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Inadequate antigen-specific T cells activation hampers immu-
notherapy due to complex antigen presentation. In addition,
therapeutic in vivo T cell expansion is constrained by slow
expansion rates and limited functionality. Herein, we intro-
duce a model fusion protein termed antigen-presenting
cell-mimic fusion protein (APC-mimic), designed to greatly
mimicking the natural antigen presentation pattern of
antigen-presenting cells and directly expand T cells both
in vitro and in vivo. The APC-mimic comprises the cognate
peptide-human leukocyte antigen (pHLA) complex and the
co-stimulatory marker CD80, which are natural ligands on
APCs. Following a single stimulation, APC-mimic leads to
an approximately 400-fold increase in the polyclonal expan-
sion of antigen-specific T cells compared with the untreated
group in vitro without the requirement for specialized anti-
gen-presenting cells. Through the combination of single-cell
TCR sequencing (scTCR-seq) and single-cell RNA sequencing
(scRNA-seq), we identify an approximately 600-fold mono-
clonal expansion clonotype among these polyclonal clono-
types. It also exhibits suitability for in vivo applications
confirmed in the OT-1 mouse model. Furthermore, T cells
expanded by APC-mimic effectively inhibits tumor growth
in adoptive cell transfer (ACT) murine models. These findings
pave the way for the versatile APC-mimic platform for
personalized therapeutics, enabling direct expansion of
polyfunctional antigen-specific T cell subsets in vitro and
in vivo.

INTRODUCTION
Antigen-specific T cells play a pivotal role in initiating and regulating
the immune response to antigens. The interaction of the T cell recep-
tor (TCR) with the peptide-human leukocyte antigen (pHLA) com-
plex (signal 1) and co-stimulatory markers such as CD80 or CD86
(signal 2) on the surface of antigen-presenting cells (APCs) is critical
for the priming, activation, expansion, and subsequent destiny of an-
tigen-specific T cells.1 Recent advancements in immunotherapy have
demonstrated that activating these specific T cells is an effective strat-
egy for combating tumors and viruses.
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Approved immune checkpoint inhibitors, including CTLA-4, PD-1,
and PD-L1 antibodies,2 have significantly improved patient out-
comes.3,4 However, their response rate is relatively low, with
approximately 80% of patients showing no response.5 In addition,
they can lead to severe side effects, including cardiomyopathies, co-
litis, and pneumonia,6,7 due to the activation of non-specific T cells.
Adoptive cell transfer (ACT) immunotherapies include technologies
such as CAR-T cell therapy,8 which gained FDA approval in 2017
for treating CD19-positive leukemia. CAR-T therapy involves genet-
ically modifying a patient’s autologous T cells to express chimeric
antigen receptor targeting CD19, enabling them to target and elim-
inate CD19-expressing cells.9 Such transgenic T cells have been clin-
ically observed to potently kill all CD19 positive cells including
normal CD19 B cells. The activated CAR-T cells usually give rise
to a strong cytokine storm, as a result of its non-natural mechanism
of action by fusing CD3-zeta with other costimulatory domains
(CD28, 4-1BB, etc.).10 Moreover, they exhibit limited effectiveness
against solid tumors.11

Recently, artificial antigen-presenting cells (aAPCs) have been devel-
oped to enhance control over antigen presentation12 and activation of
antigen-specific T cells. These aAPCs have various formats, including
cells,13,14 beads,15 nanoparticles,16,17 or scaffolds made of lipid bila-
yers.18 However, they are primarily used for ex vivo T cell expansion
instead of in vivo stimulation of antigen-specific T cell responses.19

Therefore, a population of the patient’s T cells are capable of targeting
and killing tumor cells as long as there are sufficient antigen-specific
T cells activated in vivo.

Herein, we describe a monovalent pHLA-CD80 scaffold fusion pro-
tein called APC-mimic, which includes the cognate pHLA complex
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and co-stimulatory marker CD80, resulting in direct antigen presen-
tation to specific T cells and activating them in a natural way. Using
epitope of human cytomegalovirus pp65 (CMVpp65) and ovalbumin
(OVA) as illustrative examples, we demonstrate that APC-mimic
holds promise as a general immunotherapeutic agent for directing
specific activation and expansion of antigen-specific T cell responses.
The therapeutic potential of APC-mimic during ACT is also sup-
ported by the in vivo results in an immunodeficient mouse model,
showing that antigen-specific T cells expanded by APC-mimic can
exert killing functions in vivo, thereby effectively inhibiting tumor
growth. The clonal expansion and transcriptome changes of
expanded CD8+ T cells are further characterized by the combination
of single-cell TCR sequencing (scTCR-seq) and single-cell RNA
sequencing (scRNA-seq). We find a significant enrichment of genes
and pathways associated with T cell activation after treatment. In
addition, an approximately 600-fold monoclonal expansion clono-
type is identified after treatment with APC-mimic. Moreover, a mu-
rine surrogate mAPC-mimic is further tested in the tumor-bearing
OT-I mouse model, which expands sufficient OVA-specific CD8+

T cells directly in vivo and promotes tumor regression. In summary,
the versatile APC-mimic platform exhibits multiple therapeutic po-
tential by directly expanding polyfunctional antigen-specific T cell
subsets, both in vitro and in vivo.

RESULTS
Design and characterization of APC-mimic

Formats of APC-mimic and its analogs are depicted in Figure 1A.
APC-mimic is composed of a single IgG1 Fc, one pHLA complex,
and a wild CD80 extracellular domain encoded in a two-plasmid sys-
tem. Human b-2-microglobulin and MHC class I heavy chain do-
mains a1 to a3 were shortened at the transmembrane region. The
"knob-into-hole" technology can be used to create a heterodimeric
structure.20–22 To decrease Fc domain effector activity, three amino
acid changes (L234A, L235A, and P329G) were added to the APC-
mimic’s Fc region.23–25 To determine the preliminary effectiveness
of the APC-mimic, we used the HLA-A*0201 subtype for initial
proof-of-concept research on the immunostimulatory activity of the
APC-mimic because it is the most prevalent MHC class I allele in
the people of North America.26 As a control, APC-mimic analogs,
pHLA scaffold (which contains pHLA), and CD80 scaffold (which
has CD80 but lacks pHLA domains) were expressed, and the sche-
matic of APC-mimic for direct antigen presentation and stimulating
antigen-specific CD8+ T cells for cell killing is shown in Figure 1B.
SDS-PAGE under reducing conditions was used to validate the
analogs by visualizing the expected subunits (Figure 1C). Regarding
conformational verification, both proteins still had the full ability
to bind to the appropriate antibody as identified by ELISA
(Figure 1D).

Peripheral blood mononuclear cells (PBMCs) from CMV-seropositive
HLA-A*0201 donors that included CMVpp65-specific CD8+ T cells
were used to determine whether APC-mimic could be employed for
the activation of CD8+ T cells from human T cell subpopulations.
We assayed APC-mimic and pHLA scaffold for their ability to activate
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T cells in vitro. As shown in Figure 1F, they significantly increased
CD69 (early marker) and CD25 (intermediate or late marker) expres-
sion in CD8+ T cells than mock-treated PBMCs at different time
points. Human primary T cells were cultured in vitro, after 2 days of
treatment with different proteins, and the APC-mimic group produced
a consistent larger cluster than other groups (Figure 1E).

