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HIV-1 infection is incurable due to the persistence of the virus in a latent reservoir of
resting memory CD4+ T cells. “Shock-and-kill” approaches that seek to induce HIV-1
gene expression, protein production, and subsequent targeting by the host immune sys-
tem have been unsuccessful due to a lack of effective latency-reversing agents (LRAs)
and kill strategies. In an effort to develop reagents that could be used to promote killing
of infected cells, we constructed T cell receptor (TCR)-mimic antibodies to HIV-1 pep-
tide-major histocompatibility complexes (pMHC). Using phage display, we panned for
phages expressing antibody-like variable sequences that bound HIV-1 pMHC generated
using the common HLA-A*02:01 allele. We targeted three epitopes in Gag and reverse
transcriptase identified and quantified via Poisson detection mass spectrometry from
cells infected in vitro with a pseudotyped HIV-1 reporter virus (NL4.3 dEnv). Sequen-
ces isolated from phages that bound these pMHC were cloned into a single-chain dia-
body backbone (scDb) sequence, such that one fragment is specific for an HIV-1
pMHC and the other fragment binds to CD3ε, an essential signal transduction subunit
of the TCR. Thus, these antibodies utilize the sensitivity of T cell signaling as readouts
for antigen processing and as agents to promote killing of infected cells. Notably, these
scDbs are exquisitely sensitive and specific for the peptide portion of the pMHC. Most
importantly, one scDb caused killing of infected cells presenting a naturally processed
target pMHC. This work lays the foundation for a novel therapeutic killing strategy
toward elimination of the HIV-1 reservoir.
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HIV-1 is incurable due to a long-lived reservoir in resting CD4+ T cells that harbor
latent, replication-competent proviruses (1–5). When resting CD4+ T cells are acti-
vated by antigen or other stimuli, the transcriptional environment becomes permissive
for viral gene expression, and infectious virions can be released. If combination antire-
troviral therapy (cART) is interrupted, exponential viral replication ensues (6, 7), even-
tually leading to acquired immune deficiency (AIDS). Due to the extremely slow decay
of the latent reservoir (t1/2 ∼3.6 y), persons living with HIV-1 (PLWH) must remain
on cART for life (8–11).
Efforts to cure HIV-1 infection have focused on the “shock-and-kill” strategy, which

relies upon latency-reversing agents (LRAs) to induce viral gene expression, revealing
these infected cells to the immune system (“shock”). These cells can then be targeted
for cytolysis by CD8+ cytolytic T lymphocytes (CTL) or natural killer (NK) cells
(“kill”) (12). CTL-mediated killing requires T cell receptor (TCR) recognition of short
(8 to 11 amino acid) peptide fragments of HIV-1 proteins presented on major histo-
compatibility class I (MHC-I) molecules (13). In principle, shock and kill should
reduce the reservoir. Yet, while certain LRAs have caused viral “blips” (transient
increases in plasma virus into the detectable range) in PLWH on cART, current LRAs
alone have not reduced the latent reservoir (14–17). One potential explanation is that
CTL function is compromised in PLWH and is not fully restored by cART (18, 19).
Recent studies have shown that prestimulation of CTLs is required for elimination of
infected cells following latency reversal (20). Additionally, the latent reservoir of
PLWH contains proviruses with escape mutations in dominant CTL epitopes (21),
and certain LRAs impair CTL function (22–25). Therefore, curative approaches will
likely require therapeutic agents that promote killing of infected cells in combination
with effective LRAs.
The oncology field provides examples of targeted therapies that enhance CD8+ T

cell responses, resulting in successful treatment of certain cancers (26). Chimeric anti-
gen receptor (CAR)-T cell approaches have received considerable attention (26–28)
but require modification and reinfusion of patient-derived effector cells. In contrast,
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bispecific antibody engagers that link CTLs to antigen-bearing
target cells and simultaneously activate cytolytic effector func-
tion do not require ex vivo manipulation of patient cells (29).
Blinatumomab, a bispecific antibody against CD3 and CD19,
allows CD3-expressing T cells to kill CD19-expressing B cell
precursors and improves survival in relapsed or refractory acute
lymphoblastic leukemia (30). Early efforts to promote killing of
HIV-1–infected cells using bifunctional molecules utilized
immunotoxins targeting the HIV-1 Envelope (Env) proteins
gp120 or gp41 (31, 32). More recently, bispecific antibodies
against Env and CD3 (33, 34) have yielded promising results
in ex vivo latency clearance assays with cells from PLWH (34).
However, the low level of Env expression on infected cells
(35–37) and the extraordinary sequence variation in this pro-
tein highlight the need for alternative approaches.
Here we describe an approach to target HIV-1 pepti-

de:MHC complexes (pMHC) using TCR mimic (TCRm) bis-
pecific antibodies capable of linking CTLs to infected target
cells and promoting target cell lysis. This approach differs from
related approaches based on soluble TCRs in that we used
phage display to identify antibody-like reagents that bind with
high affinity to HIV-1 pMHC complexes. Thus, this approach
does not suffer from the limitations in affinity characteristics of
TCR-based approaches. Phage screening identified single-chain
variable fragments (scFvs) with much higher affinity for target
pMHC (38–40). TCRm antibodies of this kind have been gen-
erated against tumor-associate peptides (38, 39) and can reduce
tumor burden in an in vivo murine model (38, 39). Here, we
generated novel bispecific TCRm reagents against CD3 and
HIV-1 peptides bound to human leukocyte antigen (HLA)
HLA-A*02:01 (A2) complexes, an allele present in >40% of
the US Caucasian population (41), and evaluated their ability
to mediate killing of infected cells.

Results

Identification of A2-Restricted CTL Epitopes Physically Pre-
sented on Infected CD4+ T Cells. HIV-1 pMHC-I complexes
on infected cells serve as ideal targets for antibody-based retar-
geting strategies. Epitopes can be identified based on predicted
MHC I binding (42) and functional studies with synthetic pep-
tides, but sequencing of peptides from purified class I molecules
provides the strongest evidence that a particular p:MHC-I com-
plex is present on infected cells. The identification of minute
numbers of viral peptides within a vast excess of self-peptides
has been challenging using traditional data-dependent mass
spectrometry (MS), which relies on peak intensities to identify
peptide hits. Therefore, we utilized a highly sensitive Poisson
detection liquid-chromatography data independent acquisition
MS (LC-DIAMS) method (43, 44). LC-DIAMS relies on in
silico algorithms to predict putative high-affinity CTL epitopes
binding to MHC alleles of interest (45). These peptides are
then synthesized and their fragmentation patterns and elution
positions relative to a set of retention time peptides are mea-
sured and archived. These features are used by the Poisson algo-
rithm to identify the elution and fragmentation of low levels of
the target peptide against a complex background of endogenous
peptides. Identified peptides can then be quantitated in a subse-
quent run by adding isotope-labeled peptide analogs prior to
acid elution, such that subsequent processing steps are shared.
If native Western blots demonstrate no HLA in the clearing
pellet and complete HLA depletion from the soluble lysate, all
HLA complexes are on the beads and relative ion peak

intensities between the native and labeled peptides convey rela-
tive abundances.

