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We investigated the relationships between changes in CD4 lymphocyte counts over 24 weeks after the
initiation of therapy with indinavir at dosages of =2.4 g/day (n 15) in human immunodeficiency virus-
positive patients and compared them to the baseline values. Starting CD4 counts were linked to the time-
weighted average CD4 cell count (return) through a nonlinear effect model. The diminution of destruction of
CD4 cells after the initiation of indinavir therapy was estimated by fitting simultaneous differential equations
to the data by using a linked lymph node (LN)-blood (BL) (two-compartment) system in which there is a
constant rate of generation (R), first-order transfer rate constants (K, n_g; and Ky, ;) of compartment
exchange, and first-order rate constants of CD4 destruction in the absence and presence of indinavir (K; n_.out:1
and K y_ourz)- The half-life of CD4 lymphocytes was calculated from the rate constants by standard two-
compartment methods. The CD4 lymphocyte counts at the start and return were linked in a sigmoid-E,,,,,
model where the maximal effect (E,,,,) was at 574.6 cells/il and 50% of the effect occurred at 157.1 cells/pl
(> = 0.94; P < 0.001). The mean * standard deviation (median) K;n_ our> Was 0.574 = 0.202 (0.589),
indicating that indinavir decreased the destruction of CD4 cells by circa 41 to 42%. The mean (median) CD4
half-life was 11.5 * 5.72 day (10.3 days). In multivariate analysis, K; n_our2 Was significantly correlated with
starting the CD4 cell count and the change in the CD4 cell count on therapy. The relationship between CD4
lymphocyte half-life and the starting CD4 lymphocyte count was hyperbolic, with a rapid increase in half-life
as the CD4 count decreased. On the basis of the calculated half-life, the average production (destruction) of
CD4 lymphocytes was approximately 3 x 10° cells/day, with an individual variation of 44-fold. These findings
suggest that (i) the CD4 lymphocyte cell count at the start is significantly correlated to both the decrease in
the destruction rate of CD4 cells and the degree of change in the CD4 lymphocytes on therapy; (ii) the lower
the initial CD4 lymphocyte count, the higher the amount of CD4 lymphocyte turnover and the lower the ability
of the immune system to increase absolute CD4 lymphocyte levels after viral suppression, consistent with a
decreased regenerative capacity with progression of disease; and (iii) the increase in CD4 lymphocytes is likely
secondary to the expansion of a proliferating pool of cells since our determinations are based on 24 weeks of

effect.

CD4 lymphocytes are the cells primarily infected by human
immunodeficiency virus (HIV). In the presence of an effective
antiviral compound the number of circulating CD4 lympho-
cytes generally increases as the HIV load decreases. Previous
studies have examined the relationship between baseline CD4
lymphocyte values and subsequent changes in both antiviral
agent and CD4 lymphocyte levels after exposure to nucleoside
agents (3, 4, 18). The degree of these changes and their rela-
tionship to drug exposure have not previously been investi-
gated for protease inhibitors. We therefore examined the re-
turn (or time-weighted average) of CD4 lymphocytes and the
inhibition of their destruction after the initiation of therapy
with indinavir (L-735524; MK-639; Merck Research Labora-
tories) in HIV-positive patients. By investigating these rela-
tionships, we can gain further insight into the expected degree
of CD4 lymphocyte changes while a patient is receiving ther-
apy, the CD4 lymphocyte half-life at steady state, and the
degree of turnover of CD4 lymphocytes per day.

For this analysis we used two approaches: classical nonlinear
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pharmacokinetic models of effect and two-compartment mod-
els with simultaneous first-order inhomogeneous differential
equations. Nonlinear (sigmoid-E,,,, [where E,,,, is maximal
effect]) models are used because the CD4 lymphocyte popula-
tion, after the introduction of the protease inhibitor, is in
transition between the pre-drug-effect steady state and the
post-drug-effect steady state. A two-compartment model is
used, in contrast to the models used in earlier studies (9, 23),
since the production and trafficking of lymphocytes involve
both the blood and lymphatic compartments. The rate con-
stants of lymphocyte exchange from this model can then be
used to calculate the CD4 lymphocyte half-life by standard
two-compartment methods. By use of the information on half-
life, the average daily turnover (production and destruction) of
CD4 lymphocytes necessary to maintain steady state can then
be estimated.

