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Abstract. Pre-exposure prophylaxis (PrEP) has been approved as an effective prevention strategy for HIV infection
in high-risk populations. However, little is known about its effects on people who have failed to prevent HIV
infection. Based on a proposed mathematical HIV-PrEP model, we examined the effectiveness of different drug
responses and PrEP times on patient outcomes. Our result demonstrated a significant interaction between the
drug response and patient outcomes. The generalized benefits of PrEP on patient outcomes can be observed
in all PrEP groups. The optimal PrEP time might correlate with the clinical pharmacology of the drug. From
an epidemiological viewpoint, when the drug response reaches a sufficiently high level, the PrEP strategy can
successfully control HIV infection at a population level, even for those people who have failed in preventing HIV

infection.
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1. Introduction

An estimated 2.1 million people are newly infected with HIV, and approximately 1.5 million
patients died from AIDS in 2013 [1]. Increased attention has been focused on the daily use
of antiretroviral drugs to block the propagation of HIV infection in HIV-uninfected and high-
risk populations. This strategy is known as pre-exposure prophylaxis (PrEP). Garcia-Lerma
et al. provided an overview of the rationale behind PrEP [2]. Several HIV prevention trials
have focused on PrEP over the past four years [3-13]. Notably, the World Health Organization
(WHO) provided a PrEP guidebook for serodiscordant couples, men, and transgender women
who have sex with men [14, 15]. This guidebook recommends regimens that include both
tenofovir disoproxil fumarate and emtricitabine (TDF plus FTC) or TDF alone. The US Food
and Drug Administration (FDA) has approved the once daily combination of TDF plus FTC as
PrEP for HIV-negative individuals at high risk of sexually acquired HIV infection [16].

Although the effects of PrEP on HIV prevention have been shown, less is known about the
status of those participants who were unsuccessful at preventing infection. Furthermore, several
trials have shown the negative effects of PrEP prevention [5, 9, 12]. Therefore, it is important
to question whether the effects of PrEP on HIV prevention benefit patients who are infected
despite using preventive measures.

Mathematic models have long been used to study virus dynamics, and some models have been
used in PrEP studies to evaluate the effects of PrEP at a population level [17, 18]. Considering
the abovementioned problems, we mimicked a total of 20,000 participants using a mathemat-
ical HIV-PrEP model. We focused on the benefits of PrEP on patients who failed prevention.
Findings from this study have potential implications on determining the benefits of PrEP in HIV

infection propagation at a population-level of individuals who fail PrEP prevention.

2. Materials and methods

Antiretroviral drug selection
Among the recommended anti-HIV drugs using in clinical PrEP trials, FTC is a nucleoside

reverse transcriptase inhibitor (NRTI), while TDF is classified as a nucleotide-analogue reverse
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transcriptase inhibitor (NtRTIs). Both drugs act as competitive inhibitors of the normal sub-
strates needed for HIV reverse transcriptase [3, 19], thereby inhibiting the new infection of
HIV-susceptible cells. However, NtRTIs are distinguished from the NRTIs because they require
only two (not three) phosphorylation steps to be converted to their active forms [3, 19]. In this
respect, TDF might be more efficient at preventing HIV. Considering their similar anti-HIV in-
fection mechanisms, we only considered a daily oral regimen with 300-mg dose of TDF in our
simulation.

PK-IDR model

The intracellular drug concentration is directly correlated with the drug efficacy in inhibiting
HIV infection; and this efficacy can be directly measured by the drug response level. Patient ad-
herence to the regimen also significantly influences PrEP effects, mainly through the changes in
intracellular drug concentration caused by discontinuous treatment. Therefore, in order to give
a more precise measurement of the PrEP effects on patient outcomes, it is crucial to determine
the actual individual drug response level during PrEP.

We first simulated the TDF concentrations in the peripheral blood (PB) and lymph nodes
(LNSs) using a classic two-compartment pharmacokinetic (PK) model. Based on the generalized
clinical or experimental TDF pharmacological research, the pharmacokinetic parameters were
established using a least square method.

Note that TDF requires two phosphorylation steps to be converted to its active form after
absorption following oral administration [3, 19]. We then used a PK-IDR coupling model to
explore such effects, and the half-life of TDF in the HI'V-susceptible cells was used to measure
the decay of the response [20]. (See Appendix Methods for a detailed model description.)
HIV-PrEP model

Based on the above PK-IDR model and using our previous HIV infection therapy model [21],
we constructed a mathematical HIV-PrEP model with the actual pharmacological response to
TDF following daily oral administration. We used the same initial values from our previous
model for every variable. Because the participants might be infected at different times after

PrEP initiation, we explored the pharmacodynamic response of TDF by establishing various
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HIV exposure days after PrEP initiation. (See Appendix Methods for a detailed model descrip-
tion.)
PrEP strategy evaluation

