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Rapid recovery of CD4" T cells after intensive chemotherapy recovery among patients with or without thymic enlarge-
is limited by an age-dependent decline in thymopoiesis. Here ment, whereas CD4" recovery was enhanced in patients
we sought to determine whether similar limitations exist with thymic enlargement after chemotherapy (P Ú .01).
for CD8" T-cell regeneration. After intensive chemotherapy, Therefore thymic-independent pathways of T-cell regenera-
CD8" T cells had a faster effective doubling time than CD4" tion appear to rapidly regenerate substantial numbers of
T cells (median, 12.6 v 28.2 days, P Ú .05). Accordingly, at 3 CD8", but not CD4" T cells, resulting in prolonged T-cell sub-
months posttherapy, mean CD8" T-cell number had returned set imbalance after T-cell depletion. These inherent distinc-
to baseline, whereas mean CD4" T-cell number was only tions between CD4" v CD8" T-cell regeneration may have
35% of pretherapy values (P Ú .05). These differences were significant implications for immunotherapeutic strategies
primarily due to very rapid expansion of CD8"CD57" and undertaken to eradicate minimal residual neoplastic disease
CD8"CD28Ï subsets. At 3 months posttherapy, there was no after cytoreductive chemotherapy.
relationship between age and CD8" T-cell number (R!Ï.02), This is a US government work. There are no restrictions on
whereas CD4" T-cell number was inversely related to age (R its use.
! Ï.66) and there were no discernible differences in CD8"

I CD4/TCR/ cells. In peripheral lymphoid organs, CD8/TCR/MPAIRED T-CELL regeneration is a central obstacle to
clinical progress for human immunodeficiency virus cells are found in aged nude mice5 and athymic radiation

(HIV)-1 infection, post-bone marrow transplantation (BMT), chimeras3, and evidence for the extrathymic generation of
and for developing immune-based therapies for residual neo- CD40CD80abTCR/ cells from small numbers of hemato-
plastic disease after intensive chemotherapy. Prevailing con- poietic pluripotential progenitor cells has recently been gen-
cepts regarding T-cell regeneration have emphasized the im- erated.6 Further, in situ generation of TCR/ cells in the gut,7

portance of the recapitulation of primary developmental liver,8 and bone marrow9 has been reported, although such
pathways.1 The primary developmental pathway for ab/ T cells are not generally considered to recirculate. Therefore,
cells begins with thymic homing of primitive bone marrow- potential thymic-independent pathways for regeneration of
derived progenitors; triple negative thymocytes then undergo CD8/ T-cell populations include both peripheral expansion
T-cell receptor (TCR) gene rearrangement followed by ex- of mature CD8/ T cells and extrathymic lymphopoiesis from
pression of both CD4 and CD8 coreceptors.2 A minority of hematopoietic precursors.
CD4/CD8/ thymocytes are positively selected resulting in In humans, there is evidence for an age-dependent decline
high levels of CD3 expression and CD4 or CD8 lineage in the capacity of the adult immune system to regenerate
commitment via downregulation of the CD8 or CD4 core- CD4/ T cells. After intensive chemotherapy and post-BMT,
ceptor, respectively. Thus, CD4 and CD8/ T cells share a the rate of CD4/ T-cell regeneration is relatively rapid in
common primary developmental pathway until relatively late children who regenerate CD4/ T cells bearing high molecu-
in thymopoiesis. lar weight CD45 isoforms and who show thymic enlarge-

Using animal models, thymic-independent pathways of T- ment on completion of chemotherapy.10-12 In contrast, adults
cell regeneration have also been described. Peripheral expan- show prolonged CD4/ depletion after T-cell depleting che-
sion of mature T-cell populations plays a central role in motherapy,12 post-BMT,10,13 and after monoclonal antibody-
CD4/ and CD8/ T-cell regeneration in athymic hosts.3,4 In mediated CD4/ cell depletion in patients with rheumatoid
addition, extrathymic lymphopoiesis appears important for arthritis.14 Such results suggest that thymic-dependent path-
the generation of CD40CD80TCR/ cells and CD8/TCR/ ways are required for rapid CD4/ regeneration in humans,
cells, but similar pathways have not been identified for but that such pathways are diminished with advancing age.