MATERIALS AND METHODS

All patients were in phase I/II trials, with inclusion criteria of a baseline HIV
RNA load determined by PCR of =20,000 copies/ml, no acute medical problems,
cessation of antiretroviral agents for at least 2 weeks prior to entry into the study,
and adequate renal, hepatic, and bone marrow function. The CD4 lymphocyte
count had to be =300 cells/pl for the first group (22) and between 150 and 500
cells/pl for the remaining groups. For the patients studied, all of whom had
received prior nucleoside therapy, indinavir dosages of 2.4 g/day (600 mg every
6 h [q6h] [n = 5]; or 800 mg every 8 h [q8h] [z = 3]), 3 g/day (as 1,000 mg q8h
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FIG. 1. Illustration of the model variables and their relationships as de-
scribed in the differential equations. Ky oyt and Ky oyt are turned on and
off by piecewise input functions based on the initiation of therapy.

[n = 2]), and 3.2 g/day (as 800 mg q6h [n = 5]). All dosage groups evaluated had
demonstrated similar and significant antiviral activities (21, 21a). Two separate
CD4 lymphocyte count determinations, but not the screening value, were aver-
aged to establish the baseline count. All CD4 lymphocyte determinations for an
individual patient were determined in the same laboratory by a standard meth-
odology (7). No other antiviral agents or agents that could potentially interfere
with the hepatic metabolism of indinavir (e.g., rifabutin and fluconazole) were
allowed during the study. All except one of the patients were studied for 24
weeks; one patient in the highest-dose cohort withdrew from the protocol after
16 weeks. Counts were determined every 2 weeks for 12 weeks (24 weeks for the
first group) and then every 4 weeks through week 24. Screening HIV RNA load
determinations were performed by a commercially available PCR assay (12).

Average CD4 lymphocyte counts were determined by estimating the area
under the CD4 lymphocyte cell-versus-time curve by using the LAGRAN pro-
gram of Rocci and Jusko (17). This value was divided by time on therapy to yield
a time-weighted average CD4 lymphocyte count (or average CD4 cell return).
Starting CD4 counts were then linked to the average CD4 cell return through a
sigmoid-E ,,, model, as had been explored earlier for the five subjects receiving
the dosage of 600 mg q6h (22). Sigmoid relationships are the classical nonlinear
relationships found in pharmacologic interventions (8, 10), where Return =
E ax + Start”/(Start”” + Starts,™”), where the E,,,, is the maximal effect, the Start
is the baseline or starting CD4 lymphocyte count, Starts, is the starting CD4
lymphocyte count at which 50% of the maximal effect occurs, and H is the
sigmoidicity. The Akaike information criterion (23) was used to determine the
number of parameters allowed in the model. In the model presented, the sig-
moidicity was fixed at 1.0 because use of the Akaike information criterion did not
support inclusion of a floating H term.

Diminution of destruction of CD4 cells after the initiation of indinavir was
estimated by fitting the following simultaneous differential equations to the data
by using a linked lymph node (LN)-blood (BL) (or two-compartment) system
which allows for the inclusion of the majority of the lymphocytes which are not
in circulation, where

dX\xdT = R + (KBL—LN 'XBL) - (KLN—BL 'XLN) - (KLN—OUT] .
XiN) — (KLN-OUT?. * X1x)

dXp/dT = (KixsL® Xin) — (KpLin * XbL)