Collectively, our results demonstrate that the pHLA component of the
APC-mimic is appropriately folded and the APC-mimic can activate
CD8+ T cells from human T cell subpopulations.
APC-mimic selectively expands metabolism-enhanced

CMVpp65-specific CD8+ T cells from human PBMCs without the

requirement for specialized APCs

To validate the ability of APC-mimic to enrich and expand specific
T cells, CMVpp65-specific CD8

+ T cells were counted by flow cytometry
after being treated with APC-mimic and its analogs at day 7 and day 14
(Figure 2A). Furthermore, treatment withAPC-mimic and pHLA scaf-
fold increased specific CD8+ T cells by up to 416.2 and 71.4 times,
respectively, in comparison with untreated PBMCs (Figure 2B).
When CMVpp65-specific CD8

+ T cells were grown with APC-mimic,
their frequency rose from 1.1% at day 0 to 8.16% by day 7, and to
71.4% by day 14. The representative dot plots for the investigation of
HLA-A*0201 CMVpp65 tetramer binding is shown in Figure 2C. Other
donors also showed the same trend (Figure S1A). In the context of the
specificity of the CMVpp65-specific APC-mimic, we also employed
WT1-APC-mimic as a control in an in vitro expansion experiment
to confirm the absence of any non-specific effects attributable to the
APC-mimic itself (Figure S1B). It is interesting that the final amplifi-
cation frequency after being treated by APC-mimic is strongly related
to the primary frequency of CMVpp65-specific CD8

+ T cells, the fitting
curve is shown in Figure 2D. After 14 days, APC-mimic, which pre-
sents pHLA (signal 1) and a costimulatory molecule (signal 2), signif-
icantly influenced the skewing of CD8 cells. Contrarily, the promotion
of more evenly distributed CD4+ and CD8+ T cell proliferation was
aided by the presentation of a single activation signal (pHLA scaffold
and CD80 scaffold) (Figures 2E and 2F).

APC-mimic’s impact on metabolic control was further examined us-
ing the mitochondrial dye. Cells’ physiologically active mitochondria
can be specifically identified using MitoTracker Red. As seen in the
graph, we found that MitoTracker Red-stained CD8+ T cells
increased the most after APC - mimic treatment, indicating improved
metabolic activity (Figure 2G).

We isolated CD8+ T cells from PBMCs and cultured this population
with APC-mimic to demonstrate that antigen-specific T cell prolifer-
ation in PBMCs treated with APC-mimic was not brought on by pep-
tide presentation by PBMC-derived APCs. After a 14-day culture, an-
tigen-specific T cell proliferation was once again seen (Figure 2H),
proving that it was not the result of indigenous APCs presenting
the antigen, which had a similar result to the experiments with
CD14+-depleted (monocyte-depleted) cells (Figure S1B).



Figure 1. Design and activation capability of APC-mimic

(A) Schematic representation of the design of APC-mimic. (B) Schematic of APC-mimic for direct antigen presentation, differences in activating T cells and eliciting specific

killing compared with conventional APCs. (C) SDS-PAGE gel showing the molecular weights of the reduced APC-mimic. (D) ELISA titration of APC-mimic against constant

amounts of anti-HLA-ABC antibody (W6/32) (left) and anti-CD80 antibody (right). (E) Representative bright-field microscopy images of primary human T cells cultured with

APC-mimic, pHLA scaffold, CD80 scaffold, or untreated (mock) for 2 days. Scale bars, 200 mm. (F) Frequencies of CD69+ andCD25+ subpopulation amongCD8+ T cells. The

results are presented as means ± SEM (n = 3 independent experiments each) and were analyzed using a two-way ANOVA, followed by using Tukey’s multiple comparisons

test. ****p % 0.0001, ***p % 0.001, **p % 0.01, *p % 0.05; ns, no significance.
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We also investigated two different strategies to enhance APC-mimic
activity. The first strategy aimed to bolster signal 2 activation by
combining the CTLA-4 antibody with the APC-mimic, resulting in
a notably higher expansion ratio of antigen-specific T cells compared
with using the APC-mimic alone (Figure S2A). The second strategy
centered on amplifying signal 1 activation. Here, we utilized an
anti-human IgG antibody to bind to the Fc segment of the APC-
mimic, thereby facilitating its dimerization. Consequently, we
Molecular Therapy: Oncology Vol. 32 September 2024 3
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Figure 2. APC-mimic selectively expandsmetabolism-enhancedCMVpp65-specificCD8+ T cells fromhumanPBMCswithout the requirement for specialized

APCs

(A) Quantification of CMVpp65-specific T cells fromCMV-seropositive donor T cells cultured with APC-mimic, pHLA scaffold, CD80 scaffold, or untreated (mock) on day 7 and

14. (B) Fold expansion of primary CMVpp65-specific T cells cultured with APC-mimic, pHLA scaffold, CD80 scaffold, or untreated (mock). (C) Representative plot for the study

of HLA-A*0201 CMVpp65 tetramer binding. (D) Fitting curve of the final amplification frequency after treatment with APC-mimic on day 14 and primary frequency of CMVpp65-

specific CD8+ T cells on day 0. (E) Percentage of CD8+ T cells and CD4+ T cells in PBMC after treatment on day 14. (F) CD4/CD8 ratio of CD4+ and CD8+ single-positive cells

among live CD3+ cells on day 14, evaluated using FACS. (G) Percentage of MitoTracker Red staining CD8+ T cells in PBMC. (H) Representative plots (left) and quantification

(right) of CMVpp65-specific T cells from isolated CD8+ T cells that were either cultured with APC-mimic, pHLA scaffold, CD80 scaffold, or untreated (mock) on day14. The

results are presented as means ± SEM (n = 3 independent experiments each) and were analyzed using a two-way ANOVA, followed by using Tukey’s multiple comparisons

test or one-way ANOVA and Tukey’s test (E, F, and H). ****p % 0.0001, ***p % 0.001, **p % 0.01, *p % 0.05; ns, no significance.
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observed an enhanced expansion of antigen-specific T cells
(Figure S2B).

These findings show that APC-mimic can antigen-specifically multiply
human T cells from either pure CD8+ T cells or heterogeneous cell
types such as PBMCs and robustly improve metabolic activity.
4 Molecular Therapy: Oncology Vol. 32 September 2024
In vitro efficacy of APC-mimic-expanded CMVpp65-specific

T cells

To determine the exhaustion phenotype of CD8+ T cells after being
treated with APC-mimic and its analogs, we evaluated the expression
of exhaustion markers and found that APC-mimic formulation re-
sulted in a higher frequency of PD-1 and LAG-3 co-expressing



(legend on next page)
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CD8+ cells (Figure 3A). To delve deeper into the influence of APC-
mimic on T cell activity, we delved into relevant exhaustion markers.
TCF-1 serves as a marker for progenitor-exhausted T cells, while
PD-1 and LAG-3 indicate terminally exhausted T cells. Our analysis
unveiled that CD8+ T cells expanded by the APC-mimic exhibited
lower expression of TCF-1 but higher expression of PD-1 and
LAG-3 compared with other groups. This indicates an enrichment
of terminally exhausted T cells within the CD8+ T cell population,
characterized by diminished proliferative capacity but heightened
killing ability, as corroborated by in vitro killing assays27,28

(Figure 3B).

