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(57) Abstract: The present invention relates to a novel method for detecting efficient cryptic HIV replication in a patient who re -
ceives a suppressive antiviral therapy followed by administration of the HIV integrase inhibitor in an effective amount for intensity-
ing the suppressive antiviral therapy, and has undetectable plasma viremia prior to the administration of the HIV integrase inhibitor.
The method comprises making a pre-intensification measurement and one or more post-intensification measurements of the concen-
tration of an episomal artifact in samples from the patient, and computing a pre-intensification HIV infection success ratio (R). A
pre-intensification HIV infection success ratio (R) sufficiently close to 1 indicates that the patient has the efficient cryptic HIV rep -
lication. The method may further comprise quantifying the efficient cryptic HIV replication.
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DETECTING AND QUANTIFYING CRYPTIC HIV REPLICATION

CROSS-REFERENCE TO RELATED APPLICATION

This application claims the benefit of U.S. Provisional Application No.
61/607,772, filed March 7, 2012, the content of which is incorporated herein by
reference in its entirety for all purposes.

REFERENCE TO U.S. GOVERNMENT SUPPORT

This work is supported by grants from the National Institute of Allergy and
Infectious Diseases (Award Numbers R21AI078842, RO1 AI087135 and P30 AI078498).
The United States has certain rights in the invention.

FIELD OF THE INVENTION

The invention relates generally to detection and quantification of cryptic human
immunodeficiency virus (HIV) replication in patients receiving a suppressive antiviral
therapy.

BACKGROUND OF THE INVENTION

While numerous antiviral drugs have been developed and approved for treating
HIV patients, none of them eliminates HIV completely from the patients. Rather, these
antiviral drugs suppress HIV replication in the patients, and are often used in
combination to achieve best therapeutic effects in patients. Highly-Active Antiretroviral
Therapy (HAART) is a combination therapy capable of suppressing HIV viral replication
below the limit of detection in many patients. The rapid rebound of viremia following
treatment interruption indicates that HAART is unable to eradicate the virus. Low
levels of viremia have also been detected in many patients using ultrasensitive viral
load assays with sensitivity down to 1 virion per ml plasma. It is accepted that low-
level viremia persists during effective suppression by HAART; it is unciear whether this
viremia derives primarily from the activation of stable viral reservoirs such as the
latently infected memory-phenotype CD4+ T cells, or ongoing rounds of successful
infection of active CD4+ T cells, or a combination of the two. Furthermore, some
evidence exists for continued replication of the virus in cryptic reservoirs despite
suppression below the standard limit of detection. This may be due to tissue-
dependent distribution and efficacy of the antiviral agents.

Understanding the origin of cryptic and residual viremia under suppressed
conditions is important for a number of reasons. HIV mutations arise primarily during
the process of reverse transcription during the de novo infection of active CD4+ T cells.
If the viremia is driven primarily by the de novo infection of active CD4+ T cells, it
represents an ongoing source of viral mutants that could eventually result in mutational

escape from antiviral therapy. The activation of reservoir cells, which does not involve
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a new round of reverse transcription, does not result in the production of new viral
mutants, and cannot by itself drive the evolution of antiviral resistance.

Genotypic studies of the residual plasma viremia have shown little or no
development of new resistance mutations, which has been interpreted as evidence that
residual viremia is primarily the result of activation of quiescent reservoirs. Recent
analysis of HIV envelope proteins in the gut-associated lymphoid tissue (GALT) has
likewise shown no evidence of evolution during suppressive therapy. Treatment
intensification has consistently shown no significant decrease in the residual plasma
viremia. Conversely, a genotypic study focused on episomal cDNA coilected prior to
viral rebound indicated that the episomal cDNA showed evidence of recent evolution,
implying de novo replication as the source.

Many authors have suggested using episomal artifacts of HIV infection as
surrogate markers of replication, including linear unintegrated DNA, 1-LTR, and 2-LTR
circular DNA. 2-LTR artifacts are especially useful as the 2-LTR region of the genome is
unique to the episomal artifact as compared to linear integrated DNA. However, the
use of 2-LTR as a surrogate marker is controversial, primarily due to controversy
regarding the half-life of the episomes. 2-LTR circles have been shown to be stable in
vitro, leading to the conclusion that they are not an effective surrogate measurement of
recent infection. Studies estimating the half-life of the circles /n vivo, however, indicate
that they are highly labile, with half-lives of only a few days. One possible explanation
is that the host cells may have significantly shorter half-lives in vivo than in vitro,
possibly due to a high likelihood of programmed proliferation in 2-LTR-containing cells.

There remains a need for reliable methods to detect cryptic viremia in patients
receiving a suppressive antiviral therapy for assessing or predicting the efficacy of the
suppressive antiviral therapy.

SUMMARY OF THE INVENTION

The present invention relates to methods for detecting efficient cryptic HIV
replication in a patient and related systems.

According to one aspect of the present invention, a method for detecting
efficient cryptic HIV replication in a patient is provided. The patient receives a
suppressive antiviral therapy not containing an HIV integrase inhibitor followed by
administration of the HIV integrase inhibitor in an effective amount for intensifying the
suppressive antiviral therapy, and the patient has undetectable plasma viremia prior to
the administration of the HIV integrase inhibitor. The method comprises: (a) making a
pre-intensification measurement of the concentration of an episomal artifact in a pre-
intensification sample from the patient; (b) making one or more post-intensification

measurements of the concentration of the episomal artifact in one or more post-
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intensification samples from the patient; and (c) computing, on at least one processor,
a pre-intensification HIV infection success ratio (R) based on the pre-intensification
measurement and the one or more post-intensification measurements., A pre-
intensification HIV infection success ratio (R) sufficiently close to 1 indicates that the
patient has the efficient cryptic HIV replication. The method may further comprise
administering the HIV integrase inhibitor to the patient.

Where the patient has efficient cryptic HIV replication, the method may further
comprises quantifying the efficient cryptic HIV replication. The quantifying step may
comprise computing, on at least one processor, the magnitude of a pre-intensification
HIV infected-cell turnover rate (ay(0)) based on the pre-intensification measurement
and the one or more post-intensification measurements. The method may further
comprise improving the suppressive antiviral therapy for the patient based on the
magnitude of the pre-intensification HIV infected-cell turnover rate (ay(0)). After the
improvement, the pre-intensification HIV infection success ratio (R) may be reduced to
less than about 0.99, 0.95, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, 0.05, preferably
less than about 0.8.

In the method according to the present invention, the patient may have
received the suppressive antiviral therapy for at least about 1 week, 2 weeks, 4 weeks,
1 month, 2 months, 3 months, 6 months, 12 months or 24 months, preferably for at
least about 6 months, prior to the administration of the HIV integrase inhibitor. The
HIV integrase inhibitor may be raltegravir or elvatigravir, preferably raltegravir. The
episomal artifact may be selected from the group consisting of linear unintegrated HIV
DNA, HIV 1-LTR DNA, and HIV 2-LTR circular DNA. Each of the pre-intensification
sample and the one or more post-intensification samples may be a whole blood sample.

The intensification may last for at least about 2, 4, 6, 8, 12, 18, 24, 36 or 48
weeks, preferably for at least about 4 weeks. The one or more post-intensification
measurements may be made daily, weekly, bi-weekly, monthly or bi-monthly,
preferably weekly. The one or more post-intensification measurements may be 1, 2, 3,
4,5,6,7,8,9, 10, or more, preferably 4, post-inténsification measurements, and may
comprise a post-intensification measurement of a peak concentration of the episomal
artifact (Cp).

In one embodiment, the method may further comprise computing, on at least
one processor, the pre-intensification HIV infection success ratio (R) based on one or
more values selected from the group consisting of a death rate of actively infected cells
(a), a rate of production of actively infected cells by processes other than infection (ye),
ratio-reduction in R following the intensification (n;), a ratio of the probability of the

episomal artifact formation during an infection event when the HIV integrase inhibitor is



10

15

20

25

30

35

WO 2013/134458 PCT/US2013/029503

-4 -

not present to the probability of the episomai artifact formation when the HIV integrase
inhibitor interrupts an infection event (®), probability of the episomal artifact formation
when the HIV integrase inhibitor interrupts an infection event (ky;), a decay rate of the
episomal artifact (J), a post-intensification peak concentration of the episomal artifact
(Cp), a concentration of peripheral blood mononuclear cells (PBMCs) in a whole blood
sample (PMBC,,), an effective volume of the patient (V.), one or more measurements of
plasma viral load v(t), and the associated measurement times (t).

In another embodiment, the method may further comprise computing, on at
least one processor, the pre-intensification HIV infection success ratio (R) based on one
or more values selected from the group consisting of a death rate of actively infected
celis {(a), a rate of production of actively infected cells by processes other than infection
(ve), ratio-reduction in R following the intensification (n;), a ratio of the probability of
the episomal artifact formation during an infection event when the HIV integrase
inhibitor is not present to the probability of the episomal artifact formation when the
HIV integrase inhibitor interrupts an infection evenf (@), probability of the episomal
artifact formation when the HIV integrase inhibitor interrupts an infection event (ky),
and a decay rate of the episomal artifact (5).

According to anther aspect of the present invention, a system is provided for
each method of the present invention. A system for detecting efficient cryptic HIV
replication in a patient comprises at least one processor and a compute readable
medium coupled to tHe at least one processor, having instructions which when
executed cause the at least one processor to compute a pre-intensification HIV
infection success ratio (R). The patient receives a suppressive antiviral therapy not
containing an HIV integrase inhibitor followed by administration of the HIV integrase
inhibitor in an effective amount for intensifying the suppressive antiviral therapy, and
has undetectable plasma viremia prior to the administration of the HIV integrase
inhibitor. The pre-intensification HIV infection success ratio (R) is computed based on
(a) a pre-intensification measurement of the concentration of an episomal artifact in a
pre-intensification sample from the patient, and (b) one or more post-intensification
measurements of the concentration of the episomal artifact in one or more post-
intensification samples from the patient.

In some embodiments, the instructions of the computer readable medium in the
system may when executed further cause the at least one processor to compute the
pre-intensification HIV infection success ratio (R) based on one or more values selected
from the group consisting of a death rate of actively infected cells (a), a rate of
production of actively infected cells by processes other than infection (y.), ratio-

reduction in R following the intensification (1), a ratio of the probability of the
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episomal artifact formation during an infection event when the HIV integrase inhibitor is
not present to the probability of the episomal artifact formation when the HIV integrase
inhibitor interrupts an infection event (@), probability of the episomal artifact formation
when the HIV integrase inhibitor interrupts an infection event (k;), a decay rate of the
episomal artifact (0), a post-intensification peak concentration of the episomal artifact
(C,), a concentration of peripheral blood mononuclear cells (PBMCs) in a whole blood
sample (PMBC,,), an effective volume of the patient (V.), one or more measurements of
plasma viral load v(t), and the associated measurement times (t).

In other embodiments, the instructions of the computer readable medium in the
system may when executed further cause the at least one processor to compute the
pre-intensification HIV infection success ratio (R) based on one or more values selected
from the group consisting of a death rate of actively infected cells (&), a rate of
production of actively infected cells by processes other than infection (y.), ratio-
reduction in R following the intensification (r;;), a ratio of the probability of the
episomal artifact formation during an infection event when the HIV integrase inhibitor is
not present to the probability of the episomal artifact formation when the HIV integrase
inhibitor interrupts an infection event (@), probability of the episomal artifact formation
when the HIV integrase inhibitor interrupts an infection event (k;), and a decay rate of
the episomal artifact (9).

