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A participant-derived xenograft model of HIV
enables long-term evaluation of autologous
immunotherapies
Chase D. McCann1,2*, Christiaan H. van Dorp3*, Ali Danesh1*, Adam R. Ward4,5, Thomas R. Dilling1, Talia M. Mota1, Elizabeth Zale2,
Eva M. Stevenson1, Shabnum Patel6,7, Chanson J. Brumme8, Winnie Dong8, Douglas S. Jones9, Thomas L. Andresen9,
Bruce D. Walker10,11,12, Zabrina L. Brumme8,13, Catherine M. Bollard6,7, Alan S. Perelson3, Darrell J. Irvine12,14,15,16, and R. Brad Jones1,2

HIV-specific CD8+ T cells partially control viral replication and delay disease progression, but they rarely provide lasting
protection, largely due to immune escape. Here, we show that engrafting mice with memory CD4+ T cells from HIV+ donors
uniquely allows for the in vivo evaluation of autologous T cell responses while avoiding graft-versus-host disease and the
need for human fetal tissues that limit other models. Treating HIV-infected mice with clinically relevant HIV-specific T cell
products resulted in substantial reductions in viremia. In vivo activity was significantly enhanced when T cells were engineered
with surface-conjugated nanogels carrying an IL-15 superagonist, but it was ultimately limited by the pervasive selection of a
diverse array of escape mutations, recapitulating patterns seen in humans. By applying mathematical modeling, we show that
the kinetics of the CD8+ T cell response have a profound impact on the emergence and persistence of escape mutations. This
“participant-derived xenograft” model of HIV provides a powerful tool for studying HIV-specific immunological responses
and facilitating the development of effective cell-based therapies.

Introduction
Multiple lines of evidence have established a role for CD8+ HIV-
specific T (HST) cells in partially controlling viral replication
and delaying disease progression (Altfeld et al., 2006; Betts et al.,
2006; Day et al., 2007; Turk et al., 2013; Turnbull et al., 2006). In
a rare population termed “elite controllers” (∼1% of individuals
with HIV), CD8+ T cell responses contribute to exceptional
control of viremia to below the limits of detection of con-
ventional assays without antiretroviral (ARV) therapy (ART;
Walker, 2007). Despite this potential, efforts to harness cellular
immunity through vaccination or immunotherapy have yet to
succeed in eliciting viremia control or in eliminating viral
reservoirs that persist despite ART (Jones and Walker, 2016). In
contrast, the treatments for many types of cancers are in the
midst of a revolution, driven by the emergence of effective

immunotherapies including natural and engineered T cell therapies
(June and Sadelain, 2018), immunomodulatory agents (Wei et al.,
2018), and combinations thereof (Wang et al., 2019). A key
contributor to these different trajectories has been the avail-
ability of informative small animal models of cancer, which have
facilitated immunotherapeutic development in that field. By
contrast, substantial barriers have limited the utility of animal
models for studying cellular immunity to HIV.

Murine cells do not support HIV replication due to the ab-
sence of entry receptors, as well as multiple post-entry blocks
(Bieniasz and Cullen, 2000; Browning et al., 1997). This has led
to the development of “humanized mouse” models, such as the
bone marrow, liver, thymus (BLT) mouse (Melkus et al., 2006;
Wege et al., 2008), comprising immunodeficient mouse strains
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xenografted with human stem cells and/or tissues to generate
CD4+ T cells that support HIV replication (reviewed in Marsden
and Zack, 2015; Whitney and Jones, 2018). While these models
have deepened our understanding of HIV pathogenesis and fa-
cilitated therapeutic development (Denton et al., 2012; Deruaz
and Luster, 2013; Halper-Stromberg et al., 2014; Jones et al.,
2017), several key factors have substantially limited their util-
ity for the study of HST cells. First, most humanized mouse
models, including the BLT mouse, are substantially restricted in
terms of possible experimental timelines due to the develop-
ment of graft-versus-host disease (GvHD), caused by the xeno-
genic reaction of human cells toward mouse tissues, resulting in
severe morbidity and mortality (Greenblatt et al., 2012). Second,
although some HST cell responses can arise in these models,
efforts to modulate these through vaccination have met with
only limited success (Dudek et al., 2012). In the cancer field, by
contrast, clinical responses to adoptive T cell transfer have been
modeled by engrafting immunodeficient mice with patient-
derived tumors and subsequently with patient-derived T cell
therapy products (Jespersen et al., 2017). Such approaches would
be advantageous for HIV but are not possible using humanized
mouse models that are engrafted with fetal cells/tissues, as these
do not have a corresponding person from whom to generate
autologous T cell therapy products. Ethical considerations
around the use of human fetal tissues further underscore the
urgent need for alternative mouse models of HIV.

Prior to the development of stem cell/fetal tissue–derived
mouse models, early humanized mouse models involved the
injection of human peripheral blood mononuclear cells (PBMCs)
into CB17-SCID mice (Mosier et al., 1988). These mice supported
HIV infection but were limited by poor and inconsistent levels of
engraftment, driven by rejection of human cells by murine
natural killer (NK) cells. Engraftment of human PBMCs was
dramatically enhanced in the nonobese diabetic severe com-
bined immunodeficiency IL2rγnull (NSG)mouse (which lacks NK
cells; Spranger et al., 2012), but fatal GvHD occurred particularly
rapidly (within 3–4 wk) in hu-PBL-SCID mice. Here, we dem-
onstrate that the engraftment of NSG mice with purified
memory CD4+ T cells, obtained from individuals with or without
HIV, yields mice that support sustained viral replication in this
critical cell population that largely harbors the infectious res-
ervoir in humans (Chomont et al., 2009; Chun et al., 1997; Chun
et al., 1995; Finzi et al., 1997) while abrogating GvHD. This par-
allels studies of allogeneic stem cell transplantation, which have
demonstrated that transfusion with only memory CD4+ T cells
reduces the development of GvHD while still maintaining
antigen-specific responses (Anderson et al., 2003; Huang and
Chao, 2017). We establish the utility of this model in evaluat-
ing clinically relevant T cell therapy products as well as in-
novative approaches to enhance these products. We further
demonstrate that this model robustly recapitulates T cell epitope
escape mutations that are a hallmark of natural HIV infection.
This model thus is a valuable tool for studying the evolution of
HST cell responses and for evaluating strategies to curb immune
escape and establish durable immune-mediated control of HIV
replication (Allen et al., 2005; Jones et al., 2012; McMichael et al.,
2010; Patel et al., 2016). Finally, we highlight a notable parallel

between our model and “patient-derived xenograft” (PDX)
models of cancer: Both engraft mice with the affected cells
from individuals (HIV-infected CD4+ T cells and tumor cells,
respectively) and subsequently test autologous immune ef-
fectors (HST cells and tumor-infiltrating T cells, respectively)
along with various adjuvant therapies. As the first PDX model
for HIV, we propose the term “HIV PDX mouse model” to
emphasize the distinction from human fetal tissue–derived
“humanized” mouse models of HIV.

Results
Engraftment with memory CD4+ T cells greatly diminishes
GvHD compared with total CD4+ T cells
In the setting of hematopoietic cell transplantation, the naive
T cell compartment is largely responsible for giving rise to the
allogeneic reactions that result in GvHD and/or transplant re-
jection (Anderson et al., 2003; Chen et al., 2004). This is likely
because the naive TCR repertoire is vastly more diverse than the
memory TCR repertoire and thus more likely to encompass al-
loreactive clonotypes (Anderson et al., 2003). We therefore
hypothesized that naive human T cells would drive xenogeneic
reactions and GvHD in mice. To evaluate this, we compared
GvHD onset and severity in mice engrafted with total CD4+

T cells to those engrafted with only the memory subset of CD4+

T cells.
Total or memory CD4+ T cells were enriched from HIV-

negative donor PBMCs via negative selection (Fig. S1). NSG
mice, which lack murine T cells, B cells, and NK cells, were
engrafted with 5 × 106 CD4+ T cells and bled weekly to quantify
and phenotype peripheral CD4+ T cells. We observed robust
engraftment of CD4+ T cells in both groups of mice, though at
higher levels in mice that received total CD4+ T cells (P < 0.05;
Fig. 1 A). In the latter group, this expansion corresponded with
increasing proportions of memory CD4+ T cells (CD4+/CD45RO+)
and the loss of the naive compartment by 28 d after engraftment
(Fig. 1 B). The onset of GvHD was measured primarily by weight
loss, a reliable indicator of acute GvHD in mice (Fontaine and
Perreault, 1990). Mice that received total CD4+ T cells began
losing weight rapidly ∼4 wk after engraftment and died or had
to be euthanized by 7 wk after engraftment (Fig. 1 C). This
weight loss was accompanied by observable signs of GvHD, in-
cluding blepharitis, fur loss, and hunched posture. The onset of
GvHD in total CD4+ T cell mice was associated with high levels of
IFN-γ in blood plasma, indicating the activation of engrafted
T cells (Fig. 1 D). In contrast, mice that had received memory
CD4+ T cells had ∼10× lower levels of IFN-γ, in the range of
physiological concentrations (Fig. 1 D; Kleiner et al., 2013).
Histology revealed that, while tissue engraftment of CD4+ T cells
was similar between both groups (Fig. 1, E and F), mice receiving
total CD4+ T cells exhibited more severe secondary pathologies
according to a blinded pathology report (i.e., perivascular cuff-
ing, apoptosis/necrosis, andmultinucleated/syncytial cells; Fig. 1
E, inset). Thus, the injection of NSG mice with only the memory
(CD45RO+) subset of CD4+ T cells results in robust engraftment
while largely avoiding the severe GvHD that rapidly occurs in
mice engrafted with total CD4+ T cells.
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Figure 1. Engraftment of NSG mice with memory CD4+ T cells abrogates the GvHD observed with total CD4+ T cells. (A) Peripheral blood CD4+ T cell
counts from NSG mice engrafted with total CD4+ T cells (n = 6), memory CD4+ T cells (n = 6), or PBS control (n = 3), as determined by flow cytometry.
(B) Percentages of CD4+ T cells with memory phenotypes (CD45RA−/CD45RO+). Day 0 displays the percentage of cells with memory phenotype from pooled
cells before engraftment, while days 14–28 cells were collected from the peripheral blood of mice. (C)Mice were weighed weekly to assess the clinical impact
of cell infusion. Data are presented as percentage changes from original weight. (D) Quantification of IFN-γ levels in mouse plasma measured by ELISA.