We also assessed the memory phenotype of the expanded CMVpp65-
specific CD8+ T cells based on differentiating naive (TN:
CD45RO�CCR7+), central memory (TCM: CD45RO+CCR7+),
effector memory (TEM: CD45RO

+CCR7�), and terminal effector
(TTE: CD45RO

�CCR7�) T lymphocyte subpopulations. After the
enormous expansion brought on by APC-mimic treatment,
CMVpp65-specific T cells were significantly more likely to exhibit an
effector memory (CD45RO+, CCR7�) phenotype (Figure 3C). These
cells exhibit heightened secretion of effector molecules, such as IFN-g
and perforin, upon in vitro activation,29,30 indicating their enhanced
cytotoxicity and increased polyfunctionality. Therefore, it is reason-
able to deduce that the APC-mimic facilitates the differentiation pro-
cess of T cells into effector memory T cells, thereby enhancing their
ability to exert tumor-killing activity.

Peptide-loaded T2 cells’ killing assessment was designed to evaluate
the polyfunctional activity of CMVpp65-specific CD8+ T cells acti-
vated by APC-mimic (Figure 3D). Treatment of PBMCs with APC-
mimic resulted in the most potent cytotoxic activity killing of
CMVpp65-peptide-loaded T2 cells (stained by Calcein AM) than irrel-
evant EBV-loaded cells nor non-loaded cells with the increasing
effector-to-target ratio, followed by pHLA scaffold and CD80 scaffold
(Figure 3E), representative cell pictures taken by fluorescence micro-
scope and mean fluorescence intensity are shown in Figure S3.

Functionality of the APC-mimic-expanded CMVpp65-specific CD8
+

T cells was demonstrated by evaluating the generation of effector cy-
tokines and indicators of degranulation in response to stimulation by
peptide-pulsed T2 cells. IFN-g concentration in the supernatant of
co-cultures of peptide-loaded T2 cells and T cells was measured by
ELISA. PBMCs expanded by APC-mimic stimulated by CMVpp65-
Figure 3. In vitro efficacy of APC-mimic-expanded CMVpp65-specific T cells

(A) FACS quantification of cells co-expressing PD-1 and LAG-3 among CD8+ T cells in

CD8+ T cells. (C) Frequencies of TN (naive, CD45RO�CCR7+), TCM (central memory, CD

CD45RO+CCR7�) from CMVpp65-specific CD8+ T cells. (D) Schematic of CMVpp65-spe

Quantification of in vitro killing of mock-pulsed, EBV peptide-pulsed, or CMVpp65 peptid

with APC-mimic, pHLA scaffold, or CD80 scaffold, and then co-cultured at various effec

IFN-g secretion by CMVpp65-specific CD8+ T cells expanded for 14 days with APC-mim

were either pulsed with EBV peptide or CMVpp65 peptide. (G–I) Percentage of CMVpp65

population (H), and representative dot plot treated as described in (I). The results are pre

using a two-way ANOVA, followed by using Tukey’smultiple comparisons test or one-wa
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peptide-loaded T2 cells in different effector-to-target ratios were
releasingmore cytokines than irrelevant EBV-loaded cells (Figure 3F).
When stimulated with CMV-loaded cells, more than 17% of the APC-
mimic expanded tetramer-positive T cells showed a substantial
increase of TNF-a, CD107a, and perforin (Figure 3G). Neither irrel-
evant EBV-loaded cells nor non-loaded cells resulted in the co-
expression of these markers (Figure 3H), a representative dot plot is
shown in Figure 3I.

These findings support that the APC-mimic promotes the differenti-
ation of antigen-specific T cells and increases their functionality.

APC-mimic can induce CD8+ T cell activation at the single-cell

level and enhance their cell-killing capacity by influencing the

differentiation process

We performed an extensive examination of the single-cell transcrip-
tome and TCR profiling of T cells in the untreated or APC-mimic-
treated PBMCs. Our investigation is schematized in Figure 4A. After
being treated for 14 days, PBMC samples were obtained. CD8+ T cells
were then separated using magnetic beads, and single-cell 50 gene-
expression and V(D)J libraries were created on the 10x platform
(10x Genomics, CA). A total of 8,274 T cells for the APC-mimic
group and 5,389 CD8+ T cells for the blank group have single-cell
transcriptome data, of which 7,687 and 4,996 cells have data on
both gene expression and TCR profiling.

Then we used a graph-based clustering technique implemented in
Seurat31,32 to uncover the probable functional subtypes of the total
T cell population. Based on the gene expression profile, T cells were
represented in 2D space using t-distributed stochastic neighbor
embedding (t-SNE), and the percentage of CD8+ T cell subsets in
each group is shown in a bar chart (Figure 4B). We discovered 10
separate clusters that represented various cell types by evaluating
the expression of traditional marker genes and their resemblance to
purified bulk RNA-seq datasets.33,34 Cell types were manually anno-
tated, including two clusters for naive T cells, two clusters for effector
memory T cells, two clusters for tissue residential T cells, and others.
Furthermore, we found that APC-mimic caused changes in the
composition of CD8+ T cells. The proportions of effector memory
T cells and exhausted T cells were significantly higher among the
cell types identified in our single-cell transcriptome analysis
compared with blank controls, while the proportion of naive CD8+

T cells was significantly lower (Figures 4C and 4D), in agreement
samples on the day 7 and day 14. (B) Frequencies of TCF-1+ subpopulation among

45RO+CCR7+), TTE (terminal effector, CD45RO�CCR7�) and TEM (effector-memory,

cific CD8+ T cells expanded by APC-mimic for antigen-specific cell killing in vitro. (E)

e-pulsed T2 cells by CMVpp65-specific CD8
+ T cells that were expanded for 14 days

tor-to-target cell ratios, measured with a calcein-release assay. (F) Quantification of

ic in response to co-culture at various effector-to-target cell ratios with T2 cells that

-specific CD8+ T cells upregulating TNF-a, Perforin, CD107a (G), or double-positive

sented as means ± SEM (n = 3 independent experiments each) and were analyzed

y ANOVA and Tukey’s test (A) and (B) ****p% 0.0001, *p% 0.05; ns, no significance.



Figure 4. APC-mimic can induce CD8+ T cell activation at the single-cell level and enhance their cell-killing capacity by influencing the differentiation

process

(A) Overview of experimental design. (B) A t-distributed stochastic neighbor embedding (t-SNE) plot of single-cell gene expression of all CD8+ T cells, showing 10 clusters

(left), and a bar chart showing percentage of CD8+ T cell subsets in each group (right). Each dot corresponds to one cell and is colored according to cell cluster. (C) t-SNE plot

of single-cell gene expression of CD8+ T cells in each group. (D) A bar chart showing fraction and counts of cells in each group between different subsets. (E) Dot plot shows

(legend continued on next page)
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with the known expansion of phenotypical effector memory T cells
in vitro experiments, which might mean that the enhancement of
cell-killing capacity and cytotoxic genes were visualized in red scale
on the Uniform Manifold Approximation and Projection (UMAP)
subsequently (Figure S4C). Marker genes of different clusters were
displayed with a dot plot (Figure 4E) and a heatmap (Figure S4A),
then the highest-expressed gene of each cluster was projected onto
UMAP (Figure S4B).

