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Conversion of effector CD4+ T cells to a CD8+ MHC
II-recognizing lineage
Elizabeth Robins1,4, Ming Zheng 2, Qingshan Ni3, Siqi Liu1, Chen Liang1, Baojun Zhang1, Jian Guo1, Yuan Zhuang1, You-Wen He1,
Ping Zhu2, Ying Wan3 and Qi-Jing Li1

CD4+ and CD8+ T cells are dichotomous lineages in adaptive immunity. While conventionally viewed as distinct fates that are fixed after
thymic development, accumulating evidence indicates that these two populations can exhibit significant lineage plasticity, particularly
upon TCR-mediated activation. We define a novel CD4−CD8αβ+ MHC II-recognizing population generated by lineage conversion from
effector CD4+ T cells. CD4−CD8αβ+ effector T cells downregulated the expression of T helper cell-associated costimulatory molecules
and increased the expression of cytotoxic T lymphocyte-associated cytotoxic molecules. This shift in functional potential corresponded
with a CD8+-lineage skewed transcriptional profile. TCRβ repertoire sequencing and in vivo genetic lineage tracing in acutely infected
wild-type mice demonstrated that CD4−CD8αβ+ effector T cells arise from fundamental lineage reprogramming of bona fide effector
CD4+ T cells. Impairing autophagy via functional deletion of the initiating kinase Vps34 or the downstream enzyme Atg7 enhanced the
generation of this cell population. These findings suggest that effector CD4+ T cells can exhibit a previously unreported degree of
skewing towards the CD8+ T cell lineage, which may point towards a novel direction for HIV vaccine design.
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INTRODUCTION
CD4+ and CD8+ T cells are conventionally defined as separate T
cell lineages with distinct molecular markers (CD4 vs. CD8),
immunological functions (helper vs. cytotoxic) and major histo-
compatibility complex (MHC) recognition capacities (MHC II vs.
MHC I). These lineages diverge during thymic development1,2 and
are maintained once mature, naïve T cells enter the peripheral
immune system. Both lineage specification and stability are
controlled by the master transcription factors ThPOK and Runx3
via the antagonistic regulation; ThPOKhiRunx3lo expression sets
the CD4+ lineage transcriptional program, and ThPOKloRunx3hi

expression sets the CD8+ program.3

Moreover, multiple homeostatic cellular processes contribute to
the auxiliary regulation of effector T cell differentiation. One such
process is autophagy, a catabolic survival mechanism that recycles
cellular organelles and macromolecules. The major form of
autophagy, known as macroautophagy, is initiated by an enzymatic
complex consisting of Beclin1, Vps15, ATG14 and the class III PI3-
kinase Vps34.4,5 The subsequent formation of the autophagosome
to encapsulate cytosolic material is catalyzed by a series of reactions
requiring Atg proteins, including Atg7, which is the lynchpin of
membrane elongation mechanisms.6,7 Autophagy controls the T cell
effector status at multiple levels, including TCR signaling, metabo-
lism and memory formation.8 In particular, Vps34 and Atg7 have
demonstrated roles in the homeostatic maintenance of naïve
T cells9,10 and the accumulation of effector cells.9,11

Accordingly, the transcriptional profiles and functional proper-
ties of naïve CD4+ T cells undergo rapid and dramatic
transformation during effector T cell differentiation. In fact, the
gene expression upheaval that is necessary for conventional T
helper (Th) cell differentiation can produce unexpected lineage
outcomes by allowing the gene expression and function in
effector CD4+ T cells to shift remarkably towards a CD8+-like
phenotype. CD4+ Th type 1 (Th1) cells exhibit ThPOKhiRunx3hi

expression upon differentiation,12 and some can become CD4+

cytotoxic T lymphocytes (CTLs),13,14 which express the hallmark
CD8+ functional molecules IFN-γ and granzyme B. Furthermore,
the Mucida group published two studies showing that mature
CD4+ThPOKhi T cells can give rise to a CD4+CD8αα+ThPOKlo

population, which provides protection against mucosal inflamma-
tion in an adoptive transfer colitis model.15,16 Another report
indicated that the loss of functional histone deacetylase (HDAC) 1
or 2 promotes the generation of CD4+ T cell-derived CD4+CD8αβ+

effector T cells, demonstrating that conventional CD4+ T cells can
acquire a phenotype that is still more like CD8+ CTLs than
previously thought.17 Paralleling these findings, lineage-
intermediate populations originating from effector CD4+ T cells
and exhibiting various CD4/CD8 and functional gene expression
profiles have been reported in other animal models,18–21 as well as
human disease contexts that include hepatocellular carcinoma,
multiple sclerosis, rheumatoid arthritis, cytomegalovirus (CMV)
infection, and human immunodeficiency virus-1 (HIV-1, hereafter
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HIV) infection.13,22–26 These populations are particularly associated
with chronic viral infections, and HIV infection is a particularly
interesting setting. A variety of CD4/CD8 phenotypes have been
observed among the peripheral blood mononuclear cells (PBMCs)
of HIV patients, including CD4−CD8−, CD4+CD8+, and most
recently, MHC II-recognizing CD4−CD8αβ+ cells.27–40

We provide here the first report that a murine CD4−CD8αβ+

MHC II-recognizing lineage can be derived from effector CD4+

T cells. Using multiple in vitro differentiation and in vivo tracing
strategies, we demonstrate that this cell population exhibits a
CD4/CD8 lineage-intermediate phenotype, is generated from
bona fide effector CD4+ T cells by transcriptional reprogramming
and is regulated by the key autophagy molecules Vps34 and Atg7.

RESULTS
Activation of Vps34-deficient CD4+ T cells produces a
CD4−CD8αβ+ MHC II-restricted T cell population
Our investigation began with an unexpected observation while
studying Vps34 function during CD4+ T cell activation. We
generated LLO118αβ Vps34f/f CD4-Cre+ (LLO Vps34KO) mice with
a T cell-specific deletion of functional Vps34 and transgenic
expression of the LLO118αβ TCR (Vα2+Vβ2+). The LLO118αβ TCR
mediates the MHC II (I-Ab)-restricted recognition of the listeriolysin
O protein (LLO190-205), the major epitope of Listeria monocyto-
genes.41 We found that in vitro LLO190-205 stimulation of either
total lymph node cells or FACS-purified TCR Vα2+CD4+ T cells
resulted in the loss of CD4 surface expression (Fig. 1a). Although
antigen engagement initiated CD4 downregulation with similar
kinetics in both LLO118αβ Vps34f/f CD4-Cre− (LLO WT) and LLO
Vps34KO TCR Vα2+ cells, LLO Vps34KO cells failed to recover
normal CD4 surface levels (Fig. 1b). The CD4 protein did not
accumulate intracellularly in activated LLO Vps34KO cells (Fig. 1c),
indicating that downregulated CD4 surface display was not due to
the abrogation of Vps34-mediated intracellular vesicle traffick-
ing.42 Loss of functional Vps34 also did not enhance proliferation
of CD4− cells because CD4− and CD4+ LLO Vps34KO T cells
comparably proliferated (Fig. S1). In addition, CD4− cells were
markedly more susceptible to activation-induced cell death
(AICD); LLO Vps34KO CD4− cells survived to a lesser extent than
both LLO WT CD4− cells and LLO Vps34KO CD4+ cells (Fig. S1).
Therefore, because the loss of neither the functional Vps34 nor
CD4 protein conferred a proliferative or survival advantage to
T cells, we deemed it unlikely that preexisting, mature LLO
Vps34KO CD4− T cells (either naïve or memory) preferentially
accumulated over CD4+ T cells upon TCR activation.
Furthermore, CD4 downregulation in activated LLO Vps34KO

