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Abstract

The interplay between immune response and HIV is intensely studied via mathematical modeling, with
significant insights but few direct answers. In this short review, we highlight advances and knowledge gaps
across different aspects of immunity. In particular, we identify the innate immune response and its role in
priming the adaptive response as ripe for modeling. The latter have been the focus of most modeling studies, but
we also synthesize key outstanding questions regarding effector mechanisms of cellular immunity and
development of broadly neutralizing antibodies. Thus far, most modeling studies aimed to infer general immune
mechanisms; we foresee that significant progress will be made next by detailed quantitative fitting of models to
data, and prediction of immune responses.
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Introduction

In June 5, 1981, the first five cases of individuals with a disease spectrum that later would be associated with
infection by human immunodeficiency virus (HIV) and acquired immunodeficiency syndrome (AIDS) were
reported in the Morbidity and Mortality Weekly Report [1]. This was the first warning of “an epidemic that is
perhaps the defining public health issue of our times” [2]. Almost 37 years later to the day, an enormous
knowledge about HIV/AIDS has accumulated. And yet, HIV infection is still incurable and there is no vaccine
for it. Over this time span, more than 40 million people have died of AIDS, with still 1 million deaths/year and
more than 37 million people currently infected worldwide [3].

Given its relevance, HIV has been (one of) the most researched diseases in history. Work on HIV was
instrumental in furthering research in numerous areas, benefitting our knowledge of multiple infections, immune
mechanisms, and pathogenesis processes. Fueled by interest in HIV, dynamical mathematical modeling has seen
an enormous growth, initially applied to HIV treatment with antiretroviral drugs and then expanding to model a
variety of infections and immune processes. Indeed, the field is so vast now that it is impossible to review even
just the modeling associated with HIV.

Here we review studies modeling HIV infection in the context of immune responses. There are many hundreds
of published papers under this broad topic, and we selected to focus on those that discuss models in the context
of data or that, at the very least, are heavily informed by biological knowledge. In contrast, we make almost no
mention of papers on: (1) HIV treatment, (2) purely statistical models, (3) strict theoretical analyses (e.g.,
existence or type of solutions), and (4) epidemiology of HIV. We also narrowed the scope by emphasizing more
recent publications, although some older studies were judiciously added to provide context. Thus, this is not an
exhaustive review of modeling of immunity in the context of HIV. It is our belief that such an attempt would be
futile given the breadth of the topic. Indeed, the difficulty of the current undertaking demonstrates the vitality of
the field.

We organized this review under three broad headings: 1) Understanding the course of infection; 2)
Understanding immune effector mechanisms; 3) Harnessing immunity to control HIV.

Understanding the course of infection

Initial control of virus

During the prolonged asymptomatic period of HIV infection, virus is controlled at an approximate steady state
by mechanisms yet not fully understood. Primary infection is characterized by a peak in viral load about 2
weeks post-infection, followed by a decline in the virus to the quasi steady-state starting from 4 to 6 weeks post-
infection [4]. While modeling reveals that the peak and following reduction can be explained simply by target
cell limitation [5], fitting models to patient data during the acute phase and ensuing quasi-steady state showed
that some type of immune control or dynamic feedback is needed [6,7]. This was also confirmed by analyzing
primary infection in a SIV-model [8].

Turnover / dynamics of lymphocytes in HIV

Although the virus appears controlled during the asymptomatic phase, there is a relentless decline in CD4+ T
cells. The mechanisms responsible for that decline are not understood, despite the accumulation of many clues
and the clear importance of multiple factors. One finding was that turnover of T cells (both CD4+ and CD8+)
was increased in HIV infection [9,10]. These experiments on T cell turnover could only be interpreted with
quantitative mathematical models [11], but the model details can influence the estimates [12—15]. On this issue
and, more broadly, on estimating turnover of T cells, see the excellent discussions in [16—18].

Pathogenesis and CD4 decline

Increased turnover of both CD4+ and CD8+ T cells cannot explain decay of only CD4+ cells and the hypothesis
that these decline because HIV infects and kills CD4+, but not CD8+ T cells, comes up short, since there are too
few productively infected cells to explain the decline by direct killing only [19,20]. Some models based on the
interactions between virus and CD4+ T cells yield a slow depletion of these cells, until a defining event (e.g., an
immune threshold) occurs leading to quick progression, akin to the final AIDS stage [21-27]. An alternative
hypothesis, developed with the help of mathematical modeling, is that over-stimulation of the immune system
by antigens and production of inflammatory mediators is responsible for accelerated death of most CD4+ T



cells, leading to their population decrease [22,28-31].

Different classes of models are based on evolution of virus, to higher and higher replication rates (and thus,
pathogenic potential) [32] or away from immune control [33], or on evolution of T cells leading to the
accumulation of deleterious mutations due to higher activation and replication rates of CD4+ T cells [34]. These
models echo one of the first models proposed to explain HIV long-term dynamics [35].

Some studies postulate that the progression of HIV to AIDS is associated with a change in the preferential
cellular target of the virus [36,37], leading to model-predicted expansion of targets for HIV with a large impact
on viral load and CD4+ T cell depletion [21,38—40].

Latency

An important aspect of HIV pathogenesis is the existence of latency, that is, of CD4+ T cells infected but not
producing virus. Many modeling studies analyze the processes involved in latency, measuring the decay of the
latent reservoir, and evaluating protocols to flush this reservoir. We refer the reader to recent reviews of
mathematical models for HIV latency [41-44].

Understanding immune effector mechanisms
Innate immune responses

The importance of the innate immune response in HIV, especially early in infection, was a late realization, and
much less is known in comparison with adaptive immunity [45—47]. In part, this is because the innate response
involves many different mechanisms, which are difficult to quantify, often with pleiotropic effects, including
many cellular populations (dendritic cells, macrophages, natural killer (NK) cells, etc.). Therefore, fewer
quantitative and modeling studies of this topic have been published; this area remains fertile ground for model-
based insights.

The innate anti-retroviral factor APOBEC3G [48] is so important that HIV evolved a specific protein (vif) to
counteract its effect. A mathematical model of the incorporation of APOBEC3G molecules into virions and their
effect in reducing viral replication estimated that at least 80% of progeny virus must carry that molecule to
effectively suppress HIV infection [49]. Other modeling studies have investigated harnessing the effects of
restriction factors as a therapeutic option, including potential drug therapies targeting HI'V accessory proteins
such as vif [50,51].

Innate responses also promote the adaptive responses. Showa et al. analyzed the contribution to viral control of
neutralizing antibodies vs. antibody dependent cell-mediated cytotoxicity, which involves NK or other innate
immune cells [52]. And Hogue et al. investigated the dual role of dendritic cells in both priming the adaptive
immune response and being good mediators of CD4+ T-cell infection [23]. A population of innate cells that is
slightly less neglected is NK cells [53]. Interestingly, there is genetic evidence of HIV-escape from the immune
control exerted by NK cells [54]. A clever modeling analysis, including NK-epitope prediction and extrapolation
to population level abundance of the required NK KIR-receptor and HLA types, concluded that simple immune
selection for HIV variants carrying mutated epitopes was not a likely explanation of the observation [55]. The
authors of that modeling study concluded that their work “suggests that there is a significant aspect of KIR
immunobiology that we do not understand”, demonstrating how modeling can be used to help interpret data and
falsify hypothesis.