Using the proposed HIV-PrEP model, we further evaluated the effectiveness of PrEP in im-
proving outcome of patients who became infected while undergoing PrEP. First, we modeled
20000 participants using randomly perturbed model parameters and initial conditions with val-
ues varying by 10%. Second, 25% of the participants were grouped as normal controls and
did not receive TDF treatment. The so-called PrEP time for the control group was the time lag
between the start of PrEP and the onset of viral infection. Third, the remaining participants
were randomly assigned to one of three different PrEP groups: a high drug response group (n =
5000), a medium drug response group (n = 5000), and a low drug response group (n = 5000),
according to the TDF response of cells in the PB. Finally, for all four groups, the HIV expo-
sure time was randomly assigned to each participant, with time points of 30, 90, 210, 480, 810,
1200, 2400, and 3900 days from the beginning, indicating the length of PrEP treatment; the
different time points were assigned equally to each group. To mimic person who got infected
while missed HIV test and kept on PrEP in the reality world, which may lead to the delayed
initiation of HAART treatment, we assumed that the participants could test positive for HIV
no more than six times following the HIV monthly test. The sample distributions under the
different conditions are shown in Appendix Table S1.
Indicators for PrEP effects evaluation

The T4 cell count in the PB is the main indicator of the clinical stage of HIV infection, which
was thereby selected as the primary measure of PrEP effects in our study. Note that apoptosis
among uninfected T4 cells, which is a major part of T4 cell depletion, was caused indirectly but,
was mainly attributed to infected monocytes/macrophages [22], can influence the progression
of the disease by acting as the major cause of T4 cell death and viral production [21]. Therefore,
the infected monocyte/macrophage counts were also measured. For the sake of clarity, only the
cell counts of these two cell types in the PB are illustrated here.

Statistical analysis
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Two different ANOVAs were used to show the pharmacodynamic differences of the three
drug intervention groups and the influence of drug response and PrEP time on the benefits
of patients’ outcomes. One-way ANOVA were performed to compare the differences in the
responses to TDF in PB and LN in the three drug intervention groups. Two-way independent-
group ANOVA was established to examine the main effects of the two factors (the drug and
PrEP factors) and their interaction effects simultaneously. Tukey’s honestly significant differ-
ence test or the Games Howell post-hoc test was used for multiple comparisons because of equal
or unequal variance. The analyses were performed using SPSS (version 13.0) and Excel 2003.

A two-sided probability value < 0.05 was considered significant.

3. Results

Pharmacodynamic differences in the three drug intervention groups

Drug response

FIGURE 1. Histogram and multiple comparisons of TDF responses in different
compartments. The error bars indicate a 95% confidence interval (CI) for each
mean (histograms). The asterisk (*) indicates the results of the comparisons with
the high drug response group, and the plus sign (+) indicates the results of the
comparison between the low and medium drug response groups. Here, *** and

+++ denote P < 0.0001. PB = peripheral blood; LNs = lymph nodes.

Overall, the drug response levels were different among the groups, as determined using a
one-way analysis of variance (ANOVA) (F(2,14997) = 76273.784,P < 0.0001 in the periph-
eral blood [PB] and F(2,14997) = 33486.468,P < 0.0001 in the lymph nodes [LNs]). The
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Games Howell post-hoc tests revealed that all multiple comparisons demonstrated significant
differences (Fig. 1). Fig. 1 also shows that the TDF response increased from the low to high
groups. Thus, it is reasonable to divide the three intervention groups by their response levels to
TDF.
Influence of drug response and PrEP on immune cells

A significant drug*PrEP interaction was found in both the T4 cell count (F(21,19968) =
158.994, P < 0.0001,MSe = 56863.334) and the infected monocyte/macrophage counts (F (21,
19968) = 103.267,P < 0.0001,MSe = 1090.756). The simple main effect analyses showed no
significant differences for the drug factor within the first PrEP level (30 days) in the T4 cell
count (F(3,19968) = 0.242,P = 0.867,MSe = 56863.334). Note that Table 1 shows that all
other simple main effects were significant either for the drug factor within the other PrEP lev-
els or for the PrEP factor within the different drug levels. Thus, to determine the influence of
the drug response and PrEP times on the benefits of immune cells, post-hoc tests were need-
ed to make multiple comparisons of the different drug response or PrEP time levels. Fig. 2
shows the histogram and part of the multiple comparison analysis of the T4 cell and infected

monocyte/macrophage cell counts following different drug response and PrEP time levels.
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TABLE 1. Results of the independent-group two-way ANOVAs and simple main effects.