CD4+ T cells was accompanied by multiple CD8 expression
phenotypes (Fig. 1d). The majority of activated LLO Vps34KO TCR
Vα2+ cells were CD4-CD8αβ-, paralleling populations previously
found in both animals and humans.43 We observed a smaller
CD4−CD8αα+ population, which was reminiscent of CD4+CD8αα+

intraepithelial lymphocytes (IELs) associated with mucosal inflam-
mation,15 as well as a CD4+CD8αβ+ population, which has been
previously observed during HIV infection and other human
chronic diseases.31,44 Surprisingly, a CD4−CD8αβ+ subset was also
observed. Given that our LLO Vps34KO T cells expressed an MHC II-
restricted transgenic TCR, we noted that this might be a previously
unreported CD4−CD8αβ+ MHC II-recognizing T cell population in
mice.15,17,45

In fact, we also observed CD4−CD8αβ+ MHC II-restricted T cells
among in vitro-stimulated LLO WT CD4+ T cells (Fig. 1d). While the
loss of CD4 expression occurred at a much lower frequency
among activated LLO WT cells compared to LLO Vps34KO cells, a
higher proportion of TCR Vα2+ CD4− cells expressed both CD8α
and CD8β in the LLO WT subset vs. the LLO Vps34KO subset. In
addition, we observed that FACS-sorted CD4+ T cells harvested
from the lymph nodes of C57BL/6 mice with an open TCR

repertoire could also produce CD4−CD8αβ+ MHC II-restricted
T cells upon antibody-mediated in vitro stimulation (Fig. S2). These
findings suggested that while Vps34 could sustain CD4 molecule
expression in effector CD4+ T cells, the generation of a
CD4−CD8αβ+ MHC II-recognizing T cell population was not
dependent on the loss of Vps34 function.

CD4−CD8αβ+ MHC II-restricted T cells are generated in vivo
during acute infection
To determine whether CD4−CD8αβ+ MHC II-recognizing T cells
could be generated during an in vivo effector response, we
infected LLO WT and LLO Vps34KO mice with Listeria mono-
cytogenes, the cognate pathogen for their transgenic TCRs.41

Because direct Listeria infection in the context of dominant
LLO118 TCR expression would predictably result in an over-
whelming, physiologically abnormal effector T cell response,41,46

we chose this acute infection model to demonstrate the in vivo
generation of effector CD4−CD8αβ+ MHC II-recognizing T cells,
but not their origin, effector function or physiological relevance.
In Listeria-infected LLO Vps34KO mice, over 20% of splenic

effector (CD44hi-int) TCR Vα2+ T cells lost CD4 expression (Fig. 2a).
Among those, we identified multiple lineage-intermediate popula-
tions, including CD4−CD8αβ+ T cells. Albeit at a much lower
frequency, CD4−CD8αβ+ T cells were also identified in Listeria-
infected LLO WT mice (Fig. 2a). Paralleling our in vitro observations,
a higher proportion of LLO WT CD4− cells exhibited the CD8αβ+

phenotype than their LLO Vps34KO counterparts (Fig. 2a, b).
To demonstrate that CD4−CD8αβ+ T cells were not specific to

(1) the Vps34KO context, (2) Listeria infection or (3) the LLO118 TCR
transgene, we infected WT Thy1.1+ C57BL/6 mice with the
Armstrong strain of lymphocytic choriomeningitis virus (LCMV
Armstrong). Using an MHC II (I-Ab) tetramer presenting a major
LCMV epitope for CD4+ T cells (LCMVgp66-77-I-Ab), we observed
that a substantial population of LCMV-I-Ab-specific effector T cells
generated during an acute infection were CD4− (Fig. 2c). Among
CD4− LCMV-I-Ab-recognizing cells, at least 25% were CD8αβ+

(Fig. 2d, e). The CD4-CD8αβ+ population persisted up to at least
28 days postinfection, indicating its stability (Fig. S3). We also
tested whether CD4− T cells could recognize other established I-
Ab-restricted LCMV epitopes. Using specific tetramers, we found
that LCMVgp66-77-I-Ab had the highest avidity for LCMV-binding
TCRs and therefore provided the best separation of CD4+ and
CD4− LCMV/I-Ab-specific T cells above the background binding
that was found in uninfected controls (Fig. S4). Taken together, the
results of these two in vivo infection models indicated that the
production of CD4−CD8αβ+ effector T cells could be facilitated by
—but did not require—the loss of Vps34 and might be under-
pinned by a general CD4+ lineage destabilization process induced
by diverse pathogens in a range of TCR repertoires.

Conventional effector CD4+ T cells give rise to CD4-CD8αβ+ MHC
II-restricted T cells
We deemed it crucial to definitively demonstrate that
CD4−CD8αβ+ MHC II-restricted T cells were generated by a
lineage conversion of mature effector CD4+ T cells and that they
did not merely represent the expansion of mature, aberrant CD8+

MHC II-recognizing T cells. We employed two independent
tracking strategies to pursue our aim. The first strategy was a
comprehensive assessment of the TCR spectrum of virus-specific
CD4− vs. CD4+ T cells in acutely infected WT mice with an open
TCR repertoire. We reasoned that if CD4−CD8αβ+ MHC II-
recognizing T cells were produced by the expansion of a
preexisting CD8+ T cell pool generated during thymic selection,
CD4−CD8αβ+ T cells probably would not share TCR sequences
with CD4+ T cells. On the other hand, if CD4−CD8αβ+ MHC II-
recognizing T cells were generated by the lineage conversion of
mature CD4+ T cells, we expected that CD4−CD8αβ+ TCRs would
substantially overlap with conventional effector CD4+ TCRs.
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From the spleens of 4 C57BL/6 mice 8 days postinfection with
LCMV Armstrong, we sorted LCMVgp66-77-I-Ab-recognizing
CD44hi CD4− and CD4+ T cells and performed TCRβ sequencing
to reach saturation depth (Table S1). Out of the ~6.0 × 105 total
effective TCR reads analyzed across all mice, we detected ~5.3 ×
103 LCMV-I-Ab-recognizing CD44hiCD4+ clonotypes and ~1.5 × 103