McCann et al. Journal of Experimental Medicine 3 of 23

Xenograft model evaluates HIV immunotherapies https://doi.org/10.1084/jem.20201908

https://doi.org/10.1084/jem.20201908


Memory CD4+ T cell xenograft model recapitulates key
features of HIV replication dynamics
We next determined whether memory CD4+ T cell–engrafted
NSG mice would sustain HIV replication. Five NSG mice were
engrafted with 5 × 106 purified memory CD4+ T cells each from
an HIV-negative donor and infected with HIVJR-CSF at 43 d after
engraftment. We observed robust viral replication, which
reached a set point of ∼106–107 HIV RNA copies/ml (Fig. 2). This
was accompanied by the rapid depletion of peripheral CD4+

T cells, mirroring acute infection in humans. At 7 wk after
infection, mice were initiated on an ARV drug regimen com-
posed of daily subcutaneous injections of tenofovir disoproxil
fumarate (TDF), emtricitabine (FTC), and dolutegravir (DTG).
This is the same formulation that has been used to treat rhesus
macaques for >1 yr (Borducchi et al., 2018; Whitney et al., 2018),
scaled to mice by surface area conversion. ART suppressed HIV
replication and allowed CD4+ T cell counts to recover, and ART
discontinuation reversed these effects (Fig. 2). Thus, this model
recapitulates key features of viral replication and CD4+ T cell
dynamics in untreated (No Tx) and treated HIV infection.

Post hoc power calculations using pooled viral load (VL) data
from three independent experiments revealed that a 1-log10 mean
difference in VL between two groups at a single time point can be
detected with 80% power with five mice per group (Fig. S2). This
suggests that this model could be used to ascertain even modest an-
tiviral effects of therapeutic strategies with limited numbers of mice.

IL-15 superagonist (IL-15SA) cell priming enhances
proliferation and cytotoxic activity of a CD8+ HST cell clone
in vitro
A unique advantage of engrafting mice with CD4+ T cells from
adults is that it offers the opportunity to generate graft-

autologous T cell effectors in vitro and test their antiviral ac-
tivity in vivo. As has been exploited in various cancer models,
the in vitro generation of these T cell products facilitates both
engineering of their antigen specificity profiles and modulation
of their functional profiles. We therefore designed an experi-
ment to test both of these capabilities. To illustrate precise
control of antigen specificity, we analyzed the antiviral activity
of an HIV-specific CD8+ T cell clone targeting the RLRDLLLIVTR
(RR11) epitope in HIV-Env (Fig. S3), which had been expanded
from a single cell isolated from participant OM5220 (see Fig. S5).
Targeting of RR11 has been associated with relative HIV viremia
control, suggesting that such responses may be protective
(Pereyra et al., 2014). We engrafted mice with purified memory
CD4+ T cells from this same individual to allow for in vivo
testing of this RR11-specific CD8+ T cell clone against autol-
ogous target cells.

While CD8+ T cell clones offer exquisite antigen specificity,
they have historically performed relatively poorly in vivo fol-
lowing adoptive cell therapy, likely due to the lack of CD4+ T cell
help and of supporting cytokines (Brodie et al., 1999; Koenig
et al., 1995; Lieberman et al., 1997). We therefore combined
our approach with an innovative strategy designed to enhance
the persistence and functionality of adoptively transferred cells
through focused delivery of cytokine support. This “cell prim-
ing” approach involves the physical loading of effector T cells
with “nanogel” (NG) particles (Tang et al., 2018) composed of
cross-linked matrices of supporting cytokines—in the current
case, an IL-15SA—that releases cytokines over time (Fig. 3 A).
This IL-15SA cell priming approach is currently in a phase
1 clinical trial for relapsed/refractory solid tumors and lym-
phomas (NCT03815682). Enhancements of CD8+ T cell prolifer-
ation and cytotoxic activity by IL-15SA have also been observed

(E) Representative examples of hematoxylin and eosin–stained cross-sections of spleen and liver tissues. Insets display blinded pathology report values. PC,
perivascular cuffing; (P), periportal; (C), centrilobular; A/N, apoptosis/necrosis; M/S, multinucleated/syncytial cells; CI, cellular infiltrate. Scores range from 1 to
4, with 4 being most severe. Scale bars represent 100 µm. (F) Distributions of CD4+ T cells across various tissues 57 d after initial engraftment. BM, bone
marrow. All data are expressed as mean ± SD and considered statistically significant at *, P < 0.05; **, P < 0.01; ***, P < 0.001 using a linear mixed-effects
model with Geisser-Greenhouse correction (A) or Student’s t test (B–D). Results are representative of at least two independent experiments.

Figure 2. Memory CD4+ T cell–engrafted
mice recapitulate features of natural and
treated HIV infection. NSG mice (n = 5) were
engrafted with 5 × 106 memory CD4+ T cells
isolated from an HIV-negative donor. Mice were
bled weekly, and VL (red circles; left axis) and
CD4+ T cells (black squares; right axis) are pre-
sented. 43 d after engraftment, mice were in-
fected with 100,000 TCID50 HIVJR-CSF (arrow).
90 d after engraftment, mice were started on a
daily regimen of s.c. administered ARV cocktail
consisting of 57 mg/kg TDF, 143 mg/kg FTC, and
7 mg/kg DTG (shaded region). ART was stopped
at 118 d after engraftment. HIV RNA limit of
detection = 200 copies (dashed horizontal line),
sample averages below limit of detection rep-
resented as open circles. Data are expressed as
mean ± SD. Results shown are representative of
more than three independent experiments.
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in HIV (Jones et al., 2016; Mota et al., 2020). Therefore, we
sought to determine if the enhancing effects of IL-15SA cell
priming on cancer-specific CD8+ T cells would translate to HIV-
specific CD8+ T cells in our PDX model.

We began by optimizing the IL-15SA NG loading conditions
for this CD8+ T cell clone and studied the impact of this on
proliferation and effector function in vitro. RR11-specific CD8+

T cells were incubated with IL-15SA–containing NG over a range
of concentrations resulting in surface-bound IL-15SA, as deter-
mined by flow cytometry (IL-15+/IgG+; Fig. 3 B). Surface staining
for IL-15SA was absent by 24 h (Fig. 3 B) due to a positive charge
of the NG inducing endocytosis (Behzadi et al., 2017) and the
cytokine-induced receptor-mediated internalization, as seen
previously (Tang et al., 2018). A dose-dependent expansion of IL-
15SA priming of RR11-specific CD8+ T cells was observed in vitro,
with the highest concentration (1.5 mg/ml) showing an eightfold
increase in cell numbers after 8 d in culture (Fig. 3 C). IL-15SA
cell priming also enhanced killing of RR11 peptide-loaded CD4+

T cells (P < 0.001 at 1:5 effector/target ratio; Fig. 3 D).

Targeted delivery of IL-15SA enhanced antiviral effects of
CD8+ HST cells in vivo
We next tested the in vivo antiviral activities of unmodified and
IL-15SA–loaded RR11-specific CD8+ T cells in the HIV PDXmouse
model. Mice were engrafted with memory CD4+ T cells from
study participant OM5220 (autologous to the RR11-specific CD8+

T cell clone), infected with HIVJR-CSF, and received adoptive cell
transfer of the RR11-specific CD8+ T cell clone alone (RR11), IL-
15SA NG-loaded RR11 (RR11-NG), or RR11 plus systemic soluble
IL-15SA administered at 0.2 mg/kg over three weekly doses
(RR11 + IL-15SA; Fig. 4 A). This dose was selected based on
previous reports that 0.2 mg/kg of a similar IL-15SA molecule
enhanced CD8+ T cell and NK cell activity against tumors while
avoiding toxicity (Liu et al., 2018; Rhode et al., 2016). After
reaching nearly identical peaks, mice receiving RR11-NG showed
transient reductions in VL relative to No Tx mice, with the
greatest differential observed ∼4 wk after adoptive cell transfer
(day 49; P = 0.031; Fig. 4, B and C). A second administration of
RR11-NG was given on day 84, and it again drove a reduction in
VL relative to No Tx mice, but not significantly (Fig. 4 B). In
contrast, mice that received systemic soluble IL-15SA (as well as
RR11-specific CD8+ T cells) reached higher peak viremia and
sustained a higher viral set point than all other groups. This was
likely because systemic IL-15SA induced CD4+ T cell activation,
as evidenced by high levels of the activation markers CD25 and
CD69 in this group (P < 0.001 and P = 0.011, respectively;
Fig. 4 D). No significant differences were observed between the
VLs of mice that had received RR11-specific CD8+ T cells without
IL-15SA and those of No Tx mice.

Overall, our results indicate that infusion of a single HIV-
specific CD8+ T cell clone in the PDX model was not sufficient
to reduce VLs, in line with previous studies of such clones in
humans and in nonhuman primate (NHP) models (Bolton et al.,
2010; Brodie et al., 1999; Koenig et al., 1995; Lieberman et al.,
1997; Minang et al., 2010). Our results do however illustrate the
value of this PDX model in assessing strategies to enhance T cell
immunotherapies: Whereas soluble and IL-15SA NG supported

similar levels of expansion of CD8+ HST cells in vitro (Fig. 3 C),
only the targeted NG delivery facilitated a net benefit in terms of
in vivo antiviral activity.