Index Source df Mean Square F Sig.
T4 cell count in PB  Drug 3 231771253.842 4075.935 0.000
PrEP 7 14797676.447  260.232 0.000
Drug*PrEP 21 9040907.683  158.994 0.000
Drug Within PrEP(1) 3 13745.277 0.242 0.867
Drug Within PrEP(2) 3 3689534.446 64.884 0.000
Drug Within PrEP(3) 3 37261056.171 655.274 0.000
Drug Within PrEP(4) 3 58482916.874 1028.482 0.000
Drug Within PrEP(S) 3 62427362.902 1097.849 0.000
Drug Within PrEP(6) 3 57511868.375 1011.405 0.000
Drug Within PrEP(7) 3 50366326.388 885.743 0.000
Drug Within PrEP(8) 3 25304797.190 445.011 0.000
PrEP Within Drug(1) 7 35263192.025 620.139 0.000
PrEP Within Drug(2) 7 5901395.162  103.782 0.000
PrEP Within Drug(3) 7 380445.766 6.691 0.000
PrEP Within Drug(4) 7 375366.543 6.601 0.000

Error 19968 56863.334
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TABLE 1. (Continue)

Index Source df Mean Square F Sig.
Infected Drug 3 2074531.398 1,901.920 0.000
monocytes/macrophages PrEP 7 400446.399  367.127 0.000
count in PB Drug*PrEP 21  112638.653 103.267 0.000

Drug Within PrEP(1) 22790.904 20.895 0.000

Drug Within PrEP(2) 45512.570 41.726 0.000
122579.305  112.380 0.000
175803.988  161.176 0.000
217533.168  199.433 0.000
Drug Within PrEP(6) 259450.200  237.863 0.000

3
3
Drug Within PrEP(3) 3
3
3
3
Drug Within PrEP(7) 3 659606.895 604.724 0.000
3
7
7
7
7

Drug Within PrEP(4)

Drug Within PrEP(5)

Drug Within PrEP(8) 1359724.940 1246.589 0.000
PrEP Within Drug(1) 7521.506 6.896 0.000
PrEP Within Drug(2) 21951.497 20.125 0.000
PrEP Within Drug(3) 155681.270  142.728 0.000
PrEP Within Drug(4) 553208.086  507.178 0.000
Error 19968 1090.756

Effectiveness of drug response

To show the effectiveness of the drug response and find the optimal drug response based on
the different PrEP times, we focused on the comparisons between the high response group and
the normal group, between the medium response group and the normal group, and between the
low response group and the normal group.

After 30 days of PrEP, the high and medium drug response group had an increased T4 cell
count compared to the normal control group, as shown in Fig. 2A. However, there was no
difference between the low drug response group and the normal control group when the PrEP
time was more than 810 days. In contrast, the infected monocyte/macrophage counts decreased
in all drug response groups (compared to the normal group) at all PrEP time levels, as shown in

Fig. 2B.



EVALUATING THE EFFECTS OF PRE-EXPOSURE PROPHYLAXIS

1400

1200

e

o

o

o
T

o

o

o
T

Cell count (count/mr?)
B [oe]
o o
o o
T T

N

o

o
T

o

480 810
PrEP tine (days)

T
m— Hi gh
—— Vedi um|
Low
m—— Nor mal

I

N

o
T

I
o
o

@
o

3
o

IN
o

30 90 210 8

480 810
PrEP tine (days)

Cel | count (count/rm?)

N
o

o

1200

FIGURE 2. Histogram and part of the multiple comparisons analysis for the de-
tection indices following different drug responses and PrEP times. The error bars
indicate a 95% CI for each mean (histograms). (A) T4 cell counts in the PB and
(B) infected monocyte/macrophage counts in the PB. The asterisk (*) indicates
the results of the comparisons with the normal group under different PrEP times.
The plus sign (+) indicates the results of the comparisons between PrEP times of
480 days and other PrEP times with the different drug responses, and the pound
sign (#) indicates the results of the comparisons between PrEP times of 810 days
and other PrEP times with the different drug responses. Here, *, +, and f de-
note P < 0.05, whereas **, ++, and #ff denote P < 0.01, and ***, +++, and ffif
denote P < 0.0001. High = high drug response group; Medium = medium drug

response group; Low = low drug response group; Normal = normal control

group.
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Note that higher T4 cell counts and lower infected monocyte/macrophage counts indicate
a better patient prognosis. Thus, despite the fact that there are some slight but balanced dif-
ferences in these two indices, all drug efficacies could induce a better prognosis, particularly
within the high and medium drug response groups.

Moreover, note that the T4 cell count was > 900 cells/mm? in the high drug response group
when the PrEP time was greater than 210 days (Fig. 2A). Because the case reproduction number
is currently less than one [23], we suggested from an epidemiological perspective that when
the TDF response reaches a sufficiently high level, the PrEP strategy can successfully control
HIV infection at a population level, even for those people who have failed in preventing HIV
infection. The area-fill graph also visually reflects the comparison of T4 cell counts between

the high drug response group and all three PrEP groups (Fig. 3).
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FIGURE 3. Area-fill graph illustrates the comparison of T4 cell counts between
the high drug response group and all three PrEP groups. The percentage of
the high drug response group was calculated by dividing the total participant
counts in each PrEP time (n = 625) by those participants whose T4 cell counts

were > 900 cells/mm?