Across the HIV-1 proteome (excluding the variable Env pro-
tein), 107 peptides were predicted to bind to HLA-A*02:01
with high affinity and were synthesized (SI Appendix, Table
S1). Fragmentation patterns could be identified for 64 peptides,
with cysteine-containing peptides and very hydrophobic pepti-
des explaining most of the misses. We applied LC-DIAMS to
identify HLA-A*02:01–restricted epitopes presented on CD4+

T cells that had been infected in vitro with a GFP-tagged HIV-
1 that is capable of a single-round infection (hereafter referred
to as ΔEnv-NL4.3-EGFP) (46). Briefly, CD4+ T cells from an
HLA-A2+ healthy donor were activated with CD3/CD28 Dyna-
beads and infected with ΔEnv-NL4.3-EGFP. On day 3, cells
were sorted into GFP+ and GFP� fractions and snap frozen (Fig.
1A). Frozen cells were lysed, and class I MHC molecules were
immunoaffinity-purified with the pan-MHC I antibody W6/32.
Peptides were eluted from bead-bound pMHC using low pH for
subsequent LC-DIAMS analysis.

Poisson detection LC-DIAMS identified two epitopes physi-
cally present on the surface of GFP+ but not GFP� cells:
ALTEVVPLT (ALT) from reverse transcriptase (RT) and
VLAEAMSQV (VLA) from the p2p7p1 region of the Gag pol-
yprotein (Fig. 1 and SI Appendix, Fig. S1 A and B and Table
S2). While ALT and VLA served as promising targets due to
their physical identification on the surface of infected cells, we
also analyzed as a positive control a previously characterized,
highly conserved RT epitope ILKEPVHGV (ILK, Pol 464 to
472; RT 309 to 317), whose molecular ion we subsequently
recognized in the third charged state at m/z 331.2 (SI Appendix,
Table S2). To quantitate the surface presentation of these pep-
tides, we used targeted MS/MS Poisson detection with isotope
labeled leucine (L*): AL*TEVVPLT, VL*AEAMSQV and
IL*KEPVHGV. ALT was identified at 54 copies (Fig. 1B and
SI Appendix, Fig. S2 A and B) and VLA at 10 copies per cell
(Fig. 1C and SI Appendix, Fig. S2 C and D). Surprisingly,
although ILK has been identified as a target of CD8+ T cells
from PLWH, this peptide was detected from GFP+ cells at a
copy number of <1 per cell (Fig. 1 D and E and SI Appendix,
Fig. S3C). These results are particularly striking as the epitope
derives from the same viral protein as ALT (Fig. 1F). Calcu-
lated pMHC copy numbers per cell are an average, and certain
cells may express higher or lower amounts of a given pMHC.
Even nominally higher levels of ILK (i.e., one to five copies)
would be nearing the limit of CD8+ T cell-based detection by
the TCR (47, 48). Thus, we reasoned that the ILK pMHC-I
target may provide insights into the limit of sensitivity of
antibody-based retargeting strategies.

A Phage-Display Library Can Be Used to Isolate Specific HIV-1
pMHC-I scFvs. Given the difficulty of generating antibodies that
recognize pMHC complexes (49), we used a previously gener-
ated phage-display library with a diversity of ∼3.6 × 1010

unique clones (50, 51) to screen for scFv-bearing phage that
specifically bound HLA-A*02:01 in complex with ALT, ILK,
and VLA peptides (Fig. 2A). Phage panning to enrich for scFv-
bearing phage specific to these pMHC complexes involved pos-
itive selection against decreasing amounts of the cognate
pMHC and negative selection against A2-expressing cell lines
and streptavidin beads bound to biotinylated HLA-A2 com-
plexes bearing irrelevant peptides (Materials and Methods) (38,
39, 51). Monoclonal phage present after four rounds of pan-
ning were tested for specific binding to pMHC containing the
cognate HIV-1 epitopes ALT (HA), ILK (HI), and VLA (HV),
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first by ELISA and then by flow cytometry. Phage scFv clones
exhibiting greater than twofold binding to the cognate epitope
versus an irrelevant A2 pMHC on ELISA (SI Appendix, Fig.
S4) were amplified. Selected phage by ELISA were then
screened for binding to TAP-deficient T2 cells pulsed with cog-
nate or irrelevant peptide epitopes, and phage binding was
quantified by flow cytometry (Fig. 2B and SI Appendix, Fig. S5
A–C). All three peptides induced stabilization of HLA-A2 on
T2 cells (SI Appendix, Fig. S5D). We considered phage clones
that bound to cognate versus irrelevant peptide-pulsed T2 cells
at mean fluorescent intensity ratios of >4 as “hits” and deter-
mined the scFv sequences of these clones (SI Appendix, Fig. S5
A–C and E). Phage hits at the lower limit of the threshold were
assessed for enhanced binding with different amounts of phage
(SI Appendix, Fig. S5F). For the VLA/HLA-A*02:01 target,
additional screening led to the identification of two specific
phage clones, HV115 and HV154 (SI Appendix, Fig. S5G).
These clones exhibited the greatest specificity and binding to
VLA/HLA-A*02:01, but exhibited a greater background

binding than either HI or HA phage clones. In total, we identi-
fied 47 specific phage clones (HA = 21, HI = 12, HV = 14).

HIV-1 pMHC-I scFvs Can Be Converted to Single-Chain Diabod-
ies that Induce Specific T Cell Activation. The scFv sequences
of phage hits were converted into a single-chain diabody
(scDb) format (38, 39) consisting of a single polypeptide chain
containing the heavy- and light-chain variable regions of two
scFv fragments separated by flexible glycine repeat linkers (Fig.
2A). The scFv of the anti-pMHC domain derived from phage
panning flanks the scFv of the UCHT-1 clone of CD3ε (38).
Binding of the scDb to CD3 on the effector cell and the HIV-1
pMHC on the infected target cell tethers the effector to the target
to form an immune cytolytic synapse, with activation of the effec-
tor cell as assessed by CD69 and CD107 up-regulation, release of
cytokines and chemokines, such as interferon (IFN)-γ and
MIP1β (38, 39), and target cell lysis.