Using the R package Monocle 2 (version 2.14.0), we built single-cell
trajectories to map the differentiation of certain cell types. Naive
T cells were chosen as the beginning cell type for the differentiation.
We saw a phase of transition from naive T cells to effector T cells, then
proliferative T cells, which is consistent with the clustering findings
(Figures 4F and S5A).

In addition, gene set enrichment analysis (GSEA) and gene set score
analysis of the transcriptional variations between the APC-mimic
and blank control groups showed significant enrichment of genes
and pathways linked to T cell activation after treated with the
APC-mimic (Figures 4G, S5B, and S5C). Then, using Gene
Ontology,35 we looked at the top differentially expressed genes in
the APC-mimic group. Immune response and cell activation genes
were strongly concentrated in upregulated genes of effector memory
T cells (Figure S5D).

APC-mimic can facilitate monoclonal amplification

To gain a deeper understanding of clonal expansion introduced by
APC-mimic, we used comparison analysis for scTCR-seq data from
PBMCs treated by APC-mimic and blank control. The same clono-
type was defined as cells with identical CDR3 sequences for both
the TCR a and b chains.

TCRV monoclonal antibodies and CDR3 sequencing have previ-
ously been used in assessing TCR clonality.36 We used scTCR-seq
to distinguish between clonality in the APC-mimic and blank con-
trol groups. Next, we calculated the number of clonotypes occu-
pying 11% of repositories and the percentage of clonotypes with
various amplification frequencies. The most expanded TCR clones
comprised up to 75% of a sequenced CD8+ T cell population in
the APC-mimic group, but the result was different in the blank
group (Figures 5A, 5B, and S6A). For each sample, we also calcu-
lated the Shannon, Inv.Simpson, Chao, and ACE indices to assess
the variety of the TCR repertoire. The APC-mimic group had
considerably lower levels of this index, which positively correlates
with T cell diversity, than the blank control group (Figure 5D). In
addition, the aberrant CDR3 size distribution and a larger-scale po-
wer-law distribution of clone sizes also suggested that the TCR
the expression ofmarker genes for 10 cell clusters. The size of the dot corresponds to the

average log normalized gene expression. Markers were ordered to visualize the differen

represents a cell colored by different cell cluster (left). Darker colors in the graph repres

timeline starting point (right). (G) A gene set enrichment analysis (GSEA) plot of co-stimula

group compared with the blank control group. GESA based on a Kolmogorov-Smirnov
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repertoire in APC-mimic was noticeably less diverse (Figure 5C).
These results implied that there were clones in the APC-mimic
group where significant amplification occurred.

Moreover, to identify T cells that were engaged in the immunolog-
ical response, the top 5 clonotypes of all the CD8+ T cells projected
onto the UMAP demonstrated that, after differentiation, the per-
centage of CD8+ T cells in the APC-mimic group steadily increased,
and that these clonotypes were mostly T cells involved in the im-
mune response (Figure 5E). To identify V and J gene fragments
that differ significantly between cell types, we studied the abundance
of V-J gene pair combinations in different samples and obtained
specifically expressed immune genes TRAV24, TRAJ29, TRBV6-5,
and TRBJ1-2, which we could use for follow-up analysis
(Figures 5F and S6B).

Different sampling sites may share some of the same clonal type of
cells, which also suggests that clonal migration of immune cells oc-
curs. We tracked the top 5 clonotypes of the APC-mimic group in
blank control (Figure 5G), and to visualize the network interactions
of clonotypes and relationship between clonotypes across sample-
cell type-grouping, we chose the most expanded clone in Figure 5G,
which was an approximately 600-fold monoclonal expansion clono-
type after treatment with APC-mimic (0.1299%–78.2814%) and
consistent with the clonotype in Figure 5F, then, we found out that
effector memory T cells and exhausted T cells share the same clono-
type (Figures 5H and S5C).

Therefore, by combining scTCR-seq with scRNA-seq, transcrip-
tome changes of CD8+ T cells show a significant enrichment of
genes and pathways linked to T cell activation, which is in line
with design expectations. Furthermore, upregulation of cytotox-
icity-related genes has the potential to contribute to tumor regres-
sion. Interestingly, we identify an approximately 600-fold mono-
clonal expansion clonotype after treatment with APC-mimic,
suggesting that this clonotype may be essential in preventing
CMV infection and that APC-mimic can facilitate monoclonal
amplification.

In vivo efficacy of APC-mimic-expanded CMVpp65-specific

T cells

We employed a murine model to examine whether CMVpp65-specific
CD8+ T cells expanded by APC-mimic can perform a killing function
in vivo. In this model, K562-CMV tumor cells that had been trans-
duced with the CMVpp65 antigen and validated by anti-HLA-ABC
antibody (W6/32) (Figure S7A) were subcutaneously injected into
NCG mice. Seven days later, the mice were treated with adoptively
transferred fusion protein-expanded PBMCs (Figure 6A). The
percentage of cells expressing the gene in each cluster, and the color represents the

ces between cell types. (F) Pseudo-time ordering of CD8+ T cell subsets. Each dot

ent the default starting point, lighter colors indicate further away from the pseudo-

tion and TCR signaling gene set with differentially expressed genes in the APC-mimic

test.



Figure 5. APC-mimic can facilitate monoclonal amplification

(A) Number of clonotypes occupying 11% of repertories. (B) Summary proportion of clonotypeswith specific counts. (C) CDR3 lengths of each groupwere plotted, with CDR3

lengths in amino acid on the x axis and clonotypes on the y axis. (D) TCR diversity comparison between APC-mimic group and blank controls. TCR diversity wasmeasured by

Shannon, Inv.Simpson, Chao, and ACE. (E) Top 5 clonotypes of CD8+ T cells were projected onto the UMAP. (F) Heatmap of V gene expression of all cell subtypes. The

darker the color, the higher the expression of the V genes in that cell type. (G) The top 5 clonotype composition of APC-mimic group is represented by stacked bar plots and

these clonotypes are tracked in blank control. (H) Sankey diagram of cell subset-specific clonotype tracking, with colored lines representing the distribution of top 1 clonotype

in the APC-mimic group in specific types of cell subpopulations.
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Figure 6. In vivo efficacy of APC-mimic-expanded CMVpp65-specific T cells

(A) Study design of the adoptive cell transfer murine model. (B–D) Tumors were treated with adoptively transferred CMVpp65-specific CD8+ T cells that were expanded for

14 days with APC-mimic, pHLA scaffold, and untreated (medium) (n = 4 independent animals for PBS- and ACT-treated groups). Shown are tumor growth curves (B), survival

curves (C), and relative body weight (D). (E) Counts of CD8+ T cells and CD4+ T cells in tumor infiltrating cells (n = 5 independent animals). (F) Percentage of CD8+ T cells and

CD4+ T cells in tumor, spleen, and blood (n = 5 independent animals). (G) Frequencies of TN (naive, CD45RO�CCR7+), TCM (central memory, CD45RO+CCR7+), TTE (terminal

effector, CD45RO�CCR7�), and TEM (effector-memory, CD45RO+CCR7�) fromCD8+ T cells in tumor, spleen, and blood (n = 5 independent animals). (H) Frequencies of PD-