. To calculate the percentage in all three PrEP groups,
the total number of participants from the three PrEP groups with T4 cell counts
> 900 cells/mm? was divided by the total number of participants in all three PrEP
groups under each PrEP time (n = 1875). Notably, the percentages calculated for
the total of the three PrEP groups were multiplied by 10 to be drawn at the same

scale of the percentages from the high drug response group.

Effectiveness of PrEP time
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According to Fig. 2, when the drug response is high, we found that the top two T4 cell
counts and the lowest two infected monocyte/macrophage counts occurred at the fourth level
(480 days) and fifth level (810 days) of the PrEP time factor, and there was no significant
difference between them. Therefore, we focused on comparing the longer levels of the PrEP
factor to the fourth level or fifth level under different drug responses. The goal of this study was

to show the effectiveness of PrEP time on patients’ outcomes.
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FIGURE 4. Color-coded boxes reflect the influence of the drug response and
PrEP time on HIV infection. (A) T4 cell count in the PB and (B) infected mono-
cyte/macrophage count in the PB. First, we determined the maximum (mini-
mum) mean of the T4 cell (infected monocyte/macrophage) counts among all 32
situations (i.e., four different drug responses and eight different PrEP times) in
our theoretical clinical trial. Then, for each mean of the T4 cell counts, we divid-
ed by the maximum mean of the T4 cell counts. Concurrently, for the minimum
mean of the infected monocyte/macrophage counts, we divided by each mean
of the infected monocyte/macrophage counts. Finally, for each small box, we
set the corresponding quotient as the amount of the red component and set the
green and blue components to zero. Note that higher T4 cell counts and lower
infected monocyte/macrophage counts indicate a better patient prognosis. Thus,
deeper red components indicate a better prognosis, and the pure red component
corresponds to the best prognosis. High = high drug response group; Medium
= medium drug response group; Low = low drug response group; and Normal =

normal control group.
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By comparing the typical cell counts at 480 days or 810 days with those from longer PrEP
times, we obtained the following results. For the T4 cell count index, when the drug response
was high, there was no difference except when comparing 480 days of PrEP time with 3900
days of PrEP time. When the drug response was medium or low, the differences were centered
on comparisons between 480 days and the other longer PrEP times. For the infected mono-
cyte/macrophage count index, the cell counts for 480 days or 810 days of PrEP treatment were
significantly lower than the other longer PrEP times in nearly all drug response groups. These
results convinced us that a PrEP time of 480 days may be sufficient to obtain a higher T4 cell
count and a lower infected monocyte/macrophage count.

According to the overall size of the indices and the significance of the multiple comparisons,
we can conclude that the PrEP strategy benefits individuals who infected HIV during prevention,
and it helps them obtain a more favorable prognosis. The optimal PrEP time may be between
480 and 810 days, i.e, PrEP for this length of time can lead to better prognosis. To intuitively
demonstrate these results, a color-coded box was designed to reflect the influence of the drug

response and PrEP time (Fig. 4), and this graph visually confirmed our previous results.
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FIGURE 5. Simulated drug concentrations and responses in both compartments.
The parameter values are the same as that shown in Appendix Table S2. Here, we
simulated only a high drug response, and the values selected for E}B. and ELNs
were 0.05257 and 0.015, respectively. The TDF plasma concentration correlated
well with the clinical data. Although they had the same TDF response, we can

see that the times to reach the maximum response are different between the PB

and LNs.
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Using the estimated parameter values shown in Appendix Table S3, Fig. 5 illustrates the
simulated drug concentrations and responses in both compartments. We found that the estimated
TDF concentration change after periodic administration correlated well with the features (Fig.
5A). Approximately 800 days after the TDF tablet was taken, the drug response in the blood and
lymph nodes achieved stable levels, although there are some differences in their patterns (Fig.
5B). Of notably, our result suggests that the optimal PrEP treatment time might correlate with
clinical pharmacology, since the preventive treatment times closest to achieving the maximum

drug response level.

4. Discussion and conclusions

PrEP strategy had shown effectiveness in preventing HIV infection. However, little attention
has been focused on its effects in individuals who infected HIV while undergoing preventive
treatment. A new mathematical HIV-PrEP model has been proposed, in which combines a
classic PK-IDR model and our previous HIV infection therapy model [21]. Based on this model,
20000 participants with a maximum prevention time > 10 years were mimicked. Our study
suggests that the PrEP strategy could benefit people who become infected during prevention.
In particular, at a population level using PrEP strategy, the patients who exhibit a high drug
response may control HIV infection propagation.