In yet some other embodiments, the instructions of the computer readable
medium in the system may when executed further cause the at least one processor to
compute a pre-intensification HIV infected-cell turnover rate (ay(0)) based on the pre-
intensification measurement and the one or more post-intensification measurements.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates virus life cycle. In the site of 2-LTR formation, free virus
enters target cells, then undergoes reverse transcription and integration. The infected
cell then produces virus and lyses, completing the cycle with a turnover rate of ayR
before raltegravir intensification and ay(1 - ny)R after raltegravir intensification. Active
infected cells may also come from exogenous sources not affected by raltegravir at a
rate ye, these sources include but are not limited to activation of quiescent reservoir
cells and efficient replication in sites unaffected by raltegravir. Integration failure and
2-LTR formation occurs at an intrinsic rate which is proportional to the successful
infection rate, ay®k;R before raltegravir intensification or ay®ky;(1 - ny)R after
intensification. The rate of 2-LTR formation in
cells affected by raltegravir is proportional to the inhibitory effect of raltegravir,

akpnpR. 2-LTR-containing cells decay at a rate 0.
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Figure 2 shows 2-LTR responses predicted by the model for varying effective
reproduction rates. Either with efficient viral replication (R = 0.9982) (bottom curve in
top panel), intermediate viral replication (R = 0.95) (middle curve in top panel) or with
little ongoing viral replication (R = 0.7) (top curve in top panel). Yye is scaled to provide
identical levels of pre-intensification turnover. The median measured data and the
measured data points are shown for comparison.

Figure 3 shows maximum likelihood prediction and 95% Credible prediction
intervals compared to measured data for 13 patients.

Figure 4 illustrates configuration of compartments, on the left part the main
compartment representing the blood, HEVs and lymphatic vessels, in the middle the N
secondary spherical compartments representing the lymph nodes paracortex/follicle
sites, and on the right the formulation of each sphere as n - 1 concentric homogenous
shells.

Figure 5 shows average 2-LTR containing cells in the main compartment for a

fixed total compartment volume. For diameter length 1, 1.5 and 2 mm the lower Ro,

bound for detectable peaks approximately over 0.96, and for the smaller case,

diameter equal to 0.5 mm, the lower bound is Ro, > 1.

Figure 6 shows average steady state of viral load in the most remote

compartment versus 'E"ozfor diameter length of 0.5, 1, 1.5 and 2 mm.

Figure 7 shows regions of the scattered plot depending on the N compartments
volume tissue and individual sphere diameter length. Region I, the largest tissue
volume and diameter; region II, large tissue volume but small diameter; region III
small tissue volume and large diameter; and region IV for small volume tissue and
diameter.

Figure 8 shows monotonic 2-LTR dynamics in compartment 1 for all parameter

values where R010< 1.

Figure 9 shows the posterior distribution of the parameter R for 13 patients.

Figure 10 shows infected cell turnover rate posterior distribution of the
logarithm of the whole-body estimated infected cell turnover rate for 13 patients.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to a novel method for detecting and quantifying
cryptic HIV replication in patients receiving a suppressive antiviral therapy. This
method is useful for assessing or predicting the efficacy of the suppressive antiviral
therapy in patients having undetectable plasma viremia.

Various assays have been developed to detect and quantify HIV in a subject

based on detection of an HIV antibody, antigen or RNA in a sample from the subject,
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for example, serum, saliva or urine. A standard HIV detection assay may be any HIV
detection assay used to detect and/or quantify the presence of HIV in a human patient,
for example, an assay detecting HIV RNA in a sample by amplification of the HIV RNA
or a fragment thereof using real-time PCR (qPCR) or droplet digital PCR, antibody tests
including ELISA, western blot, and/or indirect immunofluorescence assays. A standard
HIV detection assay may detect as low as about 500, 100, 50, 10 or 1 virion per ml in a
sample.

The present invention provides a method for detecting efficient cryptic HIV
replication in a patient. The patient receives a suppressive antiviral therapy not
containing an HIV integrase inhibitor followed by the HIV integrase inhibitor in an
effective amount for intensifying the suppressive antiviral therapy. The patient has
undetectable plasma viremia (e.g., less than 50 virions per mL of whole blood) prior to
the administration of the integrase inhibitor. The method comprises: (a) making a pre-
intensification measurement of the concentration of an episomal artifact in a pre-
intensification sample from the patient; (b) making one or more post-intensification
measurements of the concentration of the episomal artifact in one or more post-
intensification samples from the patient; and (c) computing, on at least one processor,
a pre-intensification HIV infection success ratio (R) based on the pre-intensification
measurement and the one or more post-intensification measurements. A pre-
intensification HIV infection success ratio (R) sufficiently close to 1 indicates that the
patient has the efficient cryptic HIV replication.

The term “efficient cryptic HIV replication” used herein refers to ongoing HIV
replication undetectable by a standard HIV detection assay. HIV replication may be
detected using any suitable HIV detection assay, preferably a standard HIV detection
assay (e.g., real-time PCR (gPCR) or droplet digital PCR). Efficient cryptic HIV
replication in a patient receiving a suppressive antiviral therapy is not controlled by the
therapy.

The term “a suppressive antiviral therapy” as used herein refers to an antiviral
regimen containing a single drug or multiple drugs in an effective amount for reducing
HIV replication in a patient. The reduction may be by at least about 1 logy,, preferably
2-5 log,o depending on pre-treatment viral load, and most preferably durably
suppressed to a plasma viral load of less than 50 copies per ml. An example of the
suppressive antiviral therapy is the Highly-Active Antiretroviral Therapy ("HAART"),
which contains reverse transcriptase inhibitors and/or protease inhibitors, and
significantly reduces HIV replication in the majority of HIV infected patients.

The term “undetectable plasma viremia” is used herein as referring to a medical

condition of a patient, where HIV in the patient’s bloodstream is below a detectable
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level when the patient receives a suppressive antiviral therapy, but becomes detectable
when the suppressive antiviral therapy is interrupted. The term “cryptic viremia” is
used herein as referring to a medical condition of a patient where undetectable plasma
viremia co-exists with ongoing HIV replication occurring in a remote anatomical site.
HIV detection may be carried out using any suitable HIV detection assay, preferably a
standard HIV detection assay (e.g., real-time PCR (qPCR) or droplet digital PCR). A
patient having undetectable plasma viremia may have less than about 100, 50, 10, 5
or 1 virion in a plasma sample from the patient as detected and quantified in a
standard HIV detection assay (e.g., real-time PCR (qPCR) or droplet digital PCR).

The term “intensifying” as used herein means improving or enhancing.
Intensification of a suppressive antiviral therapy improves or enhances the efficacy of
the suppressive antiviral therapy. For example, the intensification may further reduce
the HIV replicative success ratio by, for example, at least about 5%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, 90%, 95% or 99%, preferably by at least 90%, in a
patient, who has received the suppressive antiviral therapy for a period of time, for
example, for at least about 1 week, 2 weeks, 4 weeks, 1 month, 2 months, 3 months,
6 months, 12 months or 24 months, preferably for at least about 6 months, before the
intensification.. The intensification period lasts for a period of time sufficient to observe
the effects of intensification on an episomal artifact, for example, at least about 2, 4, 6,
8, 12, 18, 24, 36 or 48 weeks, preferably for at least about 4 weeks.

An HIV integrase inhibitor may be any integrase inhibitor that reduces the
likelihood of integration of HIV DNA or a fragment thereof into the genome of a host
cell following viral entry and reverse-transcription. The reduction may be by at least
about 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95% or 99%,
preferably by at least 50%, more preferably by at least 90%. For example, the HIV
integrase inhibitor may be raltegravir or elvatigravir, preferably raltegravir. The HIV
integrase inhibitor may be administered to a patient in a pharmaceutical composition as
a single drug antiviral therapy or combined with other antiviral drugs in a multi-drug
therapy. Preferably, the HIV integrase is suitable for a single antiviral drug therapy
(e.g., raltegravir) so that toxicities of other antiviral drugs in a multi-drug formulation
are avoided. The method of the present invention may further comprise administering
an HIV integrase inhibitor to the patient.

The term “an effective amount” as used herein refers to an amount of an HIV
integrase inhibitor required to achieve a stated goal (e.g., intensifying the efficacy of a
suppressive antiviral therapy). The effective amount of an HIV integrase inhibitor in a
patient may vary depending upon the stated goal, the physical characteristics of the

patient, the nature and severity of HIV infection, existence of related or unrelated
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medical conditions, the nature of the HIV integrase inhibitor, the pharmaceutical
composition comprising the HIV integrase inhibitor, the means of administering the
pharmaceutical composition to the patient, and the administration route. A specific
dose for a given patient may generalily be set by the judgment of a physician or by
routine experimentation. The pharmaceutical composition may be administered to the

patient in one or multiple doses.

The term “patient” as used herein refers to a subject infected by HIV. The
patient receives a suppressive antiviral therapy, and then receives an HIV integrase
inhibitor to intensify the suppressive antiviral therapy. Before the intensification, the
patient has undetectable plasma viremia, and may have received the suppressive
antiviral therapy for at least about 0.5, 1, 2, 3, 6, 9, 12, 18 or 24 months, preferably
for at least 6 months. The patient may have less than about 50 copies of HIV virions
per ml plasma prior to the intensification.

The term “an episomal artifact” as used herein refers to an HIV DNA transcript
which is not integrated into the host cell’'s chromosomes. Examples of an episomal
artifact include linear unintegrated HIV DNA, HIV 1-LTR circular DNA, and HIV 2-LTR
circular DNA. Preferably, the episomal artifact is HIV 2-LTR circular DNA (hereinafter
also referred to as “2-LTR"). The concentration of an episomal artifact may be
measured or determined using techniques known in the art. For example, the
concentration of the episomal artifact may be measured based on the amount of a
unique nucleotide sequence in the episomal artifact.

The term “pre-intensification measurement” used herein refers to a
measurement of the concentration of an episomal artifact in a sample from a patient
before the patient receives an intensification treatment with an HIV integrase inhibitor.
The pre-intensification measurement may be made on or before the starting date of the
intensification treatment, preferably on the starting date of the intensification
treatment.

The term “post-intensification measurement” used herein refers to a measure of
the concentration of an episomal artifact in a sample from a patient during or after the
patient receives an intensification treatment with an HIV integrase inhibitor. The post-
intensification measurement may be made on or after the starting date of the
intensification treatment, and may be made daily, weekly, bi-weekly, monthly or bi-
monthly, or on an irregular prescribed schedule, preferably weekly. The total number
of post-intensification measurements may be 1, 2, 3,4, 5, 6, 7, 8, 9, 10, or more,
preferably 2. The post-intensification measurements may include a measurement of a

peak concentration of the episomal artifact (C,).
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The samples used for pre- or post-intensification measurements are obtained
from a patient, and may be of the same or different types, preferably the same type.
The samples may comprise a cell, a tissue, a bodily fluid, or a combination thereof.

The samples may be whole blood, lymph node biopsy, plasma, serum, saliva or urine.
Preferably, the samples contain whole blood. The samples may contain peripheral-
blood mononuclear cells (PBMCs) at, for example, at least about 10°, 107 or 10® PBMCs,
preferably at least about 10’ PBMCs.

The term “pre-intensification HIV infection success ratio (R)” used herein is also
known as the effective reproductive ratio (R), and refers to the average number of
uninfected cells infected by an infected cell during its lifetime. Another related term is
“the basic reproductive ratio (Ry),” which is the average number of uninfected cells
infected by a single infected cell during its lifetime when target cells are assumed to be
abundant. This quantity R, is always greater than 1 in untreated patients, allowing the
establishment of infection. The goal of an antiviral treatment is to reduce this quantity
Ry below 1, resulting in exponential decline in infected cell populations. R, does not
change with time, but it may change with experimental condition (i.e., treated vs.
untreated) or anatomic location (as in a sanctuary site). If Ry > 1, then R will initially
equal Ry, but will decline as target cells are depleted. This will continue until the
production of infected cells exactly equals the replenishment rate of target cells. At
this equilibrium condition, R = 1 if there are no other sources of infected cells, or
slightly less than one if there are exogenous sources of infected cells. If R; < 1, then R
will approximately be equal to R, for all time.