Humoral immune responses

HIV induces a robust antibody response, but the virus can quickly mutate away from the concomitant antibody
response, becoming resistant to it [56,57]. The interplay of neutralizing antibody responses and virus escape was
analyzed with a mathematical model allowing cross-reactivity, which indicated that cross-neutralization
potential was low and that successive rounds of escape occur in the context of relatively stable viral loads
driving the diversification of the virus envelope[58]. This was a clear indication that antibodies were (at the
time) an under-appreciated effector mechanism of the immune response against HIV, even though the virus can
readily escape them. However, recent years have seen accelerating discoveries of broadly neutralizing



antibodies (bnAbs), which are capable of neutralizing many different HIV strains [S9-61]. These discoveries
have led to interest in defining the role of bnAbs and their generation from an early pool of narrow-specificity
antibodies [60], spurring many modeling studies [62]. bnAbs are much mutated from the germline, i.e., they
have suffered multiple rounds of somatic hypermutation. It therefore generally takes a number of years until
bnAbs are observed in an infected patient and understanding this delay has become an important question. One
well-studied modeling hypothesis has that development of bnAbs is dependent on competition between bnAbs
and more specific antibodies [63—65]. An important corollary to this hypothesis is that bnAbs do not emerge late
in infection because they need to accumulate many mutations, but conversely that mutations have accumulated
because bnAbs emerge late, which is a consequence of early competitive exclusion [64].

Whatever the mechanisms of generating bnAbs, their utility in HIV treatment or prevention is of keen interest.
Magnus and Regoes [66] developed a probabilistic model of the stoichiometry of trimer neutralization, that is,
of the number of antibodies needed to neutralize a virion, preventing it from infecting a cell. Their model was
recently applied to predict and analyze antibody neutralization in vivo and its impact on HIV transmission [67].
One of the particularities of this latter study was the analysis and modeling of mucosal transmission. With the
same objective, but taking a different approach, Wagh et al. [68] developed a model to define the optimal
combination of bnAbs for treatment based on known in vitro neutralization titers of the bnAbs against 200
different viruses. This model predicts neutralization capability of combinations of bnAbs, using multiple
phenotypic outcomes, such as breadth, potency of neutralization and instantaneous inhibitory potential [69]. We
foresee that extending the models of stoichiometry [66,67] to the type of data sets analyzed in Wagh et al. [68]
will afford more mechanistic insight into HIV infection and neutralization.

Cell-mediated immune responses

Most models of immune responses in HIV have analyzed the effects of cell-mediated immunity, in particular
CDS8+ cytotoxic T lymphocytes (CTL), and it is impossible to do justice to all the work that has been done.
Importantly, modeling the cellular immune response in HIV has driven the field of mathematical modeling in
immunology and led to the study of this response in many other infections (and even cancer). That is, the
structure of the models and the approach taken in those other fields were borrowed from the wealth of studies in
modeling cell-mediated immunity against HI'V.

CD8+ T cells and CTL function

There have been two recurring themes in models of adaptive immune response research in the last decade or so.
The first is a mathematical prediction of bistability between a low, “controlled” infection state, and a high,
chronic steady state [29,70-74]. Indeed, recent clinical observations [75—77] point to such a possibility:
suspension of drug therapy is typically followed by rebound of HIV viral loads to high, chronic-infection, but a
few patients succeed in controlling infection at low viral titers. This “post-treatment control” [75-77] can be
explained by a model with bistability induced by immune exhaustion, i.e., immune impairment resulting from
overstimulation of responses [78], providing a concrete connection of theorized infection bistability within-host
[72,79-83] to empirical observations.

The second theme is related to the primary role of CD8+ T-cells in HIV infection: are responses primarily lytic
or non-lytic? [84]. This debate was spurred on by contradictory experimental observations, well summarized in
[84,85], including CD8+ cell depletion experiments in SIV infected macaques [86—89]. While overall the
support for nonlytic responses seemed stronger, the evidence is indirect and mathematical modeling is the best
platform to gain insight into the primary mechanism of CD8 effect, and to resolve these contradictions.

Analysis of the standard viral dynamics model, and comparison with viral load and CD4+ T cell data from a
CD8 vaccination-challenge animal model of SHIV infection, showed that non-cytolytic control provides a better
explanation for the experimental results [90]. For realistic levels of cytotoxicity, modeling predicts that immune
responses dominated by non-cytolytic effector functions most positively influence disease outcome, i.e., better
maintenance of CD4 counts and better viral control [91]. In defense of lytic responses, Mandl et al. suggested
that CTLs contribute significantly to infected cell killing during the acute phase of infection, but the lytic effect
wanes during chronic infection, as a result of viral escape from CTL responses and/or depletion of CD4+ T cells
required to stimulate CD8+ cells [79]. More detailed models of the HIV lifecycle, e.g., including an eclipse
phase (after infection, but before virus production), could also be compatible with a lytic effect [80,81]. In fact,
a recent paper [82] analyzed such models in detail in the context of much of the experimental work on CD8+ T-
cell depletion and concluded that we cannot discern from current data whether the effect of CTL is cytolytic or



non-cytolytic [82]. And a recent proof-of-principle model based on observations of an untreated HIV elite
controller, who experienced viral reactivation following treatment for cancer, showed viral kinetics consistent
with CTL mass-action killing of both eclipse-phase and productively infected cells [83].

CTL Escape

As part of the development of immune responses, specific viral peptide sequences (epitopes) are presented to
and recognized by CD8+ and CD4+ T cells, marking infected cells for attack. The process by which HIV adapts
through mutations in specific epitopes, thus escaping recognition by immune effector cells, is termed ‘CTL
escape.’

Some of the first estimates of the rate at which HIV accumulates CTL escape mutations were made by modeling
the strength of immune selection and the fitness cost of escape variants based on direct measurements of T-cell
escape and reversion in SHIV-infected pigtail macaques, assuming exponential growth of wildtype virus and
escape mutant [92]. Asquith ef al. estimated the rate of escape of 21 CTL escape variants in HIV [93]. To assess
the rate of escape, they employed a coupled ODE model for dynamics of wildtype and an escape, where only the
wildtype is killed by specific CTL responses, and the escape variant growth rate is hampered by a fitness cost.
This type of mathematical model, which can be derived from the standard viral dynamics model [94], was
widely used to investigate the properties of CTL escape [94-97]. This modeling assumed that growth and decay
rates for wildtype and escape variants were constant, though they likely aren’t. Ganusov et al. generalized the
model to permit time-dependent rates, providing a theoretical basis for estimation of reduction in viral fitness
and the killing rate of specific CTL responses using in vivo data [96].

Asquith et al. also quantified the efficiency of HIV-1-specific CTLs in vivo. They estimated that only 2% of
productively infected CD4+ T-cell death is attributable to CTLs recognizing a single epitope and suggested that,
therefore, lytic responses are not responsible for the majority of infected cell death [93,98]. The role of lytic vs
non-lytic responses (see CD8+ T cells and CTL function ) in CTL escape was further developed by Ganusov et
al. [96], who compared the lytic model [93] with an alternative nonlytic model. The latter predicts a slower
accumulation of the escape variant, if the total magnitude of the CD8+ response is high [96].

Single-escape models make the assumption that different escape mutations, at different epitopes, occur
independently. But escapes may occur concurrently. Leviyang and Ganusov [99] extended the model [93-97]
and developed a new method for analyzing longitudinal sequence data to estimate the rate of CTL escape across
multiple epitopes [99]. However, in another study [100], it was shown that, for well-sampled escape data, the
estimates of the model parameters including T cell killing efficacy did not depend strongly on the underlying
model of escape, i.e., independently, concurrently, or in sequence [100]. Still more intricate models were
developed to investigate CTL escape mutations at single or multiple sites per epitope, across multiple epitopes,
or with multiple specific CTL responses, gaining realism and permitting additional insights, at the cost of
significant complexity [101,102].