With regard to CD8/ T-cell regeneration in humans, little
is known about the relative contribution of thymic-dependent
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DISTINCTIONS BETWEEN CD4/ AND CD8/ REGENERATION 3701

Flow cytometry. Peripheral blood specimens were obtained dur-CD8/ subset is heterogeneous and comprised of both CD3/
ing routine clinic visits, which generally occurred every 2 to 3and CD30 subpopulations. Many reports have shown recov-
months for the first year after completion of chemotherapy. Speci-ery of only total CD4/ and CD8/ numbers post-BMT leaving
mens were handled according to established clinical guidelines. Cellsopen the possibility that the observed differences are due to
were stained for flow cytometry using the whole blood lysis tech-rapid recovery of CD30CD8/ subsets, which are part of the
nique and analyzed on a FACScan using Lysis II software (Becton

natural killer (NK) cell lineage and which follow different Dickinson, San Jose, CA) as previously described.22 To calculate
developmental pathways than CD3/CD8/ T cells.20,21 Hence, absolute numbers of each lymphocyte subset, the percentage of cells
the degree to which inherent biologic differences in the staining positive was multiplied by the absolute peripheral blood
CD4/ versus CD8/ T-cell regenerative pathways contribute lymphocyte count. This was determined by a Coulter counter (Hia-

leah, FL) and leukocyte differential on a blood sample obtainedto these observations remain unclear.
simultaneously. A control sample obtained from normal volunteersTo study biological distinctions between CD4/ and CD8/
was analyzed concurrently with each experimental sample.T-cell regenerative pathways, we have compared CD4/ and

The following monoclonal antibodies were used: anti-CD3 (LeuCD8/ T-cell regeneration after intensive chemotherapy. Us-
4) -CD4 (Leu 3), -CD8(Leu 2), -CD28(Leu 28), -CD57 (Leu 7),ing mathematical modeling, we provide estimates of CD4/
-CD16(Leu 11), -CD56(Leu 19), -CD19(Leu 12), and -CD20(Leuand CD8/ T-cell doubling times during a period of T-cell
19) were obtained from Becton Dickinson (San Jose, CA). Anti-

regeneration and show that there are significant quantitative CD45RA(Alb11) was obtained from Gentrak (Plymouth Meeting,
differences between CD4/ and CD8/ T-cell regeneration. PA). Irrelevant murine monoclonal antibodies directly fluorochrome
We also report that unlike CD4/ T-cell regeneration, CD8/ conjugated of the IgG1, IgG2a, and IgG2b subclass obtained from
T-cell regeneration is not impaired by age related declines in Becton Dickinson were used to define background staining.

Lymphocytes were identified by forward and side-scatter analysesthymopoiesis suggesting that thymic-independent pathways
and the lymphocyte gate was checked using the Leucogate (CD45/contribute substantially to CD8/ T-cell regeneration in hu-
CD14) reagent from Becton Dickinson. List mode parameters weremans. Such biologic distinctions between CD4/ and CD8/
collected for 10,000 cells within the lymphocyte gate and positiveT-cell regeneration result in a prolonged imbalance of the
staining was calculated based on the subclass control specimens.immune system after T-cell depletion, characterized by a
CD4/ T cells were defined as CD4/CD3/ cells, B cells as CD19/relative excess of distinct CD8/ subsets and a prolonged
cells, and NK cells as CD30 cells, which were CD16/ and/or CD56/.

deficiency of CD4/ cells. To minimize the possibility that CD8/ enumeration in these studies
would include non-T cells, CD8/ expression was considered positive

MATERIALS AND METHODS only when high levels of CD8 expression was present compared
with background staining. Cells with low level CD8 expression werePatients and protocols. Sixteen patients with histologic evidence
not considered CD8/ cells in these studies. In this report ‘‘CD8/ Tof malignancy were enrolled on one of the following protocols: NCI
cells’’ are defined as CD8/CD3/, while ‘‘CD8/ cells’’ expressedPB 90-C-211 for brain tumors, NCI PB 86-C-169 or 93-C-125 for
high levels of CD8 with or without concomitant CD3 expression.sarcomas, NCI PB 89-C-41 or 93-C-207 for non-Hodgkin’s lympho-

Radiographic imaging. All patients, except patient no. 13, un-mas. In each protocol, the dosage of cyclophosphamide was substan-
derwent radiographic imaging, which included the thymus as parttial and ranged from 1.2 g/m2/cycle to 4.5 g/m2/cycle. A detailed
of routine follow-up for their disease. Patients no. 4, 5, 7, 8, 10, 11,description of the chemotherapy administered in NCI PB 90-C-211,
12, and 16 underwent computed tomography (CT) scanning of the86-C-169, and 89-C-41 has been published previously.22 Patients
chest and patients no. 1, 2, 3, 5, 6, 9, 11, 14, 15, and 16 underwenttreated on NCI PB 93-C-125 received 12 weekly doses of vincristine
gallium-67 scanning. Thymic imaging was analyzed serially from2 mg/m2, and five sequential cycles of doxorubicin 90 mg/m2, and
the time of initial presentation until 1 year after completion of ther-cyclophosphamide 2.4 g/m2. Patients treated on NCI PB 93-C-207
apy, except for patients no. 1 and 15 in whom analysis of thymicreceived three sequential cycles of cyclophosphamide 1.2 g/m2 and
imaging was discontinued after tumor recurrence.methotrexate 3.36 g/m2. In all protocols except 86-C-169, successive