In the method according to the present invention, R is computed based on a
series of measurements of episomal artifacts (C(t)), and their associated measurement
times (t), for example, the pre- and post-intensification measurements of the episomal
artifacts. One or more other values, measured or estimated, may also be used in
computing R. Such other values may include a death rate of actively infected cells (a),
a rate of production of actively infected cells by processes other than infection (y.),
ratio-reduction in R following the intensification (n;), a ratio of the probability of the
episomal artifact formation during an infection event when the HIV integrase inhibitor is
not present to the probability of the episomal artifact formation when the HIV integrase
inhibitor interrupts an infection event (@), probability of the episomal artifact formation
when the HIV integrase inhibitor interrupts an infection event (ky;), a decay rate of the
episomal artifact (0), a post-intensification peak concentration of the episomal artifact
(Cp), a concentration of peripheral blood mononuclear cells (PBMCs) in a whole blood
sample (PMBC,,), an effective volume of the patient (V.), one or more measurements of

plasma viral load v(t), and the associated measurement times (t). Preferably, such
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other values may include a death rate of actively infected cells (a), a rate of production
of actively infected cells by processes other than infection (y.), ratio-reduction in R
following the intensification (), a ratio of the probability of the episomal artifact
formation during an infection event when the HIV integrase inhibitor is not present to
the probability of the episomal artifact formation when the HIV integrase inhibitor
interrupts an infection event (@), probability of the episomal artifact formation when
the HIV integrase inhibitor interrupts an infection event (k;;), a decay rate of the
episomal artifact (d), one or more measurements of plasma viral load v(t), and the
associated measurement times (t).

The term “sufficiently close to 1” as used herein refers to a pre-intensification
HIV infection success ratio (R) that is within £10%, £5%, +1%, £0.5%, +0.1%,
+0.05%, £0.01%, £0.005% or £0.001% of 1, preferably within £5% of 1, more
preferably within £1% of 1, most preferably within £0.1%. For example, a pre-
intensification HIV infection success ratio (R) in the range from 0.9, 0.950r 0.99to 1
indicates that the patient has efficient cryptic HIV replication with an associated degree
of certainty.

The resuits obtained from the method according the present invention may be
used to assess the efficacy of a suppressive antiviral therapy received by a patient,
The presence of efficient cryptic HIV replication in a patient may indicate that the
patient has or will likely develop HIV mutants resistant to the suppressive antiviral
therapy, and suggest modification of the suppressive antiviral therapy to prevent or
minimize development of drug resistant HIV mutants in the patient. The results may
also be used to guide modification of the suppressive antiviral therapy to improve its
efficacy.

Where efficient cryptic HIV replication is detected in a patient, the efficient
cryptic HIV replication may be quantified. In particular, the magnitude of a pre-
intensification HIV infected-cell turnover rate (ay(0)) may be computed. For example,
the computation is made based on the pre- and post-intensification measurements.

Based on the magnitude of the pre-intensification HIV infected-cell turnover rate
(ay(0)) in a patient, the suppressive antiviral therapy received by the patient may be
modified to improve its efficacy in the patient. The modification may involve changing
one or more drugs in the suppressive antiviral therapy or adding one or more antiviral
drugs to the suppressive antiviral therapy. The modification may consist of continuing
the use of the integrase inhibitor intensification. The modification may also involve
adjusting the dose of an antiviral drug in the therapy. The modification may lead to a
reduction of the pre-intensification HIV infection success ratio (R) in the patient. After
the modification, R may be reduced to less than about 0.99, 0.95, 0.9, 0.8, 0.7, 0.6,
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0.5, 0.4, 0.3, 0.2 or 0.1, preferably Iesé than about 0.8, more preferably less than
about 0.6. The goal of such modification is to eliminate the presence of cryptic viremia.
Success of the modified may be confirmed by a second detection of cryptic viremia by
the methods described herein.

For each method according to the present invention, a system is provided. The
system comprises one or multiple processors and a computer readable medium coupled
to the processors, having instructions which when executed cause the at least one
processor to carry out the computing steps in the method. Multiple processors may
work in parallel. The computer readable medium may include data such as a series of
measurements of episomal artifacts (C(t)), and their associated measurement times (t),
for example, the pre- and post-intensification measurements of the concentration of an
episomal artifact in one or more samples from a patient. The computer readable
medium may also include data such as a death rate of actively infected cells (a), a rate
of production of actively infected cells by processes other than infection (ye), ratio-
reduction in R following the intensification (), a ratio of the probability of the
episomal artifact formation during an infection event when the HIV integrase inhibitor is
not present to the probability of the episomal artifact formation when the HIV integrase
inhibitor interrupts an infection event (@), probability of the episomal artifact formation
when the HIV integrase inhibitor interrupts an infection event (k;;), a decay rate of the
episomal artifact (9), a post-intensification peak concentration of the episomal artifact
(C,), a concentration of peripheral blood mononuclear cells (PBMCs) in a whole blood
sample (PMBC,,), an effective volume of the patient (V.), one or more measurements of
plasma viral load v(t), and the associated measurement times (t). The computer
readable medium may also include programs for computing a pre-intensification HIV
infection success ratio (R) or the magnitude of a pre-intensification HIV infected-cell
turnover rate (ay(0)). The system leads to detection of efficient cryptic HIV replication
in a patient for various purposes.

A system for detecting efficient cryptic HIV replication in a patient is provided.
The patient receives a suppressive antiviral therapy not containing an HIV integrase
inhibitor followed by administration of the HIV integrase inhibitor in an effective
amount for intensifying the suppressive antiviral therapy, and has undetectable plasma
viremia prior to the administration of the HIV integrase inhibitor. The system
comprises: a processor and a computer readable medium. The computer readable
medium is coupled to the processor, and has instructions which when executed cause
the processor to compute a pre-intensification HIV infection success ratio (R). R is
computed based on a series of measurements of episomal artifacts (C(t)), and their

associated measurement times (t), for example, (a) a pre-intensification measurement
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of the concentration of an episomal artifact in a pre-intensification sample from the
patient, and (b) one or more post-intensification measurements of the concentration of
the episomal artifact in one or more post-intensification samples from the patient. A
pre-intensification HIV infection success ratio (R) sufficiently close to 1 indicates the
presence of the efficient cryptic HIV replication in the patient.

In some embodiments, the system may further comprise a processor and a
computer readable medium. The computer readable medium is coupled to the
processor, and has instructions which when executed cause the processor to compute a
pre-intensification HIV infected-cell turnover rate (ay(0)) based on the pre- and post-
intensification measurements. The processor and the computer readable medium used
to compute the pre-intensification HIV infected-cell turnover rate (ay(0)) may be the
same as or different from those used to compute the pre-intensification HIV infection
success ratio (R).

The system according to the present invention may also comprise a centralized
computing server, and associated software to allow remote submission of measured
patient data from testing sites, and remote reporting of computed pre-intensification
HIV success ratio (R) and pre-intensification HIV infected-cell turnover rate (ay(0)) to
the testing site. The system may also comprise a centralized computing server as
described above, where the remote submission and remote reporting is carried out
using encrypted or secure methods.

The term “about” as used herein, when referring to a measurable value such as
an amount, a percentage, and the like, is meant to encompass variations of £20%,
+£10%, more preferably £5%, even more preferably £1%, and still more preferably
+£0.1% from the specified value, as such variations are appropriate.

Example 1. Detecting and quantifying cryptic HIV replication from measured 2-LTR
dynamics following raltegravir intensification.
1. Introduction

In a recently published INTEGRAL study, 45 patients on HAART who had
maintained plasma viremia undetectable by standard assays for at least 1 year
received standard HAART intensified by the addition of raltegravir for 48 weeks. During
this time, Peripheral-Blood Mononuclear Cell (PBMC) samples were analyzed for the
presence of cells containing 2-LTR circles. 2-LTR circles are formed when the linear
viral DNA is prevented from integrating into the host cell genome, either through failed
integration or through the action of integrase inhibitors such as raltegravir. Itis
expected, therefore, that the numbers of 2-LTR containing cells would increase if the
raltegravir was interrupting otherwise successful infection events. 2-LTR containing

cells were observed in 13/45 patients receiving raltegravir intensification, compared to



10

15

20

25

30

35

WO 2013/134458 PCT/US2013/029503

-14 -

1/22 patients in the control group; this was interpreted as indicating de novo infection
and reverse transcription, which strongly suggests that active viral replication persists
despite HAART in these individuals.

In this study, we further analyze this data through the use of a mathematical
model of 2-LTR formation during virus replication. Analysis of this model shows that
increase in 2-LTR containing cells is not, by itself, evidence of significant levels of
ongoing replication. Instead, the model shows that rapid increase followed by a
decrease in 2-LTR cells is evidence of significant levels of ongoing infection, while a
moderate monotonic increase in 2-LTR cells would be consistent with low levels of
ongoing infection.

Intuitively, this is because when there is very little ongoing replication,
raltegravir intensification will increase the rate of 2-LTR formation, but will not
significantly decrease the number of infection events, as the success rate of infection
events was already very low. As a result, we would expect to see a sustained increase
in 2-LTR count in this case. Conversely, if there is a significant amount of ongoing
replication, raltegravir intensification will increase the rate of 2-LTR infection, but it will
also significantly decrease the success rate of infection events. In this case, we expect
an initial spike in 2-LTR count, followed by a drop in 2-LTR count as the raltegravir
dramatically decreases the incidence of new infection events. This second case is what
was seen experimentally in the clinical trial.

When analyzed using this model, it becomes clear that the data from 7 patients
in the INTEGRAL study are consistent with significant levels of ongoing efficient (R; > 1)
viral replication in a sanctuary site prior to raltegravir intensification. Median estimates
of the infected cell turnover rate for these 7 patients range from 10 million to 310
million infected cells per day. This ongoing replication rate may be high enough to
allow for evolution of resistant virus. The number of patients in the study, however, is
insufficient to determine whether these levels of viral replication are typical of HIV
patients under effective suppressive therapy, or if they are an anomaly.

2 Materials and methods
2.1 Experimental Methods
Ethics Statement

The previously published clinical study was carried out in accordance with a
human subjects protocol approved by the institutional ethics review committee at each
clinical site. Written informed consent was obtained from all study participants.

Patient data was shared in de-identified form in accordance with a protocol approved
by the University of Delaware Institutional Review Board.

Study Design
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This study uses data from a previously published study. The 2-LTR
measurement results which are the focus of this work have been previously described
in References 36 and 37. Briefly, a three-site clinical study performed in Barcelona
(Spain) enrolied 69 HIV seropositive patients on suppressive HAART regimens with
undetectable viremia for at least 1 year prior to the study. Informed consent was
obtained from all study subjects. Twenty-four were randomized to a control group
which continued standard HAART, and 45 to a treatment group which continued HAART
with the intensification of raltegravir. An average of 6 x 107 PBMC were sampled and
purified from all patients at weeks 0, 2, 4, 12, 24 and 48. The number of HIV 2-LTR
circles in these samples were quantified using single-step real-time PCR. 2-LTR circles
were detected in 13 of the 45 patients in the experimental group; the data from these
13 patients is used in this study, and is shown as reported in References 36 and 37 in
Table 1, corrected for a theoretical censoring limits.

2.2 Modeling 2-LTR Formation Following Raltegravir Intensification

Previous work has been done on identifying HIV model parameters from
experiments involving the use of integrase inhibitors. These models, however,
considered only standard viral load measurements, not measurements of 2-LTR circle
frequency. We introduce a simple model of the dynamics of the concentrations of
actively infected cells y(t) and cells containing 2-LTR episomes ¢(t) in the site of
episome formation. We mode! the behavior both in the absence of raltegravir uy; = 0
and in the presence of raltegravir up = 1.