Polyclonal HST cells from controller exhibit potent in vivo
antiviral activity in PDX mice
The HIV PDX mouse offers the potential to test clinically rele-
vant T cell therapy products against autologous cells in vivo.
Toward this goal, we assessed the in vivo antiviral efficacy
of a polyclonal, multiepitope-specific T cell product, termed
“HST cells” (Patel et al., 2020; Ren et al., 2020), that was an-
ticipated to show superior persistence and efficacy relative to
T cell clones based on clinical trial data (Leen et al., 2006; Saglio
et al., 2014). HST cells were generated using the same good
manufacturing practice–compliant protocol used to generate the
analogous T cell products that are being studied in participants
with HIV in a clinical trial (NCT03485963). Briefly, HST cells are
expanded by co-culturing isolated PBMCs with autologous
dendritic cells preloaded with HIV peptide pools spanning HIV
Gag, Pol, and Nef (Fig. S3 B; Lam et al., 2015). For the current
study, HST cells were generated from participant CIRC0196 (Fig.
S5), who expresses HLA-B*5801, an allele associated with en-
hanced viral control (Fellay et al., 2007; Kiepiela et al., 2004;
Migueles et al., 2000). In vitro characterization of these HST cells
revealed specificity formultiple T cell epitopes across Gag, Pol, and
Nef, including the HLA-B*58–restricted TSTLQEQIGW (TW10;
Gag) and QATWIPEWEF (QF10; Pol) epitopes (Fig. S3, C and D).
These T cells were polyfunctional, demonstrating secretion of
IFN-γ, MIP-1β, and TNF-α, and effectively lysed peptide-pulsed
cells in a chromium release assay (Fig. S3, E and F). As HST cells
are generated by co-culturing PBMCs, rather than purified CD8+

T cells, with dendritic cells, they also contain minority cell pop-
ulations with potential effector activity (i.e., NK andNKT cells), but
notably lack CD4+ T cells (Patel et al., 2018; Patel et al., 2020).

PDX mice were generated as described above, using purified
memory CD4+ T cells from participant CIRC0196 (autologous to
HST cells). 3 wk after engraftment, they were simultaneously
infected with HIVJR-CSF by i.p. injection and received adoptive
cell transfer by i.v. injection of 5 × 106 autologous, ex vivo ex-
panded HST cells, IL-15SA NG-loaded HST cells (HST-NG), or
CMV-specific T cells (CMV) as a negative control, and they were
compared with a No Tx group (Fig. 5 A). IL-15SA cell priming
was performed as for the CD8+ HST cell clone, with 1.5 mg/ml IL-
15SA–containing NG. All mice (n = 30) displayed rapid viral
expansion reaching nearly identical mean VLs 1 wk after in-
fection/T cell injection (Fig. 5 B). Mice in the No Tx and CMV
groups sustained high VLs throughout the experiment and dis-
played marked depletion of peripheral CD4+ T cells. In contrast,
six of seven (85.7%) mice that received HST cells and seven of
seven (100%) mice that received HST-NG showed substantial,
yet transient, viral suppression (see Tables 1 and 2 for statistical
analyses). Viral suppression in the HST and HST-NG mice was
associated with significantly reduced CD4+ T cell depletion in the
peripheral blood (P < 0.001; Fig. 5 B). Viral suppression kinetics
also corresponded with the dramatic expansion of peripheral
blood CD8+ T cells in both the HST and HST-NG groups. This
expansion of CD8+ T cells was greater than that observed in the
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Figure 3. IL-15SA cell priming enhances expansion and functionality of CD8+ HST cell clone in vitro. (A) Schematic representation of IL-15SA priming of
T cells. IL-15SA was generated by noncovalently bonding IL-15 cytokine with IL-15Rα fused to IgG-Fc domain. IL-15SA–containing NGs were formed with
cleavable cross-linkers and bound to the plasma membrane of T cells via electrostatic interactions. (B) Shown are flow cytometric analyses of NG-loaded CD8+

T cells displaying percentage of cells positive for surface staining of both hu-IL-15 and hu-IgG. Inset depicts histograms of hu-IL-15–positive cells after 1-h
incubation with IL-15SA–containing NG at increasing concentrations (day 0). (C) Dose response of CD8+ T cell expansion in vitro when augmented with IL-15SA
at increasing concentrations or cultured in media supplemented with 50 IU/ml soluble IL-15 or PBS negative control. (D) In vitro killing assay of CD4+ T cells
pulsed with HIV RR11 peptide and co-cultured overnight at increasing effector-to-target ratios with autologous RR11-specific CD8+ T cell clone with and
without IL-15SA augmentation (1.5 mg/ml). Each condition was run in triplicate wells. Data are presented as the percentage survival of CD4+ T cells determined
by amine-reactive cell viability dye staining and flow cytometric analysis. Data are expressed as mean ± SD and considered statistically significant at *, P < 0.05;
***, P < 0.001 using Student’s t test. Results shown are representative of two independent experiments.
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Figure 4. Cell priming targets IL-15SA to CD8+ HST cell clone in vivo, enabling antiviral activity while avoiding generalized immune activation.
(A) Schematic of in vivo experimental timeline. NSG mice were engrafted with 5 × 106 memory CD4+ T cells from an HIV-positive donor (OM5220). 22 d after
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mice that received CMV-specific T cells, consistent with HIV
antigen-driven expansion. Despite sustained high levels of CD8+

HST cells in peripheral blood, viral control was not maintained,
and all mice that received HIV-specific cell therapy returned to
viral set point by 5 wk after HST injection (Fig. 5 B).

Xenograft model recapitulates natural CD8+ T cell–driven viral
escape mutations
To investigate whether transient viral suppression was attrib-
utable to immune escape, we deep sequenced viral RNA at four
time points spanning viral suppression and subsequent rebound
(days 49, 56, 63, and 70). Sequencing focused on gag, as CD8+

T cell responses to this gene product associate with viral control
(Kiepiela et al., 2007). Sequences largely matched the challenge
HIVJR-CSF virus, with the striking exception of substitutions at
positions HXB2-Gag 242 and 248. These encode positions 3 and 9
of the well-characterized HLA-B*57/58-restricted TSTLQE-
QIGW240-249 (TW10) epitope, which elicits an immunodominant
and sometimes protective response in HLA-B*57/58+ humans
(Miura et al., 2009). Epitope mapping of the HST product re-
vealed a TW10 response (Fig. S3 D) that was confirmed by MHC
tetramer staining and by ELISPOT with the optimal peptide
(Fig. 8 A). Representative sequencing results are provided in
Fig. 6 A. At 70 d after engraftment, 85.7% (six of seven) of the
mice in the HST group and 100% (seven of seven) of the mice in
the HST-NG group harbored mutations in the TW10 epitope
compared with 0% (zero of eight) mice in the No Tx group (Fig. 6
B). These included several well-characterized TW10 escape
mutations (T242N, G248A, G248E, and G248R) as well as a novel,
putative escape mutation (G248K). G248E and G248R appeared
earlier and in a greater proportion of mice, whereas T242N,
G248A, and G248K appeared later and less commonly (Fig. 6 C).
Overall, sequencing revealed considerable heterogeneity in the
escape profiles of individual mice, despite their engraftment
with the same pool of CD4+ T cells, infection with the same
molecular clone of HIVJR-CSF, and treatment with the same T cell
product. Thus, this model presents a unique opportunity for
studying factors governing the dynamics of HIV epitope escape
in a controlled scenario.

Loss of immune control results from a combination of viral
escape and contraction of the CD8+ T cell population
The emergence of CD8+ T cell escape mutations is consistent
with VL rebound after an initial nadir around day 56 after en-
graftment. However, not all mice exhibited a high proportion
of escaped sequences. Additionally, CD8+ T cell concentrations

began to decline after reaching a peak around day 49 (Fig. 5 B),
which could have allowed nonescaped viruses to expand. To
better identify the causes of rebound, we mathematically mod-
eled the dynamics of WT and mutant virus populations. Full
details of the mathematical model are provided in the Materials
and methods. In short, we extended the standard viral dynamic
model (Perelson, 2002; Perelson and Ribeiro, 2013) by including
a CD8+ T cell response and separated the population of infected
cells into those infected by WT and mutant viruses (Fig. 7 A;
Ganusov et al., 2013; Yang and Ganusov, 2018). Motivated by the
CD8+ T cell data and previous models of antigen-driven T cell
expansion in virally infected mice (Althaus et al., 2007), we
modeled the CD8+ T cell dynamics using an expansion phase
followed by contraction to a steady state (De Boer et al., 2001).
We assumed that the cells infected by WT virus are killed by
the CD8+ T cells in a saturated manner and that cells infected
by the escape mutant cannot be recognized. We also allowed
for the possibility of a fitness cost of escape.

We fit the model using a nonlinear mixed-effects framework
to the VL, CD8, and TW10 escape mutation data (Fig. 7 A). An
escape mutation was defined as any substitution in either po-
sition 3 or 9 of the TW10 epitope. We tested whether any of the
model parameters are affected by the treatment type (No Tx,
HST, HST-NG, or CMV), and found statistical evidence for a
treatment effect on the parameters governing the CD8+ T cell
dynamics (see Fig. S4 A). Most notably, the model suggests that
cell priming with the IL-15SA NG results in a 74% smaller av-
erage contraction rate compared with unmodified HST cells,
while the expansion phase was, on average, 3.3 d shorter. In-
terestingly, the IL-15SA NG did not have an effect on the killing
rate parameter (Fig. S4 A), suggesting that the beneficial effects
of cell priming in this model are due to enhanced survival of the
CD8+ T cells. During the peak of the immune response (∼50.5 d
after engraftment), the death rate of an infected cell (with WT
virus) was increased by 2.2 d−1 (interquartile range, 2.0–2.3 d−1).