Analyses for radiographic evidence of thymic rebound were madecycles ensued as soon as possible after hematologic recovery. For
by radiologists who were blinded with respect to the degree of T-protocol 86-C-169, successive cycles began 21 days after the previ-
lymphocyte recovery for individual patients at the time of analyses.ous cycle if hematologic recovery had occurred. Three patients re-
Thymic volumes via CT were calculated as previously described.23ceived radiation therapy as part of their treatment: patient no. 7, 6
Thymic rebound was defined as a twofold or greater increase inGy to the right arm; patient no. 8, 6.6 Gy to the pelvis; and patient
thymic volume compared with thymic volume at presentation. Forno. 13, 3 Gy to the cranium and spine. No patient had detectable
patients who underwent imaging with gallium-67, thymic reboundbone marrow involvement with tumor. All patients were rendered
was defined as uptake of gallium-67 in the anterior mediastinumfree of detectable neoplastic disease on completion of chemotherapy.
showing the characteristic size, shape, and location of thymic activ-Two patients (nos. 1 and 15, both 8 months after completion of
ity, which was not seen on previous studies.24 For those patientstherapy) developed recurrent disease during the first year after com-
who underwent imaging using both modalities, analyses were madepletion of therapy, and lymphocyte analysis was discontinued at the
from each modality and the results were concordant in all cases.time of recurrence. The remainder of the patients remained free of
Because radiographic distinction of thymic rebound from recurrentdisease for at least 1 year after completion of therapy. Patient no. 1
tumor is difficult,25 radiographic studies were analyzed serially toalso had vertically acquired HIV infection. Before the development
ascertain resolution of the increased thymic size by CT scanningof lymphoma, his HIV disease manifestations were limited to eczema
or increased gallium uptake by radionuclide scanning. Spontaneousand thrombocytopenia. All protocols were approved by the Institu-
resolution of thymic enlargement over time was regarded as suffi-tional Review Board of the National Cancer Institute and informed
cient evidence that the increased thymic size was benign in nature.consent was obtained from all patients or their parents before proto-

Mathematical analysis. Mathematical analyses used to calculatecol enrollment. CD4/ T-cell number at 6 months posttherapy from
rate constants and effective cell doubling times were generated using15 of the patients reported here was published previously as part of

a separate report.12 the Scientist software program (Micromath, Salt Lake City, UT).
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Table 1. Percent Recovery of Peripheral Blood Lymphocyte Subsets During and After Intensive Chemotherapy

Timepoint CD4/ CD8/ CD8/CD3/ B Cells NK Cells

Pretherapy* 100 100 100 100 100
Nadir† 16 { 3 27 { 5‡ 26 { 6 3 { 2‡ 27 { 25
3 mos 35 { 7 98 { 24‡ 113 { 34‡ 164 { 43‡ 86 { 18‡
6 mos 49 { 9 89 { 11‡ 94 { 15‡ 197 { 28‡ 94 { 28
9 mos 48 { 12 105 { 23‡ 109 { 29‡ 191 { 41‡ 148 { 71
12 mos 78 { 19 85 { 16 84 { 16 124 { 30 69 { 15

* Mean pretherapy values (CD4/: 807 { 152, CD8/: 641 { 139, CD8/CD3/: 520 { 123, B: 215 { 50, NK: 262 { 56 cells/mL) are arbitrarily
designated as 100%. Percent change was calculated for individual patients by dividing the values obtained at each timepoint specified by the
pretherapy value 1 100. Mean percent change and SEM for all patients studied is shown.

† Nadir is defined as the timepoint when the lowest counts for each individual subset was recorded. This generally occurred at or near the
completion of chemotherapy.

‡ P õ .05 when compared with percent change for CD4/ cells at the same timepoint using Wilcoxon Signed Rank Test.