We consider two possible sources of active compartment infected cells: de novo
replication events that are inhibited by raltegravir, and exogenous sources of infected
cells that are unaffected by raltegravir (ye). This exogenous source includes the
activation of quiescent infected cells, but may also include any source of efficient de
novo replication which is not suppressed by the addition of raltegravir. '

The reproductive ratio of the virus prior to raltegravir intensification is R, and
the reproductive ratio after raltegravir intensification is (1 - ny)R, where ny is the
effectiveness of raltegravir at interrupting infection events that would otherwise have
occurred without intensification. The reproductive ratios are defined as the average
number of infected cells created per infected cell in a single generation. If the virus
was replicating efficiently prior to intensification (Ry, > 1), then the measured R would
be approximately equal to 1 at equilibrium, as the efficient replication would necessarily
be target cell limited. If the infection is controlled prior to intensification (Rp < 1), then
the measured reproductive ratio R will be approximately equal to Ry.

Infected cells are killed by the virus at a rate ay. Successful infection of target

cells by free virus occurs at a rate aRy prior to intensification or at a rate (1 - n;;)Ray



10

15

20

25

30

WO 2013/134458 PCT/US2013/029503

-16 -

post-intensification. Intrinsic formation of 2-LTR cells (unenhanced by raltegravir) is
assumed to occur at a rate proportional to the successful infection rate, with a
proportionality constant of ®k;;. This is the rate of formation in all cells prior to
intensification, and the rate of formation in the cells unaffected by raltegravir following
intensification. Intrinsic formation therefore occurs prior to intensification at a rate
®k;Ray, and post-intensification at a rate @k (1 - n;)Ray.

2-LTR circles may also be formed at an integrase inhibitor-enhanced rate in the
presence of raltegravir. The rate at which infection events are interrupted by
raltegravir after intensification is n;Ray which, when multiplied by the probability 0 <
ki < 1 that the interruption of an infection even leads to the formation of a 2-LTR
episome, gives us the rate of integrase inhibitor-enhances 2-LTR formation kjnpRay. @
> 0 is the ratio between the intrinsic rate and the raltegravir-enhanced rate of 2-LTR
formation.
Cells containing 2-LTR circles decay at a rate oc; the model does not distinguish
whether this is due to death of the cell or decay of episomal DNA. These dynamics can
be written in the form of Equation 1: _

y o= —(1 - (L —wyprumBiay +ye A (1)
¢ = ak{l =) Roy + ko fley — dc :

This is the simplest form in which the expected 2-LTR dynamics can be written,
but it is also the correct simplification of the dynamics illustrated in Figure 1 if it is
assumed that the target cell concentrations are approximately constant and that free
virus has a relatively short half-life. The intermediate steps of entry, reverse-
transcription, and integration are considered to be part of the life-cycle of the infected
cells y. If the exogenous sources of infected cells are non-zero, then by definition R <
1 at equilibrium. Assuming that the dynamics have reached equilibrium prior to
raltegravir intensification, the measured concentration of 2-LTR after raltegravir
intensification is described by Equation 2

e{t) = e(o0) + (e(0) = cac))e®

o dni R Gt —afl—{l—n B (
+elo0) mmyE= (== ¢ ‘ )

A

with initial and final values:

e . kipyeo#H
L(()\) - A1-R) (¢3)
N knyeR{e-nii—onir) -
cloo) = S I—{1=rr7 1)

The expected 2-LTR concentrations following raitegravir intensification are
shown in Figure 2, both for the case of controlled replication prior to intensification and
for efficient replication prior to intensification. This model is consistent with both the

experimental and null hypothesis, as defined in the next section.
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2.2.1 BoundsonR

The fact that the total virus load is contained prior to the experiment implies
that R < 1. We can show that both monotonic decrease in 2-LTR circles as well as an
increase followed by a decrease following raltegravir intensification can only be
explained by R being close to 1 before intensification. Consider that:

c@) » eflx) = R+o>1 n
c{) <ol = F+oal )

For the values of @ suggested by the experiments in References 40 and 41, this
would suggest a lower bound on R > 0.95 for all patients for which the initial value ¢(0)
is greater than the final value ¢(). From the experimental data in Table 2, this is true
for patients 001-33, 001-43, 001-44, 006-69, and 023-68.

Consider that c(t) = cy(t) + cg(t), where

cua(t) = c(oc) + (e(0) — c(o0)je™?

£
Y o e S{R—(1—mir ) R) . —f —a{l—{1—ns 1 JRY (5)
cp(t) = e(o0) mman—ennm=n (7 ¢ eI

Let tp be the time at which ¢(t) reaches a maximum. cy(t) is a monotonic transition

from initial to final value, so:
min{c(0).c{oc)} < eu(t) < mar{c().c(o0)} (6)

Solving for the maximum value of cg(t), we find

0 < cplt) < elod)

(F= =y (ol -{1- 1211)11’)>7“#7 BN O Sk 1701 L) B

SO
= —u)k)

cltp) = culty) + cp(ty) < mar{c(0). c(oo)} + (o) T (%)
This leads to conservative bounds on R based on the peak value of ¢(t,):
clty) — mar{c(0), eloc)} + el - )R
‘ : T < <
c(ty) — mar{e(0). e(oc)} + efoc) ksl ©
Assuming that (1 - ny)R = 0, results in the very conservative lower limit:
c{tp) — maxr{e(0}, e{ox)} cR<1 (10)

c(ty) — max{e(0). c(oo0)} + c{ox)
2.3 Hypotheses

Ho

The null hypothesis HO is the hypothesis that the addition of raltegravir does not
affect the dynamics of 2-LTR formation. In our model, this is equivalent to setting ny =
0, which would lead to the solution following intensification of ¢(t) = ¢(0). This
hypothesis has one degree of freedom per patient, which is the constant, average
measured value of 2-LTR circles, for a total of 13 degrees of freedom.
H;
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The experimental hypothesis H; is that the addition of raltegravir does affect the
dynamics of 2-LTR formation, which follow the dynamics of Equation 5. We assume
that the decay rate of 2-LTR containing cells 6 and the ratio of intrinsic to integrase
inhibitor enhanced 2-LTR formation @ do not vary significantly from patient to patient,
while the reproductive ratio R, the raltegravir efficacy 7, and the scaled exogenous
infected cell rate kyye may vary significantly from patient to patient, giving us a total of
41 degrees of freedom for the experimental hypothesis.

2.4 Relationship to Previously Published Models

To show that this reduced model is consistent with previously published models
of virus dynamics, we introduce an adaptation of the standard model of HIV dynamics
that accounts for the formation of 2-LTR cells.in the presence and absence of the
integrase inhibitor raltegravir, assuming the patient is already on an apparently

effective antiviral regimen. The model takes the form of Equation 11

X = A—dx— 31— npramxv

v o= I —uriunlxv — ey + ve

Vo= oy wv

& = :'I.If*XV(Tt‘?}]x‘j; (1 — it uII) -+ !{»’”‘i]”‘lluj - de

where x is the local concentration of target cells, y is the local concentration of actively
infected cells, v is the local concentration of free virus, and ¢ is the local concentration
of cells containing 2-LTR episomes. As in the standard model, A is the regeneration
rate of target cells, d is the per-capita death rate of target cells, g* is the infection rate
constant of target cells, corrected for the activity of the pre-intensification antiviral
regimen, a is the per-capita death rate of actively infected cells, yis the per-capita
production rate of free virus by actively infected cells, and « is the per-capita decay
rate of free virus. A more extensive model of virus dynamics in the presence of
raltegravir, including the intermediate events before integration, is presented in
Reference 43.

The efficacy of raltegravir at further inhibiting infection events is n; , and the
input ug takes a value of 0 or 1 depending on whether raltegravir is being applied. If a
virus entry event is not interrupted by raltegravir, there is a small probability ®@k;; that
the virus entry event will result in an aborted infection and the formation of a 2-LTR
episome. The rate at which virus entry events occur is assumed to be proportional to
the successful infection rate B*xv. The addition of raltegravir interferes with the
infection process with an efficacy ny; the cells which are prevented from successful
infection are assumed to form 2-LTR episomes at a much higher probability k;; . The
cells containing 2-LTR decay at a rate 9.

Actively infected cells are created by exogenous processes (including activation

of quiescent infected cells) at a rate ye.



10

15

20

25

30

WO 2013/134458 PCT/US2013/029503
-19-

If the activity of the existing antivirals in the site is sufficient to contain the virus

Ry = 227 « 1
0 = “dai , then the target cell concentrations

2
will remain very close to the virus-free equilibrium 4. Assuming also that the w >> a

(i.e., the basic reproductive ratio

the virus dynamics reduce to the linear form:

8" Ay

y = (;W(l — )y — ay -+ Ve
¢ = aTZhy(oky (1~ npuar) + k) — oc

which is exactly the form of Equation 1, with R = Ry.

2.5 Relationship to Spatial Models

)4’.3*)"":
When the local activity of the antivirals is sufficiently weak that Ry = daw > 1,

then the model describes the target-cell limited replication of the virus in a sanctuary
site. The dynamics have been explored numerically for a spatially discretized reaction-
diffusion Partial Differential Equation model in Reference 44. The results are
summarized below:

2.5.1 Model

Biological Background

When viral cDNA fails to integrate into host CD4+T cells, episomal artifacts
including linear unintegrated DNA, 1-LTR circles, and 2-LTR circles form. This can only
happen following a successful reverse transcription event. Previous studies have
shown no significant viral change in the blood after raltegravir intensification in patients
under HAART. If the 2-LTR production is arising from interrupted rounds of successful
infection, this implies that the 2-LTR containing T-cells come from an anatomical
compartment diffusively remote from the blood. The model we propose assumes that
the paracortex/follicle within lymph nodes are anatomical compartments with reduced
drug efficacy, from which T-cells with 2-LTR recirculate after raltegravir is applied. The
main objective is to determine whether this hypothesis is consistent with the observed
dynamics of 2-LTR following raltegravir intensification.

The re-circulation and motility of T-cells has been broadly studied. Re-
circulation includes the entry into the lymph node, the motility inside and the exit from
the paracortex of the node. There are two main entries for lymphocytes into the lymph
nodes, through high endothelial venules (HEV) and the afferent lymphatic vessels (AL)
in the subcapsular sinus. The HEV route is preferred over the AL for T-cells so that in
the absence of infection, up to ~ 2 percent of T-cells are recruited via HEVs from the
recirculating pool per day. This preferred way for T-Cells to enter the tymph nodes is
highly selective and efficient. A guided cascade facilitates the crossing of the

lymphocytes through the HEV's wall. Inside the paracortex of the lymph node, the cells



10

15

20

25

30

35

WO 2013/134458 PCT/US2013/029503
-20 -

follow a random walk in a cord-like arrangement of concentric layers of fibroblastic
reticular cells (FRCs). Each paracortical cord is between 10 and 15 ym in length, and
the T-cells has been reported to have an average 3D velocity of ~ 15 ym/min and a
motility coefficient about 50 — 100 um?/min. The random walk permits the interaction
of T-cells with dendritic cells needed to recognize antigens. If naive lymphocytes do
not encounter antigens, they eventually leave the paracortex by the cortical sinus and
the lymph node through efferent lymphatics.

Several different approaches have been used to model lymph nodes, but none
with the purpose of explaining ongoing viral replication. Some researchers have
explained HIV dynamics in compartments but none have accounted for 2-LTR formation
as a marker of low level replication. In this work, we model the viral dynamics in the
blood and the in lymph nodes paracortex/follicle sites, including the transport of cells
and virus between them. We show that the observed patterns of 2-LTR dynamics
following raltegravir intensification can be reproduced by our model if and only if the
sanctuary sites are sufficiently large and the drug efficacy within the sites is sufficiently
small. We show that, in the absence of these conditions, fundamentally different
patterns of measured 2-LTR in the blood are predicted
following raltegravir intensification.

