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Analysis of changes in viral load after initiation of treatment with
potent antiretroviral agents has provided substantial insight into
the dynamics of human immunodeficiency virus type 1 (HIV-1)'",
The concentration of HIV-1 in plasma drops by ~99% in the first
two weeks of treatment owing to the rapid elimination of free
virus with a half-life (t,,,) of =6 hours and loss of productively
infected cells with a t,;, of 1.6 days’. Here we show that with
combination therapy this initial decrease is followed by a slower
second-phase decay of plasma viraemia. Detailed mathematical
analysis shows that the loss of long-lived infected cells (t;/, of 1-4
weeks) is a major contributor to the second phase, whereas the
activation of latently infected lymphocytes (¢, of 0.5-2 weeks) is
only a minor source. Based on these decay characteristics, we
estimate that 2.3-3.1 years of a completely inhibitory treatment
would be required to eliminate HIV-1 from these compartments.
To eradicate HIV-1 completely, even longer treatment may be
needed because of the possible existence of undetected viral
compartments or sanctuary sites.
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Eight HIV-1-infected patients were studied who were naive to
antiretroviral agents, with baseline CD4 lymphocyte counts ranging
from 26 to 505 per pl (Table 1). De novo HIV-1 replication in the
patients was blocked by the combined use of a protease inhibitor,
nelfinavir* (2,250 mgd ~ '), and two reverse transcriptase inhibitors,
zidovudine (600mgd ™ " and lamivudine (300 mgd "~ D). After
treatment was started, the HIV-1 RNA concentration in plasma
was measured weekly for the first month and then every two weeks
using the branched DNA (bDNA) assay*’. Each patient responded
with a similar pattern of viral decay (Fig. 1): an initial rapid
exponential decline of nearly 2-logs (first phase), consistent with
previous observations'~, followed by a slower exponential decline
(second phase). The antiretroviral effect was potent in that plasma
viraemia in all eight patients dropped below the standard detection
threshold of 500 copiesml™ ' by 8 weeks of treatment, and was
found to be <25 copiesml ™' at week 16-20 by using an ultra-
sensitive modification of the bDNA assay (data not shown). In
addition, no infectious HIV-1 was detectable in 10’ peripheral
blood mononuclear cells (PBMC) from each of the patients after
8 weeks of treatment. These findings not only attest to the potency
of the antiretroviral regimen, but also to the lack of emergence of
drug-resistant virus during the study period.

The second phase in the decay profile is probably due to sources
of HIV-1 not included in our previous analysis®, such as infected
tissue macrophages or dendritic cells, activation of latently infected
lymphocytes, or release of trapped virions>>*®. If such ‘secondary’
sources are initially responsible for, say, 1% of the virions in plasma,
then the rapid decline in viraemia would slow when the pro-
ductively infected CD4" T cells, T", had decayed to about 1% of
their initial level. Further decay of T™ at their fast t,,, would then
leave the secondary sources as the major producers of virions. The
slower decay of the major secondary source would then be reflected
in the slope of the second-phase decline.

Here we incorporate secondary sources of virus into a new model
and analyse data obtained from the patients. The model contains
cells, M, which upon infection with a rate constant, ky, become
long-lived infected cells, M*, which produce virus continuously at
an average rate per cell, p, and are lost with a rate constant u,. We
also assume that when CD4" T cells, T; are infected, T" cells are
generated with a rate constant k and that latently infected T cells
containing infectious provirus are generated with a rate constant fk,
smaller by a factor f. Latently infected lymphocytes, L, are assumed
to die with a rate constant §;, and to be activated into productively
infected cells with rate constant a, giving a total rate constant of
loss u, =a+6,. T" are lost with a rate constant, §, and are
assumed to produce a total of N virions (the burst size) during
their lifetime. Virions, V, are cleared with a rate constant c. Thus,
as a new kinetic model, we propose: dT*/dt = kVT + aL — 6T";
dL/dt = fkVT — p, L; dM*/dt = ky, VM — ppyM* and dV/dt =
N&T* 4+ pM* = ¢V.