To test the functionality of the scDbs, we cocultured CD8+

T cells from healthy donors with T2 cells pulsed with cognate
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Fig. 1. Physical identification of HLA-A*02:01–bound HIV-1 peptides by MS from infected CD4+ T cells. (A) Method for generating infected CD4+ T cells for
physical detection of HLA-A*02:01–bound HIV-1 epitopes. (B–D) Detection of the native and isotope-labeled forms of HIV-1 peptides ALT, VLA, and ILK in
GFP+ cells by targeted LC-MS/MS. Detection is indicated by elution coincidence between the extracted ion chromatogram (XIC) for the peptide’s precursor
m/z (top traces, in black) and the Poisson chromatogram, related to the probability of the peptide’s fragmentation pattern (bottom, inverted blue trace,
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XIC peak amplitudes, scaled by the amount of added heavy peptide, indicate the amount of the native peptide on the GFP+ cells. This can be converted into
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the targets for generating specific scDbs (see Fig. 2). (F) RT epitopes are highlighted on the PBD structure 5TXM.
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Fig. 2. Isolation of HIV-1 pMHC-specific scFv and conversion to a scDb format. (A) Schematic of phage panning and characterization for the isolation of
phage clones bearing scFvs specific for HIV pMHC-I. VL and VH sequences from the scFv of specific phage clones are cloned and expressed as scDbs.
Secreted scDbs are purified by nickel chromatography and tested for functionality in cocultures with target cells (peptide-pulsed cells or infected CD4+ T
cells) and prestimulated CD8+ T cells. (B) Monoclonal phage clones found to bind specifically to target pMHC-I by ELISA (SI Appendix, Fig. S4) were concen-
trated and tested for binding to T2 cells pulsed with relevant or irrelevant peptides. Phage specific for ALT pMHC-I (i.e., HA phage clones) bind to ALT-pulsed
T2 cells (green) but not ILK-pulsed (orange) or VLA-pulsed (purple) cells. Specific binding of HI and HV monoclonal phage are also shown. (C) scFv from spe-
cific phage clones from B and SI Appendix, Fig. S5 A–C and G were cloned and expressed as scDbs against ALT (HA-scDb), ILK (HI-scDb), and VLA (HV-scDb).
scDbs were screened for specific activation of CD8+ T cells as measured by surface CD107 when cocultured with T2 cells pulsed with relevant or irrelevant
peptides. Boxes indicate the HA-, HI-, and HV-scDb exhibiting the greatest potency and specificity of CD107 activation. Data shown represent mean ± range
of two biological replicates. Increasing concentrations of (D) HA29-scDb or (E) HI12-scDb binding to 1 μg/mL immobilized ALT/HLA-A*02:01 (green) or ILK/
HLA-A*02:01 (orange), respectively, was assessed via ELISA. Data shown represent mean ± SD of three technical replicates.
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or irrelevant peptides and assessed effector cell activation by cell
surface expression of CD107 (52) (Fig. 2C). Some scDbs were
inactive or nonspecific (Fig. 2C). The most specific phage
clones against ALT were HA122 and HA29 (Fig. 2C). The most
specific ILK clones were HI12 and HI55, and the most specific
VLA clone was HV115 (Fig. 2C). HA29 and HI12 induced
higher levels of CTL activation, as measured by secreted MIP1β,
compared to HI55 and HA122 (SI Appendix, Fig. S6A). These
two scDbs also induced enhanced MIP1β production by and
CD69 expression on CD8+ T cells in response to cells pulsed
with lower doses of cognate peptide compared with the other top
scDbs HA122, HI55, or HV115 (SI Appendix, Fig. S6 B–D).
Additional testing of HA29- and HI12-scDbs using titration

ELISAs highlighted their specificity. The HA29-scDb only
bound to immobilized ALT/HLA-A*02:01 and not the irrele-
vant monomer ILK/HLA-A*02:01, even at high concentrations
of HA29-scDb (Fig. 2D). Similarly, HI12 bound to only ILK/
HLA-A*02:01 and not the irrelevant target ALT/HLA-A*02:01
(Fig. 2E). The specificity of HA29-scDb was additionally inter-
rogated using positional scanning variant peptides, in which
each residue of the ALT peptide was substituted with 19 other
possible amino acids (38, 39). This resulted in a library of 171
variant peptides. HA29-induced up-regulation of CTL activa-
tion was significantly decreased in cocultures with T2 cells
pulsed with peptide variants containing substitutions in posi-
tions 3 to 5 (SI Appendix, Fig. S7), suggesting that these resi-
dues were most critical for HA29 binding. Positions 1 and 7
tolerated more substitutions but also were critical for scDb
binding (SI Appendix, Fig. S7), while substitutions at positions
6, 8, and 9 in many cases did not significantly affect HA29
binding. Due to their superior activity and specificity, we pur-
sued additional characterization of the scDbs HA29 and HI12.

HIV-Specific scDbs Have High Affinity and Sensitivity for Their
Cognate pMHC. For TCRm reagents to promote killing of
infected cells, they must detect viral peptide-MHC I complexes
presented at low copies on target cells. We performed peptide
titration cocultures of T2 cells and healthy donor-derived CD8+

T cells in the presence or absence of scDbs. At 0.25 nM, both
HA29 and HI12 induced specific, polyfunctional T cell responses
against cells pulsed with nanomolar concentrations of the relevant
peptide (Fig. 3 A and B and SI Appendix, Fig. S8). In addition to
inducing canonical markers of CTL degranulation (granzyme A,
Fig. 3 A and B, Top) and cytokine release (IFN-γ) (Fig. 3 A and
B, Bottom), we demonstrated specific induction of release of mul-
tiple additional granule proteins and effector molecules, cytokines,
and chemokines, including granzyme B, granulysin, perforin,
sFasL, tumor necrosis factor (TNF)-α, interleukin (IL)-2, IL-4,
IL-17A, and MIP1β (SI Appendix, Fig. S8).
Surface plasmon resonance (SPR) analysis demonstrated HA29

binding to ALT/HLA-A*02:01 with an equilibrium constant
(KD) of 53.8 nM (Fig. 4A), an association rate constant (kon) of
5.98 × 104 M�1s�1, and a dissociation rate constant (koff) of
3.22 × 10�3 M�1s�1. No binding of the HA29-scDb to ILK
pHLA-A2 or VLA pHLA-A2 was detected (Fig. 4 B and C).
Similar analysis of HI12 demonstrated binding to ILK/HLA-
A*02:01 with a KD of 66.8 nM (Fig. 4D), a kon of 9.48 ×
104 M�1s�1, and a koff of 6.58 × 10�3 M�1s�1. No binding of
the HI12-scDb to ALT pHLA-A2 or VLA pHLA-A2 was
detected (Fig. 4 E and F). These data are consistent with the high
potency and specificity of the HA29- and HI12-scDbs (Fig. 3),
suggesting that these scDbs may detect pMHC-I on infected cells
and induce killing.