LCMV-I-Ab-recognizing CD44hiCD4− clonotypes. Collectively, a
substantial number of these clonotypes (~4 × 102) were found in
both the CD4+ and CD4− T cell populations, representing ~8% of
CD4+ clonotypes and ~26% of CD4− clonotypes (Fig. 3a). These
shared clonotypes were present at a broad range of frequencies
within each repertoire pool, indicating that TCR affinity might not
play a strong role in lineage destabilization of effector CD4+

T cells. We did note that the majority of CD4− clonotypes were not
found among CD4+ clonotypes. Although this observation raised
the possibility that the unique CD4− clonotypes represented
preexisting CD8+ MHC II-recognizing T cells, it likely reflected a
major limitation of TCR sequencing technology, which is the
subsampling effect in an open repertoire. Nevertheless, the
substantial number of TCRs that overlapped the CD4− and CD4+

effector T cell populations suggested that a mechanism exists for
lineage conversion to the CD4−CD8αβ+ effector phenotype.
For analysis of individual mouse repertoires, we conducted a

comprehensive search for either intramouse or intermouse
clonotype sharing (Fig. 3b). At the nucleotide level, the highest
frequency clonotype sharing occurred between CD44hiCD4+ and
CD44hiCD4− T cells within individual mice, which suggested that

these two populations might share the same origin (Fig. 3c). This
was also supported by our observation that at the amino acid
level, most of the intramouse shared TCRs were encoded by
identical nucleotide sequences (Fig. S5A). In addition, 8 of the
LCMVgp66-77-I-Ab-recognizing CD4+ clonotypes were identified
in all 4 mice (i.e., “public” clonotypes). Five out of these 8 CD4+

clonotypes were shared with CD4− clonotypes in each individual
mouse; the other 3 CD4+ public clonotypes were shared with
CD4− clonotypes in at least 2 mice. (Fig. 3c and S5B, C). We
considered that these public TCRs were unlikely to have been
produced by the simultaneous thymic development of mature
CD4+ and CD8+ T cells with identical TCRs and then maintained in
the naïve T cell pool with the same lifespan. Instead, it was more
likely that upon infection, the same naïve, LCMV-recognizing
CD4+ T cell clonotype lineage converted to acquire the
CD4−CD8αβ+ effector phenotype in each mouse. Taken together,
these findings provide clonal lineage evidence to suggest that
during an in vivo effector response, a broad spectrum of effector
CD4+ T cells could become CD4−CD8αβ+ MHC II-restricted cells.
Our second approach made use of the Ox40-Cre Rosa26tdTomato

(OxTom)47 murine strain. By the genetic strategy of this strain,
tdTomato (tdTom) expression is controlled by the promoter for
Ox40, which encodes a costimulatory surface receptor on CD4+

T cells. Because Ox40 is generally silent in naïve T cells and its
expression is preferentially induced in CD4+ T cells vs. CD8+ T cells
after strong antigen stimulation,47 we reasoned that this system
would allow us to preferentially mark activated CD4+ T cells. In

Fig. 1 In vitro stimulation of LLO Vps34KO CD4+ T cells produces a CD4-CD8αβ+ MHCII-recognizing T cell population. Total cells or FACS-sorted
CD4+ T cells from the lymph nodes of LLO118αβ Vps34f/f CD4-Cre− (LLO WT) or LLO118αβ Vps34f/f CD4-Cre+ (LLO Vps34KO) mice were
stimulated in vitro with 10 μM LLO190-205 peptide for 120 h. Surface expression of CD4 is shown at 120 h (a) and at 24-h intervals from 0-120
h (b). c LLO WT and LLO Vps34KO T cells were analyzed for intracellular CD4 protein expression after in vitro peptide stimulation for 120 h. d
CD8α/β expression was analyzed in LLO WT and LLO Vps34KO T cells stimulated with LLO190-205 in vitro for 120 h. Expression is shown in TCR
Vα2+ CD4− and TCR Vα2+ CD4+ cells. The CD4−CD8αβ+ population is indicated in red. n= 16 from 9 independent experiments for (a), n= 3
from 3 independent experiments for (b), n= 7 from 7 independent experiments for (c) and n= 8 from 5 independent experiments for (d)
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adults, unchallenged OxTom mice raised in a standard pathogen-
free environment, tdTom expression was approximately 10-fold
higher in splenic effector/memory (CD44hi) CD4+ cells than in
naïve (CD44lo) CD4+ cells (Fig. S6). Equally important, the

frequency of tdTom expression in effector/memory CD4+ cells
was more than 20-fold higher than in effector/memory CD8+ cells
and nearly 500-fold higher than in naïve CD8+ cells. Therefore, we
concluded that preferential tdTom labeling of effector CD4+

Fig. 2 CD4-CD8αβ+ MHCII-recognizing effector T cells are generated during acute infection. Acute Listeria monocytogenes infection (a, b) LLO
WT and LLO Vps34KO mice were infected with 1 × 107 cfu Listeria monocytogenes by intravenous (i.v.) injection. a Four days post-infection,
splenic lymphocytes were harvested and analyzed for the presence of naïve CD4+ T cells (CD44int-lo TCR Vα2+ CD4+, marked in green),
effector CD4− T cells (CD44int-hi TCR Vα2+ CD4−, marked in blue) and effector CD4+ T cells (CD44hi TCR Vα2+ CD4+, marked in gray) (left
panel). CD8αβ expression was analyzed in each of these populations (right panel). The CD4-CD8αβ+ population is indicated in red. b
Frequency of CD8αβ expression within naïve CD4+, effector CD4− and effector CD4+ T cells from Listeria-infected LLO WT and LLO Vps34KO

mice. n= 6 from 1 experiment. Statistical significance was determined by the Mann-Whitney U Test; *p < 0.05, **p < 0.01, ***p < 0.001, n.s.=
not significant. Acute LCMV Armstrong infection (c–e) Thy1.1+ C57BL/6 mice were infected with 1 × 105 cfu lymphocytic choriomeningitis virus-
Armstrong strain (LCMV Armstrong) by intraperitoneal (i.p.) injection. c Seven-8 days postinfection, splenic lymphocytes were harvested and
analyzed for the presence of LCMV/MHCIIspecific effector CD4−CD8αβ+ T cells (Live-dead− huCLIP87-101-I-Ab− LCMVgp66-77+-I-Ab+ CD44hi