Virions are produced by infected cells in both tissues and blood,
although most such cells will be in tissues’. Using methods similar to
those already published’, assuming that both HIV-1 reverse tran-
scriptase and protease are completely inhibited by the antiretroviral
regimen and that the system was at steady-state before treatment,
with baseline viral load V, and CD4" T-cell count Ty, the level of
plasma virus after drug therapy should decay as follows:

V(t) = Vo[Ae " + Be " + Ce ™ +(1-A—B=Cle "] (1)

where
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Here pharmacokinetic and intracellular delays® are ignored as we are
interested in effects that occur on a timescale of weeks to months. If
the drugs are not completely inhibitory, then the model needs to be
supplemented by equations for the uninfected populations Tand M.
When f = 0, no latently infected T cells are generated and this
solution reduces to one for a model with the second phase being
generated solely by long-lived cells. We call this the long-lived
infected cell model.

We observed, down to the HIV-1 RNA detection limit, only two

6

letters to nature

phases in the viral decay curves of each of the eight patients. This
suggests that in each patient there is only one major secondary
source of virions. Fitting the plasma viraemia data with the long-
lived infected cell model, using nonlinear least-squares regression,
we estimate the parameters 8, uy,, and a composite parameter, NkT),.
Virion clearance occurs too rapidly to estimate ¢ from the available
data in this study. Thus, ¢ was held constant at the mean value,
¢=3d"", determined previously’. Three examples of the best-fit
curves generated from equation (1), with f = 0, are shown in Fig. 1.

The equation for V(¢) can also be reduced to the solution of a
model with only latently infected T cells instead of long-lived cells.
Fitting the plasma viraemia data with this latently-infected cell
model gave fits that were indistinguishable from that of the long-lived
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Figure 1 Plasma levels of HIV-1 RNA (filled circles) measured by the bDNA assay
for three representative patients during triple therapy, begun on day O; data points
between 100 and 500 copiesml~' were determined using 10ml plasma. The
theoretical curve (solid line) was obtained by nonlinear least-square fitting of the

20 30 40 0 10
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logarithm of equation (1), withf = 0, to the logarithm of the data. The parameters s,
wy and Nk T, were simultaneously estimated. The parameter estimates obtained
were: patient 32, see Table 1; patient 33, 6 =057d ™", u, =0.025d"", and
NkT, = 2.97; patient 37,6 = 0.36d ', p;, = 0.040d ', and Nk T, = 2.80.

HIV-1 RNA copies mi-!

Infected cells per 106 PBMC

HIV-1 DNA per 106 PBMC
)

80 120

Figure 2 a, Plasma levels of HIV-1 RNA, PBMC infectivity, and b, HIV-1 proviral
DNA for three representative patients. The theoretical curves (solid lines) were
obtained by fitting equations (1) and (2) simultaneously to the data (filled circles).
The long-dashed short-dashed line indicates the contribution to the total HIV-1
RNA by pre-existing productively infected T cells plus those generated by the
gradual activation of latently infected T cells (the terms Ae ~* + Be ~*' in equation
(1)); the dashed line indicates the contribution made by long-lived infected cells,
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M* (the term Ce™ in equation (1)). By day 14, the productively infected CD4* T
cells initially present have substantially decayed, and the remaining productively
infected T cells are being generated by activation of laterally infected T cells. As
indicated by the long-dashed short-dashed line after day 14, the contribution to
the second phase made by latently infected T cells is substantially smaller than
the contribution made by long-lived infected cells (dashed line).
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infected cell model for each of the eight patients. Thus, additional
viral-load data were obtained in order to distinguish between the
models. At each time point, the infectivity titre of HIV-1 in PBMC was
measured by limiting dilution (5-fold serially; quadruplicate sam-
ples), as described”'’. The number of infected cells per 10° PBMC
was estimated using maximum likelihood". In patient 40, infectivity
dropped to below the detection threshold too rapidly to permit a
detailed analysis. Patient 32 has a plasma viral load that was not in steady
state before treatment and therefore could not be analysed further.