Mathematical Model

The model represents the conditions for the formation of 2-LTR in T-cells due to
HIV dynamics both inside the lymphoid follicles and the blood as well as the motility of
the CD4+ T cells among them. We used the well-known Nowak viral dynamics model
of HIV dynamics with its assumptions. Furthermore, we include the assumptions that
the two sources of 2-LTR formation in T-cells are the intrinsic one unenhanced by
raltegravir and the one caused by the application of raltegravir formulated in Reference
55 and used in Reference 44. Several assumptions of the recirculation and motility of
the T-cells and HIV in the initial compartmental model are proposed in Reference 44.
Firstly, the recirculation of T-cells from the inner sites of the lymph nodes to the
lymphatic vessels and the blood is diffusion-like. Second, the motility of T-cells inside
the lymphoid follicles is also analogous to diffusion, moving in apparently random walk
fashion. Third, HIV is only transported in/out the lymphoid follicles inside infected T-
cells. Fourth, HIV moves inside the lymphoid follicles by diffusion. Fifth, the Lymphoid
Follicle is well-described by concentric homogenous spherical-shell domains. Finally,
we assume the blood and lymphatic vessels can be jointly described by a single, weli-
stirred compartment.

Based on these assumptions, we simplify the reaction-diffusion equations

describing the dynamics into a set of compartmental diffusively-coupled ODEs with the
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following configuration: one main compartment representing the blood, the HEVs and
the lymphatic vessels and N secondary compartments representing all the lymph nodes
paracortex/follicle sites in human body. These N compartments have no connections
between them but only with the main compartment as Figure 4 depicts. Each of the N
secondary spherical compartments is assumed to be subdivided into n - 1 concentric
spheres where only the most external one is connected with the blood compartment.
Since all N compartments have the same geometrical configuration, we use an ODE

model of 4n equations with the first compartment having the form,

fl)yt 2 123

x; = A—dxy—Ixpvi{l = yrriarrrd ) —pragréy) + N (x2 —x3)

vy = Sxivi(l —nypriapri6y (1 = napé) — ey +ye + 4V “”[ h 7 (y2 —y1) 15
Vi o= (1 yprupren)yy —wvy + N B2 4\,1% va = Vi) )
e1 = OSxivi(I —narragriO)kine (L —riup &) + Erpprpagréy) — deg N D“f : “ S {e2 —e1).

where A; ; represents the surface area of the paracortex/follicle site in the lymph node,
Deva _ Dyra  Dera
V; represents the volume of the main compartmentand ¢ — ¢ = ! and

iy.2
" represents the effective diffusivity of T-Cells and HIV virions between the main

compartment and the paracortex/follicle site. Furthermore, for each concentric layer s

=2,....,n, of each of the N compartments have the form,

. - . : Dyis Al k

Xo = A—dxe = 3%Vl = a8 (1 — griup &) + 2700, ;‘T—vj(xi - X}

. ‘ z i . ; L ] Dyie Ais g E

Vo = X VAL = grrruprif) (1 — il — 0¥+ ¥e + 20— . — ¥ .
. . : L Dgrs sy ' (14)
Vo = L —mpruprpe)ys —wve + 300 TP (Vi — V)

¢o = Ol —inprraprrf) (b vr(l — WirarrSs) kg s) — deg + D ik T—(C( — ¢yl

where A, ; represents the surface area between each layer in the sphere, V; represent

l:-)xi,,?f . ‘{.}yms — l:)ci,s& _D_M
the volume of the layer,and ¢ — I = T and ! represents the effective

diffusivity of T-Cells and HIV virions between layers.

As depicted in Figure 1, in each compartment CD4+ T target cells x;, are
produced at a rate A, decay at a rate dxs and are infected at a rate Pxgvs. The rate is
reduced by the activity of reverse transcriptase inhibitors (RTI) ugry; and integrase
inhibitors (II) uy with maximum effectiveness of ngrrand n;. We hypothesize that the
efficacy of the drug depends on the domain; therefore, we include a spatial dependence
drug penetration distribution 8; and ¢ for RTI and II respectively. Exogenous sources,
particularly the activation of latent infected T-cells, contribute to create actively
infected cells at
a rate Ye. The infected cells ys die at a rate ays and produce virions at a rate yys. This
viral production is interrupted by protease inhibitors upy with maximum efficiency ng;
(the activity of protease inhibitors results in the production of non-infectious particles,

which are neglected in this model). The activity of this drug is also assumed to vary
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spatially by a factor ¢s. Free virus exponentially decays at a rate wvg. Viral entry
leads to the formation of linear unintegrated HIV DNA at a rate inhibited by the activity
of RTI drugs. In the case of no integrase inhibitor intensification (uy = 0), DNA copies
may fail to integrate into the host cell genome at a small intrinsic rate kv resulting in
the formation of cells with 2-LTR ¢s. In the case of intensification with integrase
inhibitors (uy = 1), this rate of 2-LTR production is increased to kynpunds in this
compartment, with a concomitant decrease in the intrinsic rate to avoid the possibility
of counting the same 2-LTR formation event twice. The 2-LTR containing cells decay at
a rate Jcg.

2.5.2 Parameters

To obtain realistic conditions for the 2-LTR dynamics observed in blood
assuming lymph nodes paracortex/follicle acting as sanctuary sites, the parameters for
viral dynamics, 2-LTR formation, drug penetration, and diffusion/geometry values have
to be defined. The parameters include the local reaction rates and the diffusion rates
between compartments.

HIV reaction rates.

For viral dynamic parameters, we use the values obtained by parameter
identification in Reference 56 generated by a Bayesian Markov-Chain Monte Carlo
technique. This study estimates the parameters from data taken from HIV patients
who had 3 to 5 treatment interruptions cycles each. These data produced a posterior
distribution of parameter values, including drug efficacy, conditioned on the observed
data. Table 5 shows the parameter ranges used in this study.
2-LTR formation rates.

The parameters for the 2-LTR formation include Ky, Ky, and 8. K
and Kyr are the product of a scaling factor which describes the volume that contains
10° PBMC (Peripheral Blood Mononuclear cells) and non-dimensional factors that relate
the fraction of integration events that fail after raltegravir is applied and before
application, respectively. 0 is the decay rate of observed 2-LTR in vivo. Shown in
Table 6 are the maximum likelihood estimation for ¢ and confidence intervals for Kj;
and Kyr obtained in Reference 55 using data from Reference 36 and the values
estimated from previous
studies.

Diffusion.

The diffusion parameters in the model depend on the diameter of the spherical

compartment and the values for effective diffusivity of the T-cells and the virus.

Studies have shown that hyperplastic lymphoid follicles can be as large as 1mm in
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diameter. Thus, we set the site diameter between 0.5 to 2 mm to determine the effect
site size has on the 2-LTR transient behavior.

To estimate the effective diffusivity of T-cells between the main compartment
D11:1,2 D‘ylﬂ Dcl,?
and the paracortex/follicle site i , l and [ we note that without infection,
one mouse lymph node recruits approximately 2% of the T-cells from recirculating pool

per day, and the average diameter of a mouse LN is 1mm. Diffusion into the lymph

D Dy n

LN :M — f ( Tary —
Xy £, .3...-Xh, where i is the

node is given by the equation i Vi

effective diffusivity between the blood an one mouse lymph node, and A, v and V,y the
D;l‘:h)Lz\r
surface area and volume of the mouse lymph node. Thus, l must be
Da:l,? Dyi2
approximately 1/300 mm/day, which we use as the estimated value of L, I
D{.‘I 1,2
and l

The effective diffusion of T-cells between layers within the lymphoid

paracotex/follicle is the average value of the experimentaily observed motility
coefficient of T-Cells within lymphoid follicles of 0.1 mm?/day divided by the length of

- I
T , where r is the radius of the paracortex/follicle site.

each layer
The effective diffusion of the virus approximately is assumed to be zero between
the main compartment and the spherical sites and that the virus is carried into them
only by T-cells. This is because the separating boundary is known to act as a molecular
sieve for particles smaller than an HIV virus. The effective diffusivity between
compartments is assumed to follow the derivation in References 60 and 61 for a

spherical virus. Assuming the diameter of HIV equal to 120 nm a diffusion coefficient

of 0.43 mm?®/day is calculated and divided by the width of each layer, b= to
obtain the effective diffusivity.
Sanctuary sites and Drug Efficacy.

The drug penetration distribution in each compartment is not well understood,
and we investigate multiple possibilities. If the compartments were isolated, then prior

to integrase inhibitor application each compartment has a basic reproductive ratio,

S i,q)\"f .
Ry, = Tf: X (1 —nrriurrifs) x (1 —npruprgs).
When the system reaches equilibrium and integrase inhibitor intensification uy

is applied, each compartment has a basic reproductive ratio Ry, with the form

}I?{)'( = .R{;ﬁ X {} — '7]},[1.‘11163:\}.
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Note that the smaller the values of 8;, @s or {;, the larger the initial growth rate
of the virus in the compartment. We assume that each drug has a penetration of

100% in the first compartment, and for 8; and ¢ we assume a geometric sequence

1
with ratio 2 while for {; a geometric ratio equal to 1 and has a value of 0.7 for

compartment 1 to n. Since we assume 100% penetration in compartment 1, I’?{}! <1lis
guaranteed. Consequently, the region between the third and the n" compartment
composes the true sanctuary site, with drug efficacy sufficiently low to enable
persistent virus replication. The region diffusively furthest from the plasma has the

smallest drug efficacy. This last compartment has an extremely low drug efficacy and
fio..» > 1 The second compartment composes a transition region, with reduced drug

efficacy relative to the main compartment and ]?U ~ 1,
2.5.3 Monte-Carlo Simulation

Based on the models of equations (13) and (14), two Monte-Carlo simulations
characterize the conditions under which the 2-LTR transient behavior (the initial rise
follow by a fall of the episomes) is possible, subject to random variation of the HIV

reaction and diffusion parameters within the prior distributions described in Tables 1

and 2. The first simulation seeks to determine the minimum value of f{@,_) for which the
2-LTR transient behavior in blood is observed. Using the results of the first simulation,
the second examines the change in the transient peak value of 2-LTR in the blood as
the total tissue volume of the N compartments and the individual sphere diameter of

lymph nodes varies.

Rf}g defines the reproductive ratio of the virus in compartment s prior to
raltegravir intensification if the compartment were isolated (as the compartments are
not isolated, the actual reproductive ratio can be greater or smaller depending on the
behavior of neighboring compartments). When the value is greater than 1 the virus
grows exponentially, and when smaller than 1 the virus decays exponentially. Since

the drug distribution is assumed to decrease with compartment, the s = 2

Ro,.

compartment has the highest drug activity in the sphere and thus the smallest

Consequently, if there is viral replication in compartment s = 2, this implies the
R@ﬁ as

a measure to determine lower bound conditions for cryptic viremia under HAART before

presence of viral replication in all compartments s > 2. Given this, we can use

intensification and for 2-LTR transient results after intensification. To that end a 1000-

trial Monte-Carlo simulation of the model defined by Equations (13) and (14) is run
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using parameters drawn from the prior distributions described above with values of

R{j:,, in the range 0.8 to 1.15 for and a total volume of spherical site tissue of 30 mL,
with each individual site having diameters of either 0.5, 1, 1.5 or 2 mm. Note that, we
are using a fixed tissue volume for the N spherical lymph nodes and for each change in
an individual sphere, consequently the total number of spherical compartments N is

variable. The median observed viral loads in the center of the spherical site

RQQ in

(compartment 10) prior to integrase inhibitor intensification are plotted against
Figure 6.

