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HIV infection leads to decreases in the number of CD4* T lymphocytes and an increased risk for opportunistic
infections and neoplasms. The administration of intermittent cycles of IL-2 to HIV-infected patients can lead
to profound increases (often greater than 100%) in CD4 cell number and percentage. Using in vivo labeling
with 2H-glucose and BrdU, we have been able to demonstrate that, although therapy with IL-2 leads to high
levels of proliferation of CD4 as well as CD8 lymphocytes, it is a remarkable preferential increase in survival
of CD4 cells (with half-lives that can exceed 3 years) that is critical to the sustained expansion of these cells.
This increased survival was time-dependent: the median half-life, as determined by semiempirical modeling,
oflabeled CD4 cells in 6 patients increased from 1.7 weeks following an early IL-2 cycle to 28.7 weeks following
a later cycle, while CD8 cells showed no change in the median half-life. Examination of lymphocyte subsets
demonstrated that phenotypically naive (CD27*CD45RO") as well as central memory (CD27*CD45RO*) CD4
cells were preferentially expanded, suggesting that IL-2 can help maintain cells important for host defense

against new antigens as well as for long-term memory to opportunistic pathogens.

Introduction

Multiple randomized trials have demonstrated that the adminis-
tration of intermittent cycles of IL-2 to HIV-infected patients can
lead to profound, sustained increases (often greater than 100%)
in CD4 cell number and percentage (1-3). After 3 to 6 five-day
cycles of IL-2 administered every 2 months, CD4 cell numbers
may remain elevated for years without additional cycles. While this
therapy causes marked changes in CD4 numbers, only minimal
changes are seen in CD8 or NK cell numbers (1). The CD4 increas-
es are preferentially in cells of a naive phenotype (4-6).

The mechanisms leading to these increases have remained
obscure. Ex vivo studies have documented increases in prolifera-
tion and death of CD8 as well as CD4 cells during an IL-2 cycle,
suggesting that while increased proliferation may play a role,
proliferation alone does not explain the preferential expansion
of CD4 relative to CDS8 cells (4, 7). Quantitation of T cell receptor
excision circles and examination of thymic scans before and after
administration of IL-2 suggest that thymic output does not play
a major role (7, 8).

Recently, techniques to study cell turnover in vivo using deute-
rium or BrdU to label proliferating cells have been developed and
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used to examine lymphocyte turnover in HIV-infected patients
before and after highly active antiretroviral therapy (9-11). In the
current study, we used these methods to demonstrate a profound
effect of intermittent IL-2 therapy on lymphocyte turnover thatis
characterized by an increase in proliferation during therapy, fol-
lowed by a remarkable increase in survival, primarily of CD4 cells,
after completion of therapy.

Results

Intermittent IL-2 therapy can substantially and preferentially
increase CD4 cell numbers for prolonged periods, maintaining CD4
counts above baseline for over 10 years in some instances (Figure
1). In order to examine the effects of IL-2 on lymphocyte prolifera-
tion, a 5-day infusion of 2H-glucose was administered to 8 healthy
controls, 9 patients with HIV infection, and 18 patients with HIV
infection receiving IL-2, and enrichment of 2H-deoxyadenosine in
the genomic DNA of CD4 and CD8 cells was determined. Patient
characteristics are shown in Table 1. IL-2 therapy was associated
with a marked increase in 2H-deoxyadenosine incorporation and
thus in proliferation of both CD4 and CD8 cells (Figure 2A). Peak
CD4" T cell labeling increased approximately 7- to 18-fold dur-
ing IL-2 administration (44% [range, 25-81%]; » = 18) compared
with that in HIV-infected volunteers not receiving IL-2 (6% [range,
4-11%]; n = 9; P < 0.001) or HIV- volunteers (2.5% [range, 0.9-5%];
n=8; P <0.001). Similarly, peak CD8 labeling was approximately
6- to 12-fold higher for the IL-2 group (29% [range, 13-58%] vs. 5%
[range, 2-12%] and vs. 2.6% [range, 0.9-9%]; P < 0.001 for both com-
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parisons). CD4 labeling was consistently and significantly higher
(P < 0.004) than CDS8 labeling in patients receiving IL-2. This dif-
ference between CD4 and CD8 labeling was less pronounced and
not significant in the control groups (P = 0.07 for HIV*; P= 0.5 for
HIV-). Thus, IL-2 substantially increases in vivo production of both
CD4 and CDS8 cells, with greater increases for CD4 cells.