HA29 and HI12 Induce Robust and Polyfunctional CTL
Activation against Peptide-Pulsed Cells. To test the ability of
HA29 and HI12 to induce cytolysis of target cells bearing the
relevant pMHC, T2 cells pulsed with the ALT or ILK peptides
were labeled with 5-(and 6)-Carboxyfluorescein diacetate succi-
nimidyl ester (CFSE) or cell-trace violet (CTV), respectively,
and cocultured with preactivated CD8+ T cells in the presence
or absence of increasing doses of scDb. For negative controls,
we used a no-scDb condition (Fig. 5 A, Left) and an isotype
scDb (H2) directed against a mutant p53 epitope presented on
HLA-A*02:01 (Fig. 5 A, Center) (39). We used a pan HLA-A2
(BB7.2) scDb as a positive control to identify the maximum
killing of target populations (Fig. 5 A, Right). At picomolar
concentrations, HA29- and HI12-scDbs induced nearly 100%
reduction in T2 cells pulsed with the relevant peptide (Fig. 5 B
and C), similar to the reductions obtained with 250 pM of the
positive-control pan-A2 scDb (Fig. 5D). At the lowest concen-
trations of HA29 and HI12 (4 pM), there was minimal effect
on targets pulsed with the irrelevant peptide.

Suppression of HIV-1 Using HA29 but Not HI-12 scDbs. Given
the HA29- and HI12-scDb induced killing of peptide-pulsed
cells, we tested whether scDbs could inhibit viral replication or
induce direct lysis of infected cells using viral suppression assays
(53). On infected cells, the level of specific peptide-MHC com-
plexes is extremely low (54 copies of ALT/HLA-A*02:01 per
cell) (SI Appendix, Fig. S2 A and B), too low to be detected by
flow cytometry. Nevertheless, we hypothesized that the
extremely sensitive nature of antigen recognition by T cells
might allow scDb-directed lysis of infected cells. CD4+ T cells
from HLA-A2–expressing healthy donors were activated,
infected with ΔEnv-NL4.3-EGFP (46), and cocultured with
autologous, prestimulated CD8+ T cells in the presence of
HA29- or HI12-scDb at an effector-to-target (E:T) ratio of
3:1. We observed a striking dose-dependent decrease in viable
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Fig. 3. HA29- and HI12-scDbs induce polyfunctional CD8+ T cell
responses. T2 cells were pulsed with the ALT or ILK peptides at the indi-
cated concentrations. Next, 10 × 104 peptide-pulsed cells were cocultured
with 5 × 104 preactivated CD8+T cells (1:2 E:T) in the presence of 0.25 nM
HA29- or HI12-scDb for 72 h. Supernatants were assayed with Legendplex
or MIP1β ELISAs. Specific activation of CD8+T cells by (A) HA29 or (B) HI12
was observed by the secretion of Granzyme A (A and B, Top) and IFN-γ (A
and B, Bottom) in response to cells pulsed with the cognate but not irrele-
vant peptide. Data indicate mean ± range of two biological replicates. Simi-
lar specific responses were also observed using assays for other effector
molecules (SI Appendix, Fig. S8).
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GFP+ cells remaining after 3 d of coculture with the HA29-
scDb, but no decrease with the HI12 or irrelevant H2-scDb
(Fig. 6 A and B). At 0.4 nM HA29-scDb, the number of viable
GFP+ cells was only 24% of that seen without scDb (Fig. 6B).
The decrease in residual GFP+ cells mediated by HA29-scDb
was dependent on HLA-A2, as no significant reductions in via-
ble GFP+ cells were observed with an A2� donor (Fig. 6C).
HIV-1 Nef and Vpu down-regulate MHC-I (54, 55), and we
observed decreases in HLA-A2 on infected CD4+ T cells (SI
Appendix, Fig. S9A). Despite lower A2 on infected cells, we
observed suppression by HA29-scDb (SI Appendix, Fig. S9B),
suggesting that the residual numbers of viral pMHC-I were suffi-
cient and the affinity of HA29-scDb was high enough to main-
tain a suppressive effect. Indeed, we observed HA29-mediated
CTL activation even at low doses of the HA29-scDb in infected
versus uninfected cocultures (SI Appendix, Fig. S9C). Impor-
tantly, we did not observe a significant decrease in viability in
uninfected CD4+ T cells cocultured with autologous CD8+ T
cells in the presence of HA29-scDb (SI Appendix, Fig. S9D).
Having shown viral suppression using a standard HIV-1

reporter virus, we next confirmed that HA29-scDb could sup-
press a replication-competent primary isolate from the latent

reservoir of a treated PLWH. We infected primary CD4+ T
cells with isolate 33A10 (56) and measured p24 production
over time with and without scDbs in the presence of autolo-
gous CD8+ T cells. Levels of p24 antigen were reduced by the
HA29-scDb (Fig. 6D). Together, these results demonstrate that
the HA29-scDb can induce CD8+ T cell-mediated killing of
HIV-1–infected cells. This is dependent on the presence of A2
and antigen. Interestingly, as with ΔEnv-NL4.3-EGFP–
infected cells (Fig. 6B), we did not observe a suppressive effect
with the HI12-scDb, despite its high sensitivity for detecting
T2 cells pulsed with nanomolar concentrations of peptide
(Figs. 3B and 6B and SI Appendix, Fig. S8B) and its high affin-
ity for ILK/HLA-A*02:01 (Fig. 4D). The inability of the
HI12-scDb to mediate killing may be due to lower levels of
ILK pMHC-I on infected cells, as suggested by quantification
of the ILK peptide from GFP+ cells by MS (SI Appendix, Fig.
S3 A and B). Indeed, when we pulsed infected CD4+ T cells
with saturating a concentration (10 μg/mL) of the ILK peptide,
we observed a nearly 100% decrease in the residual viable
GFP+ population compared to the irrelevant H2-scDb (Fig.
6E). Therefore, antigen density on HIV-1–infected cells may
limit the effectiveness even of even high-affinity scDbs.
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Fig. 4. HIV-specific scDbs have high affinity for their cognate pMHC-I. (A) HA29-scDb binding to ALT/HLA-A*02:01 was measured with multicycle kinetics
using SPR at concentrations up to 400 nM. (B and C) No binding was observed with HA29 against irrelevant epitopes ILK/HLA-A*02:01 and VLA/HLA-A*02:01
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with ILK against irrelevant epitopes ALT/HLA-A*02:01 and VLA/HLA-A*02:01 at all concentrations tested. All SPR measurements were done in duplicate.
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Discussion