Exponential patterns of cell number changes were fitted to the solu- in Table 1 are related to differences in the rate of cellular
tion of the differential equation: dT/dt Å gT(1-iT)(the logistic regeneration, we used mathematical analyses of lymphocyte
model), where T is the number of T cells, t Å time, g Å growth kinetics to generate quantitative measurements of the rate of
rate constant and i Å inhibitory (regulatory) constant. The growth CD4/ versus CD8/ T-cell regeneration. Because the most
rate constant is related to the effective cell doubling time (td), td Å dramatic differences between CD4/ and CD8/ cells were
ln2/g Å 0.69/g. Although the true cell doubling time cannot be

seen in the initial 3 months posttherapy, after which timecalculated without an accurate measurement of cell death rate, the
CD8/ cell number stabilized (Table 1), we focused on thiseffective cell doubling time as described here describes the net rate of
time period.cell number increase over time. The regulatory constant i is inversely

In general, the change in CD4/ and CD8/ T-cell numberproportional to the maximal limiting number of cells (Tm) allowed
to grow under the homeostatic regulator, TmÅ 1/i. The linear pattern was best described by one of two types of equations: expo-
of cell number change was fitted to the differential equation: dT/dt nential with a regulator of growth (10 of 14 patients) or
Å s, where s is the source of cells. Upon integration, it yields a linear (four of 14 patients). For two patients, accurate rate
linear relationship between the number of cells and time: T Å st / constants for the initial 3 months posttherapy could not be
a, where a is the number of cells at time 0. The linear relationship determined due to insufficient data points. Data from a repre-
can be obtained as limiting case of the exponential when gt õ 1. In sentative patient, shown in Fig 1A, illustrate the more rapid
this case, the number of cells T Å aexp(g*t) is approximately equal

rate of CD8/ versus CD4/ T-cell recovery during the initialto ag*t / a, where g* can be considered as an effective growth
exponential phase of lymphocyte regeneration. Several pa-constant for the linear type of cell number change: g* Å s/a.
tients who had an initial exponential pattern subsequentlyFor statistical analyses, Spearman correlation coefficients, Wil-
showed a linear pattern of regeneration during the periodcoxon Signed Rank test for paired comparisons, and Mann-Whitney

U test for unpaired comparisons were calculated where described. between 3 months and 1 year after completion of therapy as
All P values are two-sided. shown in Fig 1A. For those patients who showed an initial

linear phase of T-cell recovery, there was a similarly in-
RESULTS creased rate of recovery for CD8/ versus CD4/ T cells

during the initial phase of T-cell regeneration as shown fromSixteen patients aged 1 to 24 years were treated with
a representative patient in Fig 1B. The mean growth rateintensive chemotherapy for cancer. We calculated the per-
constant (Table 2) for CD8/ T cells (0.085 { 0.036 day01)cent recovery of individual lymphocyte subsets at multiple
was higher than that for CD4/ T cells (0.027 { 0.007 day01)timepoints postchemotherapy. All lymphocyte subsets were
(P Å .007). This corresponds to a median effective doublingdepleted by chemotherapy, but there was rapid recovery of
time of 12.6 and 28.2 days for CD8/ and CD4/ T cells,total CD8/, B-cell, and NK cell numbers. In contrast, CD4/

respectively (P Å .016 using an arbitrary effective doublingrecovery remained incomplete up to 12 months posttherapy
time of 500 days for patient no. 14 whose measured effective(Table 1). The relatively rapid recovery of CD8/ versus
doubling time was infinite). Thus, CD8/ T cells regenerateCD4/ cells was not due to significant numbers of
more rapidly than CD4/ T cells after chemotherapy-inducedCD30CD8/ cells, as the mean percent recovery for
depletion.CD3/CD8/ T cells was also significantly higher than for

Analysis of individual CD8/ subsets showed significantCD4/ T cells at 3, 6, and 9 months and approximated the
heterogeneity in the pattern of recovery after chemotherapy.rate of recovery for the total CD8/ population (Table 1).
CD8/CD57/ and CD8/CD280 cells increased rapidly to lev-The mean CD4/CD8 ratio decreased from 1.82 { 0.23
els at 3 months posttherapy, which were higher than prether-pretherapy to 1.08 { 0.20 immediately posttherapy. The
apy levels (Fig 2). In contrast, CD8/CD28/ cells showed ahigher baseline value for CD4/ T cells and the greater degree
moderate rate of recovery attaining near pretherapy levelsof chemotherapy-induced depletion for CD4/ versus CD8/

approximately 6 months posttherapy. The CD8/CD45RA/T cells could result in an earlier return to baseline for CD8/

subset showed the slowest pattern with 17%, 43%, and 64%T cells, even if the actual rate of regeneration for the two
subsets were similar. To study whether the differences shown recovery at 3, 6, and 12 months after completion of chemo-
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Table 2. Regeneration Rate Constants and Effective Doubling
Times for CD4/ and CD8/ T Cells After Intensive Chemotherapy