The potential variability of CTL escape rates throughout infection remains an important unresolved issue to be
addressed by modeling. Analyses suggested that dynamics of immune escape and reversion were rapid in early
infection, and much slower in later infection [93,103]; many different mechanisms have been proposed to
explain this observation, such as a decreased magnitude of epitope-specific CTL responses, increased fitness
cost of escape mutations, increased diversity of the CTL response, genetic interference (when multiple CD8+ T
cell responses coincide and are similarly strong), increased frequency of multiple-infected cells, or the existence
of an eclipse phase between cell infection and viral production [96,97,102—105]. Thus, slow escape rates do not
necessarily imply inefficient CTL-mediated killing of HIV-infected cells, but may be partly a result of the
specifics of the viral life cycle.

Finally, calculating escape rates at different stages of infection is, itself, problematic. Integrating genealogical
inference and epidemiological modelling into previous ODE models [93-97] shows that estimates of escape
rates by different methods can differ greatly [106]. Infrequent data sampling may also be a difficulty
[96,102,107]. A clinical study of 125 participants with data collected frequently in the first few years of
infection suggested that the majority of early CTL-related mutations did not arise de novo but rather had been
transmitted in the infecting viral strain. Further, the incidence of new escape was low; around one third of
patients did not drive an escape within the first two years and the majority only had 1 escape [108].

Harnessing immunity to control HIV



Vaccines

The search for an HIV vaccine is ongoing with attempts to induce protective antibody responses, T-cell
responses, or a combination of the two. Modeling continues to provide guidance in vaccine development efforts,
quantifying the level of bnAb responses [109], CTL responses [73,110,111], or CTL polyfunctionality [91]
required to control infection. Modeling shows that induction of broad immune responses is a promising avenue;
vaccines eliciting narrow responses, e.g., towards a single epitope, are predicted to be prone to escape [102,112].
But induction of broadly directed HIV-specific CTL immunity should reduce viral load [102] and may
effectively quash early viral replication while limiting the generation of immune escape variants [112]. Further,
vaccination with multiple viruses with diverse variable epitopes may increase the probability of early generation
of bnAbs [62].

Immunotherapy

Therapeutic vaccines aim to modulate the immune system of HIV-infected individuals to elicit sustained
virologic control without antiretroviral therapy. They have recently shown promise in randomized controlled
trials and nonhuman primate studies [113,114]. Another immune-modulating strategy is based on manipulating
checkpoint proteins [115,116]. Monoclonal antibodies that target these proteins have been shown to enhance
HIV-specific T-cell responses in ex vivo studies. Clinical trials are underway to evaluate the effects of immune
checkpoint inhibitors in HIV-infected individuals with cancer, in an effort to reinvigorate HIV-specific immune
responses [117]. Mechanistic modeling in conjunction with data from these trials will be needed to understand
the effects and optimal use of these strategies. Finally, cytokines play key role in regulating functional activities
of immune effector cells; cytokines including IL-2, IL-7, IL-15 and IL-21 have shown some promise against
HIV infection [118]. While there is mathematical modeling of IL-2 and IL-7 administration aimed at optimizing
their use in boosting CD4+ responses [119—121], this also remains an under-studied area.

Conclusions

HIV/AIDS is one of the worst infectious diseases to ever affect humans. In 2005, the United Nations
Development Program stated that “HIV/AIDS has inflicted the single greatest reversal in human development”
[122] and the suffering imposed on hundreds of millions of people over the last four decades cannot be
overstated. Yet, this infection has led to an unprecedented increase in our knowledge of infections and their
concomitant immune responses. Modeling HIV infection and immunity has accompanied that enormous
scientific development, both in terms of insights generated and approaches taken. Attempting to review the vast
literature on modeling of HIV immune responses is impossible.

The most important finding of this review is that there are several areas that could benefit from investigation by
modeling experts. In the near future, we envisage more work on modeling innate immune responses, the
interplay of innate and acquired immunity, and the role that immunity may have in controlling the virus or
eradicating latency. Although initially there was a lack of data on these topics, the last few years have seen an
acceleration on the accumulation of data [47,123,124], and models should provide a framework to analyze and
obtain insights from the new data sets. Further, there have been few studies where immune response data and
modeling go hand in hand, for example fitting quantitative results to data. Modeling studies of HIV immune
responses thus far are largely used to discuss general immune mechanisms; detailed quantitative fitting or
prediction of immune responses is much more elusive. Why this is the case is not totally clear, but at least three
issues are important. First, the dynamics of the immune response is much more heterogeneous than the
dynamics of virus (for example, under drug treatment). Second, we still lack knowledge about important basic
immune mechanisms (e.g., do CD8+ T cells control virus by lytic or non-lytic mechanisms? [82]), which make
it difficult to include them in the models or they must be included in very general terms. Third, there is often an
unclear relation between what we would like to model and what is possible to measure, the clearest case being
infected cells, which are a feature of most models, but remain difficult to measure.

Investigation into HIV/AIDS has helped usher a new era of collaboration between clinicians, virologists and
immunologists on one side and mathematicians, physicists and modelers on the other. These collaborations are
becoming the norm, rather than the exception, and they have provided inestimable insight into the biology and
pathogenesis of this terrible disease.



Acknowledgements

This work was supported by the National Science Foundation under Grant No. DMS01714653 (JMC) and by
the National Institutes of Health/ National Institute of Allergy and Infectious Diseases grant A[104373 (RMR).
The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.



Bibliography

Papers of special interest have been highlighted as * (of special interest) or ** (of outstanding interest).

[10]

[11]

[12]

[13]

[14]

[15]

##[16)]

[17]

L. Gottlieb, M.S.; Schanker, H.M.; Fan, P.T.; Saxon, A.; Weisman, J.D.; Pozalski, Pneumocystis
Pneumonia --- Los Angeles, n.d. https://www.cdc.gov/mmwr/preview/mmwrhtml/june_5.htm (accessed
July 30, 2018).

M.S. Gottlieb, Pneumocystis pneumonia--Los Angeles. 1981., Am. J. Public Health. 96 (2006) 980-1;
discussion 982-3. http://www.ncbi.nlm.nih.gov/pubmed/16714472 (accessed July 30, 2018).

UNAIDS, UNAIDS DATA 2018, 2018. http://www.unaids.org/sites/default/files/media_asset/unaids-
data-2018_en.pdf (accessed July 30, 2018).

M.L. Robb, L.A. Eller, H. Kibuuka, K. Rono, L. Maganga, S. Nitayaphan, E. Kroon, EK. Sawe, S.
Sinei, S. Sriplienchan, L.L. Jagodzinski, J. Malia, M. Manak, M.S. de Souza, S. Tovanabutra, E.
Sanders-Buell, M. Rolland, J. Dorsey-Spitz, M. A. Eller, M. Milazzo, Q. Li, A. Lewandowski, H. Wu, E.
Swann, R.J. O’Connell, S. Peel, P. Dawson, J.H. Kim, N.L. Michael, Prospective Study of Acute HI'V-1
Infection in Adults in East Africa and Thailand, N. Engl. J. Med. 374 (2016) 2120-2130.
doi:10.1056/NEJMoal508952.

AN. Philips, Reduction of HIV Concentration During Acute Infection: Independence from a Specific
Immune Response, Science (80-. ). 271 (1996) 497-499.

D. Burg, L. Rong, A.U. Neumann, H. Dahari, Mathematical modeling of viral kinetics under immune
control during primary HIV-1 infection., J. Theor. Biol. 259 (2009) 751-9.
doi:10.1016/j.jtbi.2009.04.010.

M.A. Stafford, L. Corey, Y. Cao, E.S. Daar, D.D. Ho, A.S. Perelson, Modeling plasma virus
concentration during primary HIV infection, J. Theor. Biol. 203 (2000) 285-301.
doi:10.1006/jtbi.2000.1076.

This study uses a mathematical model fitted to patient data to test several assumptions of the control of
viral load after primary infection. In particular, it shows that a simple model, without immune
responses, is not compatible with primary infection and steady-state dynamics within the same host.