TCRβ+ CD4−, marked in brown) and LCMV/MHCII-specific effector CD4+ T cells (Livedead− huCLIP87-101-I-Ab− LCMVgp66-77+-I-Ab+ CD44hi

TCRβ+ CD4+, marked in green). %CD8αβ+ cells in these sub-populations in LCMV-infected mice is shown in (d) and enumerated in (e). n= 13
from 2 independent experiments. Statistical significance was determined by the Mann–Whitney U test; *p < 0.05, **p < 0.01, ***p < 0.001, n.s.=
not significant
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T cells using the OxTom system would allow us to trace the
generation of CD4−CD8αβ+ cells from effector CD4+ T cells.
In OxTom mice infected with LCMV Armstrong, we detected

conventional LCMV-I-Ab-recognizing CD44hi-intCD4+ T cells
(Fig. 4a). Approximately 50–80% of this population were tdTom+,
indicating that our genetic strategy efficiently marked effector/
memory CD4+ T cells, albeit to a varying degree. Moreover, an
LCMV-I-Ab-specific CD44hiCD4− population was also generated,

and ~30–70% of which were tdTom+ (Fig. 4a). This suggested that
the CD4− LCMV/I-Ab-recognizing T cells we detected during the
acute anti-LCMV response originated from activated CD4+ T cells.
We did note that ≥30% of LCMV-I-Ab-recognizing CD4− cells

were tdTom− (Fig. 4a). This population likely resulted from poor
labeling efficiency in weakly stimulated CD4+ T cells.47 However,
the simultaneous generation of CD44hiCD4-tdTom− and
CD44hiCD4−tdTom+ cells could arise from the combination of 2

Fig. 3 Lineage tracing by TCRβ repertoire sequencing indicates lineage conversion of effector CD4+ T cells to CD4− T cells during an antigen-
specific effector response. Splenic lymphocytes were harvested from WT Thy1.1+ C57Bl/6 mice 7 days post-LCMV Armstrong infection. Live
LCMV/MHCII-recognizing effector CD4− T cells (Live/Dead-huCLIP87- 101-I-Ab− LCMVgp66-77-I-Ab+ CD44hi CD4−) or effector CD4+ T cells
(Live/Dead-huCLIP87- 101-I-Ab− LCMVgp66-77-I-Ab+ CD44hi CD4+) were collected (3.5 × 103–2 × 104 cells/sample). FACS-sorted populations
were then spiked with 5 × 102 2B4.11 cells to provide absolute reads:cell number ratio for effective reads calculation. Populations with <2 × 104

cells were supplemented with LB27.4 cells to facilitate RNA extraction. cDNA libraries were prepared from total RNA by reverse transcription
using an in house-designed TCRβ-specific primer. Whole-TCRβ sequencing was performed using the Ion Torrent PGM platform. Cell numbers,
effective reads, and clonotype counts are listed in Table 1. a Schematic representation of intramouse and intermouse clonotype comparisons.
b Pairwise comparison of nucleotide clonotype frequencies between effector CD4+ and CD4− T cells across all mice. The proportion of shared
clonotypes among total clonotypes for each population is listed above the plot. Clonotypes were placed into 3 frequency categories: (1) High-
frequency among CD4− TCRs, (2) High-frequency among effector CD4+ TCRs and (3) Low frequency among all TCRs. c UpSet plot
representation of intra-mouse and inter-mouse shared nucleotide clonotypes. See Fig. S3A for schematic representation of shared clonotype
comparisons. The histogram (upper panel) enumerates the number of clonotypes shared by the indicated populations (lower panel) out of
the 100 most-frequent (“top 100”) clonotypes across all mice and populations. The histogram in the left panel enumerates the number of
clonotypes in the indicated population found among the 150 most-frequent (“top 150”) clonotypes in the M4-CD4+ population. Shared
clonotypes are indicated by color as intra-mouse (found in 1 mouse/2 populations; shown in blue), inter-mouse (found in >1 mouse/>1
population; shown in black) or public TCRs (found in >1 mouse/>1 CD4+ population; shown in red). All sequencing analyses were conducted
using in house-designed software. n= 4 from 1 experiment
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Fig. 4 Lineage tracing indicates lineage conversion of CD4+ T cells to CD4-CD8αβ+ T cells during an antigen-specific effector response. Genetic
labeling of CD4+ T cells (a) Rosa26tdTomato+/− Ox40-Cre+/− (OxTom) mice were infected with 1 × 105 cfu LCMV Armstrong by i.p. injection. Eight
days post-infection, splenic lymphocytes were harvested and analyzed for tdTomato (tdTom) expression among LCMV-specific CD4-CD8αβ+
T cells (Live/DeadhuCLIP87-101-I-Ab− LCMVgp66-77-I-Ab+ CD44hi TCRβ+ CD4−, marked in brown) and effector CD4+ T cells (Live/Dead−

huCLIP87-101-I-Ab− LCMVgp66-77-I-Ab+ CD44hi TCRβ+ CD4+, marked in green). b, c Naïve CD4+ T cells (TCRβ+ CD44lo tdTom− CD4+) and naïve
CD8+ T cells (TCRβ+ CD44lo tdTom− CD8+) were FACS-sorted from the splenic lymphocytes of OxTom mice. b 1 × 106 FACS-sorted CD4+ or
CD8+ OxTom T cells were adoptively transferred to TCRα−/− recipient mice by i.v. injection, and recipient mice were infected with 1 × 105 cfu
LCMVArmstrong by i.p. injection 24 h post-adoptive transfer. c Eight days post-infection, splenic lymphocytes were harvested and analyzed for
tdTom expression among effector (CD44hi) cells (middle panel). CD8αβ expression was assessed among CD44hi tdTom+ cells (bottom panel). n
= 5 from 2 independent experiments for (a), and n= 2 from 1 experiment for (b) and (c). Statistical significance was determined by the
Mann–Whitney U test; *p < 0.05, **p < 0.01, ***p < 0.001, n.s.= not significant. Adoptive transfer of serially-enriched CD4+ T cells (d) Naïve CD4+