where R is the constant rate of generation, X| y is the amount of virus in the
Iymph node (peripheral) compartment, Xg; is the amount of virus in the blood,
and Ky n.pr. and Kpy [ are the first-order transfer rate constants of compart-
ment exchange. K; n.our and Kj n.outs are the first-order rate constants of
CD4 lymphocyte cell destruction in the absence and presence of indinavir. The
model is illustrated in Fig. 1. The rate constants K n.oyr; and Kp n.ouTs Were
turned on or off by piecewise input functions on the basis of the time of initiation
of indinavir therapy. Ky n_ouT; Was fixed to 1.0 so that K y.ours Would represent
the fractional rate of destruction after indinavir exposure. The relationship (1 —
K n.ourt2) is therefore the change in destruction of CD4 lymphocytes mediated
by indinavir exposure (or the downturn of the destruction rate constant). For one
patient (described elsewhere [22]), secondary to a marked decrease in his CD4
lymphocyte count after 6 weeks because of newly diagnosed cytomegalovirus
infection and the initiation of ganciclovir administration, the first differential
equation was altered to allow a new CD4 cell generation rate which was a
fraction of the initial rate. This change of rate occurred after the diagnosis of the
cytomegalovirus infection and the initiation of ganciclovir and was accomplished
by use of piecewise input functions that turned the first rate off as the new one
was turned on.

The experimental data were used to estimate the parameters in the equations
given above by use of the ADAPT II program of D’Argenio and Schumitzky (1).
A weight of 1 was used for all values except for the baseline count, for which a
weight of 2 was used since it represented two separate determinations. The
half-life of CD4 lymphocytes was determined from the rate constants obtained
from the analysis described above by using the following standard half-life formula:

half-life of CD4 lymphocytes = In(2)/{(Kin.our2 + Kinsl +
KBLVLN) - SQRT [(KLNVOUTZ + KLNVBL + KBL—LN)Z -

4+ Kinour - Kerain]}/2
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where SQRT is square root. This half-life is a hybrid of several processes which
occur simultaneously and is a value reflective of the interval required for the CD4
lymphocyte count to achieve 50% of the difference between baseline and steady-
state counts. The model-estimated curves of the CD4 lymphocyte were used for
the baseline and maximal change values in subsequent comparisons. Multivariate
linear regression analysis was performed with the SYSTAT package of programs
(SPSS, Inc., Evanston, IIL.).

RESULTS

The population enrolled in the study (Table 1) had a group
mean CD4 lymphocyte count of 174.7 + 103.4 cells/pl (medi-
an, 175 cells/pl), with a mean log,, number of HIV RNA
copies/ml of 4.8974 = 0.2906 (geometric mean, 78,971 copies/
ml). The modeled increase in the CD4 lymphocyte count was
91.6% (range, 13.2 to 295%) over the baseline, or an absolute
change of 106.5 = 49 cells/pl (from a modeled starting mean of
183.2 cells/pl to an average steady-state mean of 289.7 cells/
wl). The baseline CD4 lymphocyte count and its return (Fig. 2)
were significantly linked (* = 0.94; P < 0.0001); the E,,,,
attributable to the drug intervention was 574.6 cells/ul, and
Starts, was 157.1 cells/ul with H fixed at 1 (Hill’s model of the
general sigmoid-E . equation). These data indicate that CD4
cell return is determined in large part by the starting CD4 cell
count over the dose range of indinavir examined. The fit of the
CD4 counts over time to the differential equations were ac-
ceptable, with the variance explained by the relationship (%),
ranging from 0.13 to 0.89 (r = 0.37 to 0.94). The mean *
standard deviation (median) K| n.oure Was 0.574 = 0.202
(0.589), indicating that indinavir decreased the destruction of
CD#4 cells by circa 41 to 43% (Table 1). By using the rate
constants obtained from the equations given above and the
equation for half-life determination, the mean half-life of the
CD#4 lymphocytes was 11.5 = 5.72 days (median, 10.3 days).