To examine the long-term effects of IL-2 on lymphocyte sur-
vival, 2 long-term (6-7 years) responders to IL-2 therapy received
a 5-day infusion of 2H-glucose with their 7th and 17th IL-2 cycles,
respectively (Figure 1, patients 1 and 2). Both showed high peak
labeling of CD4 and CD8 cells: 64% and 56% for CD4 cells, and
56% and 27% for CDS8 cells (Figure 2C, patients 1 and 2). Decay of
?H-adenosine-labeled DNA, monitored over a 2- to 3-year period,
was surprisingly slow for CD4 cells. The calculated half-lives of
CD4 cells for these 2 patients, based solely on the decay slopes
(using alog scale), were 3.4 years and 3.2 years, respectively. Similar
calculations for the half-life for healthy controls (e.g., Figure 2B,
patient 30) and for HIV-infected patients not receiving IL-2 (e.g.,
Figure 2B, patients 20 and 22) were 8 weeks (median; range, 3-20
weeks) and 7 weeks (range, 3-14 weeks). While a more rapid loss of
label was seen in CD8 cells compared with CD4 cells, the half-lives
of CD8 cells in the 2 patients receiving IL-2 were also prolonged
at 1.2 and 0.9 years, respectively, versus 7 weeks (range, 4-9 weeks)
and 7 weeks (range, 4-13 weeks) for controls. In both patients the
labeling of lymph node CD4 and CD8 cells obtained 3 months
after labeling was similar to that of peripheral blood cells (Figure
2C, patients 1 and 2) and considerably higher than that previously
reported in HIV* patients not receiving IL-2 (9).

Given these results, we extended the studies to include a patient
who had not shown an increase in CD4 cell numbers with IL-2 (Fig-
ure 2C, patient 4) and 9 patients who had recently begun IL-2 thera-
py. In the patient who did not show an increase in CD4 cell numbers
in response to IL-2 despite 22 cycles (but elected to continue IL-2
therapy to potentially maintain a stable CD4 count), peak labeling
of CD4 cells was similar to that in other IL-2 recipients at 38%, but
decay of label was more rapid, with a half-life of 11 weeks.

More rapid decay kinetics responses were also seen in the 9
patients during an early (first or second) IL-2 cycle compared
with those studied during a later cycle. These results suggest that
2140

The Journal of Clinical Investigation

htep://www.jci.org

repeat cycles of IL-2 are necessary to prolong survival of CD4 cells.
To examine this directly, 6 patients who had deuterium labeling
during an early cycle received a second deuterium infusion (and 1
patient received a third infusion) with a later IL-2 cycle (Figure 3).
While peak labeling was similar for the 2 cycles, in 5 of 6 patients,
the decay of label of CD4 cells was slower with the later cycle; there
was no difference between cycles 1 and 3 in patient 10 (Figure 3A).
In contrast, CD8 cells did not appear to show a change in the decay
of label as a function of cycle number (Figure 3C).

Given that linear regression provided a poor fit to the data, a
semiempirical model based on a modification of an earlier model
(11) was developed to describe the labeled cell decay kinetics. This
current model is based on the concept that a distribution of dif-
ferent decay rate constants exists that can be described by a limited
number of parameters. We tested several standard distributions
and found that the distribution that best fit the experimental
data was a log-normal distribution characterized by 3 parameters:
mg, mean log decay rate constant (log d); o4, standard deviation
of log d; and S, total source, which correlates with the number of
proliferating cells. Figure 2C illustrates the fitting of the data to
the model, and Figure 2D the probability density function of the
normal distribution of log d for the same patients. In the latter, the
location on the x axis of the peak of the curve represents the aver-
age (log-transformed) decay constant for the entire population of
labeled cells, the splay of the curve (which is a function of the stan-
dard deviation) represents the homogeneity of the population with
regard to decay constants (less homogeneous populations have a
wider splay), and the area under the curve (which is a function of
S) correlates with the number of proliferating cells. A shift to the
left of the peak of the curve represents a slower decay.

In comparing these parameters for HIV- versus HIV* patients
not receiving IL-2, we found a significant difference in S for both
CD4 (P = 0.04) and CD8 (P = 0.02) cells, and a difference in my
for CD4 cells only (P = 0.03; Table 2). Significant differences were
seen in S for both CD4 (P < 0.001) and CD8 cells (P < 0.001) and
in my for CD4 (P < 0.001), but not CD8, cells when HIV-infected
patients receiving IL-2 (at least 3 cycles) were compared with those
not receiving IL-2 (Table 2). Thus, more CD4 and CDS8 cells prolif-
erated during IL-2 therapy, and, for the group as a whole, the CD4,
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but not the CD8, cells that proliferated survived longer in patients
receiving multiple cycles of IL-2 therapy compared with controls.
When early (second or earlier) and late (third or later) IL-2 cycles
were compared, proliferation was similar, but CD4 cells showed a
significantly slower decay (P = 0.04) after late IL-2 cycles whereas
CD8 cells showed no difference (Table 2). Similar results for m, were
seen when the 6 patients who received deuterium infusions during
an early as well as a later IL-2 cycle were examined (P = 0.01 for CD4