T cells (TCRβ+ CD44− CD4+) were FACS-sorted once (single sort; shown in black) or twice (double sort; shown in periwinkle) from the splenic
lymphocytes of Rosa26mT/mG (mT/mG) mice. Cells were enriched from the live donor population (Live-dead− tdTom+; tdTom is a constitutive,
ubiquitous label). 1 × 106 naïve CD4+ T cells were adoptively transferred to TCRα−/− recipient mice by i.v. injection, and recipient mice were
infected with 1 × 105 cfu LCMV Armstrong by i.p. injection. e Eight days post-infection, splenic lymphocytes were harvested and analyzed for
CD4/CD8 expression among effector LCMV/MHCII-binding (CD44hi TCRβ+ LCMVgp66-77-I-Ab+) live donor T cells. % CD4− LCMVgp66-77-I-Ab+

cells among CD44hi TCRβ+ live donor cells from single-sort vs. double-sort recipients is shown in (f). n= 4 from 1 experiment. Statistical
significance was determined by the Mann–Whitney U test; *p < 0.05, **p < 0.01, ***p < 0.001, n.s.= not significant
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other possibilities: (1) a population of developmentally derived,
CD8+ MHC II-restricted T cells was present, which did not
efficiently induce Ox40 promoter-controlled transcription upon
activation (tdTom− cells), and (2) another population of devel-
opmentally derived, CD8+ MHC II-restricted T cells was present,
which was permissive to OX40 expression and tdTom labeling
upon activation (tdTom+ cells), perhaps due to high affinity TCRs.
To exclude these possibilities, we adoptively transferred FACS-
purified naïve (CD44lotdTom−) CD4+ or CD8+ T cells from OxTom
mice into T cell-deficient TCRα−/− hosts and subsequently
challenged the hosts with LCMV Armstrong (Fig. 4b). Among
transferred CD4+ T cells, ~20% of CD44hi cells were tdTom+. The
majority of these tdTom+ cells exhibited the conventional CD4+ T
cell phenotype, but a significant proportion exhibited either a
CD4+CD8+ or CD4−CD8αβ+ phenotype (Fig. 4c). While a large
portion of transferred CD8+ T cells were efficiently activated by
LCMV (CD44hi), they were rarely tdTom+ (Fig. 4c). We therefore
reasoned that, even if developmentally derived CD8+ LCMV/I-Ab-
recognizing T cells were present and could permit OX40
expression upon activation, they could not completely account
for the CD4-tdTom+ cells we detected in CD4+ T cell recipient
mice. To completely exclude the potential confounding effect of
contamination by preexisting CD8+ T cells, we employed a more
rigorous purification procedure by conducting serial FACS
enrichment48 of donor CD4+ T cells. Naïve CD4+ T cells, enriched
to 100% purity (Fig. 4d) by either single-sorting or double-sorting,
were adoptively transferred into TCRα−/− recipient mice in
parallel. After LCMV infection, CD4−CD8αβ+ donor T cells were
detected at a similar frequency in singly sorted vs. doubly sorted
CD4+ T cell recipients (Fig. 4e, f). This population was found
specifically among CD44hi-int LCMV-I-Ab+ T cells (Fig. S7). This
suggested that contamination from preexisting CD8+ T cells was
unlikely to be the source of the CD4−CD8αβ+ LCMV-I-Ab-
recognizing T cell population. These 3 independent lineage
tracing approaches strengthened our conclusion that effector
differentiation of CD4+ T cells could indeed drive the generation
of CD4−CD8αβ+ MHC II-recognizing T cells.

Cytotoxic potential is enhanced in CD4−CD8αβ+ MHC II-
recognizing T cells
We next examined whether the shift in CD4/CD8 surface marker
expression corresponded with a shift in functional molecule
expression. Using in vitro-generated effector T cells, we found that
both LLO WT and LLO Vps34KO TCRVα2+ CD4− T cells down-
regulated the surface expression of the costimulatory molecules
CD40L and Ox40 (Fig. 5a, b), suggesting a reduced capacity for T
helper function. Concomitantly, these cells upregulated the
production of granzyme B and IFN-γ, which are hallmark cytotoxic
mediators of CD8+ T cells (Fig. 5c). Indeed, we also found that
CD4− LCMV-I-Ab-recognizing effector T cells generated in C57BL/6
mice during LCMV Armstrong infection expressed elevated levels
of granzyme B and IFN-γ (Fig. 5d). These results indicated that
CD4−CD8αβ+ MHC II-recognizing T cells shifted towards the
functional expression phenotype of conventional effector CD8+

T cells.

CD4−CD8αβ+ MHC II-recognizing T cells exhibit a CD8+ T cell-like
transcriptional program
We then proceeded to determine whether the CD4−CD8αβ+ T
cell phenotype was underpinned by alterations in lineage
transcriptional programming. We analyzed in vitro-generated
LLO WT/LLO Vps34KO CD4− and CD4+ effector T cells for the
expression of 16 signature genes specifying the CD4+ vs. CD8+

lineage (Table S2). With samples from 8 independent experi-
ments, unsupervised clustering analysis of overall similarity
profiles indicated that the transcriptional programs of CD4− vs.
CD4+ effector T cells were determined by lineage identity rather
than by Vps34 expression (Fig. 6a). That is, the profiles of LLO WT

CD4− T cells vs. LLO Vps34KO CD4− T cells correlated more
closely than LLO WT CD4− T cells vs. LLO WT CD4+ T cells or LLO
Vps34KO CD4− T cells vs. LLO Vps34KO CD4+ T cells. Using
in vitro-primed pMel-1 effector CD8+ T cells as a CD8+ lineage
standard and using LLO WT effector CD4+ T cells as a
normalization standard, we analyzed these genes in three
categories (Fig. 6b): (1) Lineage identity: CD4 expression was
profoundly silenced in both LLO WT and LLO Vps34KO CD4−

T cells, while suppression of the CD8α/β loci was released; (2)
Effector molecules: expression of granzyme A, granzyme B and
perforin in both LLO WT and LLO Vps34KO CD4− T cells reached
levels similar to those found in effector CD8+ T cells; (3) Master
transcription factors: CD4− T cells acquired a unique ThPOKlo-
intRunx3hi profile, reflecting both their CD4+ origin and CD8+-
oriented lineage transition. Taken together, our transcriptional
data demonstrated that lineage conversion to CD4−CD8αβ+

T cells was associated with a fundamental lineage switch at the
transcription level.