We identified three scenarios that explain the VL kinetics and
escape mutant frequencies observed in different mice. In the
first scenario (Fig. 7 B, minor escape), CD8+ T cell expansion
initially reduced VLs via killing of infected cells. The escape
mutant then appeared at a small frequency, but before the
mutant became dominant, the CD8+ T cell population had al-
ready contracted. The WT virus thus remained dominant due to
lack of immune pressure or the fitness cost of escape. In the
second scenario (Fig. 7 B, transient), CD8+ T cell expansion was
more profound and led to an initial VL decline, but due to in-
creased selection pressure, the escape mutant grew rapidly,

engraftment, mice were infectedwith 100,000 TCID50 HIVJR-CSF (dotted vertical line) by i.p. injection and received adoptive cell transfer (ACT) by i.v. injection of
5 × 106 autologous, RR11-specific CD8+ T cell clones (n = 6), IL-15SA NG-loaded RR11 clones (n = 6), RR11 clones + 0.2 mg/kg systemic administration of IL-15SA
(n = 6), or No Tx control (n = 6). Mice were bled weekly, plasma was analyzed by quantitative RT-PCR for HIV RNA, and cells were stained for flow cytometric
analysis. (B) Quantification of plasma viral RNA (vRNA; log10 copies/ml) in mice was determined by qRT-PCR. Assay limit of detection = 200 copies/ml (dotted
horizontal line). Thin colored lines denote individual mice; thick colored lines denote group median. No Tx group median is displayed across treatment group
plots as a thick dotted line for comparison. Arrows denote adoptive cell transfer of CD8+ T cells or appropriate controls. (C) Comparison of plasma vRNA
between treatment groups at day 49 after engraftment (4 wk after adoptive cell therapy). (D) Flow cytometric analysis of peripheral blood CD4+ T cells
expressing surface activation markers CD25 (left) and CD69 (right) at day 28 after engraftment. Bars display group median. Data were analyzed using a linear
median mixed-effects model corrected for multiple comparisons (B) or a Mann-Whitney U test (C and D). Statistical significance is denoted as *, P < 0.05; **,
P < 0.01; ***, P < 0.001. Results shown are representative of two independent experiments.
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Figure 5. A clinically relevant ex vivo expanded HST cell product displays potent in vivo antiviral activity, which is further enhanced by IL-15SA.
(A) Schematic of experimental timeline. NSG mice were engrafted with 5 × 106 memory CD4+ T cells from an HIV-positive donor (CIRC0196). 5 wk after
engraftment, mice were infected with 100,000 TCID50 HIVJR-CSF and received infusions of 5 × 106 autologous HST cells (n = 7), IL-15SA primed HST cells (n = 7),
CMV-specific CD8+ T cells (n = 8), or No Tx control (n = 8). Mice were bled weekly, plasma was analyzed by quantitative RT-PCR for VL, and cells were stained
for flow cytometry. (B) Quantification of HIV plasma viral RNA (left), CD4+ T cells (center), and CD8+ T cells (right) in peripheral blood of xenograft mice
collected over weekly intervals. Thin colored lines represent individual mice; thick colored lines represent group medians. Vertical dashed line indicates time of
HIVJR-CSF infection, and arrows denote time of adoptive cell transfer. The limit of detection for the qRT-PCR VL assay was 200 copies/ml (horizonal dashed line
and shaded region). No Tx group median displayed across treatment group is plotted as a thick dotted line for comparison. Longitudinal data were analyzed
using a linear median mixed-effects model corrected for multiple comparisons. Results shown are representative of three independent experiments.

McCann et al. Journal of Experimental Medicine 9 of 23

Xenograft model evaluates HIV immunotherapies https://doi.org/10.1084/jem.20201908

https://doi.org/10.1084/jem.20201908


leading to viral rebound beginning around day 55. As soon as the
CD8+ population contracted, however, the fitness cost of escape
caused the WT to outcompete the mutant, and the mutant fre-
quency declined. The third scenario (Fig. 7 B, fixation) began as
the second scenario did, but now the CD8+ population contracted
to a steady state in which enough immune pressure was main-
tained to cause the mutant to take over completely, despite the
fitness cost. In all scenarios, we estimated that, on average, a
TW10 escape mutation reduced viral fitness by 56% (inter-
quartile range, 50–62%). The HIV PDXmouse model is unique in
that it allows the study of how different patterns of escape
mutations, along with viral and cellular dynamics, emerge de-
spite homogeneous starting conditions (where mice are en-
grafted with the same pool of CD4+ T cells, infected with the
same molecular clone of HIVJR-CSF, and treated with the same
T cell products). By applying mathematical modeling, we show
that the kinetics and timing of the CD8+ response profoundly
impacted the emergence and persistence of CD8+ escape muta-
tions, a conclusion that has been surprisingly difficult to reach
with human data (Yang and Ganusov, 2018).

Antiviral activity in PDX mice tracks with pre-injection
exhaustion of epitope-specific CD8+ T cells
Comparative studies of individuals who naturally control HIV
replication, versus those who do not, have emphasized qualita-
tive rather than quantitative features of effective CD8+ T cell
responses, including proliferative capacity and low expression
of mediators of T cell exhaustion, primarily PD-1 (Day et al.,
2006; Jones et al., 2008; Petrovas et al., 2006; Trautmann
et al., 2006). As an initial assessment of whether this is reca-
pitulated in the PDXmouse model, we performed an experiment
matched to that shown in Figs. 5, 6, and 7 (donor CIRC0196)

using cells from a second HLA-B5801+ donor (WWH004).
Whereas CIRC0196 had achieved partial control of viremia be-
fore ART initiation (Fig. S5), WWH004 had progressive disease
and was diagnosed with AIDS following hospitalization, with a
CD4 count <200 cells/mm3. Likely as a reflection of these his-
tories, although the HST product from WWH004 had a higher
magnitude of TW10-specific T cell responses by IFN-γ ELISPOT
than that of CIRC0196 (and a similar profile of responsiveness to
the epitope variants selected by CIRC0196 in mice; Fig. 8 A),
MHC-I tetramer staining showed these to be PD-1hi in WWH004
versus PD-1−/low in CIRC0196 and to express higher levels of
perforin inWWH004 (Fig. 8, B and C). Corresponding with PD-1
expression levels, TW10-specific CD8+ T cells from CIRC0196
proliferated vigorously in vitro in response to peptide, while
those from WWH004 showed only minimal proliferation. All
T cell products from WWH004 were conjugated to IL-15SA NGs
before injection, based on the augmentation observed with this
approach for CIRC0196. In PDX mice, HST-NGs from WWH004
showed little to no antiviral activity (not statistically significant;
Fig. 8 F; Table 1 and Table 2), without protection from CD4 de-
pletion. Although in vivo expansion of CD8+ T cells occurred in
the HST-NG–treated mice, and to a greater degree than in mice
treated with CMV-NG (Fig. 8 F), this was substantially slower,
and muted in magnitude, relative to that observed in HST or
HST-NG treated mice with CIRC0196.

Also, in contrast to CIRC0196, sequencing revealed a paucity
of escape mutations for WWH004, with only the following cases
in the HST-NG group showing sequence variation at >1% prev-
alence at day 78: Two of eight mice in the HST-NG group showed
the G248R mutation at 2.5% and 4.5%. A comprehensive exam-
ination of the degree to which the PDX mouse consistently re-
capitulates control of viremia from corresponding donors will

Table 1. Viral load linear median mixed-effects model group comparisons

Group comparison Estimatea P valueb

CIRC0196 (Fig. 5) full modelc: days 42–84 after engraftment

No Tx vs. CMV 0.39 0.228

No Tx vs. HST 0.34 0.346

No Tx vs. HST-NG 0.52 0.046

CIRC0196 (Fig. 5) restricted modeld: days 42–56 after engraftment

No Tx vs. CMV 0.37 0.061

No Tx vs. HST 0.94 0.005

No Tx vs. HST-NG 0.75 <0.001

WWH004 (Fig. 8) full modelc: days 51–99 after engraftment

No Tx vs. CMV-NG 0.36 0.504

No Tx vs. HST-NG 0.80 0.170

WWH004 (Fig. 8) restricted modeld: days 51–65 after engraftment

No Tx vs. CMV-NG 0.26 0.603

No Tx vs. HST-NG 0.31 0.538

aEstimate comparing log10-transformed VLs between groups.
bAdjusted for multiple comparisons using multivariate t-distribution method. Bolded P value denotes significance.
cModeling longitudinal VLs from peak viremia to end of study.
dModeling longitudinal VLs from peak viremia to point of viral escape.
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require further experimentation. The current study provides an
impetus for this additional direction for the model by showing
that T cells from different donors targeting the same epitope in
the same viral clone (HIVJR-CSF) can manifest very different
in vivo antiviral activities in the PDX mouse and that this cor-
responded with phenotypic (Fig. 8, B and C) and functional
(Fig. 8 E) features associated with natural control in humans
(Day et al., 2006; Horton et al., 2006; Migueles et al., 2002;
Petrovas et al., 2006; Trautmann et al., 2006).

Discussion
The well-established role that T cell responses play in naturally
occurring cases of immunological control provides a strong ra-
tionale for the development of T cell–based HIV therapies.

However, a paramount obstacle to realizing this potential has
been the need to develop strategies that counter the ability
to escape cellular immune responses via mutation (Gaiha et al.,
2019). An analogous challenge exists for HIV-specific antibody-
based therapies, though broadly neutralizing antibodies (bNAbs;
reviewed in Caskey et al., 2019) now represent at least a partial
solution. The evaluation and development of bNAbs has
benefited greatly from innovations in animal models, including
the ability to infect NHPs with chimeric simian immunodefi-
ciency virus/HIV (“SHIV”) viruses that incorporate HIV’s en-
velope protein and thus recapitulate its bNAb susceptibility
characteristics. Numerous studies have leveraged this platform
to study antibody escape kinetics and strategies to block this,
including through bNAb combinations (Julg et al., 2017;
Nishimura et al., 2017). The development of CD8+ T cell–based

Table 2. Viral load comparisons at individual time points

CIRC0196 (Fig. 5) WWH004 (Fig. 8)

Group comparison Mean differencea Adjusted P valueb Group comparison Mean differencea Adjusted P valueb

Day 42 (1 wk after infection) Day 51 (1 wk after infection)