Table 1
Patient characteristics at the time of labeling

Patient no. Age Sex CD4no. CD4% CD8 no.
(cells/ul) (cells/ul)
IL-2 recipients
1 36 M 1,347 46 1,377
861 46 786
2 33 M 1,532 31 2,372
3 41 M 228 13 948
357 26 618
4 46 M 147 9 1,173
5 53 M 391 15 1,487
551 23 1,246
609 20 1,584
6 44 M 527 28 997
537 31 936
7 49 M 723 26 1,446
581 31 974
8 47 M 861 33 1,487
674 33 1,082
51 M 343 14 1,766
10 49 M 444 22 1,251
498 22 1,427
11 46 M 779 26 1,288
12 41 M 335 34 473
13 53 M 923 36 1,154
14 52 M 710 28 1,090
15 44 M 1,049 49 663
16 45 M 947 37 973
17 42 M 485 35 471
18 54 M 748 41 675
19 53 M 473 15 2,459
HIV+, no IL-2
3 41 M 280 16 981
20 41 M 423 16 1,561
21 40 M 422 32 607
22 36 M 263 18 965
23 37 M 582 26 1,074
24 34 M 378 38 348
25 39 M 327 12 1,498
26 48 M 443 30 754
27 42 F 298 24 719
HIV-
28 36 F 1,655 63 236
29 42 F 1,187 40 1,187
30 29 F 885 45 531
31 36 M 1,012 48 696
32 42 M 1,574 54 904
33 37 F 789 41 616
34 40 F 1,304 53 590
35 48 F 829 44 434

AIL-2 cycle during which 2H-glucose or BrdU was administered.
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cells, and P = 0.41 for CD8 cells; Table 2 and Figure 3, A-D). This
slower decay led to a longer half-life for the CD4 cell pool following
later cycles of IL-2: the median half-life of labeled CD4 cells (calcu-
lated from the mean decay rate constants) for the 15 patients with
labeling during cycles 3-28 (Table 2) was approximately 37.6 weeks,
while the comparable half-life for CD8 cells was 7.9 weeks.

In vivo BrdU labeling confirmed the 2H-glucose labeling stud-
ies. BrdU labeling was used in 4 patients receiving IL-2 to allow

CD8 % Plasma HIV load IL-2 Labeling agent
(copies/ml) cycle no.A
47 <50 7 2H-glucose
42 3,877 8 BrdU
48 374 17 2H-glucose
54 <50 1 2H-glucose, BrdU
45 <50 6 2H-glucose
72 32,873 22 2H-glucose
57 54 1 2H-glucose
52 59 3 2H-glucose
52 2,307 4 2H-glucose
53 <50 2 2H-glucose
54 <50 4 2H-glucose
52 2,597 2 2H-glucose
52 2,900 5 2H-glucose
57 <50 3 2H-glucose, BrdU
53 <50 4 2H-glucose
72 4,862 1 2H-glucose
62 <50 1 2H-glucose
63 <50 3 2H-glucose
43 <50 2 2H-glucose
48 <50 9 2H-glucose
45 <50 26 2H-glucose
43 2,352 28 2H-glucose
31 <50 10 2H-glucose
38 3,064 10 2H-glucose
34 61 1 2H-glucose
37 <50 14 2H-glucose
78 <50 12 BrdU
56 105 2H-glucose
59 74 2H-glucose
46 487 2H-glucose
66 1,792 2H-glucose
48 <50 2H-glucose
35 <50 2H-glucose
55 67 2H-glucose
51 19,187 2H-glucose
58 67 2H-glucose
9 2H-glucose
40 2H-glucose
27 2H-glucose
33 2H-glucose
31 2H-glucose
32 2H-glucose
24 2H-glucose
23 2H-glucose
Volume 115 Number8  August 2005 2141
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Figure 2

Deuterium incorporation by CD4 and CD8 cells. (A) Mean peak deuterium incorporation was significantly higher in HIV-infected patients receiv-
ing IL-2 (n = 18) for both CD4 and CD8 cell populations when compared with HIV-uninfected controls (n = 8) and HIV-infected patients who
did not receive IL-2 (n = 9) (P < 0.001 for all comparisons, Student’s t test). Error bars represent the standard deviation. (B and C) Deuterium
labeling kinetics in 2 HIV-infected patients who did not receive IL-2 (patients 20 and 22, Table 1) and an HIV- volunteer (patient 30) (B) and in
3 HIV-infected patients who were long-term participants in intermittent IL-2 studies (patients 1, 2, and 4) (C). Patients 1 and 2 were long-term
responders (see Figure 1 and Table 1), while patient 4 did not exhibit a CD4 count increase during IL-2 therapy. The continuous lines represent
the fitting of the experimental data points (individual symbols) by the model equations. For the first 2 patients, the open symbol represents the
percentage deuterium incorporation in cells obtained from a lymph node biopsy (at approximately 3 months). Time 0 is the beginning of the
2H-glucose infusion, which started 2 days after initiation of IL-2 treatment. (D) The probability density function (PD) of the normal distribution of log
d multiplied by the total source of labeled cells (S) for the patients in C. The mean log decay rate constants (mg) for CD4/CD8 cells for the patients
are, respectively: patient (pt.) 1, —2.68/—1.68; pt. 2, —2.44/-1.44; pt. 4, 1.16/0.52. One log difference represents a 10-fold difference in half-life.