The importance of a robust CD8+ T cell response in HIV-1
infection is highlighted by studies of elite suppressors (ES),
who suppress viremia to undetectable levels without cART (57,
58). The magnitude and characteristics of the CD8+ T cell
response in ES (19, 59, 60), and the targeting of highly net-
worked epitopes (61), have been implicated in their ability to
control viral replication. These studies have led to efforts to
stimulate CTLs in PLWH using therapeutic vaccination strate-
gies for cure efforts. This has proven challenging, however, as
HIV-1–specific CTLs in chronic progressors have a hypofunc-
tional phenotype that is not completely restored by cART (18,
19, 62, 63). HIV-1–specific CTLs also require prestimulation
in order to clear infected cells after latency reversal (20). Retar-
geting strategies, such as the pMHC-I scDb strategy outlined
above, are beneficial in that they enable CD8+ T cells of any
specificity to recognize HIV-infected cells, thereby bypassing
defects unique to the HIV-1–specific CTL subpopulation.
Here we describe bispecific antibodies against HIV-1 pMHC-I

expressed on infected cells. Bispecific antibodies capable of detect-
ing rare HIV-1 pMHC complexes on infected cells might be use-
ful in eradicating the latent reservoir following latency reversal.

To identify target peptides, we used a highly sensitive MS method
to quantitate HIV-1 peptides presented on MHC-I isolated from
infected cells. Phage-bearing scFv specific for the identified
pMHC-I were then isolated by panning from an extremely
diverse library and cloned into an scDb backbone.

Two scDbs, HA29 and HI12, exhibited high affinity and
specificity for their respective pMHC targets. Subnanomolar
concentrations of both scDbs induced polyfunctional CTL acti-
vation against T2 cells pulsed with peptides in the 0.1 to
10 nM range. Prior studies involving single-molecule immuno-
fluorescence using an affinity-matured TCR against a mela-
noma pMHC suggest that peptide concentrations of 0.1 to
10 nM should result in the presentation of physiological levels
of pMHC (4 to 80 copies per cell) (64). Since the HA29 and
HI12 bispecific antibodies enabled CD8+ T cell recognition of
cells pulsed with 0.1 nM peptide, we predicted these antibodies
could detect endogenously processed epitopes on infected cells.
When HA29- and HI12-scDbs were incubated with CTLs and
newly infected CD4+ T cells, HA29-scDb suppressed viral
infection in a 72-h coculture. In contrast, the HI12-scDb did
not, consistent with the lower copy number of the ILK epitope
as quantitated by MS (greater than one copy of ILK/HLA-
A*02:01 per cell). Pulsing infected cells with the ILK peptide

-60
-40
-20

0
20
40
60
80

100

%
R

ed
uc

tio
n

no scDb iso A2 4 8 16 4 8 16
HA29-scDb (pM) HI12-scDb (pM)Control scDbs

CFSE
(ALT-pulsed)

C
TV

(IL
K-

pu
ls

ed
)

no scDb H2-scDb HLA-A2 scDb

4 pM HA29 8 pM HA29 16 pM HA29

4 pM HI12 8 pM HI12 16 pM HI12 

Target cells
pulsed with:
β2M + ALT
β2M + ILK

102

104

106

102

104

106

102

104

106

34.7K 38.4K

102

104

106

102

104

106

102

104

106

102

104

106

102

104

106

102

104

106

102 104 106 102 104 106 102 104 106

102 104 106 102 104 106 102 104 106

102 104 106 102 104 106 102 104 106

154

30.3K 33.4K 244

43.4K 35.3K 24.4K

611 489 396

207 28 38

24.9K 20.6K 17.1K

D

C

B

A
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and then coculturing them with CTLs led to dramatic suppres-
sion/killing, implicating low antigen density as the primary fac-
tor preventing HI12-induced killing.
Our results are consistent with prior studies. Tsomides et al.

(65) generated a stable, HLA-A2+ Jurkat cell line carrying a
nef-deficient HIV-1 provirus and estimated the ILK pMHC
density at ∼10 copies per cell. An ILK-specific T cell clone
required very high (i.e., 50:1) E:T ratios to promote killing of
the cell line (65). If the density of ILK on cells constitutively
expressing HIV-1 protein and A2 levels is only ∼10 copies
(66), it follows that in the setting of natural infection, presenta-
tion of ILK on the cell surface would be even lower. ILK is
derived from the RT protein, which is expressed at only 10%
of the level of the more abundant Gag protein due to a ribo-
somal frame shift required for RT translation, but this alone is
not sufficient to explain the low levels of ILK. The ALT pep-
tide, found at 54 copies per cell, derives from the same protein.
Thus, the difference between the RT ALT and ILK copy

numbers (54 vs. <1 per cell) may reflect differences in process-
ing. Although the two epitopes are located within 12 residues
of each other, ALT (amino acids 290 to 298) is located on an
extruded loop of RT and contains one residue of an α-helix
that precedes ILK (amino acids 309 to 317). ILK is located at
the C-terminal end of the same constrained α-helix that sepa-
rates these two epitopes. The entire 17-amino acid helix is
likely less easily unfolded, and thus may impact translocation
through the proteosome or protein cleavage to diminish the
generation of the downstream ILK epitope (67). Importantly,
other factors may also contribute to the efficacy of the scDb
approach describe here. In addition to peptide affinity for the
relevant MHC molecule, these include the effect of flanking
residues on cleavage by the proteasome and also other amino
peptidases, such as ERAP1 and ERAP2, TAP transport, associa-
tion with molecular chaperones, and stability of the complexes.