No Tx vs. CMV 0.291 0.424 No Tx vs. CMV-NG 0.160 0.946

No Tx vs. HST 0.293 0.574 No Tx vs. HST-NG −0.011 1.000

No Tx vs. HST-NG 0.255 0.549

Day 49 Day 58

No Tx vs. CMV 0.354 0.106 No Tx vs. CMV-NG −0.286 0.745

No Tx vs. HST 1.271 0.015 No Tx vs. HST-NG −0.212 0.837

No Tx vs. HST-NG 1.036 <0.001

Day 56 Day 65

No Tx vs. CMV 0.396 0.085 No Tx vs. CMV-NG 0.458 0.600

No Tx vs. HST 0.991 0.161 No Tx vs. HST-NG 0.845 0.167

No Tx vs. HST-NG 1.550 <0.001

Day 63 Day 72

No Tx vs. CMV 0.525 0.115 No Tx vs. CMV-NG 0.708 0.549

No Tx vs. HST 0.086 0.995 No Tx vs. HST-NG 1.024 0.307

No Tx vs. HST-NG 1.004 0.023

Day 70 Day 79

No Tx vs. CMV 0.463 0.274 No Tx vs. CMV-NG 0.545 0.544

No Tx vs. HST −0.252 0.709 No Tx vs. HST-NG 0.867 0.264

No Tx vs. HST-NG 0.244 0.775

Day 77 Day 85

No Tx vs. CMV 0.499 0.418 No Tx vs. CMV-NG 0.143 0.964

No Tx vs. HST −0.147 0.964 No Tx vs. HST-NG 0.537 0.625

No Tx vs. HST-NG 0.085 0.991

Day 84

No Tx vs. CMV 0.676 0.183

No Tx vs. HST 0.004 1.000

No Tx vs. HST-NG 0.284 0.743

aMean difference in log10-transformed VLs.
bBrown-Forsythe and Welch ANOVA test with Dunnett’s multiple comparison test. Bolded P value denotes significance.
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therapies has suffered from the lack of an analogous solution,
leaving a critical gap between the existing wealth of human data
implicating associations between specific epitopes and HIV
control and the lack of an ability to test the elicitation of re-
sponses to these particular epitopes in an NHP model (due to
differences in both the virus and hostMHC-I). Our principal aim
in developing this model was to facilitate the development of
T cell therapies for HIV toward realizing their potential to enable
durable control of HIV replication. This development will be
timely, as it will enable the HIV field to leverage the rapid ad-
vances in natural and engineered immunotherapies that con-
tinue to revolutionize cancer therapy. The study of such approaches
in HIV PDXmice may, in turn, provide insights that inform further
development in cancer. For example, by leveraging the extraordi-
narily dynamic readout of HIV VL, which lends itself to mathe-
matical modeling, we provide evidence that IL-15SA cell priming
acts by slowing the contraction of CD8+ T cells rather than
enhancing killing on a per-cell basis.

A unique aspect of the HIV PDX model is that the same T cell
products being administered to clinical trial study participants
can be tested in mice. Thus, this model can be highly person-
alized and may offer some projection as to how effective these
T cell therapies might be in the individual. While clinical trial
results of HST cells are pending, we can gain some insight into
the predictive value of the model by comparing the selection
of escape mutations in mice with those known to occur in
humans. We observed that HST cells derived from an HLA-
B*5801–positive participant drove viral escape in the TW10
epitope of Gag in 14 of 14 treated mice. CTL responses to TW10
dominate during acute infection in HLA-B*57/58 individuals
(Altfeld et al., 2003; Goulder et al., 1996), and mutations in the
third (T242) and ninth (G248) positions confer escape from
these responses (Leslie et al., 2004). The most common TW10
escape mutation observed in humans with HIV subtype B is
T242N, which impacts viral fitness, as demonstrated by the
rapid reversion to WTwhen transmitted to a non–HLA-B*57/58
individual (Leslie et al., 2004). While T242N mutations were
detected in 28.6% (4/14) of treated mice, the most common
escape mutation observed in our model was a glycine-to-glu-
tamate substitution at position 248 (G248E), occurring in 92.9%
(13/14) of treated mice, an early-arising mutation rarely ob-
served in humans. The G248E mutation only modestly de-
creases CD8+ T cell recognition; yet, it has been shown to
severely reduce the interaction between the inhibitory killer
cell immunoglobulin-like receptor (KIR)-3DL1 and HLA-B*57,
thereby rendering the virus more susceptible to elimination by

KIR3DL1-expressing NK cells (Brackenridge et al., 2011). Since
our model evaluated viral escape largely in the absence of NK
cells, our findings are in line with previous studies supporting a
model in which a G248E mutation with limited fitness cost
would thrive in the absence of NK cells, whereas a T242N
mutation, characterized by greater fitness cost but superior
escape from CD8+ T cells and NK cells would emerge in the
presence of both cell types. Additionally, multiple compensa-
tory mutations in the cyclophilin A binding loop of Gag (H219Q,
I223V, M228I) can restore the replication ability of the virus
(Brockman et al., 2007). We observed M228I compensatory
mutations in 35.7% (5/14) of treated mice. Using our model, we
demonstrate highly robust CD8+ T cell–mediated in vivo se-
lection of escape mutations, including those commonly selected
in people living with HIV. The selection of diverse escape
mutations in our model clearly illustrates that this key limita-
tion is in play, providing an opportunity to test strategies to
overcome this critical limitation of T cell efficacy.

Several strategies have been proposed to overcome viral es-
cape from CD8+ T cells. One approach is the application of a
structure-based network analysis of amino acids across the HIV
proteome that quantifies the topological importance of each
residue (Gaiha et al., 2019; Louie et al., 2018). Mutation of res-
idues with high network scores impaired HIV infectivity and
viral replication, and the immunodominant responses of elite
controllers preferentially targeted highly networked epitopes, in
contrast to viremic progressors whose responses predominantly
targeted poorly networked epitopes (Gaiha et al., 2019). Thus,
this computational approach provides a mechanistic foundation
for CD8+ T cell–mediated control and offers a means of identi-
fying CD8+ T cell epitopes of topological importance, lending to
improved immunogen design. A second approach is to refocus
the immune response by vaccination with an engineered
antigen—tHIVconsvX—a bivalent mosaic immunogen com-
prising only highly conserved regions of HIV Gag and Pol that
has further been depleted of epitopes associated with rapid HIV
progression (Ondondo et al., 2016). Recently, Patel et. al. (2020)
demonstrated that the same manufacturing platform used to gen-
erate HST cells for the present study could be applied to peptides
spanning the tHIVconsvX antigen to generate “HST-NEETs”
(HST cells with nonescaped epitope targeting). Experiments
to evaluate the potential enhancing effect of HST-NEET products
over HST cells in our HIV PDX mouse model are ongoing.

As the above HST/HST-NEET products illustrate, the ability
to manipulate CD8+ T cells in vitro offers a high degree of
flexibility to the PDX model, where antigen specificity can be

Figure 6. HST cells drive high levels of escape mutations, which exhibit diverse patterns across HIV PDX mice. (A) Representative graphs of gag deep
sequencing of plasma RNA from one mouse (HST group) across four time points (days 49, 56, 63, and 70). Bars represent the frequency of sequencing reads
that differ from the clonal HIVJR-CSF inoculation sequence, colored by the substituting amino acid (*, insertion; del, deletion). Insets display the corresponding VL
graph (y axis, HIV RNA log10 copies/ml; x axis, days after engraftment) with the analyzed time point highlighted (light blue). Light gray shaded region highlights
the HLA-B*57/58–restricted TSTLQEQIGW (TW10) epitope of Gag. The arrows identify the M228I compensatory mutation near the cyclophilin A binding loop
of HIV capsid. (B) Pie charts depicting the frequencies of mice with TW10 escape mutations (blue segments), comparing the HST (top row) and HST-NG
(bottom row) treatment groups across four time points. Numbers indicate mouse identifiers and correspond with those in Fig. S4. The presence of escape
mutation was defined as >1% of sequencing reads. No mutations above this threshold were observed in the No Tx group. Outer rings indicate specific amino
acid mutations. (C) Bar charts displaying the total numbers of mice (HST and HST-NG groups combined) with indicated TW10 variants over time. Results
shown are representative of two independent experiments.
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Figure 7. Mathematical modeling reveals relationships between CD8+ T cells, plasma VL, and emergence of viral escape mutations across different
mice. (A) Graphical description of the mathematical model used to analyze VL, CD8+ T cell count, and sequencing data. Dashed arrows indicate the production
of cells or virions. Solid arrows either are transitions between populations or indicate that a population has an effect on such a transition. The Ø symbol
indicates death or clearance. The symbols placed near the arrows indicate important parameters for these processes (described in the Materials and methods)
and are not necessarily identical to the transition or production rates. (B) Example fits of the viral dynamic model to data from three mice, illustrating three
viral rebound scenarios (minor escape, transient, and fixation). The top panels indicate the CD8+ T cell concentrations and themodel prediction E (teal line). The
horizontal dotted line indicates the CD8+ T cell concentration at which the killing rate is at half maximum. The middle panels show the plasma VL data and the
predicted total VL (red line). The solid and dashed black curves indicate the contributions to the VL of the WT virus (Vw) and CD8+ T cell escape mutant virus
(Vm), respectively. The bottom panels show the measured frequency of the CD8+ T cell escape mutant and its predicted frequency Fm � Vm/(Vw + Vm). Fits of
the model to the data for all HST- and HST-NG–treated mice are shown in Fig. S4 B. DPE, days post engraftment.
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modulated by peptide selection. In addition to allowing the
evaluation of approaches to limit escape, the PDX mouse model
enables the precise dissection of the roles of individual epitope-
specific responses in in vivo control. For example, by omitting
peptides containing the TW10 epitope from the generation of
HST cells, a product devoid of this particular response could be
generated, enabling precise evaluation of its overall contribution
to viral control. No platform has previously been available to
precisely manipulate responses to HIV and evaluate their in vivo
antiviral activity.

As with any animal model, the HIV PDX mouse has limi-
tations. One challenge is the large number of memory CD4+

T cells required to generate xenografts. Obtaining sufficient
PBMCs from a single donor for a multicondition mouse ex-
periment typically requires leukapheresis. Though somewhat
burdensome, this procedure has nevertheless become fairly
standard practice for sample collection in ART-treated donors.
An additional limitation comprises deficiencies in the devel-
opment of certain lymphoid structures, such as germinal cen-
ters/lymphoid follicles, which are anatomical reservoirs of HIV

replication (Bronnimann et al., 2018). Interactions between
diverse human cell types not included in the model are also
currently lacking, though future iterations could explore
whether additional cell types can be added without
reintroducing GvHD.