As determined by univariate analysis, K| .oyt Was corre-
lated with the size of the CD4 cell count change as percent
change (F = 82.463; P < 0.0001), with a trend as absolute
change from the baseline (F = 3.536; P = 0.08), the baseline
CD4 count (F = 48.96; P < 0.0001), and, as expected from the
known relationship, CD4 half-life (F = 26.013; P < 0.0001);
but a correlation was not observed by using the screening log;,
number of HIV RNA copies per milliliter. On multivariate
analysis, the CD4 count change from the baseline, either as
percent change (P = 0.003) or as absolute change (P = 0.003),
and the baseline CD4 cell count remained significantly corre-
lated (overall F = 94.134; P < 0.0001). The CD4 lymphocyte
half-life had, in addition to the relationship with K\ outs
discussed above, significant correlations with the baseline CD4
lymphocyte count (F = 10.328, P = 0.007), and the percent
increase in CD4 lymphocyte cell count from the baseline (F =
45.852; P < 0.0001), but not the absolute cell change from
baseline or screening of the log,, number of HIV RNA copies
per milliliter. On multivariate analysis only the percent in-
crease in CD4 cell count from the baseline remained signifi-
cantly associated (F = 45.852; P < 0.0001) with the CD4 cell
half-life. The relationship between CD4 cell half-life and the
starting CD4 lymphocyte count, as seen in Fig. 3, is not linear
but is hyberbolic, which explains its removal in multivariate
linear regression analysis. The CD4 cell half-life rapidly in-
creases as the starting CD4 lymphocyte cell count decreases.
The relationship best fits an equation derived from the calcu-
lation of half-life: In(2)/[0.000163 - (CD4 at start) + 0.034569];
r* = 0.42; P < 0.005. This is consistent with a significant
impairment in the ability of the CD4 lymphocyte population to
expand by the time that the baseline CD4 cell count is severely
decreased.

From our calculation of CD4 cell half-life, it is possible to
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TABLE 1. Data for patients included in the analysis®
Patient no. Baseh(r:: ilﬁ}ﬁ)count logio ngo;igrfl\l] RNA Kinout2 Downturn CD4(CC§}£ /t(;lar;)over Half-life (days)

1 56 4.6675 0.315 0.685 5.42 % 10® 15.5

2 169 5.1033 0.454 0.546 1.54 x 10° 16.5

3 64 5.3539 0.44 0.56 8.73 X 10° 11.0

4 14 4.3304 0.458 0.542 1.71 x 108 12.3

5 275 5.2625 0.183 0.817 1.56 x 10® 26.5

6 265 5.1396 0.717 0.283 5.76 X 10° 6.9

7 120 4.9548 0.351 0.649 1.30 x 10° 13.9

8 180 4.8035 0.553 0.447 1.54 x 10° 17.5

9 260 4.9851 0.701 0.299 5.65 x 10° 6.9

10 175 4.9046 0.767 0.223 4.10 X 10° 6.4

11 300 5.1893 0.74 0.26 6.82 x 10° 6.6

12 280 4.6776 0.794 0.206 6.89 X 10° 6.1

13 345 4.8067 0.883 0.117 5.02 X 10° 10.3

14 155 4.4509 0.657 0.343 3.14 x 10° 7.4

15 210 4.8324 0.589 0.411 3.80 x 10° 8.3
Mean *= SD 174.7 = 103.4 4.8974 = 0.2906 0.574 = 0.202 0.427 3.15 x 10° 115 £5.72
Median 175 4.9046 0.589 0.411 3.14 X 10° 10.3

“ K n-ouTs is the rate constant of destruction in the presence of protease inhibitor. The relationship (1 — Ky n.ouTs) is the change in the level of destruction of CD4
Iymphocytes mediated by indinavir exposure (or downturn of destruction rate constant). The CD4 cell turnover per day is based on the following equation: {[(baseline
CD#4 cells/pl) -+ (1,000 pl/ml) - (1,000 ml/liter) (6 liters of blood volume)/(0.02 of total CD4 cells are in circulation)]/2}/half-life.

determine the turnover of CD4 lymphocytes. As can be seen in
Table 1, if our average subject had a CD4 cell count of ap-
proximately 200 cells/pl, the CD4 cells had an average half-life
of 10 to 11 days, and the subject had a blood volume of 6 liters
and assuming that 98% of the body’s lymphocytes are not in
circulation, then by using these assumptions and standard con-
version factors (see the equation in footnote a of Table 1),
approximately 3 X 10'° cells are made in one half-life, which is
approximately 3 X 10° cells per day at steady state. The range
for the daily turnover of CD4 cells is 1.56 X 10° to 6.89 X 10°,
a 44-fold variation.