Age CD4 g CD8 g CD4 Td† CD8 Td†
Patient No. (yrs) (day01)* (day01)* (days) (days)

1 1 0.077 0.130 9 5
2 3 0.035 0.038 20 18
3 7 0.055 0.072 12 10
4 8 NA NA NA NA
5 11 0.008‡ 0.075‡ 83 9
6 13 0.084 0.070 8 10
7 13 NA NA NA NA
8 14 0.026 0.050 28 14
9 18 0.021‡ 0.091‡ 33 8

10 19 0.035 0.037 20 19
11 19 0.003‡ 0.003‡ 230 230
12 21 0.010 0.010 69 69
13 23 0.030 0.060 23 11
14 24 0 0.010 ` 69
15 24 0.024‡ 0.530‡ 29 1
16 24 0.003 0.011 230 63

* The growth rate constant (g) was calculated from the equation
dT/dt Å gT(1-iT) where T is the number of T cells, tÅ time, g Å growth
rate constant and i Å inhibitory (regulatory) constant.

† Effective cell doubling time was calculated by 0.69/g or 0.69/g*
as described in Materials and Methods.

‡ The linear growth rate constant (g*) was calculated by dividing
the slopes of the linear time dependences by the initial number of
cells (g* Å s/a) as described in Materials and Methods.

lated with age at that time (R Å 00.66, P Å .017) (Fig 3).
Similarly, there was no significant relationship between age
and the CD8/ growth rate constants shown in Table 2 (R Å
0.37, P Å .18), while there was an inverse correlation be-
tween age and CD4 growth rate constants (R Å 0.62, P Å
.02). Further, at 3 months posttherapy, the absolute number
of CD8/CD45RA/ T cells did not correlate with age (R Å
00.34, P Å .21), while there was an inverse correlation
between total CD4/CD45RA/ T-cell number and age (R Å

Fig 1. Recovery kinetics of CD4" and CD8" T cells from individual 00.78, PÅ .005). We also analyzed the relationship between
patients after intensive chemotherapy. Cell numbers were measured

age and the other CD8/ subsets quantified in this studyin the peripheral blood at serial timepoints after completion of che-
(CD8/CD28/,CD8/CD280 and CD8/CD57/), and no sig-motherapy and fitted to either an exponential or linear growth equa-

tion. The lines represent predicted values calculated by either the
regulated exponential growth model ----- or the linear growth model

. (A) Patient no. 1; (B) patient no. 5.

therapy, respectively. Indeed, the growth rate constants for
CD28/CD8/ (0.056 { 0.02) or CD45RA/CD8/ T cells
(0.034 { 0.01) were not significantly higher than the growth
rate constants for CD4/ T cells (P ú .01). Therefore, the
more rapid recovery of CD8/ versus CD4/ T cells immedi-
ately following chemotherapy is primarily due to the very
rapid recovery of the CD8/CD280 and CD8/CD57/ subsets.

To study whether thymic-dependent pathways play a cen-
tral role in CD8/ T-cell regeneration, the recovery of total

Fig 2. CD8" subset composition during and after intensive chemo-CD8/ cells and CD8/ subsets was compared with age and
therapy. CD8" subsets were measured in the peripheral blood atthe presence or absence of thymic rebound. There was no
serial timepoints using two and three color flow cytometry. Meansignificant relationship between age and CD8/ T-cell num- values Ô standard error of mean (SEM) for all patients analyzed at

ber 3 months after completion of chemotherapy (R Å 00.02, each timepoint are shown. (j) CD8/CD3/; ( �CD8/CD28/; ( )
CD8/CD280; (h) CD8/CD57/; (����) CD8/CD45RA/.P Å .93), whereas CD4/ T-cell number was inversely corre-

AID Blood 0045 / 5h35$$$881 04-15-97 12:30:25 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/89/10/3700/1409119/3700.pdf by guest on 08 June 2024



MACKALL ET AL3704

Fig 3. Relationships between
age and T-cell subsets after in-
tensive chemotherapy. The ab-
solute number of each lympho-
cyte subset was measured in the
peripheral blood of patients ap-
proximately 3 months after com-
pletion of chemotherapy. Corre-
lation coefficient was calculated
by the Spearman rank correla-
tion method. (A) CD8"CD3" cells.
(B) CD4"CD3" T cells. (C) CD8"-
CD45RA" cells. (D) CD4"CD45RA"

cells.

nificant correlations were found. Therefore, age-related trast, patients with radiographic evidence of thymic rebound
had significantly higher numbers of CD45RA/CD4/ T cellschanges result in deficient CD4/ T-cell regeneration after

intensive chemotherapy, but deficiencies in CD8/ T-cell re- 3 months and 6 months and higher total CD4/ T cells 6
months after completion of chemotherapy. Thus, while theregeneration are not seen with advancing age.