M. Elemans, R. Thiébaut, A. Kaur, B. Asquith, Quantification of the Relative Importance of CTL, B
Cell, NK Cell, and Target Cell Limitation in the Control of Primary SIV-Infection, PLoS Comput. Biol.
7 (2011) e1001103. doi:10.1371/journal.pcbi.1001103.

N. Sachsenberg, A.S. Perelson, S. Yerly, G.A. Schockmel, D. Leduc, B. Hirschel, L. Perrin, Turnover of
CD4+ and CD8+ T lymphocytes in HIV-1 infection as measured by Ki-67 antigen., J. Exp. Med. 187
(1998) 1295-303. http://www.ncbi.nlm.nih.gov/pubmed/9547340 (accessed July 30, 2018).

M. Hellerstein, M.B. Hanley, D. Cesar, S. Siler, C. Papageorgopoulos, E. Wieder, D. Schmidt, R. Hoh,
R. Neese, D. Macallan, S. Deeks, J.M. McCune, Directly measured kinetics of circulating T
lymphocytes in normal and HIV-1-infected humans, Nat. Med. 5 (1999) 83-89. doi:10.1038/4772.

H. Mohri, A.S. Perelson, K. Tung, R.M. Ribeiro, B. Ramratnam, M. Markowitz, R. Kost, A. Hurley, L.
Weinberger, D. Cesar, M.K. Hellerstein, D.D. Ho, Increased turnover of T lymphocytes in HIV-1
infection and its reduction by antiretroviral therapy., J. Exp. Med. 194 (2001) 1277-1287.

R.J. De Boer, H. Mohri, D.D. Ho, A.S. Perelson, Estimating average cellular turnover from 5-bromo-2’-
deoxyuridine (BrdU) measurements., Proceedings. Biol. Sci. 270 (2003) 849-858.
doi:10.1098/rspb.2002.2316.

B. Asquith, C. Debacq, D.C. Macallan, L. Willems, C.R.M. Bangham, Lymphocyte kinetics: the
interpretation of labelling data., Trends Immunol. 23 (2002) 596-601.
http://www.ncbi.nlm.nih.gov/pubmed/12464572 (accessed July 30, 2018).

R.M. Ribeiro, H. Mohri, D.D. Ho, A.S. Perelson, In vivo dynamics of T cell activation, proliferation,
and death in HIV-1 infection: why are CD4+ but not CD8+ T cells depleted?, Proc. Natl. Acad. Sci. U.
S. A.99 (2002) 15572-7. doi:10.1073/pnas.242358099.

R.M. Ribeiro, H. Mohri, D.D. Ho, A.S. Perelson, Modeling deuterated glucose labeling of T-
lymphocytes., Bull. Math. Biol. 64 (2002) 385—405. doi:10.1006/bulm.2001.0282.

R. Ahmed, L. Westera, J. Drylewicz, M. Elemans, Y. Zhang, E. Kelly, R. Reljic, K. Tesselaar, R.J. de
Boer, D.C. Macallan, J.A.M. Borghans, B. Asquith, Reconciling Estimates of Cell Proliferation from
Stable Isotope Labeling Experiments, PLOS Comput. Biol. 11 (2015) e1004355.
doi:10.1371/journal.pcbi.1004355.

This paper analyzes several experiments on T cell turnover under different mathematical models and it
demonstrates that the assumptions of the model are important in the conclusions reached. The study
tries to reach a consensus of the minimal turnover information that is possible to recover from the
experiments.

L. Westera, J. Drylewicz, 1. den Braber, T. Mugwagwa, 1. van der Maas, L. Kwast, T. Volman, E.H.R.



[18]

[19]

[20]

[21]

[24]

van de Weg-Schrijver, I. Bartha, G. Spierenburg, K. Gaiser, M.T. Ackermans, B. Asquith, R.J. de Boer,
K. Tesselaar, J.A.M. Borghans, Closing the gap between T-cell life span estimates from stable isotope-
labeling studies in mice and humans., Blood. 122 (2013) 2205-12. doi:10.1182/blood-2013-03-488411.
R.J. Borghans, J.A.M.; Tesselaar, K.; de Boer, Current best estimates for the average lifespans of mouse
and human leukocytes: reviewing two decades of deuterium labeling experiments, Immunol. Rev. in
press (2018).

T.W. Chun, L. Carruth, D. Finzi, X. Shen, J.A. DiGiuseppe, H. Taylor, M. Hermankova, K. Chadwick, J.
Margolick, T.C. Quinn, Y.H. Kuo, R. Brookmeyer, M.A. Zeiger, P. Barditch-Crovo, R.F. Siliciano,
Quantification of latent tissue reservoirs and total body viral load in HIV-1 infection., Nature. 387
(1997) 183-8. doi:10.1038/387183a0.

T.-W. Chun, D. Engel, M.M. Berrey, T. Shea, L. Corey, A.S. Fauci, Early establishment of a pool of
latently infected, resting CD4+ T cells during primary HIV-1 infection, Proc. Natl. Acad. Sci. 95 (1998)
8869-8873. doi:10.1073/pnas.95.15.8869.

R.M. Ribeiro, M.D. Hazenberg, A.S. Perelson, M.P. Davenport, Naive and memory cell turnover as
drivers of CCR5-to-CXCR4 tropism switch in human immunodeficiency virus type 1: implications for
therapy., J. Virol. 80 (2006) 802-9. doi:10.1128/JVI1.80.2.802-809.2006.

D. Wodarz, D.C. Krakauer, Defining CTL-induced pathology: implications for HIV., Virology. 274
(2000) 94-104. doi:10.1006/viro.2000.0399.

1.B. Hogue, S.H. Bajaria, B.A. Fallert, S. Qin, T.A. Reinhart, D.E. Kirschner, The dual role of dendritic
cells in the immune response to human immunodeficiency virus type 1 infection, J. Gen. Virol. 89
(2008) 2228-2239. doi:10.1099/vir.0.83600-0.

A model analyzing the consequences of DC action in bridging the innate and acquired immune
response, in particular their dual role in promoting the antiviral immune response and enhancing HIV
infection of CD4+ T cells. The conclusions indicate an important effect for DCs in driving early
infection and impacting immunopathogenesis.

S. Iwami, S. Nakaoka, Y. Takeuchi, Y. Miura, T. Miura, Immune impairment thresholds in HIV
infection, Immunol. Lett. 123 (2009) 149-154. doi:10.1016/j.imlet.2009.03.007.

S. Iwami, T. Miura, S. Nakaoka, Y. Takeuchi, Immune impairment in HIV infection: Existence of risky
and immunodeficiency thresholds, J. Theor. Biol. 260 (2009) 490-501. doi:10.1016/j.jtb1.2009.06.023.
D. Kirschner, G.F. Webb, M. Cloyd, Model of HIV-1 disease progression based on virus-induced lymph
node homing and homing-induced apoptosis of CD4+ lymphocytes., J. Acquir. Immune Defic. Syndr. 24
(2000) 352-62. http://www.ncbi.nlm.nih.gov/pubmed/11015152 (accessed July 30, 2018).

G.M. Donovan, G. Lythe, T cell and reticular network co-dependence in HIV infection., J. Theor. Biol.
395 (2016) 211-220. doi:10.1016/j.jtbi.2016.01.040.

Computational and partial/ordinary differential equations models of the feedback between CD4+ T cells
and the fibroblastic reticular network in lymph nodes to analyze the depletion of cells and lack of
recovery post treatment.

C. Fraser, N.M. Ferguson, F. de Wolf, R.M. Anderson, The role of antigenic stimulation and cytotoxic T
cell activity in regulating the long-term immunopathogenesis of HIV: mechanisms and clinical
implications., Proceedings. Biol. Sci. 268 (2001) 2085-95. doi:10.1098/rspb.2001.1777.