The decrease in the destruction rate of CD4 cells was best
explained by the following equation: (CD4 cell count at base-
line) - (—0.002) + (log,, number of HIV RNA copies) - (0.199)
— 0214 (©* = 0.978; P < 0.0001). This, however, was only
marginally better and not statistically different from the equa-
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FIG. 2. Sigmoid-E,,,, relationship of starting CD4 cell count to mean CD4
cell count over time. The subjects received one of four doses of indinavir, the
lowest of which (@) was already known to have significant antiviral activity. The
higher doses are all represented by closed triangles. See Materials and Methods
for a description of the entry criteria for the trials, the equations, and calculation
of the relationship.

tion (CD4 cell count at baseline) - (—0.002) + 0.747 (* =
0.964; P < 0.0001). Use of the Akaike information criterion
would not support the use of the two-parameter model over
the simpler one-parameter model.

DISCUSSION

Our data from a study involving 24 weeks of intervention,
based on two different methods of mathematical modeling,
indicate that the CD4 lymphocyte cell count at the start is
significantly correlated to both the decrease in the destruction
rate of CD4 cells and the degree of change in the CD4 cell
count on therapy. These findings indicate that the lower the
initial CD4 lymphocyte count, the higher the amount of CD4
lymphocyte turnover and the lower the ability of the immune
system to regenerate absolute CD4 lymphocyte levels after
viral suppression. This finding from the sigmoid-E,,,, model

max
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25 13=0.42, Half-life=0.693/{0.000163*X+0.034569)
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Starting CD4 lymphocyte Count (/mm?)

FIG. 3. Relationship between starting CD4 lymphocyte count and CD4 cell
half-life. Note the rapid increase in CD4 cell half-life as the starting CD4
lymphocyte count decreases. See Materials and Methods for calculation of the
relationship.
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was also found in the relationship of CD4 cell half-life to
starting CD4 lymphocyte count. In both cases, a nonlinear
relationship indicated significant impairment of the expansion
of the CD4 lymphocyte population with progressive depletion
of the population at the baseline, consistent with the immuno-
pathophysiology of HIV disease (5, 6, 13-15). Another impli-
cation of these models is that earlier therapeutic intervention
would be associated with less of a change in the CD4 cell count
from that at the baseline on a percentage basis because the
degree of CD4 lymphocyte turnover is less but the absolute
values over time would tend to be higher.

The average decrease in the rate of destruction of CD4 cells
after the initiation of treatment with the protease inhibitor was
41% in a population with a mean CD4 count at the baseline of
174.7 = 103.4 cells/pl. While the degree of change in the CD4
cell count was greater after inhibition by the protease inhibitor
indinavir than those after inhibition by nucleoside agents, the
significant relationship between starting CD4 cell counts and
the time-averaged CD4 cell counts (return) while the subject is
on therapy is consistent with previous observations on nucle-
oside therapy and our prior observation for a subgroup of five
patients receiving indinavir (3, 4, 18, 21a). The lack of an
association between a change in the CD4 lymphocyte count
and the baseline viral load may be secondary to the study
limitation of enrolling only those subjects with viral loads of
=20,000 copies/ml at the baseline, although the association has
been observed by others (9).