better phenotypic characterization of proliferating cells (11).
Since BrdU is administered by a 30-minute infusion and has
a plasma half-life of less than 10 minutes (J.A. Kovacs, unpub-
lished observations), it allows one to perform the equivalent of a
pulse-chase experiment. Mean peak labeling of 24% and 18% was
seen for CD4 and CDS8 cells, respectively, after a 30-minute pulse.
As in the 2H-glucose studies, these values are 5- to 10-fold higher
than those seen in studies of HIV-infected patients not receiving
IL-2 (11). In addition, the 2 patients receiving BrdU during an
earlier cycle of IL-2 (first and third cycles) showed a more rapid
decay of label in CD4 cells than the 2 patients receiving BrdU
2142
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during a later cycle (Figure 4, A and B). Again, CDS8 cells did not
show a similar trend.

Multiparameter flow cytometry in combination with in vivo
BrdU labeling allowed for a more detailed analysis of the prolifer-
ating cells during IL-2 therapy. In 2 long-term responders (patients
1and 19), both naive and memory CD4 cells (defined by CD45RO
alone) proliferated to similar levels in response to IL-2; however,
the label in memory cells decayed more rapidly, suggesting that a
primary mechanism leading to the preferential expansion of naive
cells is preferential survival (data not shown). When CD27 expres-
sion was used to subdivide the memory cells into central memory
Number 8
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Figure 3

Slower decay of deuterium labeling in CD4 but not CD8 cells after later cycles of IL-2. (A and C) Mean log decay shifted to the left for CD4 cells
(A) but not CD8 cells (C) in 5 of 6 patients, indicating a longer average survival of CD4 cells (but not CD8 cells) following later IL-2 cycles (3 to
6) compared to earlier cycles (1 to 3). Patient 3 had an infusion of 2H-glucose before beginning IL-2 therapy (green diamonds), and patient 5
received a third infusion during his fourth IL-2 cycle (purple circles). The solid lines represent the fitting by the model equations. (B and D) The
probability density function of the normal distribution of log d multiplied by the total source of labeled cells (S). Mean log decay rate constants
for CD4/CD8 cells for the patients are, respectively: pt. 3, —0.59/0.06 (no IL-2), —0.33/-0.91 (cycle 1), —1.79/-0.68 (cycle 6); pt. 5, —1.03/-0.95
(cycle 1), —1.80/-1.30 (cycle 3), —1.86/—1.39 (cycle 4); pt. 6, —0.09/-2.05 (cycle 2), —1.73/-2.19 (cycle 4); pt. 7, —0.45/-1.01 (cycle 2), —0.94/-1.07
(cycle 5); pt. 8, —1.07/-2.18 (cycle 3), —2.30/-2.20 (cycle 4); pt. 10, —1.14/-0.95 (cycle 1), —0.66/—0.92 (cycle 3).

(CD27*CD45RO") and effector memory pools (CD27-CD45RO*  central memory, and effector memory cells were determined for
and CD27-CD45R0O") (12), the mean log decay of the central mem- 21 patients participating in a randomized trial of intermittent IL-2
ory pool (-1.10) was similar to that of naive cells (-1.58) (Figure therapy (13). Consistent with the labeling studies, a significantly
4C). Effector memory cells exhibited a more rapid decay (meanlog  greater increase in central memory CD4 cells was seen at 6 months

decay, 0.69 and 2.32, respectively). (P <0.001; Table 3) and 12 months (P = 0.006) in patients receiving
Given these labeling results, we sought to determine whether IL-2 than in controls.
long-term increases in the central memory pools occurred during The prolonged survival of CD4 cells observed in this study could

intermittent IL-2 therapy. The percentage and number of naive, result either from an increase in the proportion of cells within a
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Table 2

Comparison of kinetic parameters for the different patient populations following deuterium labeling of proliferating cells

CD4 cells CD8 cells
n mg* SA b8 n mgh Sh b®
Cohort (wk) (wk) (wk-1) (wk)
Non-HIV 8 -0.67 34 41 7 -0.09 2.1 0.8
HIV, no IL-2 9 -0.02 15.1 0.5 9 —-0.58 6.5 2.1
IL-2, cycles 3-28 15 -1.44 60.4 37.6 15 -0.78 53.4 7.9
P, non-HIV vs. HIV, no IL-2 0.03 0.04 0.03 0.13 0.02 0.12
P, HIV, IL-2 vs. HIV, no IL-2 <0.001 <0.001 0.001 0.42 <0.001 0.27
Patients with labeling during a single IL-2 cycle:
IL-2, cycles 1-2 3 -0.48 107.4 1.9 3 -0.47 89.8 2.3
IL-2, cycles 3-28 9 -1.57 59.7 67.3 9 -0.47 52.6 0.8
P, 1L-2, early vs. late cycles 0.04 0.47 0.10 0.99 0.56 0.93
Patients with labeling during 2 IL-2 cycles:
1st labeling (IL-2, cycles 1-3) 6 -0.54 69.7 1.7 6 -1.15 313 6.6
2nd labeling (IL-2, cycles 3-6) 6 -1.45 62.5 28.7 6 -1.25 57.6 11.0
P, 1L-2, 1st vs. 2nd labeling 0.01 0.50 0.046 0.41 0.11 0.46