Our results highlight the need to reexamine the optimal
CTL epitopes for viral control in the context of antigen density
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Fig. 6. HA29-scDb induces dose-dependent viral suppression. (A) Representative flow plots from a suppression assay showing the dramatic decrease in via-
ble GFP+ cells with increasing concentrations of HA29-scDb compared to cocultures containing isotype (H2) scDb. Activated CD4+ T cells from an
A2-expressing healthy donor were infected with ΔEnv-NL4.3-EGFP and cocultured with autologous prestimulated CD8+T cells for 72 h before flow cytometric
analysis (Materials and Methods). (B) Percent of live GFP+ cells remaining after 72 h of coculture with HA29-, HI12-, or H2-scDb and autologous CD8+ T cells.
Results are expressed as a percent of the live GFP+ cells remaining in cultures without scDbs. (C) Suppression assays using cells from three A2+ and one
A2� donor. Results are expressed as percent of the live GFP+ cells remaining relative to cultures without scDbs. (D) Suppression of a replication-competent
reservoir isolate 33A10 (56). Healthy donor CD4+ T cells were activated, infected with 33A10, and cocultured with autologous CD8+ T cells in in the presence
of 0.25 nM of the HA29-, HI12-, or H2-scDb. Supernatant p24 was measured by ELISA after 1, 3, and 5 d of coculture. Reduction in p24 was normalized to
the no scDb control. (E) Target cells (infected cells or infected cells pulsed with 10 μg/mL ILK peptide) were cocultured with autologous CD8+ T cells in the
presence of the HI12- or H2-scDbs. Results are expressed as a percent of the live GFP+ cells remaining in cultures without scDbs. Data in represent the
mean ± SD of three independent experiments analyzed by two-way ANOVA followed by Tukey’s multiple comparison test. Data in C represent the mean ±
SD of four independent experiments analyzed by two-way ANOVA followed by Tukey’s multiple comparison test. Data in D and E represent the mean and
range of two technical replicates and were analyzed by two-way ANOVA followed by Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.
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(68). Most studies have analyzed the conservation of CTL epit-
opes (21, 69, 70). Recently, network analysis has identified
epitopes that are mutationally constrained (61). The consensus
is that targeting highly conserved or mutationally constrained
epitopes would be therapeutically beneficial. However, highly
conserved epitopes, such as ILK, may not be presented at suffi-
cient levels to serve as appropriate targets. Responses to the ILK
epitope were first observed using T cell clones from asymptomatic
HIV+ individuals that lysed autologous cells infected with vac-
cinia vectors expressing HIV-1 genes (71, 72). However, vaccinia
infection may produce proportionally more viral pMHC than
would occur from natural HIV-1 infection (65).
Many cure strategies aim to target HIV-1 Env on the surface

of infected cells (73). However, Env has an extremely high
sequence diversity (74). Broadly neutralizing antibodies (bNAbs)
address this issue (75) and have been reformatted to include anti-
CD3 domains to engage T cells (33, 34). However, anti-Env
bNAbs can drive selective pressure (76) and the cell-surface levels
of HIV-1 Env are low on infected cells (36, 37). Anti-pMHC
scDbs could synergize with anti-Env scDbs to enhance CTL kill-
ing of infected cells following latency-reversal, providing a com-
plementary arm for the “kill” in shock-and-kill efforts.
There are several potential benefits to using pMHC-specific

scDbs in the situation where latency has been successfully
reversed in the context of a shock-and-kill strategy. The large
diversity of targets against which scDbs can be generated
throughout the viral proteome provides a level of versatility that
anti-Env bNAbs do not offer. A “cocktail” of bispecific engager-
s—targeting conserved pMHC presented at relatively high copy
numbers from various viral proteins—could trigger CTL-
mediated lysis of infected cells in a manner that would preclude
viral evasion from any one scDb. Although the scDbs described
here showed high affinity and specificity for the target pMHC,
higher concentrations of the scDbs exhibited some nonspecific
activity against irrelevant targets. Higher affinity and specificity
could be achieved by additional scFv selection using affinity-
matured libraries. The same methodology can be extended to
other HLA alleles to increase the population coverage. SIV anti-
gens in infected cells may be processed and presented using alter-
native pathways on MHC-II and HLA-E (77–79). As HLA-E is
nearly monomorphic, targeting a conserved HIV-1 peptide
bound to HLA-E using the above approach may provide a nearly
universal bispecific reagent. Thus, the strategies described here
could be used to isolate scFv specific for nonclassically presented
HIV-1 peptides. Another benefit of scDb is that they induce
CTL activation even at low antigen densities, as seen from our
peptide-pulsing experiments. Given the variability in LRA-
mediated reactivation of latent HIV-1 (56, 80), repeated infu-
sions of scDbs might be required to reduce the latent reservoir.
Whether scDb are able to activate CTLs better than natural

recognition by αβTCRs remains to be seen. Contrary to con-
ventional receptor–ligand interactions exemplified by antigen–
antibody binding, bioforces are essential for nonthermal
equilibrium, mechanosensor-based αβT cell activation (81–90).
αβT cell motility during immune surveillance and the local
cytoskeletal machinery place physical load on individual
αβTCR-pMHC bonds, tuning the sensitivity and specificity of
αβTCR recognition (82). In the absence of external load,
chemical thresholds to trigger cellular αβT cell activation
require a 1,000-fold or higher number of pMHC molecules
than observed physiologically (83). In contrast, under force the
ligand-mediated induction of αβT cell biological response can
be essentially digital (i.e., single pMHC recognition). That
said, it remains to be seen how soluble bispecific reagents versus

digitally performing αβTCRs used for adoptive cellular immu-
notherapy compare head-to-head in detection of the same
pMHC ligand on target cells to effectuate specific killing. Clus-
tering of bispecific reagents, perhaps on nanoparticle arrays,
could potentially increase sensitivity.

There are potential limitations to the use of bispecific
antibodies to eliminate HIV-1–infected cells in HIV-1 cure
strategies. It is possible that the bispecific antibodies will be
immunogenic and induce antidrug antibodies that will limit
their effectiveness. The bispecifics described here were gener-
ated using scFv phage-display libraries based on a humanized
antibody (38, 39). The extent to which the development of
antidrug antibodies will limit the effectiveness of this approach
will likely become apparent when these approaches, which are
being rapidly developed for cancer immunotherapy, are more
fully evaluated in clinical trials. It is also important to empha-
size that the bispecific reagents described here can only elimi-
nate infected cells that are actively expressing HIV-1 genes and
producing the relevant HIV-1 proteins. These reagents have no
ability to reverse HIV-1 latency and can only promote the
elimination of latently infected cells if HIV-1 gene expression is
first induced by effective LRAs. The discovery of LRAs that
induce viral gene expressing in a large fraction of reservoir cells is
a problem that has not yet been solved despite extensive effort in
many laboratories (12, 14–18, 91). Many of the LRAs identified
to date using model systems fail to reverse latency in ex vivo stud-
ies with resting CD4+ T cells from treated PLWH (80). There-
fore, a successful cure strategy will likely require the discovery of
more effective LRAs that will complement the killing strategy
described here. In addition, the persistence of HIV-1 in macro-
phages and in T cells subsets that are localized to tissues sites not
readily penetrated by CTL (such as germinal centers) may pose
additional barriers to the elimination of infected cells (92, 93).
Furthermore, reservoir cells may have been selected for intrinsic
resistance to CTL killing (94). It is also important to note that
many reservoir viruses contain escape mutations in immunodo-
minant CTL epitopes (21). Fortunately, mutations are generally
absent in subdominant epitopes, allowing targeting of infected
cells (21). Finally, CTL dysfunction associated with the expres-
sion of PD1 may persist in the setting of ART (95). However,
the exhausted phenotype is found on HIV-1–specific CTL and
to a much less extent on CTL specific for other antigens. An
advantage of the strategy described here is that it enables CTLs of
any specificity to kill HIV-1–infected target cells.