In the PBMC infectivity assays, cells that latently harbour
infectious provirus would be activated in vitro and thus would be
scored in the limiting-dilution measurement. If we assume that
long-lived, virus-producing cells reside in tissues and that the
number of infected CD4" T cells in blood are proportional to the
total number in the body, then the number of PBMC carrying
infectious HIV-1 detected in the PBMC infectivity assay is propor-
tional to I(t) = T*(t) + L(t), where

kVOTO l:( af ) — ot fa < a ) - r}
1- +L20+ 2 e @
5 s-m)¢ T Utemn) | @

Simultaneously fitting equations (1) and (2) to the plasma
viraemia and PBMC infectivity data yielded estimates of the various
decay rate constants (Table 1). In general, 10—12 data points were
used in the fitting, with an average of 6.4 data points specifically
during the second phase (see Fig. 2a for examples). The parameter,
s for long-lived infected cells ranged from 0.028 to 0.119d ™',
with a mean value of 0.061 * 0.033d ™ '. The corresponding half-
life, t,, = In2/u,y;, had a mean value of 14.1 £7.5d, and was
negatively correlated with the logarithm of the baseline viral load
(r* = 0.77, p < 0.03). The parameter, §, for productively infected T
cells ranged from 0.36 to 1.2d ™', with a mean of 0.69 = 0.25d "
The corresponding ¢/, values ranged from 0.6 to 1.9 d, with a mean
of 1.1 = 0.4d. The parameter, p;, for cells latently carrying infec-
tious provirus ranged from 0.049 to 0.181d ', with a mean of
0.098 = 0.048d~"'. The corresponding f,,, ranged from 3.8 to
14.1d, with a mean of 8.5+ 4.0d. As c=3d "' was a minimal
estimate’, we also examined the effect of using c = 30d ~ . This led
to minor changes in our parameter estimates (<10% for 6, <5% for
12574 and H'L)

Most infected PBMC harbour defective provirus"'? and cannot be
activated into virus production. We measured the rate of decay of
PBMC proviral DNA, 8pns, by a standard method". In several
patients, the DNA data suggested a more rapid first phase, possibly
due to the loss of transiently and productively infected cells. Here we
are concerned with the turnover of stably infected cells and only

I(t) =

Table 2 Length of treatment (yr) to eradipa}g HIV-1 from long-lived cells

Second phase half-life Initial number of infected long-lived cells:

10° 10
1 week 0.6 0.8
2 weeks 1.2 15
4 weeks 2.3 31

analyse the data from day 14 onwards. As shown in Fig. 2b and Table
1, 8pna ranged between 0.0016 and 0.033d ', with a mean of
0.012 + 0.011d ™ ". The corresponding f,/, values ranged from 21 to

433d, with a mean of 145d, which is somewhat longer than |

previous estimates"', but similar to the t,,, of CD4* CD45RO* T
cells'. The rate of proviral decay was therefore substantially slower
than that of plasma viraemia or PBMC infectivity decay, suggesting
that this DNA is mainly harboured within cells that contain
proviruses that cannot be activated to produce infectious virus.
While latently infected T cells are a subset of the provirus-contain-
ing cells, we chose to estimate §; by &pna, because in fitting
equations (1) and (2), we could not separately determine the loss
parameters a and §;. Changing 6, tenfold led only to minor changes
(<10%) in the t,), estimates shown in Table 1.

From the parameter estimates and equation (1) for V(¢), we can
compute the contribution of latently infected T cells and long-lived
cells to the viral load. As shown in Fig. 2a, long-lived infected cells
are the major contributor of virions to the second phase of plasma
viraemia decay. Furthermore, at the pretreatment steady state, the
fraction of plasma virions produced by long-lived infected cells
ranged from 1 to 7% (Table 1), whereas the contribution by
activation of latently infected T cells was <1% (Fig. 2a). Thus,
93-99% of the plasma viraemia at steady state was sustained by
productively infected T cells, as we reported previously’. From the
steady-state conditions and parameter values in Table 1, we computed
that the ratio To/L, had a mean of 15.9 = 11.3, which is similar to the

value previously reported'*'®. Latently infected T cells with stably |

integrated DNA may arise from productively infected CD4" T cells
reverting to a resting state'®. Modifying our model so that L arises

from T rather than from T, we find little difference in our estimate |

of t,;, for latently infected T cells or Ty/L, (data not shown).