Similarly, radiographic evidence of thymic rebound did is a substantial age-related decline in the rate of CD4/ T-
cell regeneration that correlates with the lack of thymic en-not result in significant differences in the absolute number

of CD8/ T cells or CD45RA/CD8/ T cells 3 months or 6 largement after intensive chemotherapy, advancing age and
absent thymic enlargement after intensive chemotherapy domonths after completion of chemotherapy (Table 3). In con-
not result in impaired regeneration of CD8/ T-cell number.

Table 3. Lymphocyte Subsets After Completion of Chemotherapy
DISCUSSIONin Patients With and Without Thymic Rebound

The data presented here show that among lymphocytes,Thymic Rebound*
Time CD4/ T cells are unique in their propensity for prolonged

Subset Posttherapy / 0 P Value deficiencies after depletion in vivo. Intensive chemotherapy
CD8/CD3/ 3 mos 594 { 244 476 { 197 .78 significantly depleted all lymphocyte subsets, but only CD4/
CD8/CD3/ 6 mos 695 { 197 331 { 184 .20 T cells remained depleted 6 months after completion of ther-
CD8/CD45RA/ 3 mos 93 { 37 46 { 12 .32 apy. Because there are major differences in the develop-
CD8/CD45RA/ 6 mos 217 { 52 116 { 43 .25 mental pathways for B cells, NK cells, and T cells, differen-
CD4/CD3/ 3 mos 343 { 119 182 { 25 .47

tial rates of recovery are not unexpected. However, mostCD4/CD3/ 6 mos 507 { 77 203 { 39† .006
peripheral CD4/ and CD8/ T cells are thought to share aCD4/CD45RA/ 3 mos 106 { 21 13 { 4† .004
common pathway until relatively late in development raisingCD4/CD45RA/ 6 mos 320 { 123 23 { 9† .001
the question of why there are significant differences in the

* Thymic rebound was determined based on either a twofold in-
rate of recovery of CD4/ versus CD8/ T-cell subsets.crease in thymic volume during the first year after chemotherapy

One possibility is that CD4/ and CD8/ T-cell regenerationcompared with thymic volume pretherapy as measured by CT scan-
both occur essentially exclusively via thymic-dependentning or thymic uptake by gallium67 scanning as delineated in Materials
pathways, but in situations of suboptimal thymic regenera-and Methods.

† P value using Mann-Whitney U test. tive capacity, the ability to generate CD8/ T cells is main-
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tained, while CD4/ T-cell regeneration is impaired. This The data, as presented here, do not rule out that thymic-
could explain the absence of significant relationships be- dependent pathways are important for regeneration of certain
tween age, postchemotherapy thymic enlargement, and CD8/ subsets. We have previously reported that recovery
CD8/ T-cell regeneration, while such relationships are obvi- of CD8/CD28/ T cells paralleled increases in CD4/ T-cell
ous for CD4/ regeneration. However, none of the hypothe- populations in rhesus monkeys after autologous BMT.32 Sim-
ses, which have been generated to explain the process of ilarly, a progressive decline in ‘‘naive’’ CD8/ cells parallels
lineage commitment within the thymus, predict this to occur. the loss of CD4/ populations in HIV infection.41,42 The
In the instructional model, TCR specificity ultimately deter- relatively slow recovery of the CD8/CD28/ and CD8/-
mines commitment to the CD4 or CD8 lineage26; as TCR CD45RA/ subsets in this report (which tended to parallel
rearrangement occurs randomly, TCR specificities with af- the recovery of CD4/ T cells) suggest that regeneration of
finity for major histocompatability complex (MHC) class I at least some CD8 subsets may require thymic-dependent
versus MHC class II should be equally represented in states pathways. It remains a possibility that very careful delinea-
of suboptimal thymic regenerative capacity. In the stochastic tion of ‘‘naive’’ CD8/ T-cell populations using flow cyto-
model, CD4 versus CD8 commitment occurs stochas- metric analysis of multiple cell surface markers concurrently
tically,27 and in the asymmetric model, CD4 commitment is (eg, L-selectin, CD44, CD45RA, CD11a) might uncover
the default pathway and CD8 commitment requires specific similar relationships between age, thymic enlargement, and
TCR/MHC/Class I interactions28; because CD8 commitment recovery of particular CD8/ T-cell subsets as has been re-
is a more complex process, it would be predicted to be more ported previously for ‘‘naive’’ CD4/ T cells.10-12