1+TIM-3+ subpopulation amongCD8+ TILs treated as described in (A)–(C) (n = 4 independent animals). The results are presented asmeans ±SEMandwere analyzed by two-

sided Student’s t test for tumor growth data and log rank test for survival curves or one-way ANOVA and Tukey’s test (D and H) or two-way ANOVA, followed by using Tukey’s

multiple comparisons test (E–G). ****p % 0.0001, ***p % 0.001, **p % 0.01, *p % 0.05; ns, no significance.
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function of CMVpp65-specific CD8
+ T cells in these four groups could

be directly compared, since on the day of therapy, all of the cells were
culturing and operating in the same way. Overall, culturing with
10 Molecular Therapy: Oncology Vol. 32 September 2024
APC-mimic dramatically increased the anti-virus immunity medi-
ated by antigen-specific CTLs, as seen by decreased tumor volume
and improved survival compared with both non-treated and pHLA
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scaffold-expanded PBMCs (Figures 6B and 6C). Furthermore, adop-
tive treated T cell transferring was safe and exhibited no overt toxic-
ities. None of the treated animals lost body weight (Figure 6D) or had
their serum levels of biochemical indicators rise (Figure S7C). On day
7 after adoptive transfer of APC-mimic-expanded PBMCs, we de-
tected a higher absolute number of CD8+ T cells in tumor infiltration
cells (Figure 6E), and a higher percentage of CD8+ as well as a lower
percentage of CD4+ T cells in tumor, spleen, and blood (Figure 6F),
and the CD4-to-CD8 ratio performed the same trend with in vitro
experiment (Figure S7B). At the same time, there were fewer PD-1
and Tim-3 co-expressing CD8+ T cells in comparison with non-
treated and pHLA scaffold-expanded PBMCs in the tumor (Fig-
ure 6H). In addition, tumor, spleen, and blood APC-mimic-activated
PBMCs were able to retain a larger proportion of original effector
memory T cells (Figure 6G).

As a result, the murine model supports that CMVpp65-specific CD8
+

T cells expanded by APC-mimic can perform a killing function in vivo
through the treatment with adoptively transferred T cells.

Murine surrogate of APC-mimic amplifies functional OVA-

specific CD8+ T cells in OT-I mice to promote tumor regression

To evaluate APC-mimic’s activity in a murine model, a murine sur-
rogate of APC-mimic (mAPC-mimic) with functionally similar do-
mains was created. The H-2Kb-OVA257-264peptide-MHC complex,
the mouse CD80 domain, and the effector-attenuated murine
IgG2a Fc are all present in mAPC-mimic. We used OT-I spleen cells,
a TCR transgenic population that expresses a receptor that recog-
nizes OVA peptide coupled to H-2Kb, to evaluate the effects of
mAPC-mimic on antigen-specific T cells. We next evaluated the
in vitro functional activity of mAPC-mimic by inducing effector
molecule expression in OT-I spleen cells following co-incubation
with B16F10-OVA tumor cells (presenting OVA antigen). The cyto-
kines released by mAPC-mimic-expanded OT-I cells were all de-
tected using flow cytometry, while the minimal cytokine production
induced by naive OT-I spleen cells was observed (Figure 7A).

The OT-I mouse model was used to test the in vivo activity of mAPC-
mimic. Weekly intravenous treatment of OT-I mice with a different
dose of mAPC-mimic was done twice (Figure 7B), then effector
T cell activation was determined by antigen-specific TNF-a and
IFN-g production after ex vivo peptide stimulation for 24 h through
flow cytometry analysis (Figure 7C), and IFN-g was additionally de-
tected locally with ELISpot. Representative IFN-g positive spots at
each dose are shown in Figures 7D and 7E. To determine the direct
contribution of mAPC-mimic in tumor growth control, we trans-
ferred OT-I spleen T cells to mice bearing B16F10-OVA tumors
(Figure 7F). The combination therapy of ACT and mAPC-mimic-
treatment induced slower tumor outgrowth, implying that the
OVA-specific CD8+ T cells responded directly to mAPC-mimic for
enhanced anti-tumor efficacy (Figure 7G).

Therefore, these results demonstrate that an OVA-specific population
can be expanded from an existing T cell population by simply inject-
ing mAPC-mimic intravenously in vivo and have characteristics of
CTLs that can promote tumor regression.

DISCUSSION
The majority of immune-based treatments require the activation of
antigen-specific T cell subsets, but manipulation of the antigen pre-
sentation process to activate them can be very difficult, requiring
complex strategies that are challenging to translate. In addition, ther-
apeutic in vivo T cell expansion is constrained by limited function-
ality. In this paper, we describe the activity and function of the
APC-mimic fusion protein, which mimics the natural presentation
of antigen-presenting cells, resulting in robust stimulation, activation,
expansion, and differentiation of specific CD8+ T cells both in vitro
and in vivo. It also paves the way for the versatile APC-mimic plat-
form to develop various immunotherapy strategies.

It is imperative to exercise caution in the structural design of T cell-
activating proteins. Consequently, the APC-mimic fusion protein in-
corporates the cognate pHLA complex and the co-stimulatory marker
CD80, which are natural ligands on APCs. This design ensures the se-
lective delivery of peptide-specific TCR activation and costimulatory
signals. An important safety consideration is the potential for un-
wanted TCR crosslinking, which can activate T cells in the absence
of target cells.37 To reduce this risk, APC-mimic exclusively features
a monovalent pHLA molecule that interacts with a single TCR on a
CD8 T cell.38

Regarding the choice of the costimulatory molecule, we chose
CD80, a natural ligand for CD28, as an integral part of the
APC-mimic protein. This selection diverges from the use of
CD28 monoclonal antibodies, which can induce systemic inflam-
matory response syndrome in the absence of contaminating path-
ogens, endotoxin, or underlying diseases, as exemplified by
TGN1412, a CD28 superagonist.39 To enhance safety in first-in-
human clinical testing using monoclonal antibodies, several mea-
sures have been proposed.40 Although CD80 is a shared ligand
for CTLA-4 and CD28,41,42 studies by Sugiura et al.43 and Zhao
et al.44 demonstrate that CD80 engages in a cis-directional interac-
tion with PD-L1 on APCs, disrupting the PD-L1/PD-1 binding,
therefore, PD-L1 is unable to prevent T cell activation when
APCs exhibit high levels of CD80. The result supports our obser-
vation that APC-mimic predominantly promotes T cell activation
rather than inhibition.