A key direction for further model development would be to
test the degree to which it recapitulates features of HIV persis-
tence during ART. In the current study, we demonstrated that
short-term ART could suppress viral replication and enable CD4+

T cell recovery in PDX mice. The long experimental durations
that are enabled by the lack of GvHD opens up the possibility for
ART treatment for several months or more, whereas previous
humanized mouse ART treatments were limited to weeks
(Denton et al., 2012). This identifies the HIV PDX mouse as a
promising model in which to study reservoir formation, main-
tenance, and rebound in the presence or absence of autologous
immune effectors. The PDX model could also be applied to study
therapeutic interventions against the “natural” HIV reservoirs
already present in the engrafted CD4+ T cells. Whereas we and
others have previously reported spontaneous viral rebound in

Figure 8. Marginal in vivo antiviral activity of PD-1hi HST cells, despite high-magnitude response and cytotoxic phenotype. (A) Magnitudes of IFN-γ
producing responses (ELISPOT) to WT TW10 epitope (WT) or a subset of the mutant epitopes selected in vivo in CIRC0196 experiments (Fig. 6). Results are
shown for the HST products from CIRC0196 (used in Figs. 5, 6, and 7), as well as from a second donor (WWH004). SFU, spot-forming units. (B–D) Flow
cytometry data showing that TW10-specific cells in HST cells (before infusion into mice) are PD-1hi in WWH004 and PD-1neg in CIRC0196 (B and C) and express
higher perforin in WWH004 versus CIRC0196 (D). MFI, mean fluorescence intensity. (E) Flow cytometry–based in vitro proliferation assay results. (F) PDX
results from WWH004 showing quantification of HIV plasma viral RNA (left), CD4+ T cells (center), and CD8+ T cells (right) in peripheral blood for mice that
received no CD8+ T cells (No Tx) or IL-15SA NG-conjugated HST-NGs or CMV-specific (CMV-NG) CD8+ T cell products. Display and experimental details are as
in Fig. 5. Error bars represent the SD.
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NSG mice engrafted with total CD4+ T cells or with PBMCs from
ART-treated people with HIV (Flerin et al., 2019; Huang et al.,
2018; Metcalf Pate et al., 2015), we observed a lack of autologous
viral rebound within the time frames presented here (84 d). This
difference is likely due to the high degree of immune activation
that occurs with GvHD in total CD4+ T cells or PBMCs acting as a
latency reversing agent. We did, however, observe rebound of
autologous reservoir virus at very late time points (after day 93)
in the WWH004 experiment. In future work, it will be of in-
terest to determine whether the treatment of HIV PDX mice
with latency reversing agents can reactivate reservoir viruses,
thus allowing immunotherapies to be tested against bona fide
reservoir-harboring cells.

Here we have described a relatively facile PDX mouse model
that allows investigators to study, and to seek to overcome, key
barriers to achieving T cell–mediated control of HIV replication.
Importantly, this model avoids the need for human fetal tissue,
which critically restricts other humanized mouse models. The
ability to assess primary cells in an autologous in vivo setting has
clear implications for preclinical testing and personalized ther-
apies and provides fundamental biological insights into CD8+

HST cell responses and mechanisms of viral escape. We believe
this model will help HIV immunologists develop therapeutics
that will help reengage this arm of the immune system, along-
side therapies such as bNAbs, in the pursuit of durable immu-
nological control of HIV.

Materials and methods
Leukapheresis sample collection and processing
Study participants were recruited from the Maple Leaf Medical
Clinic in Toronto, Canada, through a protocol approved by the
University of Toronto Institutional Review Board or from
WhitmanWalker Health inWashington, D.C., through a protocol
approved by the George Washington University Institution Re-
view Board. Secondary use of these was approved by the Weill
Cornell Medicine Institutional Review Board. All subjects were
adults and gave written informed consent. PBMCs were isolated
from leukapheresis samples via standard Ficoll gradient sepa-
ration methodology and were used immediately or stored in
freezing media (FBS supplemented with 10% DMSO) at −80°C.
Total or memory CD4+ T cells were isolated from PBMCs using the
EasySep Human CD4+ T Cell Enrichment Kit or the EasySep Hu-
manMemory CD4+ T Cell Enrichment Kit (STEMCELL Technologies),
respectively, according to the manufacturer’s recommendations,
with the exception that an initial cell concentration of 108 cells/
ml was used. Enriched CD4+ T cells were resuspended in RPMI
1640 supplemented with 10% FBS and 1% penicillin/streptomy-
cin and incubated at 37°C until ready for use.

Human memory CD4+ T cell xenograft model
6-wk-old NSG mice (The Jackson Laboratory) were engrafted
with 5–10 × 106 memory CD4+ T cells resuspended in 200 µl PBS
via tail vein injection. Mice were bled weekly to assess human
immune cell reconstitution and plasma viremia. Approximately
100 µl of peripheral blood was collected into EDTA-coated tubes
via a tail vein nick technique and stored at 4°C overnight or

processed immediately. Blood was centrifuged at 3,000 rpm for
10 min to separate plasma, which was stored at −20°C before viral
RNA extraction. Cell pellets were immediately stained for flow
cytometric analysis according to the methods below. For experi-
ments assessing ARV suppression, mice were administered a
cocktail of ARVs (57 mg/kg TDF, 143 mg/kg FTC, and 7 mg/kg
DTG) via daily s.c. injections. Mice were maintained by trained
research animal technicians and received daily wellness checks
under Association for Assessment and Accreditation of Laboratory
Animal Care International guidelines. Procedures were performed
according to protocols approved by the George Washington Uni-
versity Institutional Animal Care and Use Committee (protocol
A242) or the Weill Cornell Medical College Institutional Animal
Care and Use Committee (protocol 2018-0027).

Preparation of HIV stock and in vivo infection
Infectious viral stocks of HIVJR-CSF were generated by trans-
fecting full-length HIVJR-CSF plasmid (pYK-JRCSF) into 293T cells
(American Type Culture Collection; CRL-3216) using FuGENE 6
Transfection Reagent (Promega). 2 d after transfection, tissue
culture media were collected, precleared by centrifugation at
2,000 rpm for 5 min, and sterile filtered through a 0.45-µm
syringe filter. Virus was aliquoted and stored at −80°C. Virus
was titered on TZM-bl cells as described previously (Montefiori,
2009). Mice were infected with 100,000 TCID50 HIVJR-CSF di-
luted in 100 μl total media volume via i.p. injection.

Analysis of HIV infection
HIV infection in mice was monitored weekly by measuring HIV
RNA concentrations in plasma using the previously described
integrase single-copy assay protocol (Cillo et al., 2014). Samples
were analyzed on an ABI Viia7 Real-Time PCR System using the
following cycling parameters: 50°C for 10 min, 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Cycle
threshold values were compared with a validated HIV RNA
standard run on each plate to determine HIV RNA concentration.

Flow cytometric analysis
Flow cytometric analysis of human cells was performed using a
BD LSRFortessa X-20 cytometer (BD Biosciences) and FlowJo
version 10 software. The general gating strategy performed was
an initial forward scatter versus side scatter (FSC/SSC) gate to
exclude debris, followed by FSC area versus FSC height (FSC-A/
FSC-H) to gate on singlets. A Live/Dead Aqua Fixable cell stain
(Invitrogen) was used to gate on live cells. Samples were ana-
lyzed using a compensated panel of the following human-
specific antibodies: BV786 anti-CD3 (clone SK7), Alexa Fluor
700 anti-CD4 (RPA-T4), BV605 anti-CD8 (RPA-T8), Alexa Fluor
488 anti-CD25 (BC96), APC-Cy7 CD69 (FN50), PE anti–HLA-DR
(L243), BV421 anti-CD38 (HIT2), APC anti-CD27 (O323), PE-Cy7
anti-CD197 (CCR7; G043H7), BV650 anti-CD45RA (HI100), and
PerCP-Cy5.5 anti-CD45RO (UCHL1). Fluorescent counting beads
were added to each sample to determine absolute cell counts.

Proliferation assays
HST cells were thawed and labeled with 0.5 µM CFSE in
PBS. Cells were plated at 100,000 cells/well in 96-well
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round-bottomed plates in R10. Triplicate wells were prepared for
each condition and stimulated with the indicated concentrations
of TW10 peptide, with a concentration of DMSO matched to the
1 µg/ml peptide concentration, or with no additive in R10 me-
dium. After 48 h of incubation at 37°C and 5% CO2, media in all
wells were replaced with R10 supplemented with 20 U/ml IL-2
(National Institutes of Health, National Cancer Institute Bio-
repositories and Biospecimen Research Branch) and cultured for
an additional 3 d. Cells were then stained with anti-CD4 BV421,
anti-CD8 BV605, anti-CD3 BV786 (all antibodies from Bio-
Legend), and Live/Dead Aqua Fixable cell stain (Invitrogen) be-
fore being run on an Attune NxT flow cytometer (Thermo Fisher
Scientific) and analyzed using FlowJo software (version 10).
Degrees of proliferation were assessed by gating on lymphocytes
(FSC/SSC), viable cells (Aqua stain negative), CD8+CD4−, and
measuring the percentage of CFSEdim (gate drawn based on
DMSO control).

Generation of HIV-specific and CMV-specific polyclonal T cell
lines (HST cells and CMV)
HIV- and CMV-specific T cell products were generated as pre-
viously described (Patel et al., 2018; Patel et al., 2020) and were
cryopreserved until the day of injection.

Phenotyping of HLA-B*5801-TW10–specific CD8+ T cells
HLA-B*5801-TW10 monomer was received from the National
Institutes of Health Tetramer Core Facility. A 10-step tetrameri-
zation protocol of this monomer was performed as recommended
by the manufacturer. Briefly, 0.32 µl Streptavidin-R-Phycoery-
thrin (Agilent Technologies) was added to each μg of TW10
monomer in 10 steps at 10-min intervals. HST cells were stained
with tetramer-R-PE for 20 min at room temperature and cos-
tained with anti–PD-1 (CD279)–Alexa Fluor 488, clone EH12.2H7,
anti–CD8-BV605 (both from BioLegend), and Live/Dead Aqua
Fixable cell stain (Invitrogen). Cells were then fixed and per-
meabilized using the Cytofix/Cytoperm kit (BD Biosciences) follow-
ing the manufacturer’s instructions and then stained intracellularly
with anti–perforin-PE/Cy7, clone dG9 (BD Biosciences) and anti-
granzyme B-BV421, clone GB11 (BioLegend). Samples were run on
an Attune NxT flow cytometer (Thermo Fisher Scientific) and ana-
lyzed using FlowJo software (version 10). Phenotypes of tetramer+

cells were determined after gating on viable CD8+ cells.

