(CD8'CD3'CD28-). (CD8'CD3'CD28-). 

T-cel ll  functio n 
T-celll function, measured as in vitro proliferative response to stimulation 

withh mAb to CD3 and CD28, calculated per 103 T cells and expressed as 
percentagee of uninfected daily controls, increased rapidly during the first 3 
weekss from a median of 14% to a median of 42% and gradually increased 
too 56% of the norma! controls at week 108 (Fig. 5). 

Predictio nn of long-ter m response s 
Becausee the long-term gain in total CD4* T-cell numbers after week 3 

wass associated with the increase in naive T-cell numbers, the influence of 
baselinee CD4* naive T-cell numbers on the CD4 ' T-cell response was 
furtherr analyzed. CD4* T-cell increase rates between weeks 3 and 72 
correlatedd significantly with the baseline CD4" naive T-cell counts (Rs = 
0.62,, Ps = .005), whereas it did not correlate well with baseline total 
CD4"" T-cell counts, baseline HIV-RNA levels, or age, which ranged from 
266 to 47 years (Rs = 0.43, Ps = .07; Rs = -0.32, Ps = .18; and Rs = -0.05, 
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Pss = .84, respectively). The naive CD4* T-cell increase rates between 
weekss 3 and 72 also correlated with the baseline CD4~ naive T-cell counts 
(Rss = 0.51, Ps = .03) but not with the other baseline parameters (data not 
shown). . 
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Fig.. 5. In vitr o T-cel l function . T-cell function was measured as 
proliferativeproliferative response to stimulation with monoclonal antibody to CD3 
andand CD28, calculated to counts per minute per 10s CD3* T cells and 
expressedexpressed as percentage of median response of 5 daily uninfected controls 
testedtested simultaneously. 

Forr further analysis, the baseline naive CD4* T-cell numbers were 
dividedd in tertiles, and the 2 outer groups were compared (Fig. 6AD). 
Mediann baseline CD4* naive T-cell counts were 8 and 70 x 106 cells/L 
andd total CD4^ T-cell counts were 109 and 278 x 106 cells/L, 
respectively.. Total CD4 ' T-cell increase rates between weeks 3 and 72 
weree significantly lower in the group with the low baseline naive CD4+ T-
celll numbers (medians, 0.13 vs. 0.41 x 10'' cells/L per day, PMW = .02,). 
Mediann naive CD4 ' T-cell increase rates were 0.044 and 0.10 x 106 

cells/LL per day (PMW = .004), and memory CD4 ' T-cell increase rates were 
0.099 and 0.27 x 10" cells/L per day, respectively (PMW = .09; Fig. 6AD). 

Thee CD4" T-cell change rates after week 72 did not correlate 
significantlyy with the baseline naive or total CD4* T-cell numbers or with 
thee total or naive CD4* T-cell levels reached at week 72 (data not shown). 
Betweenn the low and high baseline naive CD4+ T-cell groups, median 
CD4"" T-cell change rates were 0.006 and 0.23 x 106 cells/L per day 
(PMWW = .49), respectively. Absolute CD4* T-cell levels reached at weeks 
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722 and 108 correlated w i th both baseline total and naive C D 4 * T-cell 

countss (data not shown). 

A.. CD4+ T-cel l respons e 
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Fig .. 6 (A, B). Response s in lo w and hig h baselin e CD4-naiv e groups . HIV-

RNARNA and immunological responses in 2 groups with high and low 

baselinebaseline CD4-naive cells, respectively. Medians and interquartile range. A. 

TotalTotal CD4" T-cell responses of 2 groups. B. HIV-RNA responses. 
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DISCUSSION N 

Thee extent of immune recovery during potent antiretroviral therapy has 
beenn shown to depend on the achievement of adequate suppression of 
virall replication.[M| To study the maximal immunological recovery that can 
bee obtained and to search for other factors possibly determining the 
recovery,, we studied subjects in whom plasma viral RNA levels were 
stronglyy suppressed for 2 years. 

Inn this study, in which a considerable fraction of the participants had 
advancedd HIV disease, we showed that immune recovery can continue 
duringg 2 years of potent antiretroviral therapy and that long-term CD4+ T-
celll increase is mainly caused by a slow but continuous increase in naive 
CD4** T-cell numbers. However, in a considerable number of participants, 
CD4++ T-cell numbers stabilized or even slightly decreased after Vfr years 
off therapy, sometimes without having reached normal levels. 