The plot describes the median steady state viral load in compartment 10 before
intensification and the horizontal line the normal assays limit of detection. In all cases,
the viral load in Compartment 1, which describes the blood and free-owing lymph, was

well below the limit of detection, demonstrating that the model is consistent with

cryptic viremia not detectable in the blood. As shown in Figure 6, ﬁﬁl must be
greater than 0.85, 0.86, 0.88 and 0.93 for diameter size of 2, 1.5, 1 and 0.5 mm
respectively to have a detectable viral load in the most remote compartment. Above
the critical threshold, the total viral load saturates quickly, and target-cell depletion
determines the steady-state viral load. The conditions for cryptic viremia before

intensification are related to the transient behavior of 2-LTR in blood after adding

raltegravir. To better understand the role of HOQ in the 2-LTR formation in blood after
raltegravir intensification we plof the behavior of 2-LTR in compartment 1 after
applying intensification for different diameters as shown in Figure 5.

Note the smaller the size of the compartment, the higher the maximum value of
2-LTR in the main compartment after raltegravir intensification. This is because smaller

compartments diffuse more rapidly into the blood. However, as shown in Figure 6, the

o

smaller the site diameter the larger the value of Rﬁ’l’ is required to allow viral

replication. Figure 5 also demonstrates that the smaller the site the greater ROE to find
Ry

the range between 0.96-1 to find detectable 2-LTR peaks for diameter length from 0.5

detectable 2-LTR peaks in the main compartment. More specifically 2 has to be in
to 2 mm. This implies that a significant reduction in drug efficacy throughout the site is
necessary to explain the transient 2-LTR peaks observed in Reference 36. It is worth
pointing out that the shape of the transient peaks predicted by the model, as shown in

Figure 5, match the median observed dynamics reported in Reference 36.
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To understand the relation between the total tissue volume, individual site size,
infected T-Cell turnover rate and predicted 2-LTR peaks in compartment 1, a 10,000-

trial Monte-Carlo simulation using the priors previously described with values of

ROE drawn from the uniform distribution 0.93 - 1.5 and total tissue volume and
individual sphere diameter drawn from the uniform distributions 30 - 499 mL and 0.1 -
2 mm respectively was run. The scatterplot in Figure 7 shows the steady state value of
the total infected cells turnover rate before intensification versus the maximum value of
the 2-LTR transient behavior in blood.

There is a positive, approximately linear correlation between the 2-LTR peak and
the T-Cell infection, suggesting that the 2-LTR peak post-intensification is a useful
surrogate measurement of cryptic replication. In Figure 7, the plot is divided into four
regions according to the total tissue volume of all N sites and the diameter of each site.
Region I has the largest tissue volume and diameter, region II, large tissue volume but
small diameter, region III small tissue volume and large diameter and region IV for
small volume tissue and diameter. In general, neither cryptic replication nor a 2-LTR
peak is present when the site diameter is less than 0.4mm. Larger peaks of 2-LTR
positively correlate with greater total tissue volume as well as more infection, and
weakly negatively correlate with site diameter, as long as the diameter is above the
threshold necessary to allow replication. For total sanctuary site volumes above 30 mL,
2-LTR peaks in compartment 1 are larger than the limit of detection in greater than

959% of the cases.
R’Ow

residual viremia is present in all compartments. Under these conditions, the predicted

We also investigated the case where is below 1; that is, only inefficient
2-LTR concentrations in compartment 1 following integrase inhibitor intensification
always follow a monotonic, rather than a transient increase, as shown in Figure 8. The

maximum predicted value of 2-LTR in compartment 1 is below the limit of detections in

normal assays (1.2 2-LTR/10° PBMC) for greater than 95% of the trials when Ry, is
below 1.
2.6 Calculating pre-intensification de novo infection rate.

From Equation 5, the turnover rate of actively infected cells prior to
intensification (normalized to units of cells per 10° peripheral-blood mononuclear cells

per day) obeys the inequality given by Equation 17:

ay(0) > B3
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This equation for ay(0) has units of infected cells per 10° peripheral-blood
mononuclear cells (PBMC) per day. In order to convert this into an estimate of the
total number of de novo infected cells generated per day, we need an estimate of the
number of PBMC per mL and an estimate of the effective total patient volume. There
are between 1.1 x 10° and 3.7 x 10° PBMC/mL. A standard estimate for effective
patient volume is 30 L (corresponding to a total patient volume of 100 L) as in
Reference 62. These estimates give

a minimum conversion factor of

1L 1x10PPRMOC (AnFY 4 infected cells2 10°PBMC ShY)
(LLAEEBMC ) ¢ (30L) = 3.3 x 10 Sl (18)

from measured peak 2-LTR concentration to minimum de novo infection rate prior to
intensification.
2.7 Modeling Measurement Uncertainty

The measurement techniques used in this experiment are novel, and the
number of replicates is insufficient to experimentally assign detection thresholds or
standard deviations. We therefore estimate the measurement uncertainty from a
probabilistic analysis of the measurement techniques and comparison to similar
methods.

The technique first purifies an average of 6 x 10’ PBMC, and uses 70% of these
cells to quantify episomal DNA. This leads to an average of 4.2 x 107 PBMCs per sample,
which means that one cell containing episomal DNA in the sample would correspond to
a measurement of 0.024 2-LTR/10° PBMC. The purified sample is then amplified using
a standard PCR assay. When this assay is used to amplify HIV-1 RNA, it has a very
conservative published limit of quantification of 50 virions per mL from a 1 mL sample.
Using this same 50 copy sensitivity limit, we arrive at an equivalent limit of detection
for the 2-LTR assay of 1.2 2-LTR/10° PBMC. The reported data from Reference 36
included four non-zero measurements below this limit - we treated these measured
values as censored for our analysis. The PCR process introduces log-normal
uncertainty in the 2-LTR estimates, which has been shown to increase as the expected
copy number decreases. We interpolated between the measured standard deviations
for viral loads from 50 copies per mL and 10* copies per mL as reported in Reference
64 using the theoretical relationship between expected copy number and log-normal |
standard deviation derived in Reference 65, arriving at a the formula for density-
dependent log-normal standard deviation in logio units:

() = 10-0:21-024Toz o (42x¢) (19)

As shown in Reference 66, this interpolation function fits all measured data

points from Reference 64 to within two significant digits. This gives a log-normal
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standard deviation that ranges from 0.24 logy, at the limit of detection of 1.2 2-LTR/10°
PBMC to 0.09 log;, for the highest measured valued of 72 2-LTR/10° PBMC. The values
of ¢ are truncated outside of the range 0.08 - 0.24 log.

Given the model for limit of quantification and log-normal standard deviation
described above, we arrive at a likelihood function for a measured 2-LTR concentration

m given a modeled 2-LTR concentration c:

R Fenlmoc,ole)) .m>1.2
‘L{‘i”"*“{ Frxv(12.0,0(1.2)) ,m=12

where f,y is the log-normal PDF and F, is the log-normal CDF. This follows the
standard Tobit model for censored measurements.
2.8 Identifiability Analysis

With prior knowledge of a, the parameter set {R; ny; @; 0; kiye) is identifiable
from c. The current best estimate for the vaiue of a based on in vivo experiments is
1+0.3 day’}; we use a nominal value of @ = 1 day™’. It is shown in the supplemental
material that the estimates of the other parameters are insensitive to variation of a
within the range described.
2.9 Model Fit

We identified the parameters of Equation 5 subject to the experimental data
using a nonlinear mixed effects model. Nonlinear mixed-effects models are useful for
identifying parameter values for repeated experiments when there is a reasonable
expectation that certain parameters have consistent values between trials; they also
allow us to borrow information across subjects to compensate when sparse data is
available for individual subjects. These formulations have been used many times
previously for HIV model parameter estimation.

To reduce the parametric covariance, we introduced a re-parametrized

__ Kitye . . . . .
A= to replace k;ye.. While all five parameters are identifiable in theory,

parameter
the sparsity of the measurements required considering two parameters to be fixed
effects, with a common value for all patients. There is no reason to assume that either
the decay rate of 2-LTR containing cells or the ratio of 2-LTR production in the presence
vs. absence of raltegravir would vary significantly between patients, so the parameters
{®, &} were considered fixed effects, with no inter-patient variation, and the
parameters {R, n;, A} were considered random effects, subject to inter-patient
variation, yielding the nonlinear mixed-effects problem formulation:

my(tin) = max{c(t; &, A, mirs. By + e 1.2}

PR 21
ein ~ LN(0,0%(c)) (21)
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where m(t; «) is the j-th patient's measured 2-LTR count at time ¢ , €; « is log-
normally distributed zero-mean measurement variance, ¢(’) is Equation 2 evaluated for
the parameter set for the given patient, and o(c) is given by Equation 19.

The posterior distribution of the parameter likelihood given the measured 2-LTR
values was computed using a Bayesian Markov-Chain Monte-Carlo method with Gibbs
Sampling, as in References 56, 75, 78 and 79with noninformative prior distributions for

the parameters as follows:

§ ~ LN{0.6.0.3)
b~ LN{0.001,1)
R~UG 1)
nrr ~ U0, 1}
A~ LN (g, 2.5)

where LN is the log-normal distribution, U is the uniform distribution, and y; is a patient
specific mean arrived at through simulated-annealing based optimization. The
histograms of the posterior distribution were analyzed to obtain the median, mode, and
confidence interval estimates reported in Table 3.

Identifiability Analysis Details

;o W
A scaling substitution ¥ kr1 into Equation 1 yields the form:

w = —a{l—H+{H— R -9 )npw+kye
¢ = a{pR+ {1 -} — Rl —n)urw —de

Assuming that ¢ is the only measurable quantity, we find that the observability
matrix for this system is non-singular, guaranteeing both observability of the states
and identifiability of the parameters {a(1-R), a(1-R(1-nx)), ki¥e; @a®PR; a(R-(1-O)R(1-
nm)), 0%, assuming sufficiently many measurements under the conditions {uy = 0; uy
= 1%}. Assuming prior knowledge of the parameter a allows us to simplify this set of
identifiable parameters to {R; ny, @, 8, Kii¥et-

Additional Details on the Bayesian MCMC Methods and Results

Figure 9 shows the posterior distribution of the parameter R for 13 patients. R
is bounded by definition between 0 and 1, so the prior uniform distribution between 0
and 1 is non-informative. The posterior distributions for patients 001-13, 001-42, 006-
48, 006-52, and 023-47 are not noticeably different from the prior distributions,
implying very little information about R in the measured data from these patients.

Figure 10 shows the posterior distribution of the estimated whole-body infected
cell turnover rates prior to raltegravir intensification for 13 patients. This parameter
was not directly identified; instead it was derived from the identified values of the other
five parameters.

A note on insensitivity to the value of a
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The parameter a enters Equation 1 as a coefficient of (1 - R) when ugy = 0 and

as a coefficient of (1-(1- n;)R) when ug = 1. A change in the prior value of a from a*

new

to a™" will result in an identical fit to the data if R and (1 - n;)R are modified according

Rrew — 7

to the equations: qRew and

,&m’,d; ;;aa(d}

L N Pmew & (1= {1 =y R
(1 Nt )R =1 ayew . Note that for values of R close to 1, a 30%

d«ijéd L 1 ___chif{i‘

change in the assumed value of @ would result in a 30% change in the value of 1 - R,
or a negligible change in the value of R.
3. Results
3.1 Experimental Results

The experimental results have been previously published in References 36 and
37. The measured 2-LTR concentrations from the 13 patients in the experimental
group with non-zero 2-LTR measurements are shown in Table 2, corrected for a limit of
quantification of 1.2 2-LTR per 10° Peripheral-Blood Mononuclear Cells. The plasma
viral load remained below the standard limit of detection for the duration of the
experiment.
3.2 Model Fit

Markov-Chain Monte-Carlo methods were used to fit Equation 5 to the
experimental data for 13 patients, with shared parameters {®, 0} and patient-specific
parameters {R; nu, knYe), using the measurement uncertainty model described in the
Materials ahd Methods section. Hypothesis H; had a statistically significant fit to the
data, with P < 107° from the log-likelihood ratio test and a AAICc of -143 compared to
the null hypothesis H, of random variation about the mean value, giving the null
hypothesis H, a residual likelihood of less than 107, The max_imum—likelihood predicted
2-LTR concentrations for each patient, together with the 95% prediction interval, is
shown compared to the measured data in Figure 3.