We find that the principal contributor to the second phase of
plasma viral decay has a t;,, of 5.8 to 24.8d (Table 1). Based on
experimental observations that some tissue macrophages are
infected in vivo'”"" and that macrophages infected in vitro can
continuously release virions for weeks*”*', the long-lived population
defined here may consist of tissue macrophages. Theoretically,
virions trapped on follicular dendritic cells in lymphoid tissues

Table 1 Summary of infected-cell-loss rates for eight patients

Parameter estimates from fit of V(t) to plasma viral load and /() to cell infectivity data

Infected cell loss

Proviral DNA

Patient Baseline Short-lived Long-lived cells (M*) Latently infected cells (L) Steady-state values
values cells (7*) Confidence interval Confidence interval 5DN/§ tiz To/Lo pM 5/cVy
(d=7)  (d)
CD4cells  HIV-1 RNA b tie w Lower Upper tise m Lower Upper tis
(per ul) (per ml) (d™ (d (@ (d (@ (d)
31 277 95,670 0.36 1.9 0.071 0.016 0.100 9.8 0111 0.066 0.141 6.2 0013 53 12.8 0.02
32 58 321,400 0.76 09  0.089 0.086 0.092 78 NA NA NA NA  0.0016 433 NA NA
33 506 218,800 0.74 09  0.036 0.023 0.052 19.3  0.055 0.028 0.077 126  0.025 28 26.4 0.01
37 205 42,940 1.20 06 0028 0.015 0.039 248 04181 0169 0.189 38 0033 21 0.5 0.04
39 216 65,520 0.51 14 0.034 0.030 0.039 20.4 0.088 0.073 0.101 79 00070 99 313 0.02
40 26 648,200 0.81 09 0115 0115 0.115 6.0 NA NA NA NA 00024 289 NA NA
4 321 45,840 0.58 12 0.037 0.031 0.043 18.7 0.049  0.036 0.060 141 0.0067 103 8.0 0.07
42 86 208,800 0.63 11 0119 0.106 0130 58 0105 0.071 0130 6.6  0.0052 133 16.4 0.06
Mean 212 205,896 0.70 11 0.066 141 0.098 85 0012 145 15.9 0.04
s.d. 158.7 204,652 0.26 04 0038 75 0.048 40 0.0M 144 1.4 0.02

Baseline HIV-1 RNAvalues are averages of measurements taken at 3time points over the month preceding start of therapy; baseline CD4 counts are an average of two measurements. Lower
and upper 68% confidence intervals were calculated by a bootstrap method® in which each experiment was simulated 1,000 times. From the parameter estimates and formulae for the
pretreatment quasi-steady state, values of T, L, and pM ; were obtained. At steady state, ¢V, = pM; + NéT,. Thus, pM 3/cV, is the fraction of virions produced by infected long-lived ¢
Is. In our analysis, the parameterc was settoc = 3d ™', 5, was equal to spna, Vo and T were set to their baseline values, and the remaining parameters were estimated by nonlinear least-
squares regression. Patients 32 and 40 were only analysed using the long-lived cell model. For patient 40, a jackknife fit was done and the most outlying data pointignored. As patient 32 was
notin steady state before treatment, the data were fitted to a model in which the coefficients A and C in equation (1) were chosen as arbitrary constants rather than as functions of the steady-
state parameters. NA, not applicable.
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may be released into the circulation, thus serving as an additional
source of viral particles during the second phase. Here, what we have
termed long-lived, virus-producing cells could be interpreted to
include a tissue compartment releasing virions into plasma with a
rate constant p, while decaying with a net rate constant p,.