Amg, mean logio (d,wk"); S, total source; mean values are shown; significance levels were calculated using Student’s t test. Bt» = In2/107s; median values
are shown; significance levels were calculated using nonparametric rank sum or signed-rank test.

subset that has a longer survival (e.g., naive cells) with no change in
the decay kinetics of that subset, or, alternatively, from an increase
in survival (slower decay) of cells within a given subset, or a combi-
nation of the two. As noted above and in Table 3, IL-2 does lead to
an increase in the proportion of longer-lived naive cells. To deter-
mine whether there was also a change in decay kinetics, CD4 and
CD8 cells obtained from patients 3, 5, and 6 after both early and
late IL-2 cycles were separately sorted into naive (CD27*CD45RO"),
central memory (CD27*CD45RO"), and effector memory cells
(CD27-CD45RO" for CD4 cells, and CD27-CD45RO* and CD27-
CD45RO- for CD8 cells), and deuterium incorporation was
determined for each subset. A similar analysis was performed for
patients 1 and 2 following labeling after the single late IL-2 cycle.
As illustrated in Figure 5, for patients 3, 5, and 6 there was a sig-
nificant difference in the decay constants between the early and
late cycles for naive CD4 cells (-1.33 vs. -2.70; P = 0.039), but not
for any of the other subsets. Patients 1 and 2 similarly showed a
very slow decay in the naive subpopulation (Figure 5), with decay
constants of -2.72 and -3.52, respectively.

Discussion
Using 2 independent in vivo labeling techniques, these studies
have identified 2 mechanisms that contribute to the CD4 count
increases seen in HIV-infected patients receiving intermittent
IL-2 therapy. First, during IL-2 administration there is a dramatic
increase in proliferation of both CD4 and CD8 cells, with a peak
proliferation of CD4 cells that is significantly greater than that
of CD8 cells. Second, the CD4 cells that proliferate during IL-2
administration have a profoundly prolonged survival. While the
increased proliferation is probably necessary for the IL-2-induced
CD4 count increases, it is not sufficient, since increased prolifera-
tion is also seen in nonresponding patients. Thus, the most criti-
cal effect in determining long-term CD4 cell increases in patients
receiving intermittent IL-2 appears to be the increase in cell surviv-
al. The effects on survival were variable but could be quite remark-
able, with CD4 half-lives of greater than 3 years for 2 patients. In
support of our findings is a long-term decrease in Ki67 positiv-
ity in CD4 cells following IL-2 therapy (14). It is noteworthy that
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multiple IL-2 cycles appear to be necessary for these effects on
survival to be seen. The mechanism for this time-dependent effect
is uncertain but may be related to an incremental increase in lon-
gevity with each subsequent round of IL-2-induced proliferation.
We are currently exploring the biologic mechanisms leading to an
increase in survival of CD4 cells. While immediate upregulation of
Bcl-2 expression has been reported in some patients receiving IL-2
(15), this may not explain the long-term effects that are seen.

IL-2 leads to a preferential increase in phenotypically naive CD4
cells, which likely results from an increase in peripheral expansion
rather than an increase in thymic output (4-7). In 2 patients who
received IL-2, high BrdU labeling of CD4 cells in lymph nodes
(4% and 19%) was seen within 12 hours of BrdU administration.
These data provide strong evidence in support of the hypothesis
that peripheral expansion is the source of those cells. Consistent
with this conclusion are the observations that thymic scans do
not show an increase in size following IL-2, and that levels of T
cell receptor excision circles in naive CD4 cells decrease in patients
receiving IL-2 (7, 8).

The source of the IL-2-expanded cells thus appears to be pre-
existing CD4 cells. Based on these studies we cannot determine
whether IL-2 has induced phenotypic changes in the expanded
cells or has led to an expansion of select subsets without altering
their phenotype. Work is underway to distinguish between these
possibilities. While there is a preferential increase in naive cells, the
increase in survival of CD4 cells is not exclusively a result of this
preferential expansion of naive cells relative to memory cells, given
the results noted in examination of purified subsets: among CD4
but not CD8 cells there was a significantly slower decay of deute-
rium-labeled naive cells with later IL-2 cycles compared with early
cycles. While we cannot exclude the possibility that a subset of
naive cells with alonger survival has been preferentially expanded,
these data support the concept that IL-2 is directly increasing the
survival of naive cells.