H. Korthals Altes, R.M. Ribeiro, R.J. de Boer, The race between initial T-helper expansion and virus
growth upon HIV infection influences polyclonality of the response and viral set-point., Proceedings.
Biol. Sci. 270 (2003) 1349-58. doi:10.1098/rspb.2003.2377.

S. Wang, P. Hottz, M. Schechter, L. Rong, Modeling the Slow CD4+ T Cell Decline in HIV-Infected
Individuals., PLoS Comput. Biol. 11 (2015) e1004665. doi:10.1371/journal.pcbi.1004665.

D. Wick, The Disappearing CD4+T Cells in HIV Infection: a Case of Over-stimulation?, J. Theor. Biol.
197 (1999) 507-516. doi:10.1006/JTBI1.1998.0891.

G. Huang, Y. Takeuchi, A. Korobeinikov, HIV evolution and progression of the infection to AIDS., J.
Theor. Biol. 307 (2012) 149-159. doi:10.1016/j.jtbi.2012.05.013.

H. Korthals Altes, R. de Boer, M. Boerlijst, Role of avidity and breadth of the CD4 T cell response in
progression to AIDS., Proceedings. Biol. Sci. 273 (2006) 1697-1704. doi:10.1098/rspb.2006.3511.

A P. Galvani, The role of mutation accumulation in HIV progression., Proceedings. Biol. Sci. 272
(2005) 1851-1858. doi:10.1098/rspb.2005.3083.

M.A. Nowak, R.M. Anderson, A.R. McLean, T.F. Wolfs, J. Goudsmit, R.M. May, Antigenic diversity
thresholds and the development of AIDS., Science. 254 (1991) 963-9.
http://www.ncbi.nlm.nih.gov/pubmed/1683006 (accessed July 30, 2018).

M.D. Hazenberg, J.W. Stuart, S.A. Otto, J.C. Borleffs, C.A. Boucher, R.J. de Boer, F. Miedema, D.
Hamann, T-cell division in human immunodeficiency virus (HIV)-1 infection is mainly due to immune
activation: a longitudinal analysis in patients before and during highly active antiretroviral therapy
(HAART)., Blood. 95 (2000) 249-55. http://www.ncbi.nlm.nih.gov/pubmed/10607709 (accessed July



[49]

[50]

*[51]

30, 2018).

M.D. Hazenberg, S.A. Otto, D. Hamann, M.T.L. Roos, H. Schuitemaker, R.J. de Boer, F. Miedema,
Depletion of naive CD4 T cells by CXCR4-using HIV-1 variants occurs mainly through increased T-cell
death and activation., AIDS. 17 (2003) 1419-24. doi:10.1097/01.aids.0000072661.21517 1.

G.R. Kaufmann, J. Zaunders, J. Murray, A.D. Kelleher, S.R. Lewin, A. Solomon, D. Smith, D.A.
Cooper, Relative significance of different pathways of immune reconstitution in HIV type 1 infection as
estimated by mathematical modeling., AIDS Res. Hum. Retroviruses. 17 (2001) 147-159.
doi:10.1089/08892220150217238.

M. Di Mascio, 1. Sereti, L.T. Matthews, V. Natarajan, J. Adelsberger, R. Lempicki, C. Yoder, E. Jones,
C. Chow, J.A. Metcalf, I.A. Sidorov, D.S. Dimitrov, M.A. Polis, J.A. Kovacs, Naive T-cell dynamics in
human immunodeficiency virus type 1 infection: effects of highly active antiretroviral therapy provide
insights into the mechanisms of naive T-cell depletion., J. Virol. 80 (2006) 2665-2674.
doi:10.1128/JVI1.80.6.2665-2674.2006.

G. Wang, G.R.F. Krueger, L.M. Buja, A simple model to simulate cellular changes in the T cell system
following HIV-1 infection., Anticancer Res. 24 (2004) 1689-1698.

P. Mohammadi, A. Ciuffi, N. Beerenwinkel, Dynamic models of viral replication and latency., Curr.
Opin. HIV AIDS. 10 (2015) 90-5. doi:10.1097/COH.0000000000000136.

C. Selinger, M.G. Katze, Mathematical models of viral latency., Curr. Opin. Virol. 3 (2013) 402-7.
doi:10.1016/j.coviro.2013.06.015.

L. Rong, A.S. Perelson, Modeling latently infected cell activation: viral and latent reservoir persistence,
and viral blips in HI'V-infected patients on potent therapy., PLoS Comput. Biol. 5 (2009) e1000533.
doi:10.1371/journal.pcbi.1000533.

A.L. Hill, Mathematical Models of HIV Latency., Curr. Top. Microbiol. Immunol. (2017).
doi:10.1007/82_2017_77.

J.J. Chang, M. Altfeld, Innate Immune Activation in Primary HIV-1 Infection, J. Infect. Dis. 202 (2010)
S5297-S301. doi:10.1086/655657.

P. Borrow, R.J. Shattock, A. Vyakarnam, E. Working Group, Innate immunity against HIV: a priority
target for HIV prevention research, Retrovirology. 7 (2010) 84. doi:10.1186/1742-4690-7-84.

M. Altfeld, M. Gale Jr, Innate immunity against HIV-1 infection, Nat. Immunol. 16 (2015) 554-562.
doi:10.1038/ni.3157.

Y.-L. Chiu, W.C. Greene, The APOBEC3 Cytidine Deaminases: An Innate Defensive Network
Opposing Exogenous Retroviruses and Endogenous Retroelements, Annu. Rev. Immunol. 26 (2008)
317-353. doi:10.1146/annurev.immunol.26.021607.090350.

P.U. Thangavelu, V. Gupta, N.M. Dixit, Estimating the fraction of progeny virions that must incorporate
APOBEC3G for suppression of productive HIV-1 infection, Virology. 449 (2014) 224-228.
doi:10.1016/j.virol.2013.11.026.

I. Hosseini, F. Mac Gabhann, APOBEC3G-Augmented Stem Cell Therapy to Modulate HIV
Replication: A Computational Study., PLoS One. 8 (2013) e63984. doi:10.1371/journal.pone.0063984.
G.W. Suryawanshi, A. Hoffmann, A multi-scale mathematical modeling framework to investigate anti-
viral therapeutic opportunities in targeting HIV-1 accessory proteins, J. Theor. Biol. 386 (2015) 89-104.
doi:10.1016/J.JTB1.2015.08.032.

The authors use an age-structured, multiscale model of infection, to study the effects of host innate
mechanisms and HIV's counteracting accessory proteins. This framework is used to study potential
therapeutic protocols targeting these proteins.

S.P. Showa, F. Nyabadza, S.D. Hove-Musekwa, G. Magombedze, Exploring the benefits of antibody
immune response in HIV-1 infection using a discrete model., Math. Med. Biol. 33 (2016) 189-210.
doi:10.1093/imammb/dqv014.

S. Jost, M. Altfeld, Control of Human Viral Infections by Natural Killer Cells, Annu. Rev. Immunol. 31
(2013) 163-194. doi:10.1146/annurev-immunol-032712-100001.

G. Alter, D. Heckerman, A. Schneidewind, L. Fadda, C.M. Kadie, J.M. Carlson, C. Oniangue-Ndza, M.
Martin, B. Li, S.I. Khakoo, M. Carrington, T.M. Allen, M. Altfeld, HIV-1 adaptation to NK-cell-
mediated immune pressure., Nature. 476 (2011) 96-100. doi:10.1038/nature10237.

M. Elemans, L. Boelen, M. Rasmussen, S. Buus, B. Asquith, HIV-1 adaptation to NK cell-mediated
immune pressure, PLOS Pathog. 13 (2017) €1006361. doi:10.1371/journal.ppat.1006361.