Our results provide evidence that the productively infected cells
in blood are representative of the total body population. This
follows from the observation that the t#,, of the first phase,
determined from the rate of fall of plasma virus, corresponds to
the t,/, seen in the initial decline of PBMC infectivity (Fig. 2a). Thus,
the rate of decay of productively infected cells in blood reflects the
rate of decline of such cells body-wide, suggesting that the levels of
infected CD4 cells in blood and tissue are proportional. This
conclusion is in good agreement with recent experimental
findings®. Further, the rapid initial fall of PBMC infectivity pro-
vides the first direct evidence for the rapid decay of productively
infected cells, previously inferred from plasma virus decay kinetics.

Our results have direct implications for the possibility of eradi-
cating HIV-1 from an infected person. If de novo infection is
completely inhibited by antiretroviral agents, the treatment dura-
tion necessary to permit all viral compartments to burn out would
depend on the decay t,,, and pool size of each element. Given their
rapid kinetics, even as many as 10'? pre-existing cell-free virions or
10"* productively infected CD4" T cells would be eliminated in less
than two months. In this study, we found that the #,, of infected
long-lived cells ranged from about 1 to 4 weeks (Table 1); the t,,, of
lymphocytes latently infected with infectious provirus ranged from
about 1/2 to 2 weeks. The pool sizes of these two populations
probably could not exceed 10" cells, the total number of lympho-
cytes in an average person®, or 1-3 X 10", the total number of
macrophages®. Available experimental data suggest that in general
the pool sizes for M* and L are =10° and 10° to 10°, respectively”'*!*-%,
Calculations based on the above estimates (Table 2) suggest that
these known compartments of virus could be completely eliminated
after 2.3-3.1 years of treatment with a 100%-inhibitory antiretro-
viral regimen. However, to eradicate HIV-1 completely from an
infected person, treatment may need to be administered for a longer
period, because of the possible existence of small, undetected viral
compartments that decay more slowly than the second phase, or
sanctuary sites (such as the brain) which are impenetrable by some
or all of the antiretroviral drugs. In addition, as can be deduced from
the slow decay shown in Fig. 2b, the viral DNA within mononuclear
cells that could not be experimentally activated to produce infec-
tious virus will still be present for many years and perhaps for life,
leaving open a remote chance that infectious progeny could be
produced. These concerns must be properly addressed in future
studies. In addition, given the high cost and toxicity of prolonged
combination therapy, new strategies must be developed to facilitate
the extinction of those viral ‘embers’ that could rekindle the
infection. Although significant progress has been made in the past
year in the treatment of HIV-1-infection, it would be wrong to believe
that we are close to a cure for AIDS. However, the recent advances in
treatment and pathogenesis do warrant a close examination of the
feasibility of eradicating HIV-1 from an infected person. O
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Hox genes control regional identity during segmentation of the
vertebrate hindbrain into rhombomeres'™. Here we use trans-
genic analysis to investigate the upstream mechanisms for regula-
tion of Hoxb-3 in rhombomere(r)5. We identified enhancers from
the mouse and chick genes sufficient for r5-restricted expression.
Sequence comparisons revealed two blocks of similarity (of 19 and
45 base pairs), which each contain in vitro binding sites for the
kreisler protein (Kmrl1), a Maf/b-Zip protein expressed in r5 and
r6 (ref. 4). Both sites are required for r5 activity, suggesting that
Hoxb-3 is a direct target of kreisler. Multimers of the 19-base-pair
(bp) block recreate a Krmll-like pattern in r5/r6, but the 45-bp
block mediates expression only in r5. Therefore elements within
the 45-bp block restrict the response to Krmll. We identified
additional sequences that contain an Ets-related activation site,
required for both the activation and restriction to r5. These
studies demonstrate that Krmll directly activates expression of

$ Present address: Samuel Lunenfeld Research Institute, Mount Sinai Hospital, 600 University Avenue,
Toronto, Ontario M5G 1XS Canada.
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