Fig. 5 CD4−CD8αβ+ T cells suppress T helper function and gain
enhanced cytotoxic function. a–c Total lymph node cells from LLO
WT or LLO Vps34KO mice were stimulated in vitro with LLO190-205
for 120 h. Surface expression of CD40L (a) and Ox40 (b) and
intracellular expression of granzyme B/IFN-g (c) was analyzed in TCR
Vα2+ CD4− and TCR Vα2+ CD4+ cells. d Splenic lymphocytes from
C57BL/6 mice infected with LCMV Armstrong for 7–12 days were
harvested and analyzed for intracellular granzyme B/IFN-g levels
among LCMVgp66-77-I-Ab+ CD44hi CD4− and CD4+ T cells. n= 2
from 2 independent experiments for (a) and (b), n= 5 from 2
independent experiments for (c) and n= 12 from 3 independent
experiments for (d)
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Autophagosome formation regulates effector CD4+ T cell lineage
stability
Given that Vps34 is a key enzyme during autophagosome
formation,49 and because LLO WT effector CD4− T cells were
generated less frequently than LLO Vps34KO effector CD4− T cells,
we speculated that the general machinery of autophagy regulated
lineage conversion of effector CD4+ T cells to the CD4−

phenotype. We FACS-purified naïve CD4+ T cells from Atg7f/f

Lck-Cre (Atg7KO) mice50 that harbored a T cell-specific deletion of
Atg7, a critical regulator of autophagosome formation that
operates downstream of Vps34. Similar to the LLO Vps34KO cells,
in vitro-stimulated Atg7KO CD4+ T cells markedly lost CD4 surface
expression (Fig. 7a). Again, the absence of intracellular CD4
accumulation indicated that downregulated CD4 expression was

not due to impaired recycling. Atg7KO CD4− effector T cells
exhibited a variety of CD8α/β surface phenotypes, including the
CD4−CD8αβ+ phenotype (Fig. 7b). Similar to the LLO Vps34KO

setting, CD8αβ expression was less frequent in Atg7KO CD4−

T cells than in their WT counterparts. Based on a typical FACS-sort
purity of 99% and a poststimulation CD4− cell frequency of ~80%,
Atg7KO CD4−CD8αβ+ effector T cells were generated at ~0.5%
efficiency, and WT CD4−CD8αβ+ effector T cells were generated at
~1.5% efficiency. In comparison, LLO Vps34KO CD4−CD8αβ+

effector T cells were generated at ~1% efficiency, and LLO WT
CD4−CD8αβ+ effector T cells were generated at ~12% efficiency,
suggesting that both the LLO118 TCR and Vps34 deficiency
promote the CD4−CD8αβ+ phenotype via both autophagy-
dependent and autophagy-independent mechanisms.

Fig. 6 Effector CD4− MHCII-recognizing T cells shift towards CD8+ lineage transcriptional programming. Total lymph node cells from LLO WT
and LLO Vps34KO mice were stimulated with LLO190-205 in vitro for 120 h. Effector CD4− T cells (TCR Vα2+ CD4−) and conventional effector
CD4+ T cells (TCR Vα2+ CD4+) were FACS-sorted and expression of 16T cell lineage-specific transcripts was analyzed by qPCR. a Heatmap
representation of Pearson product-moment correlation coefficients for the 4 sample groups. b mRNA expression levels for each target are
presented relative to expression levels in LLO WT effector CD4+ T cells. Targets are grouped based on function (Lineage identity, Effector
molecules or Master Txn factors). Expression levels in in vitro-stimulated pMel-1 CD8+ T cells were also assessed for a CD8+ lineage reference.
Primer sequences are listed in Table S2. n= 9 from 4 independent experiments. Y-axis label shown for Lineage Identity also applies to Effector
Molecules and Master Txn Factors. Statistical significance was determined by the Mann–Whitney U Test; *p < 0.05, **p < 0.01, ***p < 0.001, n.s.
= not significant

Fig. 7 Autophagy regulates CD4-CD8αβ+ T cell lineage conversion. CD4+ T cells were enriched from the total lymph nodes of Atg7f/f Lck-Cre
(Atg7KO) mice by magnetic separation or FACS sorting and stimulated in vitro using plate-bound anti-CD3/CD28 (1 μg/ml) for 120 h. a Surface/
intracellular expression of CD4 was assessed in unstimulated naive T cells (0 h, TCRβ+CD44lo, shown in gray) vs. stimulated cells (120 h,
TCRβ+CD44hi, shown in blue). b Upregulation of CD8αβ was assessed in the TCRβ+CD44hiCD4− sub-population of in vitro-stimulated Atg7f/f

(WT) cells vs. Atg7KO cells. c WT and Atg7KO effector CD4− and CD4+ T cells were generated by in vitro stimulation for 120 h and enriched by
magnetic separation/FACS sorting. Transcriptional analysis of 16T cell lineage-specific transcripts was performed in the same manner as for
LLO WT/LLO Vps34KO cells. Data presented are from 1 of 2 independent experiments, with error bars representing standard deviations of
experimental triplicates. n= 3 from 3 independent experiments for (a) and (b), and n= 2 from 2 independent experiments for (c). Y-axis label
shown for Lineage Identity also applies to Effector Molecules and Master Txn Factors
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In a similar vein, skewing towards the CD4−CD8αβ+ T cell
lineage in Atg7KO cells was evident at the transcriptional level,
where we observed a pattern similar to the Vps34-deficient
transcriptional program: suppression of CD4 and ThPOK expres-
sion, accompanied by enhanced expression of signature genes
normally active in effector CD8+ T cells, including CD8α, CD8β,
Granzyme A, Granzyme B, Perforin, and Runx3 (Fig. 7c). Notably,
increased CD8α/β transcription was more pronounced in Atg7KO

CD4− effector T cells vs. LLO Vps34KO T cells, yet this did not
correspond with an increased frequency of CD8αβ+ Atg7KO T cells.
From these results, we concluded that the autophagic activity
stabilized the CD4 expression program during effector CD4+ T cell
differentiation by a mechanism yet to be explored.

DISCUSSION
We defined a novel effector CD4+ T cell-derived population that is
CD4−CD8αβ+ yet MHC II-restricted and exhibits CD8+ lineage-
skewed transcriptional programming and function. In addition, we
showed that the generation of this population can be promoted
by the suppression of autophagic function. Building upon reports
of other lineage-intermediate effector populations,15–17 we
believe that the existence of CD4−CD8αβ+ T cells further
challenges our conventional assumptions about T cell lineage
identity and its stability during T cell activation.
Using various lineage tracking methods, we have demonstrated

that CD4−CD8αβ+ T cells can originate from mature naïve CD4+

T cells. However, we note that our demonstration of the CD4+

origin of CD4−CD8αβ+ T cells does not exclude the possibility that
CD8+ MHC II-restricted T cells can be derived during thymic
development or even that conventional CD8+ MHC I-restricted
T cells can exhibit cross-reactivity with MHC II peptide epitopes.
Although CD8+ MHC II-restricted T cells have yet to be reported in
the thymus, it has been shown that T cells with MHC I-restricted
TCRs may enter the CD4+ lineage with certain positive selecting
ligands51 or impaired function of certain transcription factors.52