Although IL-2 leads to an expansion of naive CD4 cells in prefer-
ence to memory CD4 cells, both populations in fact increase (4).
When the kinetics of memory subpopulations were examined based
on staining with CD27, CD45RA, and BrdU, the central memory
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pool (CD27*CD45RO") had a prolonged survival
compared with effector memory pools. These data
suggest that, in addition to the effects on naive
CD4 cells, IL-2 differentially affects subpopula-
tions of CD4 memory cells, leading to a preferen-
tial expansion of the central memory relative to
the effector pool. Such a preferential expansion
was demonstrated in IL-2 recipients participating
in a randomized trial. While a significant change
in decay constants for central memory cells was
not seen with the deuterium labeling, this may be
a result of the small number of patients (n = 3) in
whom the decay of naive and memory cells was
examined. Since the central memory cells appear
to be primarily responsible for surveillance and
reinitiation of immune responses against patho-
gens previously controlled by the host (12, 16),and
since the majority of opportunistic infections seen
in HIV-infected patients are caused by pathogens to
which the host has previously been exposed, expan-
sion of this pool of lymphocytes should potential-
ly facilitate future control of these opportunistic
infections. Similarly, these findings may account
for the improved response to vaccination with a
recall antigen seen in a recent study (17). However,
based on these data, patients receiving IL-2 would
not be expected to have improved immune func-
tion against pathogens causing active disease.
These findings are consistent with a recent
study that examined changes in CD4 and CD8

Figure 4

BrdU labeling kinetics in 4 patients receiving a BrdU
infusion immediately after the last IL-2 dose. (A)
Experimental data for CD4 cells, represented by
blue squares, and for CD8 cells, represented by red
triangles. For patient 3 (top panels), data following
labeling before any IL-2 was received are shown by
green squares (CD4) and black triangles (CD8). The
solid lines represent the fitting by the model equa-
tions. (B) The probability density function of the
normal distribution of log d multiplied by the total
source of labeled cells (S) for the same patients. The
last 2 patients were long-term responders (patients
1 and 19 from Figure 1). Mean log decay mgy val-
ues for these data are (CD4/CD8): pt. 3, 0.10/-0.07
(for labeling with no IL-2), 0.14/0.88 (cycle 1); pt.
8, 1.38/0.85; pt. 1, —1.34/0.11; pt. 19, —1.28/0.35.
Consistent with the deuterium-labeling studies,
the 2 long-term responders had a smaller my for
labeled CD4 but not CD8 cells, indicating longer
survival of the proliferating cells. (C) BrdU labeling
kinetics in naive (CD27+CD45R0O"), central memory
(CD27+CD45R0*), and effector memory (CD27-
CD45R0O+* and CD27-CD45R0O-) CD4 (top) and CD8
(bottom) subpopulations for patient 19. Presentation
of data is as in A and B. For both CD4 and CD8
cells, mq is substantially smaller (indicating a slower
decay) for the 2 CD27+ populations. Mean log decay
my values for these data are (CD45RO-/CD45R0O*):
CD4/CD27+, —1.58/-1.10; CD8/CD27+, —1.02/-1.32;
CD4/CD27-, 0.69/2.32; CD8/CD27-, 0.07/1.92.
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Table 3
Changes in naive and memory subsets of CD4 and CD8 cells in patients

CD4 (mean cells/ul)

participating in a randomized trial of IL-2

CD8 (mean cells/ul)

Cohort Total RO-/27+ RO+/27+ RO+/27- RO-/27- Total RO-/27+  RO+/27+ RO+/27- RO-/27-

(naive) (central (effector  (effector (naive) (central (effector (effector
memory) memory) memory) memory) memory)  memory)

IL-2 (n=11)

Mo. 0 564 172 249 119 16 1,118 180 319 231 168

Mo. 6 911 301 427 157 18 1,191 186 379 202 176

Mo. 12 828 261 394 142 21 1,122 174 360 179 167

Control (n=10)

Mo. 0 549 144 238 149 17 940 173 202 160 237

Mo. 6 567 165 268 112 18 867 195 216 118 204

Mo. 12 623 182 278 137 19 956 198 231 142 224

Pvalue?

Mo. 6 — Mo. 08 0.020 <0.001 0.092 0.796 0.514 0.302 0.811 0.334

Mo. 12 — Mo. 08 0.041 0.006 0.263 0.659 0.194 0.770 0.487 0.719

AComparison of the mean values for the 2 groups by Student’s t test. BRepresents the difference between the month 6 or the month 12 value and the base-

line (month 0) value. RO, CD45R0; 27, CD27.

cell number and function in mice infected with lymphocytic
choriomeningitis virus (LCMV). Administration of a single
7-day course of IL-2 at doses similar, on a weight basis, to those
used in the current studies demonstrated no beneficial effects
during the effector phase of LCMV infection, but beneficial
effects were seen during the T cell contraction phase and stable
memory phase. Furthermore, preferential survival of CD4 rela-
tive to CD8 cells was seen, and decreased apoptosis was seen
compared with that in controls (18).

Our findings are also consistent with the clinical observations
that IL-2’s effects on disease progression are only apparent in
long-term follow-up (19). The 2 phase III studies currently under
way are designed to test this hypothesis and thus to determine the
clinical efficacy of IL-2 (13, 20).