IL-15SA NG cellular loading
CD8+ HST cell clones or bulk ex vivo expanded CD8+ HST cells
were augmented with IL-15SA. T cells were collected from cul-
ture and washed twice with HBSS. Cells were resuspended at a
density of 108 cells/ml in preformulated IL-15SA NG at various
concentrations and incubated at 37°C for 1 h. IL-15SA NG was
provided by Repertoire ImmuneMedicines and was synthesized
by chemically cross-linking IL-15SA with a reversible cross-
linker to allow IL-15SA release over time. IL-15SA is composed
of an IgG-Fc domain fused with IL-15 receptor α sushi domains
that are noncovalently bonded to IL-15. Cells were washed twice
in HBSS, resuspended in complete culture media, and kept at
37°C until ready for use. Cell priming resulted in ∼120 ng IL-
15SA/5 × 106 cells.

In vitro killing assay
CD4+ T cells were enriched from donor PBMCs as described
above and activated for 48 h at 37°C in RPMI 1640 + 10% FBS + 1%
penicillin/streptomycin media supplemented with 1 µg/ml each
of anti-CD3 (clone OKT3; BioLegend), anti-CD28 (clone CD28.2;
BioLegend), and 50 U/ml IL-2. Half of the activated CD4+ T cells
were pulsed with HIV Env RLRDLLLIVTR (RR11) peptide (Gen-
Script) at a concentration of 1 μg/ml for 4 h. CD4+ T cells were
then washed twice to remove any unbound peptide. To deter-
mine killing, CD8+ T cell clone specificity was confirmed by
CD107a degranulation assay the day before assay setup. RR11-
specific CD8+ T cell clones were co-cultured with the activated
CD4+ T cells with or without RR11 peptide at the indicated ef-
fector-to-target ratio for 18 h at 37°C. Cells were harvested and
stained for flow cytometric analysis.

IFN-γ ELISA
Plasma cytokine levels were determined using the ELISA MAX
Deluxe Set Human IFN-γ Kit (BioLegend) according to the
manufacturer’s recommendations. Plasma was diluted 1:1 or 1:10
in 1× Assay Diluent A. Optical density was read at 450 nm and
570 nm using a SpectraMax i3x platform (Molecular Devices).

Sequence analysis of plasma viral RNA
The presence of viral escape mutations was determined by se-
quence analysis of a 974-bp region of HIV gag-pol. Viral RNAwas
extracted from plasma using the QIAamp Viral RNA Mini Kit
(Qiagen) according to the manufacturer’s recommendations and
eluted in 60 μl nuclease-free water. cDNA generation (Expand
Reverse transcription; Roche) and subsequent nested PCR (Ex-
pand High Fidelity PCR kit; Roche) were performed using HIV-
specific primers. Second-round PCR amplicons were processed
with Nextera XT DNA library preparation kits (Illumina) ac-
cording to the manufacturer’s specifications. Dual-indexed li-
braries (Nextera XT index kit; Illumina) were multiplexed and
sequenced using MiSeq version 2 paired-end kits (2 × 250 bp).
MiSeq reads were processed using an in-house pipeline, MiCall
(Chui et al., 2015), that uses an iterative remapping algorithm to
accurately detect amino acid substitutions present at ≥1% fre-
quency in a highly variable viral population (Lee et al., 2020).

Statistical analysis
Statistical analyses were conducted using GraphPad Prism 9,
SAS version 9.4, or R version 3.6.3 software. In vitro experi-
ments with fewer than six replicates per group were analyzed
using pairwise Student’s t test. Prior to completing in vivo
mouse experiments, sample size calculations based on an inde-
pendent two-sample pooled t test determined that a minimum of
five mice per group were necessary to detect a mean 1-log10
decrease in HIV RNA (VL) at a single time point for a treatment
group as compared with a control group (Fig. S2). For all in vivo
experiments, at least five mice were included in each treatment
group. Longitudinal in vivo data (HIV RNA and CD4+ and CD8+

T cell counts) were compared between groups using linear
median quantile mixed-effects models in the R lqmm package-
with random intercepts only; bootstrap estimates for the fitted
models were then obtained using 500 replicates per model.
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Treatment group comparisons were corrected for multiple
comparisons using the multivariate t-distribution method in the
R emmeans package. Two approaches were used for VL: (1)
considering all time points from post-CD8+ T cell infusion
through the end of the experiment (Tables 1 and 2) and (2)
considering time points from 1 wk to 3 wk after CD8+ T cell
infusion, after which point escape mutations were shown to
appear for CIRC0196. This coincides with days 42–56 for
CIRC0196 (Fig. 5) and days 49–63 for WWH004 (Fig. 8). Single
time points were assessed using Brown-Forsythe and Welch
one-way ANOVA with Dunnett’s post hoc multiple comparisons
test. Differences were considered statistically significant at P <
0.05. Error bars in all figures represent SD.

Generation and maintenance of CD8+ HST cell clones
CD8+ HST cell responses from study participants were mapped
by IFN-γ ELISPOT, using 270 previously defined HIV optimal
CD8+ epitopes restricted by common HLA alleles (Goulder and
Walker, 2012). CD8+ T cell clones to the targeted peptides were
established from PBMCs of HIV-infected study participants by
stimulating 107 cells/well in a 24-well plate with 10 µg/ml of
peptide for 4 h. T cells that had produced IFN-γ in response to
this stimulation were enriched using an IFN-γ secretion, de-
tection, and enrichment kit (Miltenyi Biotec), following the
manufacturer’s instructions. These cells were plated at a series
of dilutions in 96-well plates with feeder medium (RPMI 1640
supplemented with 10% FBS and PenStrep [RPMI-10] with 106

cells/ml 5,000 rad irradiated PBMCs + 50 IU/ml IL-2 + 100 ng/
ml each of anti-CD3 [OKT3; eBioscience] and anti-CD28 [CD28.2;
eBioscience]). 1 mo later, colonies were selected from the lowest
dilution plate with positive wells (less than one in five of wells
positive) and screened for responsiveness to peptide by IFN-γ
ELISPOT assay. Positive clones were expanded biweekly with
feedermedium (RPMI-10media, 100 ng/ml each of anti-CD3 and
anti-CD28 antibody, 106 irradiated PBMCs/ml). Clone specificity
and activity were confirmed by degranulation assay (CD107a
flow cytometry) within 1 d of setting up injection into mice.

IFN-γ ELISPOT assay
Staphylococcal enterotoxin B (SEB) was used as a positive con-
trol (Sigma-Aldrich), and either cells alone (negative control, no
peptides) or actin (JPT Technologies) was used as an irrelevant
antigen control. HST cells were plated at 105/well on anti–IFN-
γ–coated ELISPOT plates (MilliporeSigma). Positive responses
were defined as having more than four times the spot-forming
cells obtained in the negative control actin. For epitopemapping,
peptides were mixed into pools of 10–15 peptides before T cell
stimulation on an ELISPOT. Using matrices, cross-reactive pools
were analyzed for common epitopes, and these peptides were
then individually tested on ELISPOT to confirm specificity.

Chromium release cytotoxicity assay
The cytotoxic ability of HST cells was determined with a
chromium-51 release assay. Autologous PHAb targets were
pulsed with nothing (negative control) or HST PepMix and in-
cubated with chromium-51 for 1 h. Targets were washed three
times and co-cultured with autologous effector T cells at varying

effector-to-target ratios for 4 h. The chromium-51 release assay
was set up as previously described (Patel et al., 2018). Specific
lysis percentage was measured as: (Experimental release/spon-
taneous release)/(maximum release/spontaneous release) × 100.

Multiplex assay
Polyfunctionality of HST products was assessed with a Bio-Plex
Pro Human 17-plex Cytokine Assay kit (Bio-Rad Laboratories).
HST cells were washed and plated at 106 cells/well with 1 µl of
corresponding PepMix: actin, HST, or SEB. The next day, su-
pernatants were harvested from the wells and assessed based on
Bio-Rad multiplex protocol. Samples were analyzed for con-
centrations of cytokines based on the standard curves produced.

Degranulation assay
Prior to use in in vivo or in vitro assays, the specificity and
functionality of HIV-specific CD8+ T cell clones were assessed by
peptide pulse and degranulation assay. Approximately 105 CTLs
were collected from culture and transferred to a 96-well plate.
1 μl of anti-human CD107a antibody was added and mixed
thoroughly before being split into two wells. 1 ng/µl of appro-
priate peptide was added to one well (the other well served as a
negative control), and cells were incubated at 37°C for 4 h. After
4 h, cells were washed and stained for surface expression of CD4
(Alexa Fluor 700 anti-CD4 [RPA-T4]) and CD8 (BV605 anti-CD8
[RPA-T8]), and Live/Dead Aqua Fixable cell stain (Invitrogen)
before being run on a BD LSRFortessa I flow cytometer and
analyzed using FlowJo software (version 10).

Modeling viral dynamics
To describe the VL, CD8+ T cell counts, and the HIV sequence
data, we extended the standard viral dynamics model (Perelson,
2002; Perelson and Ribeiro, 2013) by including an effector cell
population that can kill cells infected by the WT virus and a
mutant virus that is resistant to the CD8+ T cell response
(Ganusov et al., 2013; Yang and Ganusov, 2018). The model de-
scribes the changes in the concentrations of infected cells Iw
(WT) and Im (mutant), the CD8+ T cells E, and target cells T,
i.e., CD4+ T cells susceptible to infection in terms of a system of
ordinary differential equations (ODEs). A graphical description
of the ODE model is shown in Fig. 7 A.