From an epidemiological standpoint, Granich et al. suggested that individuals should begin
highly active antiretroviral therapy (HAART) when their T4 cell counts in the PB are > 900
cells/mm?; this therapy would ensure that the disease does not become prevalent at a popula-
tion level [23]. Our results show that the effects of PrEP on patients can be seriously affected
by the patient’s response to the drug. An evaluation of diverse drug responses shows that the
PrEP strategy can successfully control HIV infection when the TDF response reaches a suffi-
ciently high level. Even for the remaining patients, PrEP strategy could still lead to a better
prognosis. Additionally, we found that the amount of infected monocyte/macrophage decreases
significantly when patients undergo PrEP, regardless of the drug response. This result further
confirms our previous statement that the number of infected monocytes/macrophages correlates

with disease progression and might be used as an alternative monitor of HIV infection [21].
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Notably, Anderson et al. determined the drug concentrations that are associated with protect-
ing individuals from acquiring HIV-1 infection [13]. The authors concluded that an intracellular
concentration of 16 fmol of the active form of tenofovir per 10° peripheral blood mononuclear
cells (PBMCs) was associated with a 90% reduction in HIV acquisition [13]. The intracellular
drug concentration is directly correlated with the efficiency of the drug in inhibiting HIV infec-
tion and can be expressed as the drug response levels. Our study further showed that the effects
of PrEP on improved patient outcomes could also be influenced by the drug concentration.

The estimated optimal prevention time points occur between 480 and 810 days, which is
the time closest to achieving the maximum drug response level. Thus, the optimal PrEP treat-
ment time might correlate with clinical pharmacology. The occurrence of optimal time points
suggests that strict adherence to the drug regimen and long-term prevention strategies are im-
portant. As our study demonstrated, even patients infected during prevention can still obtain
better outcomes under these conditions.

Our model allows us to take a global view and comprehensively consider how the immune
system responds to the HIV virus and how a patient’s response to TDF may change. In the
future, the focus of constructing mathematical models should based on more detailed biological
mechanisms and that consider more aspects of the PrEP strategy, such as FTC administration

and sexual differences.
Appendix

TABLE S1. Sample sizes under different design conditions in our theoretical clinical trial.

Drug PrEP time
response 30d 90d 210d 480d 810d 1200d 2400d 3900d
High 625 625 625 625 625 625 625 625
Medium 625 625 625 625 625 625 625 625
Low 625 625 625 625 625 625 625 625
Normal 625 625 625 625 625 625 625 625

Methods
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PK-IDR model

PK model of a single oral TDF administration
The classic two-compartment pharmacokinetic (PK) model with a single extravascular ad-

ministration can be described by the following three differential equations:

% = _KaDaa
dthC =K,D,— (K]Z‘FKg)DC—f—Kz]Dp, (1)
dDp _

v = Ki2De — K21 Dp.

where D, D, and D), represent the drug dosage at time ¢ in absorption (e.g., stomach), central
(e.g., PB), and peripheral (e.g., LNs) compartments, respectively. The parameters K,, Ki> and
K> are the transfer rate constants between each compartment, and K, denotes the elimination

rate constant of the central compartment. The analytic solution of the equations (1) is as follows:

D, = Dye K,
D.=Bie % + Bye P — (B + By)e Kl (2)
—K - —K - —K —K. K,
D,= ﬁK2,2]Ble ar | aKlelee Bt _ (ﬁK2,2]Bl + aK2121Bz)e Kt
in which Dy is the initial drug dosage, and
_ (K —0)K, _ (K —P)Ka
B =g om0 B2= aopyk-pPo 3)

a+pB=Kiop+Ky+K., off =Kk,

PK model of periodic oral TDF administration
We assumed the interval between the two administrations was 7, with a dosage of Dy, and a
bioavailability of F. Therefore, after the second TDF administration of time # (0 <t < 7), the

drug dose in the central compartment can be formulated using the following equation:
DP (1) =Bi(e " +1)e ¥ +By(e P+ 1)e P — (B +By) (e KT+ 1)e Kt (4)

Note that time ¢ in equation (4) is the renew time following the second administration. There-

fore, the drug dose in the central compartment at time ¢ after n times of TDF administration is
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as follows:

D(1) = Bi(e DOt om(n2at Ly 0Ty )
+B2<ef(nfl)ﬁ7 + ef(nfz)ﬁf + o+ efﬁr —+ 1)67131‘
—(B1+By)(e” (KT o (n KT Ly o KaT oKl

=T 1— nft ¢ 1—e"Kat g4
— Bl 1_:_0”6 +B2ﬁe ﬁ —(BI+B2)1_§_KaT€ a,

(5)

Dividing the above equation by the apparent volume of distribution of the PB, V|, we obtained

the drug concentration expression in the PB as follows:

not 1 — enﬁ’r _ KT

1— 1
‘ '—_e_ﬁt —(Are +A2C)T€_K”l- (6)

] —e 27

(1) = Aye

in which Aj. = B /Vj and Ay, = By / V).
Similarly, the drug concentration expression in the LNs with periodic oral TDF administra-

tion can be formulated using the following equation:

— K> 1 -t o— Ky 1 —ePr _

c™ :ﬁ A at Bt

1% (2) A 1p1_efme + Kor 2p1_e_ﬁre -
ﬁ —K21 o _KZI 1— enK“T Kt

— A A
( K ¥ K 2p)1—e—’<afe

in which Ay, = B1/V»,A>, = B>/V> and V; is the apparent volume of the distribution of the
LNs.