The complications described above may contribute to the
finding that shock-and-kill strategies have yet to produce sub-
stantial decrease in the latent reservoir in animal models (91).
However, there is evidence for a delay in viral rebound after
ART interruption in simian immunodeficiency virus-infected
macaques that received both an immune stimulant with poten-
tial LRA activity (TLR7 agonist) coupled with immunologic
interventions (bNAbs or therapeutic vaccination) (96, 97). The
small signal observed in these studies provides hope that cure
may be possible with better LRAs and more effective killing
strategies, possibly including the one described here.

To our knowledge, no other studies have described the gen-
eration and use of TCRm-antibodies against HIV pMHC to
target latent HIV infection. We have identified naturally proc-
essed targets on infected cells and generated reagents using
phage display that could recognize and kill infected cells. Our
studies highlight the importance of antigen density in the
design of therapeutic vaccines and immunotherapies, and lay
the groundwork for future studies that aim to eliminate the
latent reservoir using bispecific cell engagers.

PNAS 2022 Vol. 119 No. 15 e2123406119 https://doi.org/10.1073/pnas.2123406119 9 of 12



Materials and Methods

Human Samples. Leukapheresis samples from HLA-A*02:01+ donors were
obtained from Stem Cell Technologies. Peripheral blood mononuclear cells
(PBMCs) were purified by density gradient centrifugation with Ficoll Paque Plus
(GE Healthcare) and cryopreserved.

Cell Lines and Primary Cells. All cells were grown at 37 °C under 5% CO2.
PBMCs were thawed in RPMI 1640 with 10% FBS, 1% penicillin/streptomycin,
and rested overnight before stimulation with 15 ng/mL of anti-human CD3 anti-
body (clone OKT3, BioLegend) for 3 d in base media (RPMI 1640 with 10% FBS,
1% penicillin/streptomycin) containing 250 U IL-2 and 5 ng/mL IL-7 (hereafter
termed IL-2/IL-7 media). OKT3 was removed after 3 d of activation and cells were
maintained in IL-2/7 media at 1 × 106 cells/mL for 7 to 10 d before isolation of
CD8+ T cells by negative selection (StemCell) for coculture experiments. Sepa-
rately, autologous PBMCs were also used to isolate CD4+ T cells by negative
selection (StemCell). CD4+ T cells were activated using Human T-Activator CD3/
CD28 Dynabeads (Thermo Fisher Scientific) in RPMI 1640 with Glutamax, 10%
FBS, and 1% penicillin/streptomycin and 30 U IL-2.

T2 cells were cultured in RPMI 1640 + Glutamax with 10% FBS, 1% penicil-
lin/streptomycin. RPMI 6666 cells were grown in the same media and used as
an additional A2+ cell line for negative-selection stages of phage panning.

LC-DIAMS. LC-DIAMS requires fragmentation patterns and relative elution posi-
tions for all synthetic peptides, which are predicted to bind to HLA-A*02:01 (SI
Appendix, Table S1). The pattern and elution map for each synthetic peptide can
then be interrogated in complex samples containing minute quantities of the
target peptide. For elution mapping, synthetic peptides were added to an extract
of peptides from HeLa cells. Separately, peptides from HeLa digests were spiked
into a sample containing A2-bound peptides eluted from W6/32 immunoprecip-
itation of CaSki, an HLA-A*02:01–expressing cell line. Both samples were run on
LC-DIAMS. The relative position of synthetic peptides compared to HeLa pepti-
des, and the relative position of HeLa peptides compared to endogenous A2*01-
bound peptides, could be integrated to predict the elution position of synthetic
HIV-1 epitopes among a background of endogenous A2*01 epitopes. These elu-
tion maps could be used to analyze whether low levels of candidate peptides
were indeed presented on the surface of infected cells.

To prepare infected cells for LC-DIAMS, CD4+ T cells from an HLA-A2+ healthy
donor were activated with CD3/CD28 Dynabeads and infected with ΔEnv-NL4.3-
EGFP. Three days after infection, cells were sorted into GFP+ and GFP� fractions
and snap frozen. Frozen cells were lysed. MHC class I molecules were immunoaf-
finity purified with W6/32, and peptides were eluted from bead-bound pMHC-I
using low pH. Peptide quantification of native pMHC by targeted Poisson detec-
tion was achieved by adding 100 attomoles of heavy (isotope-labeled) versions
of ALT and VLA and 200 attomoles of heavy ILK to the GFP+ samples, as previ-
ously described (43, 44).

Peptides and pHLAs. Peptides were synthesized at >95% purity (Elim Bio-
pharm or JPT Peptide Technologies) with the exception of the crude peptides
used for the positional scanning library and for LC-DIAMS. Peptides were resus-
pended in dimethylformamide (DMF) and stored at �80 °C. HLA-A2 was
refolded with peptide and β-2 microglobulin (β2M), purified by gel filtration,
and biotinylated (Fre Hutchinson Immune Monitoring Lab, Seattle, WA or Baylor
MHC Tetramer Production Lab, Houston, TX). Confirmation of pMHC refolding
before phage panning was done using ELISA with the antibody W6/32
(BioLegend).

Phage-Display Library Construction. The scFv-bearing library used for phage
panning was previously described (38, 39, 51) and was regrown within a week
of selection.

Phage Panning and Characterization and scDb Preparation. Phage pan-
ning, characterization, and generation of scDbs were performed as previously
described (38). See SI Appendix for details.

SPR Affinity Measurements. SPR experiments were carried out on a Biacore
T200 (Cytiva) at 25 °C of an SA chip. HBS-P (10 mM Hepes pH 7.4, 150 mM
NaCl, 0.05% [vol/vol] surfactant P20) was used as the immobilization and cap-
ture running buffer. The three HLA ligands used were biotinylated A*02:01

bound to ILK, ALT, and VLA peptides. Approximately ∼30 RU of each pMHC
ligand was captured onto flow cells FCs 2 through 4 while flow cell FC1 was
used as the reference subtraction. Bispecifics HA29 and HI12 were flown over as
analytes at a rate of 50 μL/min in increasing concentration 3.125, 6.25, 12.5,
25, 50, 100, 200, and 400 nM, twofold dilutions). The scDb HI12 was flowed
over FC2 (biotinylated HLA-A*02:01 bound to ILK) by increasing concentrations
of 25, 50, 100, 200, and 400 nM (twofold dilutions). Multicycle kinetics were
performed in the presence of HBS-P supplemented with 5% glycerol with contact
and dissociation times of 120 s and 600 s, respectively. One 20-s injection of 2
M NaCl was used for surface regeneration. Binding responses for kinetic analyses
were referenced and blank-subtracted. All curves were fit with a 1:1 kinetic bind-
ing model using Biacore Insight Evaluation Software. All SPR measurements
were done in duplicates.

pMHC ELISA Binding Assay. Monomers (1 μg/mL) in BAE blocking buffer
(phosphate-buffered saline or PBS, 0.5% BSA, 0.1% sodium azide) were added
to a EvenCoat streptavidin-coated plate (R&D Systems) and incubated at 4 °C for
16 h. The plate was washed with 1XTBS-T (1× TBS + 0.05% Tween-20) using a
BioTek 405 plate washer and scDbs (5 μg/mL in BAE) were plated and incubated
at room temperature for 1 h. The plate was washed and HRP anti-6× His tag
mIgG secondary (clone J099B12, BioLegend, 0.5 μg/mL in BAE) was plated and
incubated at room temperature for 1 h. The plate was washed and developed in
TMB for 5 min at room temperature before stopping in 1 N sulfuric acid. OD450
was read; all conditions were tested in triplicate, average and SD shown. For
measuring the limit of scDb binding, binding was conducted as above with
decreasing concentrations of scDb, as indicated.