The Maximum Likelihood (Posterior Mode), Median, and 95% Credible Interval
values for the parameters for each patient are shown in Table 3.
3.3 Parameter Estimates

The estimated decay rate d of the measured 2-LTR had a median estimate of

0.47 and a 95% Credible Interval of 0.36 - 0.83 x day’}, slightly faster than the

004 0.4
previously estimated in vivo rates of day day,

The ratio @ between the likelihood of 2-LTR formation during an infection event
uninterrupted by raltegravir to the likelihood of 2-LTR formation if raltegravir
interrupted the infection event had a median estimate of 0.002 and a 95% credible

interval of 0.001 - 0.004; interruption of integration by raltegravir makes 2-LTR
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formation approximately 250-1000 times more likely. These estimates are consistent
with the increased production of 2-LTR in the presence of raltegravir both /n vitro and
in vivo.

For seven patients (Patients 001-23, 001-33, 001-35, 001-43, 001-44, 006-69,
and 023-68), the median, maximum-likelihood, and 95% Credible Intervals for the pre-
intensification reproductive ratio R are lower-bounded by 0.99, implying the presence
of uncontrolled, cryptic replication of the virus in these patients prior to raltegravir
intensification. For Patient 023-25, the maximum-likelihood estimate of R = 0.9940 is
consistent with cryptic replication, but the data does not sufficiently constrain this
estimate, resulting in a long-tailed posterior distribution and broad confidence intervals.
For the remaining five patients, the posterior distribution of R is not significantly
different from the prior uniform distribution between 0 and 1, demonstrating that there
was very little information about this parameter in the measured data for these
patients.

The scaled rate of exogenous infected cell entry k;ye was remarkably consistent,
with median estimates bounded between 0.2 and 2.1 2-LTR circles x (10° PBMC)™! x
day™ for all 13 patients. The probability k;; is upper-bounded by 1, so these rates
provide an lower bound on the median estimate of y, of 0.2 infected celis per million
peripheral blood mononuclear cells per day, a rate consistent with quiescent cell
activation. Since k;j; is not uniquely identifiable from the data, an upper bound cannot
be obtained.

The residual efficacy of raltegravir ng was poorly constrained by the data, with
tight credible intervals available only for 5 of the thirteen patients. The sampling rate
in this experiment is too low to obtain tight bounds on this parameter for most patients
in the study.

4. Discussion

We have introduced a new model to account for the formation of 2-LTR circles in
the presence and absence of raltegravir intensification, and validated this model
against patient data from a raltegravir intensification study. The data was shown to
overwhelmingly favor our model when compared to the null hypothesis. Tightly
bounded estimates were obtained for the shared parameters ® and 6. Tightly bounded
estimates for the patient-specific parameters R, r;, and kpye were obtained for a
subset of the patients, with broader confidence intervals obtained for the other patients.
Since all parameters
are theoretically identifiable from the data, the broad confidence intervals for these
patients do not in any way reduce the confidence in the tight intervals found for the

other patients. The primary reason for the broad confidence intervals appears to be a
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relatively low sampling rate. If the experiment were repeated with higher-frequency
measurements, tighter confidence intervals on all five parameters could be obtained.
Conversely, experiments that sample 2-LTR concentrations less frequently following
intensification (i.e., 12 week intervals, and 4 week intervals) are likely to miss the
observed peaks altogether.

Tight bounds on the infection success ratio R were obtained for 7 of the 13
patients, showing that good fits to the data for these patients were only consistent with
R in the range 0.99 < R < 1. As discussed previously, a finding that the measured
reproductive ratio is essentially equal to 1 is consistent with the hypothesis that
onhgoing efficient replication is occurring in a sanctuary site with poor antiviral drug
penetration. Many candidates for potential sanctuary sites have previously been
identified. For these seven patients, the measured data are also inconsistent with the
alternative hypothesis that the measured 2-LTR were formed through limited rounds of
infection primarily sourced from the activation of quiescently infected cells. If this were
the case, then measured R would range between 0.1-0.8 and the increase in measured
2-LTR would be followed by little or no decrease, as shown in Figure 2. This alternative
hypothesis is not ruled out for the other six patients in the study.

The observed dynamics of 2-LTR circles in the blood allow us to calculate
minimum turnover rates for the efficient replication occurring in these patients. As
seen in Table 4, the median estimates for pre-intensification infected cell turnover in
the seven patients exhibiting efficient replication range from between 10 million
infected cells per day up to 310 million infected cells per day. If the virus produced by
this level of ongoing infection diffused freely through the patient, this would correspond
to measured plasma viremia well above the standard limit of detection; this is not
observed, consistent with the cryptic replication hypothesis, with replication occurring
in a sanctuary site. To explain the data, the sanctuary site would have to reside in an
anatomical location where the average diffusion time to the blood of a free virus was
longer than its 30 minute half-life, the average diffusion time to the blood of an
infected cell was longer than its 0.7 day half-life, but the average diffusion time to the
blood of a 2-LTR containing cell was shorter than its approximately 1.5 day haif-life.
4.1 Clinical Significance

The level of efficient replication indicated by the patterns of measured 2-LTR in
circulating PBMC following treatment intensification by raltegravir is quite high.
Replication rates of 1 x 107 cells x day ! are high enough to make it likely that
important resistance mutations are generated, and the fact that the replication is
occurring in a site that allows for efficient replication makes it possible for the mutated

cells to persist long enough to acquire additional mutations. This would provide a
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mechanism for sequentially acquiring the multi-drug resistance necessary to escape
therapy, and would explain the experimental resuits showing evidence of such a lineage
of acquired mutations in episomal DNA recovered from patients who experience
treatment failure.

It is also interesting that this level of replication is occurring in patients who
have measured plasma viral loads persistently below the detection threshold. This
implies that this replication is cryptic, unobservable from standard viral load assays.
The existence of cryptic, efficient replication of HIV in patients with plasma viremia
persistently below the limit of detection is a troubling result.

The data seem to indicate that the addition of raltegravir reduces the level of
cryptic replication to undetectable levels. There are a number of possible explanations
for this. The addition of raltegravir could cause the residual activity of the antiviral
drugs to cross a threshold of efficacy, bringing the basic reproductive ratio of the virus
in the site of 2-LTR formation below 1. In this case, the effect is not unique to
raltegravir, but is instead merely a result of using four antiviral drugs simultaneously.
It is also possible that the properties of raltegravir allow it to penetrate the site of 2-
LTR formation better than the other antiviral drugs. The experiment does not provide
sufficient data to distinguish between these hypotheses.

It is important to remember that of the 45 patients in the experimental group,
only 13 had any nonzero measurements of 2-LTR containing cells. This proportion is
consistent with previous studies showing the existence of non-overlapping 2-LTR
positive and 2-LTR negative patient subgroups. Of these 13, only 7 had dynamics
consistent with efficient cryptic viremia. This is consistent with efficient cryptic viremia
rates in the treated HIV patient population of between 6% and 29%. Therefore, these
findings may only apply to a small subset of patients; further study will be necessary to
determine whether cryptic viremia is more widespread.

Finally, the limited data available in this experiment forced us to use a reduced
model of 2-LTR dynamics following raltegravir intensification. While this reduced model
exhibited excellent fit to the measured data, it neglects many sources of more
complicated dynamics in the system, including the dynamics of target cell recovery and
the spatial dynamics of diffusion from the sanctuary site to the blood. While we believe
that the model simplifications employed in this study are valid, it is clear that a follow-
up experiment, with a significantly higher frequency of measurement of 2-LTR
concentrations, will be necessary to further validate the mode! and explore the higher-
order dynamics introduced by the phenomenon neglected in this study. This will allow

us to determine whether efficient cryptic replication remains the best explanation of the
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observed transient peaks in measured 2-LTR following raltegravir intensification, or

whether more complicated models can provide a better explanation.

Various terms relating to the systems, methods, and other aspects of the

present invention are used throughout the specification and claims. Such terms are to

be given their ordinary meaning in the art unless otherwise indicated.

All documents, books, manuals, papers, patents, published patent applications,

guides, abstracts, and/or other references cited herein are incorporated by reference in

their entireties. Other embodiments of the invention will be apparent to those skilled in

the art from consideration of the specification and practice of the invention disclosed

herein. It is intended that the specification and examples be considered as exemplary

only, with the true scope and spirit of the invention being indicated by the following

claims.
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Table 1. Parameter definitions and units, Equation 1

Parameter Definition Units
y Concentration of actively infected cells in the site of Tofected Cells
3 « CERIFE Y
2-LTR formation. 10PPBME
c Concentration of 2-LTR circles as measured in the | 2.LTR Circles
blood 10°PBMO
Probability, at the pre-intensification equilibrium, of
R an actively infected cell successfully infecting a target Unitless
cell in a single generation.
a Death rate of actively infected cells. diy
Rate of production of actively infected cells by pro-
. . . . . {nfected Gells
Ye cesses other than infection, including quiescent cell M
activation.
The ratio-reduction in R following raltegravir inten-
ny sification. Equivalent to the drug efficacy of ralte- Unitless
1 3
gravir.
A binary variable which is 1 when raltegravir is ap- -
uy . . \ ' Unitless
plied and 0 when it is not applied.
The ratio of the probability of 2-LTR Circle forma-
‘ tion during an infection event when raltegravir is not -
@ ' e T . Unitless
’ present to the probability of 2-LTR formation when
raltegravir interrupts an infection event.
- The probability of 2-LTR Circle formation when ral- | o 17r Circles
tegravir interrupts an infection event. Infected Cells
) Decay rate of 2-LTR Circles. T
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Table 2. Experimental 2-LTR quantification data for the 13 patients with units 2-LTR per 1 0% PBMC,
as reported in {36,37], adjusted for theoretical censoring limits.