We determined the CD4 lymphocyte half-life to be an aver-
age of 11.5 days. It was significantly associated with the percent
increase in CD4 lymphocyte count on therapy but not with
other parameters by multivariate linear regression. As we dem-
onstrate in Fig. 3, the relationship between half-life and start-
ing CD4 lymphocyte count, similar to the case for starting CD4
cell count and CD4 cell return, is nonlinear. A linear relation-
ship between half-life and starting CD4 lymphocyte count,
found on univariate analysis, would still result in an increasing
CD#4 cell half-life because the starting CD4 lymphocyte count
declined but was rejected by multivariate analysis and would
not be consistent with the formula for the calculation of half-
life. Therefore, only the significant nonlinear relationship be-
tween half-life and starting CD4 cell count fits both the analysis
and the inverse function formula for half-life determination.
This CD4 lymphocyte half-life is likely a reflection of the effect
of the decrease in the destruction of CD4 lymphocytes by
inhibition of viral replication. Therefore, several processes and
assumptions are part of its determination. The generation rate
of CD4 lymphocytes was assumed to be constant. Whether the
stimuli that drive this process would decrease as the rate of
destruction of the cells decreases is unknown. While an anti-
viral therapeutic intervention would decrease the amount of
viral replication and therefore decrease the amount of cell
destruction, it would not be expected to affect the rate of cell
replication or exchange between the tissue and blood compart-
ments. We modeled the lymphocyte changes as a two-compart-
ment system since the lymphocytes are exchanged between the
circulating compartment, where their levels are measured, and
the tissue compartment, where their levels are not measured.
This is essential, since the majority (98%) of lymphocytes re-
side outside the circulation and prior investigations have indi-
cated significant viral replication and cell destruction in the
tissue compartment (5, 6, 13, 14, 19). The measured half-life is
a conservative measure of a system in steady state that is
subjected to an external perturbation that eventually results in
a new steady state. This is physiologic, since the effect of the
protease inhibitor is to markedly decrease the rate of destruc-
tion of the CD4 lymphocytes; however, there is still an ongoing
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rate of destruction (and production) after the intervention,
which suggests that the true half-life of the CD4 cells is prob-
ably shorter than the one that we calculated.

The CD4 cells of our average subject, with a CD4 cell count
of 200 cells/nl, had an average half-life of 10 to 11 days, and
assuming that 98% of the body’s lymphocytes are not in circu-
lation (19), then approximately 3 X 10'° cells are made in one
half-life, which is approximately 3 X 10° cells per day at steady
state. These results are similar to those estimated by Ho et al.
(9) and Wei et al. (22), despite differences in methodologies,
and to estimates of the total number of HIV type 1 RNA-
expressing lymphocytes in the body, as determined by in situ
PCR and hybridization (5). The previous (9, 22) one-compart-
ment linear and log-linear estimates gave an approximate half-
life of 15 days, with approximately 2 X 10° cells produced and
destroyed each day on the basis of short-term induced changes
in CD4 lymphocyte populations. However, unlike the relation-
ship suggested by Ho et al. (9), we found a strong relationship
between the starting CD4 lymphocyte count and the change in
CD4 lymphocyte count over time.

Several investigators have disputed the finding of a high rate
of CD4 turnover per day (2, 11, 16, 20) and have suggested
instead that the previously described turnover rates based on
the first 28 days of observation could also be consistent with the
mobilization of peripheral lymphocytes and a reduction in the
level of trapping in lymphoid tissue. In our model we used 24
weeks of data for all except one person, for whom 16 weeks of
data were used. Since the half-life determined was based on
this long period of observation, it is unlikely that changes in
mobilization or trapping in lymphoid tissue could explain the
high degree of cellular turnover. Even if fewer than 98% of the
lymphocytes reside outside the blood in HIV-infected individ-
uals, a possibility raised by others (2, 11, 16, 20), the degree of
CD4 lymphocyte turnover measured here would still be high.
For example, as a limiting case, if none of the lymphocytes
resided outside the circulation, the CD4 lymphocyte turnover
would still be at least 6 X 107 cells/day, assuming a 10-day
half-life and a starting CD4 lymphocyte count of 200 cells/ul.
Therefore, our data support the conclusion that this increase is
largely due to the proliferation of CD4 lymphocytes, support-
ing an immunopathology of HIV infection in which the viral
infection overwhelms the high regenerative capacity of the
lymphoid system until it can no longer maintain itself.
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