We performed single-cell sequencing on the expanded CD8+ T cells
to investigate the regulatory effects of APC-mimic on signal transduc-
tion and its impact on T cell clonal phenotypes. This analysis revealed
the emergence of a novel T cell clonotype that exhibited a substantial
increase in numbers following APC-mimic treatment. Intriguingly,
this clonotype was found within the repertoires of functional T cell
subsets, including TEM and TEX, which aligns with the findings of
Miyama et al.45 Although cohort size and sample depth can influence
the frequency and the number of shared TCRs,46 the increased fre-
quency of shared clonotypes and the presence of markedly similar
Molecular Therapy: Oncology Vol. 32 September 2024 11
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Figure 7. Murine surrogate of APC-mimic amplifies functional OVA-specific CD8+ T cells in OT-I mice to promote tumor regression

(A) Quantification of cytokines TNF-a, IFN-g, and GrB secreted by OVA-specific CD8+ T cells expanded for 14 days with mAPC-mimic and in response to co-culture with

B16F10-OVA cells as measured by flow cytometry. (B) Experimental timeline (n = 6 independent animals). (C) Frequencies of TNF-a and IFN-g double-positive CD8+ T cells

that were followed by ex vivo peptide stimulation for 24 h. (D and E) IFN-g-positive cells among OT-I spleen cells treated as described in (B), after stimulation, the number of

IFN-g-positive cells was enumerated by ELISpot: IFN-g-positive cell counts (E), representative images of IFN-g ELISpot wells, the tan dots are IFN-g-positive cells and the

number in the upper left of each well represents the number of positive cells (D). (F) Experimental timeline (n = 4 independent animals). (G) Tumor growth curves. The results

are presented asmeans ± SEM andwere analyzed using a two-way ANOVA, followed by using Tukey’s multiple comparisons test (A), or one-way ANOVA and Tukey’s test (C

and E), or two-sided Student’s t test (G). ****p % 0.0001, **p % 0.01.
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CDR3 sequences suggest that this shared TCR may play a significant
role. Our findings indicated that this specific TCR was reactivated
following exposure to APC-mimic, suggesting its crucial role in pre-
venting CMV infection.

Despite the fact that APC-mimic primarily targets CMVpp65-specific
T cells, it is essential to consider the initial percentage of specific
T cells that are present (as depicted in Figure 2G). Concerning signal
1, it is known that T cells exhibit natural cross-reactivity.47 Therefore,
12 Molecular Therapy: Oncology Vol. 32 September 2024
when previously undiscovered pHLA complexes emerge, such as
those in cells infected by a virus or undergoing somatic mutations,
the selected T cells may possess sufficient affinity for these emerging
pHLA complexes to trigger an appropriate response.48 For the signal
2, it’s notable that CD80 demonstrates a higher monomeric affinity
for CTLA-4 than CD28 (CD80-CD28 �4 mM and CD80-CTLA-4
�0.2 mM).42 As such, there is a reasonable assumption that enhancing
the affinity of the pHLA complex and CD80 for CD28 could poten-
tially enhance the effectiveness of APC-mimic. This enhancement
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may open the possibility of activating rare specific T cells, such as tu-
mor neoantigen-specific T cells.49

A versatile APC-mimic platform may be helpful in developing
various immunotherapy strategies by expanding polyfunctional anti-
gen-specific T cell subsets directly in vivo. In the field of tumor immu-
notherapy, while vaccination can induce clonal expansion of neoan-
tigen-specific T cells, its direct anti-tumor efficacy has only been
demonstrated in a limited number of patients.50,51 Hence, combina-
tion therapies, such as a tunable molecular that can be used in vivo
such as APC-mimic fusion protein, which can amplify the effects of
neoantigen therapeutic vaccines by promoting the in vivo expansion
of neoantigen-specific T cells, come into play in this situation.

In conclusion, we devised a general pHLA-CD80 scaffold fusion pro-
tein that manipulates the antigen presentation process in a natural
manner. Our findings demonstrate that it facilitates direct stimula-
tion, resulting in an approximately 400-fold increase in polyclonal
expansion and an approximately 600-fold increase in monoclonal
expansion of antigen-specific T cells. Furthermore, by substituting
the pHLA complex, it can be applied in the realms of antiviral and tu-
mor immunotherapy, demonstrating its safety. Therefore, this fusion
protein paves the way for the versatile APC-mimic platform to
develop various immunotherapy strategies, enabling direct expansion
of polyfunctional antigen-specific T cell subsets both in vitro and
in vivo.

MATERIALS AND METHODS
Mice

The Public Health Service Policy on Human Care and Use of Labora-
tory Animals served as a guide for conducting animal research. Zhe-
jiang University’s Committee for Ethics of Animal Experiments gave
its approval for this project. Female immune-deficient strain
NCG (NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt) mice aged
6–8 weeks obtained from GemPharmatech (Jiangsu, China).
C57BL/6 mice and TCR-transgenic OT-I mice (C57BL/6-Tg
(TcraTcrb)1100Mjb/J) were originally purchased from The Jackson
Laboratory and maintained in the Laboratory Animal Center of
Hangzhou Medical College. The mice were housed at the Laboratory
Animal Center for at least a week before enrollment in the study un-
der standard settings of 20�C–26�C and 40%–70% relative humidity.

Cell lines and cell culture

The Comprehensive AIDS Research Center (Tsinghua University)
graciously donated human embryonic kidney 293 F cells
(HEK293F), which were rotationally grown in SMM 293-TI medium
(Sino Biological) supplemented with 0.5% fetal bovine serum (FBS)
(Gibco). Human erythroleukemic cell line K562 was purchased
from the American Type Culture Collection (ATCC) and maintained
in RPMI 1640 (Gibco) with 10% FBS. B16F10-OVA were purchased
from ATCC and maintained in DMEM (Gibco) with 10% FBS. The
TAP-deficient T2 cell line was maintained in IMDM (Gibco) with
15% FBS. Human PBMCs were purchased from SAILYBIO
(200174) and rested for 4–12 h in ImmunoCult-XF T Cell Expansion
Media (STEMCELL Technologies) with 10% FBS before use. All cells
were kept alive in a medium supplemented with 1% penicillin-strep-
tomycin at 37�C, 5%CO2, and 95% humidity, for several experiments,
CD8+ T cells were extracted from PBMCs using immunomagnetic
sorting (STEMCELL Technologies) with human CD8 microbeads
and a cocktail of antibodies to exclude non-CD8+ T cells. CD14-
depleted PBMCs were obtained following an additional CD14+ cell
isolation using MOFLO XDP.

Expression and purification of proteins

HEK293F cells were transiently co-transfected with plasmids express-
ing the relevant chains to produce fusion proteins.38,52 To find the
ideal DNA ratios for large-scale expression, plasmids were titrated
in small-scale co-transfection experiments. On the day of transfec-
tion, plasmid DNA (sterilized through a 0.22 m PES filter [Corning])
and poly-ethyleneimine (PEI) (Polysciences) were separately diluted
to 0.05 and 0.1 mg/mL in SMM 293-TII Expression Medium
(serum-free, with glutamine, complete medium) (Sinobiological),
then PEI, and diluted DNA were combined in equal quantities and
given a further 15 min of incubation at 20�C. Subsequently, The
DNA/PEI mixture (20 mL/L cells) was added to the flask along
with the HEK293F cells, which was then incubated at 37�C with
shaking for 3–5 days. HEK293F supernatants were used to collect
secreted protein, which was then purified using HiTrap Protein A
HP affinity chromatography and size-exclusion chromatography on
an AKTA pure 25 device with a Superdex 200 column (Cytiva).
PBS was used to store all proteins. SDS-PAGE analysis was used to
confirm purity.