D.D. Richman, T. Wrin, S.J. Little, C.J. Petropoulos, Rapid evolution of the neutralizing antibody
response to HIV type 1 infection, Proc. Natl. Acad. Sci. 100 (2003) 4144—4149.
doi:10.1073/pnas.0630530100.

X. Wei, J.M. Decker, S. Wang, H. Hui, J.C. Kappes, X. Wu, J.F. Salazar-Gonzalez, M.G. Salazar, J.M.
Kilby, M.S. Saag, N.L. Komarova, M.A. Nowak, B.H. Hahn, P.D. Kwong, G.M. Shaw, Antibody
neutralization and escape by HIV-1, Nature. 422 (2003) 307-312. doi:10.1038/nature01470.



[58]

[69]

[70]

[73]

[74]

[75]

[76]

S.D.W. Frost, T. Wrin, D.M. Smith, S.L.K. Pond, Y. Liu, E. Paxinos, C. Chappey, J. Galovich, J.
Beauchaine, C.J. Petropoulos, S.J. Little, D.D. Richman, Neutralizing antibody responses drive the
evolution of human immunodeficiency virus type 1 envelope during recent HIV infection, Proc. Natl.
Acad. Sci. 102 (2005) 18514-18519. doi:10.1073/PNAS.0504658102.

D.R. Burton, L. Hangartner, Broadly Neutralizing Antibodies to HIV and Their Role in Vaccine Design,
Annu. Rev. Immunol. 34 (2016) 635-659. doi:10.1146/annurev-immunol-041015-055515.

L.E. McCoy, D.R. Burton, Identification and specificity of broadly neutralizing antibodies against HIV,
Immunol. Rev. 275 (2017) 11-20. doi:10.1111/imr.12484.

D. Gallerano, C.R. Cabauatan, E.N. Sibanda, R. Valenta, HIV-Specific Antibody Responses in HI'V-
Infected Patients: From a Monoclonal to a Polyclonal View, Int. Arch. Allergy Immunol. 167 (2015)
223-241. doi:10.1159/000438484.

S. Luo, A.S. Perelson, The challenges of modelling antibody repertoire dynamics in HIV infection,
Philos. Trans. R. Soc. B Biol. Sci. 370 (2015) 20140247. doi:10.1098/rstb.2014.0247.

S.M. Ciupe, P. De Leenheer, T.B. Kepler, Paradoxical suppression of poly-specific broadly neutralizing
antibodies in the presence of strain-specific neutralizing antibodies following HIV infection, J. Theor.
Biol. 277 (2011) 55-66. doi:10.1016/j.jtbi.2011.01.050.

S. Luo, A.S. Perelson, Competitive exclusion by autologous antibodies can prevent broad HIV-1
antibodies from arising., Proc. Natl. Acad. Sci. U. S. A. 112 (2015) 11654-9.
doi:10.1073/pnas.1505207112.

The authors develop a computational model (based on 4-letter bit string matching) to simulate co-
evolution of HIV and antibodies. They show that bnAbs can appear early, but they are in general
outcompeted by more specific antibodies. An important result is that this competitive exclusion can be
reduced if the immune systems is stimulated early by multiple strains.

A. Nourmohammad, J. Otwinowski, J.B. Plotkin, Host-Pathogen Coevolution and the Emergence of
Broadly Neutralizing Antibodies in Chronic Infections, PLOS Genet. 12 (2016) e1006171.
doi:10.1371/journal.pgen.1006171.

C. Magnus, R.R. Regoes, Estimating the Stoichiometry of HIV Neutralization, PLoS Comput. Biol. 6
(2010) e1000713. doi:10.1371/journal.pcbi.1000713.

O.F. Brandenberg, C. Magnus, P. Rusert, H.F. Giinthard, R.R. Regoes, A. Trkola, Predicting HIV-1
transmission and antibody neutralization efficacy in vivo from stoichiometric parameters, PLOS Pathog.
13 (2017) €1006313. doi:10.1371/journal.ppat.1006313.

K. Wagh, T. Bhattacharya, C. Williamson, A. Robles, M. Bayne, J. Garrity, M. Rist, C. Rademeyer, H.
Yoon, A. Lapedes, et al., Optimal Combinations of Broadly Neutralizing Antibodies for Prevention and
Treatment of HIV-1 Clade C Infection, PLOS Pathog. 12 (2016) e1005520.
doi:10.1371/journal.ppat.1005520.

B.L. Jilek, M. Zarr, M.E. Sampah, S.A. Rabi, C.K. Bullen, J. Lai, L. Shen, R.F. Siliciano, A quantitative
basis for antiretroviral therapy for HIV-1 infection, Nat. Med. 18 (2012) 446—451. doi:10.1038/nm.2649.
S. Bonhoeffer, M. Rembiszewski, G.M. Ortiz, D.F. Nixon, Risks and benefits of structured antiretroviral
drug therapy interruptions in HIV-1 infection., AIDS. 14 (2000) 2313-22.
http://www.ncbi.nlm.nih.gov/pubmed/11089619 (accessed July 31, 2018).

B.M. Adams, H.T. Banks, M. Davidian, E.S. Rosenberg, Estimation and prediction with HIV-treatment
interruption data., Bull. Math. Biol. 69 (2007) 563-84. doi:10.1007/s11538-006-9140-6.

I.M. Rouzine, R.A. Sergeev, A.I. Glushtsov, Two types of cytotoxic lymphocyte regulation explain
kinetics of immune response to human immunodeficiency virus., Proc. Natl. Acad. Sci. U. S. A. 103
(2006) 666—671. doi:10.1073/pnas.0510016103.

R.A. Sergeev, R.E. Batorsky, J.M. Coffin, .M. Rouzine, Interpreting the effect of vaccination on steady
state infection in animals challenged with Simian immunodeficiency virus., J. Theor. Biol. 263 (2010)
385-392. doi:10.1016/.jtbi.2009.12.018.

R.A. Sergeev, R.E. Batorsky, .M. Rouzine, Model with two types of CTL regulation and experiments
on CTL dynamics., J. Theor. Biol. 263 (2010) 369-384. doi:10.1016/j.jtbi.2009.11.003.

A. Séez-Cirién, C. Bacchus, L. Hocqueloux, V. Avettand-Fenoel, 1. Girault, C. Lecuroux, V. Potard, P.
Versmisse, A. Melard, T. Prazuck, B. Descours, J. Guergnon, J.-P. Viard, F. Boufassa, O. Lambotte, C.
Goujard, L. Meyer, D. Costagliola, A. Venet, G. Pancino, B. Autran, C. Rouzioux, the A.V.S. ANRS
VISCONTI Study Group, Post-treatment HIV-1 controllers with a long-term virological remission after
the interruption of early initiated antiretroviral therapy ANRS VISCONTI Study., PLoS Pathog. 9
(2013) e1003211. doi:10.1371/journal.ppat.1003211.

R. Sharaf, G.Q. Lee, X. Sun, B. Etemad, L.M. Aboukhater, Z. Hu, Z.L. Brumme, E. Aga, R.J. Bosch, Y.
Wen, G. Namazi, C. Gao, E.P. Acosta, R.T. Gandhi, J.M. Jacobson, D. Skiest, D.M. Margolis, R.
Mitsuyasu, P. Volberding, E. Connick, D.R. Kuritzkes, M.M. Lederman, X.G. Yu, M. Lichterfeld, J.Z.
Li, HIV-1 proviral landscapes distinguish posttreatment controllers from noncontrollers, J. Clin. Invest.



[77]

*[78]

[80]
[81]

*[82]

#5[88]

##[89]

*[93]

(2018). doi:10.1172/JCI120549.