Peptide Titration Cocultures. T2 cells were pulsed overnight with varying
concentrations of peptide (see figures) in RPMI media containing 10 μg/mL
β2M and 1% penicillin/streptomycin. Peptide-pulsed T2 cells were cocultured
with preactivated healthy donor CD8+ T cells at a 1:2 E:T ratio in 10% FBS 1%
penicillin/streptomycin RPMI in a 96-well V-bottom plate. All scDbs were added
to a concentration of 0.25 nM. Supernatants were collected after 3 d of coculture.
Human CCL4/MIP-1B Quantikine ELISA (R&D Systems) and Human CD8/NK
Panel Legendplex (BioLegend) were performed as per the manufac-
turers’ protocols.

Positional Scanning Variant Testing. The 171 positional scanning variant
peptides were obtained by substituting each residue of the original peptide
with the 19 other possible amino acids, as previously described (38, 39). T2
cells were pulsed with 10 μg/mL β2M and each variant peptide at 10 μM in
serum-free RPMI for 4 h. Pulsed cells were cocultured 1:1 with preactivated
CD8+ T cells from healthy donors and 0.25 nM HA29-scDb. Coculture superna-
tants were assayed for MIP1β (Human CCL4/MIP-1B Quantikine ELISA, R&D
Systems) at 24 h. HLA-A2 levels on pulsed cells were also assessed by surface
staining with an anti–HLA-A2 antibody (BioLegend) and viability dye (eFluor
780, ThermoFisher).

CFSE and CTV Dual Stain Coculture. T2 cells were pulsed with 1 μg/mL pep-
tide and 10 μg/mL β2M in serum-free RPMI for 4 h at 37 °C. ALT- or ILK-pulsed
cells were counted, pelleted, and stained with CTV (ThermoFisher) or CFSE (Ther-
moFisher), respectively, as per the manufacturer’s instructions. Stained cells
were washed three times with excess PBS; 15 × 104 preactivated CD8+T cells
were then combined with 5 × 104 cells from each target population in 96-well
V-bottom plates (3:1:1). HA29 and HI12 were added to respective wells at 4, 8,
or 12 pM. Control wells contained the HLA-A2-scDb (pan A2, clone BB7.2) or iso-
type control H2-scDb (39) at 0.25 nM. Precision count beads (BioLegend) were
added to each well for quantification of absolute cell numbers. Cells were pel-
leted and after incubation at 37 °C for 18 h, cocultures were stained with Fixable
Viability Dye eFluor 780 (ThermoFisher). Samples were acquired on the Intellicyt
and analyzed by FlowJo (Treestar).

The count of viable ALT-pulsed (CFSEhi) or ILK-pulsed (CTVhi) cells remain-
ing after coculture was obtained by normalizing to the number of cells to the
number of Precision Count Beads identified in the relevant well. For example,
if 20,000 beads were plated and 10,000 beads were recovered upon flow
cytometry acquisition, then the absolute count of cells in the well would be
twice the amount in the flow gate. The percent reduction or cell death of a
specific target was obtained by the following formula (shown for ALT-pulsed
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cells): (CFSEhi cells without scDb � CFSEhi cells with HA29-scDb)/(CFSEhi cells
without scDb × 100).

In Vitro Infection Suppression Assay. On day �10, PBMCs from healthy
donors were stimulated with anti-human CD3 antibody (clone OKT3, BioLegend)
for 3 d, then maintained in RPMI 1640 with 10% FBS, 1% penicillin/streptomycin,
250 U IL-2, and 5 ng/mL IL-7. On day�3, the CD8+ T cells were isolated from the
stimulated PBMCs (StemCell). CD4+ T cells were also isolated from unstimu-
lated, autologous PBMCs on day �3 (StemCell) and activated with CD3/CD28
Dynabeads (ThermoFisher). On day 0, activated CD4+ T cells were spinoculated
with single-round ΔEnv-NL4.3-EGFP with ×4 Env at 400 ng p24/100,000 cells
at 800 × g for 2 h at 37 °C. Infected and uninfected (pseudospinoculated) cells
were rested at 37 °C for 2.5 h after spinoculation. scDbs were plated in 96-well
U-bottom plates and preincubated with CD8+ T cells for 1 h in conditioned
T cell media (STCM) prior to coculturing with CD4+ T cells at a 3:1 E:T ratio for
3 d at 37 °C. On day 3, culture supernatant was assayed for MIP1β using the
Human CCL4/MIP-1B Quantikine ELISA (R&D Systems). Precision Count Beads
(BioLegend) were added to sample wells. Cells were stained with Fixable
Viability Dye eFluor 780 (ThermoFisher), Brilliant violet 605 anti-human CD8
Antibody (BioLegend), and Brilliant violet 421 anti-human CD3 Antibody (Bio-
Legend) for 15 min at 4 °C. After washing cells, samples were acquired on an
Intellicyt flow cytometer and analyzed with FlowJo software.

A similar procedure was used for suppression assays involving the 33A10
patient isolate. Activated CD4+ T cells from an HLA-A2+ healthy donor were spi-
noculated with 33A10 as above. Infected and uninfected (pseudospinoculated)
cells were rested, washed with STCM, and then cocultured with autologous
CD8+ T cells (prepared as above) at a 3:1 E:T ratio. The HA29-, HI12-, and
H2-scDbs were added to the cocultures at 0.25 mM. Plates were spun at 800
RPM for 1 min and incubated for 3 d at 37 °C. Thirty microliters of supernatant
were collected on days 1, 3, and 5 for measurement by p24 ELISA (PerkinElmer).

Statistical Analysis. Statistical analyses were carried out using the tests
indicated in the figure legends. P < 0.05 is considered statistically significant.
Analysis was performed using Prism v9 (GraphPad).

Data Availability. All study data are included in the main text and SI Appendix.
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