ELISA-based binding assays

We employed 96-well enzyme-linked immunosorbent assay (ELISA)/
radioimmunoassay plates provided by Corning for the immobiliza-
tion of the fusion protein and subsequent analysis of antibody-anti-
gen interactions.53,54 Subsequently, biotinylated antibodies were
introduced at progressively decreasing concentrations. To facilitate
detection, we utilized horseradish peroxidase-labeled streptavidin
supplied by Beyotime. To conclude the assay, a stop solution was
added to each well, and the optical density was measured at
450 nm using a microplate reader.

Antibodies

Biotin anti-human CD80 antibody (BioLegend, 305204) and biotin
HLA-ABC antibody (Thermo Fisher, 13-9983-82) were used to deter-
mine the structure of the fusion proteins. BV421 mouse anti-human
CD4 (BD, 562424), PE-Cy7 mouse anti-human CD8 (BD, 557746),
Clear Back (human Fc receptor blocking reagent) (MBL, MTG-
001), and T-Select HLA-A*02:01 CMV pp65 tetramer-
NLVPMVATV-PE (MBL, TS-0010-1C) were used to identify
tetramer-stained CD8+ T cells using flow cytometry. APC mouse
anti-human CD69 (BD, 555533) and PE mouse anti-human CD25
(BD, 555432) were utilized to confirm the fusion protein’s role in acti-
vating T cells. FITC mouse anti-human CD14 (BD, 555397) was uti-
lized to separate CD14+ monocytes from PBMCs. For phenotype
marker expression, FITC anti-human CD3 antibody (BioLegend,
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300406), brilliant violet 605 anti-human CD107a (LAMP-1) antibody
(BioLegend, 328633), APC anti-human CD279 (PD-1) antibody
(BioLegend, 329907), brilliant violet 605 anti-human CD223
(LAG-3) antibody (BioLegend, 369323), FITC anti-human CD366
(Tim-3) antibody (BioLegend, 345021), FITC anti-human CD197
(CCR7) antibody (BioLegend, 353215), and Pacific blue anti-human
CD45RO antibody (BioLegend, 304215) were used. For intracellular
cytokine staining, FITC mouse anti-human TNF-a (BD, 562082),
Alexa Fluor 647 anti-human perforin antibody (BioLegend,
308109), PE/Cyanine7 anti-mouse IFN-g antibody (BioLegend,
505825), APC anti-mouse TNF-a antibody (BioLegend, 506307),
eFluor 450 CD8a monoclonal antibody (Thermo Fisher, 48-0081-
82), and FITC anti-human/mouse granzyme B antibody
(BioLegend, 515403) were used.

In vitro antigen-specific T cell expansion studies

PBMCs from healthy human donors were purchased as frozen stocks
(SAILYBIO). Before culture, donor samples underwent FACS anal-
ysis to check for HLA-A*0201 expression and serum exposure to
CMV in the past. For expansion investigations, only HLA-A2 and
CMV-experienced donors were employed. These samples were also
examined for baseline CMVPP65-specific CD8+ T cell frequencies.
In 48-well microtiter plates with ImmunoCult-XF T Cell Expansion
Media (STEMCELL Technologies), 2 � 105 PBMCs, CD8+ T cells,
or CD14+ monocyte-depleted PBMCs were stimulated with fusion
proteins. In expansion studies, mock-treated samples were grown
in a T cell medium devoid of fusion proteins. Recombinant human
IL-2 from PeproTech (100 U/mL) was introduced on day 2. Half-me-
dium changes and IL-2 supplementation were carried out every other
day beginning on day 5. The cells were taken out and stained for
further experiments after 7 and 14 days.18,55

Tetramer staining and flow cytometry analysis

The cells were resuspended in PBS with human Fc receptor blocking
reagent and incubated for 15 min at room temperature prior to
tetramer labeling. After that, cells were pelleted and stained for
15 min at room temperature with tetramer (MBL) diluted 1:20 in
FACS buffer, followed by 30 min at 4�C for surface staining.56 Data
were collected using an ACEA NovoCyte cytometer and analyses
were performed using NovoExpress software.

Mitochondrial-specific dye staining

Different protein-treated cells were stained for 25 min at 37�C in a
humid environment containing 5% CO2 with MitoTracker dyes
(MtT) at a concentration of 50 nM.57 Cells were examined on an
ACEA NovoCyte cytometer after being washed twice with PBS.

In vitro T cell functional studies

Target cells were incubated in 20 mg/mL Calcein AM (Dojindo) for
30 min at 37�C to conduct killing experiments. Target cells were
either left unpulsed or pulsed for 2 h at 37�C with 25 mg/mL of the
peptide (CMVPP65, NLVPMVATV; EBV, GLCTLVAML). Target
cells (5 � 103) were cultivated with enlarged effector cells at
effector-to-target ratios of 0.1, 1, 5, or 10 for 4 h, Cells were pelleted,
14 Molecular Therapy: Oncology Vol. 32 September 2024
and a plate reader was used to measure the fluorescence intensity of
supernatant samples.58 According to the manufacturer’s instructions,
IFN-g concentrations in supernatant samples were measured using
ELISA (Thermo Fisher, 88-7316).

Intracellular cytokine staining

A total of 2 � 105 human PBMCs, previously expanded with fusion
proteins, underwent stimulation by T2 cells in the presence of Brefel-
din A and monensin (Thermo Fisher, 00-4980-03) for 16 h at 37�C.
During this stimulation, fluorescently labeled anti-CD107a antibodies
were added at the initiation of the process. In our experiments, we
used the PMA+ ion as a positive control (the PMA+ ion is a T cell acti-
vator) and PMA, which is a protein kinase C (PKC) activator.59 Ion
(ionomycin) can increase the calcium influx, which results in cytokine
production. Treatment with the PMA+ ion in T cells can increase the
PKC-Ras signaling pathway, resulting in cell activations. The cells
were plated in a 24-well microtiter plate and stimulated at a ratio of
10:1 with T2 cells. These T2 cells were either unpulsed or had been
pulsed with 25 mg/mL of CMVPP65 (NLVPMVATV) or EBV
(GLCTLVAML) peptides for 2 h at 37�C and subsequently washed
twice. To prepare the cells for analysis, the FoxP3/Transcription Fac-
tor Staining Buffer Set (Thermo Fisher, 00-5523-00) was used to fix
and permeabilize them. This step followed the rinsing of the cells
with PBS and staining with antibodies specific to phenotypic markers.
Subsequently, the cells were washed and underwent a 30-min staining
at room temperature with antibodies targeting intracellular cytokines
or proteins before being examined.19 For ex vivo intracellular cytokine
staining, spleen cells fromOT-1mice treated withmAPC-mimic were
stimulated by B16F10-OVA cells for 16 h. The cells were then pro-
cessed in a similar manner as described above. Data were collected
using an ACEA NovoCyte cytometer and analyses were performed
using NovoExpress software.