F. Maggiolo, E. Di Filippo, L. Comi, A. Callegaro, Post treatment controllers after treatment interruption
in chronically HIV infected patients, AIDS. (2018) 1. doi:10.1097/QAD.0000000000001743.

J.M. Conway, A.S. Perelson, Post-treatment control of HIV infection, Proc. Natl. Acad. Sci. U. S. A. 112
(2015) 5467-5472. doi:10.1073/pnas.1419162112.

The authors propose a theoretical model of infection with effector cell responses and, importantly,
immune exhaustion, to explain the observed phenomenon of post-treatment control. This framework may
also be used to investigate immune checkpoint inhibitors, which aim to reverse immune exhaustion.

J.N. Mandl, R.R. Regoes, D.A. Garber, M.B. Feinberg, Estimating the effectiveness of simian
immunodeficiency virus-specific CD8+ T cells from the dynamics of viral immune escape., J. Virol. 81
(2007) 11982-91. doi:10.1128/JVI.00946-07.

C.L. Althaus, R.J. De Boer, Impaired immune evasion in HIV through intracellular delays and multiple
infection of cells., Proceedings. Biol. Sci. 279 (2012) 3003-3010. doi:10.1098/rspb.2012.0328.

W.D. Wick, O.0. Yang, Biologically-Directed Modeling Reflects Cytolytic Clearance of SIV-Infected
Cells In Vivo in Macaques, PLoS One. 7 (2012) e44778. doi:10.1371/journal.pone.0044778.

S. Gadhamsetty, T. Coorens, R.J. de Boer, Notwithstanding Circumstantial Alibis, Cytotoxic T Cells Can
Be Major Killers of HIV-1-Infected Cells., J. Virol. 90 (2016) 7066—7083. doi:10.1128/JVI.00306-16.
Careful model-based analysis illustrating that, armed with current data, we cannot discern the primary
mode of action of CD8+ cells, either lytic or nonlytic.

N.M.G. Smith, P. Mlcochova, S.A. Watters, M.M.I. Aasa-Chapman, N. Rabin, S. Moore, S.G. Edwards,
J.A. Garson, P.R. Grant, R.B. Ferns, A. Kashuba, N.P. Mayor, J. Schellekens, S.G.E. Marsh, A.J.
McMichael, A.S. Perelson, D. Pillay, N. Goonetilleke, R.K. Gupta, Proof-of-Principle for Immune
Control of Global HIV-1 Reactivation In Vivo., Clin. Infect. Dis. 61 (2015) 120-128.
doi:10.1093/cid/civ219.

M.P. Davenport, J. Petravic, CD8+ T Cell Control of HIV—A Known Unknown, PLoS Pathog. 6 (2010)
€1000728. doi:10.1371/journal.ppat.1000728.

J.B. McBrien, N.A. Kumar, G. Silvestri, Mechanisms of CD8+T cell-mediated suppression of HIV/SIV
replication, Eur. J. Immunol. (2018) 898-914. doi:10.1002/eji.201747172.

E. Cardozo, C. Apeterei, 1. Pandrea, R. Ribeiro, The dynamics of simian immunodeficiency virus (SIV)
after depletion of CD8+ cells, Immunol. Rev. in press (2018).

X. Jin, D.E. Bauer, S.E. Tuttleton, S. Lewin, A. Gettie, J. Blanchard, C.E. Irwin, J.T. Safrit, J. Mittler, L.
Weinberger, L.G. Kostrikis, L. Zhang, A.S. Perelson, D.D. Ho, Dramatic rise in plasma viremia after
CDS8(+) T cell depletion in simian immunodeficiency virus-infected macaques., J. Exp. Med. 189 (1999)
991-8. http://www.ncbi.nlm.nih.gov/pubmed/10075982 (accessed August 4, 2018).

N.R. Klatt, E. Shudo, A.M. Ortiz, J.C. Engram, M. Paiardini, B. Lawson, M.D. Miller, J. Else, 1.
Pandrea, J.D. Estes, C. Apetrei, J.E. Schmitz, R.M. Ribeiro, A.S. Perelson, G. Silvestri, CD8+
Lymphocytes Control Viral Replication in SIVmac239-Infected Rhesus Macaques without Decreasing
the Lifespan of Productively Infected Cells, PLoS Pathog. 6 (2010) e1000747.
doi:10.1371/journal.ppat.1000747.

With Wong et al. (2010): Studies coupling experiment with modeling that challenged the dogma of the
time, that the primary mode of action of CTLs is cytolytic.

J.K. Wong, M.C. Strain, R. Porrata, E. Reay, S. Sankaran-Walters, C.C. Ignacio, T. Russell, S.K. Pillai,
D.J. Looney, S. Dandekar, In Vivo CD8+ T-Cell Suppression of SIV Viremia Is Not Mediated by CTL
Clearance of Productively Infected Cells, PLoS Pathog. 6 (2010) e1000748.
doi:10.1371/journal.ppat.1000748.

With Klatt et al. (2010): Studies coupling experiment with modeling that challenged the dogma of the
time, that the primary mode of action of CTLs is cytolytic.

J. Petravic, M.P. Davenport, Vaccination-Induced Noncytolytic Effects in the Acute Phase of SHIV
Infection, PLoS One. 5 (2010) e15083. doi:10.1371/journal.pone.0015083.

F. Graw, R.R. Regoes, Predicting the impact of CD8+ T cell polyfunctionality on HIV disease
progression., J. Virol. 88 (2014) 10134-45. doi:10.1128/JVI.00647-14.

C.S. Fernandez, 1. Stratov, R. De Rose, K. Walsh, C.J. Dale, M.Z. Smith, M.B. Agy, S.-L. Hu, K. Krebs,
D.I. Watkins, D.H. O’connor, M.P. Davenport, S.J. Kent, Rapid viral escape at an immunodominant
simian-human immunodeficiency virus cytotoxic T-lymphocyte epitope exacts a dramatic fitness cost.,
J. Virol. 79 (2005) 5721-31. doi:10.1128/JV1.79.9.5721-5731.2005.

Seminal study employing data on escape and, significantly, reversion to make model-based estimates of
escape rates, selection pressure exerted by CTLs at a single SHIV epitope, and fitness costs of escape
mutations at that epitope, in macaques.

B. Asquith, C.T.T. Edwards, M. Lipsitch, A.R. McLean, Inefficient Cytotoxic T Lymphocyte—Mediated
Killing of HIV-1-Infected Cells In Vivo, PLoS Biol. 4 (2006) €90. doi:10.1371/journal.pbio.0040090.



[97]
[98]
[99]
[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

*[108]

[109]

[110]

[111]

[112]

[113]

[114]

Study making model-based estimates of selection pressure exerted by CTLs at multiple HIV epitopes and
fitness costs for associated HIV escape mutations, using a differential equations model that was
subsequently extensively used to further investigate CTL escape.

V. V Ganusov, R.A. Neher, A.S. Perelson, Mathematical modeling of escape of HIV from cytotoxic T
lymphocyte responses., J. Stat. Mech. 2013 (2013) P01010. doi:10.1088/1742-5468/2013/01/P01010.
V. V Ganusov, R.J. De Boer, Estimating Costs and Benefits of CTL Escape Mutations in STV/HIV
Infection., PLoS Comput. Biol. 2 (2006) e24. doi:10.1371/journal.pcbi.0020024.

V. V Ganusov, N. Goonetilleke, M.K.P. Liu, G. Ferrari, G.M. Shaw, A.J. McMichael, P. Borrow, B.T.
Korber, A.S. Perelson, Fitness costs and diversity of the cytotoxic T lymphocyte (CTL) response
determine the rate of CTL escape during acute and chronic phases of HIV infection., J. Virol. 85 (2011)
10518-10528. doi:10.1128/JVI.00655-11.