Furthermore, we acknowledge that our conclusions on
CD4−CD8αβ+ conversion are somewhat technologically
restricted: (1) for the in vitro and transfer experiments, FACS
sorting could not guarantee 100% cell purity, although we aimed
for a high technical stringency; (2) for the in vivo tracking
experiments, the efficiency of genetic marking was not 100%; and
(3) for the TCR repertoire sequencing, we could not recover every
tetramer-positive cell from each animal. However, for each of
the experimental strategies we employed, we propose that the
probability that aberrant development could account for the
majority of CD8+ MHC II-restricted T cells is extremely low, and
the probability is even lower when all of our strategies are
considered together. Specifically, in our adoptive-transfer lineage
tracking experiment starting with purified naïve TdTomato−CD4+

T cells, 8% of TdTomato+ T cells were CD4−CD8+ after LCMV
infection. Before the transfer, contamination from CD8+ T cells
during FACS sorting was less than 2%, and the expression of Cre
recombinase was driven by the OX40 promoter, which is strongly
preferred in T cells of CD4+ origin.47 In addition, CD4− MHC II-
recognizing T cells did not have a proliferative or survival
advantage in comparison to bona fide CD4+ effector T cells.
Furthermore, repertoire sequencing results showed that a large
portion of LCMV/I-Ab-specific CD4+ and CD4− T cells shared an
identical TCR sequence, and therefore, it is quite statistically
improbable that all CD4− MHC II-restricted clonotypes could be
amplified from a preexisting population. Taken together, we
assert that the potential presence of mature, aberrant CD8+ MHC
II-restricted T cells does not negate the existence of CD4−CD8αβ+

T cells generated from effector CD4+ T cells.
While the biological significance of CD4−CD8αβ+ MHC II-

restricted T cells remains to be completely elucidated, we note
that the lineage conversion and functionality of this population

may contribute to the human antiviral response to HIV infection.
Due to their lack of CD4 expression, CD4−CD8αβ+ T cells could be
impervious to viral entry;53–55 in addition, due to their MHC II-
mediated recognition capacity, CD4−CD8αβ+ T cells could
facilitate the destruction of antigen-presenting cells harboring
HIV reservoirs.56 Indeed, a previous study in African green
monkeys infected with simian immunodeficiency virus (SIV), an
HIV ortholog, indicated that the downregulation of CD4 expres-
sion in memory T cells is associated with antiviral protection.53 In
addition, we note that autophagy plays a significant but evadable
role in controlling an HIV infection, which is not yet completely
understood in T cells.57 Therefore, further investigations of
CD4-CD8αβ+ MHC II-recognizing T cells may indicate potential
vaccine strategies for the prevention of HIV-1 infection that could
circumvent previous obstacles in the development of T cell-based
HIV vaccines.

MATERIALS AND METHODS
Mice
LLO118αβ Vps34f/f CD4-Cre mice were generated by crossing
LLO118αβ mice with Vps34f/f CD4-Cre mice, which were kindly
provided by Dr. You-Wen He. LLO118 Vps34f/f or LLO118 mice
were used as WT controls. Rosa26tdTomato Ox40-Cre mice were
generated by crossing Ox40-Cre mice with Rosa26tdTomato mice,
which were kindly provided by Dr. Yuan Zhuang. Thy1.1+ C57BL/6,
C57BL/6, OT-1, Pmel-1, and Rosa26mT/mG mice were obtained from
The Jackson Laboratory (Bar Harbor, ME, USA). Atg7f/f and Atg7f/f

Lck-Cre mice were kindly provided by Dr. You-Wen He. In vitro
experiments used 4–20-week-old male and female mice, and
6–16-week-old male and female mice were used for in vivo
experiments.

In vitro T cell stimulation
For peptide-mediated stimulation, (1) 5 × 106–1 × 107 total lymph
node cells or (2) FACS-sorted CD4+ T cells and CD19/B220+ B cells
(T:B cell ratio= 1:1) were cultured for 5 days in complete RPMI
medium (cRPMI; RPMI 1640 supplemented with 10% FBS, 1 mM
sodium pyruvate, 0.1 mM nonessential amino acids, 2 mM L-
glutamine, 100 U/ml penicillin, 100 U/ml streptomycin, and 50 μM
beta-mercaptoethanol) in the presence of 10 μM LLO190-205
peptide (LLO118 cells) or 1 μg/ml SIINFEKL peptide (OT-1 cells) in a
humidified incubator at 37 °C/7% CO2. For antibody-mediated
stimulation, 1 × 106 FACS-sorted CD4+ T cells were cultured for
5 days in cRPMI in the presence of plate-bound anti-CD3/CD28
antibody (0.1–1 μg/ml) under Th1-skewing conditions (mouse/
human recombinant IL-2 (10 ng/ml), mouse recombinant IL-12
(50 ng/ml) and anti-mouse IL-4 (11B11, 10 μg/ml)) in a humidified
incubator at 37 °C/7% CO2. For cell proliferation analysis, cells were
stained with Cell TraceTM Violet (0.5–5 μM) or CFSE (0.5–10 μM) per
the manufacturer’s protocol immediately prior to in vitro
stimulation.

In vivo infection
For Listeria studies, mice were infected with 1 × 107 cfu Listeria
monocytogenes by intravenous (i.v.) injection. Four days post-
infection, the spleen was harvested and prepared for flow
cytometry analysis (tissue homogenization by mechanical
disruption followed by red blood cell lysis using ACK lysis
buffer). For lymphocytic choriomeningitis (LCMV) studies, mice
were infected with 1 × 105 cfu LCMV Armstrong by intraper-
itoneal (i.p.) injection. Seven to 12 days postinfection, the spleen
was harvested and prepared for flow cytometry analysis. For
adoptive transfer studies, naïve CD4+ and CD8+ T cells from
total lymph nodes were FACS-sorted and transferred to recipient
mice by i.v. injection (1 × 106 cells/mouse). Zero or 24 h
posttransfer, recipient mice were infected with 1 × 105 cfu LCMV
Armstrong by i.p. injection. Seven to eight days postinfection,
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the spleen was harvested and prepared for flow cytometry
analysis.