Methods
Patients. HIV-infected patients with no major clinical or laboratory abnor-
malities who were receiving intermittent IL-2 as a part of multiple ongoing
studies to examine the potential role of IL-2 in the management of HIV
infection were eligible for the study. Patients who were pregnant or breast-
feeding, or (for BrdU) receiving 5-fluorouracil, were excluded from par-
ticipation. All patients received approved antiretroviral drugs during IL-2
therapy. The specific regimen was determined by the patient and referring
physician with input from the study team. Controls included HIV-infected
patients who had never received IL-2 as well as healthy volunteers without
HIV infection. 2H-glucose (Sigma-Aldrich or Cambridge Isotope Laborato-
ries Inc.) was administered by continuous i.v. infusion over 5 days at a dose
of 60 g per day. For patients receiving IL-2, the infusion began on the third
day of IL-2 therapy and continued for 2 days after completion of the IL-2
cycle. Subjects underwent a 1- to 2-pass lymphapheresis to obtain cells for
subsequent purification. BrdU was administered at a dose of 200 mg/m?
given i.v. by a 30-minute infusion, approximately 2 hours after the last
IL-2 dose. All protocols were approved by the Institutional Review Board of
the National Institute of Allergy and Infectious Diseases, and all patients
provided written informed consent.

Laboratory studies. Determination of lymphocyte subsets and surface
markers was performed as previously described (21, 22). In vivo labeling
with BrdU and flow cytometric analysis of proliferating cells were per-
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formed as previously reported (11). In individual experiments, antibod-
ies against either CD45RA or CD45RO were used to define naive and
memory cells; for consistency, we report the results as CD45RO* (approxi-
mately equivalent to CD45RA") or CD45RO" (approximately equivalent to
CD45RA"). Plasma HIV levels were measured using the VERSANT HIV-1
RNA 3.0 Assay (Bayer HealthCare AG).

To determine deuterium incorporation, peripheral blood CD4* T cells and
CD8" T cells were isolated by fluorescence-activated cell sorting, using an
EPICS ALTRA flow cytometer (Beckman Coulter Inc.) or BD FACSVantage SE
FACSDiVa (BD Biosciences), to greater than 99.0% purity. For analysis of naive
and memory CD4* T cells, PBMCs were enriched for CD4* T cells by removal
of monocytes and CD8* lymphocytes using anti-CD14- and anti-CD8-coat-
ed magnetic beads (Dynal Biotech). The CD8* lymphocytes removed in this
step were used later to sort for the CD8* memory and naive subsets. The
remaining lymphocytes were then stained according to the manufacturer’s
instructions with the mAbs CD27-FITC (BD Biosciences), CD45RO-PE (BD
Biosciences), and CD4-PC5 (Beckman Coulter Inc.). Sorting was performed
using an amorphous forward light scatter and 90° light scatter gate and recti-
linear gates on CD27*CD45RO-CD4* (naive), CD27*CD45RO*CD4* (central
memory), and CD27-CD45RO*CD4" (effector memory) cells; subset purity
was determined by flow cytometry to be greater than 98.0%. For CD4 cells,
there were too few CD27-CD45RO" cells for analysis. For isolation of naive
and memory CD8" T cells, the CD8* lymphocytes removed by bead separation
were treated with DETACHaBEAD (Dynal Biotech) to remove the attached
magnetic beads. The CD8* lymphocytes were then stained with the mAbs
CD27-FITC, CD45RO-PE, and CD8-PC5 (Beckman Coulter Inc.). Sorting was
performed as above with rectilinear gates on CD27*CD45RO-CD8" (naive),
CD27*CD45RO*CD8* (central memory), CD27-CD45RO*CD8"* (effector
memory), and CD27-CD45ROCD8" (effector memory) cells; subset purity
was determined to be greater than 98.0%.

Quantitation of 2H-glucose enrichment in serum and ?H-deoxyadenosine enrich-
ment in genomic DNA. Glucose was extracted from serum with methanol and
converted to the aldonitrile penta-acetate derivatives of glucose (217 mass-
to-charge ratio [m/z]) and 2H-glucose (219 m/z) for gas chromatography/
mass spectrometry spectral analysis using an HP 5890 gas chromatograph
(Hewlett-Packard Co.) interfaced to an HP 5971 mass selective detector
(Hewlett-Packard Co.) (23). Sample enrichments were calculated by com-
parison with standard curves prepared from 2H-glucose.
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Genomic DNA was hydrolyzed to mono-deoxyribonu-
cleosides with deoxyribonuclease I, phosphodiesterase I,
and bacterial alkaline phosphatase, desalted using Oasis
HLB 96-well extraction plate (Waters Corp.), and either
converted to the permethylated derivatives of deoxy-
adenosine (292 m/z) and *H-deoxyadenosine (294 m/z)
for gas chromatography/mass spectrometry analysis or
analyzed directly by liquid chromatography/mass spec-
trometry as described in ref. 24. Sample enrichments were
calculated by comparison with standard curves prepared
from 2H-deoxyadenosine.