M.P. Davenport, L. Loh, J. Petravic, S.J. Kent, Rates of HIV immune escape and reversion: implications
for vaccination, Trends Microbiol. 16 (2008) 561-566. doi:10.1016/j.tim.2008.09.001.

B. Asquith, A.R. McLean, In vivo CD8+ T cell control of immunodeficiency virus infection in humans
and macaques, Proc. Natl. Acad. Sci. 104 (2007) 6365-6370. doi:10.1073/pnas.0700666104.

S. Leviyang, V. V Ganusov, Broad CTL Response in Early HIV Infection Drives Multiple Concurrent
CTL Escapes., PLoS Comput. Biol. 11 (2015) €1004492. doi:10.1371/journal.pcbi.1004492.

Y. Yang, V. V. Ganusov, Kinetics of HIV-Specific CTL Responses Plays a Minimal Role in Determining
HIV Escape Dynamics, Front. Immunol. 9 (2018) 140. doi:10.3389/fimmu.2018.00140.

R. Batorsky, R.A. Sergeev, .M. Rouzine, The Route of HIV Escape from Immune Response Targeting
Multiple Sites Is Determined by the Cost-Benefit Tradeoff of Escape Mutations, PLoS Comput. Biol. 10
(2014) e1003878. doi:10.1371/journal.pcbi.1003878.

C.L. Althaus, R.J. De Boer, Dynamics of Immune Escape during HIV/SIV Infection, PLoS Comput.
Biol. 4 (2008) e1000103. doi:10.1371/journal.pcbi.1000103.

L. Loh, J. Petravic, C.J. Batten, M.P. Davenport, S.J. Kent, Vaccination and Timing Influence SIV
Immune Escape Viral Dynamics In Vivo, PLoS Pathog. 4 (2008) e12.
doi:10.1371/journal.ppat.0040012.

V. Garcia, R.R. Regoes, The Effect of Interference on the CD8+ T Cell Escape Rates in HIV, Front.
Immunol. 5 (2015) 661. doi:10.3389/fimmu.2014.00661.

V. Garcia, M.W. Feldman, R.R. Regoes, Investigating the Consequences of Interference between
Multiple CD8+ T Cell Escape Mutations in Early HIV Infection, PLOS Comput. Biol. 12 (2016)
€1004721. doi:10.1371/journal.pcbi.1004721.

D. Palmer, J. Frater, R. Phillips, A.R. McLean, G. McVean, Integrating genealogical and dynamical
modelling to infer escape and reversion rates in HIV epitopes, Proc. R. Soc. B Biol. Sci. 280 (2013)
20130696-20130696. doi:10.1098/rspb.2013.0696.

H.R. Fryer, J. Frater, A. Duda, D. Palmer, R.E. Phillips, A.R. McLean, Cytotoxic T-lymphocyte escape
mutations identified by HLA association favor those which escape and revert rapidly., J. Virol. 86 (2012)
8568-8580. doi:10.1128/JV1.07020-11.

H.E. Roberts, J. Hurst, N. Robinson, H. Brown, P. Flanagan, L. Vass, S. Fidler, J. Weber, A. Babiker,
R.E. Phillips, A.R. McLean, J. Frater, SPARTAC trial investigators, Structured Observations Reveal
Slow HIV-1 CTL Escape, PLOS Genet. 11 (2015) e1004914. doi:10.1371/journal.pgen.1004914.
Clinical study of 125 participants with immunologic and viral sequence data collected frequently in
early infection suggesting that the majority of early CTL-related mutations did not arise de novo but
rather had been transmitted in the infecting viral strain. They showed that incidence of new escape was
low. This study challenges the notion that CTL escape mutations occur rapidly during the acute stage of
infection.

S.M. Ali Tabei, Y. Li, M. Weigert, A.R. Dinner, Model for competition from self during passive
immunization, with application to broadly neutralizing antibodies for HIV., Vaccine. 30 (2012) 607-613.
doi:10.1016/j.vaccine.2011.11.048.

H.K. Altes, D.A. Price, V.A. Jansen, Effector cytotoxic T lymphocyte numbers induced by vaccination
should exceed levels in chronic infection for protection from HIV., Vaccine. 20 (2001) 3-6.

H.K. Altes, D. Wodarz, V.A.A. Jansen, The dual role of CD4 T helper cells in the infection dynamics of
HIV and their importance for vaccination., J. Theor. Biol. 214 (2002) 633—-646.
doi:10.1006/jtbi.2001.2483.

J.C. Reece, L. Loh, S. Alcantara, C.S. Fernandez, J. Stambas, A. Sexton, R. De Rose, J. Petravic, M.P.
Davenport, S.J. Kent, Timing of Immune Escape Linked to Success or Failure of Vaccination, PLoS
One. 5 (2010) e12774. doi:10.1371/journal.pone.0012774.

K.E. Stephenson, Therapeutic vaccination for HIV: hopes and challenges., Curr. Opin. HIV AIDS. 13
(2018) 408—415. doi:10.1097/COH.0000000000000491.

H. Fleury, C. Tumiotto, P. Bellecave, P. Recordon-Pinson, Therapeutic Vaccine Against HIV, Viral



Variability, Cytotoxic T Lymphocyte Epitopes, and Genetics of Patients, AIDS Res. Hum. Retroviruses.
34 (2018) 27-30. doi:10.1089/aid.2017.0175.

[115] M.N. Wykes, S.R. Lewin, Immune checkpoint blockade in infectious diseases, Nat. Rev. Immunol. 18
(2017) 91-104. doi:10.1038/nri.2017.112.

[116] N. Seddiki, Y. Lévy, Therapeutic HIV-1 vaccine: time for immunomodulation and combinatorial
strategies., Curr. Opin. HIV AIDS. 13 (2018) 119-127. doi:10.1097/COH.0000000000000444.

[117] D.C. Douek, HIV Infection: Advances Toward a Cure., Top. Antivir. Med. 25 (2018) 121-125.
http://www.ncbi.nlm.nih.gov/pubmed/29689537 (accessed August 2, 2018).

[118] B. Poonia, Immunotherapy in HIV Infection, J. Infect. Dis. Ther. 01 (2013) 1-5. doi:10.4172/2332-
0877.1000102.

[119] M. Joly, D. Odloak, Modeling interleukin-2-based immunotherapy in AIDS pathogenesis., J. Theor.
Biol. 335 (2013) 57-78. doi:10.1016/j.jtbi.2013.06.019.

[120] A.N. Chatterjee, P.K. Roy, Anti-viral drug treatment along with immune activator IL-2: a control-based
mathematical approach for HIV infection, Int. J. Control. 85 (2012) 220-237.
doi:10.1080/00207179.2011.643414.

[121] C. Pasin, F. Dufour, L. Villain, H. Zhang, R. Thiébaut, Controlling IL-7 injections in HIV-infected
patients, (2018). http://arxiv.org/abs/1801.06227 (accessed August 2, 2018).

[122] C. Denny, ed., Human Development Report 2005, United Nations Development Programme, New York,
2005. http://hdr.undp.org/sites/default/files/reports/266/hdr05_complete.pdf.

[123] M.S. Espindola, L.S. Soares, L.J. Galvao-Lima, F.A. Zambuzi, M.C. Cacemiro, V.S. Brauer, F.G. Frantz,
HIV infection: focus on the innate immune cells, Immunol. Res. 64 (2016) 1118-1132.
doi:10.1007/s12026-016-8862-2.

[124] G. Ferrari, J. Pollara, G.D. Tomaras, B.F. Haynes, Humoral and Innate Antiviral Immunity as Tools to
Clear Persistent HIV Infection., J. Infect. Dis. 215 (2017) S152-S159. doi:10.1093/infdis/jiw555.