Flow cytometry
For mouse cells, lymphocyte samples were suspended in FACS
buffer (DPBS supplemented with 2% FBS and 2mM EDTA). For
surface marker analysis, samples were treated with Fc receptor
blocking antibody (0.0078 μg/μl) for 10min at 4 °C followed by
surface antibodies (1:100–500 dilution) for 15–30min at 4 °C. For
cell survival analysis, after surface staining, cells were resuspended
in Annexin V binding buffer (10 mM HEPES, 140mM sodium
chloride and 2.5 mM calcium chloride in diH2O) supplemented
with 2% FBS and then treated with 7-AAD Viability Staining
Solution (1:40 dilution) for 15 min at room temperature (rm temp).
For dead-cell exclusions, cells were stained with Live/Dead Fixable
Dead Cell Stain per the manufacturer’s protocol (either before or
after surface staining). For intracellular cytokine analysis, lympho-
cytes were stimulated for 4 h at 37 °C/7% CO2 with phorbol 12, 13-
dibutyrate (PDBu, 0.9 μM) and ionomycin (1 ng/μl) in the presence
of brefeldin and monensin (1000× solutions, eBioscience, Inc., San
Diego, CA, USA). Intracellular staining was then performed by
fixation (paraformaldehyde, 2%) for 20 min at room temperature,
cell permeabilization (saponin, 0.1%) and Fc receptor blocking
(2.4G2, 0.0078 μg/μl) for 10 min at room temperature, and
antibody treatment (1:100–500 dilution) was performed for 15
min at 4 °C. All flow cytometry data were acquired using a
FACSCanto II (BD Biosciences) and analyzed using FlowJo software
(FlowJo, LLC, Ashland, OR, USA).

Antibodies/staining solutions
Biolegend (San Diego, CA, USA). 7AAD Viability Staining Solution
Annexin V: APC.
Anti-mouse B220 (RA3-6B2): FITC.
Anti-mouse CD4 (GK1.5): FITC, PE, PE/Cy7, APC, Pacific Blue.
Anti-mouse CD8α (53-6.7): FITC, PE/Cy7, APC.
Anti-mouse CD8β (YTS156.7.7): FITC, PE, PerCP/Cy5.5.
Anti-mouse/human CD44 (IM7): PE/Cy5, APC/Cy7.
Anti-mouse/human granzyme B (GB11): Alexa Fluor 647®.
Anti-mouse IFN-γ (XMG1.2): Pacific Blue.
Anti-mouse TCRβ (H57-597): PE, PerCP/Cy5.5, APC.
Anti-mouse TCRVα2 (B20.1): APC, APC-Cy7.

Bio X Cell (West Lebanon, NH, USA). Anti-mouse CD16/32 (2.4G2).

Life Technologies (Grand Island, NY, USA). Cell TraceTM CFSE Cell
Proliferation Kit.
Cell TraceTM Violet Cell Proliferation Kit.

Thermo Fisher Scientific (Waltham, MA, USA). Live/Dead Fixable
Dead Cell Stain: Green, Red, Far Red, Aqua, and Violet.

Tetramer binding analysis
For mouse tetramer binding analysis, cells were pretreated with
the Fc receptor blocking antibody (Flow cytometry method). Cells
were then stained with an MHC II-matched LCMV tetramer
(LCMVgp31-45-I-Ab BV 421, LCMVgp66-77-I-Ab BV 421 and
LCMVgp126-140-I-Ab BV 421; 6 μg/ml; NIH Tetramer Core Facility,
Atlanta, GA, USA) and control tetramer (huCLIP87-101-I-Ab PE; 6
μg/ml; NIH Tetramer Core Facility) for 1 h at room temperature
followed by surface staining and flow cytometry analysis (flow
cytometry method).

TCRβ sequencing
Splenic lymphocytes were harvested from Thy1.1+ C57Bl/6 mice
7 days postinfection with LCMV Armstrong (in vivo infection
method). Cells were prepared for FACS sorting (Flow Cytometry
and tetramer binding analysis methods), and Live-Dead−

huCLIP87-101- I-Ab− LCMVgp66-77- I-Ab+ CD44hi CD4− and

CD4+ populations were collected (3.5 × 103-2 × 104 cells/sample;
Table S1). FACS-sorted populations were then spiked with 5 × 102

2B4.11 cells as a normalization control. Populations with <2 × 104

cells were supplemented with LB27.4 cells to bring the total cell
number to 2 × 104. Samples were then lysed, and RNA was
extracted using the Direct-Zol RNA Isolation Kit (Genesee
Scientific, San Diego, CA, USA) per the manufacturer’s protocol.
RNA (total sample amount) was reverse-transcribed into single-
stranded cDNA using the qScript Flex cDNA Synthesis Kit (Quanta
Biosciences, Inc., Gaithersburg, MD, USA) and 1 μM TCRβ-specific
primer (5′-ATCTCTGCTTCTGATGGCTCA-3′). The PCR program was
as follows: 65 °C (5 min (min)) followed by 25 °C (5 min), 42 °C (60
min), and 70 °C (5 min). Whole-TCRβ sequencing58 was performed
using the Ion Torrent PGM platform (Life Technologies), and
sequencing analyses were conducted using an in-house designed
software.

qPCR
T cell samples (2 × 104–2 × 106 cells) were enriched by (1)
magnetic separation using the Dynabeads Untouched Mouse
CD4/CD8 Cells Kits or Dynabeads Flowcomp Mouse CD4/CD8 Kits
per the manufacturer’s protocol (ThermoFisher Scientific) or (2)
FACS-sorting (flow cytometry method). Cell lysis and RNA
extraction were performed using the Direct-Zol RNA Isolation
Kit (Genesee Scientific) or the RNAqueous-Micro Total RNA
Isolation Kit (ThermoFisher Scientific) per the manufacturer’s
protocol. RNA (200–500 ng) was reverse-transcribed into single-
stranded cDNA using oligo-dTs/random primers and the qScript
Flex cDNA Synthesis Kit (Quanta Biosciences, Inc.) per the
manufacturer’s protocol. qPCR was then conducted using in-
house-designed primers and the SYBR Green Perfecta Supermix
(Quanta Biosciences, Inc.) on a Mastercycler ep realplex2 S real-
time PCR system (Eppendorf North America, Hauppauge, NY,
USA). Primer sequences are listed in Table S2. The PCR was as
follows: 95 °C (2 min) followed by 40–50 cycles at 95 °C (15 s),
50–70 °C (30 s) and 68 °C (25 s). Melting curve analysis was
performed to confirm that primer-dimer amplification did not
occur. Relative expression analysis was conducted by the delta-
delta Ct method using in-house-designed qPCR analysis
software.

Statistics
Mann–Whitney U tests were conducted using GraphPad Prism
(GraphPad Software, Inc., La Jolla, CA, USA). Pearson product-
moment correlation coefficients and all statistical tests for TCRβ
sequencing analyses were performed using in-house-designed
software.

Study approval
All husbandry and experimental procedures were performed in
accordance with the NIH Guide for the Care and Use of Laboratory
Animals, and protocols were approved by the Duke University
Institutional Animal Care and Use Committee (IACUC).
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