PK model coupled with an IDR model

Indirect pharmacodynamic response (IDR) models have been proposed to characterize the
drug pharmacodynamics that produce responses after a time lag or act by indirect mechanisms
[22]. We assumed here that intracellular accumulation of TDF was obtained by stimulation of
Ki, from the plasma TDF concentration. Therefore, the TDF plasma concentration increases

intracellular TDF deposition through an indirect response, which can be expressed as

dR EyaxC

— = Kin(1+ 22 ) — KR, 8
dl li’l( +SC50+C) out ( )

where R is a measured response to TDF by indirect mechanisms, C is the TDF concentration
in the PB or LNs, Kj, represents the zero-order constant for the production of the response,

and K,,; defines the first-order rate constant for the loss of the response. E,, represents the
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produces 50% of the intracellular response.

Parameter estimation

Based on the known pharmacokinetic and pharmacodynamic parameters (Table S2) and using

the following parameter estimation equations (9) and the least square method, we can estimate

the key parameters of equations (6) and (7), which are shown in Table S3.

TABLE S2. The known pharmacokinetic and pharmacodynamic parameters and their values.

Parameter Definitions Value Reference
Crax Maximum serum drug concentration 0.3 ng/ml 24,25
Chnin Minimum serum drug concentration 0.0644 pug/ml 26
AUC Area under the curve 3.324 ug.h/ml 26
T )2, plasma  Half elimination rate in plasma 17h 24
F Bioavailability 25% 25,26
Dy Dosage 300 mg 27

Interval between administrations of TDF 24 h 27
T Time to reach C,,x l1h 24,25
Vi Total volume of distribution at steady-state 0.8 L/kg 26
K{;B Zero-order constant of response production 0.276 28

in plasma cells
KlﬁN § Zero-order constant of response production 0.276 28

in lymph node cells
Kgg First-order rate of response loss in plasma cells 0.0087 28,29
KOLL]){S First-order rate of response loss in lymph node cells 0.0046 29
SCg(I)9 TDF plasma concentration producing 50% 0.1 28

of the intracellular response
SCSL(])V s TDF lymph node concentration producing 50% 0.001 28

of the intracellular response
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Note that the above equations are all derived from the steady-state plasma drug concentra-
tions. For the estimation of parameter 3, we used the equation CL = DoF /AUC = V. To mim-
ic three levels for the coefficient of the drug response levels, we used sequential search arith-
metic and estimated three values each for the plasma and lymph nodes (0.05257/0.0355/0.0177
and 0.015/0.01/0.005, respectively) (Table S3). The calculated drug responses under each cir-
cumstance of those values are 0.9/0.9, 0.6/0.6 and 0.3/0.3 for each compartment. We defined
those drug responses as high, medium, and low, which could be altered by a random perturba-
tion technique. In our theoretical clinical trial, we set three degrees of TDF responses in cells:
high (R > 0.75), medium (0.5 < R < 0.75), and low (R < 0.5), as measured by the magnitude
of the response in the plasma. The variable effectiveness of the drug responses characterized

different participants’ reaction to TDF intake.

;

C o Alce*OCTm Azce*ﬁTm (Alc_‘_AzC)e*KaTm
max — T]_g—art 1—e—B7 - 1—eKat )
C A Alc AZC _ Al(‘+A20
min — 1_e—0T lfefﬁr ]_g—KaT’ <9)
AUC =4e 4 & — At
_ aBv
\ CL= Gr

TABLE S3. The estimated parameter values of the PK-IDR model.

Parameter Definitions Value
o Half distribution rate in plasma 0.7313
B Half elimination rate in plasma 0.4701
K> Transportation rate constant from LN to PB 0.0927
K, Transportation rate constant of absorption to PB 0.0339
Vi Volume of distribution at steady-state in PB 6.0858 L
%) Volume of distribution at steady-state in LN 419142 L
EPB. Coefficient of drug response level in plasma 0.05257/0.0355/0.0177
ELNs Coefficient of drug response level in lymph nodes 0.015/0.01/0.005
HIV-PrEP model

In our previous HIV infection therapy model [20], we used both reverse transcriptase in-
hibitors (RTIs) and protease inhibitors (PIs). Here, we eliminated the PI effects and changed

the constant RTI response in our PK-IDR model. Additionally, we assumed no differences in
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drug effectiveness between the monocytes/macrophages and lymphocytes. In addition to the
traditional equations (10)-(44), equations (45) and (46) were added to describe the intracellular
TDF accumulation in the PB and LN, respectively. A comprehensive survey of our previous
HIV infection therapy model and its variables, parameter values, initial values, and relations to
our PK-IDR model are described elsewhere [20]. The complete HIV infection PrEP model is
listed below.