Week Post-Intensification

Patient # 0 2 4 12 24 48
001-23 < 1.20 | 23.69 - < 1.20 | «<1.20 | < 1.20
001-33 2.99 1.98 3.03 - < 1.20 ) < 1.20
001-35 < 1.20 1 2147 | < 1.20 - - -
001-43 1.76 48.16 - 10.38 2.73 < 1.20
001-44 38.62 7277 | < 1.20 7.38 2.20 -
006-69 35.30 36.55 9.07 1.26 < 1.20 -
023-25 < 1.20 5.84 5.37 < 1.20 1.88 < 1.20
023-68 9.98 12.98 13.42 1.61 < 1.20 | < 1.20
001-13 < 1.20 | 3.05 3.19 < 1.20 1.29 7.04 -
001-42 - <120 ] < 1.20 9.55 < 1.20 | < 1.20
006-48 < 1.20 | < 1.20 2.68 30.64 | < 1.20 | < 1.20
006-52 < 1.20 | <« 1,20 ] 24.75 30.11 | < 1.20 | <« 1.20
023-47 <120 0 <1.20 | 21.07 | <1.20 | <120 | <1.20
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Table 3. Fitted Parameter Values
Patient # | Parameter Units Median | MLE | 95% Credible Interval
All b - 0.0019 | 0.0018 [0.0611, 0.0037]
5 day ™! 0.47 0.46 [0.36,0.83]
001-23 R - 0.9995  0.9999 [0.9975,1.0000]
N1 - 0.12 0.08 10.04,0.26]
kiiye | 2-LTR circles x (10° PBMC)! x day™ | 0.15 0.21 (0.01,0.62]
001-33 R - 0.9985 | 0.9990 [0.9895,0.9996]
nr1 - | 078 0.01 [0.002,0.99]
ki1¥e 2-LTR circles x (10° PBMC)~! x day™ 0.59 0.51 10.23,2.24]
001-35 R . 0.0088  0.9994 [0.9961,0.9598]
N1 . 0.21 0.18 10.12,0.37]
kir¥e 2-LTR circles x (108 PBMC)~! x day™? | 0.37 0.39 [0.06,1.41]
001-43 R - 0.9994  0.9997 [0.9970,0.9999]
nir - 0.02 0.02 10.01,0.13]
krrye 2-LTR circles x (10° PBMC)~! x day™' | 0.55 0.68 [0.09,1.68)
001-44 R - 0.9999  0.9999 [6.9997,1.0000]
N1 - 0.53 0.49 [0.36,0.92]
kirye | 2-LTR circles x (10° PBMC)™! x day™' | 1.10 1.27 [0.53,2.22]
006-69 R . 0.9999  0.9999 [0.9997,1.0000]
n1 - 0.74 0.77 10.43,0.99]
kriye | 2-LTR circles x (108 PBMC)™* x day™ | 0.90 0.87 i0.42,1.84]
023-25 R - 0.7633 0.9940 [0.0425,0.9972]
i1 - 0.38 0.05 [0.03,0.97]
kii¥e | 2-LTR circles x (108 PBMC)~! x day™' | 1.58 1.08 [0.36,55.5]
023-68 R - 0.0994 & 0.9999 (0.9976,0.9999]
1 - 0.04 0.03 [0.02,0.07]
kirve | 2-LTR circles x (108 PBMC)~! x day™* | 0.21 0.29 [0.02,0.84]
001-13 R - 0.4822 | 0.1748 [0.6241,0.9670]
Nir - 0.39 0.01 10.01,0.97]
krrye  2-LTR circles x (10° PBMC)"* x day™* | 5.1 2.14 [0.96,387.2)
001-42 R - 0.4923 @ 0.6345 [0.0234,0.9588]
N1 - 0.53 0.79 10.06,0.97)
» krye | 2-LTR circles x (10° PBMC)"! x day™" | 1.92 0.80 0.47,83.6]
""" 006-48 R - 0.4790 . 0.2843 [0.0270,0.9558]
N1 - 0.50 0.01 10.02,0.98]
krrye | 2-LTR circles x (108 PBMC)~! x day™ | 3.11 1.73 10.70,160.2]
006-52 R - 0.4893 | 0.9017 [0.0260,0.9543]
N1 . 0.55 0.81 [0.04,0.98]
kirye | 2-LTR circles x (108 PBMC)"! x day™ | 2.79 1.41 [0.70,106.4]
023-47 R - 0.4997 | 0.5138 [0.0262,0.9639]
i - 0.53 0.99 [0.05,0.98]
kirye | 2-LTR circles x (108 PBMC)™! x day™' | 2.00 1.14 [0.50,68.1]
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Table 4. Estimated pre-intensification infected cell turnover rates in units of cells x day ! assuming
kr; = 1 and an effective patient volume of 30 L.

Patient # | Median MLE 95% Credible Interval
001-23 | 1.0x 107 | 1.1 x 107 | [4.0 x 10%,2.6 x 107]
001-33 | 1.3x107 | 1.3x 107 | [3.1x 10% 5.1 x 107
001-35 | 9.7x10°  1.1x107 | [2.4x10%28x 107
001-43 | 3.0x107 33x10"  [1.2x107,6.3 x 107

001-44 | 3.1x10% 28x10®  [1.1x10%83x10°

{
{
i

006-69 | 2.5 x 108  29x10% | [8.2x 107,7.2 x 108
023-25 | 4.9 x10° | 2.5 x 10°
023-68 | 1.2 x 107 { 1.1 x 107
001-13 | 45 x 105 25 x10° |
001-42 | 1.8 x10°  1.0x 10°  [6.1 x 10%,3.1 x 10°
006-48 | 2.7 x10° 2.0x 10° | [9.0 x 10%,6.6 x 10°

[

[

]
]
]
]
]
1.1 x 10, 7.1 x 10°]
6.8 x 108, 21)(1[}7]
1.2 x 10°, 16><107]
J
]
]
]

006-52 | 24 x10° | 1.7x10° | [8.7 x 10%,3.9 x 10°
023-47 | 1.9x10°  1.2x10° | [6.5x10% 2.6 x 10°

Table 5. Parameter values for HIV Dynamics from [56]

| Parameters | Value | Units |

logio(A) (1.54,2.88) logio ( sz;f%{%ﬂ
logio(d) | (—1.35,—0.34) log1o ( dly)
logio(8) | (—5.78,~5.23) | logio (seribay
logio(e) (—0.76,0.42) logio (3.1_3;)
login() (3.39,4.00) | logio (ﬁ%)

logio(w) 18.8 log1o (dlg,)
logio(n) (0.60,0.89) -

Table 6. Parameter values for 2-LTR formation from [55]

| Parameters |  Value |  Units |
kir (270,910) | tmhime
kinT (0.54,1.82) | sefis }; T
5 0.46 -
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What is Claimed:

1. A method for detecting efficient cryptic HIV replication in a patient, wherein the
patient receives a suppressive antiviral therapy not containing an HIV integrase
inhibitor followed by administration of the HIV integrase inhibitor in an effective
amount for intensifying the suppressive antiviral therapy, and wherein the patient has
undetectable plasma viremia prior to the administration of the HIV integrase inhibitor,
comprising:

(a) making a pre-intensification measurement of the concentration of an
episomal artifact in a pre-intensification sample from the patient;

(b) making one or more post-intensification measurements of the
concentration of the episomal artifact in one or more post-intensification samples from
the patient; and

(c) computing, on at least one processor, a pre-intensification HIV infection
success ratio (R) based on the pre-intensification measurement and the one or more
post-intensification measurements, wherein a pre-intensification HIV infection success
ratio (R) sufficiently close to 1 indicates that the patient has the efficient cryptic HIV
replication.

2. The method of claim 1, wherein the patient has the efficient cryptic HIV
replication, further comprising quantifying the efficient cryptic HIV replication.

3. The method of claim 2, wherein the quantifying step comprises computing, on at
least one processor, the magnitude of a pre-intensification HIV infected-cell turnover
rate (ay(0)) based on the pre-intensification measurement and the one or more post-
intensification measurements.

4, The method of claim 3, further comprising improving the suppressive antiviral
therapy for the patient based on the magnitude of the pre-intensification HIV infected-
cell turnover rate (ay(0)).

5. The method of claim 4, wherein the pre-intensification HIV infection success
ratio (R) is reduced to less than about 0.8 after the improvement.

6. The method of claim 1, further comprising administering the HIV integrase
inhibitor to the patient.

7. The method of claim 1, wherein the patient has received the suppressive
antiviral th_erapy for at least 6 months prior to the administration of the HIV integrase
inhibitor.

8. The method of claim 1, wherein the HIV integrase inhibitor is raltegravir.

9. The method of claim 1, wherein the episomal artifact is selected from the group
consisting of linear unintegrated HIV DNA, HIV 1-LTR DNA, and HIV 2-LTR circular DNA.
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10. The method of claim 1, wherein each of the pre-intensification sample and the
one or more post-intensification samples is a whole blood sample.

11. The method of claim 1, wherein the intensification lasts for at least 4 weeks.

12. The method of claim 1, wherein the one or more post-intensification
measurements are made weekly.

13. The method of claim 1, wherein the one or more post-intensification
measurements are 2 post-intensification measurements.

14, The method of claim 1, wherein the one or more post-intensification
measurements comprise a measurement of a peak concentration of the episomal
artifact (Cp).

15. The method of claim 1, further comprising computing, on at least one processor,
the pre-intensification HIV infection success ratio (R) based on one or more values
selected from the group consisting of a death rate of actively infected cells (&), a rate
of production of actively infected cells by processes other than infection (y.), ratio-
reduction in R following the intensification (1), a ratio of the probability of the
episomal artifact formation during an infection event when the HIV integrase inhibitor is
not present to the probability of the episomal artifact formation when the HIV integrase
inhibitor interrupts an infection event (@), probability of the episomal artifact formation
when the HIV integrase inhibitor interrupts an infection event (ky;), a decay rate of the
episomal artifact (8), a post-intensification peak concentration of the episomal artifact
(Cp), a concentration of peripheral blood mononuclear cells (PBMCs) in a whole blood
sample (PMBC,,), an effective volume of the patient (V.), one or more measurements of
plasma viral load v(t), and the associated measurement times (t). .

16. The method of claim 1, further comprising computing, on at least one processor,
the pre-intensification HIV infection success ratio (R) based on one or more values
selected from the group consisting of a death rate of actively infected cells (a), a rate
of production of actively infected cells by processes other than infection (y.), ratio-
reduction in R following the intensification (n;), a ratio of the probability of the
episomal artifact formation during an infection event when the HIV integrase inhibitor is
not present to the probability of the episomal artifact formation when the HIV integrase
inhibitor interrupts an infection event (@), probability of the episomal artifact formation
when the HIV integrase inhibitor interrupts an infection event (k;;), and a decay rate of
the episomal artifact (9).

17. A system for detecting efficient cryptic HIV replication in a patient, wherein the
patient receives a suppressive antiviral therapy not containing an HIV integrase
inhibitor followed by administration of the HIV integrase inhibitor in an effective

amount for intensifying the suppressive antiviral therapy, and wherein the patient has
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undetectable plasma viremia prior to the administration of the HIV integrase inhibitor,
comprising at least one processor, and a compute readable medium coupled to the at
least one processor, having instructions which when executed cause the at least one
processor to compute a pre-intensification HIV infection success ratio (R) based on

(a) a pre-intensification measurement of the concentration of an episomal
artifact in a pre-intensification sample from the patient, and

(b) one or more post-intensification measurements of the concentration of
the episomal artifact in one or more post-intensification samples from the patient.
18. The system of claim 17, wherein the instructions when executed further cause
the at least one processor to compute the pre-intensification HIV infection success ratio
(R) based on one or more values selected from the group consisting of a death rate of
actively infected cells (a), a rate of production of actively infected cells by processes
other than infection (y.), ratio-reduction in R following the intensification (ny), a ratio
of the probability of the episomal artifact formation during an infection event when the
HIV integrase inhibitor is not present to the probability of the episomal artifact
formation when the HIV integrase inhibitor interrupts an infection event (@), probability
of the episomal artifact formation when the HIV integrase inhibitor interrupts an
infection event (k;;), a decay rate of the episomal artifact (5), a post-intensification
peak concentration of the episomal artifact (C,), a concentration of peripheral blood
mononuclear cells (PBMCs) in a whole blood sample (PMBC,,), an effective volume of
the patient (V.), one or more measurements of plasma viral load v(t), and the
associated measurement times (t). '
19. The system of claim 17, wherein the instructions when executed further cause
the at least one processor to compute the pre-intensification HIV infection success ratio
(R) based on one or more values selected from the group consisting of a death rate of
actively infected cells (&), a rate of production of actively infected cells by processes
other than infection (y.), ratio-reduction in R following the intensification (n;), a ratio
of the probability of the episomal artifact formation during an infection event when the
HIV integrase inhibitor is not present to the probability of the episomal artifact
formation when the HIV integrase inhibitor interrupts an infection event (@), probability
of the episomal artifact formation when the HIV integrase inhibitor interrupts an
infection event (ky;), and a decay rate of the episomal artifact (9).
20. The system of claim 17, wherein the instructions when executed further cause
the at least one processor to compute a pre-intensification HIV infected-cell turnover
rate (ay(0)) based on the pre-intensification measurement and the one or more post-

intensification measurements.
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