Directlyy after start of therapy, HIVRNA levels strongly decreased and 
CD4++ T-cell numbers strongly increased, the latter mostly as a result of the 
releasee of memory CD4 ' T cells from the lymphoid tissue.1121 

Simultaneously,, the percentage of activated memory CD8+ T cells rapidly 
decreased,, while T-cell proliferative capacity, corrected for the number of 
repopulatingg cells, strongly increased. Cytokine levels in lymphoid tissue 
havee been shown to decrease shortly after use of antiretroviral therapy.'211 

Thiss suggests that the immediate strong immunological improvement 
mightt be caused by the decrease in inflammatory cytokines in the 
lymphoidd tissue, after the strong suppression of viral replication in the 
lymphoidd tissue.'8' 

Specificc immunity to a number of antigens has been shown to improve 
withh potent therapy.1111"4'22231 Lymphoproliferative responses to a number of 
recalll antigens, reflecting CD4 helper cell function, improved after 40 
weekss of treatment in several of our subjects, although cytotoxic T-cell 
frequencyy specific for HIV antigens did not improve substantially.1231 The 
increasee in CD4+ T-cell numbers and the improvement of T-cell function, 
measuredd as in vitro proliferative response to CD3 and CD28 mAb, thus 
reflectt improved immunity to specific opportunistic pathogens. The 
mediann T-cell function reached at week 108, 56%, is close to the lower 
95%% confidence limit of 58% for uninfected controls.121 

Despitee the limited number of participants, we showed that the number 
off naive CD4* T cells at the start of therapy is an important predictor of the 
long-termm immunological outcome. Subjects with low pretreatment 
numberss of naive CD4^ T cells had a poor recovery of their CD4^ T cells 
afterr 2 years of treatment. In these subjects, after the initial increase in 
memoryy CD4* T cells in the first 3 weeks, the second repopulation period 
waswas deficient, compared with patients starting with higher numbers of 
naivee CD4* T cells, in whom naive CD4+ T cells mainly determined the 
totall CD4* T-cell increase. The low number of participants in our study 
didd not allow for extensive analysis of a larger number of possible factors 
inn a multivariate analysis, to distinguish confounding factors. 
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Inn a subset of our study participants, the capacity of peripheral 
circulatingg precursor cells to generate mature T cells in in vitro thymic 
organn cultures was found to improve strongly during therapy. Furthermore, 
thee increase in this capacity correlated with the increase in naive T-cell 
numbers.[2A]] Abundant thymic tissue has been detected in a considerable 
proportionn of HIV-1 infected adults, and the amount of tissue correlated 
withh the number of circulating naive T cells.[jr'1 This suggests that the 
capacityy to generate new T cells from precursor cells on suppression of 
virall replication depends on the amount of thymic tissue present, which 
thenn determines the recovery of CD4* T-cell numbers. This is further 
supportedd by a recent observation that thymic function improves during 
antiretrovirall therapy.1261 Furthermore, in 4 of the subjects we analyzed, 
naivee CD4* T cells appearing in circulation showed a slow improvement 
inn T-cel! receptor V repertoire during 1 year of therapy, although a normal 
distributionn was not yet reached.1-'71 

Thee estimated T-cell change rates reflect changes in absolute counts in 
thee peripheral blood and are the result of new production, redistribution, 
celll death, and maturation of naive into memory cells and thereby do not 
representt production rates. 

Inn other long-term studies on immune reconstitution and possible 
determiningg factors, the influence of total but not of naive CD4* T-cell 
numberss at baseline on long-term CD4 reconstitution has been 
investigated.[2fi'' 29] Renaud et al. found a significant relationship between 
long-termm CD4+ T-cell count changes and the extent of HIV-RNA 
reductionn and the CD4" T-cell decline rate before initiation of therapy, but 
nott with the baseline total CD4+ T-ceil counts. Staszewski et al. also found 
aa relationship between increase in CD4+ T-cell numbers and the 
suppressionn of HIV-RNA levels. A correlation of baseline naive CD4+ T-
celll counts with short-term (4-month) increases of these cells has been 
reported.[30] ] 

Afterr 2 years of treatment, only a few participants had reached the lower 
limitss of normal values for several of the measured immune parameters, 
andd there was considerable individual variation in the rate of CD4+ T-cell 
repopulation.. In a number of subjects, the increase in CD4* T cells 
appearedd to slow down or stop completely after week 72, sometimes 
beforee reaching normal CD4+ T-cell counts. No factors predicting this 
phenomenonn could be identified, and this should be further investigated in 
largerr groups of patients after even longer follow-up. Because the number 
off naive cells continued to increase after week 72, exhaustion of 
productionn of new cells, possibly from thymic origin, seems unlikely. The 
agee distribution of our participants, aged from 26 to 47 years, might have 
beenn too narrow to detect influences of age. 

Althoughh the state of immune activation strongly decreased with the 
therapy,, after 2 years of treatment the percentage of activated memory 
CD8++ T cells did not return to the 2% found in uninfected people.15" This 
mightt suggest residual continuing viral replication and antigen 
expression.1321 1 
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Inn l ine wi th previous f indings of immune recovery in other strongly 

immunosuppressedd patients, we conclude that long-term immunolog ica l 

recoveryy is a very gradual process, even dur ing strong suppression of viral 

repl ication,, and might not be complete in a number of HIV-infected 

persons.. The long-term increase in C D 4 * T-cell numbers is dependent on 

thee preexisting level of naive CD4~ T cells. Therefore, antiretroviral 

therapyy should be init iated before the number of naive T-cells drops to low 

levels. . 
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