susceptible to impairment than CD4 lineage commitment. In this report, we have generated a quantitative estimate of
Further, in mice undergoing BMT, CD4/ and CD8/ T-cell the rate of CD4/ and CD8/ cell regeneration after intensive
regeneration is equally reduced in aged compared with chemotherapy. Such data may prove useful for comparison
young hosts.29 Therefore, existing evidence suggests that with T-cell growth rates in other clinical settings. For exam-
suboptimal thymic regenerative capacity would not preferen- ple, these data can now be compared with published cell
tially effect CD4/ populations. growth rates for CD4/ regeneration in patients with HIV-1

Several lines of evidence suggest that thymic-independent infection. In the adults studied here (all of whom were HIV
pathways of CD8/ T-cell regeneration are responsible for negative), the mean CD4/ growth rate constant was 0.016
the differences observed. This could potentially involve ex- { 0.007, which correlates with a mean effective cell dou-
trathymic generation of CD8/ cells from hematopoietic pre- bling time of 43 days (range, 8.0 to `). Using similar meth-
cursors and/or peripheral expansion of mature CD8/ T cells, ods, Ho et al43 calculated a mean CD4 growth rate constant
which remain in the secondary lymphoid tissues after com- of 0.047 { 0.006 in a series of adults after antiretroviral
pletion of chemotherapy. In this report, CD8/ T-cell popula- therapy, which correlated with a reported mean CD4/ cell
tions were predominantly comprised of CD8/CD280 cells doubling time of 14.7 days (range, 1 to 173). Taken at face
for up to 9 months after completion of chemotherapy. Similar value, these data suggest that adults with HIV-1 infection
expansions of CD8/CD280 cells have been observed in sev- have a greater CD4/ regenerative capacity than cancer pa-
eral clinical settings associated with impaired thymic func- tients after intensive chemotherapy and implicate high level
tion: HIV infection,30 post-BMT,31,32 GVHD,33 and aged CD4/ cell destruction rather than limitations on CD4/ regen-
hosts.34 In mice, extrathymically-derived intraepithelial eration as the primary factor involved in HIV-1–related
CD8/ T cells lack CD28 expression,35 and CD8/CD280 T CD4/ depletion. However, because the effective cell dou-
cells present in the peripheral blood of normal humans ex- bling time is a measure of the net result of cell death and
press high levels of CD8a and relatively low levels of CD8b cell regeneration, it is difficult to understand why patients
reminiscent of the phenotype of extrathymically derived

with high levels of HIV-1–induced CD4/ destruction would
CD8aa cells.36 Hence, the predominance of CD8/CD280

actually show a more rapid CD4/ regenerative rate thancells suggests that extrathymic lymphopoiesis may be in-
cancer patients. Further, such differences in regenerative ca-volved. In addition, while CD28 expression is not lost as a
pacity would be surprising in light of the apparent impor-result of cellular proliferation,36 previous reports have shown
tance of the thymus for CD4/ regeneration and the adversethat CD8/CD280 cells have shorter telomeres than
effects of HIV-1 on thymic tissue.44

CD8/CD28/ cells,37,38 suggesting that the peripheral expan-
The differences could also be explained if the increasession of the CD8/CD280 subset may be substantial. Similarly,

in CD4/ T-cell number reported in HIV-1 are confoundedrestricted T-cell repertoire diversity has been described for
by transient changes in lymphocyte trafficking with or with-CD8/CD280 and CD8/CD57/ subsets suggesting that such
out true increases in total body CD4/ T-cell number as sug-populations could be derived from expansions of a limited
gested by others.45-47 While changes in lymphocyte traffick-number of mature cells.39,40 Taken together, the data suggest
ing could also effect our observations, the changes describedthat the differences observed between CD4/ and CD8/ T-
here were not transient, but occurred in a consistent patterncell regenerative rates are due to the existence of thymic-
for each lymphocyte subset over a prolonged time period.independent pathways that efficiently regenerate distinct
Further, in some individuals, chemotherapy-induced lym-CD8/ subsets, but which are not available for CD4/ regener-
phocyte depletion was associated with clinical evidence ofation. The relative contribution of extrathymic lymphopoie-
immunodeficiency,3,12 which uniformly resolved posttherapysis, peripheral expansion of mature CD8/CD280, and
as increases in peripheral blood lymphocytes occurred. TheCD8/CD57/ cells, or a combination of these pathways to

this process is not known. significant interpatient variation in both reports, however,
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origins of gut intraepithelial lymphocyte populations in mice. J Expsuggest that important variables, which substantially effect
Med 180:681, 1995changes in peripheral blood CD4/ number exist, but are