We assume the target cell population grows logistically with
exponential growth rate r and carrying capacity K (Sachsenberg
et al., 1998). We write N � T + Iw + Im for the total CD4+ T cell
concentration. Infection of target cells is assumed to occur at a
rate proportional to the product of the virus concentration and
the fraction of the uninfected cells T/N, and the infection rate
constant β is assumed to differ between the WT (w) and the
mutant (m) virus. Infected cells produce virions at rate p per cell,
and free virions are cleared at rate c per virion. As the dynamics
of free virus are fast compared with the other populations, we
can simplify the model by assuming that the number of (rapidly
produced and cleared) virions is proportional to the number of
infected cells (i.e., Vw � Iw · p/c and Vm � Im · p/c; De Boer and
Perelson, 1998). With probability μ, the infection of a target cell
with the WT virus results in an infected cell with an escape
mutation. We ignore the smaller rate of reversion to the WT and
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assume that the mice are initially infected with only the WT
virus. Infected cells die due to viral cytopathic effects at rate
dI, and only cells infected with the WT virus are killed by
effector cells at maximum rate κ. The rate of killing is as-
sumed to saturate at high concentrations of effector cells,
and the killing rate is at half maximum at effector cell
concentration h.

Effector cells are assumed to expand independently of anti-
gen concentration in a “programmed” manner. We use a sim-
plification of a T cell response model developed for lymphocytic
choriomeningitis virus in mice (Althaus et al., 2007; De Boer
et al., 2001). Before time τ, the effector cell concentration E
grows exponentially at rate b. After time τ, the effector cell
concentration contracts exponentially at rate dE (Yang and
Ganusov, 2018) to the steady-state value λE. We use a smooth-
ened step function Ht � (1 + eτ−t)−1 to make the transition be-
tween expansion and contractionmore gradual. This leads to the
following system of ODEs:

dT
dt

� rT
�
1 − N

K

�
− (βwVw + βmVm)TN

dIw
dt

� (1 − μ)βw Vw
T
N
− dIIw − κ

IwE
h + E

dIm
dt

� (μβwVw + βmVm) TN − dIIm

dE
dt

� (1 − Ht)bE − HtdE · (E − λE)

with initial conditions T(t0) � K, Iw(t0) � I0, Im(t0) � 0, and
E(t0) � E0. The initial time (t0) is set to the time of infection
(35 days post engraftment).

Parameter estimation
Despite the high level of homogeneity expected in this experi-
ment, small differences between individual mice are to be an-
ticipated. Moreover, escape from CTL responses bymutation is a
stochastic process. Therefore, we estimated parameters in a
nonlinear mixed-effects modeling framework. This also allowed
us to incorporate treatment type as a covariate. The population-
and individual-level parameters were estimated using Monolix
(https://lixoft.com/). We allowed for random effects on pa-
rameters K, βw, βm, I0, κ, h, b, τ, dE, λE, and E0. The mutation
rate was assumed to be the same between mice, and the pa-
rameters p � 2 · 103d−1 and c � 23 d−1 were kept constant at
previously estimated values (Haase et al., 1996; Ramratnam
et al., 1999) as they are not identifiable. We assessed the iden-
tifiability of the parameters (excluding the constants p and c)
with the Mathematica IdentifiabilityAnalysis package (Anguelova
et al., 2012) and found that the model is locally structurally
identifiable, meaning that with ideal data, we should be able to
identify all parameters. Nonetheless, we found that the parame-
ters dI and r were difficult to identify in practice, and hence we
fixed dI to 0.6 d−1 as estimated previously (Ikeda et al., 2014;
Whitney et al., 2014) and r to 3 d−1.

Using only the ODE for the effector cells (dE/dt) and the CD8+

T cell data, we determined which parameters were affected by
the type of treatment (HST, HST-NG) by selecting the model
with the smallest Akaike information criterion (AIC) value. In

the selected model, the treatment type was a covariate for the
parameters τ, b, dE, and λE.We assessed the statistical evidence
for treatment effects on these parameters by AIC-based model
comparison. Excluding the treatment effect on τ resulted in an
AIC difference (ΔAIC) of 25, and excluding the effect on dE led to
ΔAIC � 10. Additionally, in the full model, mice treated with
CMV-specific CD8+ T cells tended to have a smaller carrying
capacity K for the target cells, and hence CMV was added as a
covariate for K.

As a measurement model, we took a log-normal distribution
for the VL and estimated the SD. For the CD8+ T cell concen-
tration, we argued that one would expect to find a Poisson-
distributed number of CD8+ HST cells in a sample of a given
volume, and hence the SD should be proportional (allowing for
overdispersion) to

ffiffiffi
E

√
. To accomplish this, we used a normal

distribution with constant SD for the square root–transformed
CD8+ T cell data. Finally, we used a logit-normal distribution to
model the frequency of the escape mutant Fm � Vm/(Vw + Vm).
Here we had to fix the SD σF � 0.7 in order to avoid divergence
of the likelihood.

Online supplemental material
Fig. S1 shows the results of flow cytometric analysis and the
gating strategy. Fig. S2 displays the results of statistical analysis
of the PDX mouse model HIV infection and power calculation.
Fig. S3 provides the characterization of immune effectors used
in PDX mice. Fig. S4 gives parameter estimates for individual
mice grouped by treatment and fits of the ODEmodel for all mice
treated with HST and HST-NG. Fig. S5 displays the clinical
characteristics of study participants.
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Supplemental material

Figure S1. Flow cytometric analysis and gating strategy. Total (top) or memory (bottom) CD4+ T cells were enriched from donor PBMCs. Representative
flow plots reveal cell population characteristics before engraftment in mice. Lymphocytes were gated based upon FSC-A and SSC-A followed by exclusion of
doublets (FSC-A by FSC-H). Live cells were gated based on exclusion of amine-reactive viability dye (Live/Dead). T cells were then identified by CD3 staining
and separated based on CD4+ versus CD8+ staining. Naive (CD45RA+/CD45RO−) versus memory (CD45RA−/CD45RO+) CD4+ T cells were identified, and
memory CD4+ T cells were further phenotyped into TCM, TTM, and TEM subsets based upon CCR7 and CD27 surface staining. A similar gating strategy was used
to identify cellular populations from all in vivo mouse blood and tissue samples. TCM, central memory T cell; TTM, transitional memory T cell; TEM, effector
memory T cell. The results shown are representative of at least 10 independent experiments.
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Figure S2. Statistical analysis of PDX mouse model HIV infection and power calculation. (A) Graph depicts locally estimated scatterplot smoothing
(Loess) curve analysis with 95% confidence interval (CI; light blue shaded region) of combined data from the No Tx groups from three independent experi-
ments. (B) Sample sizes were calculated using SAS Studio. Sample size calculations assume an independent two-sample pooled t test, one-sided test with a
null difference of 0, equal group sizes, α = 0.05, and desired power = 0.80. The control group mean and SD were estimated by pooling together the set point
log10-transformed HIV RNA plasma VLs from three independent experiments, thus accounting for interexperiment variation.
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Figure S3. Characterization of immune effectors used in PDX mice. (A) RR11-specific CD8+ T cell clone was analyzed by flow cytometry for peptide
specificity. Cloned CD8+ T cells were pulsed with 1 μg/ml RR11 peptide for 4 h in the presence of anti-CD107a (PE) antibody. After 4-h incubation, cells were
washed and stained for surface expression of CD8 (BV605). Gated population displays the percentage of cells degranulating in response to cognate peptide.
The results shown are representative of at least 30 independent experiments with this clone. (B–F) Generation and functional validation of HST cells. HST cells
were generated from an HIV-positive study participant, CIRC0196. (B) Schematic representation of the HST manufacturing process. Cells underwent three
rounds of stimulation with autologous dendritic cells (DCs) pulsed with a Gag, Nef, and Pol peptide mix (GNP pepmix). Cells were maintained in the presence of
ARVs to prevent new HIV infections. (C) Functional analysis of generated HST cells was assessed by IFN-γ release in response to GNP pepmix, SEB (positive
control), actin (negative control), or CTL alone (negative control), as measured by ELISPOT analysis. Cells were plated at 105 cells/well and run in duplicate.
SFC, spot-forming cells. (D) Epitope specificities were mapped using a matrix of HIV peptide pools. Responses to pools of HIV Gag (top), Pol (middle), and Nef
(bottom) peptide are displayed, with specific, deconvoluted responses labeled. (E)Multiplex analysis of CIRC0196 HST cells reveals levels of cytokine secretion
in response to GNP pepmix. (F) A chromium-51 release cytotoxicity assay was used to assess the ability of HST cells to kill autologous PHA blasts (PHAb) pulsed
with GNP pepmix at various effector-to-target ratios. The results shown are representative of two independent experiments.
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Figure S4. Parameter estimates and model fits grouped by treatment for each individual mouse. (A) Shown are the CD8+ T cell initial concentration
(E0), the expansion rate (b), the contraction rate (dE), the steady-state concentration (λE), the time expansion stops (τ), and the maximal killing rate (κ). The
horizontal bars indicate the population mean of the parameter estimates. As determined by model selection using AIC, the treatment group was added as a
fixed effect to the parameters b, dE, λE, and τ. (B and C) Fits of the ODEmodel for all mice treated with HST and HST-NG. Plots of individual mice from HST (A)
or HST-NG (B) treatment groups. The left panels indicate the CD8+ T cell concentrations and the model prediction E (teal line). The horizontal dotted line
indicates the CD8+ T cell concentration at which the killing rate is at half maximum. The middle panels show the plasma VL data and the predicted total VL (red
line). The solid and dashed black curves indicate the contribution to the VL of the WT virus (Vw) and CD8+ T cell escape mutant virus (Vm), respectively. The
right panels show the measured frequency of the CD8+ T cell escape mutant and its predicted frequency Fm � Vm/(Vw + Vm). DPE, days post engraftment.
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Figure S5. Clinical data of study participants used in the generation of PDX mice. (A) Summary demographics and clinical data. (B) Longitudinal VL data
for study participant CIRC0196 showing partial control of viremia before ARV initiation. Hx, history; CST, CMV-specific T cell .
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