Single-cell 50 and V(D)J sequencing

PBMCs from healthy donors were in vitro grown for 14 days using
fusion proteins and media. Expanded cells were collected, labeled
with an antibody, and sorted using magnetic beads for CD8+

T cells. For sequencing and analysis, all of the samples were trans-
ported to Personal Biotechnology Co., Ltd. (Shanghai, China). In a
nutshell, single-cell 50 and V(D)J libraries were created using the
10� genomes Chromium Single Cell Immune Profiling Solution
technique according to the manufacturer’s protocols (10x Genomics
V(D)J + 50 gene expression). Then single-cell 50 and V(D)J libraries
were sequenced by the Illumina Novaseq 6000 using 150 paired-
end reads.

scRNA-seq data analysis

The raw sequencing data were processed by the Cell Ranger pipeline
(v.7.1, 10x Genomics), which was used to map reads to the reference
genome (GRCh38 human) and acquire gene counts to generate
expression matrix files for subsequent analysis.60 We used R package
Seurat (v.4.1.1) to filter data and cells were filtered by gene counts
more than 5000 or less than 400 and remove the cells with over
10% mitochondrial content.31 DoubletFinder (v.2.0.3) was used to
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remove doublet cells.61 After filtering, the functions from Seurat
(v.4.1.1) was used for dimension-reduction and clustering. Then we
used the LogNormalize method of the "Normalization" function to
normalize and scale all gene expression. The top 10 dimensions re-
sulted from the principal-component analysis were used for the
UMAP or t-SNE.60 To identify marker genes, we based on Wilcox al-
gorithm, analysis the differential expression of cells in cluster and in
other clusters. Because inconsistency and ambiguity remained with
the automatic assignment, we then refined the cell cluster annotations
based on the expression of canonical marker genes. To investigate the
potential functions of differentially expressed genes (DEGs),62 the
Gene Ontology analysis was used with the “clusterProfiler” R pack-
age,35 GSEA was performed on DEGs and the hallmark gene sets
were used as the database, absolute value of the normalized enrich-
ment score with p value less than 0.05 were considered as significantly
enriched.63

scTCR-seq data analysis

The scTCR-seq data were assembled by the Cell Ranger VDJ pipeline
(v.7.1, 10x Genomics), and raw FASTQ reads were mapped to the hu-
man GRCh38 V(D)J reference genome. Only cells with productive
and paired chains were preserved. The cell with the higher UMI count
was chosen when more than one consensus sequence for the same
chain type was found in a cell.64 The average read depth per cell for
sequencing was 11,178. The downstream analysis that comprises
high-confident contigs was conducted using the filtered contig anno-
tation file. The scRepertoire R package (v.0.99.3)65 was used for TCR
analysis, and the clonotype was assigned to the integrated Seurat ob-
ject as the result of the combination of the VDJ gene components and
the nucleotide sequences for the TCRA and TCRB chains. We down-
sampled an approximately similar number of cells obtained from
Blank group and APC-mimic group for clonotype analysis. We
discovered 2,777 distinct clonotypes in the Blank group and 625
distinct clonotypes in the APC-mimic group after normalizing the
cell counts. A clonotype shared by at least three cells within an indi-
vidual sample was defined as clonotype expansion, and a clonotype
detected in any two or more T cell subtypes within an individual sam-
ple was defined as clonotype sharing.

Adoptive cell transfer immunotherapy in an immunodeficient

mouse model

NCGmice were subcutaneously injected with 1.5 million K562-CMV
cells; 7 days later, mice were randomly assigned and given intrave-
nous injections of 6 million 14-day APC-mimic, pHLA scaffold, or
medium expanded PBMCs. An impartial researcher double-blindly
measured the tumor area every 2 or 3 days, calculating it as length
and width. At the end of the study, mice with tumors larger than
400 mm2 were euthanized.

In vivo potency assessment and anti-tumor therapy

C57BL/6 mice were subcutaneously injected with 0.8 million B16F10-
OVA cells, mice bearing established tumors with area around 20–
30 mm2 (day 6 post inoculation or as indicated) were treated with
adoptive transfer of OT-I T cells (5 � 106), followed by i.v. adminis-
tration of mAPC-mimic (300 mg) or PBS control every other day
(or as indicated) starting from day 6 (six doses in total as indicated).66

Tumor area and body weight were measured every other day. Tumor
area was calculated by the formula, area = length � width, from
caliper measurements of two orthogonal diameters.
Analyses of tumor-infiltrating immune cells

NCGmice were subcutaneously injected with 1.5 million K562-CMV
tumor cells and then underwent i.v. adoptive transfer of 6 million
APC-mimic, pHLA scaffold, medium expanded PBMCs on day 7 af-
ter tumor inoculation. On day 14, tumors were dissected from the sur-
rounding tissues, weighed, mechanically minced, and stirred at
220 rpm in RPMI 1640 medium with collagenase type IV
(1 mg/mL, Gibco/Thermo Fisher Scientific), dispase II (100 mg/mL,
Sigma-Aldrich), hyalurondase (100 mg/mL, Sigma-Aldrich), and
DNase I (100 mg/mL, Sigma-Aldrich) at 37�C for 60 min for diges-
tion. The digested tumor samples were subjected to ACK lysing buffer
for RBC lysis. After being purified by density gradient centrifugation
against Ficoll (GE Healthcare), tumor-infiltrating leukocytes were
subsequently resuspended in PBS with BSA albumin.67 Cells were
collected in U-bottom 96-well plates for surface marker labeling,
blocked with human Fc receptor blocking reagent (MBL), and then
treated with the appropriate antibodies at 4�C for 20 min. Live/
dead staining was then performed using Zombie Aqua Fixable Dye
(BioLegend). The cells were then resuspended in the same buffer
for flow cytometry studies after being washed with PBS-containing
BSA (0.2%, w/v) in it.
Biochemical indication measurement

Adoptive cell transfer immunotherapy was described above: on day
21, mice were put to death, and serum samples were taken for exam-
ination. Stanbio Chemistry Reagents were used to assess the levels of
alanine transaminase, aspartate transaminase, creatinine, and blood
urea nitrogen in serum68 in accordance with the manufacturer’s
recommendations.
ELISpot

The manufacturer’s instructions for a commercial kit for the detec-
tion of Mouse IFN-g (Dakewe, cat. DKW22-2000-096) were followed
to perform a 24-h ELISpot experiment. In brief, cells were plated in
duplicate (0.1 million/100 mL per well), stimulated with phytohemag-
glutinin (positive control) and OVA peptides (Bankpeptide Technol-
ogies) at a final concentration of 4 mg/mL, or medium alone (negative
control), and then incubated at 37�C in a humidified atmosphere of
5% CO2 for 24 h. Plates were washed and then treated with a bio-
tinylated IFN-g detection antibody for an overnight period at 4�C.
After washing the plates, a streptavidin-alkaline phosphatase conju-
gate was added, and the plates were then incubated for 1 h at 37�C
with 5% CO2. The AEC solution was then poured onto the plates
and left on for 20 min at room temperature. Then, wells were
scrubbed repeatedly under running water and allowed to air dry over-
night. An automated ELISpot reading device (Immunospot Analyzer)
was used to count the spots.
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Statistical analyses

Statistical analyses were conducted utilizing GraphPad Prism 9 soft-
ware developed by GraphPad Software. Data are presented as mean ±

SEM unless otherwise indicated. For the comparison of two groups, a
two-tailed unpaired Student’s t test was employed. To assess varia-
tions among multiple groups, either a one-way or two-way
ANOVA was conducted, followed by Tukey’s multiple comparisons
test. Survival data were subjected to analysis utilizing the log rank
test. Statistically significant differences were not considered when
the p values exceeded 0.05.
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