Equations (10)-(17) represent the dynamic behaviors of T4 cells in the PB, including the
HIV-specific and -nonspecific T4 cells. Note that TDF is an NtRTIs and inhibits cell infection
and therefore diminishes the part of infected cell generation in the corresponding equation.
Because we have determined the drug effectiveness in equations (45) and (46), we represent the
inhibition effects of TDF using (1 — REL) and (1 — REL). The subscript “PB” or “LN” denotes

that the corresponding drug effectiveness is measured in the PB or the LNs.

dTpp dTppan eVpp Vpp - RT\ VPB
= s+ 1— T —ky (1 —Rpp)———T,
—n =vf(l— Vs 02+VPB( ©)PanTpp.an — kv ( PB)02+VPB PB.4n (10)
— WanTppan — 0.1(1 = P tanM, Tpg an — 0.1P,5(1 — REE) M., Tpp an,
dTpp 4 Vpp B rRT\ VPB -
= T; —ky(l1—R —T T 11
di 2+ Vrg ©P4nTpp.an — kv ( PB )C2 Vs PB.4e — H4elpPB 4e, (11)
2
PB.4n eVpp
— —=yf(1— 1— 1—p)—— T} k l—R
B T =D S el )
|Z2: i
———Tppan— (ks Tpp ge + Mhy) Tpp an + 0- 1P} 3(1 — RER) SM,, Tpp 4n,
¢+ Vpp
dTp 4 Vep
= —p(1— T} ky(1—RED —= T
di o( P)c —l—V Pan PB4n+ v( PB)02+VPB PB de (13)
— (ksTpp ge + i) Tp 4
dTPB4 1A% V
—EE (1) f(1 = =22 )5+ (1— @) s Tppan — kv (1 — RES )iTPthn
dt c1+Ves 2+ Vpp (14)
— H4n TPB,4n —-0. 1.u4nMé TPB,4n7
dTpp4 VpB
T’e =@Y4Tppan —kv (1 —Rﬁg)mTpBAe — UaeTPB de, (15)
dTi eV, .
P (1 =) f(1 = =2 )5+ (1- ) (1 - p)uThp.an
dt c1+Vpp ’ (16)
\% - . .
kv (1= RER) — 2 —Tpp an — (ks Tpp e + i) T 4

c2+Vpp
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d TliB,4e Ves
dt ¢+ Vpp
Equations (18)-(21) model the dynamics of T8 cells. Because T8 cells are not the target cells

=@(1 = p)YaTpp a0+ kv (1 — REg) Tr e — (ksTppse + Wao) Tpgae- (17)

of HIV infection, no drug effects are considered here.

dTpp gn

dt =v(1 = f)s+ (1 — @)RTpp 8x — HsnTpp sn, (18)
dTZf’se =@RTpp 8n — Use Trp se, (19)

‘ZTZ%&@ =(1=v)(1 = f)s+ (1 — @) %Iprs,sn — UsnTPBsn; (20)
dTZf786 =0%TpB,sn — HgeTpB.se- (21)

Equations (22) and (23) show the dynamics of the actively infected T4 cells and B cells that
produce HIV-1 specific antibodies. Actively infected T4 cells that produce free viral particles

are generated from latently infected T4 cells.

dTpp, ; Ve =i .
— = =p(UTpp an + Pan———Ipp 4n) — (ksTpp se + 1) Tpp.i, (22)
dt ’ ¢+ Vpp ’
dSpp b = - Vpp
=pPab(Tpp 4 + TpPB.4¢) — kaVpBSPB AL — HALSPB.AD- (23)
dt ' c2+Vpp

Equations (24) and (25) model the dynamics of the activated and infected monocytes in the PB.

Note that the third term represents the cell migration from the PB to the LNs and CNS.

dMg_ Vpp
dt _C2+VPB

(MO - Mé _Mg) - .u]c\lloMg - (PLN +PCNS)Mga (24)

dM!