To determine the amount of new DNA that was syn-
thesized, the experimentally determined percentage of
?H-deoxyadenosine enrichment was corrected as previously
described (9) to account for the following factors: (a) the
maximum labeling of freshly obtained lymphocytes cul-
tured in vitro in the presence of 100% 2H-glucose, which
was approximately 60%; and (b) the level of enrichment of
?H-glucose in the serum, typically about 20% to 30%.

Modeling and statistical analysis. Initially, decay constants
were estimated by linear regression of log-transformed
data for the first 120 days after the labeling; for the 2 long-
term responders, decay estimates were based on all available
data. Because linear regression provided a relatively poor fit
to the actual data, we developed a semiempirical model to
better describe the kinetics and estimate decay constants.
We have previously developed a model of the dynamics
of T cells in blood labeled with BrdU that was fitted to
experimental data for HIV-infected patients with relatively
stable levels of plasma HIV concentrations (11). Accord-
ing to this model, the fraction of labeled cells L in each
cell subpopulation with turnover rate constant d (wk!)
and source of labeled cells s (wk-!) can be calculated as
dL/dt=sU - dL, where Uis a unit function dependent on the
time T required to reach the maximum value of L:

Equation 1
1, =T
(o = {O, t>T

We have previously found that at least 2 or more (likely 3
or more) dynamically distinct cell subpopulations contrib-
ute to the T cell dynamics (11). The individual variation
of the rate constants among patients was relatively large,
thus further suggesting the existence of many cell subpop-
ulations. To account for the diversity of cell dynamic con-
stants, we have extended our previous analysis, assuming
that the rate of turnover d is continuously distributed with
a probability density function F(d,a), where o. is a vector of
parameters. Thus, the source s; of cells with turnover rate
constants in the interval [D;_1,D;| can be calculated as:

Equation 2

ol
s = Sf F(x,a)dx
D, 1
where S is the total source of all labeled cells. The total
population of labeled cells can be subdivided into I sub-
populations with sources s; (i =1, ..., I) and rates of turn-
overd;(i=1,...,I)whered;=(D; +D;)/2. Then the dynam-
ics of the ith labeled cell subpopulation L; with parameters
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Figure 5

Deuterium labeling kinetics in naive (CD27+CD45R0O") cells in patients receiving IL-2.
The left panels show the measured data (symbols) and the fitting by the model equa-
tions (solid lines) for patients 3, 5, and 6 following an early cycle (blue) and a later
cycle (red), and for patients 1 and 2 following the single late IL-2 cycle; the right pan-
els show the probability density function of the normal distribution of log d multiplied
by the total source of labeled cells (S). Mean log decay my values for these data
are (early/late): —1.16/-2.52, —1.35/-2.61, and —1.49/-2.14 for patients 3, 5, and 6,
respectively (P = 0.039 for early vs. late, Student’s t test), and —2.72 and —3.52 for
patients 1 and 2, respectively. No significant change was seen in the mean log decay
my for the other CD4 subsets or for any of the CD8 subsets for patients 3, 5, and 6.
Average values for mean log decay my for these subsets were as follows (early/late):
CD4 central memory (CD27+CD45R0*), —0.54/—0.70; CD4 effector memory (CD27-
CD45R0O+), —0.59/-0.74; CD8 naive (CD27+CD45R0O"), —1.00/-1.90; CD8 central
memory (CD27+CD45R0O+), —0.82/-1.26; CD8 effector memory (CD27-CD45R0+),
—0.19/-0.36; CD8 effector memory (CD27-CD45R0O"), —1.02/-1.13.
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s;and d; can be calculated using the equations shown above but applying
them to each subpopulation. The total fraction of labeled cells L is equal
tothesumofall L;L=L;+...+ L,

We tested several standard distributions and found that the best fit for
all patients was given by the log-normal distribution of the turnover rates
with mean m, and standard deviation 0, The interval of mean log decay
rate constants [Do,D;] = [mg - 304,m, + 30,4] was used for calculations. The
3 parameters, S, mg, and Oy, were obtained by fitting of the experimen-
tal data for each patient to the solution of the differential equation for
L using this function. Numerical simulations demonstrated that I = 7
accurately represents the continuous distribution; simulations for I > 7
showed no significant improvements. (Use of the same approach, applied
to a different problem, also suggested that I'> 7 is sufficient for accurate
representation of the distribution; ref. 25).

Since the administration of IL-2 disrupts the steady state, and shifts in
cell number are likely the result of substantial trafficking as well as pro-
liferation and apoptosis until the return to a steady state, our modeling
focused on the percentage of labeled cells rather than the absolute number
of labeled cells. Under the assumption that the IL-2-induced perturbations
to steady state affect cells globally, the calculated decay kinetics would be
reflective of the death rate of the labeled population of cells.

Significance levels were calculated using the 2-tailed Student’s ¢ test,
nonparametric rank sum test, or signed-rank test. Two-sided P values of’

less than 0.05 were considered significant.
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