8. Makino Y, Yamagata N, Sasho T, Adachi Y, Kanno R, Kosekipresently unaccounted for. Further work to generate quanti-
H, Kanno M, Taniguchi M: Extrathymic development of Va14-tative estimates of the CD4/ and CD8/ regenerative rates in
positive T cells. J Exp Med 177:1399, 1996other clinical settings would be very helpful in determining

9. Dejbakhsh-Jones S, Okazaki H, Strober S: Similar rate of pro-
‘‘normal’’ T-cell regenerative rates. duction of T and B lymphocytes in the bone marrow. J Exp Med

The alterations in T-cell subsets described here are likely 181:2201, 1995
to have important functional consequences. CD8/CD280 10. Storek J, Witherspoon RP, Storb R: T cell reconstitution after
and CD8/CD57/ subsets have impaired proliferation after bone marrow transplantation into adult patients does not resemble

T cell development in early life. Bone Marrow Transplant 16:413,CD3 crosslinking36 and appear to function primarily as nega-
1995tive regulatory populations.31,48,49 In addition, the restricted

11. Weinberg K, Annett G, Kashyap A, Lenarsky C, Forman SJ,TCR repertoire diversity,39,40 which has been described for
Parkman R: The effect of thymic function on immunocompetencethe CD8/CD280 and CD8/CD57/ subsets likely limits the
following bone marrow transplantation. Bio Blood Marr Transpleffectiveness of these populations as effectors in vivo. The
1:18, 1995combination of altered CD8/ subset composition and pro-

12. Mackall CL, Fleisher TA, Brown MR, Wexler L, Horowitz
longed depletion of CD4/ populations would be predicted MA, Magrath IT, Shad AT, Steinberg SA, Chen CC, Andrich MA,
to result in a prolonged impairment of immune function after Feurestein I, Gress RE: Age, thymopoiesis and CD4/ T lymphocyte
intensive chemotherapy limiting the ability of the immune regeneration after intensive chemotherapy. N Engl J Med 332:143,
system to eradicate minimal residual neoplastic disease. In 1995

13. Forman SJ, Nocker P, Gallagher M, Zaia J, Wright C, Bolenaddition, the T-cell subset abnormalities described here will
J, Mills B, Hecht T: Pattern of T cell reconstitution following alloge-no doubt impede the efficacy of immune-based antineoplas-
neic bone marrow transplantation for acute hematological malig-tic therapies (such as tumor vaccines) designed to eradicate
nancy. Transplantation 34:967, 1982minimal residual disease after intensive chemotherapy.

14. Moreland LW, Pratt PW, Bucy RP, Jackson BS, FeldmanIn summary, we have shown that biologic distinctions
JW, Koopman WJ: Treatment of refractory rheumatoid arthritis withbetween CD8/ and CD4/ T-cell regenerative pathways re-
a chimeric anti-CD4 monoclonal antibody: Long-term followup of

sult in prolonged T-cell subset imbalance after intensive che- CD4/ T cell counts. Arthritis Rheum 37:834, 1994
motherapy. CD8/ T cells show rapid regeneration without 15. Atkinson K, Hansen JA, Storb R, Goehle S, Goldstein G,
relationships to age or thymic enlargement, while rapid Thomas ED: T-cell subpopulations identified by monoclonal anti-
CD4/ T-cell regeneration is only observed in younger pa- bodies after human marrow transplantation. I. Helper-inducer and

cytotoxic-suppressor subsets. Blood 59:1292, 1982tients with thymic enlargement after completion of chemo-
16. Favrot M, Janossy G, Tidman N, Blacklock H, Lopez E,therapy. These observations are best explained by the rapid

Bofill M, Lampert I, Morgenstein G, Powles R, Prentice HG, Hoff-recovery of CD8/CD280 and CD8/CD57/ subsets via thy-
brand AV: T cell regeneration after allogeneic bone marrow trans-mic-independent pathways, which are not available for re-
plantation. Clin Exp Immunol 54:59, 1983generation of CD4/ T cells.

17. Friedrich W, O’Reilly RJ, Koziner B, Gebhard DF Jr, Good
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