Vep
o v, (1 - RER)

c2+Vpp

(Mo — M) — Wiy, M}, — (PLy + Pons) M), — ks 5 Tpp 3. M.
(25)
Free virus dynamics are represented in equation (26), with the consideration of viral transition

between the PB and LNs.

dVpp ; | i - Vpp eVpp
=NyM' + N Tpp ; LT LT —k,—————M“*—
dt Mo+ Nr (1iTep i+ e Tpp ae + 1T ac) "o+ Vpg ? c1+VPBS
Vpp ~
— kv, (1 = RER)——>— (Mo — M) — v Vg — Rpp 1y Ve +Riy_psVin  (26)
c»+Vpp
Vep

—ky(1—REE) (Tpg.an+ Tpp.ae + Tpp.an + Tpp.4e) — kanVrBSpE Ab-

c2+Vpp



EVALUATING THE EFFECTS OF PRE-EXPOSURE PROPHYLAXIS

21

The fundamental immune response in the LNs is similar to that in the PB. However, a new

cell type, FDCs, is added here due to their special location in the LNs. Concretely, equation

(44) represents the dynamics of the FDCs.

dTin an B eV E Vin

=vf(1 1— T,

Vin = = -
—ky(1 = REY) ———Tin an — ManTrnan — CF4(1 = PY) tanM Ty an
c2+Vin

— PN (1= REY)8(M' + FDC') Ty an,

dTin 4e Vin ~ RT\ VIN 7
e 1 —ky(l1—R —T 1)

o o Vi ©PanTIN 4n — kv ( N )C Y [N HaeTIN e,
T}y 4 eVin LN Fi
TUnan _ N e (1= @)(1— p)— N, T

0 =vf(l— - +VLN) (1-9)( P)C2 iy PN an
RT\ VIN = i\
2+ Vin 7

+ PV (1= REY)8(M' + FDC') Ty an,

AT}y 4. LN Vin =
_ LR 1— _ LV T k RT —T
- (kSTLN,Se + uélle)TLiNAe?
dTin 4n evVin RT  VIN
— =(1— 1l—— 1-— T —ky(1 =R y)—————T)
7 (1=v)£( C1+VLN)S+( ®)WaTin an — kv (1 — Rpy >c2—|—V LN 4n
- u4nTLN74n - CJMAfuétnMiTLNAn,
dTLN 4e RT VLN
— = T —ky(1— ——T — T
i OYVaTin an — kv ( IN) o Vi [N e MaeTIN e
AT}y an eVin ;
N () (1= Y s (1— @) (1 — p)uTy
DL (1) (1= s (1= 9)(1 = P WTiy
V, - . )
+ky (1 —REY) ﬁﬂwn — (ks O TN 8¢ + Min) T7N an>
dTLiN 4 i Vin ~ . .
—dt’ ¢ =p(1— p)}’4TLlN74n +ky (1 _RILQ}\;)Cz—i——VLNTLNAe — (ksTr 8e +.uzlle)TLlN,4ev
dTin g - -
Tjn :V(l _f>s+ (1 - (p)RTLN,Sn - .u8nTLN,8n7
dTing . .
TJ :(PRTLN,Sn - .u8eTLN,8e7
dTin 8n

7 =(1=v)(1=f)s+ (1 —@)BTNn 80 — UsnTIN 81

(27)

(28)

(29)

(31)

(32)

(34)
(35)
(36)

(37)
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dTin g -
dt7 C =QWTLN 80 — HseTLN se, (38)
dTin i ; VIN = i .
- =p(WTy an + Pan—"—T}n 4n) — (ks Tin ge + 11) Tin i (39)
dt ’ co+Viy 7
dSin b oy - VIN
— =Pab(Tin 2e + TiN 4e) ———— — kapVINSLN Ab — HABSIN Abs (40)
dt ’ co+Vin
AM® Vi .
= M—-M —M*) — ufM*+ PiyM?, 41
dt ¢ + VLN ( ) nu’M + LNV, ( )
dM! Vv, . o . B .
—— kv (1 — REG) —50— (M — M) — M’ + PNME — ks8Tiy g, (42)
dt c+Vin
A% - R o v
X =Ny M+ Nr (T + i iy de + Moo Ty ae) — km—oo—M°
dt ’ ’ 2+ Vin
eVin RT\ VIN ;
-5 —k 1—R — M-M
o Vi vm( LN)62+VLN( )
T RT Vin i 43
— kv (1 —Rpy) ————20(Nycs(1 — ) — FDC") (43)
c2+Vin FDCi
Vin - N
—ky(1 = RY) —=—(Tunan + Tin de + Tivan + Tin ge)
c+Vin
— kapVinSin.ab — v Vin + Rpp_ 1y Ves — Ry peVIN,
dFDC' Vin t , , .
—ky (1 = RED) — 25 (N (1 — FDCY) — ukp~FDC". 44
dr vm( IN) o+ Vin (Nics( Drpc: ) ) = MEpce (44)

Equations (45) and (46) model the individual drug response level in the PB and LN, respec-
tively. Those drug response levels are considered to be the drug effectiveness used in reducing

the HIV-induced T4 cell infection.

dRRT EPB C.
R ()
50 ¢
dr —in SCSL(I)V ¥+ Cp out LN+

According to the expressions (6) and (7), C. and C}, denote the drug concentration expression

in the PB and LNs, respectively.
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